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Preface

The increase in human activities has exploited the environ-
ment way beyond its limits. Xenobiotics (pollutant) have been 
introduced into the environment due to such activities. Water 
pollution, due to the discharge of untreated water from indus-
tries into water bodies, has become a pressing issue in today’s 
world. This has resulted in the development and growth of 
harmful microbes that further cause the emergence of dis-
eases. The answer to this problem is a wastewater treatment 
plant (WWTP) that converts the harmful waste effluent into 
less harmful effluent before discharging it into the environ-
ment. WWTPs includes aerobic, anaerobic, and anoxic pro-
cesses that help remove nitrogen and phosphorus, as they act 
as major sources for eutrophication in water bodies. Further, 
organic and inorganic particles are also removed. Even though 
the technology has improved, further research is required to 
work these WWTPs appropriately.

These treatment plants harbor diverse, mixed, and com-
plex microbial populations that actually control the activity 
and efficiency of the system. Environmental and operational 
factors can affect microorganisms and/or impact microbial 
community function, and this has repercussions in bioreac-
tor performance. Therefore, for optimal performance of the 
WWTPs, the proper knowledge of microbial community 
structure and function is essential. The major hurdle with 
microorganisms is that the majority (>95%) of them are 
uncultured. Thus, assessing microbial potential with any cul-
ture-dependent approach will falsify actual activities. In this 
context high-throughput molecular integrated omic analyses 
(combined metagenomics, metatranscriptomics, metapro-
teomics, and metabolomics) are currently gaining momen-
tum toward providing enhanced understanding of community 
structure, function, and dynamics in situ as well as offering 
the potential to discover novel biological functionalities within 

the framework of eco-system biology. Metagenomics allows 
us to genetically characterize full-scale WWTPs and provides 
information on the lifestyles and physiology of key microor-
ganisms for wastewater treatment. Integrating metagenomics 
data of microorganisms with metatranscriptomic, meta-
proteomic, and metabolomic information provides a better 
understanding of the microbial responses to perturbations or 
environmental variations. Therefore, integrated omics will 
become the future standard for large-scale characterization 
of microbial consortia, including those underpinning biologi-
cal wastewater treatment plants. Systematically obtained time 
and space-resolved omic datasets will allow deconvolution 
of structure-function relationships by identifying key mem-
bers and functions. Such knowledge will form the foundation 
for discovering novel genes on a much larger scale compared 
with previous efforts. This book will provide insight about 
the application of different omic tools in exploring microbial 
structure-function involved in WWTPs. Although enormous 
amounts of research have been conducted to design and estab-
lish WWTPs, their performance optimization is still required. 
Because microbes are the major players for accelerating the 
performance of these WWTPs, special care should be taken 
to analyze their structure-function relation. In this context our 
knowledge is still limited. New genome-enabled, cutting-edge 
molecular tools will highlight the exact microbial community 
picture in WWTPs and will actually aid in making a proper 
optimized wastewater treatment strategy to create sustainable 
water availability for future generations.

Maulin P. Shah

Editor
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1.1 Introduction

The elementary survival of any living form relies on water. 
The basic instinct of humans has always been to establish 
civilization around water source/rivers (Kumar et al., 2018, 
2019). Water is responsible for the survival of a community 
and is a mandatory requirement that has to be preserved con-
sciously. Its preservation would allow for an easy survival of 
the present living forms as well as secure the future of the 
upcoming generations. Water, along with supporting human 
livelihoods, is responsible for providing and establishing sus-
tainability to the ecosystem. Two major parameters that have 
enabled life on earth are oxygen and water. However, with 
rapid industrialization, the quality of both the parameters 
has been compromised in the form of air and water pollution 

(Agrawal and Verma, 2021a,b). Various governmental and 
non-governmental organizations have taken steps to curb the 
problems related to pollution; however, the issue has not been 
completely resolved. The work toward a sustainable ecosys-
tem is a two-way process, which, along with the efforts of 
various governmental and non-governmental organizations, 
has to be supported by local communities.

Natural sources of water have not been sufficient enough 
to meet the demands of the ever-increasing population and 
expanding industrialization (Kummu et al., 2016). The conven-
tional strategies employed in the past to meet water demands, 
such as water reservoirs, diverting the course of rivers, and 
construction of pipelines, have not been sufficient to solve the 
water crisis and will not suffice in the future. Unconventional 
water harvesting technologies, such as rainwater harvesting, 
fog water harvesting, water desalination, and wastewater 
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2 Wastewater Treatment

treatment plants, need to be integrated with conventional water 
harvesting technologies (Jones et al., 2019; Morote et al., 2019).

Countries globally are facing a freshwater availability cri-
sis. For example, in Thailand the concept of water for reuse 
was adapted in 2015 at the request of nine communities liv-
ing along two canals. Cleaning the water in these communities 
was initiated using a bio-grease treatment methodology devel-
oped by Best Care International Thailand. The technology was 
used to remove the odor and grease from the water with the 
aid of microorganisms and nanotechnology. The concept was 
further adapted by the Bangkok Metropolitan Administration, 
a local government body that allowed this same technology to 
be used along with150 local groups residing around 5 canals in 
8 districts (Chan, 2015).

Thus, unconventional water harvesting technologies can tap 
water resources, which was previously not possible with the 
conventional water harvesting technologies (Figure 1.1). Thus, 
based on the abovementioned points, this chapter deals with 
the untapped potential of wastewater for the future with a spe-
cial emphasis on wastewater treatment facilities in Asian and 
European countries.

1.2  Survey on Wastewater Treatment in 
Asian and European countries

Wastewater is referred to as used water that is unfit for fur-
ther use due to contamination from human activities (Mateo-
Sagasta et al., 2015). Wastewater generated via agricultural, 
industrial, and domestic activities can be collected, processed, 
and reused in the areas near the treatment plant (Figure 1.2). 

The focus should be on developing treatment facilities that can 
treat the synthetic pollutants generated by human activities 
but at the same time are sustainable in the ecosystem. Various 
studies have been carried out globally for exploring the 
untapped potential of reusing wastewater. This is elaborated in 
the following section.

1.2.1 Asia

In Asia, modern ways to treat wastewater have been accepted; 
however, limitations such as lack of funding, cost recovery, 
technical skills, services, and enforcement have resulted in 
inadequate and inefficient treatment facilities being developed 
and implemented on a commercial scale. Despite the limita-
tions, certain Asian countries are working hard to develop the 
concept of water reuse (Table 1.1).

1.2.1.1 Malaysia, Singapore, and South Korea

In 1993, the sewage management of Malaysia was centralized at 
the federal level along with the participation of private sectors. 
In 1994, Indah Water Konsortium Sdn Bhd (IWK) was formed 
to manage wastewater treatment. By 2003, IWK was manag-
ing sewers (12,500 km), sewage treatment (7502), and network 
pumping stations (444). In addition, it also provides services for 
the septic tanks to the customers and has extended its facilities 
to make them more accessible to people. Later IWK formu-
lated the 2004–2035 Sewerage Development Plan to develop 
and improve the infrastructure of sewage treatment facilities 
in the country and focused on connecting 80% of the popula-
tion to the services by the year 2035. As per the Department of 

FIGURE 1.1 Treatment of domestic and industrial wastewater in the wastewater treatment plant.

ALI SADEGHI DIGITAL LIBRARY



3
A

n O
verview

 of W
astew

ater Treatm
ent F

acilities in A
sian and E

uropean C
ountries

FIGURE 1.2 The wastewater production in m3/year/capita: (a) collection (%), (b) treatment (%), (c) reuse (%), and (d) at the country scale. (Reproduced/adapted from Jones et al., 2021.)
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TABLE 1.1

Various Research Work Performed for Effective Wastewater Treatment in Asia

S No. Country Treatment Facility Wastewater Type Data Available Reference

1 Malaysia Advanced chemical oxidation 
wastewater treatment system

Batik industry, which is operated as a cottage 
industry

Within an hour by the Fenton process the COD, TOC, and color 
removal was 81.4%, 70.5%, and 99.6%

GC/MS revealed that the process removed 71% of organic 
compounds

Buthiyappan et al. 
(2016)

2 Malaysia Direct contact membrane distillation Rubber processing effluent The treatment significantly reduced (at least 96%) TOC, TDS, 
sulfate, color, turbidity, and conductivity irrespective of the 
parameters

Mokhtar et al. 
(2015)

3 Malaysia SBR Raw undiluted livestock wastewater was 
collected weekly from a cattle farm at 
Kempas, Malaysia

Maximum COD, TN, and TP removal efficiencies of 74%, 73%, and 
70% were observed after the treatment

Othman et al. (2013)

4 Malaysia SBR with four different setups was 
performed consisting of, i.e., jute 
fiber, bio-fringe fiber, and siliconized 
conjugated polyester fiber and a 
mixture of all the fibers

Local poultry slaughterhouse plant with a 
13,000 birds per day capacity, in the city of 
Nibong Tebal, Penang State, generating ~140 
tons of wastewater daily

The reactors with fibers had higher RE for all pollutants
The treated effluent had BOD5 40 mg/L and COD 45 mg/L with an 
average RE of 96% and 93%, respectively

Aziz et al. (2018)

5 South Korea Wastewater treatment plant into 
Jung-rang creek in Seoul, South 
Korea

Five creek samples and two CSO samples were 
collected from various sampling sites in 
Jung-rang creek located in northeast Seoul, 
South Korea

Samples of WWTP influent and effluent were 
collected from Jung-rang WWTP in the 
downstream reaches of Jung-rang creek during 
dry and wet weather conditions

The influent (69,903 ng/L)  >  effluent (50,175 ng/L) > 3 creek 
samples (16,035–44,446 ng/L) during dry weather, and influent 
(53,795 ng/L)  > bypass (38,653 ng/L) > 5 creek samples 
(15,260–29,113 ng/L) > 2 CSO samples (11,109–11,498 ng/L) 
during wet weather

Endocrine-disrupting compounds, pharmaceuticals, and personal 
care products were high in daily loads (65.1 and 69.8 kg/day 
during dry and wet weather) in effluent

Ryu et al. (2014)

6 Thailand MSL system Combined toilet and cafeteria wastewater from 
Kasetsart University’s cafeteria complex

The system when aerated at a rate of 4000 L m−3 d−1 for 1 week, 
BOD5, COD, and SRP removal efficiencies were 87.4%, 53.2%, 
and 80.3%, respectively

Though the efficiency of TN decreased further increase in aeration 
at 20,000 L m−3 d−1 for 3 days enhanced removal of BOD5, COD, 
TN, and SRP

The percentage removal was 92.2%, 73.3%, 15.0%, and 74.7%
In the non-aerated system, the percentage removal was 82.1%, 
65.3%, and 83.0% for BOD, TN, SRP, respectively

Luanmanee et al. 
(2002)

7 Indonesia Vertical subsurface flow constructed 
wetland

Sewage from farm house of Padjadjaran 
University Research Station in Jatinangor 
campus

The treatment efficiencies from August 2009 to January 2010 for 
BOD5, COD, NH4-N, total-N, PO4-P and total coliform bacteria 
were 76.03%, 78.89%, 88.18%, 71.70%, 91.06%, and 99.45% and 
21.87 mg L−1, (57.66 mg L−1), (0.82 mg L−1), NO3-N (1.36 mg L−1), 
(2.68 mg L−1), (0.07 mg L−1), and (4880 MPN/100 mL)

Kurniadie (2011)
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8 Japan MSL wastewater treatment system Household wastewater The system removed BOD5 and TP by 91.0 ± 4.5 and 89.0 ± 4.4% in 
the 9th year and 95.2 ± 3.8 and 82.9 ± 11.9%, in the 10th year

Aeration was not suitable to remove TN; however, in the anaerobic 
condition the TN removal improved to 89%

9 India Electrocoagulation and indirect 
electrochemical oxidation

Mixed industrial wastewater from the inlet of 
CETP located in Gujarat, India

Monopolar connection (56%) (43%) was more effective than bipolar 
connection in eliminating COD and color

With the indirect electrochemical oxidation process using graphite 
electrodes, the COD and color abatement efficiencies were 55% 
and 99.8%, respectively

Nidheesh et al. 
(2020)

10 India Two-stage VFCW system using Typha 
angustata and Canna indica

Single household raw sewage water using load 
0.150 m/day and at 0.225 m/day

Nutrient RE was same in of both the plants
The removal of COD, BOD, TKN, NH3-N, TP, and TDS and TVS 
was as follows:

First stage: 64%, 65%, 15%, 21%, 34%, and 54%
Second stage: 90%, 88%, 50%,52%, 58%, and 71%
At 0.225 m/day, the removal of COD, BOD, TDS, TVS, TKN, and 
NH3-N was as follows:

First stage: 61%, 62%, 33%, 40%, 35%, and 58%
Second-stage reactor: 90%, 84%, 61%, 64%, 47%, and 82%, 
respectively, on average

The overall footprint reduced from 1.5 m2 to 0.79 m2 per person 
under Goan climatic conditions

Yadav et al. (2018)

TABLE 1.1 (Continued)

Various Research Work Performed for Effective Wastewater Treatment in Asia

S No. Country Treatment Facility Wastewater Type Data Available Reference

ALI SADEGHI DIGITAL LIBRARY



6 Wastewater Treatment

Statistics Malaysia (2020), the scheduled water generated in 
2019 was 4 million tons, of which 2.3 million tonnes was con-
tributed by power plants and the electrical, chemical, and metal 
industries. It was also estimated that with the rise in COVID-19 
cases, the amount of clinical waste generated would increase by 
20% in 2020. In Asia two countries, i.e., Singapore and South 
Korea, had a high recycling rate of 34% and 53.7%, respec-
tively. In the Republic of Korea, the modern sewage system was 
implemented during the 1970s and the first sewage treatment 
plant (STP) was successfully constructed in 1976, after which a 
total of 114 plants were built by 1998, which served 66% of the 
population. Further work is under process to overcome the inef-
ficiencies of the treatment plant to make the treatment system 
more efficient (Kazmi and Furumai, 2005).

1.2.1.2 Thailand

Until 1990, no sewage water treatment plants existed in 
Thailand, but by 1995, 25 treatment plants were set up across 
the country and this number increased to 57 by 2005. The cost 
of the plants was approximately US $500 million, including 
the setups of other treatment plants under construction. It has 
been estimated that the working treatment plants can cover 
29% of the municipal construction; however, with the comple-
tion of all the facilities, the capacity would increase to 65%. 
Despite the fast-tracking of sewage treatment, the implemen-
tation was only moderately successful. One-third of the total 
plants malfunctioned due to lack of funds, equipment failure, 
old drainage systems, collection system failure, and shortage 
of skilled staff (World Bank, 2001).

1.2.1.3 Indonesia

In Indonesia, only 12 cities have centralized STP. Of the total 
water sources available, only 49% of STPs comply with good 
standards of water and the rest have been polluted by various 
human activities. Also, in the case of wastewater, only 5% is used 
(1% is treated and 4% septage is collected and treated), and the 
other 95% is disposed into the environment. Inadequate sanitation 
has cost several human lives and severely affected the ecosystem. 
On the other hand, in the Philippines 15 cities have domestic and 
industrial wastewater operation facilities (Bergkamp et al., 2018).

1.2.1.4 Japan

In Japan, the modern sewage system was introduced in 1884 
which served the dual purpose of treating wastewater and con-
trolling floods. Later, in 1970, sewer systems were mandatory, 
and since then separate sewer systems have been adopted by 
all the municipalities in Japan. The treatment plants in Japan 
focus on the Sound-Material-Cycling Society with the avail-
able resources and the accumulated sewage stock, where the 
treated wastewater has been used for flushing in washrooms 
and restoration of streams.

1.2.1.5 India

In the study by Godfrey et al. (2009), the treatment of gray 
water and its reuse was investigated in the residential schools 

in India (Madhya Pradesh). The water from gray water treat-
ment was used in the washrooms for flushing as well as for 
irrigation in the fields. Cost analysis study was performed and 
found that the construction cost was 50,300 Indian Rupee and 
the maintenance cost was 5725 Indian Rupee annually. An 
internal benefit of 30,000 Indian Rupee was attained due to 
the reduction in tinkered water. Work was also done to mon-
etize the external benefits, and using appropriate methodolo-
gies environmental and health benefits of 44,000 and 793,380 
Indian Rupee were estimated (Godfrey et al., 2009). As per 
the statistical inventory for 2014 and 2020, the total number 
of operational STPs was 522 and 1093, respectively. Further 
in 2014, the number of proposed plants was 70, which further 
increased to 162 in 2020. The amount of sewage generated 
in India is 72,368 million liters a day (MLD); however, the 
amount that can be processed is 20,235 MLD due to which 
the remaining sewage is disposed of as untreated sewage. This 
huge gap has to be identified for the treatment of wastewa-
ter for its use in non-potable purposes and industrial sectors 
(National Inventory of Sewage Treatment Plants, 2021).

1.2.1.6 China

In China, the wastewater treatment facility was initiated in 
1956. Urbanization in China has been ever increasing and in 
the years 2004 and 2018 it increased from 41.8% to 59.6%. 
The increase in urbanization has increased the water usage 
from 554.8 to 618.3 billion tons in 2004 and 2013, respectively. 
However, the consumption decreased to 601.6 billion tons in 
2018 due to a wide range of water-saving policies that were 
implemented. There were 1096 wastewater treatment plants 
in 2007, which increased to 5333 in 2019 as per the National 
Municipal Wastewater Treatment Management System. 
Despite so much development in the treatment of wastewater, 
there are certain limitations such as influent concentration, 
sludge generation, and water reclamation for which various 
policies, infrastructure, and technologies are being used to tap 
the potential of wastewater (Xu et al., 2020).

Abbreviations: COD, chemical oxygen demand; CSO, com-
bined sewer overflow; CETP, common effluent treatment plant; 
GC/MS, gas chromatography/mass spectrometry; MPN, most 
probable number; MSL, multi-soil-layering; SBR, sequencing 
batch reactor; TDS, total dissolved solids; TOC, total organic 
carbon; TVS, total volatile solids; VFCW, vertical flow con-
structed wetland; WWTP, wastewater treatment plant.

1.2.2 Europe

In European countries various wastewater treatment facilities 
have been set up that are described in the following sections 
(Table 1.2).

1.2.2.1 Belgium

In Belgium less than 2% of the wastewater, which has its util-
ity in the industrial sector and aquifer recharge, is recycled 
(Paranychianakis et al., 2015). A project in the Veurne region 
was conducted to treat the wastewater and was used to recharge 
an unconfined dune aquifer (since 2002). The infiltrating water 
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TABLE 1.2

Various Research Work Performed for Effective Wastewater Treatment in Europe

Sl. No Country Treatment Facility Wastewater Type Data Available Reference

1 Belgium Horizontal subsurface flow 
constructed wetland

Domestic wastewater of 350 
PE after 3 years of operation

All metals were removed except Fe and Mn

Removal efficiencies were 49% and 93% for Ni and Al

After 3 years of operation, the inlet was contaminated with Zn, Cu, and Cd

In the future, Pb could be a contamination problem

Cr and Ni levels in the sediment were low in the entire reed bed

Lesage et al. 
(2007)

2 Cyprus Pilot-scale VFCW unit Primary treated municipal 
wastewater

The average RE of COD, BOD, and TSS was 88%, 90%, and 92%, respectively

The nutrients accumulated in the plants were represented as TP (32.55 g/m2) and TKN (68.10 g/
m2)

Reduction of total coliform and FC was also achieved

Abou-Elela and 
Hellal (2012)

3 France and 
Belgium

12 wastewater treatment 
plants were sampled in 
France and Belgium in 
1999 and 2000

Raw and treated samples were 
collected from the selected 
wastewater treatment plants

The wastewater treatment plants were sampled in France and Belgium in 1999 and 2000

Removal of culturable FC was the most efficient in treatments with high retention time, in 
biofiltration, and the treatment with a step of tertiary disinfection

GLUase activity measurements showed the same removal pattern as plate counts except for UV 
disinfection, where no reduction of GLUase activity was measured

George et al. 
(2002)

4 France Pilot-scale single-stage 
vertical flow filters

Raw domestic sewage 
wastewater

High removal of TSS (81%) and CODtot (75%)

Increasing the depth of the filtration-enhanced (from 40 to 100 cm) ammonium removal (81%) 
with a simultaneous increase in hydraulic and organic loads resulted in a decline of ammonium 
(44%) and CODd (44%) removals

Millot et al. (2016)

5 Germany Wastewater treatment plant 
in WWTPs

Raw sewage in Hesse, 
Germany

All analytes were partially removed

The mean ratios between the concentrations of the metabolites and their respective parent 
compounds in influents were 4.7 (ODV/VEN) and 0.7 (ODT/TRA); these values remain 
approximately constant comparing influents and effluents

Rúa-Gómez and 
Püttmann (2012)

6 Germany 16 municipal and 2 industrial 
STPs

Municipal and industrial 
wastewater from Baden-
Württemberg, southwestern 
Germany

The estrogenic efficacy relative to the positive control, 17 beta-estradiol, was between 26% and 
74% for the 16 municipal STPs

EEQs were between 0.2 and 7.8 ng/L

The EEQs in 14 of 16 effluent samples were very similar (0.9–3.3 ng/L), indicating a rather 
constant input of estrogenic substances via STPs into rivers

Körner et al. 
(2001)

7 Greece STP used to meet the needs 
of small-to-medium 
municipalities

Domestic sewage wastewater 
from Kallikratia and a small 
input from local industries

Nonylphenols and oligomers with 1 or 2 ethoxy groups were present in raw wastewater and 
effluents followed by triclosan and bisphenol-A

Steroids were low in concentration

High removal rates, from 86% to 99%, was observed throughout the entire treatment process

Pothitou and 
Voutsa (2008)
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8 Italy Pilot-scale horizontal 
subsurface flow

Dairy wastewater in Sicily 
(Italy)

All dairy wastewater parameters showed significant differences between influent and effluent

BOD5 and COD RE values were 76.00% and 62.00%

RE for TN was 50.70% and was lower than that of organic compounds

RE levels of microbiological parameters were found to be higher than 80.00%

Licata et al. (2021)

9 Portugal Horizontal subsurface flow 
constructed wetland

Wastewater grab samples The removal of BOD and COD was >90%

The system also reduced PO4
3– (92%), NH4 (84%), and total coliform bacteria (99%)

Of the five species tested, four grew well (Clematis flaccida, Cannabis indica, Zantedeschia 
aethiopica, and Watsonia borbonica), whereas Australopithecus africanus was outcompeted

Calheiros et al. 
(2015)

10 Spain Horizontal subsurface flow 
constructed wetland

Domestic wastewater The wastewater treatment was controlled from June 2011 to September 2015

Average primary effluent BOD5, COD, TSS, TN, and TP (in mg/L) were 105, 197, 43, 29, and 
3.4, respectively

Meanwhile, average secondary effluent BOD5, COD, SS, TN, and TP (in mg/L) were 19, 44, 
12, 14.3, and 1.9, respectively

The system had no problems with vectors or nuisance odors

Jácome et al. 
(2016)

TABLE 1.2 (Continued)

Various Research Work Performed for Effective Wastewater Treatment in Europe

Sl. No Country Treatment Facility Wastewater Type Data Available Reference
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quilting is stringently maintained due to the vulnerability of the 
dune areas. This project efficiently provides 35%–40% of the 
potable water annually (Van Houtte and Verbauwhede, 2008).

1.2.2.2 Cyprus

In Cyprus, there is less renewable water, i.e., 620 m3/year 
available, and ~95% of the wastewater is subjected to treat-
ment till the tertiary level. The total potential of wastewater 
treatment plants was 59 Mm3/year and is expected to rise to 
85 Mm3/year by 2025.

1.2.2.3 France

Among all the European countries, France, in 1980, was the first 
to implement a water reuse project. The prime focus in France 
has been to prevent degradation of the surface water by micro-
bial pollution and eutrophication (the focus has not been a scarcity 
of water) and has been the driving force for preserving water in 
France (Faby et al., 1999). Twenty-one projects were implemented 
in 1990 and since then France has been working toward developing 
more technologies and adapting wastewater treatment facilities.

1.2.2.4 Germany

In Germany, 25.8% of the water resources were used and the 
city of Berlin for the past 120 years has relied on the recycling 
of treated wastewater that has been mixed with surface water 
(Paranychianakis et al., 2015). During summer low nutrients 
are removed, and in the winter denitrification and phosphorous 
removal from water is done and that water is used for irrigation 
and recharging groundwater (Ternes et al., 2007).

1.2.2.5 Greece

In Greece, 75% of the population is connected to more than 
350 centralized wastewater treatment plants (Paranychianakis 
et al., 2009). More than 83% of the effluent produced is defi-
cient in water balance; however, only a few water reuse proj-
ects have been successfully implemented (Tsagarakis et al., 
2004). The Iraklion wastewater project was started in 2012 
(9500 m3/day) and the focus is on upgrading the system to 
40,000 m3/day. In 1982 the wastewater treatment plant capac-
ity was 1000 population equivalent (PE) in Sitochori village, 
and later in 2014 a wastewater treatment plant capacity was 
200,000 PE in DEYA Heraklion Crete (Finikia). This was the 
first plant to implement membrane biological reactor (MBR) 
process (Prochaska and Zoumpoulis 2020).

1.2.2.6 Italy

The southern part of Italy faces water scarcity, and the coun-
try operates more than 15,000 wastewater treatment plants 
(Kalavrouziotis et al., 2015). These plants serve 70% of the 
cities that have less than 2000 PE, and the biggest wastewater 
treatment facility is in Emilia Romagna, which has a capacity 
of 450,000 m3/year, and the recycled water is used for irriga-
tion purposes (Angelakis et al., 2003). Sicily has 259 waste-
water treatment plants to facilitate water reuse with 47 under 

construction (Barbagallo et al., 2012). Other wastewater reuse 
facilities have been executed in Grammichele (1500 m3/day), 
Palermo (28,000 m3/day), and Gela (reservoirs with a capac-
ity of 5 Mm3) along with other cities (Barbagallo et al., 2001, 
2012).

1.2.2.7 Malta

Malta has been reusing treated wastewater since 1983 for irriga-
tion purposes (European Federation of National Associations 
of Water & Wastewater Services, 2005). In Malta, the three 
wastewater treatment plants in Malta Northe, Gozo, and Malta 
South have been developed with a focus on reusing all the 
recycled water. Also, new wastewater treatment plants and 
upgradation of existing plants are under consideration. The 
plan is to reach a capacity of 24,000 m3/day, which will help 
address the sanitization issues and also recharge the aquifers.

1.2.2.8 Portugal

In Portugal, the lack of criteria and public acceptance has 
resulted in less execution of wastewater treatment plants. In 
Algarve 58 wastewater treatment plants have been executed 
that treat wastewater by secondary and tertiary methods. 
Further, in Almada and greater Lisbon, 4 and 29 wastewa-
ter treatment plants, respectively, have been executed and the 
recycled wastewater is used for irrigation, cleaning facilities, 
and cleaning streets.

1.2.2.9 Spain

In Spain, as per the National Plan for Wastewater Reuse, more 
than 332 wastewater treatment plants were active in 2006 and 
the recycled wastewater was reused (Ministerio de Medio 
Ambiente y Medio Rural y Marino, 2010). In 2006, the waste-
water treatment plants reached 76% of their capacity and in 
2008, 447 hm3/year water was reused as per the data collected 
from Spanish River Basin districts. Later, the water reuse 
capacity reached 408 hm3/year (Jodar-Abellan et al., 2019). 
Spain has successfully treated wastewater by the incorpora-
tion of innovative technologies and simultaneous reuse and 
management of the treated wastewater (Iglesias et al., 2010).

1.2.2.10 The Netherlands

Water reuse is minimum in the Netherlands with the continuous 
development of treatment facilities. In certain parts of the coun-
try, such as the southwest, east, and northeast, water scarcity can 
be observed and the reuse of water has been promoted. In 2007, 
a wastewater treatment plant was set up in Terneuzen city, which 
has a capacity of 7500 m3/day, and in Harnaschpolder, which 
has the capacity of 860,000 m3/day. Also, brackish water is used 
after desalination for irrigation (Rietveld et al., 2011).

1.2.2.11 The United Kingdom

In the United Kingdom, water is sufficient to meet the needs 
of the country, thus, few wastewater schemes have been 
developed. The Langford Recycling Scheme, which has 
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been operated by Essex and Suffolk Water, has the capacity 
of 40,000 m3/day and thus enhances the water availability 
by 8%. Whereas in most other European countries, water 
treatment and reuse has been executed efficiently due to suf-
ficient availability of water. The treatment facilities can be 
very effective if well planned and executed (Paranychianakis 
et al., 2015).

Abbreviations: COD, chemical oxygen demand; FC, fecal 
coliform; TN, total nitrogen; TP, total phosphorus; TSS, total 
suspended solids.

1.3 Conclusion

The treatment of wastewater is a global crisis that sci-
entists and researchers are trying to overcome with the 
integration of already available and advanced technolo-
gies. Attempts have been made to address the limitations 
and increase the capacity of the plant to enable better and 
enhanced treatment of the contaminated wastewater. The 
treated wastewater has been used for various purposes 
such as irrigation, industrial use, and filling aquifers. 
Despite the high level of treatment of the wastewater, the 
use of reclaimed water is still in a state of infancy and 
numerous measures have to be taken to utilize the full 
potential of wastewater.
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2.1 Introduction

Water serves as an ultimate natural resource. It performs 
numerous important physiological functions and thus helps 
to sustain a healthy life. However, enhanced anthropogenic 
activities have led to the contamination of water by infec-
tious pathogens. The pathogens responsible for transmission 
of waterborne diseases include bacteria, fungi, protozoa, and 
viruses. Factors such as poor hygiene maintenance, contami-
nation of water with animal and human waste, substandard 
wastewater treatment systems, lack of proper sewage infra-
structure, and environment deterioration are mainly respon-
sible for the introduction of pathogens into water. These 
pathogens can give rise to numerous diseases such as typhoid, 
diarrhea, dysentery, cholera, hepatitis A, polio, etc. The waste-
water microbiota is mainly composed of four kinds of micro-
organisms: bacteria, fungus, virus, and protozoa. Bacteria, 
such as Escherichia coli O157:H7, Shigella spp., Vibrio spp., 
and Helicobacter pylori, viruses, such as hepatitis E virus, 
adenovirus, enteroviruses and astroviruses, and fungi, such 

as Aspergillus fumigatus and Candida albicans, contribute 
to wastewater microbiota (1). Table 2.1 represents some of 
these microorganisms, their sources of contamination, and the 
diseases associated with them.

About 5.7% and 4% of global diseases and deaths, respec-
tively, are caused by polluted water along with poor sani-
tation and hygiene (2). According to the United Nations, 
about 80% of sewage is drained into rivers without treatment 
(3). History clearly presents the effect of several outbreaks 
caused by waterborne pathogens across the globe. These 
outbreaks have caused high rates of morbidity and mortality 
irrespective of being a developed or underdeveloped nation. 
As per the latest report by the World Health Organization 
(WHO), globally about 2 billion people are exposed to fae-
cally contaminated drinking water. About 502,000 diar-
rheal deaths are reported annually, among which a large 
fraction are children below the age of 5 years (1). In spite 
of many wastewater treatment practices employed to clean 
and decontaminate water, some pathogenic microorganisms 
still persist and multiply in the water supply. These pathogens 
continuously pose a great threat to public health and cause 
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waterborne outbreaks globally. In a developing nation like 
India, the chance of waterborne diseases increases many fold 
due to poor sanitation and outdoor defecations. The alarming 
need for monitoring the water microbiota in India could be 
easily estimated by analyzing the available statistical data. 

Moreover, the increasing number of waterborne diseases not 
only affects the health of the individual but also impacts the 
economy of the nation. Therefore, it becomes essential to 
study and identify the water microbiota in order to prevent 
any future waterborne pandemics.

TABLE 2.1

Waterborne Pathogens and Diseases Associated with Them

Microorganism Pathogen Disease Water Sample Contamination Source

Bacteria Vibrio spp. Profuse, watery diarrhea (rice water 
stools), vomiting, abdominal pain, 
dehydration, septicemia, 
gastroenteritis

Seawater, recreational 
waters

Human feces/sewage

Shigella spp. Abdominal pain, diarrhea, bloody 
and mucoid stools, fever, 
shigellosis, acute gastroenteritis, 
pneumonia

Recreational water Human feces/sewage

Escherichia coli Gastrointestinal illness, hemorrhagic 
diarrhea, kidney failure, abdominal 
cramps and tenderness and 
sometimes leading to hemolytic 
uremic syndrome

Wastewater, recreational 
water, municipal water, 
drinking water

Cattle, sheep, turkey, and 
domestic animal feces and 
soy

Helicobacter pylori Acute gastritis, gastric cancer, and 
peptic ulcers

Coastal waters (fresh water, 
estuaries, marine waters), 
drinking water

Water from islands, 
beaches, bays, and rivers

Salmonella typhi S. 
Paratyphi

Typhoid or paratyphoid fever: 
headache, central nervous signs, 
malaise, anorexia, splenomegaly 
and rose spots on the trunk, 
sometimes causes septicemia

Sewage-contaminated water Urine or stool of infected 
persons, including chronic 
carriers

Campylobacter spp. Diarrhea, gastroenteritis Water from contaminated 
sources, including streams 
and rivers

Stool of infected persons

Virus Hepatitis A virus Hepatitis A, liver disease, jaundice, 
fever, malaise, lassitude, anorexia, 
nausea, abdominal pain

Marine waters, urban 
wastewater, recreational 
water

Sewage

Hepatitis E virus Infectious hepatitis; miscarriage and 
death

Contaminated drinking 
water

Human feces/sewage

Adenovirus Gastroenteritis Recreational water, 
wastewater, river water

Human feces/sewage

Astroviruses Diarrhea Contaminated drinking 
water

Human feces/sewage

Enteroviruses Gastroenteritis Coastal seawaters, 
recreational water, 
wastewater

Secretions, like saliva, 
sputum, or mucus, from an 
infected person or with 
their feces

Fungus Candida albicans Candidiasis Drinking water Tap water

Aspergillus fumigatus Aspergillosis Drinking water, settled 
surface water

Water treatment plants, 
settled surface water

Exophiala dermatitidis Dermatitidis Drinking water –

Protozoa Entamoeba histolytica Amoeba dysentery Sewage contaminated 
drinking water

Animal feces/sewage

Giardia intestinalis Diarrhea Lakes, ponds, rivers, and 
streams

Animal feces/sewage

Cryptosporidium parvum Profuse and watery diarrhea, weight 
loss, nausea, low-grade fever

Drinking water Human feces/sewage or 
animal feces/slurry

Naegleria fowleri Infection of the brain called primary 
amoebic meningoencephalitis 
(PAM)

Freshwater 
recreational sources such 
as lakes, ponds, rivers, and 
hot springs or poorly 
maintained swimming 
pools

–
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Regular assessment of the water samples for the presence of 
pathogens can help to improve water quality, decrease the ratio 
of waterborne diseases, and help prevent any waterborne pan-
demics in the future. It has been reported that globally about 
4% of diseases can be reduced merely by improving the quality 
of water (4). Furthermore, an appropriate method for wastewa-
ter treatment could also be selected by performing an accurate 
evaluation of the water microbiota. The detection and identifica-
tion of the waterborne pathogens used to be carried out by con-
ventional techniques. These conventional techniques are based 
on the isolation and culturing of the microorganisms. However, 
certain disadvantages, such as lack of knowledge about cultur-
ing conditions of different microorganisms, their symbiotic 
and syntrophic interaction with each other, and the inability to 
determine novel organisms, limit the application of this culture-
based method. In addition, this technique is tedious, laborious, 
and time consuming (5). Lately, there have been advances in 
the techniques that can be used for the evaluation of wastewater 
microbiota including high specificity, sensitivity, and less time 
and labor. Selecting the best of various available methods is also 
significantly important to mitigate and prevent future water-
borne threats. Therefore, it becomes very important to study 
and evaluate the various molecular tools used to assess and ana-
lyze the water microbiota. In the context of the aforementioned 
information, this chapter discusses the various biosensors and 
molecular techniques along with their limitations for the detec-
tion of microorganisms in water samples.

2.2 Biosensors

Biosensors are bioanalytical devices that incorporate biolog-
ical material as a sensing molecule and exploit the biochemi-
cal reaction to generate an electrical, optical, or thermal 

signal. The signal thus generated is fed into a transducer that 
finally converts the detected signals into measurable quanti-
ties. The interaction between the compound of interest (ana-
lyte) and the recognition molecule leads to heat emission; 
release of gases such as ammonia or oxygen; and change 
in the proton gradient, light emission, and heat absorption, 
which serves as a signal. These signals thus produced can 
then be amplified and detected. Biosensors utilize biologi-
cal entities such as organelles, cell receptors, antibodies, 
nucleic acids, enzymes, tissues, etc., as a recognition ele-
ment. The signal generated by the biosensor increases with 
the increase in the concentration of analyte (6). Biosensors 
can be classified on the basis of the recognition of a mol-
ecule and the transduction mechanism. Based on the type of 
physicochemical mechanism of transduction, biosensors can 
be classified as optical, electrochemical, and piezoelectric. 
Applications of some of these biosensors are presented in 
Table 2.2. The numerous advantages of biosensors such as 
small size, high automation, portability, use in real time, and 
the ability to make quick measurements makes this a more 
promising technique when compared with other methods. In 
spite of their many advantages, biosensors still face some 
limitations due to their sensitivity to temperature and pH, 
and change in mass.

2.2.1 Optical Biosensors

The main phenomenon behind the way optical biosensors 
work is the measurement of the changes observed in the opti-
cal properties on the surface of the optical transducer due to 
the biochemical reaction between the analyte and biorecogni-
tion molecule. Fluorescence, absorption, reflectance, refractive 
index (RI), and Raman scattering (RS) are some of the major 
properties that are analyzed on the optical transducer surface 

TABLE 2.2

Applications of Different Types of Biosensors

Biosensors Type Pathogen Biorecognition Element
Level of Detection 
(LOD) Reference

Optical biosensors Colorimetric Escherichia coli Streptavidin-modified magnetic nanoparticles 50 colony-forming 
units (cfu)/mL

(7)

Surface plasmon 
resonance (SPR)

Salmonella 
typhimurium

Monoclonal antibody immobilized on a 
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide

1 × 10−6 cfu/mL (8)

Fiberoptic 
biosensor

S. typhimurium Antibodies functionalized single modetapered 
multimode-single mode structure (SMS) biosensor 
provided

247 cfu/mL (9)

Electrochemical 
biosensors

Potentiometric 
sensor

S. typhimurium Au nanoparticle polymer inclusion membrane is the 
antibody support and a sensor platform

6 cells/mL (10)

Voltammetric 
biosensors

E. coli Using 1-fluoro-2-nitro-4-azidobenzene modified 
octadecanethiol self-assembled monolayer (SAM)

0.5 × 10−18 M (11)

SARS-CoV-2 SARS-CoV-2 spike protein containing receptor-
binding domain (SP RBD)

1 ng/mL (12)

Amperometric 
biosensor

E. coli Antibody covalently bound to the surface of the 
nickel oxide thin film matrix

1 cell/mL (13)

Piezoelectric 
biosensors

Surface acoustic 
wave (SAW)

Staphylococcus 
aureus

ZnO nanoparticle-based SAW-Love sensor 2 × 103 cfu/mL (14)

Quartz crystal 
microbalance

Mycobacterium 
tuberculosis

Anti-tuberculosis antibody 15 cells/mL (15)
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(16). The Optical biosensors are further classified into fluores-
cence, surface plasmon resonance (SPR), chemiluminescence 
(CL), evanescent field sensing via optical fibers/waveguides, and 
colorimetry. Furthermore, optical biosensors are also divided 
into subtypes on the basis of demand of labels, i.e., labeled and 
label-free biosensors. In addition, conjugation of nanoparticles 
with optical biosensors has been attaining great scientific inter-
est due to its ability to sense multiple signals by using the same 
sensor (17). Optical biosensors are generally preferred over 
other types of biosensors due to their rapidity, real-time detec-
tion, small size, cost-effectiveness, high selectivity, and ultra-
sensitivity (18). Another key feature that attracts attention is the 
non-electrical nature of optical biosensors as it helps to analyze 
multiple elements on a single layer by just varying the light 
wavelength. All these properties thus make optical biosensors 
an efficient approach for pathogen detection. However, the low 
stability and high cost of nanomaterial has been a setback in the 
commercialization of this technology.

2.2.2 Electrochemical Biosensors

Electrochemical biosensors are another important class of bio-
sensors. The basic mechanisms behind these devices are the 
changes in resistance, conductance, current, and other electri-
cal properties on binding of analyte with the sensing molecule. 
The oxidation and reduction reaction taking place due to inter-
action of the sensing molecule and the analyte triggers changes 
in the electrical properties, which thus serve as a signal source 
in these biosensors (19). Electrochemical sensors are basi-
cally composed of a working electrode, a counter electrode, 
and a reference electrode. In electrochemical biosensors, an 
electrode is generally immobilized on the sensing molecule. 
Based on the type of parameter to be observed, the technique 
can be potentiometric (potential), amperometric (current), or 
impedimetric (impedance) (20).

Some of the major advantages of these biosensors include 
less cost, high automation, high sensitivity, small sample 
detection, rapidity, easy transportation, and simple organiza-
tion. Moreover, the amazing property of these biosensors to 
detect at different temperatures in a wide range of solvents 
or electrolytes (21) and the ability to sense efficiently even 
with turbid samples gives it an edge over optical biosensors 
(1). Among various techniques electrochemical biosensors are 
considered as the most appropriate bioanalytical devices for 
detection of waterborne pathogens.

2.2.3 Piezoelectric Biosensors

Piezoelectric biosensors are a type of mass-based biosensors. 
The working of these biosensors relies on the principle of 
sound waves, therefore, they are also known as acoustic bio-
sensors. Piezoelectric biosensors generally use material such 
as lithium tantalite, tourmaline, zinc oxide, aluminum nitride, 
or quartz, which show the piezoelectric effect. Among these, 
quartz is the most widely used material due to its favorable 
chemical, electrical, and mechanical properties (20). In these 
biosensors the surface of the crystal is coated with a biological 
sensing element (enzyme, antibody, etc.). The crystals used in 

these biosensors resonate at a particular frequency (22). The 
interaction between these biological elements and the analyte 
leads to a detectable change in resonating frequency of the 
crystal. The change observed in the mass due to interaction 
between the molecules is responsible for the variation of reso-
nating frequency. These biosensors chiefly work by converting 
mechanical vibrations of the recognition molecule into electri-
cal signals. The piezoelectric biosensor is usually two types: 
the surface acoustic wave device and the quartz crystal micro-
balance (23). Piezoelectric biosensors enable label-free sens-
ing of the molecules. In addition, they are cost-efficient and 
user oriented. Piezoelectric biosensors have gained attention 
because the coating of a suitable layer of recognition molecule 
on the crystal can lead to many applications in molecular sens-
ing (24). Rapid pathogen detection can be performed by using 
piezoelectric biosensors in two modes: active, which utilizes a 
frequency counter to record the changes observed in the reso-
nance frequency of the crystal (25), and passive, which records 
the changes in velocity and mass on the binding of analyte 
and sensor by using an equipment (26). However, certain chal-
lenges such as requirement of multiple washing and drying 
steps, long incubation times, problems with crystal surface 
regeneration and with immobilization of the bio-recognition 
molecule on the crystal surface are the major setbacks in the 
application of these biosensors.

2.3 Molecular Techniques

Till date, numerous techniques have been utilized for detec-
tion of microbial ecology; however, no integrated method 
has been able to detect all waterborne pathogens. Various 
challenges such as low pathogen concentration in the sam-
ple, difference in the physical properties of the pathogens, 
and the interfering particles present in the water are the 
major obstacles in the efficient application of these meth-
ods. To obtain results with maximum efficiency, parameters 
such as high speed, automation, sensitivity, specificity, and 
low cost need to be incorporated into the detection method. 
Culture-based methods are one of the most exploited tech-
niques for pathogen detection; however, their excessive time 
requirement, low sensitivity, and inability to culture viable 
but non-culturable cells (VBNCs) are the major factors 
responsible for limiting the application of this technique. 
In contrast to culture-based methods, molecular techniques 
are more reliable for the detection of pathogenic microor-
ganisms as they are very specific and highly automated, 
can be used to differentiate between animal and human 
pathogens, can help in tracking the source of pollution, 
and can provide phylogenetic information about pathogens. 
A number of molecular techniques are available today for 
pathogen detection. Some of the most commonly used tech-
niques such as polymerase chain reaction (PCR), fluores-
cent in situ hybridization (FISH), denaturing gradient gel 
electrophoresis (DGGE), pyrosequencing, microarray, and 
immunology-based methods along with their limitations 
are discussed below. Table 2.3 lists the applications of some 
of the molecular techniques used for the detection of micro-
organisms in water.
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2.3.1 Polymerase Chain Reaction

PCR is one of the most commonly used molecular techniques 
for pathogen detection. It works on the principle of exponen-
tial amplification of a specific DNA sequence of the target 
organism. PCR is a cyclic process that includes three major 
steps: denaturation, annealing, and extension (36). PCR is a 
powerful technique that can be efficiently used for detecting 
a low quantity of target DNA in the environment sample due 
to its high sensitivity and specificity. Various modifications in 
the conventional PCR have led to the development of differ-
ent variants of PCRs such as multiplex PCR (mPCR), reverse 
transcription PCR (RT-PCR) and quantitative real-time PCR 
(qPCR) for pathogen detection.

mPCR is a powerful variant of PCR that detects multiple 
pathogens in a single reaction. In mPCR multiple primers 
are utilized for the amplification of specific genes of diverse 
pathogens. This technique is timely and cost-effective as it 
performs amplification of numerous pathogens in a single step. 
While working with mPCR one of the most important steps 
that should be performed efficiently is primer designing. The 
primer used in the reaction should be highly specific toward 
different pathogens and should have the ability to perform 
its task in the same working conditions. RT-PCR is another 
modification of PCR that can be applied to pathogen detec-
tion. It is used for the amplification and identification of the 
RNA sequence. This technique exploits the activity of reverse 
transcriptase enzymes to form double-stranded complemen-
tary DNA (cDNA) by reverse transcribing the RNA isolated 
from the environment. The cDNA formed by RT-PCR is then 

fed into the conventional PCR for amplification. An impor-
tant feature of RT-PCR which makes it stand out from other 
techniques is that it measures the growth of the bacteria in 
the growth phase (37). Quantitative real-time polymerase 
chain reaction (qRT-PCR) is a special type of PCR devised 
specifically for the quantification of microorganisms. As the 
name depicts, real-time qPCR helps in the visualization of 
DNA during amplification. Unlike conventional PCR, which 
demands agarose gel electrophoresis after amplification, qPCR 
utilizes fluorescent signals generated by the intercalating dyes 
(SYBR green dyes) and dual-labeled probes (TaqMan probes 
and molecular beacons) for the evaluation of the DNA sample 
(38). SYBR green dye is an intercalating dye that binds non-
specifically to the PCR product, whereas molecular beacons 
and TaqMan probes are oligonucleotides that generate signals 
only if the complementary DNA is available. The fluorescent 
intensity of the signal produced in a qPCR are in direct pro-
portion to the product formed. One major advantage of this 
type of PCR is that it also helps in the quantification of RNA. 
A fluorescence monitoring system is generally required in the 
form of a thermocycler in qPCR. Various advantages of real-
time PCR such as speed, sensitivity, quantification, and speci-
ficity make it a better approach for pathogen quantification.

2.3.1.1 Limitations

• The process may lead to false-positive or false-
negative results in the absence of optimum mixture, 
reaction condition, and primers.

TABLE 2.3

Application of Molecular Techniques for Detection of Water Microbiota

Method Pathogen
Level of Detection 
(LOD) Time Sample Reference

Quantitative PCR 
(qPCR)

Escherichia coli (uidA), Salmonella 
enterica (invA), Aeromonas spp. 
(aerA), Mycobacterium avium (16S), 
and Pseudomonas aeruginosa (oaa)

12 gene copies (GC)/
reaction

– Recreational water (27)

Multiplex PCR E. coli 5.2 ng/μL – Water (28)

Denaturant gradient 
gel electrophoresis 
(DGGE)

Bacillus, Brevibacillus, Exiguobacterium, 
Gammaproteobacteria, Acinetobacter sp.

37 operational 
taxonomic unit 
(OTU)

– Drinking from three 
different reservoirs in 
Mahabubnagar, 
Telangana, India

(29)

Fluorescent in situ 
hybridization assay 
(FISH)

E. coli, Klebsiella pneumoniae, Enterobacter 
aerogenes, and Citrobacter freundii

4.90 ± 0.36 × 106 cfu/
mL

4 h Domestic wastewater 
sample

(30)

Pyrosequencing Hyphomicrobium, Desulfovibrio, Sphingomonas, 
and Pseudomonas

104 to 106 cfu/cm2 – Drinking water 
distribution system of 
East China

(31)

DNA microarray Cryptosporidium parvum, Cryptosporidium hominis, 
Enterococcus faecium, Bacillus anthracis, 
Francisella tularensis

100 ng of DNA, 
microarray assay: 20 
genomic copies 
without a PCR 
preamplification step

– Tap water (32)

E. coli, Clostridium perfringens, P. aeruginosa, 
Staphylococcus aureus

4 cfu/100 mL – Tagus river mouth, 
Portugal

(33)

On-chip technology E. coli 106 cfu/mL 6 h Drinking water (34)

Immunology based 
methods

Legionella pneumophila N.A 2 h Man-made water 
systems

(35)
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• Formation of the primer dimer is a major drawback 
of mPCR. This further interferes in the sensitivity of 
the technique.

• The precision of qPCR generally decreases with 
decreasing DNA concentration.

• Misleading results could be generated when the 
nucleotides are less than an optimum concentration.

• PCR variants except RT-PCR cannot differentiate 
between viable and non-viable cells.

2.3.2 Denaturing Gradient Gel Electrophoresis

DGGE is a molecular fingerprinting technique. It separates 
same-sized DNA samples with different nucleic acid sequences 
based on their differing mobility in a denaturing gradient gel. 
This technique can be potentially applied to study the genetic 
diversity of the sample based on the band patterns or fingerprints 
generated by the microbial communities during their run on the 
gel. The bands obtained in DGGE generally correspond to the 
number of dominant species in the sample. The DNA fragments 
utilized by the DGGE method are amplified by PCR beforehand. 
Followed by this, the DNA fragments are run on a gel with urea 
and formamide as its basic components (denaturing reagents). 
The increasing concentration of these denaturing agents in the 
gel creates a gradient that induces a change in the conformation 
(partially denatured, helicoidal, or single stranded) of the mol-
ecule, which in turn reduces the mobility of these fragments on 
the gel, and thus leads to the separation of the molecules. The 
partially double-stranded and single-stranded DNA molecules 
move slow in the gel gradient when compared with the double-
stranded and single-stranded DNA (39). When the DNA sample 
is loaded onto the electrophoresis gel the fragments remain dou-
ble stranded until they reach the optimum condition for denatur-
ation, which is called the melting point.

When the denaturing reagents in DGGE are replaced by 
temperature the technique is known as temperature gradient 
gel electrophoresis (TGGE). In DGGE the concentration of 
urea and formamide increases along the gel, whereas the con-
centration of polyacrylamide and temperature (60°C) remains 
constant. In TGGE the concentration of denaturing agents 
remains constant while the temperature gradient increases. 
There are two types of gel used for DGGE: perpendicular and 
parallel. Perpendicular gel contains the denaturing agents in 
the direction perpendicular to that of electrophoresis in con-
trast to parallel gel, which has a denaturing agent gradient par-
allel to the direction of electrophoresis. The bands observed 
after running the gel in DGGE can be observed by staining 
them with silver, SYBR green dye, or ethidium bromide. The 
bands obtained from DGGE can be excised from the gel and 
further can be used for sequencing and comparison with the 
available sequence databases in order to predict the function 
of the gene, determine the phylogenetic relationship, etc. In 
DGGE 16s rRNA is generally used for analysis due to the 
presence of highly conserved regions in it. These conserved 
sequences can further serve as a source of bacterial identifica-
tion; moreover, it can also help to differentiate even the closely 
related species (40). However, other primers have also now 
been proposed for analyzing closely related species. Recently, 

the popularity of DGGE has been increased due to increasing 
application of this technique in various fields. This technique 
could be further coupled with techniques such as phylogenetic 
analysis and sequencing in order to obtain quality overview 
of the microbial community composition. DGGE is a rapid, 
simple technique that can be used to analyze specific target 
organisms simultaneously and in a single gel. Furthermore, it 
can also be used for analyzing the purity of the sample and 
changes in dynamics, and for the phylogenetic analysis of the 
members of the microbial community.

2.3.2.1 Limitations

• DGGE is not very efficient for the separation of very 
long sequences (>500 bp).

• The intensity of the bands obtained in the DGGE 
may vary.

• The number of bands obtained are usually small in 
DGGE, which corresponds to small number of iden-
tified species.

• Extraction and amplification of the sample can some-
times be complex based on the nature of the sample.

• Short sequence limits the designing of the probe and 
the phylogenetic analysis.

2.3.3 Pyrosequencing

Pyrosequencing is a technique developed in 1996 by Mostafa 
Ronaghi and Pal Nyren at the Royal Institute of Technology in 
Stockholm. It is a DNA sequencing method that works on the 
principle of sequencing by synthesis. This technique is widely 
used for metagenomics detection of pathogens in various 
environmental and clinical samples. Pyrosequencing utilizes 
enzyme coupled reaction and bioluminescence in combination 
to monitor the release of pyrophosphate after the addition of 
a nucleotide in real time. This technique can be potentially 
applied to sequence a large number of reads in a single run. 
There are mainly four enzymes required for pyrosequencing: 
apyrase, luciferase, ATP sulfurylase, and Klenow fragment of 
DNA polymerase 1 (41). Apyrase is an enzyme incorporated 
into the process of pyrosequencing for degrading the free 
nucleotides and ATPs. The reaction mixture of pyrosequenc-
ing also demands luciferase, adenosine phosphosulfate, and 
the DNA template annealed to a primer as a starting material. 
The recognition and addition of a nucleotide to its complemen-
tary base in the single-stranded template leads to release of 
a pyrophosphate molecule (PPi) and the growth of the DNA 
strand. This released inorganic pyrophosphate is further con-
verted to ATP in the presence of the enzyme ATP sulfurylase 
by utilizing the adenosine phosphosulfate molecule as a sub-
strate. Finally, this ATP is utilized by the luciferase enzyme to 
generate a light signal. This generated light is identified and 
used as evidence for the incorporation of the nucleotide into 
the growing chain.

The process of pyrosequencing for detection of waterborne 
pathogens generally starts by concentrating the pathogen pres-
ent in the water. Depending on the type of pathogen, this step 
is usually accompanied by a secondary concentration. Upon 
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successful concentration, the sample undergoes the process of 
DNA extraction, which is further amplified and fed into the 
pyrosequencing technique. Finally, the information gathered 
by the pyrosequencing is analyzed and compared with the 
computational databases.

This technology helps even in the detection of novel patho-
gens in contrast to PCR and microarray-based techniques, 
which are limited due to a smaller number of known sequences 
and can be used to identify the pathogenic species within a 
range set by the investigator. Pyrosequencing has been a cen-
ter of attraction for the detection of microbes due to its high 
throughput and its ability to sequence large genomes with less 
cost and a fraction of the time. Pyrosequencing can also be 
used to detect novel pathogens with undetermined etiological 
agents; thus, it could help in the prevention of future outbreaks. 
Recently, an advanced approach of pyrosequencing called 
“single virus genomics” utilizing the Roche 454 platform has 
been exploited for the isolation and complete sequencing of 
single virus particles (4). This approach can also be used to 
design primers for their efficient applications in qPCR. In addi-
tion to this, other throughput platforms such as the Ion Torrent 
system, Solexa/Illumina Genome Analyzer, and Biosystem 
SOLiD sequencing have also been used to study the diversity 
of microorganism (41). One additional feature of pyrosequenc-
ing, which gives it an edge over other methods, is that it can 
also analyze the bacterial biofilm communities.

2.3.3.1 Limitations

• The process is highly complex and expensive.

• It depends on massive computing power.

• There is difficulty in interpretation of the data.

• It can be used only for short sequences.

• DNA template concentration less than picomole level 
can impact the sensitivity of this technique.

2.3.4 Fluorescent In Situ Hybridization Assay

FISH is a rapid and simple technique that exploits the ability of 
fluorescently labeled probes to hybridize with the complemen-
tary sequence of rRNA. The probes utilized are generally a 
short stretch of nucleotides (15–30) coupled with a fluorophore, 
which binds to the specific sequence of the 16S rRNA present 
in the ribosome of the target organism (42). Upon binding of 
the probe with the target sequence, fluorescence is generated 
that could be analyzed by using a fluorescent microscope. If 
no fluorescence is observed, the target cells do not contain any 
sequence complementary to the probe. The intensity of the 
fluorescence produced in this technique is generally propor-
tional to the concentration of the target sequence in the given 
sample. FISH is one the most extensively explored and applied 
techniques for the detection and enumeration of pathogens in 
wastewater. FISH is generally a four-step process. The process 
starts with the fixation of cells, which are then hybridized with 
a fluorescent probe. Finally, the cells are visualized under a 
fluorescent or confocal laser scanning microscope after strin-
gent washing. The designing of fluorescent probes is the most 
essential task and should be done with much accuracy to use 

this technique efficiently. The probes used in FISH are gen-
erally prepared either by direct incorporation of fluorescently 
labeled nucleotide in the probe or by indirect linking of the 
reporter molecule (digoxigenin or biotin) with the nucleotide 
(43). These probes are highly specific, which allows the dif-
ferentiation of organisms at any taxonomic level. The probes 
used in this technique can also be used in combination with 
other probes for more specific search.

Due to the simplicity, rapidity, high sensitivity, and accuracy 
of this technique it can be efficiently applied for the identifica-
tion, quantification, and localization of the microbes present in 
the environment samples; thus, it can serve as an alternative to 
the traditional methods (5). FISH can also be used to analyze 
the length and the exact location of the target DNA. Another 
important feature of this technique is that it allows the visual-
ization of spatial distribution of microorganisms in different 
environments. It can also help in the quantification of specific 
microbial strains, which is not the case with conventional tech-
niques. One added advantage of FISH is that it can also be 
used in the detection of viable but non-cultivable cells, which 
are the living cells with low metabolic state (1). Furthermore, 
it does not demand any special training for application and 
can be used easily by just applying the basic knowledge of 
microscopy.

2.3.4.1 Limitations

• It demands specific probes for the detection of vari-
ous microbial species. Probe designing for a specific 
species is a cumbersome task.

• Prior knowledge about the sequence to be targeted 
is required,

• Poor cell permeability and low concentration of ribo-
some concentration can sometimes limit the applica-
tion of this technique.

• Environmental conditions can influence the efficient 
working of this technique and can thus result in 
false-positive or false-negative results.

• It may sometime demand enrichment steps.

2.3.5 DNA Microarray

A powerful molecular tool used to study the expression of 
thousands of genes simultaneously is known as a DNA micro-
array. This technique utilizes thousands of identified genes 
(oligonucleotides, cDNA, and genomic DNA) assembled on 
a solid support in an orderly two-dimensional fashion. The 
solid support used in this method could be nylon membrane, 
silicon chips, or a glass. The basic principle behind the DNA 
microarray is the Watson-Crick base pairing of the comple-
mentary sequences. The microarray chips, upon exposure 
of labeled nucleic acid to probes, helps in the simultaneous 
detection of multiple genes by the phenomenon of nucleic acid 
hybridization. DNA microarray comprises of four steps. The 
process starts with the preparation of fluorescently labeled 
mRNA molecule isolated from the sample. Then, the nucleo-
tide sequence hybridizes with the complementary sequence 
present in the microarray chip upon incubation in optimum 
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condition. Finally, the chip is scanned for fluorescence after 
vigorous washing. The fluorescence generated during the pro-
cess depicts the presence of target sequence in the sample and 
is generally proportional to the concentration of the sequence. 
This technique can be further coupled with PCR techniques in 
order to obtain higher sensitivity. PCR microarray can further 
increase sensitivity up to 106-fold (44).

Microarray technology is an effective tool for determining 
the mutations in DNA sequences, studying the expression of 
various genes in different environmental conditions, and to 
detect the microbial strain present in the sample. This tech-
nique can be efficiently applied for detection of a selective 
microbial strain in an array of microorganisms. Moreover, the 
high-density oligonucleotide arrays containing thousands of 
probes spotted on the surface of the microarray chip can help 
in the detection of thousands of reactions simultaneously (43). 
This technique can also help in the categorization of the bacte-
ria on the basis of the genotype characteristics, which thus pro-
vides better insights about the relationship between species. 
Microarray technology can also be used to detect uncultured 
organisms. Furthermore, this technique is highly automated 
and has high throughput.

2.3.5.1 Limitations

• It is an expensive method and is difficult to handle.

• It cannot differentiate between viable and non-viable 
cells.

• Non-specific hybridization may lead to false-positive 
or false-negative results.

• Sample processing may be experienced.

2.3.6 Immunology-Based Methods

Immunology-based methods present powerful tools that can 
be efficiently applied for the detection of a wide range of 
waterborne pathogens. The method principally works on the 
phenomenon of antigen-antibody interaction. The antibodies 
used in this method are made up of both monoclonal and poly-
clonal antibodies. The binding strength between the antigen 
and the antibody in this reaction determines the specificity and 
sensitivity of immunology-based methods. Enzyme-linked 
immunosorbent assay (ELISA), immunofluorescence assay, 
and the serum neutralization test (SNT) are the major tech-
niques among immunological tests that can be used for 
pathogen detection. ELISA is the most established and most 
commonly used plate-based technique. It is based on the activ-
ity of enzyme linked to the antibody. The basic arrangement 
of ELISA (direct) consists of an antigen attached to the solid 
surface. Following this, an enzyme covalently conjugated with 
antibody is fed to the system for binding with the correctly 
matched antigen. Upon binding of the antibody with the anti-
gen, the enzyme reacts with a chromogenic substrate to form 
a colored product. ELISA is generally performed in a 96-well 
plate and the results are generated colorimetrically. The most 
commonly used enzymes in ELISA include β-galactosidase, 
alkaline phosphatase, and horseradish peroxidase (HRP) (45). 
In addition to direct ELISA different variants of ELISA such 

as sandwich ELISA, indirect ELISA, and competitive ELISA 
are also available, which allows the qualitative and quantita-
tive analysis of antibody and antigen. Indirect ELISA utilizes 
a secondary antibody in addition to the primary antibody for 
the purpose of detection. In sandwich ELISA the antibody is 
immobilized on the solid surface and a sample containing anti-
gen is added to the reaction, which is then allowed to react with 
the immobilized antibody. Followed by this a second enzyme 
conjugated antibody is added in order to perform the detec-
tion and quantification of the sample. In competitive ELISA, 
recombinant proteins conjugated with enzyme are added to 
the wells already surfaced with captured antibodies. SNT is 
a virus neutralization assay that is used in combination with 
a plaque assay. It helps in the determination of a particular 
antiserum that can inhibit the replication of virus, i.e., it leads 
to its neutralization (4). Immunofluorescence assay is a pow-
erful method that can help in the detection of a specific anti-
gen by utilizing a fluorescently labeled antibody. The results 
from this technique can be visualized by analyzing the fluo-
rescence generated by these molecules upon excitation by a 
light of suitable wavelength. The technique is highly sensitive 
and specific. Furthermore, the efficient cost, simple procedure, 
and small sample requirement are some of the advantages that 
promote the application of this technique.

2.3.6.1 Limitations

• Cross-reactivity may be observed in case of closely 
related antigens.

• False-positive or false-negative results are generated 
sometimes.

• It sometimes demands pre-enrichment in order to 
decrease the number of antigens present on the sur-
face of the cell.

• The process depends on the type of antigen used.

• When using indirect ELISA the primary and second-
ary antibody used must always be “matched pair.”

2.4 Conclusion and Future Prospects

Waterborne pathogens pose a serious threat to both the health 
of the individual and the economy, especially in developing 
nations. Because water is the basic necessity of life, it becomes 
important to monitor and control the water microbiota. In 
addition to conventional methods, which are used frequently, 
various types of molecular- and biosensor-based methods have 
been developed that can help produce more rapid, reproduc-
ible, sensitive, and specific detection of waterborne patho-
gens. However, high cost, sample processing, and lack of 
standardization protocols are some of the major factors that 
limit the applications of these techniques. Moreover, some of 
the molecular techniques may also demand enrichment/puri-
fication as pre-treatment. Future studies should be focused on 
the improvement of the available techniques for more accu-
rate detection of pathogens within less time. Further advances 
should be made in the techniques to differentiate between via-
ble and non-viable cells and to perform their characterization 
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in accordance with the microbial communities. There should 
be increased focus on the development of a highly efficient 
pathogen indicator in order to detect the novel emerging patho-
gens to prevent any waterborne outbreak in the future.
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3.1 Introduction

With the advent of molecular biology techniques, the vision 
of researchers and scientists has completely transformed. It is 
now possible to use molecular biology to fish out microorgan-
isms and genes that play a pivotal role in performing certain 
functions. This can be attributed to the fact that various new-
age wastewater treatment processes have been completely rev-
olutionized by the interference of various molecular biology 
methods. Nowadays, engineered wastewater treatment plants 
have taken over the conventional wastewater treatment plants 
that have failed to meet the needs for the treatment of modern 
industrialized wastewater inputs. Also, municipal wastewa-
ter treatment plants are flooded with chemicals from phar-
maceuticals, personal care products, human excreta, a large 

amount of soap and detergents, waste food, etc., which makes 
the intervention of molecular biology approaches necessary to 
effectively treat the wastewater.

The basic unit of operation of the wastewater treatment 
plant is the treatment of wastewater, which involves oxidation/
reduction of organic and inorganic species and biodegradation 
of various xenobiotic pollutants, preferably to a level that will 
not harm the environment. All this is primarily achieved by 
the inherent design of microbial communities.

Although a thorough study has been done on conventional 
wastewater treatment plants’ microbial communities, there is 
a knowledge gap in the dynamics and genomic studies. With 
the aid of molecular biology, those genes and proteins that 
perform vital degradation can be studied. Such genes can be 
cloned, and libraries of such clones can be generated, which, 
when required, can be used for specific purposes.
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It is an established fact that the composition of microbial 
communities varies widely and depends on the chemical com-
position of the wastewater treatment plant. Different wastewa-
ter treatment plants harbor different microbial communities 
that are specifically adapted to that particular wastewater treat-
ment plant. This variation does not depend just on the chemi-
cal nature of the wastewater treatment plant; it also depends 
on geographical location, seasonal variation, etc. Microbial 
community analysis based on non-metallic multidimensional 
scaling showed that the industrial and municipal wastewa-
ter treatment plant microbiota differ significantly with much 
more significant variation observed in Archaea. Nitrifying/
denitrifying and phosphate accumulating organisms (PAOs) 
were most abundant in microbial wastewater treatment plants. 
In contrast, some sulfate-reducing bacteria (SRB) were also 
detected in the industrial (textile) wastewater treatment plant.

Various new-age fast techniques such as 454 pyrosequenc-
ing and the Illumina sequencing platform are used to study 
such variations, and the results are quite astounding. These 
methods are efficiently used to characterize the functional 
potential and phylogenetic composition of various microbial 
communities in the wastewater treatment plant (Li et al., 
2018). In-depth sequencing of 16s rRNA gene amplicons is 
widely applied for studying microbiota in the wastewater 
treatment plant (Nascimento et al., 2018). Functional elucida-
tion has been efficiently done via various 16s rRNA databases 
like PICRUSt (Langille et al., 2013), Tax4Fun (Abhauer et al., 
2015), and Piphillin (Iwai et al., 2016).

3.2  Genomics of Wastewater 
Relevant Microorganisms

During the previous decade only, limited knowledge about 
dynamics composition and stability of microbial communities 
existed. Generally, the processes in wastewater treatment were 
referred to as black box as little was known about them. The 
trial and error approach (Daims et al., 2006) reduced many 
inconsistent results and was not reliably reproducible. The 
meta-analyses of the various genome sequences using bioin-
formatics tools have made the genome analysis of the micro-
bial community much more accessible (Schmeisser et al., 
2007). It is now the well-studied area where the unculturable 
microorganisms are also characterized and studied in much 
greater detail. The metagenome has made it possible via a 
high-throughput sequencing method, as discussed earlier.

The process of characterizing the genome of wastewater 
microorganisms is quite slow with all the conventional meth-
ods. The genomic characterization of organisms thriving in 
a wastewater treatment plant gives insight into the genetic 
makeup of the organisms and helps to increase the efficiency of 
the treatment plant. Moreover, this also enables the research-
ers to effectively engineer the treatment plant so that efficient 
treatment of wastewater can be carried out.

Genomic insights into the wastewater treatment plant 
required careful and in-depth study of individual organisms 
thriving in that particular habitat. It is beyond the scope of this 
text to discuss the genome of all of the organisms. So, genomic 
insights into the wastewater treatment plant of some important 

organisms are discussed as follows. These two organisms 
belong to the genus that is most commonly found in wastewa-
ter treatment plants:

3.2.1  Ammonia-Oxidizing Obligate 
Chemolithoautotrophy

3.2.1.1 Nitrosomonas europaea

Nitrosomonas europaea is a member of the phylum 
Proteobacteria. It derives all its energy through the oxidation 
of ammonia to nitrite. So it has a vital role as nitrifying bac-
teria. Carbon demand of a cell is mostly met by carbon diox-
ide fixation. Of all the ammonia oxidizers, N. europaea is the 
best-studied organism. The genomic analysis of the organism 
revealed the use of exclusively two enzymes, ammonia mono-
oxygenase (AMO) and hydroxylamine oxidoreductase (HAO). 
Both of these enzymes work sequentially in the process of 
nitrification. amoCAB encodes the heteromultimeric enzyme 
AMO, whereas HAO is a homotrimer, where each subunit 
contains any c-type hemes. The substrate binds only to one of 
these eight c-type hemes.

 + + → + → + ++ − − + −NH  2H 2e   NH OH H O  NO 5H 4e3

AMO

2 2

HAO

2

In the above reaction, the flow of electrons occurs through two 
c-cytochromes (cytochrome cm522 and cytochrome c554) to ubi-
quinone. amoCAB exists in the genome as a multicopy gene, 
and the hmo gene exists as three identical copies in the entire 
genome.

3.2.2 Nitrite-Oxidizing Nitrospira lenta

Nitrospira species are the key players in N-cycling in the 
engineered environments and belong to sublineage I and II. 
The organism belonging to sublineage I works efficiently at a 
higher nitrite concentration; whereas sublineage II organisms 
exhibit a much lower maximum activity (Nowka et al., 2015). 
Nitrospira lenta contains all the genes required for oxidation 
of nitrite (nxr). Its genome contains two paralogous copies of 
nxrA and nxrB encoding for α and β subunits and two cop-
ies of nxrC encoding the γ subunit of nitrite oxidoreductase. 
Also, N. lenta contains nirA gene encoding ferredoxin-depen-
dent nitrite reductase that helps in nitrogen assimilation from 
nitrite. The nirA gene sequence is conserved throughout sub-
lineage I and some members of sublineage II (Ushiki et al., 
2018). The Nitrospira genus encodes for superoxide dismutase, 
which creates a defense mechanism against oxidation stress as 
well as several bacterioferrins.

3.2.3 Filamentous Bulking Chloroflexi

Bloom of filamentous microorganisms leads to the condition 
called bulking and foaming, which impairs the settleability 
of the sludge. This leads to various complications in the treat-
ment process. One of the important phylotypes retrieved by 
a metagenomic analysis was found to belong to the phylum 
Chloroflexi. The phylotype belongs to the gram-positive cel-
lular architecture. The presence of the cytochrome-c nitrite 
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reductase gene suggests dissimilatory properties, which pro-
tect the cell from nitrosative stress. Caldilinea aerophila 
and Anaerolinea thermophila of the same phylum contain 
the nitrate reductase gene. The presence of the gene for con-
version of nitrite to ammonia causes them to flourish in the 
wastewater treatment plant, which further hinders the treat-
ment process.

3.2.4 Others

There exist a variety of organisms that are characteristic of 
a wastewater treatment plant, but their genomic insights have 
not yet been fully characterized pertaining to their specific 
role in the wastewater treatment plant. The important genera 
in wastewater treatment plants, other than the ones mentioned 
earlier, are Nitrosomonas eutropha, Nitrosomonas oligotropha 
(Chain et al., 2003), Nitrobacter hamburgensis, Nitrobacter 
winogradskyi, Nitrospira marina (Starkenburg et al., 2006), 
Paracoccus denitrificans, Gemmatimonas aurantiaca, 
Acidovorax temperans, and Herpetosiphon aurantiacus.

3.3  Molecular Techniques to Study 
Microbial Composition, Dynamics, 
and Ecology of Wastewater

The techniques of molecular biology/molecular ecology have 
significantly transformed the field of microbial ecology by 
excluding the need to isolate different populations of microor-
ganisms from their native habitat for their identification. These 
techniques have been applied to studying biofilms, flocs, 
etc., growing in engineered systems. They have also provide 
the possibility of deciphering relations between organisms, 
understanding the role of different genes, and most impor-
tantly revealing the community structures. Exploiting various 
molecular biology techniques reveals the repertoire of organ-
isms that thrive in the wastewater treatment plant and perform 
important functions. Different techniques employed for this 
purpose are as follows.

3.3.1 Cloning of 16s rDNA

In microbial community ecology, cloning of 16s rDNA and its 
subsequent sequencing is one of the most popular and exten-
sively applied molecular techniques. The basic procedure 
involves the direct extraction of nucleic acids, excluding the 
isolation step and polymerase chain reaction (PCR) ampli-
fication of the 16s rRNA encoding genes by bacterial- and 
archaeal-based universal primers followed by the cloning of 
the resulting PCR products into a competent high copy num-
ber plasmid and selection of the recombinant plasmid/clones. 
After this recombinant plasmid DNA isolation, the cloned 
gene is sequenced and further analyzed through software and 
computer programs (ARB, SeqLab, PHYLIP, etc.) to identify 
their phylogenetic position (Sanz and Köchling, 2007).

Concerning the wastewater treatment research, micro-
bial consortia procured from activated sludge, biofilms, 
etc., that reside in several types of wastewaters (industrial 

and municipal) are examined via 16s rDNA clone libraries. 
They are then sequenced, which has aided in identifying 
many uncommon and novel microorganisms, their functional 
structures, and their phylogeny. This particular molecular 
technique has been less implemented for wastewater treat-
ment purposes mainly due to either its tedious methodology 
or unavailability of specific instruments. Still, several reports 
demonstrated its application and future prospects (Sanz and 
Köchling, 2007). The microbial diversity from the activated 
sludge of the Gaobeidian Wastewater Treatment Plant, Beijing, 
was analyzed (Jiang et al., 2008) by constructing 16s rDNA 
gene cloned libraries and were divided into five bacterial 
groups after sequencing. The species with the highest propor-
tion (27.18%) was Thauera sp., a denitrifying bacterium that 
is mainly involved in the degradation of NO3-N. The 16s r 
DNA cloning approach was combined with fluorescent in situ 
hybridization (FISH) whereby the PAOs Rhodocyclus spp. 
and Propionibacter pelophilus were identified from activated 
sludge of a sequential batch reactor followed by the designing 
of the species-specific probe for in situ hybridization (Crocetti 
et al., 2000). The treatment of sulfide containing wastewater 
using a heterogenous multispecies biofilm was described via 
16s rDNA cloning in which a diverse group consisting of aero-
bic, anaerobic, phototrophic, and chemotrophic microorgan-
isms like Rhodobacter (29%), Thiocapsa (13%), Chlorophyta 
(13%), and Cytophaga-Flavobacterium-Bacteroides (CFB) 
phylum were identified (Ferrera et al., 2004).

3.3.2 Denaturing Gradient Gel Electrophoresis

Although 16s rDNA cloning is successful in investigating 
and identifying microbial diversity, certain limitations hin-
der understanding the intricate dynamics between microbial 
communities or their environmental deviations. These com-
plex structural studies require genetic fingerprinting tech-
niques like denaturing gradient gel electrophoresis (DGGE). 
This method separates the 16s rDNA fragments obtained from 
PCR amplification based on their sequential differences in a 
denaturing gradient like urea. Individual bands are further 
excised and subjected to sequencing for phylogenetic affilia-
tion. DGGE has been applied to evaluate population shifts in 
bacteria, its composition, and changes in the microbial consor-
tia present in granular sludge from breweries treating up-flow 
anaerobic sludge blanket (UASB) reactors (Chan et al., 2001) 
and wastewaters from alcohol distilleries and unbleached pulp 
plants (Akarsubasi et al., 2006, Buzzini et al., 2006) and is 
steadily gaining popularity. This technique also has been used 
in amalgamation with a specific PCR to identify Thauera 
sp. from a coking wastewater treatment plant (Mao et al., 
2008). Also, DGGE has been applied along with several other 
molecular techniques to describe the microbial composition 
(Methanosaeta, Crenarchaeota, etc.) from papermill waste-
water (Roest et al., 2005).

3.3.3 DNA Microarray

DNA microarray technique utilizes the hybridization abil-
ity of nucleic acid complementary sequences to one another 
for understanding or analyzing the genotypic properties of a 
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species. Radioactive/fluorescent oligonucleotide probes spe-
cific for 16s rRNA or functional genes are allowed to bind to 
the sample DNA/RNA from the environment in which any 
fluorescent activity implies the presence of the particular 
target gene or sequence. This method is advantageous over 
other hybridization approaches as it allows the quantitative 
detection of specific strains from within an entire assort-
ment of microorganisms simultaneously about thousand 
times (Gilbride et al., 2006). For wastewater treatment, a 
few reports exhibiting the use of DNA microarray have been 
published. A DNA microarray containing a set of 16s rRNA-
specific oligonucleotide probes combined with the terminal 
restriction fragment length polymorphism (t-RFLP) method 
detected nitrifying bacteria (Nitrosomonas spp., Nitrospira, 
and Nitrobacter) in the wastewater collected from a plastic 
company (Kelly et al., 2005). Most recently, successful char-
acterization of the microbial diversity and their correspond-
ing genes associated with nitrogen cycling, denitrification, 
and nitrification (nirS, nirK, amoA) was done in the con-
ventional activated sludge (CAS) processes and anaerobic-
oxic (AO) processes of four municipal wastewater treatment 
plants by the implementation of DNA microarray and most 
probable number-polymerase chain reaction (MPN-PCR) 
(Pang et al., 2016).

3.3.4  Terminal Restriction Fragment 
Length Polymorphism (t-RFLP)

A high-throughput method for community profiling, t-RFLP 
can be used as an alternative to DGGE. PCR amplification 
of the 16s rRNA or any other functional gene is performed 
with fluorescently labeled universal primers at either ter-
minus (5′ or 3′) followed by the restriction digestion of the 
tagged amplicons with specific enzymes. The labeled termi-
nal restriction fragments (t-RFs) obtained are separated elec-
trophoretically and then detected to produce a unique profile 
representing an individual microbial community present in a 
particular ecosystem. It is a high-speed, helpful tool for quali-
tative and quantitative evaluation and comparison of micro-
bial consortia present in wastewater samples. The t-RFLP 
method has also been applied to detect functional genes like 
nosZ and amoA (Rho et al., 2005; Gilbride et al., 2006; Sanz 
and Köchling, 2007).

Activated sludge samples from wastewater treatment 
plants in Tianjin and Shandong, China, were procured, 
and 16s rRNA gene clone libraries were constructed. 
With the help of DGGE and t-RFLP, it was confirmed 
that Proteobacteria, Bacteroidetes, and Firmicutes were 
the most abundant groups in the samples. Nitrosomonas, 
Thauera, and Dechloromonas were also found in copious 
amounts along with a few unknown sequences, suggesting 
the inhabitation of novel species in activated sludge commu-
nities (Yang et al., 2011). This technique has also been used 
to compare the bacterial communities present in 31 domestic 
and industrial wastewater treatment plants. Analysis of t-RF 
profiles from both plants revealed that similar microbial 
communities thrive in these activated sludges provided the 
respective wastewater treatment plant treats similar types of 
wastewaters (Rho et al., 2005).

3.3.5 Fluorescent In Situ Hybridization

FISH is one of the widely used molecular biology tech-
niques for the detection of nucleotide sequences. Short DNA 
sequences (16–20 nucleotides) are covalently labeled with a 
fluorescent dye at one end to generate probes. The sample 
cells are first treated by a fixative, hybridized with a specific 
fluorescent probe in situ, and then visualized by confocal laser 
scanning microscopy or via epifluorescence. The specificity 
of this technique helps in the identification, localization, and 
quantitative analysis of the microbial population for any pre-
ferred taxonomic hierarchy.

For wastewater treatment purposes, it offers enumeration 
of the microbial communities present in activated sludges 
and wastewaters. The probes primarily designed are either 
according to rRNA sequences available in the databases 
(16/18s and 23/28s rRNA) or any other known sequences 
that target a certain desired species. However, this method 
has certain drawbacks, like the inability to design probes 
for very distinct/specific taxon or groups of microorganisms 
with properties like sulfate reduction, halo respiration, etc. 
Because of this, prior knowledge of the predicted microor-
ganisms in the sample is required for the successful imple-
mentation of this method (Gilbride et al., 2006; Sanz and 
Köchling, 2007).

Within the domain of wastewater treatment, the hybrid-
ization technique came into effect in 1993, where probes 
were designed to detect α-, β-, and γ-Proteobacteria from 
activated sludges (Wagner et al., 1993). Since then, many 
studies have been undertaken and reported on the appli-
cation of FISH for wastewater treatment. In the activated 
sludge of mixed liquor samples from a municipal waste-
water treatment plant in Dubai, microbial populations 
were monitored. The researchers employed oligonucle-
otide probes as per previously published 16s and 23s rRNA 
sequences. Two other probes, HGC 69a and MNPI, were 
also designed (Khan and Faheem, 2013). The majority of 
the bacterial cells belong to the α, β, and γ subgroups of 
Proteobacteria and gram-positive bacteria of high and low 
G + C content. Also, both the HGC 69a and MNPI probes 
predominantly hybridize with a specific nocardioform 
actinomycetes throughout the study’s entire duration. The 
dynamics of microbial communities involved in the biologi-
cal removal/reduction of nitrogen, nitrite, and sulfur has also 
been examined and quantified. Specific CY3-tagged oligo-
nucleotide probes (EUB338 and SRB38) were employed 
to identify the general eubacterial members and SRB (δ 
Proteobacteria) from activated sludge of an oily waste-
water treatment system, respectively. The percentage of δ 
Proteobacterial SRBs was demonstrated to increase from 
7.20% to 10.20% during the treatment process, indicating 
their dominance in eliminating oily pollutants (Hesham and 
Alamri, 2012). Furthermore, characterization of nitrifying 
bacteria (ammonia-oxidizing and nitrite-oxidizing bacteria, 
such as Nitrosomonas spp., Nitrosospira, Nitrosococcus, 
Nitrospina gracilis, etc.) from activated sludge and biofilms 
of Czech wastewater treatment plants was carried out by 
designing 16s rRNA and other fluorescent-labeled probes 
(Benakova and Wanner, 2013).
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3.3.6 MAR-FISH

Although FISH provides specific and quantitative knowledge 
about the population and phylogeny of microbial cells in situ, 
it does not offer any information about the functional meta-
bolic activities. For this purpose, a micro-autoradiography 
(MAR) technique has been devised that utilizes the uptake 
of radiolabeled substrates in situ by the cells. However, one of 
the significant drawbacks of MAR is its inability to associate/
connect the substrate intake by the cells to their phylogenetic/
morphologic characteristics. FISH can fulfill this limitation. 
A combination of both of these approaches has been imple-
mented to enhance their strengths. The experimental protocol 
of MAR-FISH includes incubation with radioisotopic sub-
strates, fixation and handling followed by FISH and MAR 
process, and then microscopic examination and observation 
(Okabe et al., 2004).

In relation to the wastewater treatment process, stable iso-
tope probing (SIP) combined with MAR-FISH was applied 
to identify novel active denitrifying bacteria (Rhodoferax, 
Dechloromonas, Sulfuritalea, Haliangium) from an activated 
sludge sample of a full-scale biological nutrient removal (BNR) 
wastewater treatment plant. Various 13C-labeled organic com-
pounds were used in the SIP method to induce the denitrifiers, 
whereas the MAR-FISH method quantified and confirmed the 
ability of microorganisms for active denitrification (McIlroy 
et al., 2014).

3.3.7 rRNA Intergenic Spacer Analysis (RISA)

The 16s rRNA gene cloning method is the most exploited 
molecular technique for analysis of microbial diversity of an 
ecosystem. Techniques based on this technique like DGGE, 
t-RFLP, and amplified ribosomal DNA restriction analysis 
(ARDRA) have furnished specific insights into the bacterial 
community structure. This sequence is highly conserved and 
presents universally in all bacteria, which helps in phyloge-
netic affiliation. However, the technique is limited as the size 
of 16s rRNA is concise, and its conserved nature hinders the 
study of the phylogeny of two closely related species. On the 
other hand, intergenic spacer region (ISR) sequences between 
the 23s and 16s rRNA genes is also a promising candidate 
considering it exhibits more significant length variation and 
more diversity (difference in base compositions) compared 
with 16s rRNA. This variability contributes to better differ-
entiation between closely related microorganisms and can be 
exploited for PCR target amplification by the RISA method 
(Cook et al., 2004).

3.3.8 Functional Analysis Prediction

Functional prediction is always focused on the key metabolic 
pathway, which ultimately leads to the production of methane. 
Methane gas is one of the final products formed in the carbon 
cycle in which Archaea use up the products of fermentation. 
Necessary enzymes present in the activated sludge involved 
in the acetoclastic pathway are phosphate acetyltransferase, 
acetyl Co-A decarboxylase/synthase complex, and acetyl 
Co-A synthase. Other enzymes involved in the methylotrophic 

pathways, such as methanol dehydrogenase and methanol-
5-hydroxy benzimidazole co-methyltransferase, are rarely 
present, and they are less represented in the prediction analy-
sis. Enzymes with seasonal variation include hydrogenotro-
phic pathways such as formyl methanofuran dehydrogenase. 
This enzyme plays an active role in the first-step reduction 
of carbon dioxide. The above study’s model organism is 
Methanotrix, as this genus has a marked dominance in anaero-
bic sludge digesters (Bedoya et al., 2020).

3.4 Microbial Community Structures

The organizational structure of the wastewater treatment plant 
consists of the species-rich region that can degrade a wider 
range of substrate first of these structures in addition to sup-
porting and perform other vital tasks such as the production of 
extracellular polymeric substances (EPSs). EPSs are biological 
in origin, and their composition is highly dynamic. Their main 
role is to protect cellular biomass from the harmful effects of 
ammonium and nitrous oxide, which are found in abundance 
in wastewater treatment plants (Cydzik-Kwiatkowska et al., 
2014). An EPS creates a barrier between the cell and plant 
environment, limiting the concentration of toxic compounds 
in the cell’s vicinity (Andersson et al., 2011). Physicochemical 
adhesion of cells plays a vital role in the formation of flocs 
of activated sludge and colony formation. The EPS:bacteria 
ratio is 4:1 (Raszka et al., 2006). The settleability and stabil-
ity of the flocs are highly dependent on the shape, size, and 
density of filamentous bacteria. Various environmental stress 
such as temperature variation, changes in pH, etc., may disin-
tegrate the sludge floc, leading to increased concentration of 
suspended solids in the effluent stream (Henriques and Love, 
2007).

Another kind of microbial community structure is biofilm 
formation. It is supported by various interactions that occur 
between the bacterial cell and solid support systems. Biofilms 
are characterized by multilayer organization of microorgan-
isms that are stabilized via various structures (cilia, fimbriae, 
and flagella) and EPSs. Diffusion is the main mode of trans-
portation across biofilm. They are also characterized by vari-
ous pores and channels, which help in the mass transfer and 
genetic transfer (Shuler and Kargi, 1992; Cohen, 2001).

Microbial self-immobilization leads to the formation of 
aerobic granules. The good property of aerobic granules is 
that they have good settleability and contains a high con-
centration of microorganisms. These properties allow these 
structures to be employed on a much smaller scale. The for-
mation of granular structure begins with bacterial interac-
tion, which causes important changes in cellular metabolism. 
The formation of granule structure is due to competition 
between cells and hydrodynamic shear force in the bioreac-
tor. Denitrification and substrate-limiting growth conditions 
are the major factors that promote the formation of aero-
bic granules (Wan and Sperandio, 2009). Obligate aerobes 
thrive in the outer layer of the granule, whereas the inner 
and deeper layers are inhabited by obligate and facultative 
anaerobes. This arrangement enables the one-step removal 
of nutrients and carbon.
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3.5  Microbial Composition of 
Wastewater Treatment Plant

The overall structure of the microbial community and its diver-
sity plays a pivotal role in the efficiency of the treatment of 
wastewater treatment plants. There seems to be a considerable 
difference between composition of industrial and domestic 
wastewater treatment plants. Domestic wastewater treatment 
plants were more diversified and rich in terms of microflora 
present, whereas industrial wastewater treatment plants inhibit 
the bacterial growth due to harmful industrial effluents, but at 
the same time there are some forms present that are generally 
not found in domestic/municipal wastewater treatment plants 
(Ofiţeru et al., 2010).

Wastewater treatment plants are designed from an engi-
neering viewpoint, but the various aspect of dynamics and 
ecology of microflora prevailing in the treatment plant also 
need to be addressed. It also requires careful assessment of 
ecology (theoretically) in design and operation as this impacts 
the assembly of the microbial community and variation in the 
community structure.

There are two important factors that determine the dynam-
ics of bacterial communities: deterministic and stochastic 
(Ofiţeru et al., 2010). Deterministic factors control competition 
and niche-specific variables, and on the other hand, microbial 
dispersal and fluctuations are controlled by stochastic factors. 
In relation to this, the main measurements of the spatial scale 
biodiversity are alpha and beta biodiversity. The basic differ-
ence between the two is that alpha biodiversity gives insight 
into the species richness in the region in question and beta 
biodiversity is about community variation between the two 
ecosystems (Jost, 2007). Bacterial community assembly is 
completely dependent on biological interaction between dif-
ferent species of microorganisms, whereas environmental fac-
tors indirectly cause qualitative and phylogenetic variance (Ju 
and Zhang, 2015).

Microflora present in activated sludge play an important 
part in overall treatment of wastewater, which primarily 
includes removal of toxins, nutrient removal, and mainte-
nance of high biomass (Ye et al., 2016; Fang et al., 2018; Xia 
et al., 2018). In-depth characterization and knowledge helps 
in understanding the dynamics of prevailing microbiota and 
in the optimization and improvement of wastewater treatment 
plant operations. Several biomolecular techniques are still 
used in basic laboratory procedures to study microbial popula-
tion and dynamics. which have been discussed in detail in the 
previous section. There are several drawbacks to these pro-
cedures, though they are quite specific, but the information 
provided by these methods cannot comprehensively profile the 
microbiota structure and function. This problem arises due to 
amplification bias and handling errors. Also, reproducibility 
of such methods become limited as very sophisticated steps 
are involved.

To curb such problems, various high-throughput sequencing 
platforms such as 454 pyrosequencing, Illumina sequencing 
platform, PICRUSt (phylogenetic investigation of commu-
nities by reconstruction of unobserved states), etc., provide 
more elaborate rapid determination of microbial diversity and 

complex metabolic pathways (Miao et al., 2015; Wang et al., 
2018). Also, sometimes various research groups used a combi-
nation of two or more techniques to make various predictions 
with respect to metabolic pathways, community structure, and 
key functions of different microbial species. Molecular analy-
sis revealed that the structure of a microbial biomass is entirely 
dependent on the technology used for the treatment of waste-
water. Hence, by tweaking various treatment protocols, micro-
bial biomass structure can be controlled (Hu et al., 2012).

Wastewater treatment plants involved in the treatment of 
industrial wastewater show different microbial diversity, 
which is normally not found in municipal wastewater treatment 
plants. Various organisms such as Thiobacillus, Comamonas, 
Rhodoplanes, Thauera, and Azoarcus are commonly found in 
industrial wastewater treatment plants. Their presence can be 
attributed to their ability to degrade specific xenobiotics, an 
exclusive part of industrial wastewater (Ma et al., 2015).

3.5.1  Dynamics of Microorganisms Found 
in Wastewater Treatment Plants

3.5.1.1 Phosphorus Removal

Removal of phosphorus is one of the most essential parts of 
wastewater treatment. This is done to prevent eutrophication 
in waterbodies. The major source of phosphorus is human 
waste, food waste, and detergents and soaps from domestic 
and industrial sectors. There are various chemical methods 
that can effectively remove phosphorus from wastewater for 
precipitation by metal salts, for example. Such methods lead 
to various problems downstream such as metal contamination 
and increasing the amount of sludge produced (Daims et al., 
2006).

To circumvent this problem, various PAOs are utilized. 
PAOs were able to selectively take up fatty acids under 
anaerobic conditions by utilizing stored PHA. In parallel, 
PAOs restore their polyphosphates by the uptake of avail-
able phosphates from wastewater under aerobic conditions. 
The majority of PAOs include γ Proteobacteria (Microlunatus 
phosphovorus [accumulates and consumes phosphorus under 
aerobic and anaerobic conditions, respectively], Lampropedia 
spp. [possess metabolic features of PAOs, but their ace-
tate uptake:phosphate release ratio is much lower], and β 
Proteobacteria [Accumulibacter phosphatis]).

3.5.1.2 Nitrogen Removal

In addition to the problem of eutrophication in the receiving 
waters, accumulation of ammonia and nitrates from fertilizers 
and the pharmaceutical industry cause toxicity to the aquatic 
micro- and macro-life. The nitrogen from agricultural run-
offs are also one of the major factors that cause eutrophica-
tion in the receiving waters. There are various enzyme-driven 
processes that help in the complete removal of nitrogen and 
its compounds from the wastewater. Two major processes 
include nitrification and denitrification, which are discussed 
as follows.

Ammonia-oxidizing Archaea (AOA), ammonia-oxidizing 
bacteria (AOB), and nitrite-oxidizing bacteria (NOB) all 
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constitute nitrifying bacteria. These organisms catalyze the 
complete oxidation of ammonia to nitrate with intermedi-
ate conversion to nitrite. This multistep reaction is accom-
plished by a consortia of microbes that work in conjunction. 
Nitrosomonas is the major class of nitrifying bacteria, which 
includes N. europaea, Nitrococcus mobilis, and N. marina. 
Other genera includes Nitrospira, Nitrosolobus, Nitrosovibrio, 
Nitrobacter, and Nitrospira.

Denitrification is the final step in the removal of nitrogen 
from wastewater. This involves conversion of nitrate to free 
nitrogen (N2) and nitrous oxide. Microorganisms mainly 
involved in denitrification belong to the genera Alcaligenes, 
Pseudomonas, Methylobacterium, Bacillus, Paracoccus, 
Hyphomicrobium.

3.5.1.3 Problem with Filamentous Bacteria

The efficiency of the wastewater treatment plant is strongly 
influenced by the activeness of the cells residing in the treat-
ment plant and also settleability of the biomass. The settle-
ability of activated sludge flocs is generally decreased by 
the presence of filamentous bacteria. Also, these play an 
active role in sludge foaming, which is the floating of bio-
mass. The inclusion of various selection pressure helps to 
keep the growth of filamentous bacteria at bay, but sludge 
foaming and sludge bulking still remain major issues that 
need to be addressed. There are several issues related to the 
morphology-based identification of filamentous bacteria, 
one of which is polymorphism of several filaments within 
the activated sludge. The rRNA targeted oligonucleotide 
probes are used for rapid detection of filamentous bacteria in 
the activated sludge. Nostocoida limicola constitute almost 
more than 50% of the filamentous bacteria found in activated 
sludge. Others include Microthrix parvicella (specialized 
lipid consumer, consumes long chain fatty acid under anaer-
obic conditions) and Thiothrix sp. (helps in the formation of 
intracellular sulfur globules from thiosulfate and uptake of 
acetate).

3.6 Conclusion

The understanding of the microflora of wastewater treatment 
plants provides an altogether new vision to the insights of what 
happens inside the treatment plant. The knowledge of genom-
ics with various molecular approaches provides a great data-
base that not only gives a better understanding but also helps 
to maintain and control the system in consideration. The 16s 
rDNA has been used for the identification of organisms belong-
ing to Rhodobacter (29%), Thiocapsa (13%), and the phylum 
Chlorophyta (13%). DGGE has been effectively utilized along 
with other techniques for the descriptive study of various 
industrial wastewater treatment plants (distilleries and the 
paper and pulp industry). Through DNA microarray, various 
genes involved in nitrification (nirS, nirK, amoA) were identi-
fied. FISH and MAR-FISH were utilized for reporting some 
novel SRB δ Proteobacteria, Rhodoferax, and Haliangium. 
Other techniques, namely RISA, t-RFLP, etc., are also used 

for similar purposes. The knowledge and understanding of the 
vast plethora of organisms that exist in the environment enable 
us to modify the existing systems to make them efficient and 
productive. The most prominent examples are Nitrosomonas, 
Nitrospira, and Chloroflexi, which are found in almost all 
wastewater treatment plants. The understanding of their meta-
bolic pathways has unfolded their individual role in the treat-
ment plants. Various microbial community structures and 
their diversity are the key players in the treatment of wastewa-
ter. The difference between community structures of domestic 
and industrial wastewater treatment plants points toward the 
existence of different types of microbiota. This deciphers the 
important insights into the wastewater treatment plant, which 
enables the ecologist to keep track of organisms and ultimately 
helps epidemiologists to track the source and spread of various 
diseases. Lastly, automation of molecular methods and the use 
of bioinformatics interpretation databases have proven to be 
very useful and beneficial.
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4.1 Introduction

Water is one of the naturally available resources and plays an inev-
itable role in the lives of every organism of the planet. Although it 
is abundant in nature, the quantification of fresh water is only 1% 
of total available water on earth (Kaminski et al., 2018), whereas 

the remaining water is seawater. The demand for water is increas-
ing due to the rise in water consumption by different sectors like 
agriculture, industries, and electricity production. Among these 
sectors, industry consumes the higher percentage of water. To 
meet this requirement water effluent from the industries should 
be retreated and used. The contamination of water will also affect 
the economic growth of developing countries. The characteristics 
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of wastewater includes turbidity, strong odor, high temperature, 
brown or yellowish appearance, chemical oxygen demand (COD), 
total organic carbon (TOC), biochemical oxygen demand (BOD), 
etc. Disposing wastewater from industries directly into water 
sources without treatment threatens aquatic life. It has an adverse 
effect on all living creatures, so wastewater should be disposed 
in an unharmful and economical manner. There are various 
techniques for wastewater treatment, including physical, chemi-
cal, and biological methods (Aksu and Yener, 2001; Dietrich 
et al., 1985; van Hoof et al., 1999; Chen et al., 2000; Keenan and 
Sabelnikov, 2000; Muruganandham and Swaminathan, 2006), 
to eliminate heavy metals, solids, and organic matter to improve 
the quality of water. However, each method has disadvantages, 
and difficulties when trying to scale up the process. In the physi-
cal method coagulation and filtration are involved and there is 
less degradation of organic matter. Adsorption techniques are 
generally used for the elucidation of contaminants from water. 
This method causes additional cost because pollutants are only 
adsorbed on the adsorbent and must be regenerated frequently. 
Ultrafiltration, nanofiltration, and reverse osmosis are membrane 
technologies used for large-scale treatment, but higher capital 
cost is a drawback. In case of biological methods, the microor-
ganisms feed on organic matter but the wastewater needs to be 
maintained at a specific pH and temperature. One disadvantage 
is that their disposable concentration is less. Additionally, high 
cost and operational difficulties make these processes unsuitable 
to proceed further (Robinson et al., 2001; Forgacs et al., 2004). 
These conventional methods are not suitable for pollutants that 
are persistent in water and have complex structures that hinder 
them from degradation. Due to these disadvantages researchers 
have been keenly involved to create a noble effective and sophisti-
cated method called advanced oxidation process (AOP).

4.1.1 Advanced Oxidation Process

AOP is a noble alternative for ground and industrial wastewater 
treatment compared with conventional ones in which the effi-
cacy is high; it also converts the non-biodegradable, hazardous 
chemicals or organic matter in water into harmless products. 
In the last 10 years AOPs in water purification technologies 
have been widely used due to their broad applicability (Ayoub 
et al., 2010). Initially, AOP was used to treat drinking water 
during the 1980s but later its application was used in waste-
water treatment. The basic principle in AOP is the production 
of hydroxyl radicals implementing hydrogen peroxide, O3, or 
photocatalysis to eliminate/detoxify the harmful chemicals or 
pollutants from the aquatic media. The advantages of hydroxyl 
radicals are (1) that additional waste is not generated and (2) 
they will corrode the equipment. The Fenton process (Fe2+/
H2O2) is the oldest method that produces a high amount of 
hydroxyl radicals. The (.OH) radicals are strong, effective oxi-
dants that react more vigorously with organic compounds, dis-
integrate them at high speed, and make them into smaller and 
biodegradable products. Recent studies revealed that sulfate 
(SO4) radicals detoxify pollutants effectively. They are gener-
ated by activating the inorganic peroxide precursors such as 
peroxymonosulfate and persulfate combined with ultraviolet 
(UV) light, transition metals, or heat. AOPs are studied with 
high gravity technologies and are quite constructive regarding 

mass transfer and chemical reaction rates. In later sections the 
elaborative types of the AOP are discussed.

4.2  Different Types of Advanced 
Oxidation Processes

AOPs are classified into two phases:

• Homogenous

• Heterogenous

4.2.1 Homogenous Phase

4.2.1.1 Photochemical Process

Photochemical AOPs are more efficient than chemical AOPs 
in removing pollutants from wastewater. The process uses less 
equipment and operates at low cost. In this process, UV radia-
tion is combined with powerful oxidizing agents like ozone 
(O3), hydrogen peroxide (H2O2), and Fe2+/titanium oxide (TiO2) 
for catalysis, which results in different kinds of photochemical 
AOPs. These processes detoxify or remove the organic com-
pounds in water by means of photodecomposition, excitation, 
degradation, and oxidizing agents (O3/H2O2), which cause oxi-
dation resulting in the production of hydroxyl radicals.

In the following section, we will discuss the photochemical 
process and the different types in detail.

4.2.1.2 UV/H2O2 Process

In this method, photolysis of hydrogen peroxide generates OH 
radicals by adsorbing the UV light at a range of 200–300 nm, 
which results in the breakage of the O-O bond of H2O2. This 
leads to the fragmentation of H2O2 (Hernandez et al., 2002). 
Consequently, several successive and competitive reactions 
occur in a stepwise manner.

Initially, hydrogen peroxide (H2O2) adsorbs UV light at a 
wavelength ranging between 200 and 300 nm and a succes-
sive reaction takes place.

 ⋅+ λν →H O     2 O2  2  (1)

 ⋅ + → + OH   H O H O HO2 2 2 2 (2)

 ⋅ ⋅+ → + +HO  H O OH H O O2 2 2 2 2 (3)

 ⋅ ⋅+ → +− −OH HO HO OH2 2  (4)

 ⋅→ +2HO   H O O2 2 2  2 (5)

 ⋅ ⋅+ → +OH HO   H O O2 2  2 (6)

 ⋅ →2 OH H O2 2 (7)

Equation (4.1) represents initiation, Equations (4.2–4.4) repre-
sent propagation, and Equations (4.5–4.7) are the steps of ter-
mination. For hydrogen peroxide activation, external sources 
such as UV light and sun rays are used. The most commonly 
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used source is UV light because the rate of photolysis of H2O2 
by a sun source is less efficient than UV light.

The process rate directly depends on the aspects of UV lamp-
like intensity, spectrum, emission, and on the medium properties 
like pH, turbidity. etc. (Oturan and Aaron, 2014). In an alkaline 
medium the rate of photolysis is generally high because of the 
certainty that HO2

− anion adsorbs the UV that tailed up in the 
formation of hydroxyl radicals. This method is widely used for 
the removal of contaminants from groundwater. For example, 
naproxen, which is an anti-inflammatory drug used to reduce 
severe pain, that is present in wastewater and surface water can be 
degraded effectively by this method. Felis et al. (2007) conducted 
an experiment using UV/H2O2 where more than 93% of naproxen 
degraded after a treatment of 3 minutes. The source of UV light 
is 400-W mercury lamp, but this study used only 200 W for the 
experiment. The degradation percentage will further be increased 
by aerobic or anaerobic treatment. Cedat et al. (2016) success-
fully removed estrogen mixtures such as estrone, b-estradiol, and 
17a-ethinylestradiol from the aquatic media using UV//H2O2. The 
efficacy of UV/H2O2 is significantly higher in contrast to UV pho-
tolysis because the degradation of all three estrogens at the same 
concentration was enhanced by UV/H2O2. In some processes 
only UV radiation is used to remove contaminants but it is a time-
consuming process. Alharbi et al. (2017) showed that pharmaceu-
tical contaminants such as diclofenac (DCF), sulfamethoxazole 
(SMX), carbamazepine (CBZ), and trimethoprim (TMP) treated 
with UV and UV/H2O2 showed surprising results. DCF (5 mg/L) 
and SMX (5 mg/L) are sensitive to UV radiation when complete 
removal takes place after a treatment of 8 minutes. In case of 
TMP (5 mg/L) and CBZ (5 mg/L), they are resistant to UV radia-
tion, and only 58.2% and 25.2% of removal occurs after treatment 
for 1 hour. When UV along with H2O2was used for treatment, 
the percentage removal shot up to 91.2% and 99.7%, respectively.

The disadvantage of this method is that water with high 
absorbance should not be treated as it competes for radiation 
with hydrogen peroxide and higher concentrations of H2O2 are 
required for the oxidation of the contaminants.

4.2.1.3 UV/O3 Process

The formation of hydroxyl radicals occurs by photolysis of 
ozone where the ozone in aqueous form absorbs UV radiation 
at a wavelength of 253.7 (van Craeynest et al., 2004).The activ-
ity of UV/O3 is high when compared with those with H2O2 at 
this wavelength. This process is widely used to remove envi-
ronmental pollutants and especially in wastewater treatments 
for removing pesticides and phenolic compounds.

Hydroxyl radicals are powerful oxidizing agents that are 
established by the photolysis of ozone in the presence of water.

 ⋅+ λ + → +O   v  H O 2 OH  O3 2 2  (8)

 ⋅ ⋅+ → +O   OH HO    O3 2  2 (9)

 ⋅ ⋅+ → +O  HO   OH   2O3 2 2 (10)

 ⋅ ⋅+ → +OH HO H O    O2 2  2 (11)

 ⋅ →2 OH H O2 2  (12)

By employing this process, degradation of dinitrotoluene 
(DNT) and trinitrotoluene (TNT) is fruitful. This method is 
specifically used to get rid of numerous volatile chlorinated 
organic compounds. The UV/ozone method is used for the 
elimination of volatile chlorinated organic compounds such 
as CHCl3, CCl4, and trichloroethylene (TCE) (Bhowmick and 
Semmens, 1994). The best example for the usefulness of UV/
ozone was the research study by Irmak et al. (2005) on the 
reduction of 17β-estradiol and bisphenol A (BPA), which are 
the two endocrine disrupters. Within 75 minutes complete oxi-
dation of BPA (0.10 mmol) occurs, which is achieved by ozone 
(1.4 mmol) along with UV radiation. For each dosage the 
rate of oxidation occurs is much faster when compared with 
general ozonolysis process. Dimethyl sulfoxide (DMSO) is a 
wastewater pollutant that was used in the fabrication of semi-
conductors and used for various purposes as it can easily fix 
with water (solvent properties). Although DMSO is less toxic 
in nature, the removal process is quite difficult.

Wu et al. (2007) researched the AOP for the elimination 
of this compound and found UV/ozone to be effective for its 
removal. DMSO is treated with 18.4 mg/L/min of ozone con-
centration along with UV radiation of intensity 5.5 mW/cm2. 
After 30 minutes of treatment 76% of DMSO was degraded. 
Another example for the application of UV/ozone is elimination 
of carbofuran from surface water and wastewater. Carbofuran 
is a noxious insecticide that was used in agriculture.

4.2.1.4 UV/O3/H2O2 Process

This method involves hydrogen peroxide along with the UV/
ozone process so that deformation of ozone and production 
of hydroxyl radicals occurs at higher rates. UV/O3/H2O2 is a 
costly process because two different reagents are used.

 ⋅+ λ + → +O v H O 2 OH 3O3  2 2 2 (13)

Shu and Chang (2005) studied dye decolorization in textile 
applications. They found that when UV/H2O2was used, the 
reaction took much longer than the simple ozonation process, 
but this method removed 99% of TOC effectively compared 
with ozonation (33%). To overcome these drawbacks both 
methods are combined together, which reduces the dosage of 
ozone. The first step is the pre-ozonation process where the 
compounds are treated for about 15 minutes followed by H2O2/
UV treatment with a wavelength of 253.7 nm. About 90% of 
dye and TOC were removed efficiently. Yonar et al. (2005) 
conducted an experiment to treat the effluent from the tex-
tile industry. The concentration of hydrogen peroxide ranges 
between 10 and 110 mg/L and ozone production of about 2 g/h. 
The experimental results showed 93% removal of COD after 
1 hour of treatment. To optimize the concentration of H2O2 
and ozone different dosages were used and the optimized con-
centration was found to be 25 mg/L with 99% efficiency. The 
effluent from industries contains micropollutants that are low 
in nature but cause serious problems in living creatures. These 
micropollutants are distributed in natural and drinking water 
across the world. Micropollutants are tenacious compounds 
that were used in pesticides, herbicides, pharmaceuticals, 
and endocrine disrupting compounds. They are precarious in 

ALI SADEGHI DIGITAL LIBRARY



38 Wastewater Treatment

nature and threaten humans, animals, and aquatic life. In this 
experiment five micropollutants were used: atrazine (ATZ), 
alachlor (ALA), CBZ, 17-α-ethinyl estradiol (EE2), and penta-
chlorophenol (PCP). In order to find the optimized concentra-
tion different concentrations of ozone and hydrogen peroxide 
are performed on micropollutants. The optimized ozone and 
hydrogen peroxide of ATZ, ALA, CBZ, EE2, and PCP are 5.4, 
0.7, 0.73, 0.75, and 0.62 mg/L and 0.75, 0.2, 0.47, 0.75, and 0.63 
mM, respectively. These results show that UVozone/hydrogen 
peroxide is found to be effective in removing micropollutants.

4.2.1.5 Photo-Fenton Process

The photo-Fenton method is the replacement of the Fenton 
process where UV radiation is additionally used. In the normal 
Fenton process oxidation of H2O2 takes place with the resi-
dence of ferrous salts, which leads to the genesis of hydroxyl 
radicals. This method is widely applied to remove recalcitrant 
compounds because of its simplicity.

 ⋅+ → + ++ + −Fe  H O  Fe OH OH2
2 2

3    (14)

Iron sludge wastage is the major disadvantage in this process 
and opened a way for the photo-Fenton process where UV 
light or a solar source is used. Thereby the sludge waste for-
mation is decreased to a major extent by reduction of Fe (III) 
oxalate back to Fe (II).

 ⋅+ → + ++ + −Fe  H O  Fe OH OH2
2 2

3    (15)

 ⋅+ + λ → + ++ + +Fe  H O   v  Fe H OH3
2

2    (16)

 ⋅+ λ →H O   v 2 OH2 2  (17)

The UV light also has the ability to decompose hydrogen per-
oxide into free radicals. The operating cost is high due to arti-
ficial light, which was replaced with sunlight and used in what 
is now known as the solar photo-Fenton process. Chacon et al. 
(2006) experimented on azo dye acid orange elimination using 
this process and found 85% decolorization of the desired dye. 
The percentage of decolorization was increased to 95% when 
operated at best conditions where the toxicity units reduced 
from 37 to 5 with energy consumption of 50 KJ/I. For textile 
effluent application, execution of photo-Fenton was estimated 
using both solar light and artificial sources by considering 
parameters like pH, ferrous salt, and hydrogen peroxide. Zhu 
et al. (2018) synthesized Ag/AgCl nanoparticles and coated 
them with ferrihydrite. The degradation of BPA by Ag/AgCl 
ferrihydrite was increased when compared with pure ferrihy-
drite using visible light. The photocatalytic performance of 
Ag/AgCl ferrihydrite was high even at pH 6.

4.2.2 Chemical Processes

4.2.2.1 Fenton’s Agent

The combination of H2O2 and Fe2+, known as Fenton’s agent, is 
found to be successful in removing the organic contaminants 
from water (Goldstein et al., 1993). Tartaric acid can be oxi-
dized by H2O2 along with Fe2+, which was found by Fenton 

in 1894 (Fenton, 1894). In this process Fe2+ acts as a catalyst 
to produce OH radicals and it neither needs chemicals nor a 
special apparatus for the reaction. The activation of hydrogen 
peroxide was done using ferrous salts, which leads to the forma-
tion of hydrogen radicals (Haber and Weiss, 1934). These free 
radicals were used for the decomposition of numerous organic 
contaminants (Metelitsa, 1971; Sun and Pignatello, 1993). It is 
one of the suitable ways to eliminate the harmful compounds 
present in the water as it can perform at ambient temperature 
and pressure, is easy to handle, and is environmentally safe.

 + → + ++ + −Fe  H O  Fe OH OH2
2 2

3    (18)

To verify the formation of OH radicals chemical scavengers and 
spectroscopic techniques were used (Baxendale et al., 1946; 
Lindsey and Tarr, 2000). The efficacy of the Fenton method 
relied on the pH of the polluted medium. It is best effective 
in an acidic medium of pH (2.3–3). This process requires a 
smaller amount of iron salts and it can regenerate and be reused 
for the succeeding process (Haber and Weiss, 1934).

 + → + ++ + +Fe  H O  Fe HO H3
2 2

2
2

  (19)

 + → + ++ + +Fe  HO  Fe O H3
2

2
2

  (20)

The formed HO2 has less oxidative power when compared with 
OH radicals (Bielski et al., 1985), and Fe2+ was regenerated 
rapidly by the reduction of Fe3+ with OH2. Using the Fenton 
process many applications had been rapidly developed in the 
1900s and 2000s. Although the Fenton process is complex, it 
continues its existence in the degradation of toxic pollutants 
found in water. Some examples where the Fenton process is 
widely used are discoloring the effluent from the dye indus-
try (Kuo, 1992), for treating wastewater, and for the removal 
of toxic compounds such as TNT (Li et al., 1997), 2,4-dini-
trophenol (Wang et al., 1999), chlorophenols (Barbeni et al., 
1987; Potter and Roth, 1993), chlorobenzenes (Watts et al., 
1997), tetrachloro ethylene (Yoshida et al., 2000), and haloal-
kanes (Tang and Tassos, 1997). The factors that influence the 
effect of the Fenton process are pH, temperature, concentra-
tion of target pollutant, H2O2, and Fe2+ (Park et al., 2018).

4.2.2.1.1 Advantages of Fenton’s Agent

• Simple and easy to handle

• Special equipment is not required

• No need for energy input

4.2.2.1.2 Limitations of Fenton’s Reagent

• High cost

• The transportation and storage of H2

• O2 is highly risk.

• Post treatment is required for the removal of iron sludge

• Effective demineralization is required for Fe 
(III) complex formed along with carboxylic acids 
(Bautista et al., 2008).

These drawbacks can be eliminated using appropriate steps. 
For example, iron sludge formation can be decreased using 
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iron-modified clays, solid iron-containing catalysts, zeo-
lites, alumina, and iron exchange. A Nafion membrane was 
also used as it can be easily separated from treated water 
(Hartmann et al., 2010). Also, the Fenton process in com-
bination with various techniques such as filtration, coagu-
lation, and biodegradation could facilitate the removal of 
contaminants in an effective manner. This process could be 
further enhanced using UV radiation. The process of com-
bining UV with Fe2+ and H2O2 is known as the photo-Fenton 
method.

4.2.2.2 O3/H2O2 Process

This process is commonly known as peroxonation, as O3 is 
coupled with H2O2. The decomposition of organic compounds 
by peroxonation is more efficient than that of ozone alone. In 
the peroxonation process, a large number of OH radicals are 
produced, which degrades toxic compounds. At low pH the 
activation of O3 occurs slowly, whereas at high pH the stimula-
tion of O3 occurs by the deprotonated form of H2O2.

 + → +O  H O 3O 2 OH3 2 2  2  (21)

 ⋅ ⋅+ → + +− −O HO O OH O3 2 2  2   (22)

A detailed study was conducted on the feasibility of the H2O2/
O3 process to eliminate toxic micropollutants (hydrocarbons, 
pesticides) that are present in the drinking water and ground-
water. For example: Naphthenic acids (NAs) from oil sands pro-
cess-affected water (OSPW) and buffered water were removed 
by the H2O2/O3 process (Afzal et al., 2015). At different pH the 
removal capacity of the H2O2/O3 process for the elimination of 
cyclohexanoic acid was studied. It was found that the removal 
percentage of the H2O2/O3 process is more when compared 
with the O3 process, which is independent of pH. Pesticides 
such as phenylureas, organochlorines, and triazines are elimi-
nated using the peroxonation method. A filtration system was 
set up after the oxidation system. To increase the life span of 
the filter the concentration of toxic micropollutants should be 
minimized before it enters through the filtration system. This 
can be achieved by peroxonation, where it restricts and removes 
the toxic pollutants before filtration on active charcoal.

4.2.2.2.1 Advantages of H2O2/O3

• Simple and easy to handle

• Presence of bactericidal activity

4.2.2.2.2 Limitations

• Low water dissolution of ozone is also influenced 
by parameters like pH, temperature (Miklos et al., 
2018), and the nature of micropollutants.

• Side reaction occurs, which additionally consumes 
OH radicals.

4.2.2.3 Hydrogen Peroxide and Ultrasound

In this process, free radicals are produced either by treat-
ing ultrasound with hydrogen peroxide in gaseous phases of 

cavitation bubbles or hydrogen peroxide alone. The reaction 
produced (Shemer and Narkis, 2005) the following:

 → +H O   OH OH2 2  (23)

 + → +H O  O HO HO2 2 2 2 2 (24)

 + → +H O  OH HO H O2 2 2 2  (25)

The production of free radicals can also be effectively pro-
duced when UV radiation is coupled with hydrogen peroxide. 
As we know effluent water from industries should be treated 
before it enters into the water stream as it contains toxic com-
pounds that cause adverse effect both on the environment and 
living organisms. Ethylene diamine tetra acetic acid (EDTA) 
is a decontaminating agent used in the nuclear industry.

4.2.2.4 Ultrasound (Sonolysis)

The ultrasound technique used for the formation of OH radicals 
became important due to its many excellent properties such as 
effective mass transfer and a high degradation effect on toxic 
compounds. The use of ultrasound with AOPs makes it as a 
better option when compared with other treatments. The for-
mation, growth, and collapse of cavitation bubbles (Ince et al., 
2001) occur when a solution is exposed to ultrasound radiation. 
This is generally known as the sonochemical effect. The gen-
eration of cavitation bubbles results in high temperature and 
pressure. The formation of OH and H is because of the pyroly-
sis of water molecules, which occurs as a result of the collapse 
of cavitation bubbles.

 → +H O  OH H2  (26)

 + →OH OH H O2 2 (27)

 + →O H  HO2 2 (28)

 → +O   O O2  (29)

 + → +O H O  OH OH2  (30)

 + → +HO  HO H O O2 2 2 2 2 (31)

At high frequencies and acidic pH, the efficacy of the process 
is greater compared with that of low frequencies and basic pH. 
The process can be further improved when sonolysis is cou-
pled with zero-valent iron nanoparticles as it provides higher 
surface area and nucleation sites (Ziylan et al., 2013).

The sonochemical process is slightly altered by adding 
tetrachloromethane (CCl4) to increase the decomposition of 
chlorophane. This modification was performed by Bolobajev 
and Goi (2017) who found that the presence of tetrachloro-
methane improved the degradation due to scavenging of H 
and also prevented the recombination of H and OH. The min-
eralization and performance of sonolysis is further increased 
by adding Fe (II) and H2O2 to the process. The advantage 
of sonolysis is it consumes less chemicals and formation of 
sludge is minimum.
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4.2.3 Heterogenous Phase

In the heterogenous AOP, a catalyst is additionally applied to 
speed up the degradation of compounds.

4.2.3.1 Ideal Characteristics of the Catalyst

• It should possess high activity.

• Able to withstand in high temperature.

• Resistance to poisoning.

• It should possess physical chemical and mechanical 
stability.

4.2.3.2 Heterogenous Photocatalysis

In this process TiO2 is used as a catalyst; it combines with 
UV and hydrogen peroxide to form a large number of hydro-
gen free radicals. In the textile industry heterogenous photo-
catalysis is found to be efficient for treating or degrading the 
compounds(dyes) present in effluents (Garcia et al., 2007).

 ( )→ +− +TiO  TiO e  h2

hv

2   (32)

 + → ++TiO h OH TiO OH2 ad 2  (33)

 + → +− −H O e OH OH2 2  (34)

The experimental setup includes UV/TiO2 system suspension 
that was sonicated for 20 minutes in the dark at pH 3. The same 
setup was repeated for the UV/TiO2/H2O2 system where hydro-
gen peroxide was added additionally after the sonication pro-
cess. Riga et al. (2007) studied this oxidation system and they 
observed a shift in the equilibrium concentration due to perox-
ide; thus pH should be adjusted before the UV lamp is turned 
on. However, 100% consumption of hydrogen peroxide and 
release of non-toxic residue makes this process advantageous.

4.2.4 Bioremediation

Bioremediation is an interesting technology where biologi-
cal activity is used for the eradication of numerous harmless 
pollutants in contaminated land and waters (Bamforth and 
Singleton, 2005). The environmental contaminant during 
in situ or ex situ treatment is removed by phytoremediation 
(usage of plants), bacterial remediation (usage of bacteria) 
and mycoremediation (usage of fungi). The most widely used 
method is the in situ bioremediation method, because it has 
low energy, low cost, and is an effective remedy for the con-
taminant removal that uses an aquifer as a bioreactor (Majone 
et al., 2015; Matsushita et al., 2015; Ikehata et al., 2016). This 
treatment is used for the removal of pollutants in ground and 
surface water, industrial effluents, and drinking water systems 
(Chapelle, 1999; Wagner-Dobler, 2003).

4.2.4.3 Phytoremediation

Phytoremediation is the fascinating technology that utilizes 
plants to degrade, metabolize, or detoxify radionuclides, metals, 

and chlorinated solvents (Susarla et al., 2002). By using phytore-
mediation the chemicals like benzene, toluene, ethyl benzene, 
xylene, TCE, carbon tetrachloride, and 1,1,2,2-tetrachloroeth-
ane can be removed. Current studies use vegetation for the elim-
ination of 1,4-dioxane from the polluted soil and groundwater 
(Sorensen, 2013).

4.2.4.4 Microbial Remediation

For the removal of harmful and undesirable environmental 
contaminants microbial activity is used; this is basically a 
“green” technology. The microorganisms can be grouped into 
three main categories as metabolism, cometabolism, or oth-
ers. Microbial metabolism is defined as the process in which a 
microorganism utilizes organic pollutants as a source of car-
bon and energy for the growth of microbes (Suthersan, 2017). 
Microbial cometabolism is a process in which the destruction 
of contaminants is done by the involvement of another carbon 
source present that in turn induces enzymes or other cofactors. 
In addition to cometabolism of the target compound, energy 
is neither generated nor is carbon utilized for the growth 
(Alvarez-Cohen and McCarty, 1991).

4.2.5  Advancements in Heterogeneous 
Photocatalysis Using Semiconductors

One of the advanced methods for wastewater treatment is het-
erogeneous photocatalysis using semiconductors. The widely 
used semiconductor for this is TiO2. A solid semiconductor is 
brought intact together with a liquid or gaseous phase in the 
presence of light; thus, an electron-hole pair is formed on the 
surface of the semiconductor.

There are various advancements in the process of devel-
oping the newer materials that can be handled utilizing 
solar energy, thereby shortening the degradation time. The 
efficiency of the semiconductors in photocatalysis could be 
enhanced by lessening the band gap energies and increas-
ing the active site, surface area, and absorption of photon 
(Mills and Le Hunte, 1997). The support materials for these 
semiconductors also play an important role. They have their 
applications for immobilizing catalyst particles; enhancing 
the surface area of the catalyst; and lessening sintering and 
improving hydrophobicity, thermal, hydrolytic, and chemi-
cal stability of catalytic materials. Under investigation of 
these catalytic materials, it is found that fibrous materials 
produce low loss of pressure and low pore diffusion. Also, 
glass has the advantage of transparency to UV (Ibhadon and 
Fitzpatrick, 2013).

Another advancement can be performed through doping of 
the semiconductor in which a foreign element is introduced 
into the existing photocatalyst without causing changes in 
crystallographic forms, phases, or structures. It can be done 
with Ag (silver), Au (gold), and Pd (palladium), which showed 
great enhancement in charge separation. The advantage of 
this advancement is in the decolorization of dyes in wastewa-
ter treatment (Demeestere et al., 2007).

One of the methods is the application of oxidation using 
sunlight, which can be cost-effective and energy efficient. 
However, for the development of a stable photocatalytic 
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system without being affected by visible light, this coupled 
semiconductor photocatalyst could be used (Julkapli et al., 
2014). Studies on the same have turned out to be effec-
tive than monocomponent photocatalysts. There are many 
examples for this binary photocatalyst, out of which CdS/
TiO2 is found to be the most effective for dye reduction and 
degradation in wastewater treatment. On the other hand, it 
has also been discovered that organic polymers like chito-
san and cellulose films could stabilize the semiconductors, 
particularly in nanosize forms. They could enhance the effi-
ciency of photocatalysts by providing an interface for the 
charge transfer. This incorporation of polymers also aids in 
reduction of leakage.

Because these polymers are one of the effective adsorbents 
and chelators for semiconductors, they aid in reduction of 
leakage from the semiconductor ions during dye removal and 
degradation in treated water.

Semiconductor films and foams can also be synthesized 
for AOPs. Films can be formed by sol-gel processing, which 
allows the control of the microstructure of the film. But for 
the production of TiO2 particles, these may result in changes 
in crystalline structure and other properties. Thus to overcome 
this, semiconductor films can be formed by dip coating and 
spin coating. These methods utilize a much smaller quantity of 
raw materials and can be processed quickly without cracking. 
Spin coating can be done for flat substrates or objects, whereas 
dip coating is done by immersing the substrate into the sol and 
removing it with uniform velocity to achieve a uniform coat-
ing over it. Foams can also be formed that have a thickness of 
range 100–500 nm. They offer more diffusion pathways than 
that of films.

Photocatalytic reactors can also be constructed, but the 
important parameter to be considered is the intensity of light 
and how well it is illuminated (Wang et al., 2013). The type of 
reactor used depends on the process, i.e., it can be coated with 
either thin film or spherical glass beads. Also in some reactors, 
reflectors are constructed to focus the light and enhance the 
photoreaction.

This kind of photocatalysis by heterogenous semiconductors 
is used with water treatment, removal of trace metals, destruc-
tion of organic and inorganic compounds, and in degradation 
of natural organic matters.

4.2.6  Hybrid Technology in Advanced 
Oxidation Process

In industrial areas, wastewater consists of poor degraded com-
pounds and toxic substances that cannot be treated appropri-
ately due to lack of treatment. A hybrid AOP is one of the 
efficient methods to treat the wastewater.

Hybrid AOP has a high rate of performance in the removal/
reduction of COD by 94% after a continuous process for 
9 hours. This reactor was constructed with the help of a Ti 
plate anode and carbon cloth cylinder cathode with salt as 
the electrolyte. The addition of chemicals such as H2SO4 and 
Fe2SO4 show greater reduction in the COD level due to three 
processes: electrolytic floatation, electrolytic Fenton reagent, 
and electrolytic AOP. The COD removal was greatly influ-
enced by those chemicals (Malakootian, 2020). The organic 

degradation of wastewater treatment in AOP can be done by 
using different categories such as:

• Ozone based AOP

• Electrochemical AOP

• Physical AOP

The main step in AOP is production of oxidant and its respec-
tive reaction with the pollutants of the industry.

4.2.6.1 AOPs Based on Ozone

Ozone is one of the powerful oxidant agents employed in waste-
water treatment. Ozone combines with H2O2, UV light, ultra-
sound, catalyst, and pH environment to increase the rate of the 
process (Moravvej et al., 2020). It is considered a hopeful tech-
nique for the reduction of sludge; removal of recalcitrant organic 
compounds; and reduction of overall biomass yield, pesticides, 
phenols, dyes, and pharmaceutical products. It is degraded by 
two mechanisms: (1) direct attack of molecular ozone and (2) 
indirect attack of OH radicals. By increasing the rate of concen-
tration of the ozone, the rate of the degradation can be increased.

4.2.6.2 AOPs Based on Electrochemical

This is one of the productive methods for the removal of vari-
ous classes of organic compounds in different matrices. The 
consumption of energy in this process is low. H2O2 plays the 
major role in the degradation process. It induces faster removal 
of various pollutants, particularly azo dyes, which cause high 
health risks and environmental damage. The arranged order 
to oxidize the wastewater treatment is Solar Photo Electro 
Fenton >Photo Electro Fenton ~ Ultra Violet A (SPEF > PEF 
~ UVA) with low energy. The wastewater can be treated with 
the boron-doped diamond (BDD) electrode so the OH can be 
generated by evolution of O2.

4.2.6.3 Physical AOPs

The liquid phase electrical discharge reactors have been stud-
ied for AOP water treatment. The enhancement of oxidation 
is done by oxidizing the radical’s radiation and using shock 
waves (Moravvej et al., 2020). The aquatic contaminants can 
be discharged by applying ultrasound sonication of water, 
which will result in the formation of a microbubble that is then 
collapsed. This can be done either by a catalyst such as TiO2 
or oxidants like O3 and H2O2 with ultrasound for the oxidation 
of aquatic contaminants. The water pollutants can also be oxi-
dized by high energetic radiation in the range of 300 MHZ to 
300 GHZ. Therefore, hybrid technology in AOP has become a 
more effective method in wastewater treatment. It has greater 
potential in environmental pollution.

4.2.7  Advancements of Sulfate Radical Oxidation 
in Advanced Oxidation Process

With the growth in industries, it is a great concern to reduce 
the impact of wastewater discharge. In recent times the use 
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of a sulfate radical (SO4
−) has reached attention in the treat-

ment of wastewater containing pesticides, organic pollutants, 
antibiotics, and refractory contaminants. It eliminates these 
contaminants with a wide pH range, high redox potential, and 
long half-time. It is highly capable to oxidize a wide range of 
organics with the redox potential between 2.5 and 3.1 V by 
decreasing OH while increasing pH. It has a better mineral-
ization rate with improvement in reaction kinetics for heavy 
load wastewater. Sulfate radicals are generated with the acti-
vation of persulfates such as peroxydisulfate (PDS) and per-
monosulfate (PMS), which is characterized by an O-O bond. 
Both PDS and PMS have excellent water solubility, stable 
chemical characteristics, high redox potential, low cost, and 
low environmental impact (Dewil et al., 2017). Na2S2O8 has 
been frequently used.

The activation of PSs is done through:

• Thermal treatment

• UV radiation

• Alkaline usage

• Metal ion reactions

It is proven that the rate of formation of sulfate radicals can 
be promoted with an increase in temperature. It shows a sig-
nificant process of decomposition of PSs and −SO4

2  genera-
tion when the temperature is raised from 20°C to 75°C. So 
the generated sulfate radicals will be converted to hydroxyl 
radicals.

 + → +− −HSO heat SO HO5 4  (35)

 + → + +− − +SO  H O SO HO H4 2 4
2    (36)

Compared with other organic contaminants UV/PS and UV/
PMS have been preferred for refractory organic degradation 
because of their high irradiation energy. The activation of PSs 
and PMS under UV light is related to the O-O bond and the 
generated −SO4  can be further transformed to −OH  once the 
pH is increased to 9.3. The wavelength range of the activation 
process expanded from UV to solar light.

 + →− −S O hv  2SO2  8
2

4 (37)

The ultrasonic activation of PS/PMS will be followed by 
homolysis of the O-O bond at high temperature (5000 K), and 
hydroxyl and hydrogen radicals will be generated via decom-
position of H2O molecules under the cavitation bubbles (Xing 
et al., 2018). Thus, the activation will be attained especially 
when the temperature is 65°C and there is an alkaline condi-
tion (pH > 10), and −SO4 , superoxide, and −OH will be gener-
ated in a large amount under ultrasound conditions.

 + → + +− − − +S O 2H O  HO 2SO 3H2  8
2

2 2 4
2  (38)

 + → + + +− − − − + −S O 2HO SO SO H O2  8
2

2 4 4
2

2  (39)

 + → +− − −SO OH  SO OH4 4
2  (40)

PDS/PMS can also be activated with transfer of an electron 
using metals including iron, silver, manganese, and cobalt.

 + → + +− + + − −HSO  Mn Mn OH SO5
1   

4 (41)

 + → + +− + + − −HSO  CO CO OH SO5
2 3    

4 (42)

For paracetamol degradation cobalt ions (CO2+) are applied 
as a catalyst. Sulfate radical-based AOPs have been employed 
in the treatment of refractory contaminants in aquatic envi-
ronments such as pharmaceutical and personal care products, 
endocrine disruptors, disinfection by product precursors, and 
high concentrations of organic matter because of the efficient 
oxidation system of PDS/PMS. Destruction, substitution, and 
coupling reaction by PDS/PMS oxidation leads to distinct 
intermediate products during the degradation of contaminants 
(Yang et al., 2009). The sulfate radical plays a major role in 
the oxidation of pollutants via the sulfate radical-AOP system.

4.3 Conclusion

Industrial effluents could be treated by various methods like 
physical, chemical, and biological methods, with each method 
having its own disadvantages. AOP is a constructive method to 
treat the effluent and remove the organic contaminants effec-
tively. AOP is broadly categorized into photochemical and 
chemical processes. The UV/H2O2 process is a method that 
leads to the formation of hydroxyl radicals using hydrogen per-
oxide on absorption of UV light. Ozone also oxidizes in the pres-
ence of UV radiation along with H2O2, and is mainly applied to 
remove volatile chlorinated organic compounds. The chemical 
process involves Fenton’s method that includes the activation of 
H2O2 using ferrous salts and sonolysis involving ultrasound at 
higher frequencies. The recent advancements like bioremedia-
tion, phytoremediation using plants, and microbial remediation 
using microbes also cause less contaminants to be left in the 
environment. An advanced method like semiconductor photoly-
sis is energy efficient, making films even at nanoscale. Hybrid 
technology involves chemicals along with the oxidation process 
to enhance the elimination of contaminants to a higher rate of 
efficiency. Recently sulfate radicals also have been employed for 
AOP. To summarize, an AOP is found to play an important role 
in the treatment of industrial effluents. Furthermore, advance-
ments could be derived out of nanotechnology for the nanoscale 
attainments and making use of renewable resources will lead 
the process in an economic way.
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5.1 Introduction

For a long time, microbes have flourished in metal-contami-
nated environments and played a vital role in their speciation. 
Metals often have a key role in defining various catalyzing 
reactions as well as maintaining the structure of the microbial 
cell. However, certain metals do not contribute to the micro-
bial metabolism and are instead highly toxic. Further, the use 
of metals in metabolic pathways depends greatly on the species 
of the metal. Numerous microorganism (bacteria, fungi, yeast, 
and algae) belonging to varying species were identified that 
possess the ability to tolerate high heavy metal concentrations 
in the environment (Ghosh, 2018; Bloch et al., 2021). Microbes 
exhibit different mechanisms for resistance against heavy met-
als such as biosorption of metal ions, bioaccumulation, and 

biotransformation of metal species. The microbial species also 
have the ability to cope with diverse aerobic, anaerobic, and 
thermophilic environments. Microbial biomass is often used 
to enhance metal-binding capacity in an aqueous solution and 
eventually for recovery of the metals. However, the use of 
microbes such as bacteria as a biosorbent can be easily altered 
with natural materials like resins, which have shown similar 
efficiencies (Valls and De Lorenzo, 2002).

Although microorganisms have evolved, certain pathways 
effectively remove certain heavy metals from the environ-
ment. Some of these may still persist and cause additional 
damage to the microbial cells. For example, heavy metals 
such as radionuclides emit radiation that may be toxic to the 
microbe (Urgun-Demirtas et al., 2006). Further, heavy met-
als are also often contaminated with organic pollutants and 

ALI SADEGHI DIGITAL LIBRARY

https://doi.org/10.1201/9781003165057-5


48 Wastewater Treatment

generate toxic intermediates. In addition to this, microbial 
remediation is highly specific and highly dependent on envi-
ronmental growth conditions as well as microbial population. 
Further, heavy metals take a greater amount of time to biode-
grade compared with their conventional counterparts (Pratush 
et al., 2018). Biological systems, however, possess the ability 
to undergo genetic modification, which would thereby increase 
the efficiency as well as specificity toward metal ions, in turn 
elevating biosorption and bioaccumulation capacity.

Several bacterial species that possess the ability to toler-
ate heavy metals have been studied for factors conferring this 
resistance. These factors/genes were engineered into other 
native bacterial species for conferring heavy metal bioreme-
diating ability. Genetically engineered microbes (GEMs) have 
gained popularity due to their selective nature and minimum 
health hazard. A comparative study of the efficacy and effec-
tiveness of GEMs over microbes in general for bioremediation 
have generated interesting results. The interaction between 
microbes and metals and the relevant underlying mechanism 
would help in comprehending its application in the removal of 
toxic metals (Singh et al., 2011). Gene diversity and versatil-
ity of microbes has been explored through bioremediation and 
subsequently recombinant DNA techniques would help deliver 
microbes with enhanced bioaccumulation, biosorption, and 
biotransformation capacity (Choudhary et al., 2017).

Transgenic bacteria are able to remove a wide range of met-
als such as arsenic, cadmium, mercury, lead, chromium, and 
nickel. Metal regulatory genes form an important component 
in developing GEMs as they are able to convert toxic heavy 
metals to their lesser toxic forms. For example, metallothio-
nein (MT) and MerA genes are known to regulate cadmium 
and radioactive mercury resistance. Similar to this, GEMs can 
be specifically tailored for other metabolic pathways that are 
involved in bioremediation process (Azad et al., 2014). Apart 
from regulator genes encoding metal chelators and metal 
uptake, genes for metal homeostasis and biotic/abiotic stress 
tolerance are also used for GEM development (Pratush et al., 
2018).The added advantage of GEMs over native, wild-type 
microorganisms is vast, and the specificity of engineering an 
import-storage system in the former allows them to bioaccu-
mulate heavy metals at a capacity beyond that of the minimum 
inhibitory concentrations (MICs) of the latter.

The advancement in transportation systems in modified 
organisms is obtained mainly through three major transporter 
classes: channels, secondary carriers, and primary active 
transporters. Channels are α-helical proteins that are energy 
independent and therefore do not require additional nucleotide 
triphosphates (NTPs) in order to allow the transport of heavy 
metals from the environment into then cell. This reduces the 
energy burden on the microbial cell. Import systems such as 
Mer proteins and glycerol facilitators (GlpF) are well studied 
across microbial families. However, channels come with an 
added disadvantage of hindrance in passive diffusion due to 
concentration equilibrium. Beyond a certain concentration at 
which the concentration of heavy metals is the same inside and 
outside the microbial cell, channels do not permit further bio-
accumulation. In this case, an energy-dependent transport and 
storage system are necessary. Overexpression of such trans-
porters will help to enhance the uptake of heavy metals from 

periplasm into the cytoplasm of the cell. Secondary carriers 
such as uniporters and symporters utilize proton motive force 
(PMF) to generate a charge difference, which then causes the 
movement of heavy metal ions. This, however, imposes an 
energy burden on the cell, subsequently leading to growth 
inhibition. Even though this might be impactful on a labo-
ratory scale, growth inhibition of cells might cause issues at 
larger, scale-up field trials.

Similar to secondary carriers, primary active transport-
ers carry the ions against the concentration gradient through 
hydrolysis of NTPs such as adenosine triphosphate (ATP) 
and guanosine triphosphate (GTP). They are a more complex 
group of proteins consisting of transmembrane proteins and 
a cytoplasmic energy-coupling ATPase component. Many 
microorganisms contain the ABC primary active transporters, 
which are known to have high affinities for metal ions. Apart 
from engineering transport systems, engineering of storage 
systems also provides intense benefits.

The reduction of oxidative stress post-bioaccumulation of 
heavy metals was explored by studying metal-binding proteins 
(MBPs). Enzymes and other peptides that bind to heavy met-
als also can be used to improve the storage in microorganisms 
(Diep et al., 2018; Verma and Kuila, 2019). Considering the 
risk assessment associated with GEMs, there are a few factors 
that need to be kept in mind throughout their practical appli-
cation. The stability of the microbe must be ensured prior to 
field applications as the activity of the GEM is concomitant to 
the plasmid introduced into it. Additionally, the GEM would 
only be profitable if it is able to express the desired traits in 
the native environments as well as is to survive accordingly. 
The microorganism is greatly affected by the abundance to 
competing microbes, growth rate, spatial distribution, and 
the environmental conditions at the time of expression. Any 
deviation from the laboratory environment would also affect 
the bioremediation efficacy.

GEMs introduced into contaminated sites also have the 
tendency to interact with the native microbial population 
of the site and might lead to alleviation of bioremoval. The 
development of GEMs is carried out through the following 
approaches: modification of enzyme affinity and regulation of 
pathways associated with metal tolerance and the generation 
and control of bioprocess for remediation. It is also achieved 
by application of biosensors in toxicity reduction and end-point 
analysis (Gupta and Singh, 2017).While developing GEMs 
there are a few hurdles that might cause the bioremediation 
process to slow down. A bulk of the remediation process is 
mostly not performed by the growing microbial strain. Also, it 
has been often observed that the performance of the modified 
microbes differs in field conditions and laboratory conditions. 
The survival of GEMs in harsh and fluctuating environments 
is a matter of further study. The effect of GEMs on the native 
microbial population is not well studied and explored, which 
in turn poses environmental risk factors. Certain microbial 
species, for example, possess the ability for horizontal gene 
transfer, which facilitates the transfer of plasmid from one 
microbe to another. This might also lead to transfer of recom-
binant genes from GEMs to native species. It is therefore cru-
cial to thoroughly monitor the engineered strain of microbe 
introduced into the environment. Researchers often design the 
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microbe such that it executes programmed cell death once the 
bioremediation procedure is over (Ojuederie and Babalola, 
2017; Verma and Kuila, 2019).

It is noteworthy to understand that uptake and sequestra-
tion of heavy metals via enhanced bioaccumulation in GEMs 
can also be alternatively used as an extraction method and not 
merely as a removal method, which would further contribute in 
case of precious metals such as gold, platinum, and antimony 
(Diep et al., 2018). Therefore, the appropriate scale-up oppor-
tunities need to be thoroughly explored and executed in order 
to achieve a significant paradigm. Regulatory bodies such as 
the United States Environmental Protection Agency (USEPA) 
and United Nations Environmental Program (UNEP) have 
developed a framework defining the regulations required for 
genetically modified organisms (GMOs). The minor chal-
lenges associated with GEMs, such as the risk of horizontal 
gene transfer and antibiotic-resistance development in native 
species, causes much skepticism toward this technology 
(Ojuederie and Babalola, 2017). However, recombinant DNA 
technology in the development of transgenic microbes is the 
future of bioremediation and therefore must be continuously 
explored considering stringent biosafety measures.

5.2 Metal Toxicity

Heavy metals constitute a large variety of metallic elements 
that have a density greater than five. They are naturally occur-
ring throughout the Earth’s crust. Even though certain heavy 
metals are essential for the functioning of the cell, some of 
them are known to be toxic as well. Heavy metals often con-
taminate soil and water bodies as they form important compo-
nents of several industrial by-products as well as agricultural 
products such as pesticides and fertilizers. Environmental 
contamination also occurs through natural phenomenon such 
as weathering (Tchounwou et al., 2012). Heavy metals travel 
through the various trophic levels of the ecosystem depend-
ing on the bioaccumulation capacity of the metal. At the cel-
lular level, metals are first absorbed by the surface molecules 
of the cell such as hydroxyl and carboxyl, and then subse-
quently penetrate into the cell. Metal intake may be passive 
or energy dependent (Arunakumara and Zhang, 2007). They 
are reported to affect organelles such as cell membrane, mito-
chondria, and enzymes involved in integral pathways such as 
damage repair and detoxification. The toxicity of the metal 
varies with the metal and is known to confer unique char-
acteristics to its toxicological mechanism. Heavy metals are 
systemic toxicants and are known to contribute to a wide 
array of human health issues such as cardiovascular, renal and 
neurological diseases, immunologic disorders, and the devel-
opment of cancer. The extent and severity of the disease is 
dependent on the dosage of the metal as well as the specia-
tion. In addition to this, the precise effect of a mixture of toxic 
heavy metals is not well elucidated. Certain literature cites the 
enhanced effect of toxicity and heightened damage to human 
health. Further, it is observed that even low doses of heavy 
metal mixtures might cause deleterious effects. Therefore, it 
is essential to focus on the mechanistic basis of heavy metal 

toxicity upon co-exposure considering the public risk assess-
ment (Tchounwou et al., 2012).

Experimental studies imply that heavy metals affect the first 
line of defense of the body, which protects it against exogenous 
toxins (Inoue, 2013). In aquatic environments, the accumula-
tion of heavy metals may obstruct photosynthesis pathways and 
nutritional uptake and cause inhibition of growth (Rathnayake 
et al., 2013). The bioremoval of these heavy metals through 
conventional techniques such as chemical precipitation and 
ion exchange are not feasible as they come with the added dis-
advantage of secondary metabolite pollution, high-cost reme-
diation, and less environment friendliness. In recent times, 
therefore, usage of microorganisms-based bioremediation 
techniques have attracted researchers (Yin et al., 2019).

There are numerous studies of microorganisms possess-
ing resistance to such heavy metals through inherent mecha-
nisms. The role of microorganisms in heavy metal removal is 
of utmost significance and forms an integral part of microbial 
ecology related to polluted environments. The availability of 
metals in the environment is largely dependent on its binding 
to environmental components such as organic materials and 
sediments, which reduce the metal ion toxicity.

In aquatic environments, metals like mercury can bind to 
petroleum, and the presence of oil-degrading microbes fur-
ther enable the activity of metal-resistant microbes. The pH 
of the environment has a significant effect on the toxicity of 
the metal. At an acidic environment, the metals are found to 
exist as free anions, whereas in alkaline conditions, they pre-
cipitate as insoluble hydroxides and oxides. The precipitation 
occurs at different pH for different metals. Acidic pH is often 
observed at mines that are metal polluted. At such sites, the 
low pH is also found to be due to oxidation of sulfide-contain-
ing minerals by microbes that release sulfuric acid. In spite 
of the extreme acidic conditions, microbial life such as bacte-
ria, algae, and fungi thrive in them. Another important aspect 
of heavy metal toxicity is its interaction with other ions. In 
regions contaminated with high concentrations of heavy met-
als, the existence of other ions such as magnesium and calcium 
is found to be able to reduce metal inhibition. In solutions con-
taining other ions, the toxicity toward microbes was also seen 
to lessen. This detoxifying mechanism can be attributed to the 
precipitation in insoluble forms of the heavy metals, which 
occurs after interaction (Gadd and Griffiths, 1977).

5.3  Genetically Engineered Microbes 
for Toxic Metal Removal

5.3.1 Arsenic (As)

Arsenic is one of the most toxic metalloids and contributes 
to a majority of the world’s heavy metal water pollution. 
Arsenic exists in two states in the environment, viz., arse-
nite [As(III)] and arsenate [As(V)] out of which its pentava-
lent form is known to be less toxic. In addition to this, arsenic 
is associated with a variety of human diseases such as skin, 
lung, and kidney cancer. Arsenic toxicity is commonly due to 
the binding of arsenite to thiol groups and the substitution of 
arsenate with phosphate groups in the cell. There have been 
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several studies demonstrating the efficacy of microorganisms 
in arsenic bioremoval by the induction of proteins that bind to 
the heavy metal. This has been attributed to specific mecha-
nisms of metalloregulatory proteins that confer resistance. 
In Escherichia coli, the ars operon governs resistance in the 
microorganism. The proteins associated with the operon sense 
arsenite in the environment and activate certain trans-acting 
repressors. The ArsR protein specifically has a high affinity 
toward As(III). Overexpression of the arsR gene demonstrated 

enhanced binding and bioaccumulation of arsenic in E.coli 
cells as seen in Table 5.1 The accumulation ability of the bac-
teria was observed at 12 and 24 hours after incubation with 
sodium arsenite. It was observed that at low expression of arsR 
at 12 hours, the bioaccumulation was also minor. However, at 
24 hours when the expression level of arsR had significantly 
increased, the bioaccumulation had also improved by fourfold. 
At 48 hours, where no expression of ArsR was observed, the 
bioaccumulation was found to increase by 13-fold. The efficacy 

TABLE 5.1

Summary of Various Genetically Modified Microorganisms Developed along with Engineered Genes for the Bioremoval of Major 
Toxic Heavy Metals

Metal Removed Genes Engineered Microorganism
Bioremoval/Bioaccumulation 
of Heavy Metal Reference

Arsenic Overexpression of arsR gene Escherichia coli 98% Kostal et al. (2004)

Expression of Arabidopsis thaliana 
phytochelatin (AtPCs)

Saccharomyces 
cerevisiae

Sixfold increase in arsenite 
content in cell

Singh et al. (2008)

Expression of Schizosaccharomyces pombe 
(SpPCs) along with GSHI and GlpF and 
deletion of ArsAB

E. coli Cumulative 80-fold increase in 
arsenite bioaccumulation

Singh et al. (2010)

Engineering of Fps1p and Hxt7 S. cerevisiae 40% Shah et al. (2010)

Expression of arsM gene Sphingomonas 
desiccabilis and 
Bacillus idriensis

Aqueous system: tenfold 
increase in volatilization

Soil system: 2.2%–4.5 % 
removal through 
biovolatilization

Liu et al. (2011)

arsM gene from Cyanidioschyzon merolae Bacillus subtilis 168 – Huang et al. (2015)

arsM gene from Westerdykella aurantiaca, 
WaarsM

S. cerevisiae – Verma et al. (2016)

Chromium Overproduction of trehalose by introduction 
of otsA/otsB-expressing operon with 
arabinose-inducible promoter

E. coli Complete conversion of Cr(III) 
to Cr(VI) up to 1 mM 
concentration of Cr

Frederick et al. (2013)

Identification of plasmid-dependent Cr(VI) 
tolerance through plasmid transfer and 
curing

Bacillus brevis B. brevis: 75.8%
Transformant: 69.9%

Verma et al. (2009)

Lead Metallothionein from mice, MT1 E. coli >90% Almaguer-Cantú et al. 
(2011)

Regulatory metalloprotein, CH34, and 
lead-specific binding protein, PbrR, from 
Cupriavidus metallidurans

E. coli – Wei et al. (2014)

Metallothionein gene, C.gMT, from 
Corynebacterium glutamicum

E. coli 60% Jafarian and Ghaffari 
(2017)

Fusion of NP peptides from bacterial 
Pb2+-transporting P1-type ATPase into cell 
wall

S. cerevisiae Fivefold increase in biosorption 
capacity

Kotrba and Ruml 
(2010)

Heavy metal capturing gene and T6SS from 
Pseudomonas putida long with MNP 
modified with PEI and DTPA

E. coli >90% Zhu et al. (2020)

Mercury merA gene from E. coli BL308 Deinococcus 
radiodurans

– Brim et al. (2000)

Mer operon from Pseudomonas K-62 fused 
with polyphosphate kinase (ppk) gene from 
Klebsiella aerogenes

E. coli Twofold to tenfold increase in 
bioaccumulation

Pan-Hou et al. (2002)

merT-merP protein and metallothionein E. coli JM109 90% removal Zhao et al. (2005)

MT gene and mercury transport system Rhodopseudomonas 
palustris

Threefold increase in Hg2+ 
uptake

Deng and Jia (2011)

merR gene from Pseudomonas K-62 and 
merE gene of Tn21 from Shigella flexneri

E. coli, pE4 – Kiyono et al. (2009)

Transposons expressing mer genes Achromobacter sp. 
AO22

– Ng et al. (2009)
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of resting cells has also been studied for the bioaccumulation 
capacity of arsenic. The binding level observed was at par 
with growing cells at around 50 μM arsenite, and the values 
obtained were virtually the same. This suggested that resting 
cells were as effective and stable as growing cells and can be 
explored for arsenic binding in contaminated soil and water. 
In order to examine the removal of arsenic from contaminated 
water by recombinant bacteria, resting cells were incubated 
with the water contaminated with arsenic to 50 parts per 
billion (ppb). Increasing the cell load from 0.9 to 9 mg/mL 
enhanced the bioaccumulation from 54% to 98%, suggesting 
its high selectivity toward the metalloid (Kostal et al., 2004). 
However, because of the infectious nature of the bacteria, 
researchers have often looked for alternative microorganisms.

Phytochelatins (PCs) found in various plant and yeast spe-
cies are proteins synthesized by PC synthase from glutathione 
and require metals for their activation. They are also known to 
have a high affinity for lead, cadmium, mercury, and arsenite 
and form complexes such as PC2-As-PC2with the help of their 
thiol groups. In yeast, such as Saccharomyces cerevisiae, a 
natural arsenic detoxification mechanism exists that transports 
As(III) and the arsenite-glutathione complex via transporter 
systems such as Acr3p and Ycf1p, which extrude arsenite out 
of the cell or sequester in internal vacuoles, respectively.

In a study, PC synthase from Arabidopsis thaliana (AtPCs) 
was expressed in S. cerevisiae subsequently exhibiting toler-
ance toward arsenic. Another potential use is the expression of 
AtPCs in resting yeast cells as well. Growing cells expressing 
AtPCs exhibited a sixfold increase in arsenite content within a 
cell. It was also observed that PCs protected the yeast cell from 
toxic arsenic as a 20% increase in cell density was seen. It is 
also noteworthy that yeast is considerably safer compared with 
several bacterial strains in terms of infection. Resting yeast 
cells expressing AtPCs pre-cultured in zinc showed enhanced 
accumulation of arsenic compared with cells not cultured in 
zinc. This could be due to heavy metal glutathione thiolates 
(Zn.Gs2) responsible for PC activation. The study paved the 
way for novel research for the development of biosensors or 
biofilters using these cells for the bioremoval of arsenic (Singh 
et al., 2008; Shah et al., 2010).

In a similar study, PC from Schizosaccharomyces pombe 
(SpPCs) was expressed in E. coli resulting in 18 times higher 
arsenic accumulation. PCs have been known to have a greater 
binding capacity to heavy metals compared with MTs such as 
ARS. PCs are synthesized via transfer of ɣ-Glu-Cys from gluta-
thione and can be genetically regulated in order to alter the pro-
duction. With this in context, two key enzymes involved in PC 
synthesis, GSHI and PCS, were expressed for an optimum pro-
duction of PC. The enhanced PC was further increased by the 
expression of a transporter GlpF causing an additional 1.5-fold 
arsenic accumulation. In addition to this, a deletion of ArsAB, 
which is involved in arsenic efflux, led to a cumulative increase 
of 80-fold when compared with the control E. coli strain, which 
does not produce PCs. Such systemic engineering of microbial 
strains can be extended to other microbes as well for the pur-
pose of heavy metal removal. Such strains of bacteria can be 
used as biosorbents for arsenic (Singh et al., 2010).

Compared with bacteria, genetic manipulation of yeast has 
several advantages, such as the ability to grow on various 

carbon sources, large number of genetic tools available, and 
safety perspective. Saccharomyces cerevisiae is often cho-
sen for this purpose as it has rapid growth as well. In addi-
tion to the transporters mentioned previously, S. cerevisiae 
has other proteins that facilitate the detoxification of arsenic. 
Aquaglyceroporin (Fps1p) and hexose transporter (Hxt7p 
and Hxt9p) transport arsenite across cell membrane and are 
responsible for influx of the metalloid. Saccharomyces cerevi-
siae was engineered for the Fps1p and Hxt7. The engineered 
cells were capable of taking up threefold to fourfold more 
arsenite than the ones not expressing the transporters. In cells 
producing arsenic sequesters such as PCs and Ars, along with 
overexpression of transporters, a fourfold increase in arsenite 
uptake was observed. At trace concentrations of the metalloid, 
the recombinant strain was able to remove 40% more arse-
nic within the same time frame. The importance of transport-
ers and their activity has been well demonstrated through the 
previously mentioned studies and must be further explored 
in other microbes for increasing arsenic uptake (Shah et al., 
2010).

Biovolatilization is a natural environmental process wherein 
arsenic is lost from the soil and water through reduction of 
As(V) to As(III). It is an enzymatic process and is carried out 
by aerobic and anaerobic bacteria and fungi residing in the 
soil. The biovolatilization of arsenic is highly limited and is 
dependent on several environmental factors such as speciation 
of arsenic, temperature, soil moisture, organic materials, and 
the capacity of volatilization. Enhancement of biovolatiliza-
tion by appropriately engineering bacteria is a potential strat-
egy. Microbial methylation is one of the primary pathways for 
volatilization of arsenic leading to formation of compounds 
such as monomethylarsine (MMA), dimethylarsine (DMA), 
and trimethylarsine (TMA). The reduction of As(V) to As(III) 
and then subsequent methylation of arsenite forming TMA 
involves the entire biovolatilization mechanism. Intermediate 
forms such as DMA and MMA are formed as well and are 
toxic in nature; however, they are not persistent.

In Rhodopseudomonas palustris, the methylation is gov-
erned by arsenite S-adenosylmethionine methyltransferase, 
which encodes the gene arsM. The arsM gene was expressed 
in two bacterial strains, viz., Sphingomonas desiccabilis and 
Bacillus idriensis. The main purpose of this study was to 
examine the arsenic biovolatilization capacity of engineered 
bacteria in various environments under laboratory conditions. 
Expression of the gene led to arsenic bioremoval of 2.2%–
4.5% in the soil system. Additionally, in aqueous conditions, 
strains expressing arsM demonstrated a tenfold increase in 
gaseous arsenic generation compared with the wild type. The 
significant results obtained proposes a promising strategy for 
bioremediation of arsenic in both aqueous and soil systems by 
engineered indigenous bacteria (Liu et al., 2011).

A large amount of arsenic is also present in organic manure 
due to the presence of arsenic in growth-promoting feed. For 
bioremoval of arsenic from such organic manure, Bacillus 
subtilis 168 was engineered with the arsM gene from the ther-
mophilic alga, Cyanidioschyzon merolae (CmarsM). Bacillus 
subtilis can survive high temperatures, which makes it an 
ideal microbe for extreme conditions. An additional cassette 
to enhance methylation activity was also designed (YCmarsM) 

ALI SADEGHI DIGITAL LIBRARY



52 Wastewater Treatment

and expressed in B. subtilis 168.The recombinant bacteria were 
able to methylate most of the inorganic arsenic into DMA and 
TMA and volatilized DMA and MMA. It was also observed 
that the rate of biovolatilization increased with increasing tem-
peratures (37°C–50°C) exhibiting its potential even at higher 
temperatures (Huang et al., 2015).

The arsM gene from the soil fungus, Westerdykella auranti-
aca (WaarsM), engineered into the yeast S. cerevisiae, demon-
strated high as methylation and biovolatilization. Engineered S. 
cerevisiae showed methylation of inorganic as less toxic forms 
such as monomethylarsenate [MMA(V)], dimethylarsenate 
[DMA(V)], and trimethylarsine oxide [TMAO(V)]. It was also 
observed that the engineered yeast impacted the seed as accu-
mulation in plants upon inoculation. Engineered S. cerevisiae 
inoculated plants showed 37%, 36%, and 28% lower arsenic 
accumulation in root, shoot, and grains, respectively, growing 
in arsenic-contaminated soil as observed in Figure 5.1 (Verma 
et al., 2016, 2019).

5.3.2 Chromium (Cr)

The major source of chromium contamination is through 
industrial wastewater released from the tanning, electroplat-
ing, and textile dyeing industries. Chromium exists in two 
forms in nature, hexavalent Cr(VI) and trivalent Cr(III) forms. 
The trivalent form is comparatively less toxic and less soluble 
than the hexavalent form. Excessive concentrations of chro-
mium in its soluble form may cause cell death, cell growth 
inhibition, and chromosomal aberrations and is also known to 
exhibit carcinogenic effects. The toxicity of hexavalent chro-
mium in wastewater is dependent on pH, temperature, and 
the salinity of the water (Tchounwou et al., 2012). Microbes 
are capable of reducing hexavalent chromate to the less toxic 
variant, trivalent chromium, under both aerobic and anaerobic 
conditions. Bioremediation strategies through utilization of 
microorganisms are continuously improving to ensure opti-
mum efficiency. Increasing the bacterial growth, for example, 
would increase the competency against other microbes present 
in the ecosystem. Genetic engineering the microbe to produce 
higher concentrations of enzymes facilitating electron transfer 
and imparting stress tolerance to bacterial species are other 
means of improving bioremediation.

In a study by Frederick et al. (2013), engineering of trehalose 
upregulation into E. coli led to an increase in tolerance toward 
chromate and a reduction in cumulative concentration of 
Cr(VI). Several organic molecules present within the biologi-
cal system possess the capacity of the protective effect without 
hindering essential pathways and functions. One such com-
pound, trehalose, is capable of providing protection against 
osmotic shock; preservation of physical composition of cell 
under stress; preventing DNA and protein denaturation, dehy-
dration, and extreme temperatures. E. coli was engineered to 
overproduce trehalose by expression of the OtsA/OtsB protein. 
The MC4100 strain of the bacteria is well known to produce 
trehalose governed by the otsA and otsB genes. Strains with 
mutations in the otsA gene produced reduced concentrations 
of trehalose. Overexpression of trehalose was achieved by 
introducing an operon encoding otsA and otsB with an arabi-
nose-inducible promoter. The trehalose production in bacteria 

overexpressing trehalose, wild type, and otsA mutant bacteria 
was found to be 262 ± 74 mM, 15 ± 12 mM, and 2 ± 3 mM, 
respectively. The ability of the bacteria to convert Cr(III) to 
Cr(VI) was also accessed and it was found that while the wild 
type was able to reduce half of the chromate, the trehalose 
overproducer was able to convert almost all of the chromate 
into its less toxic trivalent form. This trend was observed for up 
to 1 mM of Cr(VI). Use of trehalose as a chemical protectant 
against chromate thus can prove to be a promising approach 
for chromium bioremediation.

In case of chromium resistance, genetic engineering has 
been utilized to determine the genetic basis of tolerance of 
bacteria. Bacillus brevis is a known species for chromium 
remediation. Plasmid transfer and curing analysis helped 
define the role of a stable 18-kb plasmid DNA, which was able 
to impart a high degree of Cr(VI) resistance within 28 hours 
of about 75.8%, and its transformant was able to reduce 69.9% 
Cr(VI) at a Cr(VI)mL−1 concentration of 180 μg and 160 μg, 
respectively. The study was the first of its kind for genetic cor-
relation between chromium tolerance and reduction in bacteria 
(Verma et al., 2009).

5.3.3 Lead (Pb)

Lead is a naturally occurring metal present in trace amounts 
in the Earth’s crust. However, lead contamination is caused 
primarily through anthropogenic activities such as mining, 
metal, the paint industry, industrial effluents, and agricultural 
by-products. The exposure of lead in adults is mostly through 
contaminated drinking water. Lead poisoning predominantly 
affects the human nervous system followed by the renal, 
hematopoietic, endocrine, and reproductive systems. It is also 
a known carcinogen causing genetic mutations and chromo-
somal aberrations. In children, the absorption rate of lead is 
about 50% and is one of the most persistent health issues in 
several countries leading to growth retardation and impair-
ment. The known major mechanism of lead toxicity is its 
ability to compete with calcium in the body and bind with pro-
teins. Lead also binds to other essential functional groups sub-
sequently hindering vital pathways or deterring transportation 
of cations. It is also able to induce cellular damage by form-
ing reactive oxygen species (ROS). The most studied effects of 
lead are the obstruction of calcium-dependent processes and 
its associated signaling pathways (Tchounwou et al., 2012).

MTs have been extensively explored as a means for biore-
mediation in several microorganisms. In a relatively novel 
approach, the MT from mice, MT1, was genetically engi-
neered into E. coli. Mt1 has been found to remove metals 
such as zinc, mercury, and cadmium effectively. In this 
study, MT1 expression in E. coli (pMt-Thio) significantly 
enhanced the biosorption of lead in aqueous solutions. The 
biomass adsorption of lead at 28.14 mgPb/gpMt-Thio showed 
removal of above 90%, which was a substantial concen-
tration. MT from mice, therefore, can be a considered as 
a potential component for bioremediation of lead-polluted 
effluents (Almaguer-Cantú et al., 2011). Numerous micro-
organisms have developed mechanisms over generations to 
maintain homeostasis and tolerate heavy metals such as lead. 
Metalloprotein, CH34, and lead-specific binding protein, 
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PbrR, from Cupriavidus metallidurans was introduced into 
E. coli along with a red fluorescent protein for easy detec-
tion. The recombinant E. coli would behave as a sensory 
cell for lead ion recognition. The PbrR protein facilitates 
efficient and selective adsorption and immobilization of the 
Pb2+ ions into the cell as evident from Figure 5.2. The E. coli 

bacteria with surface-displayed PbrR were able to adsorb 
lead ions, which were sixfold to ninefold greater than the 
non-engineered type. The expression of the lead-resistant 
operon from C. metallidurans is a potential novel strategy 
for the specific detection and bioremediation of toxic lead 
from the environment (Wei et al., 2014).

FIGURE 5.1 Growth of rice seedlings bio-primed with GE Yeast. The bio-primed rice seeds and untreated control seeds were grown on 10 μM of 
AsIII and 100 μM of AsV for 7 days. Rice seedlings shown are representative of three independent experiments. (Reprinted with permission from 
Verma, S., Verma, P. K., and Chakrabarty, D. (2019). Arsenic bio-volatilization by engineered yeast promotes rice growth and reduces arsenic accu-
mulation in grains. Int. J. Environ. Res. 13, 475–485. Copyright © University of Tehran 2019.)
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A study along similar lines was the expression of the MT 
gene C.gMT from Corynebacterium glutamicum into E. 
coli BL21(DE3). The biosorption of lead by the bacteria was 
dependent on factors such as contact time, pH, and metal ion 
concentration. Increase in metal ion concentration showed 
an increase in adsorption capacity in both recombinant and 
wild-type bacteria. An increase in Pb2+ ion up to 30 ppm 
demonstrated an adsorption capacity of up to 60% for C.gMt-
expressing bacteria and up to 30% of BL21 in itself. At a high 
pH, the biosorption capacity of C.gMT-engineered BL21 (DE3) 
was found to decrease. In addition, with an increase in contact 
time, the adsorption capacity was found to gradually intensify. 
In case of C.gMT-engineered BL21 (DE3), the biosorption of 
Pb2+ was confirmed to be due to intracellular adsorption. The 

genetically modified bacteria also could be used for the bio-
remediation of other thiol-interacting metals such as zinc and 
can be extended for other heavy metals accordingly (Jafarian 
and Ghaffari, 2017). To improve the biosorption capacity of 
microorganisms, microprecipitation can be applied by geneti-
cally engineering biosorbents with an MBP.

In S. cerevisiae, short metal-binding nanoparticle (NP) pep-
tides from bacterial Pb2+-transporting P1-type ATPase were 
anchored to its cell wall. The yeast cells displaying NP pep-
tides exhibited an enhanced Pb2+ biosorption capacity of up 
to fivefold in a solution containing metal ion concentration 
of 75–300 μM (Kotrba and Ruml, 2010). A bioremediation 
strategy wherein genetically engineered E. coli containing a 
co-assembly of heavy metal capturing genes, viz., SynHMB 

FIGURE 5.2 Lead removal by genetically modified bacteria. (a–c) The gradually magnified transmission electron microscopic (TEM) images of 
PbrR protein surface-displayed E. coli cells after lead ion adsorption with magnification from 20,000 to 100,000. (d and e) The control TEM images of 
two randomly selected PbrR protein surface-displayed E. coli cells without lead treatment. (f) EDXA measurement of the red box from (c) represent-
ing the adsorbed lead ions. (Reprinted with permission from Wei, W., Liu, X., Sun, P., Wang, X., Zhu, H., Hong, M., et al. (2014). Simple whole-cell 
biodetection and bioremediation of heavy metals based on an engineered lead-specific operon. Environ. Sci. Technol. 48, 3363–3371. Copyright © 
2014 American Chemical Society.)
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protein and MT sequence, along with synthetic type VI 
secretory system(T6SS) from Pseudomonas putida, is illus-
trated in Figure 5.3. This, in addition to synthesis of magnetic 
nanoparticles (MNPs), modified polyethylenimine (PEI), 
and diethylenetriaminepentaacetic acid (DTPA), generated a 
biotic/abiotic complex that was able to remove heavy metals 
efficiency. A bioremoval efficiency of >90% was observed at 
a Pb2+ concentration of 50 mg/L. Artificial magnetic biologi-
cal systems like these can therefore be explored for efficient 
treatment of such environmental heavy metal pollutants (Zhu 
et al., 2020). Another approach for obtaining efficient metal 
chelators is the selection of peptides specific to metal ions 
from libraries. Phage display technology can be used to deter-
mine peptide sequence exhibiting affinity to lead. In one such 
study, Nian et al. (2010) found a peptide sequence that had a 
high binding affinity to lead. This technology can be further 
studied for metal chelation and subsequent bioaccumulation of 
metal ions (Tiquia-Arashiro, 2018).

5.3.4 Mercury (Hg)

Mercury is found in inorganic, organic, and elemental forms 
and each form has its own level of toxicity. At room tempera-
tures, mercury exists in its liquid form, which vaporizes into 
Hg0, and elemental mercury is present in its cationic form 
in the oxidation states Hg1+ (mercurous) and Hg2+ (mercu-
ric). In the environment, mercury is found as methylmercury 
(MeHg) and is a product of methylation of inorganic mer-
cury by microorganisms. Mercury is found throughout the 
ecosystem and therefore its toxicity reaches humans, plants, 
and animals alike. Mercury is used as a component in sev-
eral industries such as electrical, nuclear reactors, dentistry, 
antifungal agents, and drug preservatives. The primary source 
of mercury exposure in humans is through dental amalgams 
and water. Methylation of mercury by microbes causes its con-
version into inorganic mercury, which eventually enters into 
the aquatic ecosystem. The most absorbed forms are Hg0 and 

FIGURE 5.3 Construction route of the synthetic bacterium-MNP co-assemblies for adsorption of heavy metals in combination with genetic engineering 
and chemical engineering. SynHMB, the synthetic heavy-metal-binding protein with the binding domain “HHHHHHGGGCGCPCGCGGGCGCCG-···,” 
is expressed and displayed on the surface of the genetically engineered bacterium SynEc2. CTR, C-terminally transmembrane regions of OmpA; 
DTPA, diethylenetriaminepentaacetic acid; GFP, green fluorescence protein-encoding gene; impX-impH, the gene cluster encoding T6SS; KanR, 
kanamycin-resistant gene; MNP, magnetic nanoparticle; MNP@SiO2, silica-coated magnetic nanoparticle; MNP@SiO2−PEI, silica-coated magnetic 
nanoparticle grafted with PEI; MNP@SiO2−PEI-DTPA, silica-coated magnetic nanoparticle grafted with PEI and DTPA; Omp, OmpA secretory 
sequence; pT7, T7 promoter; RBS, ribosome binding sequence; synHMB, SynHMB-encoding gene; tT7, T7 terminator; TEOS, tetraethyl orthosili-
cate. (Reprinted with permission from Zhu, N., Zhang, B., and Yu, Q. (2020). Genetic engineering-facilitated coassembly of synthetic bacterial cells 
and magnetic nanoparticles for efficient heavy metal removal. ACS Appl. Mater. Interfaces 12, 22948–22957. Copyright © 2020 American Chemical 
Society.)
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MeHg. Once inside the cell, the two forms are found to bind 
to essential protein residue, which in turn reduces the antioxi-
dant content of the cell. Intracellular uptake of mercury con-
sequently results in the accumulation of ROS, which causes 
cellular damage. The inorganic and organic forms of mercury 
have also been found to interfere with calcium homeostasis. 
The intake of mercury causes renal and neuronal defects in the 
human body along with damage to several cellular organelles. 
The cumulative damage to the cell along with accumulation of 
ROS eventually induces carcinogenic effects. Oxidative stress 
and its associated symptoms is the major effect of mercury 
toxicity (Tchounwou et al., 2012).

Nuclear reactors generate a tremendous amount of mer-
cury. The radioactive waste contains a huge amount of ionic 
mercury. Deinococcus radiodurans is a highly radiation-
resistant bacteria and is found in sites containing radioactive 
material. The merA gene from E. coli BL308 was incorpo-
rated into D. radiodurans. The recombinant bacteria were 
observed to survive in environments containing both radio-
active elements as well as ionic mercury. Additionally, it was 
also able to reduce mercury into its less toxic volatile elemen-
tal form. In recombinant D. radiodurans containing merA 
genes Hg(II)-dependent NADPH (reduced nicotinamide 
adenine dinucleotide phosphate) oxidation was observed, 
which was absent in the wild-type bacteria. The associa-
tion of NADPH oxidation and mercury resistance is deter-
mined by the production of volatile mercury, which implies 
the conversion of toxic mercury. The strain was resistant to 
effects of Hg(II) at concentrations up to 50 μM. This activ-
ity could be further extended to other bacteria specific for 
other metals as well as for mercury in contaminated soil and 
water (Brim et al., 2000). Genetic engineering of E. coli was 
carried out by the fusion of mer operon from Pseudomonas 
K-62 along with the polyphosphate kinase gene (ppk) from 
Klebsiella aerogenes. The amount of mercury accumulated 
by the recombinant strain increased tenfold and twofold 
when the media was supplemented with 16 μM Hg2+ and 24 
μM C6H5Hg+, respectively. The mercuric ion was transported 
into the cytoplasm and is bound by chelation with the poly-
phosphate kinase produced by the engineered E. coli cell. 
The ppk gene also reduces the toxicity of the mercury in the 
bacterial cell via the said chelation mechanism. Due to che-
lation of mercury, the ion is never free in the cellular cyto-
plasm rendering the bacteria tolerant against mercury. This 
polyphosphate (poly-P)-derived mercury bioremediation can 
serve as a useful method for organic and inorganic mercury 
from contaminated sources. However, the polyphosphate is 
unable to directly chelate C6H5Hg+; therefore, it converts to 
Hg+ before chelation. This was overcome by co-expression of 
merB-conferred enhanced bacterial tolerance to organomer-
curials (Pan-Hou et al., 2002).

In an additional study, immobilization of the recombinant 
bacterial cells on alginate beads led to extensive use with-
out loss of activity. The mer-ppk fusion plasmids expressed 
in E. coli and the immobilized cells can be used for biore-
moval of inorganic and organic mercury from contaminated 
sites (Kiyono et al., 2003). The MT gene and the merT-merP 
protein-expressing gene was engineered in E. coli JM109 and 
the mercury bioaccumulation capacity was studied. In contrast 

to non-engineered JM109 cells, which could not sustain at 
1 mg/L Hg2+, recombinant bacteria were able to thrive at con-
centrations as high as 7.4 mg/L. Additionally, the mer-express-
ing bacteria could bioaccumulate mercury with up to 90% of 
Hg2+ removal. However, the cell reproduction was observed to 
be delayed with an increase in Hg2+concentration (Deng and 
Wilson, 2001; Zhao et al., 2005).

The functionality of MTs has been explored in various 
bacterial species. In Rhodopseudomonas palustris, MT and 
the mercury transport system was expressed. Its ability to 
resist mercury was analyzed under various factors such as 
pH and the ionic strength of the Hg2+ along with its uptake 
in the presence of other ions. It was observed that the recom-
binant R. palustris exhibited enhanced resistance to Hg2+ 
compared with its wild-type counterpart. The bacterial 
binding capacity was increased by threefold. The bacterial 
cells expressing both MT and the mercury transport system 
showed enhanced binding capacity from 22 mg/g to more 
than 75 mg/g compared with the wild type. The optimum 
pH for biosorption was found to be between pH 4 and 10. 
The presence of other metal ions showed inhibitory effects 
on Hg2+ uptake. Treatment with ethylenediaminetetraace-
tic acid (EDTA) demonstrated that 80% of the Hg2+ bound 
in the recombinant bacterial cell was transported into the 
cells, which implied the removal and recovery capacity of 
the microbe (Deng and Jia, 2011). To determine the role of 
merE gene in transposon Tn21, a pE4 plasmid containing 
the merR gene from Pseudomonas strain K-62 and the mere 
gene of Tn21 from Shigella flexneri was assembled. The pE4 
bacteria with the assembly was more tolerant to CH3Hg(I) 
and Hg(II) facilitating more uptake of mercury than its wild 
isotype. Additionally, the merE gene was characterized to 
facilitate the movement of mercury across the bacterial cell 
membrane. The transport of inorganic mercury regulated by 
mercury transport genes such as merC and merT has been 
extensively studied; therefore, the study of organomercury 
transport is unique. The significant enhanced uptake by 
pE4 demonstrated that merE are methylmercury transport-
ers, which regulates the movement of CH3Hg(I) and Hg(II) 
across the bacterial cell membrane (Kiyono et al., 2009). The 
mercury-resistant mer operons are situated on plasmids or 
transposons as well as on chromosomes.

AO22, a strain isolated from a lead-contaminated site, 
was identified as Achromobacter sp. and was found to con-
tain the mer operon, which was similar to the transposon 
Tn501 from pVS1 of Pseudomonas aeruginosa. The AO22 
mer operon (TnAO22) consists of four essential genes, which 
after characterization were found to belong to the Tn3 sub-
group of transposable elements. The operon structure and fea-
tures of the transposable elements indicate that the TnAO22 
of Achromobacter sp. is a recombinant variant of Tn501. 
TnAO22 was found to be involved in the horizontal gene 
transfer of mercury resistance, giving the bacterial species an 
added advantage in geographical locations contaminated with 
mercury. Achromobacter sp. harboring TnAO22 is one of the 
few bacterial species containing mer genes; therefore, it can 
be used for in situ bioremediation and horizontal gene transfer 
of mercury resistance to other native soil bacterium (Ng et al., 
2009).
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5.4 Conclusions and Future Perspectives

Genetically modified microorganisms have been developed to 
overcome the bottlenecks of existing bioremediation strate-
gies including conventional methods as well as advanced bio-
technology-driven solutions. As previously mentioned, there 
have been several instances wherein GEMs have proven to be 
more versatile and effective compared with native microor-
ganisms, which are used for bioremediation of various heavy 
metals. In spite of this, the use of GEMs for bioremediation 
has been very limited. With the advent of GEMs for vari-
ous purposes, the possible risk factors associated with it also 
came into debate. However, there are other issues pertaining 
to the inadequate research carried out in the field of bioreme-
diation using GEMs. The primary issue is the lack of studies 
for potential bioremediation in field conditions. It is not well 
known whether the engineered microbes would be able to 
survive in hostile conditions as native microbes. Even though 
extensive research has been carried out in optimized labora-
tory conditions, the fluctuations in actual field conditions may 
vary. Efforts should be made to inspect the performance of 
recombinant microorganisms in natural environments as well 
as their potential of horizontal gene transfer to indigenous 
organisms. Further, most of the research performed has been 
confined to specific groups of microorganisms such as E. coli 
in case of bacteria and S. cerevisiae in case of yeasts. Research 
must be extended to other groups of bacteria, yeast, and algae 
in order to have a broader picture of the use of genetic engi-
neering in bioremediation. Taking into perspective the risk 
factor, it is crucial to mention that no such evidence is avail-
able, which would imply the possibility of a negative impact 
of GEMs in the environment or human health. While develop-
ing a recombinant microorganism, various factors need to be 
kept in mind to ensure the viability of the GEM. An effective 
promoter and appropriate regulators must be determined to 
ensure an efficient microorganism. Apart from this, the other 
elements to be considered are the metal specificity, enzyme 
affinity, end-point analysis and toxicity reduction, balance 
between microbe growth and energy consumption, and path-
way regulation. Along with this, the GEM must also be robust 
and resistant to other microorganisms in order to prevent pre-
dation by grazers. The ability of self-flocculation is another 
desirable characteristic for a more cost-effective means of cell 
harvesting. In most of the GEMs used for heavy metal biore-
moval MTs from numerous bacteria and fungi have played 
a key role in imparting tolerance to a wide range of metals 
such as mercury, cadmium, chromium, lead, arsenic, and 
nickel. Recent developments in the field of genetic engineer-
ing have led to the development of suicidal-GEMs (S-GEMs) 
in order to attain safe release of such microorganisms into the 
environment. The development of GEMs leads to eventually 
either further proliferation in the environment or obstruction 
of its growth through containment systems. The latter is usu-
ally preferred by researchers to avoid undesirable effects of 
such microbes in the ecosystem. Plasmid addiction system, 
for example, is one such method, wherein the reduced plas-
mid copy number and lack of established plasmid would hin-
der the survival of the bacterial species. This is also known 

as programmed cell death. The plasmid addiction system 
consists of two major factors, namely a toxin and the other 
gene, which protects the bacterial cell from the toxic effects. 
Survival of the cell is dependent on the presence of the gene, 
which behaves as the antidote for the toxin. In the absence of 
the toxin, the bacterial cell would cease to thrive and eventu-
ally die. Such containment systems are therefore necessary 
for release of GEMs into the environment.

Most of the research pertaining to GEMs requires a regu-
latory, safe, and a cost-effective way for transforming them 
into reality. A robust and thorough environmental risk assess-
ment would first and foremost include the identification of 
environmental factors that have adverse effects on the geneti-
cally engineered microorganism followed by the evaluation 
and likelihood of the occurrence of the adverse impact. This 
could be entailed by a detailed analysis of risk features, if any, 
of the microorganism toward the cumulative ecosystem and 
its relevant management strategies upon release of the GEM 
into the field environment. A systematic approach toward com-
prehending the environmental implications of recombinant 
microorganisms and identifying factors that enhance in situ 
bioremediation by such microorganisms should be the prior-
ity to ensure success of modern biotechnological tools such as 
genetic engineering.

In totality, improvements of GEMs in terms of reach to 
heavy metals, competition with indigenous species, activity 
and affinity, widespread contamination sites, and identifica-
tion of further structural genes in a wider range of organisms 
should be considered.
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6.1 Introduction

Life cannot progress without water. It is a basic requirement 
for all lives on earth, but only 1% of the available water 
can be used by humans. So, the 21st century faces a threat 
from the global water crises. The main reasons for this are 
the sudden rise in the population, environmental pollution, 
climate changes, industrialization, urban development, and 
contaminating the already present water reserves. Natural 
sources of fresh water and its standards are also affected 
and reduced in rivers and streams due to the discharge of 
different types of wastes, which results from various indus-
trial processes, municipal sewers, and agricultural areas. 
The groundwater quality and nature are also reduced due 
to sewage controlled in an unorganized manner that con-
tains domestic wastes, such as various excretion substances 
of animals and humans. These result in major reasons for 

worldwide pandemics, different diseases, and worldwide 
deaths. As per the rules of the World Health Organization 
(WHO), almost 31% of the total diseases and 42% of the 
total deaths taking place on Earth occurs because of water 
containing pollution. The term wastewater includes a lot 
of discharged wastes, namely discharges or effluents from 
domestic seepage, cultivation, various industries, and water 
from storms. The compounds that are organic in nature in 
wastewater can be the compositions of different pesticides, 
detergents, oils, and fats. Again, different kinds of microbes 
are also present within this wastewater, such as bacteria, 
viruses, protozoa, and helminths. Wastewater also involves 
some basic nutrients like nitrogen, phosphorous, ammonia, 
etc., and different types of inorganic materials and metals as 
well mercury, lead, cadmium, nickel, hydrogen sulfide, etc. 
So, if we can control the wastewater hazards and use waste-
water in our daily lives, then we can save ourselves from any 
water scarcity faced in the near future.
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6.2  EPS Developed for Structural 
Framework of the Organisms

An association of bacterial cells located inside the extracel-
lular polymeric substance (EPS) matrix is irreversibly con-
nected to the surface and is known as the biofilm consortium. 
Usually, formation of biofilm occurs in five main stages. The 
first stage is the primary association of planktonic microbes 
along with its interaction with a surface in preferably a liquid 
medium. Second, the adhesion, which takes place irreversibly 
as EPSs such as polyhydroxy families in EPS bacteria, under-
goes colonization to the surface by the process of hydrogen-
hydrogen interactions. Next is the formation of a monolayer of 
a number of microcolonies on the selected surface because of 
the replication of early colonizers. The fifth stage is the matur-
ing of the biofilm into a three-dimensional (3D) arrangement 
by the attachment of cell debris taken from the surrounding 
surfaces and by the employment of newer bacterial strains, 
which are planktonic in nature. Last is the sixth stage, which 
is the expansion or the dispersion by both the passive as well 
as active processes in which the matrix is encased and sessile 
biofilms are converted to planktonic bacteria that can move 
freely with the help of a cell-to-cell signaling procedure (quo-
rum sensing [QS] activity) (Figures 6.1 and 6.2).

6.3 Types of Bacterial Communities

Microbes are well organized in their specific enriched struc-
tures, which have the capacity to biodegrade a huge number 
of substrates compared with other pure cultures in wastewater 
treatment processes. The creation of aggregates of microbial 
species is well connected with the synthesis of EPSs. These 
EPSs are components with biological origins that are produced 

by secretion, cell lysis, and shredded compounds from sur-
faces of the cell and the process of absorption of different com-
ponents of the ecosystem. Polysaccharides as well as proteins 
are usually colloidal in nature and they are one of the main 
constituents of EPSs that dictate the structure of the biomass 
and its properties. The formation of EPSs may rise due to the 
controlling factors of the treatment process. Starving in the 
cycle length, which is quite long and possesses a low chemical 
oxygen demand (COD)/nitrogen (N) ratio inside the feed and 
a large N2 load, forces the usage of organic components from 
the formation of the EPS for the maintenance of the shape and 
size of the biomass and to undergo protection against the cell’s 
harmful effects of free ammonium and free nitrous acid. A 
layer for stopping the diffusion process is generated by the EPS 
and it decreases the number of toxic substances in the edge of 
the cells. Microbes present inside the EPS medium comple-
ment the roles of one another. In the specific matrix, some new 
types of monomers of EPSs like uronic acid is traced. These 
monomers are absent in samples of the strain, which are pure. 
Moreover, these monomers indicate the function of microbial 
interactions in wastewater treatment processes. Flocs are pres-
ent in the sludge, which is activated are restructured by the 
different adhesions, which can be both physical and chemical 
in the cells. Also, the pollution-causing substances obtained 
from wastewater and those in the form of the colony produc-
tion of microbes possess the same properties. Bacterial spe-
cies comprise 6%–22% of organic components in the floc. The 
remaining portion lies in the EPS. The different parameters 
include the density, size, structure, and amount of filamentous 
bacterial species including the settling and stability of flocs. 
Ecological stress factors can result in fragmented floc produc-
tion and rise in the concentration of floating solid contents 
inside the effluent.

Biofilm is a multilayered shape of microbes that under-
goes the process of immobilization above the solid surface 

FIGURE 6.1 Instances of growth of biomass.
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by electrostatic interactions, hydrophobic interactions, and 
covalent bonds. Colonizing is enriched by cilia, fimbriae, the 
different cell wall components, and EPS. The biofilm mass 
transport occurs mainly through the process of diffusion, 
and the biofilm wideness is calculated by the depth. The sub-
strates and the oxygen through this can move inside. Biofilm 
is interconnected through different pores as well as networks, 
which facilitate the gene exchange between bacteria. For 
example, through a process of encouragement the relocation 
of genetic materials takes place by transferring them horizon-
tally. The different gene change in the process of immobiliza-
tion of cells can enhance the metabolic activity, growth rate, 
and resistance to the toxicological substances. Therein lies a 
difference in the biofilm and sludge undergoing activation, in 
the constituents of EPSs to be precise, but within the same 
systems. Again, in the EPS that is derived from the floc, there 
are largely proteins, but in case of the EPSs derived from the 
biofilms, polysaccharides and amino acids are present in the 
same ratio. Aerobic particles are a perfect instance for its own 
immobilization in microbes. Sludge technologies consisting 
of aerobic granule technology provides us the opportunity 
for using the small-scale reactors because of the capability 
of the granules to settle. These possess a higher concentra-
tion of microbes in their shape. The granule formation pro-
cess, which is carried out aerobically, in the beginning has 
a physical connection among bacterial cells, production of 
the granule structure because of the competitive nature of the 
microbes, and the changes in metabolism of the cell and mor-
phology of the granules. This is done by the shear involving 
hydrodynamics in the reactor. Accumulation as well as pro-
duction of the granules is catalyzed by the denitrification as 
well as the effects of the bacterial species, which grows slowly 
inside the biomass content (Liu et al. 2004). The fructose- 
or glucose-like substrates are rich in energy and act in the 

stimulation of the development of filaments and the formation 
of different granules, which possess a lightly attached shape.

The shape of the granules is in relation with the organic 
constituents. These constituents are indeed very heavy and it 
creates decompositions in the granules. A comparative lengthy 
granule structure and lengthy granule diameter doesn’t allow 
the diffusion of nutrients allowing the cells to starve and to 
produce energy from EPS. This changes the physical nature 
of granules. The outermost part of the granule is decomposed 
by the aerobic microbes, but however inside the innermost 
part, the obligatory and facultative anaerobes are formed. This 
allows the reduction of nutrients and carbon in a single staged 
operation.

6.4  Microorganisms Associated with 
Micropollutant Removal

The amount of micropollutants in wastewater treatment plants 
(WWTPs) can be treated by using certain microorganisms. 
For example, its usually said that solids retention times (SRTs) 
that are longer allow nitrification quite efficiently, which 
looks for a better removal of micropollutants by simultaneous 
metabolism processes. Short hydraulic retention time can pre-
dict the potential of nitrification of immobilized biomass for 
the removal of bisphenol A (BPA) and the polycyclic aromatic 
hydrocarbons (PAHs) from wastewater. The biodecomposition 
of BPA is carried out with the help of Pseudomonas pauci-
mobilis, Sphingomonas bisphenolicum, or Sphingomonas sp. 
strain AO1. When the genes for coding enzymes and for the 
bisd operon, which is the cause for starting the hydroxylation 
of BPA, provide the way for identifying the required BPA in 
biodegradation of microbes. Also, the removal of BPA is done 
with the help of the bacteria undergoing the heterotrophic 

FIGURE 6.2 Stages of biofilm development.
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mechanism and its contact with the biomass which causes BPA 
to decrease the number of ammonia-oxidizing bacteria (AOB) 
located inside the biofilm. A great deal of previously con-
ducted research also claims that WWTPs show Sinorhizobium 
meliloti in initial conditions and previous treatment of sludge 
produced from the swage produces laccases, which are respon-
sible for the degradation of BPA. Inadequate decomposition 
of antibiotics in antibiotic-resistant bacteria (ARB) or the 
formation of a resistant bacterial species which is also anti-
biotic resistant stays in the environment. The major source 
in the municipal WWTPs are the antibiotic resistance genes 
(ARGs). So, we can clearly see the requirement of the struc-
tural way that effects the abundance of ARB and distribut-
ing them into the wastewater treating system. The horizontal 
gene transfer (HGT) process mainly controls the dissemina-
tion ARGs. In the wastewater treatment process, abundance of 
ARB is very high in the influent portion. It has been observed 
to follow the effluent, activated sludge, and anaerobically 
produced digestion sludge. WWTPs can decrease about 99% 
of the ARB, whereas the efficiency of removal in the treat-
ment of sludge is not good (Yang et al. 2015). The process of 
disinfection is a main factor for controlling the spreading of 
ARB in the surroundings, but there are exceptions to this. For 
example, chlorination can result in another phase of growth 
and again undergo activation of ARB in secondary effluents. 
The quantity and type of antibiotics in the influent dictates the 
composition of bacterial species of WWTP effluents. In the 
wastewater treatment of water contaminated with penicillin, 
the phyla Proteobacteria and Firmicutes and classes of bac-
teria Clostridia and Bacilli are mainly found to be present 
in the effluents. Through much research, it is also observed 
that there is the presence of tetracyclines, penicillin, triclo-
san, quinolones, and sulfonamides in the influent, which is 
mainly linked through a positive relation with a large content 
of Epsilonproteobacteria and with a negative relation with the 
Betaproteobacteria, Gammaproteobacteria, and Firmicutes. 

Sulfuritalea, Prosthecobacter, Hyphomicrobium, Longilinea, 
Paracoccus, Azonexus, Novosphingobium, Armatimonas, and 
Rhodobacter are observed as the main tetracycline-resistant 
bacteria (Figure 6.3).

6.5 Nutrient Removal on the Microorganisms

The affinity of the substrate toward the bacteria that removes 
the nutrients checks the composition of the species. The 
AOB diversity is very high in the local wastewater treatment 
process when it is compared with the municipal wastewater 
treatment process. The Nitrosomonas sp. plays an important 
function in the nitrification process. Temperature in this con-
text is considered both as an important and essential parameter 
that effects the abundance of AOB and the process of balanc-
ing in between the Nitrosospira sp. and Nitrosomonas sp. in 
the wastewater treatment processes. The combined effect of 
reduced temperature and greater SRT might like Nitrosospira 
sp.. The kind of treatment operation effects AOB sensitiv-
ity toward the temperature. AOB is conventionally a sludge 
undergoing the activation process and the reactors are more 
susceptible to the seasonal variations rather than the case of 
membrane bioreactors (MBRs).

6.6  Mechanisms Associated in 
Wastewater Treatment

Generally, wastewater consists of 99.9% water by weight, and 
the remaining 0.1% of wastewater is a mixture of salts, soil, 
impurities such as excrements, plastics, heavy metals, and 
other suspended particles (Gray 2005; Lin 2007) that need 
to be removed for effective wastewater treatment. The first 
mechanism involved in wastewater treatment is the physi-
cal purification techniques wherein the suspended solids and 

FIGURE 6.3 Removing the toxic substances from wastewater with the help of biofilm in filter media.
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large-sized particles like plastics, soil, grit, etc., are removed 
by filtration and sedimentation techniques. After the primary 
treatment of wastewater involving all the physical methods, 
the water is subjected to secondary and tertiary treatments 
where the dissolved materials and colloids that are too small 
for sedimentation are transformed to bigger particles by bio-
logical treatment methods, which are then easily removed. 
Subsequent to this, conventional chemical treatment is used to 
make the inorganic and organic impurities react with certain 
chemicals for further purification. However, these chemicals 
are not cost-effective, and can create huge amounts of environ-
mentally hazardous chemical sludge (Gray 2005). Therefore, 
today, environmental research focuses on achieving both the 
secondary and subsequent treatments by various biological 
treatment methods.

Biological treatment processes include the use of naturally 
occurring microorganisms for the transformation of dissolved pol-
lutants into other secure end products that can be safely disposed 
and are devoid of any negative environmental effects by using the 
metabolic activity of the microorganisms.

6.6.1 Activated Sludge Process

Activated sludge processes implement the use of symbiotic or 
synergistic microorganisms organized in clusters called “flocs” 
for the digestive treatment of the highly branched organic pol-
lutants present in wastewater. The floc-forming organisms are 
capable of biosorption of organic and inorganic substances 
in sewage both in dissolved and colloidal form due to their 
large active surface. Organic mass of activated sludge lumps, 
except carbon, hydrogen, and oxygen, also includes nitrogen 
and phosphorus. In the activated sludge process nitrogen 
compounds are removed by the processes of ammonification, 
nitrification, denitrification, and assimilation. Phosphorus is 
removed by assimilation, sorption, and chemical precipitation. 

Ideally the activated sludge process is done after pretreatment 
of the wastewater. After the process, dischargeable effluents 
are released from the secondary clarifier comprising of 98%–
99% of water. Recycling of water is performed for the main-
tenance of microbial concentration at desired levels within the 
WWTPs (Figure 6.4) (Lise et al. 2008).

6.6.1.1 Bioremediation in Wastewater Treatment

The biological wastewater treatment methods involve insights 
on several new aspects like bioremediation of wastewater using 
various bioreactor management systems, mycoremediation, 
phytoremediation, vermifiltration and vermicomposting, etc. 
Biological remediation, or bioremediation, refers to the treat-
ment techniques wherein living organisms, mostly microbes 
and bacteria, are used. The mechanism of bioremediation 
involves mineralization and detoxification, thereby converting 
inorganic compounds to water carbon dioxide and methane. 
The metabolic potential of microbes and plants is utilized for 
effective removal or alteration of toxic chemicals into non-
toxic forms (Glazer and Nikaido 1995). Microbial biodegrada-
tion is one of the major strategies used for bioremediation of 
organic compounds and heavy metals present in wastewaters.

Mycoremediation is the bioremediation technique wherein 
fungi are implemented for bioremediation of pollutants pres-
ent in wastewater and the environment. The breakdown of 
undesired organic and inorganic matter is achieved by the 
fungal mycelium, which secretes enzymes and acids that aid 
in biodegradation. Mycofiltration, a process that uses fungal 
mycelia as a filter, is also effective in filtration of contaminants 
like diesels or oil spills from wastewater.

The biological bioremediation methods are eco-friendly, 
environmentally beneficial, cost-effective, and often serve 
multipurpose outputs. A very common example is the use of 
microbial fuel cells (MFCs) for the production of electricity 

FIGURE 6.4 General procedure for the wastewater treatment using activated sludge.
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from wastewater (Mohamed 2015), which serves the dual 
purpose of wastewater purification and energy conservation. 
Another example is the production of biogas by the anaero-
bic digestion process wherein microorganisms use the pollut-
ants present in water as food materials essential for growth 
and anaerobically digests them to produce their numbers and 
release of biogas (Mohamed 2015).

6.6.2 Biofilm Reactors

Biofilm reactors are structures that are responsible for con-
ducting various biochemical processes involving various 
types of microorganisms like fungi, bacteria, and algae or the 
involvement of various biochemical substances like enzymes, 
which are produced from microorganisms (Mohamed 2015). 
Bioreactors have been commercially used in industrial waste-
water treatment for decades (Puhakka et al. 1995). Bioreactors 
offer many advantages over conventional treatment processes 
including retention of biomass concentration for longer periods 
of time by the enhancement of metabolic activities, enhance-
ment of flow rate, large mass transfer area, increase in the deg-
radation rate, and various types of aerobic metabolic activity 
(Puhakka et al. 1995).

Biofilms are the syntropic consortium of microorganisms 
comprised of a sessile group of microbial species that enhance 
the efficiency of microbial bioreactors because of their unique 
properties. Biofilms are encased in a self-synthesized extracel-
lular matrix comprised of polymeric substances (Brown et al. 
2008) and are generally attached to a biological or inert sur-
face (Quintelas et al. 2008; Yang et al. 2015). This confers on 
them the special resistive properties to harsh environmental 
conditions, chemicals, and other microorganisms. Because 
of these special adaptation abilities against stress, they are 
responsible for degrading complex pollutants and are consid-
ered to be cost-effective compared with the planktonic forms. 
Biofilm-based processes are being increasingly implemented 
in bioreactors as they are a cost-effective and environmentally 
friendly technology for the remediation of pollutants (Das 
et al. 2012). The mechanism of immobilization, degradation, 
and adsorption is performed by the presence of physiological 
and physical interactions taking place among the sessile colo-
nies existing within the biofilm (Quintelas et al. 2010). This 
technology has proven its wide application in the remediation 

of inorganic and organic compounds that are present within 
the aqueous media (Chen et al. 2008; Quintelas et al. 2013; Hai 
et al. 2015). Various types of contaminants like xenobiotics, 
petroleum, dyes, heavy metals, and pesticides are be degraded 
effectively by the use of the microbial biofilms (Table 6.1) 
(Mitra and Mukhopadhyay 2016).

6.6.2.1 Anaerobic Digesters (AD)

The anaerobic digesters (ADs) use strict anaerobic conditions 
mediated by airtight reactors, with an oxidation reduction 
potential less than −200 mV. The working principle relates to 
the anaerobic digestion by a mixed microbial culture, which 
converts organic material to methane (CH4) and carbon dioxide 
(CO2). The produced biogas is methane rich and therefore has 
great calorific value as a source of renewable energy. A basic AD 
is the standard rate AD, which follows the schematic representa-
tion shown in Figure 6.5. It has been observed that the sludge 
present is not heated or mixed. The entire mechanism involves 
four levels of stratification that involves a layer of scum, a liquid 
layer that can be recycled within the WWTPs, a layer of various 
digesting solids, and digested solids. The accumulated digested 
solids at the bottom of the reactor can be removed at frequent 
intervals of time (Figure 6.5a).

6.6.3 Continuous Stirred Tank Reactors (CSTRs)

Continuous stirred tank reactors (CSTRs) are comprised of a 
constant volume tank possessing an agitation system that helps 
in stirring and mixing the components to develop a homoge-
nous system. It is made up of influent and effluent ports for the 
inflow of reactants and the harvest of products, respectively 
(Chan et al. 2009). The continuous flow of wastewater makes 
the system steady and efficient in terms of time management, 
and large volumes of wastewater can be tackled using these 
reactors (Figure 6.5b).

6.6.4 Packed Bed Bioreactors (PBRs)

Packed bed bioreactors (PBRs) are tubular structures comprised 
of solid particles of catalysts (Fogler 2006). They possess the 
ability to bring about the exchange of nutrients that is based 
on the presence of various types of solid catalysts associated 

TABLE 6.1

Different Biofilm-Forming Bacteria Used in Pollutant Removal for Wastewater treatment

Biofilm‑Forming Bacteria Bioreactor Pollutant Reference

Bacillus coagulans Column bioreactor Cr (VI) Quintelas et al. (2008)

Rhodococcus sp., Pseudomonas sp. FBR Chlorophenol Puhakka et al. (1995)

Sphingomonas xenophaga MBR Bromoamine acid Qu et al. (2009)

Arthrobacter viscosus Suspended biofilm bioreactor Cr (III) and Cr(VI) Silva et al. (2008)

Cyanobacteria, Nitrospirae, Bacteroidetes, Proteobacteria and 
Actinobacteria

Natural ventilation trickling filters

NVTFs

COD Zhang et al. (2016)

Ammonia

Geobacter metallireducens MFC COD Liu et al. (2004)

Desulfovibrio desulfuricans MFC Sulfate Zhao et al. (2008)

Abbreviations: FBR: Fixed biofilm reactor, NVTF: Natural ventilation trickling filters
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FIGURE 6.5 (a) Anaerobic digester sludge tank design, (b) CSTR, and (c) packed bed reactors.
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with the reactor. The nutrient is added to the reactor from bot-
tom to top via the packed column formed by the catalyst within 
the reactor (Venkata Mohan et al. 2008; Martinov et al. 2010). 
Various types of granular structures like volcanic rocks, clay 
balls, and ceramic pieces can be used for the purpose of tra-
ditional packing processes. Various types of fibrous materials 
like polyethylene-vinyl-acetate can be used for the purpose 
of enhancing the adhesion of sessile colonies within the reac-
tor, thereby bringing about better remediation (Figure 6.5c) 
(Hadjiev et al. 2007).

6.6.5 Membrane Biofilm Reactors

MBRs, as the name suggests, use membrane systems for physi-
cal filtration of the biologically treated water. MBRs work on 
the integration of two principles comprised of biological deg-
radation of wastes followed by microfiltration (MF) or ultra-
filtration (UF). They possess a diameter of pores ranging from 

0.01 to 0.1 μm, which allows bacteria and particles to be fil-
tered out of the permeate (Figure 6.6) (Hoinkis et al. 2012).

6.6.6 Moving-Bed Biofilm Reactors (MBBRs)

A moving-bed biofilm reactor (MBBR) is a type of continuous 
reactor used for anoxic, anaerobic, and aerobic processes. The 
agitation is responsible for the carrier movement that is estab-
lished by the air in the aerobic system (Ødegaard 2006). The 
moving bed present in the reactor prevents clogging by utiliz-
ing the entire volume of the reactor (Figure 6.7).

6.6.7 Fluidized-Bed Biofilm Reactors

A fluidized-bed biofilm reactor (FBBR) is comprised of small 
carrier molecules that are present within the column, result-
ing in the development of a bedlike structure, which allows 
the movement of wastewater. The particles that are associated 

FIGURE 6.7 Schematic representation of a moving bed biofilm reactor.

FIGURE 6.6 Schematic representation of membrane biofilm reactor.
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with the media are comprised of an enhanced gradient size 
from the top toward the bottom of the bioreactor. This mecha-
nism provides greater surface area. The enhancement of the 
driving force more than the gravity results in the settling of 
the suspended particles, thereby making the bed fluidized 
(Lewandowski and Boltz 2011).

6.6.8  Upflow Anaerobic Sludge 
Blanket (UASB) Reactor

An upflow anaerobic sludge blanket (UASB) reactor is a 
methanogenic (methane-producing) digester that is devel-
oped from anaerobic clarigester. It works at anaerobic con-
dition, thereby developing a layer of granular sludge that 
remains present within the tank. It is used for the treatment 
of wastewater and has proven advantageous over aerobic sys-
tems. Wastewater flows upward through the blanket and is 
processed (degraded) by the anaerobic microorganisms. The 
upward flow, combined with the settling action of gravity, 
suspends the blanket with the aid of flocculants (Soni-Bains 
et al. 2017).

6.7 Conclusion

Over the years, different types of wastewater treatment methods 
have played an important role in the environmental recycling 
of water resources as the global water scarcity has alarmingly 
raised concerns throughout the world. Conventional processes 
and methods of wastewater treatment have been running effi-
ciently for decades. Various bioreactors such as AD, CSTR, 
UASB, etc., have effectively functioned on a large scale glob-
ally for the treatment of various types of wastewater. However, 
the treatment of wastewater from both domestic and industrial 
sources needs to be optimized for the enhancement of the 
WWTPs in terms of treatment quality and volumetric capac-
ity as emerging metro cities continue to increase the bulk of 
wastewater.
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7.1 Introduction

Conventional microbiological methods used for identification 
and characterization of microbes were executed by isolating 
the microbes from wastewater followed by their culturing 
in lab. Further, the microbes were examined for their struc-
tural, genetic, and metabolic characteristics. However, the 
conventional techniques were not sufficient and reliable due 
to the disadvantages of the techniques, such as the inability 
to get the pure uncontaminated cultures of microbes. It was 
difficult to obtain the complete comprehension of morpho-
logical and metabolic features of microbial diversity [1]. A 
great deal of research and experiments were conducted to 
find the most optimum methods for the study of microbial 
diversity and to overcome the most significant problem of 
cultivating microbes in the lab isolated from the most mul-
tifaceted environment. Use of molecular techniques helps to 
understand microbial diversity and to easily engineer filtra-
tion processes for wastewater treatment. Wastewater treat-
ment is tailored according to the bacterial groups such as 
AOB, biofilm-forming bacteria, or phosphate-accumulating 
bacteria [2]. Molecular methods specifically emphasize the 
detection of microbes and understanding their physiological 

features by just screening the microbial sample quickly, 
thus, reducing the time and efforts required in conventional 
methods [3].

There are several molecular methods including 16S rRNA 
polymerase chain reaction (PCR)-based amplification, dena-
turing gradient gel electrophoresis (DGGE), fluorescence 
in situ hybridization (FISH), DNA microarray, zeta-valent 
irons, etc., which are currently employed by many wastewa-
ter treatment plants (WWTPs) to study microbial diversity 
and microbial composition [4]. PCR is a powerful tool used 
in molecular biology to amplify a target sequence of interest 
for further quantitative studies. The 16S rRNA sequencing 
method is used to identify the organism from commercially 
available 16S rRNA sequence data with the help of 16S RNA 
obtained from targeted the microbial community. DGGE 
is a molecular fingerprinting technique that is employed 
to generate fingerprints with the help of denaturing agents 
like urea or formamide. The fingerprints obtained with 
DGGE help to study the phylogeny of microbial commu-
nities [4]. The FISH technique uses a fluorescently labeled 
complementary DNA/RNA probe that is altered such that it 
attaches to a particular region of targeted DNA/RNA. FISH 
helps to understand the chromosome location, morphology 
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of the organism, or identification of the entire organism [5]. 
DNA microarray is an emerging technology used for the 
analysis of nucleic acid of microbes by considering rRNA 
genes as phylogenic markers [6]. The other less frequently 
used molecular tools for identification and quantification of 
microbial communities are ZVI, automated approach for 
ribosomal intergenic spacer analysis, the single-stranded 
conformation polymorphism (SSCP), random amplification 
of polymorphic DNA (RAPD), amplified fragment length 
polymorphism (AFLP), terminal restriction fragment length 
polymorphism (T-RFLP), etc.

This chapter emphasizes most of the currently used molec-
ular methods for detection, quantification, and characteriza-
tion of microbial populations under different environmental 
circumstances. It also describes the potential of the different 
molecular techniques and its future prospects.

7.2 Molecular Tools

7.2.1  Denaturant Gradient Gel 
Electrophoresis (DGGE)

The structures of microbial communities in lab-scale upflow 
anaerobic sludge blanket (UASB) reactors for treating munici-
pal wastewater with different ratios of chemical oxygen 
demand (COD) soluble/COD total were studied using DGGE 
of 16S rRNA genes. The microbial diversities and community 
structures within the inoculum, and anaerobic sludges grown 
for 8 months on raw domestic sewage, chemically enhanced 
primary sedimentation (CEPS) and pretreated domestic sew-
age were estimated (mimics real wastewater well in some 
important parameters). A nested PCR approach was used to 
increase sensitivity, which allowed visualizing those popu-
lations that are present in lower numbers and may play an 
important role in the anaerobic digestion process. The nested-
PCR-DGGE fingerprints provide indications that the bacterial 
community structures in the UASB sludge are quite complex 
and difficult to evaluate. Design and application of primers that 
allow the amplification of the 16S rDNA fragments of certain 
bacterial groups from mixed communities will be needed to 
dissect complex communities and specifically track the shifts 
of certain groups. On the other hand, metabolically active bac-
teria contain more rRNA than resting or starved cells. Hence, 
the analysis of 16S rRNA reverse transcription PCR (RT-PCR) 
products will provide a more accurate method to estimate the 
shifts of active Bacteria and Archaea [7].

In another study 16S rDNA-based DGGE was applied 
for ammonia-oxidizing beta (subclass Proteobacteria [β-
AOM]). Cross-feeding experiments were carried out for a 
period of 4 months to obtain the information on the inhi-
bition of the processed water, and a two-stage laboratory 
plant was set up to analyze the processed water. To deter-
mine the nitrification capacity of activated sludge samples, 
autotrophic oxygen uptake rates (OURN max) were calcu-
lated. DNA was extracted from Nitrosomonas europaea 
ATCC 19718 and Escherichia coli type strain DSM 30083 
to be used as positive and negative controls during PCR 
and DGGE. PCR was performed using triplicate reactions 

of 10–1, 10–2, and 10–3, from respective DNA templates. 
DGGE analysis was performed with the recovered ampli-
cons containing the attached GC-clamp (the primer PRBA 
338f bears a 5′ attached GC-rich sequence) for rapid screen-
ing of the DNA sequence. Results from DGGE were defi-
nite and useful for the understanding of other experiments 
and assisted in finding solutions to nitrification problems in 
wastewater treatment [8].

The composition and biodiversity of a multispecies anaerobic 
biofilm fed with brewing waste in a UASB were investigated. 
Confocal laser scanning microscope (CLSM) and scanning 
electron microscopy (SEM) were used along with FISH to 
monitor the growth and structure of the biofilm, whereas bio-
diversity was monitored using DGGE, cloning, and sequenc-
ing of 16S rDNA and FISH. In FISH glass slides with 10 
wells were hung upright using a nylon line a few centimeters 
over the sludge bed. Slides were introduced at the start of the 
experiment and were removed at different intervals. For gram-
positive bacteria detection samples were fixed in ethanol and 
for gram-negative bacteria samples were fixed in PBS (phos-
phate buffer saline) solution; all samples were further dehy-
drated and hybridization was performed. The NON338 probe 
was used as a negative control. Total cells were established 
using direct counting of 4′,6′-diamin phenylindole-stained 
cells; structural and morphological studies were carried out 
using CLSM. The 16S rRNA genes from microbial DNA were 
amplified using PCR. The oligonucleotide primers used were 
27F and 1492R for domain bacteria and 25F and 1492R for 
domain Archaea. For DGGE analysis, the primers used for 
amplification were 341F-GC and 907R for domain bacteria 
and 622FGC and 1492R for domain Archaea. PCR was per-
formed and products of the same length were filtered using 
DGGE. For further comparison between the biofilm com-
munities, biofilms were analyzed by clone libraries and the 
gene amplificants were cloned and modified into adapted E. 
coli cells. Fragments were separated, analyzed, and obtained 
sequences were compared with the database using basic local 
alignment search tool (BLAST). FISH results showed that 
microbial groups maintained their structure and over time 
new members appeared. DGGE and clone libraries showed 
the presence of few genera that were not detected due to their 
negligible metabolic role. This implies that early detection 
of microorganisms can be done by PCR-based technologies, 
whereas FISH can be used only when there is an abundance of 
microbes in the ecosystem [9].

To gain insight into the microbial composition and struc-
ture of the different types of granules (structure, function, and 
physical appearance of methanogenic granules) in a UASB 
reactor, an industrial brewery was studied. The study was 
carried out by molecular techniques such as FISH, DGGE, 
and cloning along with SEM. In FISH two different hybrid-
ization experiments were done: one with crushed granules to 
quantify different microbial groups and the other with thin 
sections of granules to study spatial distribution of different 
microbial groups. The sludge is first fixed with formaldehyde 
and PBS for 6 hours followed by hybridization. The probes 
labeled with cy3 or fluorescein at 5′ (Genotek) and six differ-
ent positive controls were used. The specimens after hybrid-
ization were stained by DAPI (1 mg/mL). The fixed granules 
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are embedded onto OCT resin by keeping them on dry ice for 
72 hours, then the block was cut into 50-μm slices and washed 
for 30 minutes in PBS and stored. In DGGE, the granules were 
separated into three colors (black, gray, and brown). Sludge 
was resuspended in PBS and cells were disrupted using a 
Fast Prep 120-bead beater (6× for 40 seconds). The DNA was 
extracted using Fast DNA followed by amplification of 16S 
rRNA by PCR with primer pairs 341F(GC)-907R. The PCR 
products were analyzed using the DCode Universal system. 
The bands obtained after electrophoresis were excised and 
reamplified for sequencing. The 16S rRNA is amplified using 
oligonucleotide primer pairs 28F and 1492R, and this ampli-
fied fragment is cloned using the TOPO cloning kit. Plasmid 
inserts were grouped according to their two restriction pat-
terns with EcoRI and Sau3AI enzymes and subsequently 
amplified by PCR using the M13 primer set (Invitrogen). 
The sequences are analyzed on an ABI model 377 sequencer 
(Applied Biosystems) and then corrected manually. The 
sequences were also compared with the National Center for 
Biotechnology Information (NCBI) database using BLAST 
to identify the closest sequence. About 10 at-random fields 
were analyzed (500–1000 DAPI-stained cells) using a Zeiss 
Axioskop fluorescence microscope to determine the average 
number of cells in the samples. For spatial reconstruction of 
the granules and topological distribution of microbial groups, 
the slides were examined with a Radiance 2000 CLSM (He-
Ne lasers). The scanning microscopy helped understand the 
structure of the granules including small and compact black 
granules, less compact and porous brown granules, and defined 
concentric layers in gray granules. Transmission microscopy 
was done only for gray granules, which showed microcolo-
nies of morphological diversity in the granules. FISH showed 
the presence and activity of bacterial and archaeal popula-
tion in the granules by corresponding to the probes used. The 
bands obtained from the DGGE provided information about 
the bacterial diversity found in the three types of granules, 
and the sequences were compared with the sequences in the 
NCBI database using BLAST, which identified the members 
of the phyla present in the granules. The combination of these 
complementary techniques, cloning, DGGE, FISH, transmis-
sion electron microscopy (TEM), and SEM, can be used to 
monitor the structural and microbial diversity and function 
evolution can also be studied [10].

Analyzing the relationship between community structure 
and hydrogen production capacity in order to develop feasible 
diagnostic methods for hydrogen production population was 
considered for the study. The biohydrogen reactor is a con-
tinuous stirred tank reactor (CSTR) with anaerobic conditions 
maintaining a temperature around 35°C ± 1°C. The sludge for 
inoculation was taken from domestic sewage, treated aerobi-
cally with molasses from a beet sugar refinery, and used as 
substrate along with multiplex fertilizer. Volatile fatty acids 
and hydrogen were determined using gas chromatography 
and Porapak Q, respectively, in the presence of nitrogen as 
a carrier gas. Using the freeze-thaw method, bacterial DNA 
was extracted from the anaerobic sludge and the variable V3 
region of 16S was amplified by PCR (primers were BSF338, 
BSR534, and 338FGC). The sample amplification was per-
formed on Perkin-Elmer Applied Biosystems. DGGE was 

carried out with the DCode Universal mutation detection 
system, and PCR samples were subjected to electrophoresis 
at 200 V for 5 hours. The prominent bands were used for exci-
sion. Reamplified products were purified using a gel recovery 
purification kit and cloned by pMD18-T. Cluster analysis of 
DGGE patterns was performed with the UPGMA cluster-
ing algorithm by the MEGA program. These sequences were 
aligned and compared by the BioEdit 7.0 program and were 
later used to construct a phylogenetic tree by the evolutionary 
distance matrix, neighbor-joining method (PHYLIP 3.6a pro-
gram), and Kimura’s two-parameter method. Results showed 
that the fermentation products changed in concentration from 
the beginning to the end (ethanol and acetate were dominant 
by the end of the experiment/after 21 days). This showed that 
the reactor followed ethanol-type fermentation. Throughout 
the experiment only CO2 and H2 were produced, and the 
yield increased gradually, thus, confirming the production of 
hydrogen-producing bacteria with passing time. Additionally, 
touchdown PCR provided sufficient DNA samples for DGGE. 
In the beginning there were six detectable bands, but the bio-
mass and activity hindered the representation of diversity and 
it was concluded that they were mixed acid fermentation com-
munities. After 14 days a new dominant population appeared 
because of the competition between hydrogen-producing and 
non–hydrogen-producing bacteria (there were more in the 
beginning). Eight prominent bands were seen in DGGE and it 
was observed that the bacterial community in band h was the 
reason for the higher hydrogen production, whereas the ini-
tial bands were non-hydrogen producing and reduced with the 
decrease in pH. Sequences were added to make phylogenetic 
trees, and the microbial diversity showed a trend from increase 
to decrease throughout the succession. DGGE helped analyze 
this succession [11].

The microbial culture of UASB granules treating brew-
ery wastewater was studied using molecular techniques. 
The 16S rRNA genetic fingerprint was obtained using the 
DGGE process, which uses the melting properties of each 
specific DNA fragment in a denaturing gradient gel to sepa-
rate different double-stranded DNA fragments with identical 
lengths. Purified and sequenced major DGGE bands from the 
Bacteria and Archaea domains were found, and their phy-
logenetic affiliations were determined. The granules were 
reactivated by feeding them with brewery effluent from 12 
dominant DGGE bands of the Bacteria domain and 4 of the 
Archaea domain. The sludge was stored in a 4°C refrigera-
tor for 4 years prior to this analysis. Three dominant bac-
terial bands were related to the gram-positive low G + C 
group, one to the Proteobacteria Delta subclass, one to the 
Proteobacteria Gamma subclass, and one to the Cytophaga 
group with no near related series. Methanosaeta concilii and 
Methanobacterium formicicum were found to have similar 
16S rRNA sequences in the dominant archaeal bands. The 
discovery of a number of unidentified Bacteria indicated that 
our understanding of the anaerobic sludge’s microbial popu-
lation is still very small [12].

A culture-independent approach was used to characterize the 
microbial communities of different depth sediment samples, 
even when compared with physicochemical variables. Total 
genomic DNA was collected from samples taken at various 
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depths. The products were isolated by DGGE after they were 
amplified with the GC-341f/907r primer sets of partial bacterial 
16S rRNA genes. The community structure remained relatively 
stable throughout the entire 45-cm sediment core, but principal 
component analysis of DGGE trends revealed that successional 
changes in community structure were evident at greater sedi-
ment depths, according to the profiles of DGGE fingerprints of 
different depth sediment samples (Figure 7.1) [13].

Microbial community structure on aquifer sediments was 
linked to a polluted aquifer water table at five depths, under 
three recharge conditions, to gradients in 24 geochemical 
and contaminant variables. DGGE with bacterial 16S rDNA 
primers and amplified ribosomal DNA restriction analysis 
(ARDRA) with universal 16S rDNA primers revealed (1) 
communities in the anoxic, polluted central zone were similar 
regardless of recharge; (2) communities at the greatest depth 
were similar to those in uncontaminated areas after recharge; 
and (3) communities at the upper and lower aquifer margins 
varied from communities at the same depths on other dates 
after prolonged lack of recharge. The ARDRA analysis used 
universal primers, whereas the DGGE analysis focused on 
bacterial sequences. As a result, the population fingerprints 
and cluster relationships of these two studies are not similar. 
Both studies, however, revealed similar relationships between 
microbial communities as well as a distinct temporal change in 
community composition correlated with recharge [14].

7.2.2 Fluorescent In Situ Hybridization (FISH)

Using FISH along with rRNA-targeted oligonucleotides and 
prokaryotic cells can be recognized without the need for 
cultivation. When used with CLSM, precise rebuilding of 
the spatial arrangement of microbes in their domain is pos-
sible. In spite of its importance in microbiology, conventional 
FISH has many limitations. Over time many noteworthy 
improvements have been made to overcome these limitations. 
Fluorescently labeled peptide nucleic acid (PNA) probes used 
along with FISH improves staining of gram-positive bacteria 
and cyanobacteria, but it is costly and the previously published 

oligonucleotide probes cannot be transformed into PNA probes. 
Polyribonucleotide probes permit a higher percentage of pro-
karyotes to be seen in contrast to FISH with monolabeled oligo-
nucleotide probes. Nevertheless, the use of polyribonucleotides 
has some disadvantages, such as they have to be manufactured 
in the lab via labor-intensive PCR and in vitro transcription, 
additionally they are very sensitive to enzymatic degradation. 
Clone-FISH provides the chance of rapid screening of environ-
mental rRNA gene libraries for clones that carry the gene of 
interest. Clone-FISH can broaden gene transcripts other than 
rRNA, which allows quick screening and sorting of functional 
gene libraries for the genes of probe-defined targets [15].

Diversity of nitrifying bacterial population was carried out 
in a full-scale biological WWTP. Ammonia-oxidizing bacteria 
(AOB) and nitrite-oxidizing bacteria (NOB) were character-
ized using fluorescent rRNA-targeted oligonucleotide probes 
specific for AOB and NOB and their phylogenetically defined 
groups. Samples were prepared in 4% paraformaldehyde solu-
tion for a minimum of 4 hours at 4°C. Samples were placed in a 
microcentrifuge and wasted in PBS solution. Next, the samples 
were dehydrated with absolute ethanol, the supernatant was 
discarded, and the samples were resuspended in hybridization 
buffer and ideal concentration of formamide for each probe. 
Negative samples were carried out using the antisense Bact338 
probe Non338. Samples were studied under an epifluorescent 
microscope at a magnification of 600×. The performance of the 
nitrification process was higher in summer with a mean rate of 
90% of total Kjeldahl nitrogen (TKN) and species other than 
Nitrobacter are present in the activated sludge [16].

FISH provides an incomparable tool to study micro-
bial communities correlated with particles and flocs, which 
allows visual examination of microorganisms while they are 
intact and associated with particles. The samples were col-
lected from a wastewater plant, and E. coli, Salmonella, and 
Cryptosporidium parvum were chosen as the target micro-
organisms along with oligonucleotide probes EC1531 (16S 
rRNA) labeled with FITC, SAL3 (23s rRNA) labeled with 
CY3,4, and CRY1 (18s RNA) labeled with CY3 for the respec-
tive microorganisms. The different protocols were compared 

FIGURE 7.1 Evaluation of homogeneity using DGGE reports of different microbial communities in a given water sample. (a) 626-bp DGGE bands, 
(b) resulting dendrogram from DGGE results, and (c) deviation of the Shannon-Weaver index of diversity with relative density of bands obtained from 
DGGE. (Reprinted with permission from X. Zhao, L. Yang, Z. Yu, N. Peng, L. Xiao, D. Yin and B. Qin, “Characterization of depth-related microbial 
communities in lake sediment by denaturing gradient gel electrophoresis of amplified 16S rRNA fragments,” J Environ Sci (China), vol. 20, no. 2, 
pp. 224–230, 2008. doi: 10.1016/S1001-0742(08)60035-2.)
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and altered according to the needs of the experiment, and vari-
ous techniques were discussed to minimize the background 
fluorescent [17].

The goal of this study was to substantiate FISH on sam-
ples taken of activated sludge and biofilms from wastewater 
plants for the comparison of data published abroad. FISH 
was used along with 16S rRNA-targeted probes. The AOB 
and NOB were identified using the following fluorescent-
labeled probes: NSO1225 and NSO190 for the β-AOB, NEU 
for most halophilic and halotolerant Nitrosomonas spp., 
Nsv443 for Nitrosospira spp., NmV for Nitrosococcus mobilis, 
Ntspa712 and Ntspa662 for most of the members of the phylum 
Nitrospirae and genus Nitrospira, NIT3 for Nitrobacter spp., 
Ntcoc206 for N. mobilis and Ntspn693 for Nitrospina graci-
lis, EUB338II (specific for Planctomycetales) and EUB338III 
(specific for Verrucomicrobia) were used for the detection of 
almost all the members of the domain Bacteria. Laser scan-
ning confocal microscopes (LSCMs) were used for analysis. 
Using FISH, it was found that AOB were responsible for the 
conversion of ammonia to nitrite, and Nitrospira spp. was 
responsible for oxidation of nitrite to nitrate, which belonged 
to β-Proteobacteria. the nitrifying bacteria formed clusters of 
various shapes and sizes, with the exception of Nitrospira, 
which existed as single cells [18].

All NOB belong to one of these four genera: Nitrobacter, 
Nitrococcus, Nitrospira, and Nitrospina. It was assumed that 
the three genera along with Nitrobacter were confined to 
marine habitats. However, recent studies proved their presence 
in non-marine environments. This study aims to investigate 
the structural and functional features of Nitrospira-like bacte-
ria in nitrifying biofilms and activated sludges collected from 
different WWTPs. The analysis of the phylogeny of Nitrospira 
was done through the development of two 16S rRNA-directed 
oligonucleotide probes followed by the evaluation for suitabil-
ity for FISH. The probes were used to detect Nitrospira-like 
bacteria in situ in WWTPs, and the morphology of the micro-
colonies were studied through a CLSM and digital image 
analysis. Furthermore, the uptake of different carbon sources 
by Nitrospira-like bacteria was also analyzed by a combina-
tion of FISH and microautoradiography. It was observed that 
Nitrospira-like bacteria did not take up any of the carbon 
sources in anoxic and anaerobic conditions, whereas in aerobic 
conditions the bacteria took up inorganic carbon and pyruvate, 
suggesting that the presence of pyruvate can allow the growth 
of these bacteria mixotrophically [19].

The aim of this project was to characterize the rotating bio-
logical contactor (RBC) biofilms as having a diverse microbial 
population. The existence of aerobic ammonium and NOB as 
well as anaerobic ammonium oxidizers was investigated in the 
composition and spatial structure of the microbial group in 
the biofilm on the RBC. Biofilm samples were taken from the 
RBC handling the leachate wastewater in the secondary stage. 
For DNA extraction the cells were collected from the biofilm 
sample and DNA was extracted by centrifuging at 15,000 g 
for 15 minutes at 4°C, washing once, and dissolving in 100 
μL of 10 mM Tris-HCl (pH 7.5). A Bio-Spin 30 chromatogra-
phy column was used to further purify the samples. The PCR 
was used to identify anammox bacteria in landfill leachate and 
to classify community members’ 16S rDNA sequences. The 

5 μL polymerase buffer (for, 0.25 μL Tag DNA polymerase 
(5 U/ μL), 0.4 μL deoxynucleotide mixture (25 mM each), and 
43 μL double-distilled H2O made up the PCR reaction solu-
tion. At 10 ng per reaction, forward (Pla46rc, 5 gga tta ggc 
atc caa gtc 3) and reverse primers (Amx820, 5 aaa acc cct cta 
ctt agtg 3) were introduced. Amplification was performed in a 
thermocycler. The 16S rDNA PCR products were cloned in E. 
coli. The 16S rRNA gene nucleotide sequences of unknown 
species were stored in the GenBank database. Sequence com-
parisons were calculated by direct FastA alignments. For 
Dot-Blot analysis RNA was serially diluted and denatured 
at 94°C for 2 minutes and immediately placed on ice until it 
was spotted on the membrane. In a nylon hybridization mem-
brane, diluted RNA and oligonucleotide solutions are pipetted 
in alternating columns. After blotting, the membrane was cut 
into slices, each containing a dilution series of RNA and the 
respective oligonucleotide. The prehybridization mixture was 
added to 10 μL of biotin-labeled probe, and the mixture was 
incubated in a water bath for 90 minutes at the probe’s suf-
ficient hybridization temperature. For detection membranes 
were exposed to X-ray film for 1–30 minutes [20].

Microautoradiography was used in conjunction with FISH 
using rRNA-targeted oligonucleotide probes. Under aero-
bic incubation conditions, this approach was tested using 
specified artificial mixtures of E. coli and Herpetosiphon 
aurantiacus when fluorescently labeled oligonucleotides 
were added prior to the microautoradiographic developing 
procedure, and the best results were obtained. Cryosectioned 
sample material was analyzed with a CLSM for single-cell 
resolution of FISH and microautoradiographic signals inside 
activated sludge flocs. Cryosectioning, microautoradiogra-
phy, and CLSM, in conjunction with in situ rRNA hybrid-
ization techniques, offer a rare opportunity for obtaining 
cultivation-independent insights into the structure and func-
tion of bacterial populations. The combination of FISH and 
microautoradiography allowed us to directly analyze the in 
vivo uptake of substrates by probe-identified microorgan-
isms under different environmental conditions. Although 
microautoradiography does not provide quantitative data, the 
results of experiments combining the two techniques should 
aid in the identification of key functional microbial groups 
involved in the environment [21].

This study aimed to check the feasibility of psychrophilic 
anaerobic fermentation by examining the effects of low-
strength wastewaters and decreasing temperatures over a 
course of 300 days. Moreover, the structure and dynamics of 
the granular sludge were investigated through clone analysis 
and FISH. The experiment used an expanded granular sludge 
bed (ESGB) reactor seeded with mesophillically grown gran-
ular sludge in which temperatures were decreased stepwise 
from 20°C to 5°C showing an optimum efficiency at 10°C. 
The COD removal rate at 10°C was in the range of 3.1–3.8 kg 
COD m−3 day−1. In addition, the structure of the microbial 
communities was analyzed based on the 16S rDNA genes 
and FISH. The results indicated that majority of the bacteria 
were from the phylum Firmicutes (specifically Anaerovibrio 
sp. and Lactococcus sp.) contributing to the degradation of 
sucrose anaerobically. Furthermore, an increase in the per-
centage of Methanospirillum sp. (0.5%–6.7%) was observed 
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with an increase in the methane-producing activity. This indi-
cated that this species played an essential role during hydrogen 
metabolism at low temperatures [22].

7.2.3  Cloning and Sequencing of 
16S rDNA and PCR

This study focuses on evaluating the microbiome within 
the various treatment steps and the effectivity of ultrafiltra-
tions (UFs) and the chlorination procedure used for bacterial 
removal for safe water reuse. A wastewater sample was gath-
ered from treatment plants from each step of the treatment 
process. DNA was extracted and quantified, and amplifica-
tion of the hypervariable regions was performed. To inter-
pret the diversity of bacterial communities in water samples, 
next-generation sequencing (NGS) and related bioinformatics 
approaches were used. The data obtained from the sequenc-
ing techniques show that wastewater treatment is effective in 
reducing the diversity of bacterial species [23].

Hypersaline effluents (salt > 35 g/L) produced by various 
industrial sectors are difficult to treat through traditional 
wastewater treatment processes. This study involved the use 
of bench-scale sequencing batch reactor to treat a complex 
industrial hypersaline effluent using halophiles. During the 
course of this experiment, the concentrations of soluble COD 
and soluble TKN were monitored. The first period of experi-
ment showed a gradual increase in salinity and a decreased 
removal of soluble COD and TKN. The second period of the 
experiment marked a deterioration of the reactor performance 
marked by a decrease in the removal efficiency of COD and 
TKN. This period corresponded to microbial adaptation to 
harsh conditions in the reactor. The last period showed an 
improvement in the removal efficiency of COD and TKN by 
83% and 72%, respectively, which was followed by a stabili-
zation phase. The COD and TKN removal efficiency of the 
reactor depends on the turbidity of the effluent. Moreover, it 
was also shown that hypersaline effluents can be treated if the 
pH is neutralized with phosphoric acid. During the experi-
ment, the profiles of bacterial communities involved in the 
process were obtained by PCR-SSCP. Each profile was dis-
tinct from each other mainly due to the selection of certain 
bacteria adapting to harsh conditions. A 16S rDNA clone 
library was established and analysis was performed, among 
which most of the bacteria were marine bacteria while others 
were common in oil fields. Among the bacteria, Halomonas 
sp. were involved in biopurification and Marinobacter sp. 
were involved in the removal of oil hydrocarbons. The micro-
bial clones clustered within 20 bacterial operational taxo-
nomic units (OTUs) were distributed as follows in the five 
divisions: Gammaproteobacteria, 6 OTUs; Cytophagales, 
8 OTUs; Gram + low GC, 3 OTUs; Alphaproteobacteria, 2 
OTUs; and BRC1, 1 OTU. The majority OTUs corresponded 
to halophilic genes indicating that selection of halophiles 
occurred rather than adaptation [24].

Development of appropriate technology for treatment 
of molasses-based wastewater generated from fermenta-
tion industries contain high concentrations of organic mat-
ter, which deteriorate the anaerobic digestion process. These 
wastewaters can be treated by an upflow anaerobic staged 

sludge bed (USSB) due to its high organic removal effi-
ciency and low operational cost. This study aimed to treat 
molasses-based wastewater containing high organic content 
(43–120 g COD/L) through a consortium of an acidification 
reactor, USSB, UASB, and a two-staged aerobic trickling filter 
(TF) by a continuous flow for a period of 749 days. The USSB 
achieved the highest COD removal efficiency of up to 86.2% 
with a methane recovery rate of around 80%. The aerobic TF 
and UASB also contributed efficiently to the COD removal, 
representing a total of 96% removal efficiency to the system 
with energy production of 70 kWh/m3 (in phase 3). The effi-
ciency of the system was also monitored through an increase 
in the COD (in different phases), which led to the conclusion 
that the combination of UASB and aerobic TF guaranteed 
that a stable and low COD concentration in the effluent was 
achieved. A significant decrease in the total suspended solids 
(TSS) and methane-producing activity of the retained sludge 
was observed. Furthermore, the treated wastewater from 
the system was used for sugarcane cultivation in Phu Khiao, 
Chaiyaphum, Thailand, and emission of greenhouse gases 
from the field were investigated. Identification of the bacteria 
was done by 16S rDNA cloning, and a total of 80 clones was 
obtained out of which a majority of them belonged to the phy-
lum Crenarchaeota (extremophiles). The bacteria contributing 
to methane production in the soil were Methanocella paludi-
cola and Methanosarcina thermophila. Results indicated that 
the treated wastewater contributes to a low risk of greenhouse 
gas emission [25].

Alcohols and fatty acids are intermediate products of anaer-
obic degradation of organic matter. The further oxidation of 
these products is carried out by acetogens and methanogens in 
a specific spatial arrangement to maintain a minimal hydrogen 
partial pressure. This experiment aims to study the microbial 
diversity of granular sludge through fluorescent oligonucle-
otide probes to determine the spatial orientation in syntrophic 
consortium and identify syntrophic propionate-oxidizing bac-
teria. The samples of the sludge were collected from two UASB 
reactors post 6 months of inoculation. Among the two reactors 
(both inoculated with industrial sugar beet wastewater), one 
was fed with sucrose while the other was fed with a mixture of 
volatile fatty acids. Hybridization with fluorescein-labeled 16S 
rRNA-based universal probes for Bacteria (EUB338) was used 
to visualize all bacteria; however bacteria with a rigid cell wall 
were not detected. Bacteria hybridizing to the MPOB1 probe 
are MPOB cells that utilize propionate as the main substrate 
under methanogenic conditions. Another important observa-
tion during the study was the difference in the architecture 
of the granule due to utilization of different substrates by the 
granule, which ultimately links to the function of microorgan-
isms in these environments [26].

Microbial consortia were developed in a two-phase, anaero-
bic bioreactor using a mix of fruit and vegetable waste. The 
adaptation of the microflora to the process parameters was 
demonstrated by bacterial and archaeal communities obtained 
using a culture-independent method based on SSCP analysis 
of total 16S rDNA. DNA extracted from acidogenic and meth-
anogenic digesters was then used as a basis to amplify the V3 
regions of 16S rDNA using primers W49 and W34 for bacteria 
and W36 and W34 for Archaea. The ABI 310 Genetic Analyzer 
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(Applied Biosystems) with a capillary tube was used to con-
duct SSCP analysis on the amplicons. GeneScan Analysis 
2.0.2 software was used to analyze and normalize samples 
from various runs. The bacterial community’s species com-
position changed dramatically over the course of the study’s 
90 days. Bacterial 16S rDNA revealed at least seven major 
species, with one of the most prominent being Megasphaera 
elsdenii, whereas bacterial 16S rDNA from a methanization 
bioreactor revealed 10 major species [27].

To analyze the bacterial community structures from a full-
scale industrial wastewater treatment facility a study was facil-
itated. The samples (40 mL) was taken from seven different 
bioreactors in which the first four had thermophilic tempera-
tures (50°C–58°C) and the last three had mesophilic tem-
peratures (25°C–30°C). The study was carried out using two 
methods: (1) PCR-DGGE of the variable V3 region of the 16S 
rRNA gene and (2) cloning and determination of the nucleo-
tide sequence of nearly complete 16S rRNA genes amplified 
by PCR. In PCR-DGGE, first partial 16S rRNA genes were 
amplified by PCR by the PTC 100 thermal cycler. The vari-
able V3 region of the 16S rRNA (members of domain Bacteria) 
was amplified using PRBA338F primer, which was amplified 
using the PRBA338F primer and the PRUN518R primer with 
a GC clamp. The DGGE was performed on a D-Dene appa-
ratus, an equal amount of amplified PCR was loaded onto the 
gel, and electrophoresis was performed and the bands were 
visualized under ultraviolet (UV) light. Nearly complete 16S 
rRNA genes were PCR amplified from genomic extracts with 
the pA and pH primers. PCR amplicons were purified with 
a Wizard PCR Prep Kit per the manufacturer’s instructions 
and ligated into the pGEM-T cloning vector. Ligated DNA was 
transformed into competent E. coli DH5a cells. Nucleotide 
sequences were determined using the Thermo Sequenase cycle 
sequencing kit and an ALFexpress automated 2 sequencer. 
The sequence obtained was compared with the sequences 
from the GenBank database with the BLASTn program and 
the SEQUENCE_MATCH program using an RDP database. 
Phylogenetic trees were constructed using DNAMAN soft-
ware. It was observed that the community fingerprints were 
similar among TBR 1,2,3 and MLE 1,2,3, respectively, but 
different from each other, whereas the fingerprint from TBR4 
was different from the other 6. Thermophilic reactors showed 
communities grouped with three divisions, whereas the com-
munities from mesophilic included six bacterial divisions. It 
was concluded that mesophilic temperatures supported greater 
numbers of bacterial population compared with thermophilic 
temperature. PCR-DGGE is a convenient tool for analyzing 
community shifts, but it involves only a small region. Cloning 
of amplified PCR provided more definitive phylogenetic data 
because it involved a larger portion, but is time-consuming. 
Though these techniques reveal unique phylotypes, they do not 
provide accurate quantitative stand-alone measures and need 
other quantitative techniques to measure the correct evenness/
richness of species [28].

An experiment was conducted to develop an optimum pro-
cedure for quantification of Microthrix parvicella from 32 
given sludge samples from various WWTPs using real-time 
PCR. The real-time PCR was executed using specific prim-
ers, namely S-D-Bact-0509-S-17 and S-D-Bact-1392-A-16. 

The reaction solution was constituted of PCR buffer, bacte-
rial cells, primers, taq-DNA polymerase, deoxynucleoside 
triphosphates (dNTPs), and magnesium chloride salt. The 
real-time cycler was conducted using the Rotor-Gene 2000 
real-time cycler, and environmental conditions such as 94°C 
during the denaturation step and 72°C during the extension 
step were maintained. It was observed that the concentration 
of M. parvicella 16S rRNA gene clones in 18 nonfoaming 
sludge samples was 3% and 0%–18% in the foaming sludge 
sample. The method of real-time PCR serves as a quick and 
most optimum process for many WWTPs to identify and 
measure the frequency of many other species in wastewater 
samples using specific primers [29].

7.2.4 Zero-Valent Iron (ZVI)-Microbe Technology

Wastewaters released from acid mines contain high concen-
trations of heavy metals and sulfate and are a major source 
of contamination of surface water and groundwater. This 
study was performed in batch reactors to determine the activ-
ity of sulfate-reducing bacteria and copper removal activity 
enhanced by zero-valent iron (Fe0 [ZVI]) along with a sulfate 
source and sodium lactate as an energy source in primarily 
three systems: the sulfate-reducing bacteria (SRB) system, 
Fe0 system and a coupled SRB with the Fe0 system. Synthetic 
wastewater was used containing differing concentrations of 
copper, such as 0, 5, 10, 15, 20, and 25 mg/L, and the activity 
of the SRB was monitored. The results indicated that there was 
an enhanced sulfate reduction rate in the SRB + Fe0 system by 
559% relative to the SRB system with copper concentrations 
of 15 mg/L indicating that the addition of Fe0 enhanced the 
activity of SRB. The overall copper removal was calculated to 
be 99.5% after a 40 hours in all three systems. However, the 
SRB + Fe0 system showed a better removal efficiency com-
pared with other systems within a time frame of 120 minutes. 
Analysis of the results indicated that consortium of SRB with 
Fe0 ions proved to be more suitable for treating acid copper 
wastewater [30].

Activated sludge produced from industries poses multiple 
problems due to high production rate and high cost of disposal. 
Anaerobic digestion proved to be a promising technology to 
treat activated sludge, but its activity was limited due to low 
efficiency of hydrolysis acidification. This study aimed to 
enhance the process through the addition of ZVI. Cellulose 
and protein, which are the primary components of sludge, 
were effectively degraded. An effective increase in the deg-
radation of protein was observed by 21.9% and production of 
volatile fatty acids increased by 37.3% upon addition of ZVI. 
Moreover, enzyme activity was enhanced by 0.6–1 times and 
an increase in methane production was observed by 43.5%. 
Analysis of microorganisms involved in the process was 
done through FISH, which showed a diversity of hydrogen- 
consuming microbes including homoacetogens and hydroge-
notrophic methanogens. These microbes were responsible for 
reduced H2 accumulation for an enhanced sludge digestion 
process (Figure 7.2) [31].

ZVIs have been recently found to enhance the process of 
treatment of halogenated hydrocarbons in wastewaters. This 
study was performed to measure the amount of unreacted 
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pentachlorophenol (PCP) in aqueous solutions and well as PCP 
adsorbed to ZVM-related surfaces using a modified extraction 
method. The results indicated that the rate of dichlorination 
is slow. The electrolytic ZVI with a surface area of 0.12 m2/g 
followed a first-order kinetics resulting in a first-order rate 
constant of 3.9 (+0.7 × 10−3 h−1 (half-life of approximately 7.4 
days). Furthermore, four amended iron prepared by coating 
iron with palladium (Pd), platinum (Pt), nickel (Ni), and cop-
per (Cu) also showed slower removal rates with an estimated 
half-life of 36–43 days. This study indicates that it is impor-
tant to separate reaction and sorption processes [32].

The removal of AB24 dye from aqueous solution using 
nanosized/micro-sized ZVI was studied. ZVI is a strong reduc-
ing agent; it is cheap and easy to produce. It has already been 
proven effective in reducing chlorinated solvents including 
chlorinated organics, nitroaromatic compounds, pesticides, 
nitrate, chlorinated organic compounds, and metal ions such 
as Cr (VI). The effects of various parameters on the chemical 
reduction of AB24 by synthesized ZVI particles were studied 
in this study. The decolorization reaction is influenced by ZVI 
concentration, solution pH, temperature, and ZVI particle size. 
The reduction of AB24 by ZVI dominated the surface reac-
tion at pH 6, whereas the dye removal was primarily due to 
an adsorption reaction at pH > 6. A pseudo first-order kinetic 
model was used to model the decolorization reaction. The 
rate constant increased linearly with ZVI concentration and 
decreased with particle size, according to the findings [33].

ZVI@GRM was synthesized from three raw materials for 
removal of Pb (II) and Cr (VI) from aqueous solution. By reduc-
ing iron oxide in red clay, ZVI was synthesized and embedded 
in the granular porous adsorbent. The carbothermal reduction 
process is less expensive and easier to use than the liquid phase 
method for preparing ZVI. Meanwhile, the raw materials are 
solid waste, and their proper use will result in waste energy. 
The findings of the removal experiments revealed that ZVI@

GRM has a higher removal potential for Pb (II) and Cr (VI), 
and that the removal mechanism is a three-step process that 
includes Pb (II) adsorption and reduction [34].

The mixture of ZVI and perchlorate-reducing microorgan-
isms (PRMs) to extract perchlorate from groundwater was stud-
ied in a series of batch experiments. PRMs use H2 formed during 
the water-induced corrosion of iron as an electron donor to con-
vert perchlorate to chloride. It was verified in this study that, in 
the absence of external H2 supply, ZVI would act as an electron 
donor, supplying H2 in situ to aid PRM reduction of perchlorate. 
The performance of the technology would be influenced by two 
factors, cell density and pH. The bacteria’s tolerance to the local 
environment and the formation of the perchlorate reduction 
pathway includes pH conditions between 7 and 8. The startup 
of perchlorate reduction would be aided by a high PRM density, 
which will also improve the reduction rate [35].

7.2.5 DNA Microarray

DNA microarrays have been employed in various fields to study 
gene expression, single nucleotide polymorphism, mutation 
detection, and sequencing. However, quantitative properties and 
kinetics of microarrays have not been fully explored. This study 
aimed to quantify target genes in biological samples using DNA 
microarrays by employing reference DNA to normalize variation 
in spot size and hybridization. Escherichia coli O157 O-antigen 
biosynthesis genes, naphthalene dioxygenase (nahA) and nitrate 
reductase (nirS), were used as the model genes and lambda 
DNA was used as the reference DNA. The experiment involved 
a series of steps, which included microarray fabrication, DNA 
labeling and hybridization, scanning followed by quantification 
by hybridization signal ratio, and kinetics. The results indicated 
that DNA microarrays provide a convenient way to estimate the 
target gene concentration from hybridization signal ratio; how-
ever, it offers drawback in terms of detection limit [36].

Estimation of microbial communities and composition have 
been made easy through gene probes; however, only certain 
genes can be addressed through gene probes of different designs. 
DNA microarray-based technology has offered the advantage 
of carrying out multiple hybridization reactions simultaneously. 
This study uses a DNA microarray to examine the expression 
of bacterial metabolic genes within the mixed microbial com-
munities. The experiment initially involved the extraction of 
RNA from the cultures containing 2,4-dichlorophenoxyacetic 
acid (2,4-D)-degrading bacterium Ralstonia eutropha JMP134 
(collected from a laboratory-scale sequencing batch reactor) fol-
lowed by the addition of inducing agent 2,4-D, which helped in 
the induction of catabolic genes. The results showed induction 
of two (of five) 2,4-D catabolic genes (tfdA and tfdC) from the 
JMP134 population from 105 cells/mL. Furthermore, induction 
of tfdB and tfdE was also observed in the same background. 
However, tfdE showed no significant induction due to high vari-
ance. Another experiment involving the detection of resin acid 
degradative genes was also successful through DNA microar-
rays. Hence, they can be considered as beneficial tools to detect 
bacterial gene expressions in various environments [37].

DNA microarrays offer multiple advantages compared with 
traditional methods of estimation of microbial community and 
composition in terms of speed, low requirement of sample, 

FIGURE 7.2 Effect of zero-valent iron (ZVI) dosage on different 
concentrations of organic matter (chemical oxygen demand [COD]). 
(Reprinted with the permission from Y. Feng, Y. Zhang, X. Quan and S. 
Chen, “Enhanced anaerobic digestion of waste activated sludge digestion 
by the addition of zero valent iron,” Water Res., vol. 52, pp. 242–250, 
2014. doi: 10.1016/j.watres.2013.10.072.)
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and low labor requirement. This study used oligonucleotide 
microarrays to profile directly extracted rRNA from micro-
bial populations collected from the environment without PCR 
amplification. Initially, the hybridization patterns were repro-
ducible and varied between sediments of differing salinities. 
Furthermore, a thermal dissociation step for each probe-target 
duplex was added in characterization of the rRNAs demon-
strating a suitable format in confirming the direct detection of 
appropriate target sequence [38].

Pathogenic organisms present a particularly serious health 
threat in freshwater bodies, so monitoring drinking water quality is 
a significant public health concern. The suitability of a PhyloChip 
(microarray for species detection) designed for freshwater patho-
genic organisms was applied to samples taken at monthly inter-
vals through a marine/freshwater interface and was tested in 
this research. Microcystis spp., Planktothrix spp., Anabaena 
spp., Aphanizomenon spp., Cylindrospermopsis spp., plus two 
species-level probes, Nodularia spumigena and Planktothrix 
agardhii, and generic probes for the following pathogenic proto-
zoans: Microcystis spp., P. agardhii Cryptosporidium, Giardia, 
Entamoeba, Naegleria, and other higher group-level probes were 
created, ranging from family, order, class, and phylum to higher 
group-level probes depending on the target’s availability. The 
samples were collected at monthly intervals over a 2-year period 
at three sites: one river, one estuarine lagoon, and one marine 
site. Between the two slides representing each sampling date, the 

hybridizations were extremely strong and well repeated. Even 
when checked with pure cultures of the parasites, the family- and 
order-level probes for Cryptosporidium proved to be very poor, 
frequently breaking the hierarchy (Figure 7.3) [39].

By using DNA microarray analysis to target 941 pathogenic 
bacterial species/groups, this research examined the occur-
rence of pathogenic bacteria in shallow well groundwater in 
the Kathmandu Valley in depth. The microarray contained 
assembled oligonucleotide probes for the 16S rRNA genes of 
941 pathogenic bacterial species/groups, including all Japanese 
Society for Bacteriology BSL 2 and 3 pathogens. The patho-
gens studied were divided into 216 genera, 77 families, and 7 
phyla. The EUB8F (50-AGAGTTTGATCMTGGCTCAG-30) 
and EUB907R (50-CCGYCAATTCMTTTRAGTTT-30) 
primer sets were used to amplify partial sequences of eubac-
terial 16S rRNA genes by PCR. A T100 thermal cycler was 
used to perform the PCR amplification. After electrophore-
sis on a 1.5% (w/v) agarose gel strained with SYBR Green I, 
Cy3-labeled PCR products were purified using the NucleoSpin 
Extract II package. The manufacturer-optimized protocol for 
DNA microarray hybridization was used. The microarray slides 
are washed. ArrayVision version 8.0 was used to process the 
scanned images after they were scanned using an arrayWoRx. 
Overall, the findings of this study showed that a high-throughput 
DNA microarray analysis, as used in this study, is a promising 
screening method that has the ability to alert us to the presence 

FIGURE 7.3 Illustration of intensities of hybridization showed by Cyanobacteria in different years from left to right (yellow line, separation between 
years; left panel, Amelie; middle panel, Canet Lagoon; right panel, Sola are separated by white lines). (Reprinted with permission from D. Guillebault 
and L.K. Medlin, “Application of the μAqua microarray for pathogenic organisms across a marine/freshwater interface,” Harmful Algae, vol. 92, 
p. 101703, 2020. doi:10.1016/j.hal.2019.101703.)
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of pathogenic bacteria that might not be expected by traditional 
water quality indicators. This method can be used to classify 
important pathogens that need to be studied further and to get a 
general idea of pathogenic bacterial contamination [40].

Escherichia coli is a commensal bacterium that sometimes 
produces pathogenic strains. Due to technical constraints, no 
knowledge on the presence of pathogenic E. coli strains in the 
ecosystem is currently available. A survey of environmental 
E.coli isolates from recreational waters was carried out using 
a DNA microarray capable of detecting all currently described 
virulence genes and widely occurring antimicrobial resis-
tance genes. The 308 environmental E. coli isolates studied 
showed a high degree of genetic diversity, as well as evidence 
of genetic transfers. Furthermore, in addition to showing that a 
large percentage of isolates bore the entire pathotype range of 
virulence-related genes, the microarray also detected isolates 
with odd virulence gene combinations, which would have been 
ignored by traditional PCR studies. It is possible that these iso-
lates were commensal isolates that developed virulence deter-
minants to help them survive in the host. Other studies have 
shown that nonpathogenic commensal and probiotic E. coli 
isolates can harbor a large number of virulence-associated 
genes or pathogenicity islands (PAI)-localized genes, allow-
ing them to survive and colonize the host [41].

The DNA microarray was tested for process level sensitivity 
using dual genomic DNA mixtures from the target (C. parvum) 
and history (wastewater) microorganisms to model the marginal 
involvement of pathogenic protozoa in wastewater as well as the 
PCR-inhibitory effect of wastewater. When compared with the 
target DNA-only sensitivity test, this style of test was predicted 
to have lower sensitivity but yield more environmentally appro-
priate results. Various wastewater samples were examined for 
the presence of C. parvum DNA using real-time PCR and PCR, 
and wastewater DNA that did not contain C. parvum. Most 

widespread waterborne protozoan pathogens can be detected 
in environmental samples using a DNA microarray method. 
Furthermore, the capability of the DNA microarray assay can 
be increased to establish a single, robust environmental patho-
gen monitoring tool. Waterborne pathogens have historically 
been detected using a variety of methods, each of which is only 
useful against a single pathogen species [42].

7.3 Conclusion

In last few decades, molecular techniques are applied on a 
large scale to study natural and engineered environmental sys-
tems, which increases our insight into the enormous diversity 
and communication of microbes in the complex ecosystem. 
A variety of molecular tools are being employed to examine 
and evaluate the microbial community in order to understand 
diversity of the microbial system and their functioning to engi-
neer wastewater treatment system and understand the pathoge-
nicity by quantifying the microbes present in the sample. Use 
of these tools and techniques gives complete understanding of 
the microbial community in a lesser time. First, the microbes/
DNA samples are isolated from the wastewater and target 
sequence is recognized. Secondly, the targeted sequences are 
amplified using PCR and molecular tools are used to screen 
the microbial sample for its diversity. It helps ecologists and 
biotechnologists to generate the most efficient technique for 
the removal of specific microbial communities from contami-
nated water. Thus, use of these different molecular techniques 
(Table 7.1) for elucidation composition, quantification, and 
distribution of different microbial communities can help the 
ecologist to reject most of the microbial pollutants from con-
taminated water for the generation of potable water.

TABLE 7.1

Different Molecular Tools and Techniques Used for Determination of Microbial Diversity

No. Molecular Tools Microbial Community Wastewater Source Applicability Reference

Denaturing Gradient Gel Electrophoresis (DGGE)

1. DGGE Methanosaeta concilii, Archaea, 
prokaryotes

Upflow anaerobic sludge blanket 
(UASB) reactors for treating 
municipal wastewater

Lab scale 7

2. DGGE Nitrosospira sp. Wastewater Lab scale 8

3. DGGE and cloning General microbial community Brewery wastewater Industrial scale 9

4. Cloning, DGGE, fluorescent in situ 
hybridization (FISH), and scanning 
and transmission electron microscopy

Nitrospira and Deferribacteraceae, 
M. concilii, Methanosarcina 
mazei, and Methanospirillum spp.

Wastewater of a beer brewery Industrial scale 10

5. DGGE, 16S rRNA Microbial communities in the 
biological hydrogen production

Continuous stirred tank reactor Lab scale 11

6. DGGE General microbial community 
(mainly prokaryotes )

Brewery wastewater Industrial scale 12

7. DGGE Lake sediment Large scale 13

8. Community amplified ribosomal 
RIDNA restriction analysis (ARDRA) 
using universal 16S rDNA primers and 
DGGE using bacterial 16S rDNA 
primers

Microbial community structure on 
aquifer sediments

Contaminated water table aquifer Lab scale 14

(Continued)
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FISH

9. FISH, confocal laser scanning 
microscopy (CLSM), rRNA-targeted 
oligonucleotide probes

Prokaryotes Lab scale 15

10. FISH Nitrite-oxidizing bacteria (NOB) 
genera Nitrobacter, Nitrococcus, 
Nitrospina, and Nitrospira

Wastewater Lab scale 16

11. FISH Bacterial community Wastewater Lab scale 17

12. FISH Nitrifying bacteria in activated 
sludge and biofilms

Wastewater Lab scale 18

13. 16S rRNA gene sequence analysis, 
FISH, microautoradiography

Nitrospira-like bacteria Wastewater treatment plants Industrial scale 19

14. Sequencing cloned PCR-amplified 16S 
rDNA and FISH

Bacterial community Wastewater Lab scale 20

15. FISH performed with rRNA-targeted 
oligonucleotide probes and 
microautoradiography, CLSM

Escherichia coli and Herpetosiphon 
aurantiacus

Wastewater Lab scale 21

16. Anaerobic biological treatment, clone 
analysis based on 16S rRNA, FISH

Bacterial community Sucrose-based, low-strength 
wastewater

Lab scale 22

Cloning and Sequencing of 16S rDNA and PCR

17. Ultrafiltration next-generation 
sequencing (NGS), PCR, 16S RNA 
sequence

Bacteria Wastewater Lab scale 23

18. Cloning and sequencing of 16S rDNA 
and PCR

Halophilic bacteria Hypersaline industrial wastewater Industrial scale 24

19. 16S rRNA cloning Methanocella paludicola and 
Methanosarcina thermophila

Molasses-based wastewater Lab scale 25

20. In situ hybridization with fluorescent 
oligonucleotides, 16S rRNA-targeted 
oligonucleotide probes

Bacteria, Archaea, specific 
phylogenetic groups of 
methanogens, and two syntrophic 
propionate-oxidizing strains, 
MPOB and KOPROP1

Treat molasses-based wastewater Lab scale 26

21. 16S rDNA cloning Bacterial community Wastewater Lab scale 27

22. DGGE, PCR-amplified V3 region of the 
16S rRNA gene bacteria

Cytophaga-Flavobacterium-
Bacteroides, Synergistes, 
Planctomycetes, low-G1C 
gram-positives, Holophaga-
Acidobacterium, and Proteobacteria 
(Alphaproteobacteria, 
Betaproteobacteria, 
Gammaproteobacteria and 
Deltaproteobacteria subdivisions)

Pharmaceutical wastewater Lab scale 28

23. Real-time PCR Microthrix parvicella Wastewater Lab scale 29

Zero‑Valent Iron (ZVI)

24. ZVI Sulfate-reducing bacteria Acid copper wastewater Lab scale 30

25. ZVI Hydrogen-consuming microbes 
including homoacetogens and 
hydrogenotrophic methanogens

Activated sludge Lab scale 31

26. ZVI Microbial community Halogenated hydrocarbons in 
wastewaters and groundwaters

Large scale 32

27. Nanosized/micro-sized ZV) Microbial community and removal 
of AB24 dye

Wastewater Large scale 33

28. ZVI Microbial community and removal 
of Pb (II) and Cr (VI)

Aqueous solutions Lab scale 34

29. Mixture of ZVI and perchlorate 
reducing microorganisms (PRMs)

Microbial community and removal 
of Perchlorate

Groundwater Large scale 35

TABLE 7.1 (Continued)

Different Molecular Tools and Techniques Used for Determination of Microbial Diversity

No. Molecular Tools Microbial Community Wastewater Source Applicability Reference

(Continued)
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7.4 Future Prospects

Regardless of numerous research and the intense efforts of 
the researchers, only a few aquatic system agencies actually 
implement molecular tools for more efficient production of 
potable water. Detection and characterization of specific DNA 
sequences is comparatively easy and quick using molecular 
tools. Molecular techniques have played and will constantly 
play a very important role in maintaining aquatic ecology all 
over the globe. However, molecular tools, which are currently 
used or those which are about to be developed, obligate fur-
ther alteration and refinement to facilitate the generation of 
standardized and optimum methods for effective wastewater 
treatment. It is speculated that in the coming years, the molec-
ular tools will be applied in almost every aquatic system 
agency or industry to evaluate their water quality. Many sci-
entists have suggested the development of integrated methods 
for identification of several pathogens. For instance, instead of 
simply using the microarray technique, if it is combined with 
PCR amplification, the result accuracy is improved by 106-
fold. Use of these newly developed technologies has helped 
scientists to discover new pathogens like picornavirus, and it 
is likely to generate more fascinating and useful information 
in the future.
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8.1 Introduction

Fresh drinking water has always been a necessity to human-
kind and wastewater is being generated from various sources 
such as domestic sewage, industrial effluent, etc., in our 
environment. The condition of drinking water and manag-
ing wastewater has thus been critical to human civilization to 
ensure the hygiene and safety of water intake. However, when 
it comes to the purification of sewage water, the role of micro-
organisms is unparalleled, which includes their abilities to 
degrade most of the unwanted organic substances and to cycle 
nitrogen, phosphorus, and carbon. Over the years engineers 
have successfully designed such systems (Figure 8.1) based on 
the physical and biological parameters. The metabolic poten-
tial of the microorganisms has been somewhat utilized in this 
process without having prior knowledge of the composition of 
the microbial community involved in it. A wastewater treat-
ment plant (WWTP) is usually comprised of primary, sec-
ondary, and tertiary treatment steps. Secondary treatment is 
considered the most crucial step. Its objectives are to reduce 
the biochemical oxygen demand (BOD), suspended solids 
(SS), and toxicity and produce low nutrient, environmentally 
benign effluent. The majority of these functions are performed 
by the residing microbial community, which forms the basis of 
the secondary treatment. On the other hand, the abundance of 
certain microorganisms can decline the process causing bulk-
ing, foaming, and settling problems. Also, the presence of dis-
ease-causing pathogens can be a potential threat to our health 
and the environment (Zhang and Liu 2019). To control such 
processes, it is of the utmost importance to know about the 
biological components involved in the system. To obtain infor-
mation on the composition, structure, and microbial activities 
within the wastewater treatment system, a sample has to be 
collected and examined. Initially, the investigation regarding 
wastewater microbiology was performed based on culture-
dependent techniques and traditional microscopic observation. 

The disadvantage of this classical method is that the majority 
of the bacterial population could not be distinguished from one 
another through microscopic observation. Recently, the appli-
cation of different molecular tools has exposed the diversity 
of microorganisms and their interaction with the environment. 
Different molecular techniques have been applied for the 
determination of microorganisms in food, environment, and 
clinical samples. The emergence of molecular methods out-
weighed the lengthy and tedious culture-dependent methods 
and directly identified the microorganisms from the sample. 
These methods have been useful in the detection of patho-
gens and biological warfare as well. To broaden our idea on 
the available techniques on wastewater management this arti-
cle focuses on describing what cultivation-independent tools 
of molecular biology have been developed for the analyses 
of wastewater microbial community, the challenges that are 
needed to be overcome and improvise such methods, and how 
newly emerging analytical methods and automated detection 
techniques could be combined with such molecular tools for 
more convenient and accurate determination of the microbial 
samples (Gilbride, Lee, and Beaudette 2006). The aim is to 
enlighten the current advancement and future research possi-
bilities in the field of wastewater management tools for a clean 
and healthy environment.

8.2  Conventional Methods for 
Wastewater Assessment

WWTPs apply physical and chemical methods following the 
primary and the secondary treatment to remove the residual 
chemicals and pathogens. Disinfection techniques are applied 
such as chlorination of the water, which is done to reduce 
pathogens. Also, sand filters or granular-activated carbon 
filters are used to break down excess nutrients and organic 
matter present in the water, although, most of the countries 

8.5 Combination of Molecular Tools with Emerging Analytical Technologies: New Advancement ....................................... 96
8.5.1 Mass Spectrometry (MS) ........................................................................................................................................ 96

8.5.1.1 Methodology ............................................................................................................................................ 96
8.5.2 Fourier Transform Infrared Spectroscopy (FTIR-Spectroscopy) ........................................................................... 96

8.5.2.1 Methodology ............................................................................................................................................ 97
8.5.3 Software-Based Techniques .................................................................................................................................... 97
8.5.4 Next-Generation Sequencing (NGS) ....................................................................................................................... 98
8.5.5 454 Pyrosequencing ................................................................................................................................................ 98

8.5.5.1 Methodology ............................................................................................................................................ 98
8.5.6 Solexa-Illumina/HiSeq Genome Analyzer ............................................................................................................. 98

8.5.6.1 Methodology ............................................................................................................................................ 98
8.5.7 AB SOLiD System .................................................................................................................................................. 98

8.5.7.1 Methodology ............................................................................................................................................ 98
8.5.8 Software for NGS .................................................................................................................................................... 98

8.5.8.1 HiSeq Software ........................................................................................................................................ 98
8.5.8.2 SOLiD Software ...................................................................................................................................... 99

8.6 Evolution of Molecular Tools and Automated Technologies for a Better Understanding and 
Management of Wastewater ................................................................................................................................................. 99

8.7 Conclusion ............................................................................................................................................................................ 99
References ...................................................................................................................................................................................... 99

ALI SADEGHI DIGITAL LIBRARY



87Advancement and Combination of Different Molecular Tools and Techniques

suggest maintaining a minimum level of residual disinfectants 
to suppress microbial growth. Microorganisms play significant 
roles in the WWTPs and maintaining water quality. Hence, 
the regulatory authorities have executed regulations regard-
ing the maintenance of the microbiological quality of water 
for the protection of public health. The standards still depend 
on a heterotrophic plate count and indicator microorganisms 
such as Escherichia coli and total coliforms, which are out-
dated techniques. Initially, culture-dependent techniques and 
microscopic observations were used for the determination of 
wastewater microbial communities. Though these methods led 
to the recognition of various eukaryotic organisms and fila-
mentous organisms associated with sludge bulking, a majority 
of bacteria could not be distinguished from each another under 
the microscope. Also, the culture techniques support the fast-
growing heterotrophs, which can easily adapt to the growth 
conditions. Therefore, the strains grown in the culture medium 
do not always represent the composition of the natural micro-
bial diversity correctly (Gilbride, Lee and Beaudette 2006). A 
number of studies informed the occurrence of microbial patho-
gens in the water that could be an alarming issue for human 
health. A study showed the drinking water, as well as the raw 
sewage obtained from the St. Lawrence River in Canada, con-
tained harmful pathogens such as human enteric viruses, total 
coliforms, fecal coliforms, Giardia lamblia, Cryptosporidium, 
and Clostridium perfringens. Both untreated and treated water 
from North and South America showed the presence of entero-
hemorrhagic E. coli (O157:H7), a pathogen known for causing 
hemolytic colitis and hemolytic uremic syndrome. Salmonella 
was found in the treated samples and Listeria monocytogenes 
in the raw sludge water samples of Sweden (Grant et al. 1996; 
Payment et al. 2000). This implies that the presence of these 
harmful microorganisms in the untreated or treated sewage 
samples could be a reservoir for an environment that poses 
a threat to human health. All of the organisms cannot be 
eliminated in the treatment plant. The presence of the residual 
pathogens depends on the treatment procedure. Thermophilic 

anaerobic digestion reduced the pathogens to a higher extent 
compared with the conventional treatments such as sedimen-
tation and mesophilic aerobic digestion. Additionally, due to 
changing population demographics, globalization, etc., new 
waterborne diseases are emerging; therefore, it is imperative 
to apply the new detection technologies for the identification 
of microbial communities.

8.3  An Overview of the Microorganisms 
Responsible for Wastewater Treatment

8.3.1 Nitrogen Removal by Microorganisms

Nitrogen elimination is an essential step for wastewater treat-
ment as the nitrogen from sewage causes eutrophication in 
the receiving water bodies; ammonia and nitrite are toxic to 
the aquatic environment. Nitrogen removal mainly consists 
of three methods: nitrification, denitrification, and anaerobic 
ammonium oxidation (anammox). The two major steps of 
the nitrification process are catalysis by aerobic chemolitho-
autotrophic ammonia-oxidizing bacteria (AOB) followed by 
nitrite-oxidizing bacteria (NOB). Nitrification has long been a 
major part of the wastewater treatment processes that caused 
trouble due to the slow growth of nitrifiers. Nitrosomonas 
europaea, which is an ammonia oxidizer, and the nitrite 
oxidizing Nitrobacter sp. were once believed to be the main 
nitrifiers. They were isolated from the most nitrifying acti-
vated sludge and biofilm samples. Later, the cultivation-
independent techniques proved that neither N. europaea nor 
Nitrobacter sp. are as important as they were assumed earlier. 
Even though N. europaea is plentiful in the reactors, AOB has 
a higher diversity containing some unexpected organisms of 
brackish water such as the ammonia oxidizer Nitrosococcus 
mobilis, which is a significant AOB found in some processes. 
More interestingly, in situ techniques have identified nitrite 
oxidizers close to the genus Nitrospira as a key NOB in the 

FIGURE 8.1 Schematic diagram of wastewater treatment.
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system. It was reported that there are ecophysiological dif-
ferences between Nitrobacter and Nitrospira and they grow 
differently with the variation of growth conditions. Different 
related Nitrospira-like microorganisms showed a preference 
for different nitrite concentrations. They were found to thrive 
along the nitrite concentration gradient of the same nitrifying 
biofilm. The nitrifying bacteria in the WWTPs revealed more 
multifaceted characteristics than previously assumed; they 
showed microbial niche differentiation and created oppor-
tunities to understand the interaction and competition in the 
complex system. Simultaneously, the molecular techniques 
have also unraveled an abundance of chemolithoautotrophic 
bacteria in nitrogen removal and anaerobic niches, which are 
the deep-branching members of the phylum Planctomycetes 
in WWTPs that are responsible for anammox. This technique 
involves the conversion of ammonium and nitrite into dini-
trogen gas. Before the incorporation of anammox into waste-
water treatment, a partial nitrification step from ammonia to 
nitrite is required, which involves concurrent inhibition of 
NOB. Ammonium and nitrite are produced in this step, which 
serves as the substrates for the anammox organisms. As a 
result, the nitrogen removal step with sufficient resources is 
obtained without the need for aeration or the addition of extra 
organic carbon, as aeration is only required for the initial par-
tial oxidation of ammonia to nitrite. This lowers the total cost 
that is required of conventional nitrification-denitrification 
pathways. Advantages of using anammox are appropriate, 
particularly for the treatment of high ammonium and low car-
bon content like the effluent of anaerobic digesters. However, 
some limitations have been reported when using anammox 
organisms, as the growth of the bacteria are extremely slow 
and it takes a long time to build up the population after the 
breakdown. This restricts the widespread use of anammox as 
the key to nitrogen elimination in WWTPs. These challenges 
could be overcome with innovative strategies (Daims, Taylor 
and Wagner 2006).

8.3.2 Phosphorus Removal by the Microorganisms

Phosphorous removal is attained by enhanced biological 
phosphorus removal (EBPR), which involves certain bac-
terial activities to accumulate intracellular polyphosphate. 
Polyphosphate-accumulating organisms (PAOs) and the 
glycogen-accumulating organisms (GAOs) are major con-
tributors in this process that are selected during the aerobic-
anaerobic cycle and both compete for carbon sources. Initially, 
the cultivation-dependent methods suggested Acinetobacter 
sp. as the key PAO of activated sludge responsible for EBPR. 
Later, with the emergence of culture-independent methods, 
various PAOs were accounted for, including the uncultivated 
β-Proteobacterium “Candidatus Accumulibacter phosphatis” 
and some other organisms related to Rhodocyclus and unculti-
vated γ-proteobacterial GAOs (e.g., Candidatus Competibacter 
phosphatis). Fluorescent in situ hybridization-microauto-
radiography (FISH-MAR) experiments revealed that these 
organisms grow in similar ecophysiology and may cause EBPR 
breakdowns as a result of their competition. Moreover, GAOs 
showed different physiological conditions from that of actino-
bacterial PAOs in terms of organic carbon uptake and storage. 

Of all the substrates tested amino acids were consumed by 
both. Intriguingly, it was seen that GAOs and the other PAOs 
were largely absent in the EBPR plants where Acinetobacter 
type PAOs were found to largely dominate. These analyses put 
forward the solution to overcome the adverse effects of GAOs 
by stimulating the growth of actinobacterial PAOs, resulting in 
the removal of both GAOs and Rhodocyclus-related PAOs alto-
gether. These findings provided a clear idea about the molecular 
ecophysiological methods and their basic applications to over-
come the challenges regarding wastewater treatment (Daims, 
Taylor and Wagner 2006).

8.3.3 Filamentous Growth and Sludge Bulking

The activated sludge system should comprise well-settling 
properties to separate sludge from the treated wastewater. 
Settling problems are caused due to bulking and foaming, 
which occur as a result of the excess growth of the filamentous 
bacteria. Stable foam formation takes place due to the pres-
ence of a high amount of filaments with a hydrophobic cell 
surface. Poor settling properties were reported in case of flocs 
containing a high amount of filaments. Bulking and foaming 
of sludge create trouble in the treatment plant and are a risk 
to public health as well. The filamentous microbial communi-
ties are comprised of a huge number of phylogenetically and 
physiologically different bacteria that are uncultured and not 
well characterized, although, the molecular techniques have 
helped to understand the bacterial composition and ecophysi-
ology compared with the traditional morphology-based stud-
ies. Moreover, recent studies have reported the in situ uptake 
of organic compounds by various filamentous species. The 
studies gave an idea of the versatility and diversity of fila-
mentous species, which would help to counter the mass pro-
liferation. Cultivation-dependent and independent techniques 
extensively reported the activity of filamentous Microthrix 
parvicella as responsible for sludge bulking and foaming. The 
studies found that M. parvicella can utilize a wide range of 
organic substrates starting from simple molecules like acetic 
acid to complex substrates like long-chain fatty acids. As the 
simpler molecules were already consumed by other competing 
bacteria, uptake of larger molecules by M. parvicella has been 
observed mostly as this bacterium has a more hydrophobic 
cell surface compared with other bacteria of activated sludge, 
which helps in the process of lipid uptake. Adding polyalumi-
num chloride to the water affected surface lipid lipases and 
their ability to metabolize lipids and partially suppressed the 
growth of this bacterium (Wagner et al. 2002; Daims, Taylor 
and Wagner 2006).

8.4 Molecular Tools in Wastewater Treatment

8.4.1 16S rRNA Gene Sequencing

The most common method for the determination of phyloge-
netic affiliation of a bacterial community from WWTPs has 
been the sequencing the genes that code for 16S rRNA. The 
reasons behind its popularity include the presence of 16S 
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rRNA in almost all bacteria; the functions of the genes present 
in this rDNA have been unchanged over a long period and have 
a sufficient length (approximately 1500 bp) to provide enough 
information (Janda and Abbott 2007). In WWTPs, there are 
different bacterial strains known as functional remediators 
(e.g., AOB, NOB, denitrifiers, and PAOs), which perform the 
major functions of organic pollutant removal and bacterial 
strains (foaming and bulking bacteria) that hamper solid-liq-
uid separation. The 16S rRNA gene sequencing has provided 
sufficient information to identify the bacterial community up 
to a significant taxonomic level (e.g., genus). A small number 
of studies have suggested that 16S rRNA gene sequencing 
provides genus identification in more than 90% of cases and 
species identification to a lesser extent (<85%) (Figure 8.2) 
(Drancourt et al. 2021).

8.4.1.1 Methodology

Nucleic acids are first extracted without the need for isolation 
of the microorganisms. Next, the 16S rRNA genes are ampli-
fied by polymerase chain reaction (PCR) using universal prim-
ers. This leads to the formation of the mixture of 16S rDNA 
from the entire microorganism present in the sample. The 
PCR products are then incorporated into suitable high copy 
number plasmid, and transformation of competent E. coli cells 
takes place with this vector. Then the transformed cells are 
selected with an indicator. The cloned plasmid DNA is then 
subsequently extracted, sequenced, and a library created. The 
phylogenetic identification of microorganisms is done based 
on dedicated computer programs like ARB, Seqlab, PAUP, 
PHYLIP, etc.

8.4.1.2 Advantages

The gene sequencing of 16S rRNA is a stable method to 
determine genotypic features. PCR of variable regions of 
these genes, pyrosequencing, and classification of the frag-
ments and comparing them with the National Center for 
Biotechnology Information (NCBI) catalogue provide a fea-
sible way to identify an unknown bacterial strain. The 16S 
rDNA sequencing has been a great success for the exact phy-
logenetic characterization of filamentous bacteria. Full gene 
sequencing of 16S rDNA identifies 95% of bacterial strains to 
genus level and 86% to species level. This gives a much more 
precise identification than commercially available identifica-
tion kits. Studies have shown that this method is helpful to 
understand the bacterial community dynamics in WWTPs. 
Full-length 16S rDNA sequencing has identified bacterial 
community composition to species level successfully. Third-
generation sequencing, a molecular real-time technology, 
which has high accuracy by generating long reads spanning 
most repeat sequences, revealed that several bacteria like 
Nitrospira defluvii plays a key role in oxidation-reduction 
of nitrite, Pseudomonas extremaustralis, which can degrade 
alkane under a microaerophilic atmosphere. The 16S rDNA 
gene sequences have helped to design probes for FISH. The 
newly synthesized probes identified α-Proteobacteria, which 
are associated with biological phosphorus removal (Kong 
et al. 2007).

8.4.1.3 Disadvantages

Although the sequencing of 16S rRNA genes is a great plat-
form for the detection of the microbial community in WWTPs, 
some major drawbacks have been reported. This process is 
time-consuming and requires skilled personnel to perform it. 
Though the sequencing is highly efficient in taxonomic clas-
sification, it has low phylogenetic power at species level as well 
as some genera. This method also cannot distinguish between 
recently diverged species. Sequencing is not a quantitative 
process, and the PCR step can be favorable for some species 
due to easy accessibility to the target site (Muyzer, de Waal, 
and Uitterlinden 1993).

8.4.2  Denaturing Gradient Gel 
Electrophoresis (DGGE)

The popularity of denaturing gradient gel electrophoresis 
(DGGE) is increasing manyfold as a huge number of studies 
are using this method. The principle is based on the variable 
mobility of denatured DNA fragments of the same size on gel 
due to their different nucleic acid sequence, directly reflect-
ing the genetic diversity of the sample. DGGE also has been 
coupled with sequencing and in situ hybridization for better 
resolution. An interesting feature of DGGE is that it gives 
valuable insights into the dominant species present in the 
samples collected from activated sludge of WWTPs, although 
it is not as exhaustive as sequencing. Along with the samples 
from WWTPs, DGGE has also been employed to study com-
plex microbial communities from the soil, food, microbial 
samples from the human intestine, etc. The most important 
aspect of this method is to study the dynamic changes of the 
microbial community in a large sample size. Multiple studies 
showed that DGGE is a useful tool to monitor different bacte-
rial communities present in two different lagoons of a WWTP. 
It has helped to understand the successional changes of the 
bacterial community, Spatio-temporal distribution of sulfate-
reducing bacteria in a microbial mat. DGGE analysis has also 
suggested that the elevated temperature of the thermophilic 
bioreactor has less species richness than the mesophilic biore-
actor. It has also been employed to observe the change in the 
bacterial community in constantly stirred reactors, structure 
and dynamics of sulfate-reducing bacteria, and the effect of 
nitrate on bacterial biofilms. Although it has been very useful 
in the previously mentioned cases, there are several limitations 
to the application of DGGE. It is unable to differentiate small 
nucleotide changes. Different conditions of DGGE and choos-
ing a different region of 16S rRNA gene might give different 
resolutions (Santegoeds et al. 1998).

8.4.2.1 Methodology

First, the16S rDNAs are partially amplified using a universal 
primer. A mixture of 16S rDNA is obtained in which all the 
DNA fragments are the same length. The DNA mixture is then 
separated by denaturant gel electrophoresis on an acrylamide 
gel with an increasing urea/formamide gradient. Each band 
is found at its analogous denaturant force. Every microorgan-
ism in the sample is represented by every band on the gel. 
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FIGURE 8.2 Types of molecular tools for wastewater analysis: (1)16S rRNA sequencing; (2) DGGE; (3) Stable isotope probing (SIP); (4) T-RFLP; (5) automated ribosomal intergenic spacer analysis (ARISA); 
and (6) PhyloChip.
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The bands can be cut and further sequenced, then it can be 
compared with the 16S rDNA library, and the phylogenetic 
affiliation of the microorganism could be determined.

8.4.2.2 Advantages

The most interesting fact about DGGE is that it is not as exhaus-
tive as cloning. It may not be as precise as 16S rRNA sequenc-
ing, but it provides phylogenetic identification with a moderate 
amount of resolution. This method has been employed for bac-
terial characterization in different habitats such as hot springs, 
soil, continental waters, etc. Scientists have combined DGGE 
with in situ hybridization, which has given a new dimension in 
the study of the sulfate-reducing bacterial community. The in 
situ hybridization analysis of these DGGE profiles with oligonu-
cleotide probes helped to quantify the sulfur-reducing bacteria 
and determine their spatial distribution. The dynamic changes 
of the bacterial community in WWTPs have been well charac-
terized by DGGE. A single base-pair change can be determined 
by DGGE as the stacking interactions of bases influence the Tm 
(melting temperature) of DNA (Santegoeds et al. 1998).

8.4.2.3 Disadvantages

DGGE does not provide good resolution alone. It has to be 
combined with FISH for better results. DGGE is less reliable 
for phylogenetic identification of bacterial communities in 
WWTPs. When used for quantitative analysis of alpha-diver-
sity or relative operational taxonomic unit (OTU) abundances, 
the result might get skewed as multiple bands associated with a 
single isolate, multiple sequences associated with a single band 
position, and the presence of heteroduplex bands. This method 
has been used for the detection of major communities present in 
the sample, although the less abundant but potentially impact-
ful communities may not be identified (Myers et al. 1985).

8.4.3 Fluorescent In Situ Hybridization (FISH)

Modern biological techniques like FISH based on the principle 
of hybridization of 16S rDNA with specific probes, enables 
scientists to identify the microorganism present in almost 
all different types of the environment. In wastewater treat-
ment, the hybridization process is the most extensively used 
method. Specific probes are used to identify bacteria to their 
suitable taxonomic group with high resolution. As the culture-
based conventional methods had a huge limitation, FISH has 
gained popularity in studying the microbial community pres-
ent in aerobic (activated) and anaerobic (granular) sludge. 
Taxonomic identification of several bacteria (Acinetobacter, 
Haliscomenobacter, Sphaerotilus, Thiothrix, Leucothrix), and 
their significance in the activated sludge, have been demon-
strated in several studies (Wagner et al. 1994). FISH identi-
fied bacteria such as M. parvicella, which is responsible for 
foaming and bulking and hampers the solid-liquid separation 
in activated sludge plants. Studies have also been conducted 
in which FISH has been employed for the taxonomic charac-
terization of bacteria involving the removal of nitrogen and 
phosphorus. It has been established that there is a predomi-
nant role of Nitrosococcus and Nitrospira-like bacteria in the 

process of nitrification. To demonstrate the ecophysiological 
interactions between nitrifying bacteria and heterotrophic 
bacteria, MAR combined with FISH has been employed. 
Nitrifying bacteria produces small microbial products (SMPs) 
that support the growth of heterotrophic bacteria, and FISH 
shows the niche distribution of the bacteria in the biofilm. 
FISH has been performed to detect and quantify the micro-
bial community in phosphorus removal. Most bacteria that are 
identified belonged to the Proteobacteria (56%), Bacteroidetes 
(17%), Actinobacteria (13%), and Chloroflexi (8%). A very 
small amount of bacteria belonged to Gemmatimonadetes, 
Planctomycetes, Acidobacteria, and Firmicutes (i.e., <1%). For 
the analysis of granular sludge structure and biodiversity of 
bacterial community present in upflow of the anaerobic sludge 
bed reactor (UASB), FISH in combination with DGGE and 
cloning have been employed. FISH hybridization with the 
labeled probe has shown that methanogenic bacteria are pres-
ent on the surface, whereas the archaeal cells are mostly pres-
ent in the center of the granular sludge of WWTPs treating 
brewery wastewater. Researchers further characterized fila-
mentous microbes of phylum Chloroflexi, which are involved 
in bulking and affecting granular structure in thermophilic 
and mesophilic UASB reactors. The main limitation of FISH 
is that it does not throw any light on the metabolic status of the 
microorganism. Recently MAR has been combined with FISH 
to overcome this problem (Kindaichi, Ito, and Okabe 2004).

8.4.3.1 Methodology

First, samples are fixed with formaldehyde. Then 16S rDNA is 
hybridized with a specific probe. The probes are fluorescently 
labeled at the 5′ end. Counterstaining has been done using univer-
sal fluorescent dye (e.g., 4′, 6-diamidino-2-phenylindole [DAPI]). 
This can be easily visualized in a fluorescent microscope. Manual 
counting also can be done by simply counting the hybridized cells 
digitally or automated counting by flow cytometry. The ratio of 
the hybridized cell to the total cell count stained with DAPI shows 
the percentage of microorganisms present in the sample.

8.4.3.2 Advantages

FISH has been engaged for the identification of the microbial 
community of any taxonomic level down to the species. For 
this outcome, FISH has been the most exploited method to 
study the bacterial population in the WWTP. From the first 
description of FISH in 1969 (Gall and Pardue 1969), it has 
undergone several modifications to ensure the most specificity. 
The use of peptide nucleic acid (PNA) probes substituted with 
single-stranded DNA probes has facilitated more permeabi-
lization and more specificity of the probes. The PNA probes 
can successfully discriminate different species present in a 
biofilm. The reason behind the popularity of FISH is its rapid-
ity and accurate identification. It has also been used for the 
detection of active microorganisms in the sample. To increase 
the sensitivity of FISH, a newly advanced extension of the 
technique known as catalyzed reporter deposition (CARD)-
FISH has been introduced in WWTPs. In this process, the 
fluorescence signal has been amplified, which has resolved the 
problem of low signal yield by the conventional FISH method.
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8.4.3.3 Disadvantages

One of the major drawbacks of FISH is its dependence on 
the probe. One must have prior knowledge about the rRNA 
sequence for the proper quantification of the microorganisms. 
The bacteria undetectable by FISH has been named ghosts or 
metabolically inactive. The designing of a specific probe is 
very difficult if the metabolic criteria are mentioned. The low 
intensity of the fluorescence signal is still a great challenge. 
Sometimes its sensitivity is even lower than the PCR. Also, the 
quantification is very tedious if done manually.

8.4.4 Stable Isotope Probing (SIP)

Stable isotope probing (SIP) has emerged as a novel biologi-
cal method for the identification of microbial communities 
in WWTPs. This method is based on the assimilation of the 
radiolabeled substrate (mainly 13C labeled) by the bacteria 
and incorporation of the heavy isotopes in biomarkers such as 
nucleic acid and fatty acid. The term SIP is first mentioned in 
the study by Radajewski et al. (2000).

8.4.4.1 PLFA-SIP

Fatty acid-SIP is a very well-established biomarker for ana-
lyzing bacterial communities in WWTPs. Most of the studies 
have been focused on phospholipid fatty acid analysis (PLFA). 
PLFA has been an appropriate choice for the characterization 
of a microbial community for several reasons; primarily for the 
presence of phospholipid fatty acid in viable microorganisms, 
it is present in the membrane but not in the stored condition, 
which shows a high turnover rate. A styrene degrading micro-
bial community was characterized by PLFA-SIP (Alexandrino, 
Knief, and Lipski 2001). In this study, they have used styrene 
as a substrate that has been labeled with deuterium ([2H8] sty-
rene), which showed the incorporation of deuterium in the 
PLFA by gas chromatography isotope ratio mass spectrometry 
(GC-c-IRMS). PLFA-SIP can work efficiently even with the 
low number of cells present in the sample. For the analysis 
of prokaryotic diversity of sulfate-reducing marine sediments, 
the samples are incubated with 13C and the incorporation of 
the radioisotope into the PLFA has been observed. Unlike 
nucleic acid-SIP, fatty acid-SIP does not need heavy incorpo-
ration of the radioisotope. Measurement of isotope ratio of the 
individual eluting peak has been done so the minor difference 
in13C can be identified. Despite having a high sensitivity, taxo-
nomic characterization by this process is very tentative and 
difficult. In most of the cases, PLFA-SIP did not provide phy-
logenetic information for most of the uncultivated microorgan-
isms (Neufeld et al. 2007).

8.4.4.2 DNA-SIP

Application of DNA-SIP is not a relatively new process. In 
1958, DNA labeling with 14N and 15N was already shown by 
Meselson and Stahl (1958) in a semi-conservative model of 
DNA replication by incubating E. coli in normal 14N- and 
15N-containing medium. Similarly, it has been seen that DNA 
can also be labeled by 13C as first reported by Radajewski et al. 

(2000). The methylotrophic bacterium, Methylobacterium 
extorquens, and methanotroph, Methylomicrobium album, 
were incubated in 13C- and 12C-labeled substrates (CH3OH and 
CH4) and their DNA was isolated by cesium chloride (CsCl) 
gradient centrifugation. DNA-SIP has been a widely accepted 
method for the taxonomic characterization of the bacterial 
community in different WWTPs. In nitrate removal reactors, 
the autotrophic denitrifying bacterial community has gained 
attention due to low production of excessive sludge and no 
generation of secondary pollutants. To ensure the autotrophic 
function of denitrifiers, the microbial community has been 
investigated by DNA-SIP where H13CO3 is used as an inor-
ganic carbon source. qPCR of the nirS gene (codes for nitrite 
reductase) showed strong labeling of the gene in the 13C reac-
tor. Heavy DNA fraction of the nisR gene has been observed 
at a specific buoyant density, whereas no apparent peak has 
been identified in the similar buoyant density for 12C-control 
bacterial community (Xing et al. 2017). Acetate- and metha-
nol-assimilating bacterial communities have also been identi-
fied under nitrite-reducing conditions by SIP. It has also been 
employed for the identification of a microbial community 
involved in the anaerobic degradation of methyl tert-butyl 
ether (MTBE), a synthetic compound often added to gasoline. 
SIP has shown that Firmicutes and Alphaproteobacteria are 
major MTBE degraders. Bacterial species like Acinetobacter 
tandoii LJ-5 are identified by SIP in WWTPs and treat polycy-
clic aromatic hydrocarbon (PAH)-contaminated water. Heavy 
incorporation of radiolabeled isotopes is needed for DNA-SIP, 
which is the major drawback of this process. The disappear-
ance of 13C in the bacterial community makes nucleic acid less 
specific (Manefield et al. 2002).

8.4.4.3 RNA-SIP

RNA-SIP follows the same principle as DNA-SIP, although it 
has several advantages over the DNA-SIP process. First, RNA 
has a better synthesis rate than DNA; second, RNA also pro-
vides sequence-based resolution; and most importantly, the 
appearance of 13C RNA is more rapid than the 13C DNA and 
better disappearance of the substrate was observed (Chao et al. 
2016). RNA is extracted by density separation and sequenced 
for the phylogenetic affiliation. RNA-SIP has recently 
gained popularity in WWTP for the identification of phenol- 
degrading bacteria found in aerobic sludge belonging to gen-
era Microbulbifer, Pelagiobacter, Pseudomonas, and Thauera 
in the synthetic coke-oven of WWTPs. SIP helped to identify 
13C-labeled carbon atoms in the side chain of 4-nonylphenol-
assimilating bacteria. Nonylphenol is a mimicking compound 
of the natural hormone, 17β-estradiol, which is responsible 
for disrupting the endocrine system in aquatic organisms. For 
the identification of the acetate-degrading bacterial commu-
nity under the methanogenic condition in anaerobic sludge 
digester, 16S rRNA gene sequencing has also been combined 
with RNA-SIP. This process is an excellent approach for the 
identification of glucose-fermenting bacteria present in full-
scale EBPR plants. Also, several other bacterial populations 
in activated sludge, such as long-chain fatty acid-degrading 
anaerobic bacteria and nitrifying bacteria Nitrospira, have 
been successfully characterized by SIP (Neufeld et al. 2007).

ALI SADEGHI DIGITAL LIBRARY



93Advancement and Combination of Different Molecular Tools and Techniques

8.4.4.4 Methodology

First, 13C-labeled substrate is added to samples collected from 
the WWTP. DNA and RNA are extracted and subjected to 
buoyant density gradient centrifugation using CsCl gradient 
cesium trifluoroacetate (CsTFA) gradient for DNA and RNA, 
respectively. RNA has a greater buoyant density than DNA. 
Subsequently, DNA and RNA are extracted from different 
parts of the gradient and amplified by PCR or reverse transcrip-
tion (RT)-PCR using primers complementary to 16S rDNA or 
rRNA. For phylogenetic identification, the products from each 
fraction are subjected to sequencing by DGGE or T-RFLP.

For PLFA-SIP, the bacterial community has been incubated 
with radiolabeled substrate just like DNA-SIP or RNA-SIP. 
The lipids have then been extracted and subjected to gas chro-
matography-mass spectrometry (GC-MS) for characterization.

8.4.4.5 Advantages

SIP allows the identification of bacteria that are present in a min-
imal amount in the biological samples through the radiolabeled 
substrate assimilated by them. Thus, it can directly reflect the 
metabolic status of the microorganisms. PLFA-SIP is advanta-
geous for identification as it does not need extensive labeling. 
The PLFA composition of bacteria relatively remains unchanged 
in different conditions and the fatty acids are rapidly degraded 
after the death of the bacteria. Hence, PLFA analysis gives a clear 
idea about the metabolic status of bacteria. This method is supe-
rior to PCR-DGGE in a quantitative measure of the microbial 
community. The advantage of nucleic acid-SIP is that it provides 
a higher resolution than PLFA-SIP for phylogenetic identifica-
tion. DNA-SIP can link metabolic function to relevant phyloge-
netic and metabolic functional genes (Felföldi et al. 2010). The 
DNA sequence identified by 13C labeling helps to design probes 
for FISH. RNA-SIP provides more sensitivity than DNA-SIP as 
RNA is more readily labeled by isotopes than DNA.

8.4.4.6 Disadvantages

PLFA-SIP has a major disadvantage; it is not phylogeneti-
cally specific. As the lipids of microorganisms are extracted 
together, it may lead to unspecific identification of organisms. 
The other disadvantage is the lipid profile of the microorgan-
isms, which has not been cultured, and is not known. The 
DNA-SIP requires a longer incubation time as the cells need 
time to divide and replicate DNA. With time the appearance 
of 13C labeling becomes less specific. Although RNA is labeled 
faster by radioisotopes than DNA, an issue arises due to cross-
feeding. When the bacteria are incubated for a long time, there 
is a chance that the labeled C can flow from the initial assimila-
tor to other communities (Hiraishi, Iwasaki, and Shinjo 2000).

8.4.5  Terminal Restriction Fragment 
Length Polymorphism (T-RFLP)

As an alternative to DGGE, terminal restriction fragment length 
polymorphism (T-RFLP) has emerged as a tool for the bacterial 
community fingerprinting method. Although it is a PCR-based 
technique, it differs from DGGE and conventional 16S rRNA 

sequencing as amplified products of 16S rDNA are cut by the 
restriction enzyme (RE). As there is sequence variability for dif-
ferent species, as a result variation in terminal restriction frag-
ment occurs that can be observed in polyacrylamide gel. T-RFLP 
is done with the use of fluorescently labeled primers, and the 
fluorescence signifies the abundance of different species pres-
ent in the sample. In community analysis of AOB in activated 
sludge from eight WWTPs, T-RFLP revealed that activated 
sludge from different parts of the tank shows almost the same 
restriction patterns. An excellent study for the characterization of 
the bacterial community in activated sludge showed that HhaI is 
a potent RE to create terminal restriction fragments. This study 
has also shown that β-proteobacteria is the major participant in 
activated sludge. Phenol and thiocyanate removing polyphasic 
bacterial community from the aerobic sludge of coke effluent has 
been characterized by T-RFLP (Mohanty et al. 2006). This study 
showed the use of REs like AluI and MspI, where it has been 
observed that 92% of the bacteria belonged to Proteobacteria, 
whereas very few belonged to Firmicutes and Actinobacteria. 
The T-RFLP study has also confirmed the effect of pharmaceuti-
cal residues on nitrite-oxidizing bacterial community structure 
in activated sludge. A major drawback of this process is that the 
relative abundance of diverse species in a mixed population has 
not been well reflected. Also, the presence of some specific bac-
terial species was found to be undervalued (Qu et al. 2009).

8.4.5.1 Methodology

PCR amplification of the 16S rRNA gene is performed with 
fluorescently labeled forward and unlabeled reverse primers. 
After that, the labeled PCR products are digested by an RE 
(AluI, MspI). The terminal fragments are then electrophoresed 
for the examination of the bacterial community.

8.4.5.2 Advantages

T-RFLP has the advantage over other fingerprinting tech-
niques as the fragment lengths give appropriate phylogenetic 
identification, which makes it popular to study the microbial 
community and its dynamics. This method is also employed 
to study a functional genes involved in nitrogen fixation and 
methane oxidation (Hewson and Fuhrman 2004).

8.4.5.3 Disadvantage

As mentioned in most of the studies, heterogeneity of 
restriction fragments is a huge disadvantage in affiliating 
phylogenetic status.

8.4.6  Automated Ribosomal Intergenic 
Spacer Analysis (ARISA)

Automated ribosomal intergenic spacer analysis (ARISA) is 
a novel method that does not involve the amplification of 16S 
rRNA genes; rather, it amplifies the gene sequence present in 
the spacer region between 16S and 23S rRNA. This method 
is useful for the rapid identification of bacterial communities 
and to distinguish them up to the subspecies level. ARISA has 
been successfully employed for monitoring the methanogenic 
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archaeal population in anaerobic treatment plants. This pro-
cess has revealed that Methanosarcina barkeri plays a major 
function in methane synthesis in the anaerobic plant digester 
(Zhao et al. 2008). ARISA showed that the population of 
bromoamine acid (BAA)-utilizing bacteria has increased in 
nonaugmented membrane bioreactors. Lipid-degrading bacte-
rial phylum like Proteobacteria, Planctomycetes, Firmicutes, 
Nitrospora, Spirochaetes, and Bacteroides in WWTPs of 
Colombia have been identified. Thus, it is safe to say that 
ARISA is a good alternative to DGGE or sequencing. It is a 
relatively new method for the identification of a bacterial com-
munity and should be further explored. This method is also 
known as PCR amplicon length heterogeneity (PCR-ALH).

8.4.6.1 Methodology

In ARISA, first the PCR amplification of the spacer region 
between 16S and 23S rRNA are performed with or without 
fluorescently labeled primers. Finally, the PCR products are 
visualized by DGGE or sequencing.

8.4.6.2 Advantages

ARISA helps in the rapid identification of microorganisms as 
well as the phylogenetic affiliation to the subspecies level. It 
can accurately discriminate samples for comparative analysis. 
ARISA and its other sequencing counterparts provide a cost-
effective method for phylogenetic characterization. It also has 
been reported that ARISA is much more sensitive than DGGE 
due to its ability to detect less abundant taxa in the sample. 
It was observed that in most of the cases, ARISA gives more 
specification than T-RFLP as it focuses on the species level 
(Widjojoatmodjo, Fluit, and Verhoef 1995).

8.4.6.3 Disadvantage

A disadvantage of the process is like other PCR-based fingerprint-
ing approaches. The ARISA profiles may be susceptible to meth-
odological artifacts occurring during the amplification process.

8.4.7  Single-Stranded Conformation 
Polymorphism (SSCP)

PCR-single-stranded conformation polymorphism (SSCP) is 
widely used for the analysis of mutation of cultivable and non-
cultivable microorganisms found in different environmental 
samples. This technique is an electrophoretic technique that 
is very similar to DGGE. Under the denaturing condition, the 
single-stranded DNAs are folded into the secondary struc-
tures, which are based on their nucleotide sequence or physi-
cal parameters such as temperature, ion strength, etc. Different 
conformations are then separated according to their electro-
phoretic mobility by non-denaturing polyacrylamide gel elec-
trophoresis. Each band of SSCP indicates each OTU, so the 
more bands there are the greater the dominant population. The 
amount of SSCP bands are directly related to the complexity 
of the wastewater as more bacteria are required to decompose 
organic matters present. SSCP has been applied to monitor the 
activity dynamics of major groups of carbohydrate-degrading 

bacteria found in an anaerobic digester. A study based on 
SSCP analysis on carbohydrate-degrading bacteria showed 
eight peaks that denote the major groups (mainly Spirochaetes 
related and Clostridium related) found in the anaerobic 
digester. In another study based on sludge samples collected 
from 14 WWTPs in China, SSCP was employed to identify 
dominant populations in each plant (Lee, Zo, and Kim 1996).

8.4.7.1 Methodology

First the DNA are extracted from the sample and are amplified 
by PCR. To prepare single-stranded DNA from PCR products, 
the phosphorylated strand is removed by lambda exonuclease 
digestion. Before that the electrophoresis denaturing loading 
buffer is added, heated, and immediately cooled down in the 
ice. Electrophoresis is then conducted on a polyacrylamide gel 
to observe the bands.

8.4.7.2 Advantages

SSCP is mainly used to monitor the community dynam-
ics of bacterial populations. As GC clamps, gradient gels, 
and sophisticated instruments are not required, this method 
is pretty easy to conduct compared with DGGE or TGGE. 
Similar to ARISA, SSCP has also been used to distinguish 
between the intragenic region of 16S and 23S of a particular 
bacterial strain (Brodie et al. 2006).

8.4.7.3 Disadvantages

The huge rate of reannealing during electrophoresis after pri-
mary denaturation is a major concern associated with SSCP 
when a high concentration of DNA (for analysis of highly diverse 
communities) is loaded onto the gel. Another disadvantage is 
that there might be a presence of additional bands instead of the 
standard three bands (two for single strands and one for double 
strands) as one single strand may possess different conformation 
due to its base composition. Similar to DGGE or TGGE, the for-
mation of heteroduplex DNA takes place due to PCR, which may 
contain a similar sequence regularly (Héry et al. 2010).

8.4.8 PhyloChip

The agenda of the PhyloChip is specifically for investigating 
small subunit (SSU) rRNA gene pools from complex environ-
mental samples. SSU rRNA genes have been paved for the 
identification of taxa with a good resolution. Microarray-based 
analysis like this does not become influenced by the dominant 
species present in the sample. PhyloChip has been employed 
to investigate complex community responses due to external 
stimuli (Prosser 2010). A recent version of PhyloChip, G2, and 
G3 cover a higher range of the bacterial OTU. High-density 
PhyloChip profiling using G3 showed a composite response to 
acetate amendment in the stimulated aquifer. Spatial variation 
of taxonomic diversity of methanogenic bacteria in WWTPs 
has been shown by the PhyloChip microarray. It has also been 
employed to monitor the bacterial community of activated 
sludge in low-temperature treatment. Lack of sequence infor-
mation is one of the major obstacles for PhyloChip analysis.
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8.4.8.1 Methodology

Using PhyloChip 16S rRNA genes are amplified by PCR after 
the extraction of nucleic acid. Amplicons are then fractionated 
and end labeled with biotin. Hybridization, staining, and scan-
ning of the chip were done subsequently.

8.4.8.2 Advantages

The PhyloChip has been developed for the analysis of a SSU 
rRNA gene pool in complex environmental samples. It has also 
been used to investigate bacterial communities in changing 

environments. Unlike sequencing, PhyloChip-based assays are 
less biased toward the most abundant species in the sample. As 
it is a PCR-independent process, it can easily bypass the uneven 
amplification of mixed templates (De Angelis et al. 2011).

8.4.8.3 Disadvantages

The main disadvantage of using PhyloChip is that its design 
does not permit the detection and characterization of novel 
taxa. Also, the use of PhyloChip is expensive for routine analy-
sis (Table 8.1).

(Continued)

TABLE 8.1

Advantages and Disadvantages of the Major Molecular Tools for Wastewater Treatment

Methods
Sources of Sample 
Collection Advantages Disadvantages

16S rRNA 
sequencing

Water and biosolids 
from wastewater 
treatment plant, 
anaerobic and 
granular sludge

• Very precise taxonomic 
identification.

• If time and labor are not an issue, then 
the approach covers most 
microorganisms, including minor 
groups, which would be hard to detect 
with the genetic fingerprinting method

• Identification of microorganisms 
that have not been cultured and 
identified yet

• It is a very laborious process.
• Extraction of a DNA pool representative of the 

microbial community can be difficult when working 
with certain sample types (e.g., soil, sediments)

• Many clones have to be sequenced to confirm most of 
the individual species in the samples are covered

• It is not a quantitative process

Denaturing gradient 
gel electrophoresis 
(DGGE)

UASB reactor
Microbial mats 
from sea 
sediments, 
bacterial biofilm 
from an aerobic 
and anaerobic 
wastewater 
treatment plant

• Permits rapid and simple monitoring 
of microorganisms

• Dominant species can be easily 
identified

• Large numbers can be analyzed with 
ease

• Extraction and amplification of genomic DNAs, which 
are representative of certain taxa can be difficult

• DNA copy number is very dependent on the abundance 
of the species. Thus, the intensity of the bands obtained 
on a DGGE gel may vary (not quantitative)

• The sequences of the bands obtained from a gel 
correspond to short DNA fragments (200–600 bp), 
giving less resolution than 16SrRNA sequencing

• It has been observed that 16S rDNA fragments that are 
obtained from different methane-oxidizing bacteria 
could not be determined by DGGE, despite having 
considerable sequence variation

Fluorescent in situ 
hybridization 
(FISH)

Activated sludge • Quantitative process.
• Differential/preferential detection of 

active microorganisms
• If the required probes are available, 

then it is a fast and effective process
• The protocol is directly related to 

the metabolic state of the cells, 
therefore, FISH may yield, useful 
information on their physiology

• rRNA sequence must be known for the detection of a 
particular bacterial strain; quantification can be tedious 
and subjective (manual counting) or complex (image 
analysis)

• Structural analysis of aggregates (granular sludge, 
biofilms) requires a confocal microscope and an image 
analysis environment.

• Expensive method, trained personnel necessary

Stable isotope 
probing (SIP)

• A powerful technique that provides 
great insight into the diversity and 
metabolic status of the bacterial 
community

• This technique does not need prior 
knowledge about the organism as 
probes are not required every time

• An important limitation for both DNA-SIP and 
RNA-SIP is the requirement of extensive labeling

Terminal restriction 
fragment length 
polymorphism 
(T-RFLP)

Sludge samples 
from the 
wastewater 
treatment plant

• T-RFLP is both a quantitative and 
qualitative process

• It is a very well-established process 
used to detect the coexistence of 
different species of bacteria, 
community changes, and a 
fingerprinting analysis

• Pyrosequencing provides more appropriate data than 
T-RFLP, so a more accurate bacterial composition can 
be observed
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8.5  Combination of Molecular 
Tools with Emerging Analytical 
Technologies: New Advancement

8.5.1 Mass Spectrometry (MS)

In the present era of scientific research, different technologies 
emerged for the identification of bacteria in mixed samples. 
Matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI/TOF-MS) has been an impor-
tant tool for the analysis of microorganisms. With the help 
of this instrument, careful experimentation was conducted to 
identify bacteria to species level. The reproducibility of the 
results has also been well demonstrated (Saenz et al. 1999). 
Development and demonstration of algorithms for the analysis 
of MALDI-MS spectra to identify bacterial communities have 
proved to be much more efficient than conventional bacterial 
fingerprinting methods. A study has demonstrated a new algo-
rithm where it extracts a specific biomarker from the spectra 
rather than comparing the whole of it. Fast atom bombardment 
MS analysis has been used to identify bacterial polyunsatu-
rated fatty acid and electrospray ionization has been used to 
observe phospholipids. This soft ionization method allows 
desorption of peptides and protein from the whole bacteria. 
MALDI-TOF can precisely determine the molecular weight 
of proteins that act as biomarkers for bacterial identification 
(Allmaier et al. 1995). Special genus and species-specific bio-
markers have been identified for different bacteria other than 
proteins. MALDI-based resequencing techniques are a good 
alternative to multilocus sequence typing (MLST) as MLST 
is based on nucleotide sequencing and considers only a few 
loci. Moreover, MLST is not suitable for most bacteria as they 
exhibit very little variation throughout their genome and, con-
versely, there are some bacterial genomes that have gathered 

so many variations that MLST housekeeping genes do not pro-
vide sufficient information for typing. MS is more suitable for 
RNA as it is more stable than DNA during ionization. Various 
mass peaks have appeared as highly specific for genus, spe-
cies, and bacterial strains. For example, genus-specific bio-
markers for Acinetobacter (ATCC17924*) were found at mass 
to charge ratio (m/z) 5796 ± 2 and 8528 ± 3 and strain-specific 
biomarker at m/z 5800 and 8530 (Ruelle et al. 2004).

8.5.1.1 Methodology

An MS is comprised of three functional units (Figure 8.3): an 
ion source to ionize and transfer the analyte ions to the gas 
phase, a mass analyzer to separate ions by their m/z, and a 
detection device to measure m/z.

For MALDI analysis, analytes are embedded in small acidic 
crystals of alpha-cyano-4-hydroxycinnamic acid, 2,5-dihy-
droxybenzoic acid, or 3-hydroxypicolinic acid. These crystals 
absorb laser energy. The brief irradiation of the laser pulse leads 
to the desorption of embedded analyte molecules. The analyte 
molecules are then ionized, leading to the formation of single 
charged ions that are accelerated by high voltage. A charged 
grid has been used to separate the ions based on the m/z ratio. 
The TOF analyzer has been extensively used to examine bacte-
rial samples. These analyzers detect m/z ratios based on the 
time required for the biomarker to travel the length of the flight 
tube. Thus, the analytes have different m/z ratios separated by 
their difference in the time of flight (see Figure 8.3).

8.5.2  Fourier Transform Infrared 
Spectroscopy (FTIR-Spectroscopy)

The Fourier transform infrared (FTIR) spectroscopy is a potent 
tool to investigate bacteria in biofilms. This technique has pro-
vided significant insight into the taxonomic characterization of 

TABLE 8.1 (Continued)

Advantages and Disadvantages of the Major Molecular Tools for Wastewater Treatment

Methods
Sources of Sample 
Collection Advantages Disadvantages

PhyloChip Activated sludge 
from the 
wastewater 
treatment plant

• A simple and economic way to 
directly find microbial communities 
in the natural environment

• The PCR-independent microbial 
community analysis using the 
microarray PhyloChip

• Direct rRNA hybridization and 
double-strand cDNA generation and 
hybridization have been developed, 
providing cost-effective alternatives 
to PCR-amplified microbial 
community analysis

• Lack of sequence information for many pathogens
• Nonspecific binding and inability to offer the low 

detection levels available by qPCR

Automated 
ribosomal 
intergenic spacer 
analysis (ARISA)

• This process is highly sensitive. 
Identification up to subspecies level 
can be done easily

• The limitation of the database has been a great challenge 
to execute the process

Phospholipid fatty 
acid (PLFA) 
analysis

• Molecular characterization of 
bacterial strain is not gene 
dependent

• This method cannot be used as a standard alone. It 
should be combined with other different methods
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microorganisms. FTIR-attenuated total reflectance technique 
(FTIR-ATR) provides a significant advantage for biofilm 
study as the sample can be examined in an undisturbed man-
ner. In addition to this, very thin layered biofilms can also be 
observed by this method. Consequently, in situ development of 
biofilm can be investigated non-destructively by FTIR-ATR 
(Nivens et al. 1993).

8.5.2.1 Methodology

FTIR-spectroscopy radiation is documented simultane-
ously over all wavelengths by an interferometric modulation 
(Michelson interferometer). The interferogram contains all 
the information of the sample of all wavelengths. The sample 
spectrum is then calculated from the interferogram by fast 
Fourier transformed techniques and mathematical algorithms 
(Schmitt and Flemming 1998).

8.5.3 Software-Based Techniques

For the simplification of the large data set created, sequences 
have been clustered, which is known as the OTU. OTUs are 
used to compare the biodiversity within or between different 
samples (Schloss et al. 2009). Closed reference clustering or 
phylotyping involves comparing sequences to a database and 
then it clusters sequences into the similar OTUs that are iden-
tical to the matching reference sequence. The reference-based 
clustering becomes challenging when the reference does not 
adequately reflect the biodiversity. To overcome this problem, 
a second method has been developed, namely de novo clus-
tering, which is a distance-based method. Distance between 
the sequences has been used to cluster sequences into OTUs 
instead of using distance to a reference database. The main 
advantage of the OTU-based clustering method is that the defi-
nition of the bins is operational and can be modified according 
to the need of the project. OTU-based methods can overcome 
a lot of problems as it is not restricted to taxonomic outlines 
(Liles et al. 2003). Software such as mothur, QIIME, and 
USEARCH are used for OTU-based studies.

Amplicon-based sequencing of marker genes such as 16 
rRNA genes is a powerful technique to monitor the structure 
of microbial communities with a high phylogenetic resolu-
tion. A newly developed software Tax4Fun predicts the func-
tional profile just obtained from 16S rRNA sequence data. In 
Tax4Fun 16S rRNA gene sequences and the functional annota-
tion of sequenced prokaryotic genomes have been linked, and 
it has been designed with the nearest neighbor identification 
based on a minimum 16S rRNA sequence similarity (Abhauer 
et al. 2015). ABOid software has been developed for the auto-
matic identification of microbial proteins and their analysis. 
This application uses sequence information of microbial 
proteins, which could be further analyzed by MS-based pro-
teomics for the classification. ABOid helps to translate the raw 
data generated by tandem MS/MS to taxonomically meaning-
ful data (Deshpande et al. 2011).

Different computer programming has also been employed to 
perform the phylogenetic characterization of microorganisms. 
The Phylogeny Inference Package (PHYLIP) is an extensive 
collection of tools used for phylogenetic analysis. PHYLIP 
contains a wide diversity of methods that cover both phylogeny 
interference and evolutionary analysis. Several methods that 
are available with this package include parsimony, distance 
matrix, and likelihood methods, including bootstrapping and 
consensus trees, and the data types that can be interpreted are 
molecular sequences, gene frequencies, restriction sites, dis-
tance matrices, and 0/1 (binary) discrete characters. Currently, 
web version 3.6 of PHYLIP is available.

Another package of software known as ARB is very much 
useful for phylogenetic analysis. ARB is an integrated, 
noncommercial software solution for phylogenetic treeing, 
sequence data analysis, and molecular probe designing. The 
major tasks according to the ARB project are (1) a central 
database to maintain structured integrated secondary data 
in combination with processed primary structures (aligned 
sequences) and any additional data assigned to the individ-
ual sequences, and (2) a comprehensive selection of soft-
ware tools directly interacting with one another and with the 
central database facilitating in-depth analysis of molecular 

FIGURE 8.3 Basic diagram of mass spectrometer and workflow of MALDI-TOF.
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data. ARB software is publicly accessible at http://www.arb-
home.de.

8.5.4 Next-Generation Sequencing (NGS)

The recent development of next-generation sequencing 
(NGS) has created a great impact on the identification of 
microorganisms found in different environmental samples. 
In 1987, Fredrick Sanger first developed the sequencing 
technique (Sanger sequencing) which was based on a chain 
termination method using dNTPs. This is considered the 
“first-generation sequencing.” Due to the high effort and use 
of radioactive materials for Sanger sequencing, scientists 
thought of building new sequencing techniques for better 
output. Newly developed NGS has different aspects from 
Sanger sequencing as it has high-throughput output and 
reduced cost (Sidhu 2005).

8.5.5 454 Pyrosequencing

Roche released the first NGS technology called 454 pyro-
sequencing in 2001 just after the end of the human genome 
project. Unlike Sanger sequencing, 454 detects the release 
of pyrophosphates at the time of base incorporation. This 
sequencer initially generated 200,000 reads of 110 bp (see 
http://www.roche-applied-science.com/). Later in 2008, 
a modified version known as the 454 GS FLX Titanium 
system was launched, which can read 700 bp with almost 
100% precision after the filter and can provide an output of 
0.7G data per run (G is the haploid genome length) within 
24 hours. Although 454 pyrosequencing has been upgraded 
regularly, it gives erroneous results when the polybases are 
longer than 6 bp.

8.5.5.1 Methodology

The library DNA consisting of 454-specific adapters are 
denatured and then mixed with a population of agarose 
beads whose surfaces consist of the complementary oligo-
nucleotides of the 454-specific adapters. Each of the DNA 
fragments with beads is isolated into micelles and ampli-
fied by emulsion PCR. The amplified PCR products are 
then arrayed in a picotiter plate. Then one of the dNTPs 
complements the base present in the template strand. This 
process has been facilitated by ATP sulfurylase, luciferase, 
luciferin, DNA polymerase, and adenosine 5-phosphosulfate 
(APS). Pyrophosphates (PPi) are released, which indicates 
the amount of base incorporated. The transformation of ATP 
to PPi transforms luciferin to oxyluciferin, which generates 
visible light.

8.5.6 Solexa-Illumina/HiSeq Genome Analyzer

Solexa released a genome analyzer in 2006 that depends on the 
sequencing by synthesis (SBS) approach. Initially, it gave an 
output of 1G per run. Later improved versions provided up to 
50G per run. In 2010, HiSeq 2000 lunched by Solexa provided 
an output of 200G. Recently Solexa released HiSeq X Ten, 

which can generate sequences up to 1.8 TB per turn. The main 
difference between 454 and Solexa-Illumina GA is that the 
latter is much cheaper and can handle thousands of samples 
simultaneously (Holm et al. 2019).

8.5.6.1 Methodology

The library with fixed adaptors is denatured to single strands 
and grafted to flow cell. Bridge amplification then takes place 
to form clusters that consist of the clonal DNA fragments. 
The library is spliced into single strands using a lineariza-
tion enzyme before sequencing. The dNTPs, which are fluo-
rescently labeled with different fluorophores (cleavable), are 
added and have a chemically blocked 3′-OH group so that the 
chain elongation would be a unique event. After the bridge 
extension, the DNA double helix is denatured and is monitored 
with a charged-couple device (CCD) by exciting the fluoro-
phores with appropriate lasers. Before every elongation, there 
must be an enzymatic removal of a blocking agent for the addi-
tion of nucleotides.

8.5.7 AB SOLiD System

Sequencing by oligo ligation detection by Applied Biosystems 
depends on two-base sequencing based on ligation sequencing. 
Initially, this system’s read length was 35 bp and gave an out-
put of 3G data per run. Later, SOLiD 5500xl, released by ABI 
in 2010, had five upgrades that could read up to 85 bp and gave 
an output of 30G per run with an accuracy of 99.85%. SOLiD 
has been employed to perform whole-genome sequencing, 
targeted resequencing, and transcriptome research. The main 
limitations of this technology are the short read lengths and it 
is only applicable for resequencing. The cost of the system is 
quite high and needs good infrastructure and skilled personnel 
to perform computation.

8.5.7.1 Methodology

Similar to Roche 454 sequencing, DNA fragments for SOLiD 
are amplified by emulsion PCR. The fragments are ligated by 
magnetic beads using adapters. The amplified fragments with 
1-μm magnetic beads are then deposited on flow cell slides. 
The amplified sequence primers are ligated by DNA ligase 
with oligonucleotides, which have a complementary sequence 
of the adapter. DNA ligase is provided along with specific 
fluorescent-labeled 8-mers, whose fourth and fifth bases are 
encoded by an attached fluorescent group. Each ligation step 
is followed by fluorescence detection. The regeneration step 
starts with removing the ligated 8-mer, which contains the 
fluorescence group. Next, a new primer has been ligated for 
the next round of the extension.

8.5.8 Software for NGS

8.5.8.1 HiSeq Software

The HiSeq control system and real-time analyzer can calcu-
late the number and position of clusters based on their first 20 
bases. Hence, the first 20 bases of each sequence decide the 
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quality and output. The standard sequencing output files of the 
HiSeq 2000 consist of *bcl files, which have base calls and 
quality scores of each cycle. The BCL converter then converts 
the *bcl files to *qseq.txt files.

8.5.8.2 SOLiD Software

After sequencing by the SOLiD sequencer, the color-
coded original sequence is accumulated. The double-base 
coding matrix shows that the original color sequence can 
be decoded if the base types for one of any positions are 
known. The color-coding of the base directly influences 
the decoding of the following bases. First, the software 
turns the base sequences of reference into a color-coding 
sequence, then it compares the original sequence with the 
reference of color-coding to get mapping information. This 
mapping can be done by various mapping algorithms like 
CloudBurst, Eland, MAQ, MaxMapper, RMAP, SeqMap, 
etc. (Mardis 2008).

8.6  Evolution of Molecular Tools and Automated 
Technologies for a Better Understanding 
and Management of Wastewater

The wastewater microbial diversity has been examined for 
a long time using two perspectives. The ecological perspec-
tives help researchers to recognize the diversity of microor-
ganisms and study their specific activities such as bulking, 
foaming, nitrification, phosphate removal, etc., which are 
an integral part of the application. This will help to under-
stand community structure and help engineers to understand 
the best way to manage the system for maximum efficiency. 
Another perspective is that of public health, which deals 
with the identification of the pathogens. It provides informa-
tion to the epidemiologist to find the source and spread of 
diseases caused by the pathogens. The combination of these 
two points of view helps scientists and engineers to opti-
mize the treatment conditions for elimination of hazardous 
organisms from the systems. Emergence of molecular tools 
and techniques brought an end to the culture-based labori-
ous lab techniques that led to indistinct identification of the 
microorganisms as, discussed in this chapter. The emerging 
automated and software-based techniques combined with the 
molecular methods promisingly accelerated the findings and 
management related to WWTPs. Therefore, it is a necessity 
to develop online devices and lab-on-chip–based models for 
real-time monitoring and rapid detection of the microorgan-
isms. This will specifically help to understand the composi-
tion of the microbial community for diversity-related studies 
and for the detection of pathogens.

8.7 Conclusion

Detailed information on wastewater treatment and the avail-
able molecular tools has been accumulated in this chapter. 
The advancement in the techniques of molecular tools, over 

the years, has improved the detection procedure of microbial 
communities in wastewater. Some recently emerging tech-
niques based on automated detection and some software- and 
algorithm-based methods have also been highlighted. It can be 
interpreted that these newly emerging automated methods in 
combination with the molecular tools could be a breakthrough 
in the field of wastewater treatment.
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9.1 Introduction

Water is an essential part of the value chain in all sections 
of life; hence, effluent generation is inexorable. Around 2.1 
billion people have no access to potable water at homes, and 
close to 4.1 billion people encounter serious water shortages 
for over 1 month of the year (Pavon, 2019; United Nations, 
2019). Due to the dependence of human beings on water for 
all activities and population growth, plenty of wastewater is 
generated everyday athwart domestic, agriculture, and indus-
trial sections. Nevertheless, the freshwater sources are not 
being restored to meet with the expanding population and its 
water needs. Inevitably there is a dearth of drinking water 
universally. The worldwide prevalence of environment and 
water pollution jeopardizes the sustainability of the ecosys-
tems (Gaston, 1979; Hutson and Roberts, 1990; John, 1990; 
Meena et al., 2017a, b). Water resources are scanty; therefore, 
wastewater treatment and recycling processes are the only 
options for acquiring fresh water in the coming decades. Each 
wastewater treatment system possesses its own benefits and 

limiting conditions with regard to capital expenditure, practi-
cability, robustness, efficacy, ecological impact, pretreatment 
necessities, and the building up of sludge and toxic by- 
products (Ali and Jain, 2005). For example, advanced oxygen 
processes (AOPs) generate less sludge, have a smaller reten-
tion time, and have rapid reaction rates, but there are high 
operational, maintenance, and capital costs (Andreozzi et al., 
1999). The qualitative and quantitative nature of pollutants 
should be analyzed before preceding to wastewater reclama-
tion methods. A certain pollutant is considered toxic only if 
its concentration in water is beyond the permissible limit. 
The nature of pollutants viz, harmful microbes, both organic 
and inorganic, is based on the type of wastewater-generating 
source (De la Cruz et al., 2012; Grassi et al., 2012; Swapnil 
and Meena, 2021).

Recycled water has its application as processed water pre-
pared from natural waters or industrial effluents at chemical 
plants, the pulp and paper industry, manufacturing, power 
generation, and petroleum refineries. The objectives of waste-
water treatment are to reduce water sources, wastewater treat-
ment, and recycling. The primary treatment is a preliminary 
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process in which physical and chemical methods are employed, 
whereas the secondary treatment comprises biological meth-
ods. The tertiary treatment deals with an advanced process to 
convert wastewater into good quality water with up to 99% 
pollutants removed. The release of untreated wastewater with-
out any treatment causes a myriad of environmental issues. 
Organic matters present in untreated wastewater exhaust all 
the dissolved oxygen (DO) for fulfilling the biochemical oxy-
gen demand (BOD) of wastewater and, hence, deplete the 
DO of the water bodies. The microorganisms and hazardous 
compounds in wastewater cause disease and threaten human 
health. The nutrients present in wastewater may cause eutro-
phication of lakes by promoting the growth of aquatic plants 
and algal blooms (Topare et al., 2011; Meena et al., 2017c, d). 
The bulk of industrial and domestic wastewater is released in 
developing countries without any treatment or after the pri-
mary treatment itself.

The characteristics of industrial wastewater depend on 
the type of industry. The effect of industrial discharges 
depends on the organic and inorganic matter and waste-
water characteristics like BOD, DO, total suspended sol-
ids, etc. (Sonune and Ghate, 2004). Due to the presence of 
refractory compounds, the biological wastewater treatment 
techniques are thought to be ineffective; however, the AOPs 
remove a significant percentage of recalcitrant compounds 
(Gupta et al., 2012; Malik et al., 2020). Over the last few 
decades to regulate the emerging contaminants many con-
ventional and advanced chemical oxidation processes like 
ozonation, photocatalysis, photo-Fenton, electro-Fenton, 
and sonolysis have acquired attention. Nevertheless, almost 
all the AOPs have the limitations of high operational cost 
and energy demands (Prasse et al., 2015). To overcome the 
limitations of conventional techniques, many hybrid meth-
ods have been developed recently (Kalbar, 2021). The cur-
rent research methods should focus on biodegradation and 
mineralization of the refractory compounds. This chapter 
adds to the worldwide deliberation about water paucity 
solutions. Physical, chemical, and biological methods are 
discussed to adopt the most appropriate and practicable 
method. Current wastewater treatment technologies includ-
ing conventional, advanced, and hybrid are discussed in 
this chapter.

9.2 Physical Process

9.2.1 Adsorption

The adsorption method is among the most generally used 
wastewater purification processes in which chemical and 
physical bonds are formed between a solid medium (porous) 
called an adsorbent and the adsorbate, which is a compound 
that adheres to the adsorbent (Al-Ghouti and Da’ana, 2020). 
The pertinent mechanisms involved in bond formation are 
hydrogen bonds and electrostatic interactions, formation of 
donor-acceptor complexes, and π-π-electron interactions 
(Rivera-Utrilla et al., 2013). The effectiveness of adsorp-
tion depends on temperature, experimental and atmospheric 

conditions, the concentration of pollutants, the nature of 
the adsorbate (aliphaticity vs. aromaticity, pKa, presence 
of specific functional groups, and molecular size), and the 
effectiveness of the adsorbent (surface area, porosity, num-
ber of sites available, and the interaction with the target con-
taminant) (Ali and Gupta, 2006; Meena and Swapnil, 2019; 
Saleh et al., 2020). The most used adsorption media are acti-
vated carbons, which are available in different forms such as 
extruded, granular, and powder-activated carbon. Granular 
wood-derived biochar (BC) is another well used medium and 
has recently been found to have great potential as a low-cost 
replacement of granular-activated carbon (GAC) (Huggins 
et al., 2016).

Adsorbents can be categorized as conventional and noncon-
ventional adsorbents. Conventional adsorbents are commer-
cial-activated carbons, inorganic materials, and ion-exchange 
resins, whereas nonconventional adsorbents include agricul-
tural wastes, industrial by-products, activated carbons from 
solid wastes, biosorbents, and some miscellaneous adsorbents 
(Crini et al., 2019).

9.2.2 Membrane Filtration

Membrane filtration technology is widely used in industries 
for removing micron-sized pollutants and many success-
ful treatments at any stage of treatment, depending on the 
concentration of pollutants reported (Park et al., 2015; Ijanu 
et al., 2020). The type of filtration depends on the type of 
contaminants and membranes (Chiam and Sarbatly, 2011). 
Membranes made from synthetic organic polymers like cel-
lulose acetate, polyethylene (PE), polypropylene, polytetra-
fluorethylene (PTFE), and others work under the principle 
of physical separation. The contaminants are separated by 
applying hydraulic pressure across them (Chollom, 2014; 
Capodaglio, 2021; Obotey Ezugbe and Rathilal, 2020; Meena 
et al., 2021a, b).

The adsorption process is followed by nanofiltration 
(NF) to improve the procedure output by decreasing the 
concentration polarization through the course of the mem-
brane process (Chakraborty et al., 2003). NF and especially 
reverse osmosis (RO) has been at the leading edge in waste-
water regeneration. They are effective in reducing the efflu-
ent salinity as a post-treatment for removing dissolved salts 
and organics (Greenlee et al., 2009; Muro et al., 2012). The 
main types of membrane filtration processes, membrane 
pore sizes, and their pressure requirements are listed in 
Table 9.1.

TABLE 9.1

Some Characteristics of Pressure-Driven Membranes

Pressure‑Driven 
Membrane Process Pore Size (μm)

Pressure 
Required (bar)

Microfiltration (MF) 0.5–10 μm 0.1–3

Ultrafiltration (UF) ~0.003–0.1 μm 2–5

Nanofiltration (NF) ~0.001 μm 5–20

Reverse Osmosis (RO) <0.001 μm 10–75
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9.3  Conventional and Advanced 
Chemical Process

9.3.1 Chemical Oxidation

The oxidation process is a chemical method of reducing det-
rimental contaminants into harmless products by oxidation of 
organic contaminants through free radicals. The pollutants are 
converted into less toxic products, making the treated waste-
water dischargeable into streams or for conventional wastewa-
ter treatment.

9.3.2 Ozonation

Ozone (O3) can oxidize a lot of organic and inorganic contami-
nants as it is a powerful oxidant with a redox potential of 2.07 
V. Ozonation can be direct ozone oxidation where O3 prefer-
ably reacts with an ionized and dissociated form of organic 
compounds and indirect free radical (OH•) oxidation (Deng and 
Zhao, 2015). Several types of ozone-based AOPs have been used 
to treat wastewater based on the agents used for the ozonation 
process viz., H2O2, NaOH/KOH, ultraviolet (UV) radiation, or 
catalysts (Ried et al., 2009; Buthiyappan et al., 2016). Table 9.2 
presents the ozone dose required for pollutant removal.

9.3.2.1 OH−/O3

At pH > 8, ozonation of waste matter is increased as •OH gen-
eration is ameliorated due to the high amount of OH−. The 
problem of precipitation of CaCO3 at high pH must be contem-
plated (Wang and Chen, 2020).

9.3.2.2 O3/H2O2

On adding H2O2, the generation of •OH is increased to some 
degree; hence, O3 is consumed rapidly, although •OH genera-
tion in the O3/H2O2 process is limited compared with other 
AOPs (Hübner et al., 2015). On a molar basis, the •OH forma-
tion by this process is ~50% of the exhausted amount of O3 
(Fischbacher et al., 2013). Before releasing the residual H2O2 
into the nature, it needs to be degraded.

 → +− +H O H O H2 2 2  (1)

 + → +− −H O O H O O2 3 3
*

3 (2)

 + → +H O O H O 3O2 2 3 2 2 (3)

9.3.2.3 Combined

 + → +H O 2O 2OH 3O2 2 3
*

2 (4)

9.3.2.4 O3/UV

The absorbance of UV light by O3 molecules is at 260 nm and 
has a molar absorptivity of 3292 ± 70 M/cm. On irradiating 
ozone by UV light, photolysis reaction occurs and formation 
of H2O2 takes place (Hart et al., 1983; Beltran, 2003; Toor 
and Mohseni, 2007). The H2O2 can either start decomposing 
ozone or it can undergo photolysis reaction to form two •OH 
radicals (Ried et al., 2009; Buthiyappan et al., 2016; Ikehata 
and Li, 2018).

 + + → +O H O hv H O O3 2 2 2 2 (5)

 + →H O hv 2OH2 2
*
 (6)

 + → +2O H O 2OH 3O3 2 2
*

2 (7)

9.3.2.5 Catalytic Ozonation

Catalytic ozonation can be categorized as homogenous or het-
erogenous wherein the former the ozone is activated by metal 
ions present in the aqueous solution, whereas in the latter it is 
activated by a solid catalyst. Removals of various organic com-
pounds from wastewater have been possible through catalytic 
ozonation (Kasprzyk-Hordern et al., 2003).

9.3.3 Fenton Process

The Fenton process is among the most potent methods of 
treating diverse wastewater components and of organic pol-
lutant oxidation. Hence, a variety of wastes related to differ-
ent industries are treated with the Fenton reagent. However, 
the implementation of the Fenton reaction for wastewater 
treatment is limited in application as the hydroxyl radicals 
generated during the reaction are the most efficient at acidic 
pH conditions only (Deng and Zhao, 2015). Compared with 
the other AOPs, applying the Fenton process alone does not 
remove emerging contaminants convincingly. Thus, the addi-
tion of solar, or other light sources, a catalyst, or other com-
pounds such as hydrogen peroxide, enhances the emerging 
contaminant removal process (Ahmed et al., 2017). The reac-
tions occurring primarily while Fenton radical mechanisms 
are as follows:

 + → + ++ + −·Fe H O Fe OH OH2
2 2

3
 (8)

 + → + ++ + +·Fe H O Fe OH H3
2 2

2
2  (9)

 + → +· ·OH  H O HO H O2 2 2 2  (10)

 + → ++ + −·OH Fe Fe OH2 3  (11)

 + → ++ + +·Fe HO Fe O H3
2

2
2  (12)

TABLE 9.2

Ozone Dose for Different Pollutants

Ozone Dose (g/cm3)

Chemical oxygen demand (COD) elimination ~80–200

Decoloration <50

Micropollutants <20

Odor control ~30–150

Disinfection <20
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 + + → ++ + +·Fe HO H Fe H O2
2

3
2 2 (13)

 → +·2HO H O O2 2 2 2 (14)

9.3.4 Sonolysis

Sonolysis is regarded as a “‘green” method of treating waste-
water as OH radicals are produced by pyrolysis of water on 
ultrasound irradiation, without generating or making use of 
any exterior chemicals in the water system (Khare et al., 2021). 
The sonolysis process is a three-zone system: bulk of the solu-
tion, interfacial area of a cavitation bubble, and inner area of 
a bubble (Torres-Palma and Serna-Galvis, 2018). In the bulk 
of the solution, hydrophilic substances are settled; nonvolatile 
hydrophobic substances assemble in the interface of a cavita-
tion bubble, and volatile matters enter the cavitation bubble 
(Gogate, 2008).

9.4 Biological Methods

Treatment of all types of wastewater having biodegradable 
matter with a BOD/chemical oxygen demand (COD) ratio 
≥0.5 is possible by biological treatment. Biological oxidation 
and biosynthesis are two biological processes through which 
microorganisms degrade the organic matter present in waste-
water (Gray, 2005). The first process converts high-molecular-
weight molecules into smaller molecules like minerals that 
are released with the effluent; whereas biosynthesis converts 
the dissolved organic matter into new cells forming a dense 
biomass that has to be removed by sedimentation (Garcia-
Rodríguez et al., 2014; Samer, 2015; Meena et al., 2019). 
Contingent on the wastewater characteristics, biological treat-
ment can be classified as conventional and nonconventional 
treatment methods as discussed in Table 9.3.

9.5 Hybrid Methods

In the last few years development of hybrid systems has gained 
a great deal of significance to overcome the inefficiency and 
limitations of conventional treatment to remove pollutants. The 
hybrid system utilizes the pollutant separation and disposal 
efficiency of different biological and physiochemical processes 
(Chandran et al., 2020; Dhangar and Kumar, 2020). Hybrid 
techniques, for instance, AOPs (Stasinakis, 2008; Asghar 
et al., 2015), Fenton and photo-Fenton (Babuponnusami and 
Muthukumar, 2014; Pouran et al., 2015; Meena et al., 2016), 
and membrane filtration (Ganiyu et al., 2015), have been 
studied widely. Table 9.4 represents a quasi-exhaustive list 
of some recent hybrid methods applied for different types of 
wastewater.

9.6 Conclusion

Various treatment technologies are currently in practice for 
the eradication of several pollutants; however, a considerable 

number of wastewater treatment techniques have not yet been 
implemented at full scale. The treatment and recycle approach 
must be constructive and compliant with the wastewater 
discharge standard for good quality effluent in the coming 
decades. The most suitable wastewater treatment method can 

TABLE 9.3

Details of the Conventional and Nonconventional Biological 
Wastewater Treatment Methods

Method References

Conventional

Activated Sludge Process
The activated sludge process is an aerobic suspended 
system in which the microbial population grows and 
respires under extensive nutrient and oxygen 
conditions. The bacteria degrade the waste matter into 
an activated sludge that is then eliminated and 
recycled.

Samer (2015)

Trickling Filter
The trickling filter has an inert material of stone, plastic 
bodies, or lava slag on which microbial biofilm grows. 
With the help of a rotating arm distributor, the 
wastewater is sprinkled on the surface of inert support.

Ahuja et al. 
(2014)

Biological‑Activated Carbon (BAC)
The BAC method is advanced in accordance with the 
activated carbon process in which the growth of 
bacteria is fostered for biodegradation of refractory 
organic matter after their adsorption into the 
macropores of activated carbon.

Kalkan et al. 
(2011)

Nitrification
By nitrification, organic nitrogen and ammonia in 
wastewater are oxidized to nitrite or nitrate, which in 
the sequence is decreased to nitrogen gas by 
denitrification.

Okabe et al. 
(2011)

Moving‑Bed Biofilm Reactor (MBBR)
MBBR integrates the benefit of both the attached and 
suspended growth system. The microorganisms grow 
and develop biofilm on plastic carriers, which are 
agitated by aeration or by mechanical stirrers.

Abdelfattah 
et al. (2020)

Microalgae‑Based Treatment
The organic and inorganic carbon and inorganic N and 
P in wastewater is utilized by micro-algae for their 
growth; thus, the concentration of these matters in the 
water reduces. The O2 generated by photosynthesis is 
utilized by heterotrophic bacteria to degrade 
carboniferous matters.

Mohsenpour 
et al. (2020)

Nonconventional

Constructed Wetlands
Constructed wetlands are engineered to take advantage 
of natural wetlands but in a critical environment where 
physical, chemical, and biological methods are 
applied.

Upadhyay 
et al. (2019)

Biosorption
Biosorption is a physiochemical method in which 
biosorbate (i.e., metal ions from wastewater) binds to 
the biosorbent, which are bacteria, yeast, algae, fungi, 
and agricultural wastes.

Gahlout et al. 
(2021)

Membrane Bioreactor (MBR)
MBR is a suspended growth bioreactor system 
combining conventional activated sludge processes for 
biodegradation of waste matter and microfiltration or 
ultrafiltration for physical separation.

Dohare and 
Trivedi 
(2014)
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be planned by correlating the wastewater characteristics with 
the environmental fate of the pollutants. The hybrid methods 
are assumed to be the best among all the treatment methods as 
they exhibit the benefit of separation efficiency of both phys-
iochemical and biological methods and eliminate the draw-
backs of a single method, for example, high retention time in 
biological processes, sludge disposal, and membrane clogging 

in membrane-driven processes, but still complete elimination 
is not achieved. For degrading the emerging contaminants, 
the new arising nanoscience and genetic engineering can be 
integrated. AOPs are efficient in transforming recalcitrant 
compounds into intermediates that are compliant to biologi-
cal oxidation and mineralization. Among the AOPs, the pho-
tocatalysis process efficiently degrades and mineralizes the 

TABLE 9.4

Overview of Some Recent Hybrid Processes Applied for WWT

S. No. Target Wastewater Integrated Method Results References

1. Urban secondary effluents O3-GAC-O3, O3/H2O2-GAC-O3/
H2O2 and UV/H2O2-GAC-UV/H2O2

Optimized AOP/GAC removed ~80% of 
UV254 and 100% of COD

da Silva et al. (2021)

2. Brewery wastewater Electrocoagulation + Fenton Significant improvement in total organic 
carbon (TOC) removal performance 
about 90%, high toxicity reduction

Espinoza-Quiñones 
et al. (2021)

3. Pharmaceutical wastewater Upflow anaerobic sludge blanket 
(UASB) + constructed wetlands

Up to 75% and 94% of COD removal 
efficiency, ~95% of pollutant removal

Vistanty and 
Crisnaningtyas (2021)

4. Synthetic wastewater Algal assisted constructed wetland + 
microbial fuel cell incorporated sand 
filter

COD = 96.37 ± 2.6%.
NH4

+ = 85.14 ± 10.73%
PO4

3− = 69.03 ± 10.14%
NO3

− = 68.41 ± 7.63%

Gupta et al. (2021)

5. Levosulpiride from 
pharmaceutical wastewater

Ozone (O3) + activated carbon (AC) + 
biological treatment by Alcaligenes 
faecalis JF339228 and 
Exiguobacterium aurantiacum 
KX008295.1

Adsorption and biological treatment = 
76.22% ozone-biological treatment = 
60.68%

Jhunjhunwala et al. 
(2021)

6. Aquatic center sewage (ACS) Adsorption + RO membrane system + 
TiO2/Fe3O4 photocatalytic oxidation

Turbidity 99%
COD 99% removal

Izadpanah et al. (2021)

7. Cyanide containing steel 
industry wastewater (TATA 
steel limited)

Ozonation + electrocoagulation 99.8%, 94.7%, 95%, and 46.5% for 
cyanide, COD, BOD, and chloride ions 
removal, respectively

Das et al. (2021)

8. Municipal wastewater Constructed wetlands (CW) + 
microbial fuel cells (MFCs)

COD removal
(Closed-circuit CW − MFCs) = 
83.19–86.28%

(Open-circuit CW − MFCs) = 
76.54–83.19%

Nh4
+-N removal efficiencies

Planted CW-MFCs = 95.91–96.82%
Unplanted CW − MFCs = 56.54–59.95%

Wen et al. (2021)

9. (Cu, Ni)-EDTA from plating 
wastewater

Fenton/ozone-based oxidation + 
coagulation processes

99.7% of Ni and 99.72% of Cu Nguyen et al. (2021)

10. Municipal wastewater Ceramic membrane moving bed 
biofilm reactor + reverse osmosis

97% of COD and 93% of total nitrogen 
(TN)

Sun et al. (2021)

11. Real wastewater UltraSound + Adsorption + Membrane 
ultrafiltration (USAMe®)

More than 99% emerging contaminants 
(ECs) removal

Kalbar (2021)

12. Textile wastewater containing 
phthalocyanine dye and 
anionic surfactant

Sequencing batch reactor (SBR) + 
Nanofiltration (NF)

Dye = 98%
COD = 98.5%
SDS = 99% removal

Khosravi et al. (2020)

13. Petrochemical industrial 
wastewater

Fixed-film activated sludge (IFAS) + 
electro-Fenton methods

Removal efficiencies 95%, 94%, 99%, 
97%, 75%, and 92% for COD, BOD, 
turbidity, N-NH3, P, and NO3

2−, 
respectively

Dehboudeh et al. (2020)

14. Vegetable oil refinery 
wastewater

Coagulation/flocculation + membrane 
filtration

Turbidity, COD, and TOC removal 
efficiency 100%, 98%, and 97%, 
respectively

Khouni et al. (2020)

15. Swine wastewater Constructed wetland + microbial fuel 
cells

Suspended solid (SS), COD, NH4
+-N, 

NO3
−-N, TN, total phosphorus (TP), and 

PO4
3−-P was 76 ± 12.4, 72 ± 7.4, 59 ± 

28.3, 69 ± 25.6, 47 ± 19.7, 85 ± 9.5, and 
88 ± 8.7%, respectively

Ren et al. (2021)
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organic and inorganic compounds and is also a cost-efficient 
method. However, the release of toxic transformation products 
by AOPs needs to be monitored and should meet wastewater 
release standards.
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10.1 Introduction

The degree of the microbial variety of nature is a lot more exten-
sive and questionable than previously thought (Rondon et al., 
1999). In the world’s ecosphere, the microbes are amazing. 
The figures of the absolute number of living microorganisms, 
roughly 4 to 6 × 1030 cells, mirror the natural predominance 
of organisms (Whitman et al., 1998; Levin, 2001). The greater 

part of microbial creatures is “not developed,” which demon-
strates that they do not develop under research facility condi-
tions (Lewis et al., 2010). Microbial variety tests are centered 
on the reason that most species are recuperated in microbial 
development. Be that as it may, the genuine degree of micro-
bial multifaceted nature is far more prominent, in light of the 
fact that the use of the way-of-life innovation is not utilized to 
recuperate a few microorganisms (Rondon et al., 1999). The 
critical downside of the strategies utilized are the social media. 
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Over 99% of natural microorganisms are not cultivable, as 
found under the magnifying lens (Quigley et al., 2001). Rondon 
et al. (1999) noted that only 1% of the cells found in an example 
development can be analyzed. Due to the limit with regards to 
the advancement of nonsocial cells under different conditions, 
the point of numerous analysts to comprehend their dispersion 
and cooperation with the climate is to characterize these non-
cultivating microbials more readily by using atomic techniques 
and phylogenetic investigation dependent on information from 
a DNA succession. Metagenomics analyses in topographically 
unmistakable locales have added to the revelation of various 
new living things and endeavors have as yet to proceed to plot 
their future situation in that environment (Ahmad et al., 2016). 
Microbial organic entities in seepage frameworks have a sig-
nificant interest in principal microbiology. Prokaryotic min-
iature living species contained in dynamic slime or biofilm 
reactors are essentially answerable for the evacuation of car-
bon and sewage supplements; consequently, they are the focal 
segment of an organic wastewater treatment plant (WWTP) 
(Wagner and Loy, 2002). These gatherings have been com-
pletely explored for quite some time. Notwithstanding, just 
through planning subatomic and metagenomic techniques 
has the genuine variety of seepage populaces been estimated 
(Del Casale et al., 2011). Biochemical conduct of microscopic 
organisms to limit air discharges is significant for the evacua-
tion of harmful mixes. To guarantee their viability, attention 
to different microbial networks framed in treatment plants is 
significant (Forster et al., 2003). It is presently an ideal opportu-
nity to acknowledge wastewater microbiology as a developed, 
different order that produces a more profound comprehension 
of life in complex microbial networks (Daims et al., 2006). 
For over 15 years, biochemical strategies have been utilized to 
order microorganisms in different mash and paper plant efflu-
ents. Advancements, for example, ribosomal (rRNA) intergenic 
spacer analysis (RISA), reverse transcription-polymerase chain 
reaction (RT-PCR), clone library, terminal restriction fragment 

length polymorphism (T-RFLP), denaturing gradient gel elec-
trophoresis (DGGE), fluorescent in situ hybridization (FISH), 
and as of late, pyro-sequencing, have, in probably a few cases, 
allowed species acknowledgment. The utilization of custom-
ary and subatomic methods allowed a look into the “black 
box” of a wastewater cycle that offers information to improve 
effectiveness. In any case, huge scope populace correlations, 
cell lysis effectiveness, and co-extraction of contaminations 
that can struggle with PCR include solid example exhibitions. 
Extraction techniques with globule bats, for example, seem to 
shear DNA and improve divided nucleic acids that may yield 
chimeras (von Wintzingerode et al., 1997). The low sequencing 
profundity of the traditional PCR technique rather than the wide 
hereditary variety found in regular frameworks ruins a nitty 
gritty portrayal of the creation of the microbial populace. In 
correlation, existing populace dissections are generally a brief 
look at the predominant members, with no detail on medium to 
low volume taxa (Shendure and Ji, 2008). These investigations 
are recorded by Rastogi and Sani (2011) as “fractional local 
area examinations.” Despite the downside of these strategies, 
they can now be compelling in complex segment research. The 
cutoff points and capacity of the techniques used to distinguish 
microorganisms in mash and paper plants emanating organic 
cycles are being addressed in this investigation.

10.2  Omics Technology and Application

10.2.1  Direct Hybridization: Visualization by 
Fluorescent in Situ Hybridization

FISH utilizes named oligonucleotide tests to build up the exact 
area of 16S rRNA corrosives in microorganisms of inter-
est (Amann et al., 2001) (Figure 10.1). Fluorescent pictures 
might be taken with fluorescent microscopy. Extra quantitative 

FIGURE 10.1 Microbial screening techniques driving the “omics” era.
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investigations might be created reliant on the strength of the 
fluorescence and the overall wealth of premium organisms. 
FISH is generally utilized as a perception strategy to help check 
microbial changes through other atomic strategies or evalua-
tion instruments to check an immediate difference in pre-
mium microorganisms. Spatial profiling is another utilization 
of FISH in anaerobic frameworks. Biofilms can fill a specific 
framework plan immediately with microorganisms, and after-
ward require numerous means of anaerobic absorption. For 
instance, microorganisms with anaerobic granule structure in 
an upflow anaerobic sludge blanket (UASB) can change natural 
issue into methane and carbon dioxide through a progression 
of complex organic responses including collaborations among 
a few job classes. Mixed by cryo-separating, FISH recognition 
upgrades the attention to microbial spatial appropriation, which 
can be critical in depicting the powerful ramifications in anaer-
obic granules. Harmsen et al. (1996) distinguished syntrophic 
propionate oxidizing microscopic organisms in the center layer 
of the sucrose and took care of unstable unsaturated fat and 
granule-like Syntrophobacter wolinii. Sekiguchi et al. (1999) 
gave an exemplary FISH representation, with tests focused on 
numerous gatherings of methanogens and two gatherings of 
one-of-a-kind clones of anaerobic granules. This was the prin-
cipal subatomic verification uncovering the anaerobic granules’ 
layer development by methanogens and syntrophs gathering in 
the inward layers of anaerobic assimilation. They additionally 
saw a critical number of filamentous dim, non-sulfur microor-
ganisms that occupy the outside layer of thermophilic anaerobic 
granules, presumably utilizing the essential substrate (sucrose). 
The new quality Anaerolinea (Sekiguchi et al., 2003), a fun-
damental starch fermenter for both anaerobic and actuated 
slop granules (Yamada et al., 2005), was likewise removed 
(Wagner et al., 2002). Batstone et al. (2004) and Lu et al. (2013) 
compared the structures of anaerobic granules treating differ-
ent types of wastewater and described the differences in the 
outer layer of granules treating brewery, cannery, and dairy 
wastewater. The properties of anaerobic granules that handle 
different types of wastewater are regularly observed (Batstone 
et al., 2004) and (Lu et al., 2013) clarifying the varieties of the 
external layer of granules taking care of wound, canneries just 
as dairy wastewater. FISH may perceive and discover premium 
organisms in anaerobic digesters effectively and precisely. 
Notwithstanding, most complete FISH research on anaerobic 
frameworks (down to the class level) are limited to relatively 
fundamental methanogens. A bacterial populace in an anaero-
bic climate (e.g., fermenters) might not have explicit example 
levels because most microscopic organisms are uncultured or 
the planned microorganisms change (fermenters are spread 
over more than 20 genera). For the viable utilization of FISH, 
subsequently, information on the microorganisms removed 
from other atomic procedures is fundamental.

10.3 Nucleic Acid Amplification

10.3.1 Quantifying by Real-Time Quantitative PCR

Real-time quantitative PCR (RT-qPCR) has been extraordi-
narily adjusted for the evaluation of focused classes or human 

organisms. Like FISH, it utilizes the fluorescent property of 
the SYBR green or TaqMan test during the PCR stage, which 
is considered to produce more noteworthy target properties 
in microbial biology (Arikawa et al., 2008). Outright evalu-
ation (by advanced PCR or standard bend strategy) and rela-
tive measurement (by similar technique) can be completed. A 
decent relationship among biogases and methanogen plenitude 
was by and large seen in qPCR research in anaerobic reactors, 
specifically, Methanosarcina and Methanosaeta (Traversi 
et al., 2011). Methanosarcina and Methanosaeta were then 
proposed by Traversi et al. (2012) as biomarkers of cycle 
dependability. In the drawn out action of psychrophilic anaer-
obic reactors, qPCR has set up the appearance of prevailing 
archaeal agents of hydrogenotrophic methanotrophic classes 
(McKeown et al., 2009). Bialek et al. (2013) recorded a solid 
ascent in hydrogenotrophic methanogens after an expanded 
pace of natural stacking from 0.5e2 to 2 kg of chemical oxy-
gen demand (COD)/m3 in a 10°C broadened granular slop bed 
reactor. Vanwonterghem et al. (2014) utilized qPCR to show a 
similar biomass fixation design during the anaerobic digester 
fire up. Although qPCR has simple admittance to target num-
bers that address a general or specific populace, the count 
might be unpleasant because the measure of quality duplicates 
contrasts from species to species (Farrelly et al., 1995). Angly 
et al. (2014) applied duplicate quality number rectification to 
qPCR and the 16S rRNA microbial local area profiling and 
checked the overestimation of the change from shaky qPCR 
discoveries in the microbial local area.

10.3.2 Ribotyping

Ribotyping is a variety found in the standard investigation 
of RFLP. It coordinates the southern DNA unique mark 
hybridization because of the electrophoretic genomic digest 
study, with rDNA-focused investigation. The examples uti-
lized for ribotyping range from fragmented rDNA group-
ings or the intergenic spacer territories to the full rDNA 
operon (O’Sullivan, 2000). The strains of Lactobacillus and 
Bifidobacterium were portrayed by ribotyping from shop-
per merchandise and human fecal examples (Giraffa et al., 
2000). Ribotyping in this way offers a solid distinctive capac-
ity at the degree of species and subspecies rather than at the 
degree of strain. Pulse field gel electrophoresis (PFGE) was 
discovered to be more prejudicial than either ribotyping and 
RAPD while composing comparatively related Lactobacillus 
casei, Lactobacillus rhamnosus, and Lactobacillus johnsonii 
strains (Ventura and Zink, 2002).

10.3.3 Monitoring by Fingerprinting Techniques

During the 1990s, a progression of subatomic strategies were 
set up to uniquely mark unexplained anaerobic treatment 
systems effectively (presence and multiplication of micro-
organisms). When all is said and done, 16S rRNA is focused 
on these cycles, in particular DGGE and T-RFLP. DGGE is 
centered on various denaturation highlights of 16S rRNA 
pieces inferable from succession contrasts that incorporate 
a hereditary profile, which addresses microbial changeabil-
ity and recognizes singular strip groupings. For example, 
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a Methanosarcina mazei-associated DGGE band was distin-
guished in winery, while the Methanobacterium formicicum 
band had been set up in the brewery (Keyser et al., 2006).

Regueiro et al. (2012) found that the mix of the basic 
activity test and the DGGE for six full-scale anaero-
bic digesters has been associated with a high volume 
of Bacteroidetes and hydrogenotrophic methanogens. 
T-RFLP distinguishes microorganisms relying on the site 
variety closest to the fluorescent finish of the 16S rRNA-
enhanced chromosome. It follows the design of the gath-
ering and the difference locally across such standards. 
T-RFLP is regularly used to follow the microbial change 
among tests and gage a normalized and different populace, 
which is a superior research facility reactor (Carballa et al., 
2011). In any case, comparative with anaerobic processing 
treating different wastewaters, the wellspring of blended 
anaerobic yields assumed a significant part since carb 
competition (for instance, sulfate decrease) may prompt a 
low yield of hydrogen (H2) and methane (Chaganti et al., 
2012). Microbial populace upgrades were frequently rou-
tinely observed by T-RFLP during such pressing factors or 
treatments. For example, during the development of a full-
scale anaerobic reactor that handles modern food squan-
der, Ike et al. (2010) considered the microbial populace 
dynamic and set up Actinomyces/Thermomonospora and 
Ralstonia/Shewanella as significant fermenters, whereas 
the archaea’s local area changed from acetic acid deriva-
tion usage methanogens to H2 power through pressure at 
stable productivity. During the change of methanogenic 
granules into hydrogenic granules with chloroform, they 
were found to eliminate and substitute Clostridium butyri-
cum with H2 using methanogens. Lu et al. (2011) have 
followed the pH-changing bacterial populace change and 
featured its impact on the microbial local area structure. 
The upside of fingerprinting is that they empower the 
fluctuation examination among gels and they are ideal 
for routine investigation of enormous examples, as they 
have reproductive and robotization capacity (Smalla et al., 
2007). All things considered, genuine evaluation informa-
tion cannot be obtained straightforwardly from T-RFLP-
related fingerprinting procedures and can add to mistaken 
data in light of PCR bias and goal. Different techniques 
for measurement, for instance, FISH or qPCR, ought to be 
executed to help or address the amount of every micro-
organism. Fingerprinting techniques are additionally used 
to rapidly investigate the gathering change and direct the 
accumulation of models for additional investigation in the 
future (Su et al., 2015).

10.3.4  Random Amplification of 
Polymorphic DNA (RAPD)

The investigation of rapid amplification of polymorphic 
DNA (RAPD) dependent on PCR depends on a short 
(around 10 bases), arbitrarily chosen single ring in the 
corresponding locales of the genome as switched rehashes 
(Agrawal et al., 2015). The DNA is heightened by PCR 
between the two inverse destinations with the groundwork 
at the start and end stages. The enhancement materials 

are separated by gels and the banding designs distinguish 
species by the consideration or absence of stripes (poly-
morphism). The RAPD dissections are irregular in that, 
in view of the growth examined and the primary utilized, 
they separate at numerous ordered stages, for example, 
segregates and living beings. RAPD is a strategy that uti-
lizes a solitary low-tough irregular preliminary to inten-
sify polymorphic DNA (Williams et al., 1990). The first 
at low stringency is toughened to the objective DNA at 
different areas whose arrangements do not coordinate 
the main succession. During tempering of the essential 
transformed direction at frequencies fitting for enhance-
ment, numerous unobtrusive DNA groups are intensified. 
Although RAPD examination is quick and simple, it can-
not be rehashed; even minor changes in the Taq polymerase 
bunch and cushion can adjust the finger impression. Thus, 
the necessities for the immediate intensification of DNA 
in regular habitats with RAPD procedures should be 
refined one case at a time to benefit and profit by the 
strategy. ITS 5.8S rRNA quality RAPD investigation of 
eight H. Grisea segregates was performed. Intra-explicit 
variety in this field has been envisioned. Confines show 
hereditary varieties inside these species that are related 
with morphological change. There has been broad open-
ness to the hereditary fluctuation in the Torula-Humicola 
group. Straatsma and Samson (1993) likewise explored 
the S hereditary variety. Thermophilum, which disen-
gages using RAPD examination, has exhibited a particu-
lar pattern of intensification.

10.3.4.1  Repetitive Extragenic Palindromic-
PCR (REP-PCR)

Repetitive extragenic palindromic (REP)-PCR is used pri-
marily to differentiate isolates from the Enterobacteriaceae 
family (Zelazny et al., 2009). It is focused on primers that 
supplement the strongly conserved, extragenic, repeated 
DNA sequences in most bacteria genomes. REP sequences 
of 30% of bacterial operons are found. DNA enhancement 
across REP sites results in highly reproducible fingerprints 
with single isolates (Rademaker, 1997). DNA isolated 
from a microorganism is collected and then enhanced by 
special oligonucleotides; PCR items are distinguished by 
1% ethidium bromide staining on agarose gels, which are 
photographed (De Bruijn, 1992). There are industry kits 
for automatic identification, standardization, and moni-
toring through software such as DiversiLab (Healy et al., 
2005). Baker et al. (2003) studied bacterial populations in 
seven pulp and paper wastewater treatment schemes. They 
contrasted RISA, RFLP, and REP-PCR and stated that the 
REP-PCR displayed a higher resolution with various trends 
at different times and sampling points for any study. This 
research did not classify specific representatives of the 
societies (Rademaker, 1997). The specificity of this tech-
nique may be used to control bacterial population equilib-
rium in a secondary treatment scheme (Baker et al., 2003). 
REP-PCR tests are, therefore, not an effective method to 
classify organisms at the subspecies level (Mougari et al., 
2014).
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10.3.4.2  Enterobacterial Repetitive Intergenic 
Consensus-PCR (ERIC-PCR)

Enterobacterial repetitive intergenic consensus (ERIC)-PCR 
is an effective fingerprinting tool for DNA; it is quicker, eas-
ier, and economical than other typing methods in genomics. 
Repeated oligonucleotides are used as a starting point for DNA 
synthesis, where knowledge of the target DNA sequence is not 
necessary (Eriksson et al., 2005). The primers are engineered 
to improve copies of the ERIC sequence; if copy locations vary 
between various strands, the enhancement items each have a 
distinctive fingerprint while running on a gel (Wilson and 
Sharp, 2006). Unfortunately, amplification using ERIC-PCR 
primers reveals ERIC sequences are not normal in bacteria 
(Wilson and Sharp, 2006). Therefore, bacterial population 
experiments are not advised because they are very precise. 
Singh et al. (2011) examined the existence of the Enterobacter 
sp. The potential to dissolve tannic acid was sequenced with 
the ERIC PCR and for detection in the shortest period for the 
treatment of pulp and paper effluent and 16S rDNA.

10.3.4.3  Terminal Restriction Fragment 
Length Polymorphism (T-RFLP)

RFLP analysis is a highly reproducible, fast, technical approach 
consisting of PCR-based amplification of a DNA component, 
typically a gene or part of the gene, together with the result-
ing constraint of the digestion of PCR substance and electro-
phoretic RFLP analysis. It may also be used as a workaround 
to sequence determination to distinguish between species and 
strains of living organisms (Vaneechoutte and Heyndrickx, 
2001). In RLFP, PCR items are digested with restriction 
enzymes, and terminal restriction fragments (T-RFs) are iso-
lated by automatic DNA sequences. This approach utilizes 
capillary sequencing technologies to measure collections of 96 
or 384 well plates (Thies, 2007). Fragments with fluorescent 
end labels are observed, simplifying the banding pattern and 
making it possible to examine diverse microbial communities 
(Rastogi and Sani, 2011).

The research by 16S-RFLP review of bacterial populations 
from seven pulp and paper wastewater treatment systems was 
carried out. Group coefficients of similarity were focused on 
quantitative determination of both the locations of the DNA 
bands and the band intensities in order to compare relative 
population differences, and a dendrogram was created for 
all mills. Samples are usually made up of individual clusters 
from each mill. From this dendrogram is an extracted similar-
ity with and within mills, i.e., the node similarity in which 
all samples from one mill converge and describe similitude 
inside a mole. The resemblance of 16S-RFLP profiles from 
mills has been partly attributed to wood furnishing (Baker 
et al., 2003). This approach was not adequately sensitive to 
distinguish deviations from various places or from different 
sample periods inside the mill treatment scheme. Gilbride and 
Fulthorpe (2004) later conducted R-FLP research to compare 
and contrast microbial populations of 10 pulp and paper mill 
environments, on both whole ecosystems and individual cul-
tivated isolates. Both groups exchanged 60% of their pattern 
of DNA bands. The 16S rRNA genes were described in partial 

sequences from the cultivable isolates of Ancylobacter aquati-
cus, Blastobacter sp., Comamonas sp., Klebsiella sp., Bacillus 
spp., Pseudomonas spp., and Xanthobacter sp. The structure 
of the bacterial culture, functional stability, and N2 fixation 
were studied at the pilot plant. DNA was isolated and obtained 
from wastewater treatment for pulp and paper-activated sludge 
tests and amplified up to 1.5 kb. Previously acquired clones 
have been separated by RFLP from the restrictive enzyme 
HhaI (Amersham). Fragment analysis was performed with the 
automatic DNA sequencer 377-XL of the Applied Biosystems, 
and the sizes of the 5′ T-RFs and the intensities of their fluo-
rescent emission signals (peak area) were determined with the 
GelCompar II program. The structure of the bacteria was con-
trolled by Alphaproteobacteria and Betaproteobacteria, with 
less bacterial phylum Bacteroidetes (Reid et al., 2008).

10.3.4.4 Pulse Field Gel Electrophoresis (PFGE)

The R-FLP analysis of bacterial DNA involves the digestion 
of genomic DNA with rare-cutting restriction enzymes to 
yield a few relatively large fragments. The restriction frag-
ments are then size-fractionated using PFGE, which allows 
separation of large genomic fragments. The generated DNA 
fingerprint obtained depends on the specificity of the restric-
tion enzyme used and the sequence of the bacterial genome 
and is therefore characteristic of a particular species or strain 
of bacteria. This fingerprint represents the complete genome 
and thus can detect specific changes (DNA deletion, inser-
tions, or rearrangements) within a particular strain over time. 
Its high discriminatory power has been reported for the dif-
ferentiation between strains of important probiotic bacteria, 
such as Bifidobacterium longum and B. animalis (Roy et al., 
1996), L. casei and L. rhamnosus (Tynkkynen et al., 1999), L. 
acidophilus complex (Roy et al., 2000), L. helveticus (Lortal 
et al., 1997), and L. johnsonii (Ventura and Zink, 2002). More 
recently, a new approach combining R-FLP with DNA frag-
ment sizing by flow cytometry has been reported for bacterial 
strain identification (Larson et al., 2000). DNA fragment sizing 
by flow cytometry was found to be faster and more sensitive 
than PFGE, and this technique is also amenable to automation.

10.4.  Reverse Sample Genome Probing (RSGP)

The reverse sample genome probing (RSGP) method requires 
the blocking of DNA from individual strains on filters, which 
are subsequently tested with DNA from environmental sam-
ples. Metagenomic DNA is radiated and used to evaluate a 
master filter that includes chromosomal DNA of actual stan-
dard microorganisms of concern connected to a nylon mucous 
membrane, after it is isolated and filtered. The collected 
knowledge is confined to the cultural portion of the microbial 
culture. Via the fate of selected population members, RSGP 
tests microbial diversity in a selected target area (Greene 
and Voordouw, 2004). It is used to easily analyze if culti-
vable organisms have been identified in samples (Fulthorpe 
et al., 1993). Gilbride and Fulthorpe (2004) used the RSGP 
method to equate the cultivable bacteria from a variety of geo-
graphically remote populations with a pulp-mill biotreatment 

ALI SADEGHI DIGITAL LIBRARY



116 Wastewater Treatment

method, such as Ancylobacter spp., Xanthobacter spp., 
Comamonas spp., Pseudomones spp., Pseudomonas spp., 
Blastobacter spp., Burkholderia spp., Ralstonia spp., and 
Xanthomonas spp. This analysis was included. The makeup 
of the cultural group among mills on the genus level over-
lapped a little. The findings of the RGSP have only demon-
strated that this is culturable. Isolates comprise a relatively 
limited proportion of the population.

10.4.1 Multilocus Sequence Typing (MLST)

Multilocus sequence typing (MLST) is a simple, compact and 
nucleotide-dependent technique for typing bacteria with an 
internal fragments sequence of (normally) seven household 
genes (Maiden et al., 1998). For each household-conserving 
gene, multiple sequences in each bacterial species are distrib-
uted as distinctive alleles and the alleles at either end of the 
seven loci determine the allelic profile or sequence class for 
each isolate (Urwin and Maiden, 2003). Around 450–500 bp 
internally per allele is used, and most bacteria have enough 
variety in the household genes to provide multiple alleles 
per gene, which enables billions of different allele profiles to 
be distinguished using the seven household loci (Urwin and 
Maiden, 2003). MLSTs have been developed utilizing the prin-
ciple of multilocus enzyme electrophoresis (MLEE). However, 
they allocate alleles directly to certain household-conserving 
genes by DNA sequencing (gene analysis themselves) (Maiden 
et al., 1998).

The benefits of MLST are that it offers unambiguous, com-
pact, more detailed, and discriminatory form data for most 
bacteria (Urwin and Maiden, 2003). In contrast to other typ-
ing procedures requiring the comparison of DNA fragment 
sized on a gel, these data are readily available, comparable, 
and usable online (Urwin and Maiden, 2003). This makes the 
typing of MLST data more acceptable for global epidemio-
logical studies. In addition, MLST data may be used to ana-
lyze evolutionary bacterial relationships (Urwin and Maiden, 
2003). MLST is still costly relative to RAPD, ERIC, REP, and 
plasmid analyses. Due to the sequence conservation of house-
keeping genes, MLST often loses the discriminatory capac-
ity to distinguish bacterial strains and may therefore be used 
to solve this problem by a multi-virulence locus (Chen et al., 
2007). Colles et al. (2011) used MLST to identify the genetic 
variation of colonizing Campylobacter in domestic and wild 
mallard ducks and to compare them.

10.5 Post‑Amplification Analysis

10.5.1 Identifying by 16S rRNA Clone Library

The 16S rRNA gene clone library is a common method for 
phylogenetic diversity investigation. It is a series of DNA 
sequences commonly derived from PCR amplification, put 
into a plasmid vector, and cloned in a host cell of bacteria 
(for example Escherichia coli). Because almost all 16S rRNA 
genes can be sequenced from the clone library, taxonomy rec-
ognition to species level can be given for cultivated microor-
ganisms. In a 16S rRNA clone library with various forms of 

granules, representatives of Bacillus and Pseudomonas were 
normally identified (Keyser et al., 2007). Hernon et al. (2006) 
performed the analysis on two UASB-scale laboratory clones 
of 16S rRNA comprising glucose and sucrose in the treat-
ment of synthetic wastewater under mesophilic and thermo-
philic conditions, respectively. Bacteroidetes and Spirochaetes 
were found to be regulated by the mesophilic reactor, whereas 
Clostridia was the only dominant class in the thermophilic 
reactor. Alphaproteobacteria is present in granulates handling 
the commonly observed clone of synthetic powdered skim 
milk wastewater strongly linked to Sphingomonas rhizogenes 
(Satoh et al., 2007). Thermotogae, Synergistetes, Firmicutes, 
Chloroflexi, and Proteobacteria members were observed in 
anaerobic granules that treat wastewater syrup (Nakasaki 
et al., 2013). However, the usage of the 16S rRNA clone library 
as a control instrument in anaerobic systems is hampered by 
extreme time and effort and is supplemented by high-process 
next-generation sequencing (NGS).

10.5.2 Next-Generation Sequencing Approach

The NGS approach extends the efficiency, scalability, and 
pace to a new level to become the key molecular technol-
ogy used for monitoring anaerobic systems. It gives the pros-
pect of sequencing tiny fragments in tandem without cloning 
(Figure 10.2). The ability to have a broad sequence data col-
lection makes it possible to identify low-abundance organisms 
and has an impact on the understanding of microbiological 
changes (Caporaso et al., 2012).

10.5.2.1 Community Profiling

16S rRNA gene amplicon sequence by Roche 454 or Illumina 
has been translated into the most popular anaerobic digester 
microbial profiling technique (Shu et al., 2015). The effect of 
operating parameters, including temperatures (Sundberg et al., 
2013) and feedstock (Ziganshin et al., 2013) can be checked 
under the higher resolution given by NGS. Microbial popula-
tions in an anaerobic digester are grouped with free ammo-
nia concentration and digestor temperature according to 
their gross ammonia concentration (De Vrieze et al., 2015). 
The predominant core of 42 bacteria inside phyla Firmicutes, 
Alphaproteobacteria, Actinobacteria, and Chloroflexi is iden-
tified in anaerobic digesters processing the wheat-based waste 
fuel ethanol streams. NGS strengthens our knowledge of anaer-
obic digestive bacteria and lets us consider the community’s 
capacity to control tension. Applying single-phase anaerobic 
digestion to high-strength food wastewater showed a change 
from Chloroflexi, dominated in seed, to the low-diversity com-
munity of phyla Bacteroidetes, Firmicutes, Synergistetes, and 
Actinobacteria, which shows how these groups have a hydro-
lysis feature (Jang et al., 2014).

However, the high degree of Actinobacteria was observed 
with different mesothermophilic digestion in both lev-
els, respectively, with predominant Synergistetes and 
Firmicutes (Jang et al., 2015). Iron(III) chloride (FeCl3) has 
been found to increase biogas output with digester-enriched 
Coprothermobacter (Yu et al., 2015). Co-digestion has adapted 
to the modern 16S rRNA gene sequence amplicon region. 
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The relation between microbes and the amount of substrate 
loading may be examined in co-digestion. For example, meth-
anogens moved from an acetoclastic to a hydrogenotrophic 
community with Candidatus Cloacimonas under all condi-
tions from high to low biodiesel waste glycerin and restau-
rant grade waste in conjunction with urban wastewater sludge 
(Razaviarani and Buchanan, 2015). The carbon to nitrogen 
(C/N) ratio can be optimized in the code for crude cheese whey 
using fruit vegetable waste, and it improves H2 by enriching 
lactic consumers (Gomez-Romero et al., 2014).

10.5.2.2 Function Profiling

16S rRNA amplicon gene sequencing may shed some light on 
metabolic functionality by searching for closely related cul-
tivated species (Li et al., 2009). (Werner et al., 2011). Meta-
omics research goes beyond this to have a direct identification 
and dynamic capacity and real function (Shakya et al., 2013). 
Metagenomics is a random sequence of genomic DNA directly 
from a sample and, because PCR is not needed, it is also possible 
to remove the bias relevant to PCR. Potential established fea-
tures can then be defined and quantified by sequencing results, 
but the lack of reference genomes mainly impedes this (Wirth 
et al., 2012). Direct proof showed agreement with previous 
observations, including the hydrolysis and fermentation roles of 
phyla Firmicutes and Bacteroidetes and the syntrophic relation-
ship between Clostridia and hydrogenotrophic methanogens by 
utilizing anaerobic digestion metagenomics (Jaenicke et al., 
2011). The findings were also drawn from the probability of 
accurately forecasting group composition and functional shifts 
over time, as deterministic mechanisms have shown directing 
synchronous population dynamics in a replicated anaerobic 
digester (Vanwonterghem et al., 2014). Metatranscriptomics is 
an in situ gene expression sequencing of reverse-transcribed 

mRNA extracted in the microbial culture. Metatranscriptomic 
readings are then mapped with reference genomes or a metage-
nome from the same bioreactor in order to compare differential 
amounts of expression in the gene. The identification of only 
identified sequences is focused on standard methods for assess-
ing microbial population gene expression such as microarrays. 
Metatranscriptomics tests the extent of gene expression with-
out awareness of the nucleotide sequence, which improves the 
range of metabolically active gene detection (Vanwonterghem 
et al., 2014). Metatranscriptomics was used for the study of 
microbial species in the anaerobic digester (Zakrzewski et al., 
2012). A high-level gene expression and a high transcriptional 
activity of archaeal populations were also observed in the 
enzymes that were involved in hydrolysis, acidogenesis, and 
acetate production. Because meta-omics methods may con-
nect microbial communities directly with particular functional 
processes in the engineering environment, it is anticipated that 
meta-omics studies would increase the application of anaerobic 
process monitoring.

10.6 Conclusion

Detailed knowledge of the nature and functional interac-
tions within diverse microbial communities is important to 
maintain secure regulation of the anaerobic phase. Reactor 
microbiome monitoring calls for several molecular biological 
devices including visualization tools and approaches to meta-
omics. Various tools have various benefits and drawbacks. The 
anaerobic wastewater treatment processes can be recognized 
and tracked through molecular technologies such as spatial 
profiling, population fingerprinting, qPCR, next-generation 
DNA and RNA high-performance sequencing, and meta-omic 
approaches, whether implemented alone or mixed.

FIGURE 10.2 Potential NGS used to study microbial community.
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10.7 Abbreviations

C/N-carbon to nitrogen; COD-chemical oxygen demand; 
DGGE-denaturing gradient gel electrophoresis; ERIC‑PCR-
enterobacterial repetitive intergenic consensus polymerase 
chain reaction; FeCl3‑iron(III) chloride; FISH-fluorescence 
in situ hybridization; H2-hydrogen; MLEE-multilocus 
enzyme electrophoresis; MLST-multilocus sequence typ-
ing; NGS-next-generation sequencing; PFGE-pulse field 
gel electrophoresis; RAPD-random amplification of poly-
morphic DNA; REP‑PCR-repetitive extragenic palindromic 
polymerase chain reaction; RFLP-restriction fragment length 
polymorphism; RISA-rRNA intergenic spacer analysis; 
rRNA-ribosomal ribonucleic acid; RSGP-reverse sample 
genome probing; RT‑PCR-reverse transcription-polymerase 
chain reaction; RT‑qPCR-real-time quantitative polymerase 
chain reaction; T‑RFLP-terminal restriction fragment 
length polymorphism; T‑RF-terminal restriction fragment; 
UASB-upflow anaerobic sludge blanket; WWTP-wastewater 
treatment plant.
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11.1 Introduction

The treatment and reuse of wastewater has evolved and 
advanced for decades, implying the reuse of treated munici-
pal wastewater for many purposes chiefly outside of the urban 
settlements [1]. Industrial effluents from industries (pharma-
ceuticals, petrochemicals, food, agriculture, textiles, poly-
mers, paper industries, etc.) generate a bigger waste stream 

containing varied contaminants of dyes, oils, and salts of 
organic and inorganic compounds, harmful microbes, and 
other pollutants. Incomplete or inefficient treatment of such 
water streams from municipalities and industries cause serious 
environmental problems when discharged into the ecosystem, 
affecting both the animal and plant kingdom in the long run. 
In the face of water shortages associated with demographic 
growth of the industrial revolution, the world requires more 
freshwater supply sources and so strives to explore all possible 
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options to reuse treated water instead of limited fresh water 
[2]. The main function of a wastewater treatment plant is to 
eliminate wastes, sands, oils, fats, decantable organic and 
inorganic matters, phenolic compounds, dyes, and heavy met-
als through different primary, secondary, and advanced treat-
ment strategies [3]. The primary treatment processes separate 
the solids from the effluent by filtration or sedimentation, and 
the secondary treatment processes eliminate the dissolved 
solids and other contaminants by chemical precipitation and 
biological process in association with advanced technologies 
[4]. Different tailorable advanced, cost-effective technologies 
are being adapted in industries for wastewater treatment, most 
popularly the advanced oxidation processes (AOPs), different 
types of membrane filtration techniques, the sonochemical 
degradation technique, photo catalysis, and enzymatic deg-
radation with or without a redox mediator, depending on the 
characteristic composition of the waste stream and the desired 
properties of the treated water. These approaches are being 
chosen to function alone or in combination with others at dif-
ferent treatment steps considering the cost-effectiveness and 
overall pollutant removal efficiencies.

Suitability of treated water reuse is an important concern in 
terms of safe usability, sustainability, and people’s acceptabil-
ity. For instance, at present, only about 17% of the total puri-
fied wastewater is reused due to technical constraints in Spain 
[3]. Reclamation and reuse of treated water must follow differ-
ent recommended standards allotted by concerned administra-
tive authorities, maintaining microbiological quality of water 
stream. The maximum elimination of pathogens creating a 
minimum amount of disinfection by-products is very crucial 
in this respect. Ultrafiltration (UF), infiltration-percolation, 
reverse osmosis (RO), electrodialysis reversal (EDR), mem-
brane bioreactor (MBR), ultraviolet (UV) irradiation etc., are 
proved to efficiently disinfect effluents with varying types of 
chemical, physical, and microbiological characteristics. The 
practical use of reclaimed water is strongly related to not only 
the progress in technological approaches, but also to the health 
safety, socioeconomical and legal aspects, use of new control 
tools, and big amount of data of wastewater reuse available 
from the compulsory analysis performed over time. Attention 
should be paid to new stakeholders in water treatment and 
reuse management and the “individual” end users [5].

This chapter focuses on the highly engineered water treat-
ment approaches that are functional for different industries. 
The real scenario of the water crisis throughout the world along 
with the suitable wastewater reclamation technologies are dis-
cussed. Defining the geographical and political impediments 
as well as the methodological challenges toward sustainable 
reuse of treated water as an alternative to the freshwater supply 
throughout the world and a credible way out of these technical 
issues are also reviewed.

11.2  Present Water Crisis Scenario around the 
Globe and Necessity of Wastewater Reuse

From the production of crops and textiles to the construction 
of buildings to cleansing body and clothes, water is needed 
in every aspect of our life. As water is deeply connected and 

required for the fulfillments of our daily basic needs, it is nec-
essary to have an uninterrupted supply of water for prosper-
ous living. However, though roughly 70% of the total surface 
area of the Earth is covered with water, only 3% is known 
as fresh water, which is available or can be used for these 
abovementioned purposes [6, 7]. In addition, continuous esca-
lation of the human population, which has been projected to 
be 11.2 billion by 2100 [8], demands for more food, clothes, 
and daily life goods. To meet this perpetual demand of a ris-
ing population requires the establishment of myriad of diver-
sified industries for these daily necessities, which implies 
the consumption of more fresh water from easily available 
sources such as rivers, waterfalls, and underground sources. 
For example, accumulated data of freshwater withdrawals 
between 1984 and 2014 indicated that an increase of popula-
tion is directly related to the water consumption by a signifi-
cant scale. While the world population increased from 4.76 
to 7.25 billion from 1984 to 2014, the overall global freshwa-
ter withdrawals also increased 2.5 times during this period 
of time (Figure 11.1). It is also evident that a large portion, 
nearly 70%, of fresh water is withdrawn to fulfill the demands 
of food production during crop cultivation and livestock pro-
cessing. Also, with the increment of nearly 3 billion people 
around the world, consumption of water for industrial and 
domestic purposes raised three and six times from 1984 to 
2014, respectively.

Apart from a rising population around the globe, the 
risk of water scarcity levels also depends on the densities 
of human communities and distribution of water resources 
[9]. In a report from the Food and Agriculture Organization 
(FAO), it has been stated that though 3% fresh water is 
very small compared with the total water on Earth, if this 
fresh water is evenly distributed among all of the people on 
Earth then each person would have access to 5000–6000 
m3 of fresh water per year [10]. As experts claim that peo-
ple can live above water scarcity threshold if each person 
has access to 1700 m3 fresh water per year, it is possible 
to live without a water crisis. However, neither people nor 
the water resources are evenly distributed globally; hence, 
an extreme water crisis can be found in some regions while 
water is easily available in other parts of the world. This can 
be evaluated by the water stress index of different countries. 
In 2019, Hofste et al. conducted a global analysis on water 
stress with the help of a tool named Aqueduct developed 
by the World Resources Institute [11]. They classified the 
countries according to their water stress as extremely high 
(>80% water stress), high (40%–80%), medium-high (20%–
40%), low-medium (10%–20%), and low (<10%). Their study 
indicated that water stress is extremely high in 17 countries 
including Qatar, Israel, India, Iran, and Jordan; high in 27 
countries like Turkey, Armenia, Nepal, and Iraq; medium-
high in Germany, Indonesia, China, South Korea, and 20 
other countries; low-medium in Japan, the United Kingdom, 
Poland, and other 29 countries; and low in 63 countries like 
Bangladesh, Switzerland, Myanmar, and Sweden.

Along with the abovementioned reasons, one more sig-
nificant cause contributing to the worldwide water crisis in 
today’s industrial-based world is climate change. According 
to the Intergovernmental Panel on Climate Change, global 
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temperature increased by 1°C from pre-industrial levels due 
to human activities in 2017 [12] and is suspected to increase 
by 3.5°C by 2100 compared with the same period mentioned 
before [13]. It is predicted that about 20% of the global expan-
sion in water scarcity is due to climate change [10]. This 
man-made scarcity of water would negatively impact the devel-
opment and functioning of communities worldwide, especially 
the rural areas in which the density of population is very high 
compared with urban areas.

From the previous discussion, it can be stated that in the 
upcoming future water scarcity will increase if the con-
tamination and use of water is not properly managed. Also, 
even though there is enough water for all the people on 
Earth to live, as long as borders between countries exist, it 
is impossible to build a perfect utopia. Hence, future waste-
water is necessary to reuse not only in the water-deprived, 
densely populated, and dried areas, but also in the pres-
ent low water stress countries. Fortunately, keeping this 
scenario in mind, both extremely high water stress coun-
tries like Saudi Arabia, Qatar, and Israel and low-medium 
stress countries like the United kingdom have started to 
reuse wastewater in a high capacity, which is increasing in 
amount day by day. However, due to the cost and techno-
logical nonavailability, developing countries are not able 
to reuse wastewater. Besides cost and technological disad-
vantages, some current low-stress countries might suspect 
water scarcity due to the apathy of local government and 
ignorance of the country’s people. Hence, more efficient, 
affordable, and economical technologies are needed to 
adapt to higher wastewater reuse and reclamation. In addi-
tion, awareness and a mental change among the general 
public is also required.

11.3  Emerging Technologies for 
Wastewater Reclamation

11.3.1 Advanced Oxidation Processes

AOPs are exceedingly competitive methods initially conceptu-
alized in the 1980s to remove complex organic contaminants of 
low biodegradability or high chemical stability in wastewater 
that are difficult to degrade into simpler end products through 
biological processes. The oxidation processes relating to the 
production of a sufficient number of desired radicals to influ-
ence predominantly potable water purification utilizing strong 
hydroxyl or sulfate radicals as oxidizing agents were adapted. 
This attractive method can readily degrade unmanageable 
organic pollutants, take out certain inorganic pollutants, and 
can achieve desired on-site color destruction, transforming the 
wastewater to less toxic or nontoxic water [14, 15]. Completion 
of AOP to its ultimate stage can entirely oxidize organic pollut-
ants to CO2 and salts, in which partial oxidations might bring 
out amplified biodegradability of pollutants to be removed via 
conventional biological water treatment methods [16].

The main mechanism of AOPs involve the generation of 
highly reactive free radicals, like hydroxyl radicals, OH•, or 
sulfate radicals, SO4

•−, which are strong electrophiles and 
attack almost all electron-rich organic compounds with speed 
in a nonselective fashion. Hydroxyl radical has oxidation poten-
tial (Eo) within 2.8 V (pH 0) to 1.95 V (pH 14) versus saturated 
calomel electrode (SCE) and the sulfate radical has a standard 
oxidation potential (Eo) of 2.01 V. The radicals, with high oxi-
dation potential, approve faster oxidation reaction rates than the 
conventional oxidants (like H2O2 or KMnO4) [15].

FIGURE 11.1 Global water withdrawals by sector between the years 1960 and 2014. (Adapted from [7].)
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11.3.1.1 Hydroxyl Radical-Based AOPs

The electrophilic attack of OH• proceeds with a kinetic 
rate constant of the order of 108 to1010 M−1s−1 for a radical 
concentration of 10−12 to 10−10 M, by any of the following 
reactions, where R indicates the organic compound being 
attacked. The reactions are mostly controlled by the mass 
transfer of OH• radical to the organic species or production 
of hydroxyl radicals with first-order reaction kinetics with 
respect to hydroxyl radical concentration and to the pollut-
ant [17].

Radical addition: ⋅+ →R OH ROH

Hydrogen abstraction: ⋅ ⋅+ → +R OH R H O2

Electron transfer: ⋅+ → +−R HO R OH¯n n 1

Radical combination: ⋅+ →R O ROO2

Through the above reactions with organic compounds, 
carbon-centered radicals (R• or R•–OH), and organic per-
oxyl radicals (ROO•) are generated. These can further react 
to produce more reactive species, for instance, H2O2 and 
super oxide (O2

•−), resulting in chemical degradation and 
even mineralization of organic pollutants in wastewater 
[16, 17].

The highly reactive and short-lived hydroxyl radicals needed 
to be produced in situ continuously during the application of 
wastewater treatment following chemical, photochemical, or 
sonochemical reactions. The chemical reactions involved in 
producing hydroxyl radicals following different mechanisms 
in AOPs are summarized in Table 11.1.

11.3.1.2 Ozone-Based AOPs

Ozonation of strong oxidant molecular ozone (O3; with an 
oxidation potential of 2.07 V vs. SCE) is a selective reac-
tion carried out at elevated pH with reaction rate constants 
of 1–103M−1 s−1, where O3 mostly attacks the dissociated and 
ionized organic compounds over the neutral ones. OH• thus 
produced by direct oxidation of O3 following different mecha-
nisms initiates further oxidation (indirect mechanisms), which 
is represented in Table 11.1. It is reported that a combination of 
other oxidants like H2O2 or irradiation by UV with O3 can pro-
foundly increase the OH• production. In the peroxone system 
(O3/H2O2) and O3/UV irradiation, O3 decomposition for OH• 
generation is influenced due to hydroperoxide (HO2

−) gener-
ated from the H2O2 decomposition. That is, OH• can be gen-
erated following three routes: by direct ozonation, from (O3/
H2O2), and by photolysis of H2O2. A combined effect of O3/
H2O2 in the presence of UV irradiation was revealed in studies 
as a more efficient approach to destruct refractory and haz-
ardous pollutants than either the UV/H2O2 or UV/O3 photo-
oxidation process, involving a concern of elevated cost also. 
Acceleration of ozonation reactions in AOPs has also been 
reported to be attained significantly in the presence of hetero-
geneous or homogeneous catalysts of metal oxides and metal 
ions (like TiO2–Me, Fe2O3, MnO2, Al2O3–Me, Ru/CeO2, Mn2+, 
Fe2+, Fe3+, etc.) for decomposition of the target compound [18].

11.3.1.3 UV-Based AOPs

In some O3 or H2O2 oxidation reactions of organic compounds, 
the intermediate products remaining in solution are as lethal 

TABLE 11.1

Hydroxyl-Based AOPs for Removal of Organic Micropollutants during Wastewater Treatment

Type of AOP Mechanism Involved Oxidant Used Main Reactions

O3 Direct O3 oxidation OH• O3 + OH− → HO2
− + O2

O3 + HO2
− → HO2

• + O3
•−

O3/H2O2 Direct O3 oxidation
H2O2 oxidation

OH• 2O3 + H2O2 → 2HO• + 3O2

O3/UV UV photolysis OH• O3 + H2O + hv → 2HO• + O2

UV/ H2O2 UV photolysis
H2O2 oxidation

OH• H2O + hv → 2HO•

UV/TiO2 UV photolysis OH• TiO2 + hv → e− + h+

TiO2(h+) + H2Oad → TiO2+ HO•
ad + H+

TiO2(h+) + HOad → TiO2+ HO•
ad

TiO2(h+) + RXad → TiO2+ RX•+
ad

Fenton reaction Iron coagulation
Iron sludge-induced adsorption

OH• Fe2+ + H2O2 → Fe3+ + HO• + HO−

Fe3+ + H2O2 → Fe2+ + HO2
• + H+

OH• + H2O2 → HO2
• + H2O

OH•+ Fe2+ → Fe3+ + HO−

Fe3+ + HO•
2 → Fe2+ + O2H+

Fe2+ + HO•
2 + H+ → Fe3+ + H2O2

2HO•
2 → O2+ H2O2

Photo-Fenton reaction Iron coagulation
Iron sludge-induced adsorption
UV photolysis

Ultrasonic irradiation Acoustic cavitation (produces transient higher temperatures of or 
greater than 5000 K and pressures of or greater than 1000 atm 
with generation of H• and HO2

• along with OH•)

OH• O3 + ultrasonication → O2(g)+ O(3P)(g)

O(3P)(g) + H2O(g) → 2HO•

Source: From [14, 17].

ALI SADEGHI DIGITAL LIBRARY



127Reuse of Treated Wastewater through Emerging Technologies

as or even more lethal than the initial ones, where UV irra-
diation can supplement the completion of oxidation reactions. 
Most of the organic pollutants decompose by direct photoly-
sis or become more reactive with oxidants on absorption of 
UV energy in the range of 200–300 nm. UV lamps with the 
highest radiation output at 254 nm are used commercially for 
an efficient ozone photolysis; excimer lamps with emission 
wavelengths at 172 and 222 nm have performed effectively in 
UV-oxidation processes by direct photolysis of water.

At a wavelength of 254 nm, O3 can readily absorb UV 
radiation, generating H2O2 intermediate and OH• on further 
decomposition. Phenolic compounds like phenol; 2, 3-xylenol; 
p-cresol; and 3, 4-xylenol can be oxidized by O3, but miner-
alization to CO2 and H2O completely is not easy, for which 
the combined O3/UV system have proven to be advantageous. 
Organic compounds of small molecular chains like glyoxal, 
oxalic acid, glyoxylic acid, and formic acid can be more effi-
ciently mineralized entirely from wastewater when compared 
with ozonation or photolysis alone.

A successful approach for the degradation of chlorophenols 
and other chlorinated compounds like-atrazine, simazine, and 
desethylatrazine to CO2 by complete mineralization has been 
achieved via the UV irradiation process for reasonable times 
in the presence of H2O2 [18].

11.3.1.4 Photo-Fenton and Fenton-Like Systems

Iron (Fe2+/Fe3+) is the most frequently used metal to activate 
hydrogen peroxide to produce OH• by the Fenton method. 
When Fe3+ ions are added to the O3/H2O2 process, the pro-
cess is commonly called photo-Fenton oxidation. The optimal 
molar ratio of iron ion to hydrogen peroxide is important to 
avoid the unwanted scavenging of the OH• generated by any 
of the Fenton reagents; Fe3+ also produces iron sludge, which 
demands separate disposal.

At an acidic pH condition, Fe(OH)2+ complex generation is 
highly favored with production of hydroxyl radicals, which 
restricted the practical application of the Fenton process in 
wastewater treatment. Photo-Fenton reactions count on the 
UV irradiation significantly to initiate the generation of OH•, 
where the ferrous ions produced by the irradiation of ferric ion 
reacts with OH• generating a second OH• and ferric ion in a 
continuous cycle. Studies revealed a number of organic pollut-
ants from herbicides and pesticides that might be mineralized 
completely through the hν−Fe3+/H2O2 process, and chlorophe-
nol by the photo-Fenton process. In the electro-Fenton reac-
tion, either or both of the Fenton reagents may be generated 
through electrochemical methods [14, 18].

11.3.1.5 Ultrasonication-Based AOPs

Literature review revealed the wide use of ultrasound for the 
wastewater treatment with pollutants from chlorinated ali-
phatic compounds, aromatic compounds, organic and inor-
ganic gaseous pollutants, herbicides and pesticides, organic 
dyes, pharmaceuticals, explosives, oxygenates and alcohols, 
organic sulfur compounds, personal care products, and patho-
gens and bacteria. Due to the alternate cycle of compression 
and rarefaction by sonication (16 kHz–100 MHz), ultrasound 

waves can lead to three successive stages of nucleation, growth, 
and implosive collapse in vapor and gas-filled microbubbles 
with generation of a high temperature of 4200–5000 K and an 
elevated pressure of 200–500 atm. The H2O molecules in gas-
eous form within microbubbles are then fragmented to gener-
ate OH• under such extreme environments. The intensification 
of ultrasound along with ozone, hydrogen peroxide, enzymes, 
photocatalysts, and Fenton’s reagent is suggested for cost min-
imization of wastewater treatment [14, 17].

11.3.1.6 Sulfate-Based AOPs

Sulfate radical-based AOPs are carried out by the strong oxi-
dant, sulfate radical, SO4

•− (Eo of 2.6 V). By application of 
heat (35°C and 130°C), UV irradiation, transitional metals, 
or elevated pH, S2O8

2− (Eo of 2.01 V) is activated to produce 
SO4

•− by chemical conversion. The metal activation method 
mostly involves the use of ferrous and ferric ions or other met-
als like Cu(I) and Ag(I) and is 50% less efficient in produc-
ing the sulfate radical than by either the heat or UV-activated 
persulfate method. The main reactions involved in sulfate-
based AOPs for removal of organic micropollutants during 
wastewater treatment are given in Table 11.2. Sulfate radi-
cals finally produced are likely to remove electrons from 
the organic molecules to transform them into organic radi-
cal cations and might produce hydroxyl radicals to further 
attack the organic compounds at C=C bonds or abstract H 
from C–H bonds.

11.3.2 Membrane Filtration Methods

Because of a relatively low energy requirement, superior per-
meate quality, and advantageous nutrient, energy, and chemi-
cal recovery, membrane filtration technologies have received 
a great deal of attention in various applications embracing 
removal of organic and inorganic components, pathogen 
removal, microbial fuel cells, disinfection, and desalination 
from wastewater of varying compositions like raw sewage, low 
strength wastewater, and high saline industrial effluents [19].

A membrane is a thin layer barrier of solid phase (polymer, 
metal, or inorganic) that controls the relative rates of movement 
of components to be separated by chemical affinity variation 
and fractional permeation and rejection through pores of differ-
ent sizes present in a water source. Generally, selective constit-
uents, either permeable or semi-permeable, to the membrane 
are passed through, whereas passage of others are blocked 
[20, 21]. Membranes can be isotropic (uniform composition 
and physical structure of the membrane) or anisotropic (non-
uniform composition and physical structure of the membrane). 
Isotropic membranes are typically microporous with higher 
permeation fluxes and are broadly applied in microfiltration 
(MF) membrane separation. Anisotropic membranes carry a 
thin selective layer supported by a thicker and highly permeable 
layer, with lower permeate flux, and are used particularly in 
RO processes. Membranes are classified considering the com-
position as organic and inorganic. Commonly membranes for 
pressure-driven separation processes are organic membranes, 
made from synthetic organic polymers like polyethylene (PE), 
polypropylene (PP), polytetrafluorethylene (PTFE), cellulose 
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acetate, etc. The chemically and thermally stable inorganic 
membranes are based on materials such as ceramics, zeolites, 
metals, or silica and used mostly in industrial applications like 
hydrogen separation, MF, and UF [22].

The driving force behind the selective membrane filtration 
of solutes includes predominantly anyone or a combination of 
potential gradients discussed as follows.

• Pressure differential involving a porous structure 
separates the component to be reserved by a sieving 
mechanism depending on the pore size of the mem-
brane and the size of the components, which include 
different commonly used membrane processes, such 
as MF, UF, nanofiltration (NF), and RO.

Pressure-driven membrane processes utilize the pres-
sure difference in between the feed stream and per-
meate side to pass only the solvent (usually water) 
through the membrane, restricting the dissolved 
components and particles partially according to their 
properties like size, charge, and shape. The exclusion 
particulars are a direct measure of efficiency among 
the membranes, and pore size of the membranes is an 
important consideration of measure for rejection capa-
bility. To measure the true pore size of membranes 
is difficult because the absolute pore size is mostly 
classified as the largest pore size on the membrane 
surface with a lowest range of diameter above which 
100% of a marker of specific size can be separated 
by that membrane. The term molecular weight cutoff 
(MWCO) number is considered to classify the mem-
brane process, where MWCO is the minimum/small-
est component to be retained by any membrane with 
at least 90% efficiency, and is expressed in Daltons 
(1 Da = 1 g mol−1). When the pore size of any mem-
brane is reduced, the driving force for the separation 
increases inversely. RO and NF are referred to as the 
high pressure-driven processes, whereas MF and UF 
are referred to as low pressure-driven processes [21].

The overall efficiency of such separation is typi-
cally expressed in terms of the rejection of any given 
compound: R = 1 − Cp/Cf, when Cp is the permeate 
concentration and Cf is the feed concentration, range 
of R can be from 0 (for complete permeation) to 1 
(100% for complete rejection) [23].

With minimized energy consumption and CO2 
emission, direct pressure-driven membrane filtra-
tion can be utilized for treatment of gray water; raw 
municipal wastewater; pretreated municipal wastewa-
ter; and industrial wastewater focused on removing 
particles, nutrients, organics, and pathogens from the 
wastewater. Permeate water bears superior quality for 
nonpotable uses like soil fertilization and gardening, 
toilet flushing, etc., and the rejected organics/nutrients 
can be supplied to anaerobic digestion to aid in more 
energy production (CH4) and nutrient recovery (N and 
P recovery). Pretreatment of feed water type, pore 
size, and material of membrane, and fouling control 
methods are crucial factors that affect this physical 
separation process when influencing the membrane 
performance and permeate quality. Increment of oper-
ational cost and reduction of membrane service life 
due to higher feed pressures and more frequent physi-
cal cleanings, respectively, are the major problems 
associated with serious membrane fouling in direct 
membrane filtration operations [19, 20].

• Temperature variation between the feed and perme-
ate solutions results in a vapor pressure difference 
and permits vapors from feed passing via the specific 
membrane followed by condensing on the permeate 
side, like membrane distillation (MD). This is a ther-
mal-driven process based on a hydrophobic porous 
membrane, and is mostly used for treating complex 
industrial wastewater or highly saline wastewa-
ter when pressure-based or osmotic gradient-based 
membrane filtration does not perform satisfactorily.

In the MD process (Figure 11.2), one side of the mem-
brane contains a warmer feed stream (may not heated 
to boiling) from which water molecules evaporate 
to the side with the cold water stream, on which the 
vapors are condensed. The temperature gradient main-
tained over the membrane is commonly 30°C–50°C.

Operating temperatures of both the feed and 
permeate solutions and membrane characteristics 
(like pore size; thickness material; hydrophobic-
ity; mechanical, chemical, and thermal resistance; 
surface roughness, etc.) are the key parameters to 
manipulate the direct MD performance for waste-
water treatment and resource recovery. Rise of the 

TABLE 11.2

Sulfate-Based AOPs for Removal of Organic Micropollutants during Wastewater Treatment

Type of AOP Mechanism Involved Oxidant Used Main Reactions

Heat/persulfate Persulfate oxidation SO4
•− S2O8

2− + heat → SO4
•−

UV/persulfate Persulfate oxidation
UV photolysis

SO4
•− S2O8

2− + hv → SO4
•−

Fe(II)/persulfate Persulfate oxidation
Iron coagulation
Iron sludge-induced adsorption

SO4
•− S2O8

2− + Mn+→ SO4
•− + SO4

2− + Mn+1

OH−/persulfate Persulfate oxidation SO4
•−/OH• SO4

•− + H2O→ OH•+ SO4
2− + H+

SO4
•− + HO−→ SO4

2 + OH•

Source: From [14, 15].
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temperature difference between the feed and per-
meate solutions commonly improve the permeate 
flux and also potentially influence severe fouling 
at the same time. Such fouling can clog the mem-
brane pores and increase the hydrophilicity of the 
membrane imparting a potential wetting tendency. 
Complex industrial wastewater or brine wastewater, 
holding larger volumes of suspended solids, salts, 
organics, and micropollutants, are usually treated 
by direct MD processes, triggering more serious 
membrane fouling with deteriorated permeate qual-
ity. For treating fluoride industrial wastewater, an 
alkaline pH level increasing from 7 to 11.5 often 
improves the permeate flux with reduced wettability 
in an MD process. For protein-carrying saline waste-
water, heat-assisted pretreatment (above the boiling 
point for 30 minutes) offers negligible permeate flux 
decline during the direct MD process. For petro-
chemical wastewater, UV irradiation-based pretreat-
ment before MD operation is proved to be beneficial 
to achieve 99.5% of organics removal, endorsing 
excellent permeate quality by decomposing the dis-
solved and suspended oil in the feed as well as inac-
tivating the biological species [19].

• Concentration difference across the surface of the 
membrane barrier initiates diffusion of selective spe-
cies between two solutions, such as the membrane 
filtration process with such driving forces as forward 
osmosis (FO), dialysis, etc.

In FO (Figure 11.3), a concentrated draw solution (DS) 
and a much less concentrated feed solution are present 
along with a semi-permeable membrane that separates 
the two streams. Due to the concentration gradient, 
an osmotic pressure difference across the membrane 
is generated with no pressure or temperature differ-
ence across the membrane, which drives the water 
only to migrate from the feed solution toward the DS. 
Eventually, the feed solution becomes concentrated, 
whereas the DS becomes diluted. After a certain time, 
the equal osmotic pressure on both sides of the mem-
brane stops further water passage. The final product in 
a single process cycle is a mixture of the fresh water 
and the DS, instead of fresh water alone.

In the concentration-driven FO membrane filtration 
process, the osmotic pressure difference permits only 
water to pass across the semi-permeable membrane 

barrier from the feed solution with low osmotic pres-
sure to the concentrated DS with higher osmotic pres-
sure. The diluted DS thus produced from the pulling 
of water molecules is concentrated again in order to 
separate the water from the DS with another suitable 
process and to recycle the draw solutes to produce 
purified water [19, 24]. Without any additional exter-
nal force application, an extensive variety of organic 
and inorganic pollutants like macromolecules, ions, 
micropollutants, and trace organic compounds can be 
rejected at a high level by the FO process with reduced 
irreversible pollution and low fouling propensity (due 
to less compaction of irreversible cake) than conven-
tional pressure-based membrane processes [25]. The 
direct FO membrane filtration provides potential 
feasibility to treat recalcitrant industrial wastewa-
ter using seawater as DS and municipal wastewater 
with an integrated biological treatment process, like 
FO membrane bioreactors (FOMBRs) offering supe-
rior permeate quality. In nuclear power plants, FO 
membranes are successfully used to treat radioactive 
wastewater using seawater as a DS, which produces 
reduced amounts of solid radioactive waste. In direct 
FO membrane filtration systems, membrane biofoul-
ing with heavier cake morphology is more severe than 
from FOMBRs. When the osmotic pressure differ-
ence is increased by increasing the solute concentra-
tion of the DS, enhanced FO permeate flux triggers a 
boosting of concentration polarization to build up a 
relatively thicker fouling cake layer on the FO mem-
brane. The increase in cross-flow velocity of the feed 
solution can result in turbulence to reduce the devel-
opment of concentration polarization, which either 
reduces or postpones such serious fouling. Hydraulic 
and chemical cleaning of such a cake layer is also effi-
cient for sustainable operation of direct FO processes 
with higher service life [19, 26].

• Electrical voltage gradient applied across an ion 
exchange membrane (IEM) induces migration of 
dissolved ions from one solution to another solution 
through the semi-permeable membrane, diminishing 
their concentration in feed water. Some examples are 
electrodialysis (ED) and EDR.

Both ED and EDR technology employ the use of 
IEMs (to permit passage of ions, with minimum 
transport of water) and an electrical field. When 

FIGURE 11.2 Membrane distillation process. (Adapted from [26].)
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voltage gradient is generated across the electrodes, 
cations transport toward the negatively charged cath-
ode through the cationic membrane and are reserved 
at the surface of the anionic membrane. The anions 
also travel toward the positively charged anode 
through the anionic membrane and are reserved at 
the surface of the cationic membrane. Ultimately, a 
dilute stream of lower salt concentration and a con-
centrated stream of higher salt concentration than the 
feed water are generated simultaneously. In EDR, the 
direction of current flow is reversed as is that of ED 
for a required time by reversal of voltage polarity of 
the electrodes, which changes the direction of the 
ion flow. Usually, synthetic cross-linked sulfonated 
copolymers of vinyl compounds of the cation trans-
fer type and cross-linked copolymers of vinyl mono-
mers with quaternary ammonium anion exchange 
groups of the anion transfer type are used as mem-
brane material for ED and EDR technology.

ED technology is effective to treat highly saline 
industrial effluent with persistent contaminants; sea-
water and brine wastewater for selective separation; 
recovery of monovalent and multivalent ions, nutri-
ents, and organic and inorganic matter; and heavy 
metals to produce clean water with suitable post-
treatment. The process provides easier operation 
with reduced chemical consumption and less opera-
tion cost, higher modularity, higher water recovery 
ratio, and longer membrane life span compared with 
the conventional RO process [5, 27].

Different commercial-grade membrane filtration methods for 
wastewater treatment are briefly discussed next.

11.3.2.1  Microfiltration (MF) and 
Ultrafiltration (UF)

Both MF and UF engage simpler membrane sieving of the 
feed water forced by a pump to pass through the membrane 
and to be collected as permeate stream of treated water with 
poorer concentration of components (salts, particulates, 
and colloids), whereas the rejected mass exits as concen-
trate stream or brine. Relatively small operating pressure 
is required in these methods, as the small particle reten-
tion creates small transmembrane pressure (TMP) on both 
sides of the membrane. When MF or UF system membranes 
are operated in a dead-end flow mode, the entire feed water 
crosses through the membrane, so no waste concentrate flows 
during the permeate production, as particles are trapped on 
the membrane surface. Chemical cleaning or backwashing 
is needed to remove the rejected particles. It is unlikely, in 
cross-flow mode, that the particle deposition and cake layer 
formation on the membrane surface is controlled by tangen-
tial flow of the feed water through the membrane surface. 
For satisfactory product recovery, recirculation of the con-
centrate is normally done.

Suspended solids, turbidity, some viruses (up to 2-log), 
bacteria, protozoan cysts, and some organic colloids cannot 
be trapped by the larger pore sizes of MF membranes. The 
UF membrane with an MWCO value of 1–500 kDa does not 
permit compounds with molecular weights higher than the 

FIGURE 11.3 Forward osmosis process. (Adapted from [26].)
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MWCO to pass through the membrane and can reject chlo-
rine-resistant protozoan cysts, colloids, active Giardia lam-
blia, viruses, and coliform bacteria from the permeate stream. 
These higher molecular weight rejected fractions with the 
insignificant osmotic pressure gradient and liquid phase dif-
fusivity bring out fouling. UF is widely employed for pretreat-
ment in desalination and MBRs. Both the MF and UF widely 
emerged as pretreatment processes for NF and RO processes 
to limit membrane fouling and as post-treatment processes of 
chemical precipitation for phosphorus, hardness, and metal 
and organic chemical removal and pH adjustment [20, 21, 24].

11.3.2.2 Nanofiltration (NF)

NF is a pressure-driven separation process for the elimination 
of dissolved micropollutants and multivalent ions from waste-
water, in which transport through the membrane occurs by a 
combination of solvent diffusion, transport, and electrostatic 
repulsive interactions at the membrane surface and within the 
nanopores. NF can be as loose RO as the separation occurs 
following the same principle as RO with a somewhat larger 
pore size or a higher MWCO compared with RO membranes. 
Polymeric NF membranes can have ionizable groups, such as 
sulfonic or carboxylic acid groups, which bring out the surface 
charge duo to the feed solution. Donnan potential is used to 
measure the equilibrium potential between the charged mem-
brane and the bulk solution, where Donnan exclusion permits 
the removal of under sized ions more than the pore size of the 
membrane.

The NF technology is usually employed for the reduction 
of color, turbidity, tannins, and by-product disinfection pre-
cursors like organic matter, and for the exclusion of poly-
valent cations, as their potency lies in the rejection value of 
60%–95% for multivalent ions and of 30%–70% for monova-
lent ions, with fouling of the membrane an important concern. 
Ozone pretreatment and nonthermal crystallization is typi-
cally reduced during the cleansing of fouling in NF systems. 
NF is largely functional for freshwater treatment to produce 
potable water and for wastewater treatment. As a pretreatment 
process for RO technology, NF is well fitted for desalination 
in order to reduce the operating pressure of RO, limiting the 
operational and maintenance costs. NF can also be used as 
a post-treatment or polishing step in conventional treatment 
processes [1–23].

11.3.2.3 Reverse and Forward Osmosis

The RO membrane follows a solution-diffusion mechanism 
for separation by a dense membrane without predefined pores 
with slower permeation. Due to this low permeability, high 
external pressure by the hypertonic feed (greater than the 
osmotic pressure at a MWCO around 100 Da) can be applied to 
retain dissolved solute and solvent permeation, which involves 
higher operation cost. RO has been used widely in wastewa-
ter and brackish water treatment for its desalination efficiency 
against conventional thermal multistage flash. Multistage ROs 
are being adapted to achieve the preferred process flow and 
optimum configuration, where the concentrate stream of the 
first stage is the feed inlet for the second stage and permeate 

streams of both stages are collected into one discharge chan-
nel [1, 23].

FO-RO hybrid systems are being adapted for desalination of 
seawater and treatment of wastewater simultaneously, where 
relatively low saline wastewater is mixed to dilute seawater, 
reducing the pressure needed for desalination by RO. Diffusion 
of water from the wastewater stream into the seawater stream 
through a semi-permeable membrane results from the con-
centration gradient developed from the chemical potential 
of the seawater. Both water streams are then circulated over 
the opposite sides of the semi-permeable membrane of the 
FO system and contacts are made with the membrane, where 
water molecules move from the wastewater stream to seawater 
stream, diluting the seawater stream before the RO step. The 
concentration gradient is maintained by recycling the brine 
from the RO into the seawater feed tank; thus, the wastewater 
is treated simultaneously with the desalination of the seawater. 
This newer hybrid process is advantageous due to low external 
energy requirements to separate solute from solvent and can 
serve as a multibarrier for contaminant removal [23].

Depending on membrane characteristics and material types, 
different types of widely used pressure-driven membrane 
technologies are used. These are summarized in Table 11.3 as 
follows [2–24].

11.3.2.4 Membrane Bioreactors (MBRs)

In MBR technology, the pressure-driven MF, UF, and NF 
processes used for critical solid-liquid separation have been 
assimilated with a biological treatment process like the 
hybrid-activated sludge process for resource recovery from 
wastewater or for efficient wastewater treatment purposes. 
The MBR technique can fill in the gaps left by conventional 
activated sludge processes and more space than conventional 
treatment systems, providing much improved quality of the 
finally treated water stream. MBRs are configured either by 
a gravity-driven system or submerged vacuum-driven system 
using hollow fiber/flat sheet modules. The pressure-driven 
membranes are configured mostly with external pipe cartridge 
systems. Side stream MBR and immersed MBR are thus the 
two configurations being used currently. In side stream MBR, 
the filtration element or membranes are installed outside the 
bioreactor, which is an intermediate pumping system used to 
transfer the biomass for filtration and residue from the filtra-
tion setup back to the bioreactor. Cleaning of such membrane 
modules is easily manageable, but high pressure and energy 
requirements limit the application of side stream MBRs. In the 
simpler and low energy demanding immersed or submerged 
MBR, the membranes are directly plunged in the tank holding 
the biological sludge, which is difficult to clean. Conventional 
systems including thermophilic or mesophilic bioprocesses, 
AOPs, and powdered activation carbon are also integrated 
into the MBR for enhanced water quality and treatability. 
The MBR has admirable treatment efficiency for eliminating 
organic and inorganic micropollutants containing pesticides, 
analgesics, antibiotics, nutrients, antiepileptics, microplastics, 
biodegradable organic compounds, and industrial chemicals 
with the sound capacity of handling higher biomass concentra-
tions [1, 23, 28].
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11.3.2.5 Ion Exchange Membrane

In an IEM, the polymer beads with charged molecules are 
associated with the polymer backbone. For the negatively 
charged molecule like a quaternary ammonium group, the 
membrane is a cation exchange membrane (CEM) and for 
positively charged molecules like the sulfonic acid group, the 
membrane is an anion exchange membrane (AEM). When a 
saline solution is passed through the ion exchange resin, the 
counter ions (e.g., H+ or OH−) are exchanged by permeation 
and rejection through the membranes due to the difference in 
chemical potential of the resin’s internal solution and the outer 
solution. ED, reverse electrodialysis (RED), diffusion dialy-
sis (DD) and the Donnan membrane process (DMP) use IEMs 
as a nonfouling and energy-efficient separation mechanism. 
The ion exchange is better fitted for low concentrated solution 
treatment, water softening, and water purification to exchange 
harmful components with harmless ions in which divalent ions 
devour a higher affinity than the monovalent ions to the ion 

exchange resin. Donnan equilibrium makes DD functional in 
retrieving free mineral acids and alkalis and DMP in recover-
ing toxic or valuable metals from various feeds [1, 26].

11.3.3 Photocatalysis

In photocatalysis, the accelerated photoreaction process 
occurs involving the presence of any photocatalyst with light 
absorption capacity to produce an electron-hole pair (e-/h+), 
which chemically alters the reactants, restoring pristine chem-
ical configuration at the end of each interactions cycle. In pre- 
and post-treatment of water and wastewater, photocatalytic 
degradation technologies using sunlight on a larger scale are 
gaining attention with self-cleaning, antibacterial and antifog-
ging applications. Several semiconductors, such as TiO2, ZnO, 
CeO2, ZnS, WO3, V2O5, CdS, Fe2O3, etc., are promising for use 
in water treatment having photocatalytic activity with 2.3- to 
3.2-eV band gap energy and a 413- to 539-nm wavelength.

TABLE 11.3

Overview of the Characteristics of Pressure-Driven Membrane Processes

Membrane Filtration 
Methods Microfiltration Ultrafiltration Nanofiltration Reverse Osmosis

Membrane Asymmetrical (10- to 
150-μm thick), 
microporous

Symmetric (10- to 200-μm 
thick) or asymmetric

(0.1- to 0.5-μm thick and 
supported by sublayer of 
50–150 μm), microporous

Asymmetric
150 μm, tightly porous

Asymmetric composite with 
homogeneous layer

150 μm, semi-porous

Driving force Hydrostatic pressure of less 
than 2 bar

Hydrostatic pressure of 1–7 
bar

Hydrostatic pressure of 
5–35 bar

Hydrostatic pressure 15–150 
bar

Pore size 0.1–10 μm 0.05 μm–1 nm 0.5–5 nm Less than 0.5 nm

Transport law Darcy’s law Darcy’s law Fick’s law Fick’s law

Membrane module Tubular, hollow fiber Tubular, hollow fiber, spiral 
wound, plate-and-frame

Tubular, spiral wound, 
plate-and-frame

Tubular, spiral wound, 
plate-and-frame

Configuration Dead end, cross flow, 
transverse

Flow

Dead end, cross flow, 
transverse flow

Shell-side feed, bore-side 
feed, cross flow

Cross flow in various stages 
and passes

Material Ceramic, polypropylene, 
polysulfone, 
polyvinylidene fluoride

Ceramic, cellulose acetate, 
polysulfone

Polyvinylidene fluoride, thin 
film

Cellulose acetate, 
polyethersulfone, 
polyvinyl acetate, organic/
inorganic, hybrids, thin 
film

Zeolite, thin film composite
Polyvinylidene fluoride, 
polyethersulfone

Polybenzimidazole

Separation mechanism Sieving Sieving Sieving,
Charge effects

Solution diffusion

Rejection Particles
Clay
Bacteria

Particles
Macromolecules,
Proteins,
Polysaccharides,
Viruses

Particles; high molecular 
weight compounds; 
mono-, di-, and polyvalent 
negative ions; 
oligosaccharides

Particles, high molecular 
weight compounds, low 
molecular weight compounds, 
mono or multivalent ions, 
sodium chloride, glucose, 
amino acids

Wastewater treated Urban wastewater, synthetic 
oily or emulsified 
wastewater, municipal 
wastewater (disinfection 
and phosphorus removal)

Vegetable oil factory, poultry 
slaughterhouse

Wastewater, metal finishing 
industry, oily wastewater, 
phenolic wastewater from 
paper mill

Textile effluent, phenolic 
wastewater from paper 
mill, dumpsite leachate

Urban wastewater, dumpsite 
leachate, metal finishing 
industry, oily wastewater, 
phenolic wastewater from 
paper mill

Application purpose Clarification, pretreatment, 
sterile filtration, bacteria 
removal

Removal of macromolecules, 
bacteria, virus

Removal of multivalent ions 
and small organics

Ultrapure water, desalination

Source: From [2–24].
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UV-TiO2 is one of the most effective photocatalysis pro-
cess, and it is widely used under a broad range of experimental 
conditions supported by atmospheric oxygen as an oxidant to 
undergo complete mineralization of organic compounds into 
CO2. When irradiated by UV/visible light, photogenerated 
holes are created in TiO2 nanoparticles due to photon absorp-
tion and generate OH+ by oxidation reaction with H2O mol-
ecules or OH− ions [1, 29]. In the process, an electron from the 
valance band of TiO2 is forced into the conduction band and 
the semiconductor band gap energy is exceeded by the excited 
electron. Then the valance band hole’s charge carrier (hVB+) 
and conduction band electron (eCB−) are allowed to recombine 
and scavenge. Oxidizing agents like H2O, OH−, and organic 
compounds and reducing agents like O2 present in the solution 
can be used for scavenging hVB + and eCB−. Such combina-
tions from the participation of e− holes in redox reactions result 
in the formation of OH•, HOO•, and O2

•− on the TiO2 surface, 
with the capacity to terminate a wide range of organic com-
pounds, comprising toxic biopersistent agents also through the 
repeated attacks of O2

•− or HOO• radicals to organic pollut-
ant species and ultimately to CO2 in a secondary autocatalytic 
dark reaction [9, 30]. In the absence of oxygen, photocatalytic 
activity of titania is almost completely inhibited, which might 
be due to the back-electron transfer from active species of the 
photocatalytic surface, and the relative rate of photocatalyzed 
decontamination by the steady-state concentration of oxygen 
under ambient conditions is seriously affected. The hydroper-
oxide radical is formed by a reacting proton and superoxide 
radical. Then the reacting system essentially leads to the deg-
radation of organic molecules.

The major issues associated with the photocatalytic perfor-
mance of TiO2 are a specific surface area, pore volume, pore 
structure, size, crystalline phase, density, and band gap energy. 
Excluding the band gap energy, other properties of TiO2 can be 
upgraded during synthesis by controlling the semiconductor 
morphology [30]. TiO2 semiconductors for photocatalysis are 
mostly mono-dispersed nanoparticles with a controlled diam-
eter to contribute the benefits associated with the smaller crys-
tallite particles. Chemical modification or doping is an effective 
approach to reduce the band gap energy of TiO2 nanoparticles 
to generate photons/OH radicals more swiftly. The chemical 
modification also can shift the photocatalytic activity into vis-
ible light along with modification of other physical properties 
such as desired surface morphology of the TiO2 photocatalyst. 
For doping with TiO2, metal ions (e.g., V, Cr, Zn, Mn, Al, Co, 
Fe, Ni, Ag, Au, Pt, Pd, and Bi) persisted in a successful appli-
cation to reduce the band gap energy along with the redshift of 
TiO2 absorption from the UV region, resulting in greater effi-
ciency of UV light photocatalysis. Researchers revealed that 
the noble metal doped TiO2 shows the highest photocatalytic 
activity [31].

The quantum efficiency is boosted by nonmetal doping 
using N, S, C, B, P, I, and F to inhibit the electron-hole rapid 
recombination and increase the redox potential of OH• in an 
optimum quantity. However, the excess amount of dopant with 
TiO2 would be detrimental to the photocatalytic activity of the 
photocatalyst.

Many dyes in textile effluents are highly water soluble, mak-
ing the traditional wastewater treatment techniques ineffective, 

but they can be removed by using the UV-TiO2 photocatalysis. 
The main reactions involved in TiO2 photolysis of organic dyes 
are as follows [31]:

 + → +− +TiO hv e  h2

 ⋅( ) + → + ++ +TiO h H O TiO HO H2 2 ad 2 ad

 ⋅( ) + → ++TiO h HO TiO HO2 ad 2 ad

 ⋅( ) + → ++ +TiO h RX TiO RX2 ad 2 ad

A maximum degradation efficiency of 90% for rhodamine 6 G 
along with 93.9% biochemical oxygen demand (BOD) remov-
als and 88.7% chemical oxygen demand (COD) removals from 
textile dye wastewater were reported by the action of the TiO2 
photocatalytic cell connected with three electrode potentiostat 
units [32]. In another study, the photocatalytic degradation 
efficiency of Procion yellow H-EXL dye in textile effluent was 
found up to 100% over the TiO2 catalyst using 100 W HP Hg 
lamp at 228–420 nm [33]. One of the most important organic 
pollutants from the textile and petrochemical industries is phe-
nol and phenolic compounds, presented in various forms (e.g., 
bisphenol, 2,4-dichlorophenol, m-nitrophenol, chlorophenols, 
4-chlorophenol, etc.). These lipophilic chlorophenolic com-
pounds can be generated during chlorination of a treatment 
plant effluent, which are recalcitrant to biodegradation and 
must be treated prior to discharge into the environment. The 
efficacy and feasibility of the phenolic photodecomposition 
have been found to be done effectively by TiO2 as photocataly-
sis under optimum conditions of substrate and catalyst concen-
tration, light intensity, the presence of electron acceptor, and 
solution pH. Studies also found that the degradation of phenol 
can be achieved up to 98.4% by the photocatalytic activity of 
TiO2 [34].

11.3.4 Sonication

Sonication at high frequencies is a promising and useful 
technique for the sonochemical degradation and mineral-
ization of organic pollutants in industrial wastewater by 
exposing aqueous solutions to ultrasound. Ultrasonic irra-
diation generates free radicals in water by sonic vibrations 
in a simpler way. Cavitation bubbles with dissolved gases 
can be formed by propagation of an ultrasound wave in 
aqueous solution. Extreme conditions like very high tem-
peratures and pressure due to the collapse of these bub-
bles result in the dissociation of H2O with the production 
of radical species such as *OH, HOO*, etc. The higher 
production rate of hydroxide radicals is accelerated with 
higher ultrasound frequencies. Complete discoloration 
with partial mineralization of the dyestuff can be achieved 
by long exposure to ultrasound at 640 kHz via sonochemi-
cal degradation.

Hydroxyl radical-mediated sonolytic degradation in con-
jugation with ozone treatment of effluent shows a synergistic 
effect for discoloration of textile and azo dye by minimizing 
the survival time of the reaction intermediates.
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11.3.5 Enzymatic Treatment

The enzymatic system combines the traditional biological 
processes (by using a biocatalyst enzyme) and chemical reac-
tions based on the action of the enzyme in order to remove 
mostly the dyes and phenolic pollutants from the wastewater. 
Enzymatic treatment practice can also be designed to specifi-
cally target the detrimental components or as a pretreatment 
step to exclude compounds that interfere with the further 
downstream treatment processes. Easy control, lower sludge 
volume, short contact time, efficiency over a wide range of 
substrate concentration, and no effect by shock loading made 
this method more cost-effective and functional. The scheme 
draws in the polymerization of target compounds up to their 
solubility limits to precipitate instead of breaking down and is 
most effective in streams with highest concentrations of target 
contaminants along with the lowest concentration of other con-
taminants (those might interfere with enzymatic treatment).

Phenols and cresols in industrial effluent are very toxic and 
corrosive, damaging the gastrointestinal tracts and respira-
tory and nervous system, scarring the skin and damaging the 
kidneys and hematology. Oxidoreductases enzymes like lac-
cases, peroxidases, and tyrosinases can catalyze the removal 
of phenolic pollutants. Laccases can be activated by molecular 
oxygen (four electrons) and heme-protein peroxidases can be 
activated by hydrogen peroxide (two electrons) to carry out 
the one-electron oxidation of reducing substrates like phenols 
successively to produce the corresponding phenoxy radicals. 
These radicals then couple to form dimers nonenzymatically, 
followed by additional enzymatic cycles of polymerization 
with these dimers.

Soybean peroxidase (SBP) can also effectively remove 
phenol by immobilization techniques (for instance, support-
binding or carrier-binding via encapsulation, physicochemical 
interaction), which can trap the enzyme inside the porous sup-
port or by covalent cross-linking of enzyme functional groups. 
In a packed-bed bioreactor, immobilized SBP in a semi-per-
meable alginate membrane can remove phenolic concentration 
up to 97% with optimum conditions of temperature, flow rate, 
H2O2 concentration, and pH.

Tyrosinase, also known as polyphenol oxidase, is a copper-
containing enzyme that can catalyze analogous phenol oxida-
tion reaction to peroxidase and can be used for the oxidation 
of several types of phenolic compounds (e.g., chlorophenols, 
methylphenols, naphthol and diphenols). Anilines and chlori-
nated anilines can also be oxidized partly, and these difficult-
to-oxidize compounds can be removed by co-polymerization 
with unsubstituted phenol [35].

Ligninase catalyzed oxidation can remove more than 
80% color of eight synthetic dyes including azo, anthraqui-
none metal complex, and indigo in white rot fungal cultures. 
Phanerochaete chrysosporium in ligninolytic solution can 
degrade some azo and heterocyclic dyes almost completely. 
Four white rot fungi, such as Phlebia tremellosa, Pleurotus 
ostreatus, Bjerkandera adusta, and Coriolus versicolor, can 
produce ligninolytic enzymes, which decolorize dyes in textile 
effluents. Thus, enzyme membrane reactors are gaining atten-
tion currently in wastewater treatment and more precisely in 
dye discoloration. A drawback of enzymatic treatment to limit 

its usability is enzyme inactivation, which can be mitigated 
by the use of additives, like PE glycol, Triton X-100. etc. [36].

11.3.6 Application of Redox Mediators

An enzyme-redox mediator approach for remediation/degrada-
tion of different organic pollutants (wide spectrum of aromatic 
compounds) prevailing in the industrial effluent has attracted a 
great deal of attention recently. In the presence of certain redox 
mediators, several recalcitrant compounds can be degraded by 
specific enzymes. Redox mediators speed up the degradation 
reaction rate by transporting electrons from the bulk electron 
donors or from biological oxidation of primary electron donors 
to the electron-accepting organic compounds. With high redox 
potentials (>900 mV), easily diffusible, low-molecular-weight 
redox mediators attack the recalcitrant structural analogs and 
are able to be migrated into the aromatic structure of the spe-
cific compound. These redox mediators enhance the range 
of substrates for the enzymes and efficiency of degradation 
of the recalcitrant compounds by severalfold. Frequently 
used redox mediators include 1-hydroxybenzotriazole, viol-
uric acid, veratryl alcohol, 2-methoxyphenothiazone, anthra-
quinone, 2,6- disulfonic acid, 3-hydroxyanthranilic acid, 
N-hydroxyacetanilide, phenol red, dichlorophenol red, syrin-
galdehyde, acetosyringone, etc.

The application of redox mediators to improve the capacity 
of electron transfers and subsequent discoloration in anaero-
bic thermophilic bioreactors and quinones as redox media-
tors with special reference to anthraquinone-2,6-disulphonic 
disodium salt (AQDS) in anaerobic biotransformation of azo 
dyes is reported in the literature. Quinones can accept elec-
trons of humic substances and thus play important role as 
a final electron acceptor for many recalcitrant compounds 
to facilitate electron transfer from an electron donor to an 
electron acceptor (e.g., azo dyes). Consequently, application 
of a redox mediator to accelerate the reduction of azo dye 
and subsequent removal of color seems to be a promising 
technology for the biological discoloration of dye and textile 
effluents [37].

11.4 Areas of Wastewater Reuse

Water resources should be managed wisely in order to avoid 
the crisis of fresh drinking water. Reclamation of wastewa-
ter is a noteworthy way to smartly handle the shortcomings 
of the pure water source and environmental problems. It can 
be beneficial in terms of economic considerations too if we 
reuse wastewater from various sources like domestic sources, 
industries, agricultural sources. etc., after certain treatments.

11.4.1 Household Wastewater Reuse

The household normally produces a huge amount of waste-
water by the members of the house. For cleaning utensils to 
various types of food, for bathing, and for washing clothes 
water is being used on a daily basis producing a large amount 
of wastewater, which includes dirt, dust, and most danger-
ous chemicals present from soap, detergent, dish washer, etc. 
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So the wastewater generated from households should be used 
after being treated to a certain extent. The wastewater produced 
in a building can be compiled and processed and then used to 
fulfill various necessities other than drinking within the same 
building. In an area of Africa named Carnarvon, domestic 
wastewater has been stocked from 800 houses regularly, and 
then congregated by the municipality twice a week, which was 
troublesome work. Later. the wastewater was discarded in the 
treatment section.

After exploring several wastewater recycling methods, a 
favorable system was selected. Wastewater from a building was 
collected in a drum, which later was on discharged for watering 
the garden by using a hose and sprinkler system [38]. A dual 
water reticulation system is a system that uses two pipelines 
to circulate two different water streams, one for drinking and 
another for nonpotable use. Nonpotable use of wastewater from 
households varies based on countries, weather, environment, 
population, etc. Many countries, namely China, Australia, 
Namibia, Kiribati, Marshal islands, and the United States, use 
this system for applications such as horticulture irrigation, car 
washing, landscape irrigation, firefighting, toilet flushing, and 
so on. Namibia recovered wastewater from municipal sew-
age, passed through multiple barriers with chemical treatment 
and filtration, and then reused for drinking purposes and deep 
percolation. In Vitoria, Brazil, gray water from domestic non-
kitchen sources was treated on-site for each building, including 
anaerobic steps followed by aeration, decanting, filtration, and 
chlorination, which is then reused in toilet flushing, outdoor 
floor/patio washing, and garden irrigation within each equipped 
apartment building. Thus they saved around 30% of the drink-
ing water. In a semi-desert area of Egypt, household wastewa-
ter was centralized, mechanically screened, chlorinated, and 
filtrated, and further nutrients were added. This type of treated 
water was then used for agricultural purposes to fertilize crops. 
Sweden also followed the same method with treated household 
blackwater to utilize as liquid fertilizer [39].

11.4.2 Agricultural Reuse

This type of reuse includes accumulating wastewater from 
irrigation, municipal, or industrial areas and reuse for agricul-
tural purposes after certain treatments. Seventy percent of the 
water is being used for irrigation among the Earth’s existing 
water sources. Thus, it is necessary for those areas to reuse 
wastewater for agricultural purposes where scarcity of water 
is present, like in Mediterranean countries. Libutti et al. has 
done combined research on agricultural production of vege-
tables and processing the vegetables in an industry later using 
the wastewater for agricultural purposes after secondary and 
tertiary treatments. The effect of this type of treated water on 
soil and crops, namely tomato and broccoli, was studied. This 
category of reuse is a substitution of existing water sources and 
permits irrigation to be maintained and diminishes ecological 
problems regarding wastewater disposal [40].

In southern Italy, municipal wastewater was treated using 
four methods, such as membrane filtration, simplified treat-
ments, wastewater storage reservoirs, and constructed wet-
lands, which was then reused for agricultural purposes, saving 
huge amounts of the natural water resource [41].

11.4.3 Industrial Wastewater Reuse

Industrial wastewater reuse is a more expensive process as it 
requires a high level of treatment. Wastewater from the textile 
industry cannot be used for irrigation purposes as it contains 
certain chemicals and colors that are difficult to remove or 
only can be removed with the help of costly technology. On 
the other hand, the presence of a high percentage of sodium 
and chloride ions makes the wastewater highly saline, which is 
damaging to soil. Thus, the harmful impact of industrial waste-
water on lands should be taken into consideration before reuse. 
Some researchers found an application of industrial wastewater 
in the irrigation of ornamental nursery plants [42]. Al-A’ama 
and Nakhla studied the reuse of both municipal and indus-
trial treated wastewater in Saudi Arabia. They reported that 
the wastewater after secondary and tertiary treatments could 
be safe enough to use for landscape irrigation [43]. In South 
Africa, industrial wastewater from the gold mining industry 
was collected, treated, and reused for toilet flushing and land-
scape irrigation without any negative impact reported [44].

11.4.4 Recycling to Supplement Water Resources

An artificial water shortage is created in some areas in which 
water pollution occurs in domestic, industrial, and municipal 
areas. Treated or partially treated wastewater is recycled to 
mitigate the widespread crisis of supplemental water resources, 
namely stored rainfall water, drainage ponds, groundwater 
wells, etc. Recycling of wastewater is an additional source 
of accessible water sources in many countries, for example, 
South Africa, Israel, and some areas of the United States. In 
Florida, during the rainy season there is no scarcity of water, 
but the rain water does not persist in the dry seasons, thus cre-
ating a shortage of water. So as a supplement a water source for 
irrigation wastewater is recycled. Wastewater has also found 
applications in industries, in urban areas, recreation, and land-
scape enhancements. Wastewater can be recycled for irrigation 
of public parks, recreation centers, athletic fields, schoolyards 
and playing fields. It can also be used for edges and central 
reservations of highways; irrigation of landscaped areas sur-
rounding public, residential, commercial, and industrial build-
ings; irrigation of golf courses; ornamental landscapes and 
decorative water features, such as fountains, reflecting pools, 
and waterfalls; fire protection; toilet and urinal flushing in 
commercial and industrial buildings; in industries for direct 
evaporative cooling; indirect refrigeration (food processing); 
or for in-plant transport and washing [45]. Thus, in the absence 
of supplemental water sources, wastewater can be successfully 
recycled to different sectors of water requirements.

11.5 Challenges Toward the Wastewater Reuse

11.5.1 Growing Water Demand

There is an imbalance existing between water availability and 
water requirement in many regions, especially arid and semi-
arid regions. This disproportion arises from the change in 
environmental conditions and with an increase in population. 
With the rapid growth of population there is a competition for 
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water usage among municipal areas, industries, and agricul-
tural sectors. These indicate growing water demands and can 
be effectively solved by reclaimed wastewater as examples set 
up by some countries, namely Cyprus, Turkey, and Jordan. 
People living below the poverty line have less availability to 
fresh water for drinking, let alone for sanitation. Defective 
water management also enhances the scarcity of fresh water. 
With the growing need of water, it is becoming compulsory to 
discover new water sources. In Mediterranean countries, city 
areas are increasing day by day, which requires more fresh 
drinking water and sustainable sanitation systems. Yet, the 
amount of surface and ground water is decreasing with cli-
mate variability (CV) and climate change (CC), amplifying 
the necessity of water, which in turn is trying to be solved by 
the reuse of water.

11.5.2 Distance from Source

Total installation cost of a piping system and transportation of 
treated wastewater through this pipeline are essential factors. 
These factors mostly depend on the distance of the wastewa-
ter treatment plant source to the urban consumer areas. If the 
distance of the source is more than 500 m, then the number 
of consumers decreases. This was found in a recent study 
indicating unwillingness of people to reuse wastewater from 
long distances [46]. With distance, the cost of wastewater also 
increases and most people are not ready to pay a high amount 
of money for wastewater.

11.5.3 Retrofitting Versus New Installations

Retrofitting indicates modification of existing installations by 
incorporating new parts and pipelines into it. New installations 
involve setting up of different pipelines for conveying potable 
and treated wastewater to urban areas. From the beginning of 
a project in developing new systems for wide urban areas, dif-
ferent pipeline setups are often preferred than retrofitting, as 
it costs significantly less at the installation stage. Retrofitting 
cost is higher because it requires new framework installment. 
On the other hand, it is economical to install separate pipe-
lines, thus decreasing overall cost of wastewater reclamation 
[47]. South Africa has some densely populated areas that are a 
considerable obstacle to the exercise of reclaimed wastewater 
use because of retrofitting costs.

11.5.4 Quantity of Reuse

Distribution of wastewater in a community is determined by 
the amount of wastewater reused by a consumer. Those huge 
quantity users of wastewater are given more priority than those 
users who require a small quantity of wastewater. Thus the 
wastewater management and distribution plant can consider-
ably lessen the setup and operational costs and to a vast range, 
ensure system sustainability. After the demand of the large 
quantity users are fulfilled, the treated wastewater is supplied 
to domestic consumers. Regional authority follows this sys-
tem; thus, household users will have a very small supply or 
no supply of wastewater. This will decrease the health risk of 
household members associated with wastewater reuse [48].

11.5.5 Public Willingness and Knowledge of Reuse

The criteria for usable treated wastewater must meet the stan-
dard of quality for reusable purposes. The characteristics of 
influents and the competence of treatment plants determine 
the type of treated wastewater generated. Due to the presence 
of deadly and unwanted contaminants, it becomes difficult for 
a treatment plant to generate standard quality water for reuse. 
The safety of public health must be ensured first by decreas-
ing or completely removing pathogens and various harmful 
chemicals from wastewater. Direct public exposure to waste-
water is also restricted; thus, ingestion and inhalation beyond 
a certain limit is preserved. The prosperity of wastewater rec-
lamation projects depends on public keenness. Public willing-
ness to reuse wastewater is inversely proportional to direct 
physical exposure. If physical touch is more probable, eager-
ness to reuse wastewater is normally insignificant [49]. Public 
willingness to reuse is also based on “‘yuck factors,” that is, 
the fear of dirt, dust, and microorganism consumption with 
the wastewater. People are concerned with the risk associ-
ated with wastewater reuse. It has been found that in general 
people are more eager to reuse wastewater generated by them 
rather than from a distant source [50]. In Western Australia 
it is found in a study that only 48% people trust the service 
providers who treat wastewater and the drinking water supply 
[51]. Strongly associated with trust is the knowledge of reuse 
of wastewater. If the people of an area are well informed, they 
would be capable enough to make a decision to use wastewa-
ter. Knowledge entails a consciousness regarding scarcity of 
drinking water and the prospective of treated wastewater to 
ensure several water applications, a perception of wastewa-
ter treatment technology to produce standard quality reusable 
wastewater, and an affirmation of the lowest public health 
danger [46].

11.5.6 Regulations and Guidelines for Reuse

Documents related to regulations and guidelines for reuse are 
found in the Water Services Act of 1997 involving gray water 
and treated wastewater and the National Water Act of 1998, 
37(1), which refers to agricultural use of wastewater [52].

In those reports, there is no doubt of reusing wastewater 
for different nonpotable water needs. However, reuse must 
be permitted and monitored by the relevant Water Services 
Authority. In South Africa the city of Cape Town has a local 
authority service that has detailed guidelines regarding waste-
water reuse. The present guidelines of South Africa were 
written more than 30 years ago and established that treated 
wastewater is risk free for public health for nonpotable use. 
According to the guidelines, various advanced technology 
must be applied to produce microorganism-free, dirt-free, 
chemical free wastewater [46]. Many states in America were 
using wastewater without following any guidelines before the 
World Health Organization (WHO) came up with their own 
guidelines, which were later revised for agricultural reuse. The 
U.S. Environmental Protection Agency (EPA) 2004 guide-
lines discussed water reclamation for nonpotable municipal, 
agricultural, and industrial reuse and an increase of drink-
able water supply by indirect reuse. This guideline included 
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health issues, advanced treatment technology, and case studies 
related to the reuse of wastewater [48]. Regulations according 
to any of these guidelines must be followed in any area to face 
the challenge of safe wastewater reuse.

11.6 Conclusion

Water reuse projects have been carried out in many coun-
tries for many years. For sustainable management of existing 
water, the feasibility of wastewater reuse has been studied and 
implemented. To enhance the drinking water supply, some 
nondrinking purposes can be fulfilled by treated wastewater. 
Many methods have been adopted for treatment of wastewater 
over the last two decades. On one hand, the freshwater crisis is 
increasing; on the other hand, various advanced technologies 
are developing as discussed earlier, like AOPs, membrane fil-
tration methods, photocatalysis, sonication, enzymatic treat-
ments, and application of redox mediation in order to produce 
treated wastewater to mitigate the nonpotable water crisis 
indirectly by decreasing pressure. AOPs reduce organic pol-
lutants and colored compounds, and membrane filters lessen 
organic and inorganic contaminants, remove pathogen, and 
work in disinfection and desalination. Photocatalysis in the 
presence of sunlight causes photocatalytic degradation of 
organic contaminants. Sonochemical degradation of organic 
components, especially textile dyes, are removed from efflu-
ent with the use of ultrasound. A cost-effective enzymatic 
treatment method can be used to remove phenolic components 
and dyes. A redox mediator may be used for the remediation 
of a wide range of aromatic contaminants. Reuse of waste-
water from municipal and industrial sources for agricultural 
purposes, sanitation, and irrigation in urban areas has been 
illustrated.

Wastewater disposal without any environmental effect and 
health issue to the public is an important concern. Streams 
from households, industries, or farmland carry various harm-
ful components like surfactants, pesticides, dyes, etc., and 
pathogens have also been found in those streams. Thus, these 
can pollute water sources like wells, rivers, lakes, canals, and 
ponds drastically. It is fundamental to treat water before dis-
charging it in environment. Irrigation is an efficient way of 
wastewater disposal after treatment. Reuse of wastewater in 
sanitation systems play an important role in urban areas with 
water scarcity.

Advanced wastewater treatment systems are essential, but 
some of these methods are costly; thus, adequate funding 
is necessary for water management projects. To achieve the 
ultimate goal of wastewater reuse using advanced technolo-
gies, an efficient management system is necessary that can 
overcome the challenges, namely excessive demand, dis-
tances, feasibility of installation, cost of installation, health 
risk to people, willingness of public, and so on. Local author-
ities can play a key role for proper management of water to 
minimize water scarcity. They can establish their own guide-
lines and regulations or can follow standard guidelines from 
the EPA or WHO. Water economy today conserves use, uses 
water resources wisely, and recycles rather than uses once 
and throw away.
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12.1 Introduction

In this new millennium, water resources are becoming pol-
luted at an alarming rate due to several anthropogenic activi-
ties along with spent waters of industrial production phases, 
domestic wastages, and agricultural leachates and runoff that 
bring about the scarcity of pure drinking and potable water for 

daily use. Industries release a generous rate of hazardous pol-
lutants like heavy metals, coloring agents (dyes and pigments), 
micropollutants, and other refractory wastes with wastewater 
that degrades the water quality and has a detrimental effect on 
both the environment and living species. Scholars have shown 
that these harmful industrial effluents are responsible for pol-
luting environmental matrices, transport toxic matters into the 
edible/reproductive plant parts through bioaccumulation, and 
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host them into the human food chain on consumption of such 
plant parts as daily diets [1, 2]. Previous studies showed that 
wastewaters originating from industry are enriched with com-
plex and nondegradable organic and inorganic substances with 
a higher degree of biochemical oxygen demand (BOD5) and 
suspended particulates that are carcinogenic, corrosive, and 
mutagenic in nature [3]. Some of the organic matters act as 
nutrients for phytoplankton growth that might cause unwanted 
eutrophication, algal blooms, and formation of odorous gases 
on putrefaction of cyanobacteria, which deteriorate a clean 
water source. Therefore, industrial wastewater treatment has 
become a major concern to both society and public authori-
ties and mainly for industrial sustainability. Several scholarly 
reports revealed that biological wastewater treatment technol-
ogies (BWWTTs) have noticeable removal proficiency toward 
several persistent organic pollutants (POPs) and other trace 
elements from bulk quantity industrial wastewaters, which is 
very beneficial in a wastewater treatment plant [4–6].

Regarding these facts, this chapter highlights descriptive infor-
mation on biological wastewater treatment plants (BWWTPs) 
including BWWTTs (conventional and advanced), operational 
factors, specifications, and effectiveness. Additionally, this chap-
ter also provides an overall summary on the feasibility of using 
these methods on large-scale effluent treatment based on the 
previous research of renowned researchers and scientists, which 
may be beneficial to future research. Thus, this chapter aims to 
highlight the core findings of some recently published articles to 
discuss the future prospects of BWWTPs on large-scale indus-
trial wastewater treatment, along with its market potential.

12.2  Industrial Wastewater 
Treatment: An Overview

12.2.1  Physicochemical Parameters of 
Different Industrial Wastewaters

Industries are the major driving force of economic develop-
ment today. Textile, paper and pulp, leather tanning, pharma-
ceuticals, petroleum and mining, food processing, and other 
manufacturing industries play a vital role in the economic 
progress and employment generation in many countries. At the 
same time, these industries discharge tons of residual waters 
with various types of hazardous pollutants from their produc-
tion phases per annum into the water streams. The nature of 
industrial wastewaters includes some basic properties such as 
chemical oxygen demand (COD), pH, suspended solids (SS), 
total dissolved solids (TDS), BOD5, heavy metals, refractory 
compounds (dyes), turbidity, conductivity, and common anions 
like nitrates (NO3

−), phosphates (PO4
3−), chlorides (Cl−), and 

ammonia (NH4
+). These properties differ from industry to 

industry along with production processes (Table 12.1).
Compared with municipal wastewaters, these effluents have 

high salinity and temperature, pungent odor, and contain a 
larger amount of organic substances, such as inorganic ions 
(both cations and anions), that are either corrosive or highly 
toxic. Furthermore, industrial wastewaters possess a strong 
organic strength (>1000 mg COD/L), which is almost five times 
higher than domestic wastewaters (250–800 mg COD/L) [7]. 

Moreover, industrial wastewaters discharged from industries 
such as textiles, tanneries, oil refining, and food processing 
contain high amounts of inorganic salts and metal ions, which 
increases the salinity of the effluents. These harmful effluents 
vigorously affect the aquatic environment if they are mixed with 
surface water without any treatment. Active salts and metal ions 
bring about severe diseases to humans if such waters are con-
sumed for drinking purposes. Additionally, industrial wastewa-
ters comprise a variety of toxic components, noxious matter, and 
volatile organic compounds (VOCs) that have hazardous effects 
on the water quality and aquatic ecosystem. As a result, surface 
water becomes inappropriate for usage in irrigation, personal 
cleaning and hygiene, cooking, and drinking. For this reason, 
industrial wastewaters require on-site treatment before discard-
ing into the sewage lines for further disposal.

12.2.2 Aims of Industrial Wastewater Treatment

Wastewater treatment is the sequential process to convert pol-
luted water into a certain vibrant stage by eliminating harmful 
pollutants and impurities up to the minimal accepted limits to 
reduce adverse environmental influence on discharge into the 
environmental matrices. According to Ranade and Bhandari 
[9], 97.5% of the total water on Earth is salty and thus unus-
able, 2.5% is fresh water but only at a limited portion around 
the globe, and only 1% of it is ideal for human consumption. 
Due to uncontrolled population growth, water consumption 
has increased six times and industrial development has also 
influenced water consumption, which brought about water 
scarcity in many countries. Also, many product manufactur-
ing industries use a substantial quantity of water per annum 
with hazardous anthropogenic chemicals. In some develop-
ing countries, the discharge of these industrial wastewaters 
is mostly done without any further treatment or only after 
preliminary treatment. As discussed about the physicochemi-
cal nature of different industrial wastewaters in the previous 
section, these untreated or semi-treated effluents result in 
detrimental effects both for the environment and living biota, 
which can become a serious threat to the sustainability of the 
ecosystem and the animal kingdom. Therefore, that the con-
cept of wastewater treatment was originated and even receiv-
ing priority as a responsive precaution concerning public 
health issues and environmental hazards. Generally, the prime 
task for wastewater treatment stands for (1) reducing the con-
centration of floatable large particles, (2) degrading organic 
matters and nutrients, and (3) mitigating the excess metals and 
other toxicants (micropollutants, refractory substances, endo-
crine disruptors [EDs], etc.) up to their threshold limit.

In the early days, wastewater treatment was a generalized 
task done only to ensure water’s aesthetic quality and envi-
ronmental regulations, which were limited, to achieve a sat-
isfactory reduction to the physicochemical characteristics and 
nutrients (nitrates and phosphates) mostly in wetland ponds. It 
was observed that these techniques were not effective enough 
to meet the initial objective of wastewater treatment because 
of the disposal problem of treated wastewaters, and there was 
less information on the minimal acceptance of many harmful 
pollutants at that time [10]. Therefore, environmental protec-
tion authorities from both the state and federal government 
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undertook these issues as a prime concern to establish more 
efficient, adaptable, and prevalent wastewater treatment meth-
ods to improve the quality and discharging standard of treated 
wastewaters. This attempt resulted in increasing the knowl-
edge of wastewater treatment and its hazardous impacts, 
and raised public awareness on wastewater treatment, which 

further led to national concern for environmental conservation 
in many parts of the globe and addressed a significant step in 
terms of improving surface water quality. Also, the focus of 
wastewater treatment was shifted to public health over time 
because of well documented scientific articles related to the 
toxicity and health hazards of different chemicals released 

TABLE 12.1

Wastewater Characteristics of Some Major Industries

Industrial Wastewaters Major Pollutants Reason for Concern

Textile and apparels Highly alkaline, colored, COD, temperature, high 
suspended solids

Suspended solids can lead to the development of 
sludge deposits and anaerobic conditions when 
untreated wastewater is discharged into the 
aquatic environment

Inorganic anions, such as nitrates and phosphate, 
along with carbon, are essential nutrients for 
growth. When discharged into the aquatic 
environment, these nutrients can lead to the 
growth of undesirable aquatic life. When 
discharged in excessive amounts on land, they 
can also lead to the pollution of groundwater

Organic and inorganic compounds selected on the 
basis of their known or suspected 
carcinogenicity, mutagenicity, teratogenicity, or 
high acute toxicity; many of these compounds 
are found in wastewater

Refectory wastes like dyes, surfactants, phenols, 
and agricultural pesticides tend to resist 
conventional methods of wastewater treatment

Heavy metals are usually discharged to 
wastewater from commercial and industrial 
activities and have to be removed if the 
wastewater is to be reused

Inorganic constituents such as calcium, sodium, 
and sulfate are added to the original domestic 
water supply as a result of water use and may 
have to be removed if the wastewater is to be 
reused

Tannery High total solids, hardness, salt sulfides, chromium, pH, 
salinity, precipitated lime, and BOD5

Laundry High turbidity, alkalinity, and organic solids

Canned products High in suspended solids, colloidal products, and 
dissolved organic matter

Dairy High in dissolved organic matter, mainly protein, fat, and 
lactose

Slaughterhouses High in dissolved and suspended organic matter, blood, 
other proteins, and fats

Brewed and distilled beverages High in dissolved organic solids, containing nitrogen and 
fermented starches or their products

Beet sugar High in dissolved and suspended organic matter, 
containing sugar and protein

Pharmaceuticals High in suspended and dissolved organic matter

Yeast High in solids (mainly organic) and BOD5

Pickles Variable pH, high suspended solids, color, and organic 
matter

Coffee High BOD5 and suspended matters

Fish and filleting Very high BOD5, total organic solids, and odor

Glass and ceramics color, alkaline nonsettleable suspended solids

Fuel, oil, and petroleum High in emulsified and dissolved oils

Rubber High BOD5 and odor, high suspended solid, variable pH, 
high chlorides

Cane sugar Variable pH, organic matter with relatively high BOD5 of 
carbonaceous nature

Palm oil High BOD5, COD, solids, and total fats, and low pH

Paper and pulp High or low pH, color, high suspended, colloidal, and 
dissolved solids, inorganic filters

Photographic Alkaline, containing various organic and inorganic 
reducing agents

Steel Low pH, acids, cyanogen, phenol, ore, coke, limestone, 
alkali, oils, mill scale, and fine suspended solids

Metal finishing and electroplating Acid, metals, toxic, low volume, mainly mineral matter

Oil fields and refineries High dissolved salts from the field; high BOD5, odor, 
phenol, and sulfur compounds from refineries

Petrochemicals High COD, TDS, metals, COD/BOD5 ratio

Cement Heated cooling water, suspended solids, some inorganic 
salts

Asbestos Suspended asbestos and mineral solids

Paint and inks Contain organic solids from dyes, resins, oils, solvents, 
etc.

Pesticides High organic matter, benzene ring structure, toxins to 
bacteria and fish, acid

Chemical manufacturing Varied types of organic and inorganic chemicals

Source: Modified with permission from Elsevier [8].
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with different industrial wastewaters from various industrial 
activities. Thus, the task of ensuring proper water quality was 
given more emphasis regarding the removal of trace compo-
nents, refractory organics, and heavy metals because these 
substances cause a noxious impact on human health over long-
term exposure, including the reduction of physicochemical 
parameters. As a consequence, today, wastewater treatment 
outcomes demand a full assurance of strong environmental 
law, regulatory monitoring, and establishing suitable water 
quality standards by the legal authorities from regional and 
federal experts for a better outcome and a sustainable future.

12.3 Bioremediation of Industrial Wastewater

Bioremediation is a biological treatment process that involves 
the removal of pollutants in the presence of natural micro-
organisms, which can decompose or convert the pollutants 
into other forms of highly toxic and nontoxic substances. In 
the bioremediation process various microorganisms, such as 
bacteria, fungi, algae, yeast, and higher plants, are used in a 
reactor vessel known as a bioreactor or bioremediator. During 
the selection of a bioremediation technique, numerous factors 
should be considered such as concentration level, toxicity and 
structural configuration of the pollutants, efficiency of micro-
bial strain, operating condition (pH, temperature, effluent 
flow rate, and outlet flow rate), presence of other pollutants, 
BOD, COD, TDS, turbidity of the effluent solution, hydrau-
lic retention time (HRT), solids retention time (SRT), etc. The 
bioremediation can be done by following two different meth-
ods, autotrophs or heterotrophs. In the wastewater treatment 

process over 95% removal is achieved by using heterotrophic 
microorganisms that can utilize organic carbon for its growth 
and living purpose. Heterotrophic microorganisms can be 
subdivided according to their energy source. If it can absorb 
chemical energy (organic and or inorganic), it is known as a 
chemo-heterotroph, and if it uses light for energy, then it is 
known as photo-heterotroph. The bioremediation technique 
for industrial wastewater shows several advantages over other 
method such as little sludge generation, less energy consump-
tion, operated at high to low organic pollutant load, and most 
importantly generated biogas from bioremediation reactor or 
waste biomass can be further utilized for energy generation. 
However, this treatment process possesses several disadvan-
tages such as some pollutants, especially heavy metals (lead, 
cadmium, chromium, zinc, copper, etc.), are not removed or 
captured. In the following section several bioremediation tech-
niques (aerobic, anaerobic, and hybrid treatment processes) 
are discussed for the treatment of industrial wastewater. Table 
12.2 summarizes several micropollutants that have been used 
for wastewater treatment and their removal efficiency.

12.3.1 Aerobic Treatment

Like anaerobic treatment processes, aerobic treatment pro-
cess microorganisms degrade or reduce pollutant by microbial 
decomposition (form CO2 and lower molecular weight biomass); 
the difference is the aerobic process degradation occurs in the 
presence of oxygen. Because of the requirement of oxygen, the 
aerobic system requires a continuous supply of oxygen, which 
can be created by the addition of treatment ponds or a mechani-
cal aeration device such as an air blower or compressor. These 

TABLE 12.2

Microorganisms Used for the Treatment of Wastewater and Their Efficiency

Microorganism Pollutants Concentration Removal Efficiency (%) Reference

Bacterial Strains

Arthrobacter sp. Di-n-octyl phthalate 500 mg/L 91 [11]

Bacillus thuringiensis Ibuprofen 25 mg/L 46.56 [12]

Naproxen 6 mg/L 100

Pseudomonas putida Estrone
Estradiol
17α-Ethinylestradiol
Estriol
Bisphenol A

5 mg/L each Estrone (100)
Estradiol (94.86)
17α-Ethinylestradiol (94.90)
Estriol (94.56)
Bisphenol A (96.56)

[13]

Fungal Strains

Phanerochaete chrysosporium Bisphenol A 1000 mg/L 53.23 [14]

Fusarium oxysporum Di(2-ethylhexyl)phthalate
Fluoranthene

Di(2-ethylhexyl)phthalate (250 mg/L)
Fluoranthene (100 mg/L)

Di(2-ethylhexyl)phthalate (70)
Fluoranthene (42)

[15]

Fusarium solani Di(2-ethylhexyl)phthalate
Fluoranthene

Di(2-ethylhexyl)phthalate (250 mg/L)
Fluoranthene (100 mg/L)

Di(2-ethylhexyl)phthalate (100)
Fluoranthene (12)

[15]

Algal Strains

Cyanophyta sp. NO3-N
PO4-P

42.83 mg/L
2.94 mg/L

NO3-N (57–78)
PO4-P (44–91)

[16]

Spirulina platensis Cd
Pb
Cu

5 mg/L each Cd (91.58)
Pb (89.81)
Cu (85.6)

[17]

Galdieria sulphuraria Nutrient removal (N & P) NA N (99.71)
P (99.9)

[18]
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types of treatment processes can be merged with the anaerobic 
treatment process for complete degradation of pollutants and 
safer discharge. This process is suitable for several industrial 
wastewaters such as food and beverage, chemical, industrial 
discharge, and fertilizer runoff. For better performance, the 
treatment process should be optimized with several parameters 
such as pH, temperature, organic loading rate (OLR), nutri-
ent concentration and flow rate, etc. However, the treatment 
process has to be modified or hybridized with the anaerobic 
process or other physiochemical treatment process for complex 
wastewater treatment. In the following sections some common 
types of aerobic treatment technologies are discussed that are 
now used for industrial wastewater treatment.

12.3.1.1 Activated Sludge Process

The activated sludge process (ASP) is an aerobic treatment 
process that is widely used primarily for the removal of solid 
and organic contaminants from wastewater. In this process 
in the presence of suspended aerobic microorganisms, the 
organic pollutants are degraded and consumed and form flocs. 
Furthermore, hydrophobic substances are absorbed on micro-
organism surfaces to form larger solid particles that slowly 
settle at the bottom (sedimentation) of the settling tank and 
clear waste-free water is obtained at the top. Most importantly, 
the ASP system can be used for the treatment of effluents from 
sewage treatment plants, industrial waste treatment, and com-
bined effluent treatment processes. In developing countries ASP 
processes are the most extensively used method due to lower 
operating and maintenance cost and lower secondary waste gen-
eration. However, this process possess several drawbacks, such 
as larger space requirement, cannot accomplish the discharge 
limit standards, low quality of treated effluent is obtained, large 
sludge generation, continuous power supply for active aeration 
(that costs more than 50%–60% of total operating cost), and 
most importantly a tertiary treatment system is necessary with 
ASP to remove sludge. The removal efficiency of pollutant by 
this method depends on several parameters such as (1) types 
and concentration of pollutant, (2) SRT, (3) HRT, (4) biomass 
concentration, (5) organic loading rate, and (6) temperature.

In 2013, Vanerkar et al. used conventional ASP for the 
treatment of pharmaceutical wastes, and it achieved 68.98–
91.02, 76.90–97.26, and 74.61–95.54% COD, BOD, and SS 
removal efficiency, respectively, at optimum operating condi-
tion [19]. Liu et al. in 2019 achieved 64.4% removal of micro-
plastic by using the ASP method with dewatered sludge of 
240.3 ± 31.4 n g−1 (dry sludge) with an average size of 222.6 
μm [20]. Due to the lower efficiency of ASP methods, several 
modifications or hybridized methods have been introduced 
to enhance reactor capacity and/or extension of the reactor 
life cycle. An integrated fixed film ASP (IFASP) was used 
for the treatment of wastewater, in which microorganisms are 
both suspended and attached on the surface of the reactor, 
whereas in case of conventional ASP microorganisms are in 
suspended state [21]. This method was found to be one of 
the best alternatives to other biological treatment processes 
for the reduction of dissolved organics and nutrient removal 
(phosphorous, nitrogen, and sulfur), and it produces lower 
sludge during operation.

12.3.1.2 Aerobic Sequencing Batch Reactor

Aerobic sequencing batch reactor (ASBR) is an efficient treat-
ment process for industrial and domestic wastewater contain-
ing higher organic compounds. Generally, this process is 
composed of a settling tank, retention chamber, storage tank, 
and aerobic reactor tank. Previous literature suggested that the 
ASBR process is viable and more economical than conven-
tional ASP in terms of removal of BOD, COD, TDS, SS, and 
nutrients.

In 2018, Hamza et al. established a two-phase ASBR system 
for high-strength organic wastewater treatment. This study 
reported more than 98.4% COD was removed during the oper-
ation of OLR 10.2 and 27.0 kg COD/m3/day in the first and 
second phase (1–45 operation days). COD removal efficiency 
dramatically decreased to 64.4% due to an increase of OLR 
(46–64 operation days), which can further be increased to 96% 
at the end of the operation (100 days) [22]. Hasan et al. [23] in 
2015 set up an aerobic suspension-sequencing batch reactor 
(ASSBR) system to remove micropollutants such as ibuprofen 
(IBU) and ketoprofen (KETO), and nitrogenous compounds 
from pharmaceutical wastewater. At the optimum operating 
condition of 24-hour HRT and OLR of IBU (1.71–5.1 mg/m3/
day), KETO (0.39–2.1 mg/m3/day), and ammonia (NH3-N: 
4.3–6.3 g/m3/day), maximum 90% IBU, 92% KETO, and 
96% NH3-N removal efficiency were achieved. Farooqi and 
Basheer (2017) studied the optimized ASBR operating condi-
tion with an HRT of 6 hours and OLR of 4.5 kg COD/m3/day 
for the removal of adsorbable organic halide (AOX) presence 
in the pulp and paper industry [24]. Approximately 88% COD 
and 79% AOX were reduced after 780 days of operation, while 
biomass trends remained between 7 and 8 g/L mixed liquor 
volatile suspended solids (MLVSS), and sludge volume index 
was reduced to 60–80 ml/g MLSS.

12.3.1.3 Membrane Bioreactor

Membrane bioreactor (MBR) is a combination process of two 
separate operations: a membrane unit responsible for physical 
separation that delivers air or oxygen required for the oxida-
tion or microorganism growth and a biological reactor unit in 
which degradation of micropollutant arises. These treatment 
techniques are mostly used to treat domestic to various indus-
trial wastewater. Compared with other treatment processes, 
the aerobic membrane bioreactor (AMBR) treatment pro-
cess possesses numerous advantages such as (1) lower sludge 
production and higher nutrient removal efficiency, (2) small 
footprint, (3) produces relatively higher quality effluent, and 
(4) can be treated at higher OLR. However, the advantages of 
AMBR systems have been offset by several limitations, includ-
ing membrane fouling, which reduces membrane efficiency 
and lifetime, resulting in significant increments of operating 
and maintenance cost. This problem can be controlled by the 
addition of coagulants and adsorbents and the combination of 
aerobic granulation with MBRs. In case of addition of granu-
lar materials, an MBR provides a surface for microorganisms 
to grow/attack instead of attacking the membrane surface. 
Although in the case of coagulants and adsorbents, they signif-
icantly remove the submicron organic micropollutants, which 
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enhance fouling control as well as efficiency of the treatment 
process. Furthermore, the overall efficiency of this reactor 
mostly depends on the SRT; HRT composition; and types of 
effluents, OLR, operating conditions (e.g., temperature, pH, 
turbidity and conductivity), concentration, and existence of 
anoxic and anaerobic compartments.

Khouni et al. assessed the performances of an AMBR sys-
tem for the dye molecule present in the textile effluent and 
evaluated the influence of the loading rate and biomass con-
centration on degradation efficiency [25]. At a lower dye load-
ing rate from 1.25 to 2.5 mg/gMLVSS/day, dye removal capacity 
was found to be within the 91%--100% range, whereas at a 
higher loading rate of 7.5 mg/gMLVSS/day removal efficacy 
was decreased to a range of 80%–87%. A new form of aerobic 
MBR system, known as aerobic bio-entrapped salt marsh sedi-
ment membrane reactor (BESMSMR), was used for the treat-
ment of highly contaminated pharmaceutical wastewater and 
compared with three different MBR systems (conventional 
membrane bioreactor [CMBR], salt marsh sediment membrane 
bioreactor [SMSMBR], and entrapped biomass MBR (bio-
entrapped membrane reactor [BEMR]) [26]. The BESMSMR 
treatment process achieved 78.4–81.3 COD removal efficiency 
with an initial COD concentration of 17,930 mg/L, which was 
highest among the three MBR systems. Moreover, the mem-
brane fouling problem was improved in the BESMSMR sys-
tem, which required two chemical washes during a 60 HRT 
cycle, whereas CMBR, SMSMBR, and BEMR needed to be 
cleaned four, six, and two times within the same HRT.

12.3.1.4 Moving-Bed Bioreactor

The moving-bed reactor (MBBR) is one of the most widely 
used advanced wastewater treatment processes in which 
microorganisms grow both suspended and attached on plastic 
carriers with the benefits of both biofilm and ASPs. Compared 
with other treatment processes, the MBBR process possesses 
several advantages such as flexibility, lower sludge production, 
lower HRT, higher biomass retaining time, and lower foot-
prints, higher reactor efficiency (consistently high quality and 
reusable water production). Moreover, complete reactor vol-
ume can be utilized for microorganism growth, which reduces 
the space requirement. For that reason, in the last few decades, 
it has been used for a wide range of industrial wastewater treat-
ment including pulp and paper industry wastewater, phenolic 
wastewater, pharmaceutical wastewater, dairy wastewater, and 
refinery and slaughterhouse waste.

In 2018, Irankhah et al. set up a batch moving-bed biofilm 
reactor for the removal of phenolic compounds [27]. This 
study showed, under optimum operating condition, more than 
90% COD (initial concentration 2795 mg/L) at 24 HRT and 
showed higher resistance to phenol loading shock. For the 
treatment of composite chrome tannery wastewater Goswami 
and Mazumder set up an MBBR system and compared it with 
a conventional ASP [28]. This study demonstrated that more 
than 85%–90% COD was removed within 7.5 hours, whereas 
only 60%–70% removal efficiency was found in the ASP 
reactor system. A massive study was conducted for biologi-
cal waste removal from pharmaceuticals by MBBR utilizing 
nitrifying and denitrifying processes [29]. This study showed 

that of 22 organic pharmaceutical compounds, 17 compounds 
were successfully removed within 24 hours, which was com-
paratively higher than previous study.

12.3.2 Anaerobic Treatment

Anaerobic biological treatment processes were used for the 
treatment of industrial wastewater such as tanneries, textiles, 
food processing, pulp and paper, and distilleries contain-
ing higher to lower waste loads. In these treatment processes 
organic hydrocarbon molecules are decomposers or degrade 
into lower and nontoxic hydrocarbons, especially methane, 
NH4

+, PO4
3−, S2−, and carbon dioxide in the absence of oxygen 

by microorganisms. In this system degradation of organic pol-
lutants may be carried out with a series of multistep processes 
and parallel reactions such as (1) hydrolysis, (2) acidogenesis, 
(3) acetogenesis, and (4) methanogenesis. In the hydrolysis 
process microorganisms convert complex undissolved or dis-
solved pollutants to less complex dissolved compounds that 
can easily pass through cell membranes. While in the acido-
genesis step, dissolved hydrolyzed products such as amino 
acids, simple sugars, and long chain fatty acids are degrade and 
converted into intermediate pollutants and further degradation 
will continue by the micro-organism cell that leads to convert 
it into simplest form of degradation compound such as volatile 
fatty acids, lactic acid, alcohols, CO2, H2, NH3, and H2S. In the 
acetogenesis step, degraded products are further dissociated 
into acetate, H2, and CO2. In the methanogenesis step, acetate, 
carbonate, formate, methanol, and H2 are converted into meth-
ane and CO2. In industrial wastewater treatment these reac-
tions are carried out in special types of reactor configurations 
such as an anaerobic contact reactor (AnCR), anaerobic fixed 
film reactor (AnFFR), upflow anaerobic sludge blanket reactor 
(UASB), anaerobic membrane bioreactor (AnMBR), anaerobic 
sequence batch reactor (AnSBR), and anaerobic fluidized-bed 
reactor (AnFBR).

The most important reasons to use the anaerobic process for 
effluent treatment are very lower sludge production rate (only 
10% aerobic system), reduction of space requirement over 90%, 
no need to use fossil fuel for the operation steps, and excess 
sludge can be used for biogas generation that can be further 
used for energy generation. One of the main drawbacks of this 
treatment process is that anaerobic microorganisms best grow 
at an acidic condition with a range of 0–4 pH. For that reason, 
for better treatment pH of the influent should be controlled in 
this range and after treatment the pH of the effluent should be 
further controlled within a range of 6–8 so that aquatic life 
will not be hampered. Another limitation of this method is that 
slow growth rate results in longer HRT compared with other 
treatment processes such as aerobic processes. For example, 
Bishnoi et al. set up an anaerobic process with an HRT value 
of 8 days, which can reduce COD up to 64% [30]. The combi-
nation of bacteria and fungi can also be used for the treatment 
of wastewater and shows comparatively higher efficiency. For 
example, a study of a combination of anaerobic and aerobic 
treatment in a two-step bioreactor system conforms that more 
than 70% color, 42% COD, and 39% AOX has been reduced 
within 15 days. The bacterial and fungal combination of 
Microbrevis luteum and Paecilomyces sp. was found to have 
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a better removal efficiency of 95, 88, and 67% of color, COD, 
and AOX, respectively, after 7 and 3 days of treatment with the 
anaerobic and aerobic treatment process [31].

12.3.2.1 Upflow Anaerobic Sludge Blanket Reactor

The UASB system is the most widely used anaerobic treat-
ment process during which biomass is suspended in the form 
of granules at the bottom of the reactor. The influent (waste-
water) is pumped to the reactor and moved to the upward 
direction making direct contact with biomass (containing 
microorganisms) in the sludge bed and biodegradation of 
pollutants occur. These types of reactor systems can effec-
tively treat higher organic loaded wastewater. For example, 
one study showed that over 70%–75% COD with an initial 
concentration of 7000 mg/L can be reduced within 4 days of 
HRT [32]. Moreover, efficiency of the UASB reactor system 
depends on biomass (microorganism used for the treatment) 
and composition of influent (e.g., COD to sulfate ratio, OLR). 
In 2015, Li et al. reported a UASB process for the treatment 
of pharmaceutical wastewater containing rich organic sulfur 
compounds and sulfate and examined the impact of OLR on 
reactor performances [33]. This study showed that with an 
OLR of 8 kg COD/m3/day with 1.3 HRT and COD/SO4

2− ratio 
from 5 to 1.5 results in maximum methane production and 
COD removal efficiency. Moreover, a combination of UASB 
systems along with other bioreactor systems can be applied for 
industrial wastewater treatment and achieve higher efficiency 
over a single UASB and/or combined biological treatment pro-
cesses. Another study combined UASB and Fenton as a post-
treatment process suggesting that the combination system is 
better compared with the UASB and Fenton (chemical oxida-
tion process) treatment process in the single phase [34]. More 
than 98.6% and 90.5% of total oxygen demand (TCOD) and 
phosphate were removed by using the UASB-Fenton process, 
whereas the UASB process reduced only 62.2% and 36.5% of 
TCOD and phosphate, and additionally a reduction of 62.2% 
and 36.5% TCOD and phosphate was achieved by the Fenton 
process. The addition of a sequential biocatalyst reactor with 
the UASB (SBC-UASB) system was found to be an effective 
way to remove nitrogenous pollutants from wastewater and 
perform more effectively than a single UASB process [35]. 
This SBC-UASB system achieved up to 9.4 kgN/m3/day com-
pared with a system without SBC that reduced only 0.178 kgN/
m3/day with an initial loading of 10.4 kgN/m3/day.

12.3.2.2 Anaerobic Contact Reactor

The AnCR process is a type of anaerobic digester for which 
a set of reactors are in a series and contain an external set-
tler. Sludge may be recycled into the bottom of the first reac-
tor. Generally, the AnCR system can be used for the treatment 
of medium-loaded wastewater. However, AnCR-based treat-
ment processes have another limitation; after treatment sludge 
separation creates difficulties due to the high-speed agitation 
requirement for better contact between pollutants and micro-
organisms during operation. This higher speed agitation may, 
in some cases, damage bacterial strain results inappropriate for 
this method of treatment. After all of this with proper design 

and optimization of all operating conditions in some cases this 
method of treatment can be used for industrial wastewater pro-
cessing. This method can also be used with a combination of 
other biological or physical or chemical treatment processes to 
enhance reactor efficiency and reduce HRT. In 2010, Şentürk 
et al. used a thermophilic AnCR system for the treating food 
industry wastewater and checked the relation between OLR 
and reactor efficiency [40]. This study reveals that reactor effi-
ciency was almost similar (89%) for the OLR range from 0.6 
to 3.4 kg COD/m3/day. Later, Morgan-Sagastume established a 
hybrid anaerobic treatment process (combination of AnCR and 
moving bed biofilm reactors) for the treatment of oil-contam-
inated wastewater [41]. This combined system can achieved 
60% COD reduction (initial concentration of 36 gm/L, with an 
OLR of 0.35–0.43 kg COD/m3/day) with an HRT of 30 days. 
In case of the ACR system, it takes more than 43 days of HRT 
to achieve similar efficiency. Reactor efficiency can further be 
increased to 67% by operating with an OLR of 1.1 kg COD/
m3/day.

12.3.2.3 Anaerobic Membrane Bioreactor

The AnMBR is one of the alternative ways for the treatment of 
wastewater containing higher OLR COD, SS, large variations 
of flow, and composition and can be used for a wide range 
of industrial micropollutants. Today, this process is used for 
the treatment of wastewater from pulp and paper and textile 
industries, polymer synthesis, pharmaceutical effluents, food 
processing, oil containing waste, etc. Moreover, microorgan-
isms can grow in the membrane of the ANMBR system that 
enhances reactor efficiency. Despite all of those advantages, 
the AnMBR treatment process possesses several limitations 
like lower filterability, fouling problems, and the inability to 
remove pollutants at high organic load in the presence of sul-
fite. Fouling and filterability can be solved by backwash treat-
ment after a certain time period. On the other hand, sulfite 
inhibition problems can be solved by pretreatment of wastewa-
ter by ozonation (chemical oxidation) before AnMBR to con-
vert sulfite into sulfate [42]. In 2017, Svojitka et al. evaluated 
AnMBR reactor performance for the treatment of pharmaceu-
tical effluents containing higher organic loads. This treatment 
process reduces up to 97% COD with an initial concentra-
tion of 0.55–10.6 g/L [43]. For kraft evaporator condensate 
treatment Xie et al. developed a submerged anaerobic mem-
brane bioreactor (SAnMBR), which achieved 93–99% COD 
removal with an OLR range of 1–24 kg COD/m3/day [44]. A 
hybrid ozonation-AnMBR was used to treat pharmaceutical 
industrial wastewater with 7500 mg/L COD and etodolac con-
centration of 50–215 mg/L. This AnMBR achieved a higher 
etodolac removal efficiency of up to 99% and 90% of COD 
removal. In 2014, Ng et al. established a new form known as 
anaerobic bio-entrapped membrane bioreactor (AnBEMR) 
for the treatment of chemical synthesis-based pharmaceutical 
wastewater with higher COD and toxicity and compared with 
an anaerobic membrane bioreactor (AnMBR) [45]. Both treat-
ment processes operated at varying HRT and OLR conditions. 
An increase of OLR or decrease of HRT of both treatment 
reactors achieved lower reactor efficacy. Total COD removal 
efficiency of AnBEMR was found to be 47.2% (with an initial 
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FIGURE 12.1 Bioreactors used for pollutant removal from wastewater: (a) activated sludge process [36], (b) upflow anaerobic sludge blanket reactor [37], (c) membrane bioreactor [36], (d) sequence batch 
reactor [38], (e) moving-bed bioreactor [36], and (f) fluidized-bed reactor [39].
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COD concentration of 15.4 g/L) at an OLR of 8.7 kg COD/m3/
day and HRT of 43 hours, which was approximately 5% higher 
than AnMBR.

12.3.2.4 Anaerobic Sequence Batch Reactor

An AnSBR is commonly used for the treatment of high-strength 
wastewater such as swine wastes, synthetic milk wastewater, 
landfill leachate, dye manufacturing, textile and pulp and paper 
wastes, etc. A typical AnSBR system consists of four basic 
compartments: (1) feed, (2) react, (3) sedimentation, and (4) 
discharge (see Figure 12.1d). In this system, anaerobic micro-
organisms metabolize organic compounds and produce meth-
ane and carbon dioxide as a by-product. The AnSBR treatment 
process possesses several advantages such as lower operating 
and maintenance cost (cost is only 40% of the conventional 
ASP) over other treatment processes, achieved higher pollutant 
removal efficiency within a short period of operation time, and 
can be applied for the treatment of various industrial effluents 
containing higher to lower OLR. Moreover, the reactor system 
can easily be controlled. The AnSBR system is most effec-
tively used for the removal of nitrogen (N)- and phosphorus 
(P)-based nutrients that lead to eutrophication and undesirable 
changes in aquatic populations. Several studies revealed that 
more than 90% of P can be removed by an AnSBR treatment 
process, whereas the conventional ASP can remove approxi-
mately 10%–20% [46]. More than 95% total N removal effi-
ciency can be achieved by process optimization such as COD/
NH4

+-N ratio, pH, temperature, SRT, cycle period, and OLR. 
The AnSBR reactor can also be used for simultaneous N and 
P removal, and during this process several parameters should 
be carefully controlled such as COD:N:P, OLR, pH, and longer 
cycle time at a higher recycle ratio [46]. Gomez-Gallegos et al. 
investigated the efficacy of an AnSBR for wastewater treat-
ment containing a higher COD load of more than 1157 mg/L 
[47]. This study reported that 98.7% of organic matter, 45.6% 
TP, and 99.4% TN were reduced after 9 days of operation with 
a final average sludge settling velocity of 0.7 m/h.

12.3.2.5 Anaerobic Fixed Film Reactor

In the AnFFR, biomass containing microorganisms is fixed 
in a biofilm support structure such as high density polyethyl-
ene (HDPA), polyvinyl chloride (PVC), polypropylene (PP), 
polyvinylidene chloride (PVDC), polycarbonate (PC), acrylic 
substance, etc. The benefit of using the AnFFR method over 
other conventional physicochemical methods includes fewer 
requirements of energy; lower sludge production rate; and 
higher resistance to environmental shock such as pH, tem-
perature, and toxic chemicals [48]. The pollutant removal effi-
ciency by this treatment process mostly depends on the initial 
concentration of pollutants, and several studies showed that 
efficacy ranged from 64% to 99%. Yousefzadeh et al. [49] set 
up an AnFFR system for the biological removal of diethyl 
phthalate (DEP) from wastewater and compared it with an 
upflow anaerobic fixed film fixed bed reactor (UAnFFFBR). 
In optimum conditions more that 90.31% COD and 91.11% 
DEP were removed by the treatment of an AnFFR reactor 
system, whereas the AnFFFBR system can achieve 86.91% 

and 88.72% reduction capacity of COD and DEP, respectively. 
Later in 2017, Ahmadi and his coauthors investigated the deg-
radation capacity of diallyl phthalate (DAP), DEP, dimethyl 
phthalate (DMP), and phthalic acid (PA) by an AnFFFBR sys-
tem [48]. This study reveals that at optimum operating condi-
tion DMP, PA, DEP, and DAP removal efficiencies were found 
to be 92.5 (84.41and 80.39% COD, TOC removed), 91.6 (84.2 
and 81.75% COD, TOC removed), 87.86 (83.55 and 78.33% 
COD, TOC removed), and 83.5 (79.1 and 72% COD, TOC 
removed), respectively.

12.3.2.6 Anaerobic Fluidized-Bed Reactor

Working principle of an FBR system and packed bed reactor 
are similar in many aspects, except the packing materials are 
expended by the upward or downward flow of fluid in the FBR 
system, whereas in the case of the packed bed reactor system 
influent is passing through the fixed packing materials. In an 
FBR system fluid is passing through a static bed of solid parti-
cles at a velocity to suspend the solid particles. At a lower fluid 
velocity, it simply passes through the void of the particles and 
the bed remains fixed. At a higher velocity particles containing 
the bed expand when the buoyancy force balances the drag and 
gravitational forces. This technique offers several advantages 
including better mixing and contact between pollutants and 
microorganisms present in the bed system, increasing mass 
transfer, uniform particle and temperature distribution, larger 
surface area, and scale-up can be achieved without increas-
ing the concentration gradient. However, this treatment pro-
cess possesses some drawbacks such as operation control is 
not easier and it is difficult to predict the back mixing and 
fluidization patterns.

In 2014, Jaafari et al. established an AnFBR to treat high-
strength wastewater and investigated the influence of upflow 
velocity, HRT, and OLR on reactor performance [50]. This 
study demonstrated that at a higher OLR of 15 kg COD/m3 
with an upflow velocity of 0.75 mL/min and HRT of 24 hours 
the reactor efficiency was found to be 96.6% (initial concentra-
tion of 18.25 g/L COD).

12.3.3 Combined Anaerobic-Aerobic Treatment

Major problems that arise during wastewater treatment by 
single anaerobic and/or aerobic systems (discussed earlier) 
are performance and reactor stability and lower degradation 
(removal capacity) capacity. In case of aerobic treatment the 
system requires higher operating and construction costs and 
produces excess sludge during operation, which limits its use 
in the industrial wastewater treatment process. Anaerobic pro-
cesses cannot effectively remove biological N and P and may 
be less stable after toxic shock than aerobic treatment pro-
cesses. Overall, single anaerobic and aerobic processes cannot 
produce effluents that comply with effluent discharge limits 
when treating higher contaminated industrial wastewater. On 
the other hand, combined anaerobic-aerobic processes include 
potential degradation of organic compounds in the anaerobic 
pretreatment step and additional aerobic treatment processes 
conform to higher reactor efficiency (within the effluent dis-
charge limit).
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In 2014, Shi et al. [51] established two sequential anaerobic-
aerobic systems (UASB + AMBR and UASB + ASBR) for the 
treatment of high saline pharmaceutical wastewater. It has 
been found that at an OLR of 8.11 g COD/L/day and HRT of 
48 hours UASB + AMBR and UASB + ASBR systems achieved 
excellent reduction of 94.7% and 91.8% COD, respectively. 
whereas in a similar operating condition the UASB system can 
remove only 41.3%. Moreover, the anaerobic-aerobic hybrid 
system has been found to be one of the best methods for dye 
removal. Shoukat et al. set up an AnSBR − ASBR system that 
shows excellent efficiency for dye removal from textile waste-
water [52]. This combined system achieved 78.4% dye degra-
dation efficiency, whereas only 43.08% efficiency was found 
with the AnSBR treatment process. This hybridized treatment 
process also reduces 99.5 and 99.3% COD and TN removal 
efficiency at optimized operating conditions. In 2012 Sheldon 

et al. established the anaerobic-aerobic hybrid (expanded gran-
ular sludge bed-side stream MBR) system for the treatment of 
pulp and paper industrial wastewater [53]. At optimized oper-
ating conditions this hybrid treatment process achieved 96 and 
43% COD and TDS removal efficiency, respectively, whereas 
single expanded granular sludge bed (EGSB) removed only 
66% COD and 16% TDS. However, the EGSB + MBR hybrid 
system was not effective in the case of TDS removal, which 
can be accomplished post-treatment by nanofiltration (NF) 
and reverse osmosis (RO) method. More than 94% and 96% 
TDS was reduced by NF and RO methods. In 2014, Dong et al. 
set up another hybrid treatment process with a combination 
of MBBR and membrane separation process for the treatment 
of printing and dyeing wastewater [54]. The decolonization, 
COD, and suspended solid removal efficiency was found 90, 
85 and 94%, respectively (Table 12.3).

TABLE 12.3

The Removal Efficiency of Pollutants Achieved by Biological Treatment Processes for Industrial Wastewater and 
Their Operating Conditions

Method Wastewater Types Operating Conditions Micropollutants/COD
Removal 
Efficiency (%) References

ASP Tannery Working volume: 10 L
pH: 7–7.5
HRT: 7.5 h

COD: 150–250 mg/L 60–70 [28]

MBBR Tannery Working volume: 10 L
pH: 7–7.5
HRT: 7.5 h

COD: 150–250 mg/L 85–90 [28]

ASBR High-strength 
organic 
wastewater

Working volume: 16 L
OLR: first phase: 10.2 kg COD/m3/day 
and second phase: 27.0 kg COD/m3/day

COD: N:P ratio of 100:2.5:0.3
Temp: 18 ± 2°C

COD: 2.6 g/L COD: 98.4 [22]

ASBR Pharmaceutical 
wastewater

Working volume: 10 L
HRT: 24 h

IBU: 1.71–5.1 mg/m3/day
KETO: 0.39–2.1 mg/m3/day
COD: 1.2–10 kg/m3/day
NH3-N: 4.3–6.3 g/m3/day

IBU: 63–90
KETO: 13–92
COD: 88.7–89.3
NH3-N: 35.7–92.5

[23]

AMBR Textile wastewater Working volume: 2 L
C/N/P = 100/5/1
Temp: 26 ± 2°C
pH: 6.0

COD: 1120–1280 g/m3/day
Dye (reactive
BB150): 4–8 g/L

COD: 76–94
Dye: 80–100

[25]

CMBR Pharmaceutical 
wastewater

Working volume: 7 L
HRT: 60 h
SRT: 14 days
OLR: 3.3–11.9 kg COD/m3/day
Temp: 27 ± 1°C
pH: 7.4–7.5

COD: 18.15 g/L 68.20 [26]

AMBR 80.90

SMSMBR 75.11

BEMR 81.96

ACR Oil-contaminated 
wastewater

COD: 36 g/L
BOD/COD: 01–0.5
HRT: 43 days
OLR: 0.35–0.43 kgCOD/m3/day
Operation days: 465
Temp: 37°C
pH: >7

COD: 36 g/L 60 [41]

ACR Food processing 
wastewaters 

OLR: 0.6–8 kgCOD/m3/day
COD/sulfate: >120
Reactor volume: 33 L
pH: 3
HRT: 0.69–9.2 days
Operation time: 210 days

COD: 5.25–5.75 g/L 86–97 [40]

(Continued)
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TABLE 12.3 (Continued)

The Removal Efficiency of Pollutants Achieved by Biological Treatment Processes for Industrial Wastewater and 
Their Operating Conditions

Method Wastewater Types Operating Conditions Micropollutants/COD
Removal 
Efficiency (%) References

UASB Pharmaceutical 
wastewater

Working volume: 6.3 L
Temp: 27 ± 1°C
OLR: 8.11 g COD/L/day
HRT: 48 h

COD: 16.55 g/L
TN: 1.568 g/L

COD: 41.3
TN: 6.7

[51]

AnSBR Textile wastewater Working volume: 6 L
HRT: 48 h
OLR: 1.5 kg COD/m3/day
SRT: infinite
pH: 7.0 ± 0.2
Temp: 30–35°C

COD: 3.0 g/L
TN: 320 mg/L
Dye: 1380 Pt-Co

COD: 80.8
TN: 31.8
Dye: 43.1

[52]

SAnMBR Kraft evaporator 
condensate

Temp: 37°C
Operating time: 9 months
pH: 7.0

COD: 2600–10,000 mg/L 93–99 [44]

AnMBR Pharmaceutical  Operating Time: 580 days
Reactor volume: 50 L
pH: 7.0–7.5
Temp: 35–37°C
SRT: 120–450 days
HRT: 1.7–3.5 day

COD: 0.55–10.6 g/L 97 [43]

AnMBR Chemical synthesis Effective volume: 10 L
pH: 7.02
Temp: 27 ± 1°C
HRT: 10.6, 14.1, and 21.3 hours
OLR:8.7–34.0 kgCOD/m3/day

COD: 15.4 g/L 42.5 [45]

AnBEMR 47.2

AnFFR Industrial 
wastewater

HRT: 36 h
OLR: 3.237 g/m2/day
SRT: 26 days
Temp: 25 ± 2°C
Operating volume: 6 L
pH: 7.5 ± 0.2

COD: 600 mg/L
DEP: 700 mg/L
COD: 600 mg/L
DEP: 700 mg/L

COD: 90.31
DEP: 91.11

[49]

AnFFFBR HRT: 36 h
OLR: 3.237 g/m2/day
SRT: 25 days
Temp: 25 ± 2°C
Operating volume: 6 L
pH: 7.5 ± 0.2

COD: 86.91
DEP: 88.72

AnFFFBR Industrial 
wastewater

HRT: 36 h
OLR: 1.06–1.43 g/m2/day
SRT: 26–36 days
Temp: 25 ± 2°C
Operating volume: 6 L
COD:N:P ratio of 350:5:1
pH: 7.5 ± 0.2

DEP: 300 mg/L
DMP: 300 mg/L
DAP: 300 mg/L
PA: 300 mg/L

DEP: 87.86
DMP: 92.5
DAP: 83.5
PA: 91.6

[48]

ACR-
AnMBBR

Oil-contaminated 
wastewater

COD: 36 g/L
BOD/COD: 01–0.5
HRT: 30 days
OLR: 1.1 kgCOD/m3/day
Operation days: 465
Temp: 37°C
pH: >7

COD: 36 g/L 67 [41]

UASB+MBR Pharmaceutical 
wastewater

Working volume: 6.3 + 7 L
OLR: 8.11 g COD/L/day
HRT: 65 h
SRT: 20 days

COD: 16.55 g/L
TN: 1.568 g/L

COD: 94.7
TN: 51.1

[51]

UASB+SBR Working volume: 6.3 + 4L
HRT: 65 h
SRT: 20 days
DO: 3 mg/L

COD: 91.8
TN: 36.0

(Continued)
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12.3.4 Phytoremediation

Phytoremediation is a distinctive bioremediation method 
using plants and associated microorganisms present in the soil 
around the industrial arena or dumping yard to mitigate the 
deleterious influence of toxic pollutants in the environmental 
elements [55]. It is reported as one of the low-cost and eco-
friendly treatment techniques of soil, surface water, and sedi-
ments that are contaminated by toxic metal ions and organic 
compounds. In this process, the absorption potency of plants 
is applied to consume ionized components (even at a lower 
concentration) through their roots by establishing a rhizo-
spheric ecosystem (Figure 12.2a) [56]. Although the process 
is widely applicable for reducing soil pollution and stabilizing 
soil fertility, recently it has been getting a promising wastewa-
ter treatment method. Aquatic plants are the main element of 
several phytoremediation techniques (viz. phytostabilization, 
phytoextraction, phytofiltration, and phytovolatilization) dur-
ing wastewater treatment. Mustafa and Hayder [57] showed 
that plant nature (species, lipophilicity), selection of plant part 

(root type), environmental parameters (pH, temperature), pol-
lutant concentration, and exposure duration are the major fac-
tors for removing pollutants from wastewaters. Early research 
has reported that phytoremediation is an effective method to 
reduce trace elements, pesticides and herbicides, industrial 
solvents, oil spillages, corrosive and fiery chemicals, and 
xenobiotic substrates from water bodies [58]. Mainly, the free-
floating plants are appropriate for phytoremediation for their 
abundance, high uptake capacity, and ease in cultivation and 
garnering. Additionally, they focused on the main advantages 
of this process, which include (1) low energy requirement 
because it is a solar-based treatment method, (2) less secondary 
pollutant generation with less carbon footprint, (3) regaining 
wastewaters and essential nutrients, and (4) possible recycling 
of wastewaters. Also, the process shows limitations on (1) bio-
mass production required for detoxifying plant breeds, (2) to 
possibility of removing dissolved contaminants, (3) less mobi-
lization of radionuclides, (4) disposal of contaminated plant 
feeds, and (5) plant selection [59]. Moreover, the accumula-
tion of pollutants in plant bodies may translocate into their 

AnSBR + 
ASBR

Textile wastewater Working volume: 6 L
HRT: 54 h
OLR: 1.5 kg COD/m3/day
SRT: AnSBR, infinite; ASBR, 20 days
pH: 7.0 ± 0.2
Temp: 30–35°C

COD: 3.0 g/L
TN: 320 mg/L
Dye: 1380 Pt-Co

COD: 99.5
TKN: 99.3
Dye: 78.4

[52]

EGSB + 
UF-MBR

Pulp and paper Working volume: 24 L (EGSB) + 
14 L(50 L aerobic tank)

HRT: 26–36 h
OLR: 8.9–9.7 kg COD/m3/day
C:N:P ratio of 100:10:1 BOD/COD: 
0.7–0.87

pH: 6.5–7.2
Temp: 36°C

COD: 2.1 g/L
TDS: 1.24 g/L

COD: 96
TDS: 43

[53]

EGSB + 
UF-MBR + 
NF

Pulp and paper Working volume: 24 L
HRT: 7.7–10.3 h
OLR: 4.8–5.5 kg COD/m3/day
C:N:P ratio of 100:0.3:0.8
BOD/COD: 0.7–0.87
pH: 6.5–7.2
Temp: 36°C

COD: 2.1 g/L
TDS: 1.24 g/L

COD: 98
TDS 94

[53]

EGSB + 
UF-MBR + 
RO

Pulp and paper Working volume: 24 L
HRT: 7.7–10.3 h
OLR: 4.8–5.5 kg COD/m3/day
C:N:P ratio of 100:0.3:0.8
BOD/COD: 0.7–0.87
pH: 6.5–7.2
Temp: 36°C

COD: 2.1 g/L
TDS: 1.24 g/L

COD: 97
TDS: 96

[53]

Ozonation-
AnMBR

Pharmaceutical 
industry

Reactor volume: 4 L
Operating time: 725 days
C:N:P ratio of 300:5:1
SRT: infinite
OLR: 0.2–0.55 kgCOD/m3/day
pH: 7
Temp: 35°C

COD: 7.5 g/L
Etodolac: 50–215

COD: 90
Etodolac: 99

[42]

TABLE 12.3 (Continued)

The Removal Efficiency of Pollutants Achieved by Biological Treatment Processes for Industrial Wastewater and 
Their Operating Conditions

Method Wastewater Types Operating Conditions Micropollutants/COD
Removal 
Efficiency (%) References
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edible parts, thus causing public health risk problems during 
food intake. Therefore, the harvested plant biomass is intense 
through incineration or used for further industrial recycling.

12.3.5 Mycoremediation

The term “mycoremediation” is defined as the utilization of 
fungal “mycelia” for biodegradation of pollutants/contami-
nants. Recently, mycoremediation processes have been getting 
attention for possessing rapid biosorption capacity, abundance, 
low cost, and high surface to volume ratio [60]. The myce-
lium is mainly the somatic part of fungal species that exerts 
enzymes (viz. peroxidase, ligninase, cellulases, manganese 
peroxidase, oxidoreductase, and oxidase) and acids. These 
enzymes play a significant role in the degradation of lignocel-
lulosic materials, which are quite equivalent in the chemical 
nature of organic pollutants because both are consist with long 
chained hydrocarbons with polyaromatic rings. According to 
Barrech et al. [61], mycoremediation is an eco-friendly biore-
mediation approach to eliminate biocides, polyaromatic hydro-
carbons (PAHs), EDs, nitrogenous compounds, phosphates, 
polychlorinated biphenyl (PCB), halogenated solvents, radio-
nuclides, refractory wastes, and heavy metals from aqueous 

wastes. They also reported that the exerted fungal enzymes 
from basidiomycetes are efficient to remove some nonpoly-
meric pollutants (nitrotoluene), synthetic dyes, and to decom-
pose polymeric pollutants (plastic and microplastic) under a 
capable/control environment. White rot fungi (WRF) show 
significant effectiveness to degrade lignin-based residual con-
taminants from the paper industry’s wastewater. Researchers 
have noticed the influence of Sorghum bicolor on fungal 
immobilization during absorption of hydrocarbons and other 
biomolecules (protein, lipid, vitamins, etc.) from food process-
ing wastewater. Generally, the mycelia of WRF uptake such 
substances as nutrients and the existence of sorghum apprises 
its sorption capacity [61]. An experimental study showed that 
oyster mushrooms (Pleurotus ostreatus) can remove 93% or 
higher PAHs from diesel oil-containing wastewater in a month, 
and toxic PAHs were degraded into nontoxic particulates on 
the inoculated mycelium. Some wood-decaying fungi species 
(xylophagous, brown rot, Armillaria, etc.) are effective for the 
treatment of petroleum residues (toxic aromatic compounds) 
present in wastewater and the decomposition of some per-
sistent chlorinated compounds from wastewaters discharged 
from chemical and pharmaceutical industries [58]. Moreover, 
the mycoremediation process also has a distinguished effect 

FIGURE 12.2 Mechanism of (a) phytoremediation (modified and taken permission [71]) and (b) vermifiltration. (Modified and taken permission 
with permission [66].)
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on heavy metal uptake from industrial wastewaters. In a 
review paper, Akhtar and Mannan [62] showed that fungi of 
Aspergillus, Rhizomucor, Emericella, and Fusarium species 
have a high absorption rate of arsenic and have an excellent 
growth rate in arsenic-contaminated wastewater. They also 
recorded the translocation of trace elements on P. ostreatus 
from coal and mining effluents and focused the mechanism 
of the metal decontamination of those effluents by antioxi-
dant enzymes. Also, they listed the remarkable metal absorp-
tion potential of some fungi that belong to the Trichoderma, 
Penicillium, and Rhizophorus genera for removing the rare 
earth metals and the two most noxious metals (e.g., chromium 
and cadmium) from metal finishing industry wastewater. 
Apart from harmful heavy metals’ removal, they also enlisted 
removal behavior of some other fungal species for detoxifying 
micropollutants, PAHs, and phthalates from various industrial 
wastewaters. Meanwhile, Haq and Raj [63] explored the bio-
remediation efficiency of some fungal strains (P. ostreatus, 
Stererum hirsutum) on removing some common EDs (nonyl-
phenol, bisphenol-A, triclosan, 17ß-estradiol, phthalates, etc.) 
found in chemical, pharmaceutical, distillery, and fertilizer 
wastewaters. They documented that the removal of the men-
tioned EDs were higher (97%–100%) by those fungal strains 
within a short-term interval (1–2 weeks). Laccase enzyme is 
responsible for the remediation of these pollutants from waste-
waters. In terms of other BWWTs, mycoremediation does not 
require any particular accessories for inoculum preparation. 
Moreover, the process has no sludge disposal problem, and the 
bioactive fungal mycelium is further converted into biomass or 
humus after wastewater treatment. These biomasses can easily 
be used for landfilling and as leachates to increase soil fertility. 
Although mycoremediation has a high removal efficiency of 
versatile pollutants on large-scale industrial wastewater treat-
ment, it does have some limitations. The process is very time-
consuming compared with other physicochemical wastewater 
treatment processes like coagulation, flocculation, adsorption, 
etc. Also, the process can become unsuccessful due to less 
control of any operational variables (enzyme concentration, 
changes in pH/temperature) [64]. Therefore, fungi growth and 
enzyme secretion should be done inside of the bioreactors for 
better removal of pollutants. For the future prospect of this 
process, intensive research is required for understanding the 
ecological and physiological behavior of WRF and decompos-
ing fungal genera, and optimization of enzyme exertion on 
the reactor to establish a prominent mycoremediation process 
for removing toxic pollutants at higher concentrations under 
adverse environmental conditions.

12.3.6 Vermifiltration

Vermifiltration (VF) is a BWWTT that involves using dif-
ferent types of earthworms. In this process, the earthworm’s 
body is used as a “biofilter” to reduce several physicochemi-
cal parameters (i.e., BOD5, TDS, COD, total Kjeldahl nitro-
gen [TKN]) of industrial wastewaters through the “ingestion” 
process or bio-oxidative mechanism [65]. Few researchers 
opine that earthworms are also able to uptake inorganic ions 
like phosphate, nitrate, organic wastes (pesticides, herbicides, 
lipophilic micropollutants), and other heavy metal ions from 

effluents originating from several chemical and manufacturing 
industries by the absorption process through their epithelial 
cell walls [65, 66]. Samer [58] showed that red wiggler (Eisenia 
fetida), Lumbricus rubellus, and Lumbricus terrestris are well-
known earthworm species used for the VF process. Mainly, 
the process is a conjugated act of both earthworm and micro-
organisms in a symbiotic/synergetic way, in which microbes 
are present in the earthworm’s gut that accelerate the degrada-
tion of several types of organic matter from wastewaters and 
the earthworm body acts as an associated matrix.

In the past, VF has been widely used for sludge manage-
ment in sewage treatment plants and to convert the leftover 
by-products of livestock (dung), food residue, and organic 
substances into nutrient-enriched biofertilizers. Recent 
research has shown that VF can become a simple, highly 
efficient, and sustainable option for wastewater treatment 
including municipal and industrial effluents and in situ sani-
tation [67–69]. Nevertheless, Singh et al. [70] showed that 
the VF method is not very suitable for industrial wastewater 
treatment because an earthworm’s lifecycle and reproduction 
are negatively affected by a higher concentration of various 
heavy metal ions that are released with wastewaters from 
the leather tanning, metal and alloy finishing, and battery 
industries. They also showed that high saline water causes 
an imbalance in the osmotic regulatory systems in the earth-
worm body. As a result, VF can be applied to treat those 
industrial wastewaters like the dairy, bakery, animal breed-
ing, slaughterhouse, food, and beverage industries that are 
nontoxic toward earthworms.

12.4 Conclusion and Perspectives

This chapter concludes the proficiency of biological wastewa-
ter treatment technologies (both conventional and advanced) 
for the treatment of different industrial wastewaters by aim-
ing to meet the specific physicochemical characteristics of the 
effluents up to the permissible limits before ejection. More 
specifically, the competency of these techniques was com-
pared with the other wastewater treatment processes on par-
ticular hazardous pollutants that exist in different industrial 
wastewaters to focus their implementation feasibility on large- 
scale industrial wastewater treatment for further water recy-
cling. The operational factors, such as microorganism strain, 
pH, temperature, SRT, HRT, pKa, chemical nature, etc., were 
evaluated to investigate their influence on pollutant removal in 
the BWWTTs and optimization of those processes to obtain 
maximum removal efficiency. It was observed that satisfy-
ing reduction in physicochemical parameters was obtained 
under optimum condition and the processes can result in 
the values of the parameters to the minimal discharge limit 
if they are in coupled with a favorable temperature by main-
taining the mass balance between the treatment dose and sub-
strate without a disruption in the reactor’s proficiency. Also, 
numerous studies have pointed toward the effectiveness of 
conventional BWWTPs to eliminate organic pollutants from 
industrial wastewaters. Despite having significant pollutant 
removal capacity, the conventional processes have demerits 
on sludge disposal, energy recovery, and biomass generation. 
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Nevertheless, the practice to use phytoremediation, mycore-
mediation, and VF during effluent treatment helps to reduce 
the mentioned problems and move forward the processes 
to greener approaches for its sustainability. These current 
advancement in the field of BWWTTs reveals that these pro-
cesses are very feasible for the secondary treatment processes 
in a wastewater treatment plant considering the aerobic/anaer-
obic processes as preliminary treatment techniques. For this, 
further research should be prioritized in developing biofilm 
technology, microbial fuel cells, MBR, aerobic granulation 
method, phytoremediation, etc., for future prospect in the field 
of biological wastewater treatment processes.
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13.1 Introduction

The issue highlighting increased pollution of water resources 
by household, industrial, and agricultural anthropogenic 
processes is demanding public concern (Dhote et al., 2012). 

Wastewater from industries contains contaminants that are 
either organic or mineral based. These show toxic influence 
on microorganisms utilized by wastewater treatment plants, 
resisting their action potential, and even block mineraliza-
tion (Baccella et al., 2000). Major wastewater contaminants 
are inorganic or organic nitrogen (ammonia, urea, nitrites, 
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nitrates), pharmaceutical drugs, proteins, phosphorous, cya-
nides, thiocyanates, microbial pathogens (bacteria, parasites, 
viruses), gases (carbon dioxide, hydrogen sulfide, methane), 
inorganic particles (grit, sand, ceramics, metal particles), and 
emulsions (adhesives, paints, emulsified oils, hair colorants) 
(Ali and Gupta, 2013). Discharge of untreated wastewater 
into water bodies depletes their dissolved oxygen levels for 
maintaining the biochemical oxygen demand (BOD) of waste-
water, thus causing the death of the resident fish population 
(Dhote et al., 2012). It causes algal blooms, eutrophication, and 
increased water flow (Ali and Gupta, 2013). Moreover, toxins 
from industrial wastewater may degrade both water and land 
quality (Upadhyay et al., 2007). Leaching of sludge from land-
fills poses serious health problems as they contain heavy met-
als. Alternative incineration of sludge may lead to heavy metal 
accumulation in fly ash, completely preventing cultivable land 
applications. Several countries restrict sludge incorporation 
as agricultural fertilizer, conferring to accumulation of heavy 
metals in cultivable soils (Dewil et al., 2006). Table 13.1 pro-
vides a general insight into major constituents of wastewater 
effluent with their underlying environmental impacts.

Although conventional wastewater treatment strategies 
have been utilized for combating environmental pollution, the 
accompanying limitations have shifted interest toward second-
ary clarification of wastewater relying on biological treatment 
processes. The processes have emerged as effective and highly 
economical alternatives during the last few decades (Kotsou 
et al., 2004). Biological treatment methods offer an efficient 
and reliable method for treating industrial effluents for pre-
venting water pollution, conserving natural resources, protect-
ing ecosystems and human health, and complying with certain 
environmental protection regulations. They indulge bacte-
rial cells on feeding the organic constituents of wastewater, 
and aim to reduce water BOD content. The organic matter is 
thereby converted into cell mass, which is precipitated to the 
base of the bioreactor, or retained as slimy material on vegeta-
tion or solid surfaces (Ali and Gupta, 2013). Treated wastewa-
ter usually contains excess microbial growth that needs to be 
separated by physical processes, before discharge. Biological 

treatment is advantageous because self-adaptation of bacteria 
to changing temperature conditions saves energy involved in 
cooling or heating the treatment plant, cutting down the input 
costs to a great extent. Moreover, changing organic loads 
causes spontaneous changes in the cell population, favoring 
the growth of the strain best suited for digesting contaminants 
(Ali and Gupta, 2013).

This chapter reviews secondary biological wastewater 
treatment options for ensuring effective discharge and recy-
cle of contaminated water. The treatment aims at remov-
ing around 90% organic material from wastewater (Ali 
and Gupta, 2013). Hence, it is intended to serve wastewater 
utilities, planners, operators, and consultants. Although the 
biological wastewater technologies are undoubtedly estab-
lished platforms, descriptions of alterations provided by 
operators and engineers are mentioned. Increasing recal-
citrant pollutant variations in wastewater poses difficulties 
in their degradation. Microbial treatment technologies are 
therefore collaborating with electrochemical technologies 
and other advanced oxidation processes like photocata-
lytic oxidation for producing synergistic effects (Yu et al., 
2020). Advancements are further detailed with a view to gain 
insights into altered performance and improved efficiency of 
treatment systems.

13.2  Secondary Wastewater Treatment 
Approaches Based on Microbial 
Biomass Growth and Organization

Figure 13.1 provides an overview of different secondary waste-
water treatment technologies used by environmental engineers 
and industrial units. These are further discussed in the sec-
tions below. A treatment system is chosen considering char-
acteristics and composition of wastewater, economic viability, 
and feasibility of the treatment plant (Machineni, 2019).

13.2.1  Dispersed/Suspended 
(Planktonic) Growth System

The dispersed/suspended (planktonic) growth system under-
takes desirable biodegradable organic constituent removal, 
along with efficient recovery of organic nitrogen through 
conversion of ammonium nitrogen to nitrate (Ali and Gupta, 
2013). Microbes are usually suspended in a water system, 
continually perforated with air, and without attachment to a 
substrate (Machineni, 2019). Continuous agitation facilitates 
oxygen transfer between air and water. The suspended systems 
include activated sludge variations, sequencing batch reactors, 
and oxidation ditches (Okoh et al., 2007).

13.2.2 Attached (Biofilm) Growth System

Microbes are directed to adhere to plastic media or stones in 
the attached (biofilm) growth system. Wastewater flushed over 
media provides oxygen to the microbes and greatly stimulates 
biodegradable organic constituent removal (Ali and Gupta, 
2013). Extracellular polymeric substances (EPSs) secreted 

TABLE 13.1

Environmental Impacts Attributed to Major Contaminants of 
Wastewater Effluent

Effluent Contaminants Environmental Impacts

Suspended solids Sludge deposition, generation of 
anaerobic conditions

Pathogens Transmission of communicable 
diseases

Biodegradable organics Oxygen depletion, foul odors

Nutrients (nitrogen, phosphorous) Eutrophication, toxicity, oxygen 
depletion

Refractory (non-biodegradable) 
organics

Resist conventional treatment 
(pesticides, detergents, phenols)

Dissolved inorganics Reduced crop production, and 
protein production in aquaculture 
(duckweed/fish)

Heavy metals Sludge disposal and reuse issues
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by bacterial biofilms attract a large portion of heavy met-
als through their nucleic acid, lipid, protein, polysaccharide, 
and polymer constituents. The advanced sludge treatment 
enhances sludge dewaterability by degrading EPS structures, 
thus decreasing the heavy metal load of sludge cake residue. 
The resultant cake can be incorporated as manure for agri-
cultural use (Dewil et al., 2006). Reliance of biological aera-
tion filters on attached microbial biomass helps in maintaining 
low-size bioreactors compared with an activated sludge system 
that relies on a suspended growth system. This is in relevance 
to increased microbial accumulation by inert granular medium 
of the biological aeration filter (Fu et al., 2011). The biofilm 
system has been utilized for biodegrading photocatalytic inter-
mediates, subsequently releasing mineralization in intimate 
coupling of photocatalysis and biodegradation processes (Yu 
et al., 2020). The attached systems include fluidized/packed 
bed reactors, rotating biological contactors, and trickling 
filters (Okoh et al., 2007).

Major advances of biofilm reactors include rapid micro-
bial adaptation to changing environments, less space 
requirements, low operation costs, the presence of a highly 
active biomass, greater ability to break down recalcitrant 
pollutants, less sludge production, biomass reuse, and easy 
separation. Moreover, the systems offer high BOD and 
chemical oxygen demand (COD) removal efficiencies, and 
reduced footprints (Machineni, 2019). Apart from several 
benefits, the processes relying on treatment of wastewater 
using biofilm-based reactors suffer from certain limitations. 
Carrier adhered biofilms require long startup time durations. 
Biofilm overgrowth might often lead to particle elutriation, 
because biofilm thickness is difficult to control. Fluidized 
systems further require heavy cost input on the notion of 
frequent clog checks, and maintenance of uniform fluidiza-
tion (Seow et al., 2016).

13.2.3 Lagoon System

Lagoon systems naturally degrade wastewater contaminants 
by holding wastewater for several months. They are typical 
wastewater treatment ponds, scientifically constructed up to a 
depth of 3–5 feet. This system allows interactions among bac-
teria, algae, and sunlight for efficient removal of nitrogen and 
other biodegradable organic matter from wastewater (Okoh 
et al., 2007).

13.3  Classification of Biological Wastewater 
Treatment Technologies Based on 
Oxygen Availability and Utilization

Biological processes are cost-efficient in terms of chemical 
usage and energy consumption. Membrane bioreactor (MBR), 
integrated fixed-film activated sludge (IFAS), and moving-bed 
biofilm reactor (MBBR) have recently emerged as the new 
technologies for wastewater treatment, and simultaneous bio-
logical nutrient removal (Vergine et al., 2018).

13.3.1 Anaerobic Technologies

Anaerobic biological wastewater treatment bioreactors work 
in the absence of elemental oxygen (free or combined) (Dhote 
et al., 2012), resulting in the reduction of sulfate and methano-
genesis. They aid in biogas (methane) production, subsequently 
reducing the quantity of generated biosolids (Zia et al., 2013). 
Large quantities of organic matter are loaded onto anaerobic 
reactors relative to the oxygen input for maintenance of anaer-
obic conditions (Samer, 2015). They work when natural anaer-
obic bacteria break down effluent organic load, resulting in 

FIGURE 13.1 Different secondary wastewater treatment technologies.
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release of carbon dioxide and methane (Ali and Gupta, 2013). 
The technology facilitates partial organic matter removal from 
the resultant effluent, before giving aerobic treatment (Chan 
et al., 2010). Effluent from the widely used upflow anaerobic 
sludge blanket requires complementation by a reliable and effi-
cient post-treatment for removal of particles, pathogens, and 
inorganic and organic compounds (Tawfik et al., 2002).

13.3.1.1 Anaerobic Ponds

Anaerobic ponds work prior to aerobic treatment for effec-
tive and economical removal of high BOD and COD (Ali and 
Gupta, 2013). They promote sedimentation and oxygen-free 
wastewater treatment (Craggs et al., 2004). The process uti-
lizes naturally occurring bacteria for breaking down organic 
material in wastewater (Okoh et al., 2007). Anaerobic ponds 
also offer the advantage of utilizing less land for setting up 
an aerobic pond and post-treatment with an anaerobic digester 
(Chan et al., 2010). The input organic load is high compared 
with the input oxygen for maintenance of anaerobic conditions 
throughout (Okoh et al., 2007). Zhao et al. (2008) utilized a 
hybrid biological wastewater treatment process for treating 
high COD and sulphate containing yellow ginger process-
ing wastewater. The setup consisted of a two-phase anaero-
bic digester as a prime component, eliminating methanogen 
inhibition for efficient COD removal. It offered advantages of 
bacterial selection and enrichment and increased stability and 
high efficiency. Chan et al. (2010) described aerobic biologi-
cal treatment of anaerobically digested palm oil mill effluent 
through a sequencing batch bioreactor for producing efflu-
ent that meets the required discharge limit. Although aerobic 
digestion is acceptable for treating palm oil mill effluent, its 
high BOD and COD concentrations demand collaborative 
treatment options that are feasible.

13.3.2 Aerobic Technologies

Aerobic technologies work by using molecular oxygen for micro-
bial respiration. Although highly metabolically active, they gen-
erate increasingly large residual biomass (Zia et al., 2013).

13.3.2.1 Activated Sludge Process

Activated sludge is regarded as the core of biological treatment 
processes (Akpor and Muchie, 2010). The system is highly 
enriched with complex microbial communities like proto-
zoa, fungi, bacteria, metazoa, algae, and viruses, because of 
nutrients and organic matter deposition (Matos et al., 2012). 
Continuous diffusion of compressed air into wastewater pro-
vides oxygen to aerobic microbes, and the necessary turbu-
lence for bringing together the microbes and wastewater. 
Microbes then attack the suspended contaminants, with a cer-
tain quantity being removed to the secondary settling tank. 
The microbes settled along with sludge are further input into 
the aeration tank by sludge recirculation (Narayanan and 
Narayan, 2019). Effluent is accordingly removed from the sec-
ondary tank for safe disposal (Figure 13.2).

Vijayaraghavan et al. (2007) investigated palm oil mill 
effluent aerobic treatment utilizing an activated sludge pro-
cess. Efficiency of the process was evaluated by treating 
anaerobic digest of raw palm oil mill effluent and adjusting 
hydraulic retention time. COD was reported to efficiently 
decrease to around 98% post 60 hours of retention time. Zhu 
and Chen (2011) presented an efficient biological wastewa-
ter treatment strategy for reducing nitric oxide (NO) and 
nitrous oxide (N2O) production to 50% and 68.7%, respec-
tively, during anaerobic-aerobic processes. Sludge alkaline 
fermentation slurry was utilized as the carbon source in syn-
thetic wastewater, irrespective of the commonly used acetic 

FIGURE 13.2 Working of the activated sludge reactor.
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acid. The report suggested the feasibility of utilizing sludge 
fermentation liquid for treatment of municipal wastewater. 
Also, this technique caters to a lower energy requirement for 
yielding efficient performance. Treatment of semiconductor 
industry dimethyl sulfoxide (DMSO)-enriched wastewater 
by direct activated sludge biological treatment was reported 
to be a feasible option, significantly reducing the input cost 
(Park et al., 2001). Ji et al. (2010) enhanced the biological 
activated sludge wastewater treatment process by studying 
variations in biodegradation duration, operating temperature, 
magnetic density, and medium pH. The effect of the magnetic 
field was regarded as the most important factor boosting effi-
ciency of treatment. Kargi and Özmıhçı (2002) offered an 
alternative method for treating nitrogen-deficient wastewater 
by supplementing activated sludge reactors with Azotobacter 
vinelandii, the nitrogen-fixing bacteria. The method aimed 
at reducing the cost of nitrogenous compounds that are rou-
tinely used for efficient treatment of wastewaters deficient 
in nitrogen.

13.3.2.2 Trickling Filters

Trickling filters are fixed-bed systems operating aerobically. 
The system is widely used for decreasing pathogens, BOD, 
and nitrogen levels of wastewater (Okoh et al., 2007). A layer 
of porous material (plastic media, slag, rocks, or a medium 
with high permeability, apart from having a high surface area) 
forms the basis of a trickling filter. Wastewater microbes usu-
ally attach to the bed-forming biofilms that enhance the aero-
bic biological wastewater treatment process. These aggregates 
oxidize wastewater organic load to water and carbon dioxide, 
thereby generating new biomass. Gravity favors effluent settle-
ment and removal of biological solids prior to their discharge 
(Narayanan and Narayan, 2019).

13.3.2.3 Oxidation Ponds

Oxidation ponds offer a simple, relatively low-cost, and 
effective aerobic biological wastewater treatment technology 
for BOD reduction of wastewater, prior to its discharge into 
aquatic bodies. They typically operate utilizing extended 
aeration, detention, and retention time durations (Okoh et al., 
2007). Kotsou et al. (2004) reported an aerobic biological 
treatment-integrated chemical oxidation process for reduc-
tion of toxic organic contaminants and phenol load of table 
olive wastewater. The biological portion of the treatment was 
run in a bubble column bioreactor utilizing the Aspergillus 
niger strain, which offered an advantage of immediate pro-
cess initiation, enhancing feasibility altogether. Martín et al. 
(2009) described mixing a biodegradable carbon component 
and photo-Fenton, which is an advanced oxidation process 
for degrading the pesticide load of wastewater by 90%. The 
technique enhances the efficiency of degradation and helps 
in reducing the cost of purification, if coupled with biological 
treatment options. Baban et al. (2010) also reported economi-
cal treatment of Remazol-containing effluents from cotton 
textile dye baths using biological and oxidative systems. 
The treatment utilized both fluidized and fixed-bed reac-
tors for the ozone oxidation process, which aimed to reduce 

the recalcitrant organic load and focused on decolorization 
of dye-bath effluents. Hernández Leal et al. (2010) reported 
high-efficiency removal of xenobiotics from gray water 
using aerobic treatment when compared with the anaerobic 
treatment.

13.3.2.4 Aerobic Ponds

Aerobic ponds contain algae and bacterial suspensions and 
are utilized for maintenance of uniform aerobic conditions 
(Okoh et al., 2007). Advanced oxidation processes generate 
highly reactive hydroxyl radicals for efficiently removing toxic 
organic compounds and recalcitrant pollutants from wastewa-
ter. Reaction of the generated radicals with oxygen initiates a 
degradation series, producing harmless entities CO2 and H2O 
(Souza et al., 2011). The process has been utilized by Souza 
et al. (2011) for oxidizing recalcitrant organic compounds 
from oil-refinery wastewater by incorporating biological acti-
vated carbon filters. The underlying benefits cover biofoul-
ing reduction in downstream reverse osmosis and industrial 
reuse of the treated wastewater. Cao and Li (2011) reported 
an internal electrolysis coupled biological contact oxidation 
process for linear alkylbenzene sulfonate wastewater treat-
ment. The research provided an economical and practical 
treatment solution that efficiently enhanced COD removal 
efficiency, significantly increasing biodegradability. Béline 
et al. (2008) utilized aerobic treatment for piggery wastewa-
ter treatment for controlling phosphorous by 80%, nitrogen by 
60%–70%, ammonia by 68%, and greenhouse gas emissions 
by 55%. Furthermore, pathogenic and enteric bacterial load 
were greatly reduced. Oliveira et al. (2009) described aerobic 
winery wastewater treatment using a micro-bubble bioreactor 
containing self-adapted microbes for reusing water for vine-
yard irrigation purposes. Nakhla and Lugowski (2003) evalu-
ated several measures that aimed at controlling sludge bulking 
in food-processing wastewater. They reported the use of inter-
mittent aerators and process-stabilizing aerobic selectors for 
controlling undesirable growth of filamentous organisms, such 
as those resulting from organic substrate overloading.

Aerobic ponds have further been classified into two broad 
types: shallow and aerated. Shallow ponds work by obtaining 
oxygen from oxygen transfer between the air-water interface 
and from photosynthetic algae. The setup requires separa-
tion of suspended microbes and algae from the effluent, for 
efficient removal of both soluble and insoluble BOD. Aerated 
ponds on the counter side resemble oxidation ponds, except for 
their increased depth (Okoh et al., 2007). Craggs et al. (2004) 
developed an advanced aerated pond system that considered 
treatment of dairy farm effluent containing high nutrient con-
centration, algal solids, and fecal indicator bacteria. The setup 
consisted of maturation ponds, advanced facultative ponds, 
algae settling ponds, and high rate ponds, all designed to over-
come unsuitability of discharge when using the two-staged 
oxidation ponds.

13.3.2.5 Rotating Biological Contactors

A rotating biological contactor consists of several circular plas-
tic disks immersed in wastewater, and accordingly mounted 
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on the central shaft. Microbes attached to the disks facilitate 
wastewater treatment (Okoh et al., 2007), which works on 
simple construction and maintenance, along with the require-
ment of low energy input. It has hence been used for treatment 
of anaerobically treated sewage effluent (Tawfik et al., 2002). 
Figure 13.3 illustrates the working of a rotating biological con-
tactor. Tawfik et al. (2002) reported post-treatment of efflu-
ent from the anaerobic sludge blanket by a two-stage rotating 
biological contactor. The two-stage process examined reac-
tor performance with respect to nitrification and Escherichia 
coli and COD removal from domestic sewage. Kargi (2002) 
investigated saline wastewater treatment biologically using a 
rotating biodisk contactor. Operating conditions were varied 
and COD removal was determined accordingly for estimating 
system performance under variable feed COD, A/Q ratio, salt 
concentration, and COD loading values.

13.3.2.6  Moving-Bed Biofilm Reactor 
(MBBR)/Biofilm Slurry Reactor

The setup is a stirred tank heterogeneous, multiphase reactor fed 
with microbial biofilm aggregates. Wastewater is flushed into the 
reactor and is accordingly mixed with the aggregates. Compressed 
air, forced into the reactor, maintains a uniform suspension of bio-
film throughout. Sparged air tends to agitate the aggregates, lead-
ing to the reactor being called a moving bed. A major advantage 
is the non-requirement for sludge recycles because of adherence 
of microbes (Narayanan and Narayan, 2019).

13.3.2.7 Facultative Ponds

Facultative ponds are generally aerobic, but they can function in 
a facultative way and work anaerobically (Ali and Gupta, 2013). 
Facultative ponds have a depth of around 1–1.5 m, which is deep 
for oxygen penetration, thereby leading to formation of an anaero-
bic zone at the bottom. Solids of influent settle into the anaerobic 

zone and are degraded anaerobically, releasing nutrients and 
degradable organic matter into the pond (Okoh et al., 2007).

13.3.3 Anoxic Technologies

These technologies are set up in the absence of free molecular 
oxygen. Energy is, however, generated from aerobic respira-
tion. Inorganic wastewater materials like sulfate, nitrate, and 
selenate provide combined oxygen to microorganisms for use 
as a terminal electron acceptor. The technologies are gener-
ally adopted for removing nitrogen through denitrification 
(Zia et al., 2013). Fu et al. (2011) undertook textile wastewater 
treatment by incorporating an anoxic filter bed in combination 
with a biological aerated filter wriggled with bed ozone.

13.4  Comparative Profile of Different 
Biological Wastewater Treatment Systems

A broad comparison among different biological wastewater 
treatment systems described in the chapter is presented in Table 
13.2. The most efficient biological wastewater treatment system 
can be chosen based on economic affordability (investment, 
population density, efficiency of the technology, operation, 
management, and residual management), environment sustain-
ability (environmental protection, resource conservation, water 
reuse, and nutrient recycling), and social acceptance (public 
health protection, government policies and regulations, human 
settlement, and planning) (Massoud et al., 2009). Anaerobic 
treatment is utilized as a pretreatment system in India, Brazil, 
and Columbia. Even though it offers poor effluent quality, the 
technique is increasingly replacing the activated sludge process 
(Dhote et al., 2012). Aerobic wastewater treatment bioreactors 
are favored because they incur low maintenance and operation 
costs. Also, they are easy to handle and comparatively more 
effective in degrading pollutants (Dhote et al., 2012).

FIGURE 13.3 Working of a rotating biological contactor.

ALI SADEGHI DIGITAL LIBRARY



163Secondary Clarification of Wastewater Relying on Biological Treatment Processes: Advancements and Drawbacks

13.5 Fungal Bioremediation of Wastewater

Bioremediation offers an attractive alternative for cleaning 
up the environment contaminated with xenobiotics (Robles-
Vargas et al., 2012). Fungi are increasingly being incorporated 
into efficient COD removal, sludge dewaterability, nitrifica-
tion, and denitrification for simultaneous recovery of value-
added products from wastewater. Filamentous fungi have been 
embedded in aerobic granular reactors for biological waste-
water treatment (Matos et al., 2012). Fungal bioremediation 
using white rot fungi like basidiomycetes has also been incor-
porated for degrading recalcitrant pollutants and xenobiotics 
because of the laccase-formulated extracellular enzymatic 
system (Robles-Vargas et al., 2012). Matos et al. (2012) stud-
ied the impact of organic material quantity on growth of the 

filamentous fungi Galactomyces geotrichum. Their observa-
tions suggested increased filament production in activated 
sludge bioreactors supplied with greater amounts of organic 
material, when compared with a decreased supply of organic 
load. Robles-Vargas et al. (2012) reported efficient toxic COD 
removal of influent and effluent by 70% and 55%, respectively, 
using Phanerochaete chrysosporium white rot fungi.

13.6 Phytoremediation of Wastewater

Phytoremediation is a cost-effective technology that relies on 
the use of plants for removal of contaminants (especially heavy 
metals) from water and soil. Further concentration of heavy 
metals in harvested biomass can be achieved by incineration. 
and these can thereafter be recycled for industrial applications 

TABLE 13.2

Comparison Among Different Biological Wastewater Treatment Systems

Treatment System Merits Limitations

Trickling filters • Use of microbial biofilms
• Low operating costs
• High bioconversion rate

• Mainly used for aerobic BOD removal
• Low feed flow rate
• Low capacity

Activated sludge • Low capital requirements
• Low maintenance costs
• Sludge is recycled
• High effluent quality

• Larger space requirement
• Greater amount of sludge generation
• Require skilled operators
• High energy consumption

Aeration lagoons • Cost-effective
•  Less energy requirement

• High waste disposal requirements
•  Malodorous odors

Moving-bed biofilm 
reactor (MBBR)

• Heterogeneous stirred tank
• High bioconversion rate
• Higher sludge age
• Reduced footprint

• Low capacity
• Low agitation rate for maintaining biofilms

Upflow anaerobic 
sludge blanket 
(UASB)

• Biogas production
• Less sludge generation

• Require skilled operators

Membrane bioreactor 
(MBR)

• Use of specific support media for biofilm 
development

• Target BOD and total suspended solids

• Biofouling
• High capital costs
• High operating costs
• High maintenance costs

Integrated fixed-film 
activated sludge 
(IFAS)

• Uses inert media for microbial biofilm growth in a 
suspended growth reactor

• Cake layers enhance filtering capability
• Efficient nutrient removal
• Smaller footprint

• Filamentous bulking
• Requires periodical cleaning

Anaerobic lagoons • Effective against strong organic waste
• Biogas production
• Cost-effective
• Low sludge production

• Large land requirement
• Unsuitable for domestic wastewater with 

low BOD content

Sequencing batch 
reactor (SBR)

• Efficient nitrogen removal
• Reduced land requirement

• Requires routine maintenance

Facultative ponds • Efficient removal of pathogens, ammonia, BOD
• High nutrient effluent
• Tolerate patterns of heavy daylight

• Moderate heavy metal removal potential
• Greater sludge accumulation

Fixed-bed bioreactors • Immobilized bed of media
• Space saving
• Energy efficient
• Low sludge formation

• Biofouling
• High operating costs
• High maintenance costs

Rotating biological 
contactors

• Low operating cost
• Low sludge generation
• Easy maintenance

• Poor transparency of treated water
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(Samer, 2015). Repeated inoculation of Phragmites australis 
microcosms with bacterial consortium having phosphorous-
removal and denitrification capabilities has been known to 
decrease the COD of polluted river water in China, along with 
increased removal of ammonia, nitrogen, and total phospho-
rous (Shao et al. 2014).

13.7 Wastewater Vermifiltration

Vermitechnology encompasses an ecosystem enriched with 
bacteria from biosoil and vermicast-producing earthworms 
(Li et al., 2008). The technology works through the collabora-
tive action of microorganisms and mechanical blender-acting 
earthworms. Earthworms comminute the organic matter by 
modifying its chemical and physical properties, subsequently 
reducing its C:N ratio, and increasing surface area for micro-
bial activity and degradation (Xing et al., 2012). It can be 
used for treatment of industrial effluents and physiological 
and biological treatment systems. The system offers enhanced 
suitability over the issue of sludge disposal. Nutrient-rich 
residual vermicast is suitable for use as manure for agricul-
tural activities (Dhadse et al., 2010). Li et al. (2008) described 
the incorporation of vermifiltration in swine wastewater reuse 
for flushing manure. Dhadse et al. (2010) reported a sustain-
able, eco-friendly, and cost-efficient approach for herbal phar-
maceutical wastewater treatment through Eudrilus eugenie 
vermifilters. The treated water was observed to be colorless 
and odor free in nature. Simultaneous removal of heavy metals 
was also observed in the study. Xing et al. (2011) also studied 
the synchronous effect of two vermifiltrations on sewage and 
sludge treatment, using the epigeic earthworm species Eisenia 
fetida. The experiments suggested the use of ceramsite as a 
filter medium for vermifiltration, in place of quartz sand, 
because of a less injured earthworm body wall observed when 
using a ceramsite vermibed.

13.8 Microalgal Bioremediation

Microalgal bioremediation technology is gaining interest over 
conventional treatment systems for treating wastewater due to 
its significantly low energy requirements (Wollmann et al., 
2019). Also, it aims at reducing carbon footprints, as algal bio-
refineries make use of light energy and CO2 for photosynthe-
sis. Microalgae have been incorporated for use in wastewater 
treatment because of an eco-friendly measure for removing 
CO2, P, C, N, and toxic heavy metals (Miranda, 2017). An 
important microalgal strain, Chlorella vulgaris, has been cul-
tivated for aquaculture wastewater bioremediation purposes 
and subsequent protein production (Blanco-Carvajal et al., 
2018). Also, other strains that are efficiently being used for 
treating industrial wastewater, along with subsequent genera-
tion of sustainable and biodegradable bioproducts like phos-
phate, nitrate, sulfate, and ammonium removal, and extraction 
of proteins, oils, fertilizers, and polymers, belong to Spirulina, 
Chlamydomonas, and Scenedesmus species (Machineni, 
2019; Pal et al., 2019). Zhao et al. (2018) reported removal 
of nutrients and metals from wastewater treatment reactors 

utilizing algae. Algal biorefineries hence provide a cost-effec-
tive, safe, and upcoming alternative for wastewater treatment 
(Machineni, 2019). In spite of the obvious advantages of low-
cost removal of nutrients and low energy biomass cultivation, 
the use of algae for wastewater treatment still holds limited 
implications (Miranda, 2017).

13.9  Advancements/Recent Trends in Biological 
Wastewater Treatment Technologies

13.9.1  Recovery of Energy Resources 
from Wastewater: Microbial Fuel 
Cell (MFC)-Based Treatment

Microbial fuel cells (MFCs) can be utilized efficiently for 
bioenergy generation and synthesis of bioelectricity via 
wastewater treatment (Pal et al., 2019). Anaerobic conditions 
prevalent in MFCs allow bacterial growth for electricity gen-
eration, while facilitating wastewater treatment (Seow et al., 
2016). They work by separating oxidoreductive reactions. Cell 
anode carries biological oxidation, whereas the liberated elec-
trons flow to the cathode for circuit completion. The cell then 
exploits microbes as biocatalysts for recovering electricity as 
energy from wastewater organic matter (Ishii et al., 2012). This 
leads to the development of cost-effective treatment technolo-
gies. MFCs efficiently convert substrate chemical energy into 
electricity. They are usually operated at ambient temperatures, 
directly cutting operation costs. The cells utilize a variety of 
wastewater constituents as substrates. Wastewater from paper 
recycling, food processing, palm oil mills, and textile indus-
tries can be input into MFCs for treatment and subsequent eco-
nomical energy generation (Seow et al., 2016).

Both the pure and mixed bacterial cultures have been uti-
lized for electricity generation via MFCs (Seow et al., 2016). 
Ishii et al. (2012) reported a phylogenetically diverse and stable 
microbial enrichment from MFCs during treatment of waste-
water. Results suggest the importance and feasibility of MFCs 
for facilitating long-term wastewater treatment, simultane-
ously maintaining a stable microbial consortium. MFCs can 
hence be used either for supplementing, or replacing second-
ary clarification technologies and sludge treatment systems for 
largely cutting operation costs.

13.9.2 Recovery of Nutrients

As wastewater contains a huge load of nutrients (nitrogen and 
phosphorous) (Shao et al., 2014), carbohydrates, and lipids 
(Machineni, 2019), its improper discharge into streams and 
lakes can cause uncontrolled growth of algae and aquatic 
plants and subsequently stimulating eutrophication (Dhote 
et al., 2012). The unwanted entities are known for capturing 
nutrients extensively. Algal biomass can be harvested for use 
as fertilizer by utilizing advanced pond systems because of 
potassium, phosphorous, and nitrogen enrichment (Craggs 
et al., 2004). The activated sludge system facilitates efficient 
nitrogen and phosphorous removal. Microbes involved in 
phosphate removal are polyphosphate accumulating organ-
isms (PAOs) that store phosphate in the form of intracellular 
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polyphosphate for subsequent removal through waste-acti-
vated sludge. Nitrogen removal, on the other hand, is facili-
tated by a combination of Nitrosomonas and Nitrobacter 
catalyzed nitrification, and subsequent denitrification (Akpor 
and Muchie, 2010). Effluent sludge resulting from wastewa-
ter treatment can also be used for recovering other nutrients 
like polyhydroxyalkanoate (PHA) composites, microbial exo-
polysaccharide alginates, and cellulose fibers for mitigating 
global pollution and meeting stringent sludge disposal limits 
(Machineni, 2019).

13.9.3  Generation of Biofuels and Combustible 
Biogas from Wastewater

Advanced pond systems facilitate energy production by 
enabling the capture of biogas for cooling, heating, or genera-
tion of electricity (Craggs et al., 2004). Microalgal bioreme-
diation offers a promising approach for generation of biogas 
and biofuels for use as transport fuels for economic stability 
and environmental protection (Pal et al., 2019). Besides the 
efficiency of microalgae in removing nutrients, micropollut-
ants, and heavy metals from wastewater, it can simultaneously 
be cultivated for biofuel production, instead of using energy 
crops. This can be achieved with a collaborative effort of 
microbial biofilms and wastewater nutrients for use by algae 
(Miranda, 2017).

13.10  Drawbacks of Secondary Biological 
Wastewater Treatment Technologies

An emerging load of contaminants from increased urbaniza-
tion and agricultural run-off has limited efficacy in secondary 
biological wastewater treatment technologies. Systems offer-
ing biological wastewater treatment usually exhibit decreased 
digestion rates and require a large volume of land for plant 
setup (Akpor and Muchie, 2010). Although highly effective 
in removal of organic contaminants, the secondary biologi-
cal wastewater treatment technologies are unable to efficiently 
separate heavy metals from wastewater or sludge (Dewil et al., 
2006). The limitation requires biofiltration of biologically 
treated wastewater using aquatic plants potentially capable of 
separating metals from contaminated water (Upadhyay et al., 
2007). Activated sludge reactors have a high cost requirement 
due to the use of air compressors (Narayanan and Narayan, 
2019). Refractory pollutants from the textile industries cannot 
be removed by low-cost biological activated sludge treatment. 
Instead, the removal utilizes anoxic hydrolysis coupled with 
aerobic technologies (Fu et al., 2011).

Granular-activated carbon filters are increasingly used to 
enhance the efficient removal of organic contaminants from 
advanced oxidation process leftovers. Despite the fact that the 
filters are highly reliable, the need for their periodic regen-
eration increases input costs (Souza et al., 2011). Excessive 
presence of microorganisms leads to foaming and sludge bulk-
ing in activated sludge treatment plants. This is undesirable 
because organic substrate overloading impacts filamentous 
microbial proliferation (Nakhla and Lugowski, 2003).

13.11 Conclusion

Industrial wastewater treatment and proper disposal is 
both desirable and necessary. This chapter discusses bio-
logical wastewater treatment options and their appropriate 
mixes for boosting efficiency of secondary clarification 
processes. Important findings are reviewed for the devel-
opment of efficient, low-cost reactors by environmental 
engineers for welfare of the ecosystem. Biological sys-
tems are attracting the interest of environment managers. 
These systems are preferred over other measures because 
of the decreased capital costs; easy maintenance; extended 
life cycle; and the ability to recover resources like biogas 
energy, treated effluent, and organic humus for improving 
soil characteristics and improvising agriculture. Recent 
advances in biological wastewater treatment encourage the 
development of much more effective and efficient systems 
in the near future. Also, phytoremediation, microalgal bio-
remediation, vermifiltration, and mycoremediation should 
be implemented for instilling developments in biological 
wastewater treatment systems. The increasing demand of 
energy resources should further instill the scale-up of effi-
cient treatment systems for confirming their applicability, 
flexibility, and robustness for the development of crude 
fossil oil replacement strategies.
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14.1 Introduction

Microbiology is the field in which there is progress in biodiver-
sity and advancement in scientific knowledge. Microorganisms 
are found in all habitats and have a varied spectrum of energy 
sources (Rosado and Duarte, 2002). Biodiversity includes the 
different ecosystems that provide various ecosystem services 
like supplying oxygen, clean air and water and wastewater 
treatment, etc. There are four types of biodiversity: species 
diversity, genetic diversity, ecosystem diversity and functional 
diversity (Rosado and Duarte, 2002). This chapter includes 
the techniques to analyze the biodiversity of microorganisms 
found in water.

Traditionally, techniques used the phenotype characteristics, 
carbon energy, nutritional value, and culturing and microscopic 
methods for the detection and identification of various micro-
organisms. Yet, these methods do not provide information 
regarding the evolutionary relationships of microorganisms 
(Hugenholtz and Pace, 1996). As the technologies advanced, 
they focused on nucleic acid analysis, characterization of eco-
systems, and bioinformatics (Herbert, 1990; Kennedy, 1999). 
The effective and alternative approach to overcome the draw-
backs of conventional systems is molecular biology, which 
leads to molecular techniques for the complete study of micro-
organisms and their diversity (Van Elsas et al., 1998).

Molecular biology studies the structure, composition, 
molecular synthesis, modification, and interactions of cel-
lular molecules such as nucleic acids (DNA, RNA) and pro-
teins. Every microorganism has DNA that codes its genetic 
information required for its existence. DNA is comprised of 
two strands of nucleotides, and the association between them 
is carried out by the pairing of nitrogen bases. The compari-
son of organisms to determine their evolutionary relationships 
can be carried out by comparing the nucleotide sequences of 
an organism’s genomes and their evolutionary association can 
be established. However, interpretation of information is dif-
ficult so that genotypes have been linked in a limited man-
ner using DNA-DNA hybridization between microorganisms 
(Stackebrandt et al., 1993).

For considerable biodiversity studies molecular biology 
techniques also focus on the study of 16S rRNA for prokaryote 
or rDNA. Also, 16S ribosomal RNA coding sequences exten-
sively classify phylogenetically (Woese, 1987). This molecule 
is universal and abundant in all living organisms (103–105 
ribosomes per cell) and genetically stable; it is also com-
patible for polymerase chain reaction (PCR) amplification. 
Highly variable regions can differ from one taxon to another 
and their existence proposes high potentials for the design of 
the domain, gene, species, and strain-specific probes (Woese, 
1987; Rosado et al., 1996). Therefore, the special character-
istics of rRNA molecules used for the organism comparison 
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are differentiation and phylogenetic classification. The statisti-
cally generated data from these gene sequences are relevant 
and expand the knowledge in evolutionary diversity as well in 
the area of phylogeny (Woese, 1987; Olsen et al., 1994; Hillis 
et al., 1996).

The combination of bioinformatics and molecular biol-
ogy techniques together within environmental microbiol-
ogy has emerged as molecular microbial ecology (Rosado 
et al., 1997). In environmental biotechnology, wastewater 
treatment processes are done by using bioreactors, which 
are considered as the most significant approach for clean-
ing water (Okabe and Kamagata, 2010). The design of bio-
reactors has progressively advanced its performance for the 
removal of pollutants.

Another process of wastewater treatment is to expend an 
abundant variety of microorganisms. This technology has 
great significance; several microorganisms like bacteria, pro-
tozoa, fungi, and algae are present in water, which helps in the 
degradation of harmful bacteria (Jenkins et al., 2004). Due to 
the lack of analytical techniques in the bioreactor treatment 
process, the explanation of microbiological phenomenon and 
identity is inadequate. Hence, in the last few decades vari-
ous culture-independent molecular techniques and advanced 
vision in microbiology have improved the design and the 
performance of new innovative bioreactors. Therefore, 
these methods and technologies help to classify and reveal 
the processes in the important microorganisms in the water 
treatment.

The concept of environmental biotechnology and microbial 
ecology together generates a theoretical basis and a tool for the 
management of the treatment process.

It is very important to identify the functional group and 
degradation mechanism of the microorganism involved in 
the treatment of water and the mechanism related to nutri-
ents, pathogens, or micropollutants. The main purpose of any 
wastewater treatment plant is to obtain high pollutant removal 
efficiency. Additionally, molecular tools can also benefit the 
identification of not yet cultivated bacteria (Wagner and Loy, 
2002).

As the proficiency of the water treatment plant is depending 
on the microbial community, the identification and analysis of 
microorganisms is highly significant. There are some com-
mon microorganisms found in wastewater treatment plants as 
shown in Table 14.1.

To design the water treatment plant, it is not necessary to 
classify the phylogenetic position of each microorganism, but 
it is important to identify and understand the biological mech-
anism of these microorganisms (Sanz and Köchling, 2007). 
The combination of conventional methods with advanced 
molecular techniques should be encouraged. There are vari-
ous molecular research methods and techniques that have been 
introduced rapidly for the identification of biodiversity and 
screening of microorganisms and for the study of their mecha-
nisms. The most significant techniques are denaturing gradi-
ent gel electrophoresis (DGGE), PCR, reverse transcriptase 
PCR (RT-PCR), real-time PCR, DNA cloning and sequencing, 
fluorescent in situ hybridization (FISH), DNA microarrays, 
etc. Figure 14.1 showing the various techniques used for the 
characterization of microorganisms.

14.2 Polymerase Chain Reaction (PCR)

DNA hybridization was the first molecular techniques used 
to determine the proportion of guanine and cytosine content 
in the communities, but this technique needs a huge quan-
tity of pure DNA (Franklin et al., 1999). Currently employed 
molecular techniques to analyze microbial diversity in various 
biological systems are PCR, which amplifies the target gene. 
Millions of copies of selective single RNA and DNA mol-
ecules can be prepared within a few hours using PCR, thus 
it can develop the specific and sensitive protocols of a wide 
range of microorganisms and their genes (Oste, 1988; Rosado 
et al., 1996; Van Der Zee and Huis, 1997). The limitation of 
this method comprises the necessity of knowledge about the 
target DNA sequences (Strachan and Read, 2002). There are 
three main steps in the PCR procedure:

1. Denaturation: Double-stranded DNA of the sample 
is denatured into two single strands by incubation at 
a temperature of 90°C–95°C for 1 minute.

2. Annealing: In this step the target DNA sequence is 
annealed by using complementary primer in a tem-
perature range between 45°C and 60°C. The anneal-
ing occurs at position 5′ of the single strand of the 
template DNA. The ideal temperatures for this stage 
vary between 45°C and 60°C for approximately 
1 minute.

3. Amplification: Enzyme Taq DNA polymerase 
(obtained from bacteria Thermus aquaticus) is used 
for the elongation of oligonucleotides at 70°C–72°C, 
for a period of 1–3 minutes. The nucleotides bind 

TABLE 14.1

Microorganisms Commonly Observed in Wastewater Treatment 
Systems

Functional Group
Populations Commonly 
Reported

Nitrifiers

Ammonium-oxidizing bacteria 
(AOB)

Nitrosomonas (N. europaea, N. 
eutropha, N. mobilis, and N. 
oligotropha, Nitrosospira

Nitrite-oxidizing bacteria (NOB) Nitrospira, Nitrobacter

Anammox bacteria Brocadia, Kuenenia, Scalindua, 
and Anammoxoglobus

Denitrifying bacteria Candidatus Accumulibacter, 
Azoarcus, Curvibacter, Thauera, 
Zoogloea

Polyphosphate-accumulating 
organisms (PAOs)

Candidatus, Tetrasphaera

Glycogen-accumulating 
organisms (GAOs)

Genus Candidatus Competibacter 
(class Gammaproteobacteria) 
Genus Defluviicoccus (class 
Alphaproteobacteria)

Filamentous bacteria Sphaerotilus Thiothrix, 
Candidatus, Skermania, 
Gordonia, Rhodococcus, Dietzia, 
Chloroflexi, Haliscomenobacter

Source: Adapted from Nielsen et al. (2009).
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together by this enzyme, which transforms the single 
strand into a double strand and creates the exact copy 
of the target strand or sequence.

The primers, the short nucleotides usually of 10 or 20 base 
pairs, stimulate the hybridization of the target sequence and 
promote the formation of the complementary DNA sequence 
in the presence of the enzyme (Oste, 1988). In each cycle 
sequence of DNA, doubles are flanked by the primer doubles 
with each cycle, as shown in Figure 14.2.

After the PCR, further analysis of amplified DNA can be 
done by electrophoresis in agarose or polyacrylamide gel, which 
confirms whether amplification occurred. Electrophoresis is 
based on the migration of charged particles under the influ-
ence of electric current. As nucleic acid contains negative 
charge, it moves toward the positively charged agarose gel and 
separation occurs according to their particle size and weight. 
Ethidium bromide is used to stain the gel and observed directly 
or under light (Hirata and Hirata, 1991). For the amplifica-
tion and identification of microorganisms, usually a universal 
gene is selected as a target in the PCR process. Also, the com-
parison of rRNA sequences is very significant for evolution-
ary relationship and phylogenetic knowledge (Woese, 1987). 
In prokaryotes 16S, which is small subunit of rRNA with 
approximately 1500 nucleotides, is used for phylogenetic iden-
tification (Rodício and Mendoza, 2004). Another nucleotide 

subunit (i.e., 23 rRNA) with variable regions also allows the 
analysis of species and subspecies levels (Christensen et al., 
1998). The advantage of 23rRNA is that it has approximately 
3000 nucleotides and provides more accuracy and information 
compared with 16S rRNA, but the sequencing of 16S rRNA is 
easier (Stahl, 1997). In prokaryotes and eukaryotes, molecular 
markers can be developed for the characterization of species, 
to differentiate bacterial species, and for phylogenetic analysis 
by studying or using the spacing between genes 16S and 23s 
rRNA. That space is known as the internal transcribed spacer 
(ITS) (Leblond-Bourget et al., 1996).

A gene that codifies the ribosomal subunits occurs at vari-
ous times in a particular genome. Higher variable regions, the 
intergenic spacer (IGS) and ITS regions, prove very signifi-
cant in the differentiation of species and genera and provide 
great specificity (Edel, 1998). The greater the variability of 
the region the greater the discriminatory factor of the PCR 
(Mitchell et al., 1993). Another method to identify the organ-
ism is by using functional gene encoding enzymes. In the 
water treatment process, biochemical reaction and enzymes 
involved in the degradation of compounds is monitored. 
Further codifying the gene, the enzyme can be amplified and 
sequenced. However, overall profiling information of the bac-
terial community is not provided. Also the microorganisms 
are involved in the process but the genes of the target enzyme 
are not detected. Small quantities of nucleic acids can be 

FIGURE 14.1 Various techniques used for the characterization of microorganisms.
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detected by using sensitive and specific real-time PCR (qPCR), 
which amplifies and detects the DNA by using fluorescent dyes 
(Cross, 1995; Logan et al., 2009). The combination of RT-PCR 
and qPCR is known as RT-qPCR or even real-time RT-PCR 
with which gene expression can be analyzed. As the real-time 
PCR is a quantitative technique, it calculates the molecule 
numbers in every cycle. The number of cycles for the fluores-
cent signal is dependent on the target DNA quantity at the start 
of the PCR reaction. To carry out hybridization, TaqMan and 
beacon methods with fluorescent probes are used for quantifi-
cation and detection of the target sequence.

The TaqMan probe and single-stranded DNA sequence are 
hybridized together and DNA exonuclease enzyme degrades the 
TaqMan. After that the extension phase quencher is separated 
from the fluorescent probe and fluorescence intensity increases 
as amplification of the target sequence is established (Heidm 
et al., 1996). In molecular beacons stem-and-loop structure is 
produced by single-stranded nucleotide probes complementary 
to the target sequence. A fluorophore and quencher are bound 
to opposite ends via covalent bonds. In the absence of the target, 
no fluorescence is emitted by the oligonucleotide, and energy is 
captured by quencher. As the target is detected, hybridization 
occurs. When there are no targets, the oligonucleotide remains 
free in the solution and does not emit fluorescence because the 
quencher is close to the fluorophore, capturing energy. When 
the molecular beacon finds it target hybridization happens and 
it separates the quencher from the fluorophore.

14.3 Cloning and Sequencing

In cloning, there is cleavage of a particular gene sequence of 
genome and after that this cleaved sequence is inserted into 
other DNA vectors (usually 3 kb in size). The cleavage and inser-
tion process is done by using restriction and ligase enzymes. 
For the cloning and sequencing of the gene, which codifies for 
16S rRNA, this is the most significant process (Muyzer, 1999). 
Rapid sequencing of the cloned fragment occurs in the vector, 
which has multiple cloning sites with enzyme restriction. Now, 
these fragments (up to 5 kb) can be inserted into plasmids and 

cleavage, and insertion of the gene into the vector occurs. After 
this process plasmids insert into the bacterial cell where they 
multiply and produce several copies of the plasmids. Thus, the 
cloning enables an organism to contain and express a gene.

After the amplification of 16S rRNA from the microbial 
communities in PCR cloning has been carried out, then the 
16S rRNA gene clone library is accessed through various 
techniques, like hybridization of probe-specific colonies for 
the gene identification, PCR for the confirmation of specific 
primers to confirm the insertion of cloned PCR products, 
and sequencing to identify the fragments (Olsen et al., 1994). 
Molecular characterization is also carried out by the cloning 
and sequencing of cDNA transcribed from 16S rRNA with the 
use of the enzyme reverse transcriptase (Amann et al., 1995). 
Gene libraries permit the identification of microbial species, 
but the process is time-consuming and laborious. In addi-
tion, cloning has the potential to design specific primers and 
detection and/or quantification of molecular probes of certain 
microbial groups by FISH (Sanz and Köchling, 2007).

There are some chemical methods and dideoxy sequencing 
with radiation or fluorescent labeling (based on the Sanger 
method) for DNA sequencing. In the latter technique, a mix-
ture is used containing dNTPs (A, T, C, or G) that do not con-
tain the pentose sugar and do not allow the new nucleotide 
to attach with them. So there a competition occurs between 
dNTPs and new the nucleotide. To avoid this, two procedures 
are adopted. In the first procedure, fluorescent-labeled (tetra-
methyl rhodamine) primer is added to dideoxy nucleotides and 
the other normal nucleotides containing tubes. In the second 
procedure a different fluorescent label (fluorescein; NDB-4-
chloro, 7-nitrobenzene, 2-oxal-diazol, tetramethyl rhodamine, 
and Texas Red) is added in one of the four nucleotides and 
the appropriate dideoxy nucleotide in four separate reactions. 
Thus, each sequence and fragment is identified through its 
molecular size using fluorescent labeling via gel electropho-
resis. Another point is to create a library with huge quantities 
of desired characteristics. Further, the method involves the 
substrate addition for the multiplication of desired character-
istics in the microorganism. Here stable-isotope probe (SIP) 
with 13C marked substrate can be added in the sample. After 

FIGURE 14.2 Duplication of DNA sequence.
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the extraction of nucleic acid from the sample, these marked 
substrates can be differentiated from nonmarked material via 
their density gradient (Radajewski and Murrell, 2002).

Cloning is a very effective technique in microbial charac-
terization, but it is still less extensive in the water treatment 
process because of lack of specialized equipment in every 
laboratory (Sanz and Köchling, 2007).

14.4 DNA Microarray

In this technique detection of phylogenetic or metabolic char-
acteristics is done by hybridization. DNA microarray (also 
called a DNA microchip), which significantly elucidates the 
huge diversity in microbial ecology. Also, lineages from dif-
ferent environments and phylogenetic groups can be effec-
tively studied using this technique (Guschin et al., 1997; 
Ogram, 2000). In other words, DNA microarrays allow us to 
obtain the complete profile of thousands of gene expressions in 
any type of cell at the same time.

DNA microarray chips contain several spots containing a 
known DNA sequence, which acts as a probe (also known as 
transcriptome, which is mRNA transcript) for the detection of 
gene expression. The DNA molecules attached to each slide act 
as probes, which are known as the transcriptome or the set of 
mRNA to detect gene expression. The mRNA is extracted from 
the test sample as well as from reference sample, which further 
is converted into complementary DNA with labeled different 

fluorescent colored dye. After that cDNA from both test and 
reference samples are mixed and bind with the DNA probe in 
microarray slides (the hybridization process). Gene expres-
sion of these samples is measured by scanning the microarray 
slide and comparing them with each other. The data gathered 
through microarrays can be used to create gene expression pro-
files, which show simultaneous changes in the expression of 
many genes in response to a particular condition or treatment 
(as expressed in Figure 14.3).

14.5  Denaturing Gradient Gel 
Electrophoresis (DGGE)

DGGE is a technique that is able to produce “barcodes and 
fingerprint” data of any microbial community. In this method 
fragments are amplified in PCR by using denaturing agents, 
urea and formamide, and are identified by electrophoresis. 
Often, temperature is used as a denaturing agent, the so-called 
temperature gradient gel electrophoresis (TGGE). The tem-
perature is in increasing order and the urea and formamide 
concentration is constantly higher (Ercolini, 2004; Sigler et al., 
2004). In DGGE, the temperature (almost 60°C) and poly-
acrylamide gel are constant, and the concentration of urea and 
formamide increases the gradient. When the amplified DNA 
fragment domains run in electrophoresis, some fragments 
are denatured by chemical and thermal denaturing agents 
at favorable condition, which is called the melting domain. 

FIGURE 14.3 General representation of the DNA microarray technique.
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At a certain temperature there is a complete denaturation of 
these domains. Also, there are changes in conformation and 
molecule migration ceases in the gel, acquiring a specific 
position (Figure 14.4).

Before processing a DNA fragment in DGGE/TGGE, it is 
very important to analyze the melting activities of these frag-
ments so that the superlative gradient and duration of elec-
trophoresis can be applied (Muyzer et al., 1998). Effective 
separation of PCR products depends on the gradient and time 
period, which is determined by perpendicular or parallel gel 
containing various gradients at different time periods. The 
concentration of denaturing agents is increased and placed 
perpendicular to the electrophoresis gel. On the left side of the 
gel a lower concentration of denaturating agents is applied and 
on right side a higher concentration is applied. The PCR prod-
ucts on the left side remain double stranded with higher mobil-
ity in the gel; on the right side DNA migration is interrupted by 
a higher concentration of chemical denaturating agents, which 
initiate the separation of the double strands in a certain domain 
(Muyzer et al., 1998). The optimum time for the electrophore-
sis is determined by parallel gradients, which have the higher 
concentration of denaturating agents (Muyzer et al., 1993). As 
the PCR product has fragments with similar size but with dif-
ferent nucleotide sequences, there will be a different migration 
profile on the DGGE gel, which will help to identify different 
microorganisms (Muyzer et al., 1993; Coutinho et al., 1999; 
Ercolini, 2004). In this way, it provides a “barcode” pattern for 
the microbial community of the samples studied.

14.6  Single‑Stranded Conformation 
Polymorphism (SSCP)

The single-stranded conformation polymorphism (SSCP) tech-
nique was first used to study microbial communities by (Lee 

et al., 1996) for the analysis of complex environmental com-
munities. Changes and alteration in DNA sequence by nucleo-
tide, like mobility changes in electrophoretic gels, are detected 
by the SSCP technique. The position of the single-stranded 
bands analyses the shape of the profile and determines the 
changes in mobility. Thus, the sensitivity of the SSCP tech-
nique is based on the how the folding of the molecule DNA is 
affected by mutation and the electrophoretic mobility of the 
mutant sequence (Rosado and Duarte, 2002).

14.7  Terminal Restriction Fragment 
Length Polymorphism

Terminal restriction fragment length polymorphism (T-RFLP) 
is a quantitative molecular method used to analyze the complex 
microbial community of different environments. In T-RFLP, 
the PCR is used to amplify the 16S rRNA gene with universal 
primers by labeling the fluorochromes. After that, molecular 
scissoring of DNA at specific sites occurs by restriction of the 
endonuclease enzyme (Stryer, 1996). Assuming that each spe-
cies present in the sample indicates the different gene sequence 
after amplification, the fragments cleaved by the restriction 
enzyme will be separated by electrophoresis according to their 
length. Quantity can be detected by the area under the peak 
in the electropherogram. The number of fragments determined 
the abundance of different species in the microbial community. 
The samples are run in polyacrylamide gel. The intensity of 
each fluorescent band explains the abundance of population of 
the microorganism, as it is directly proportional to the quantity 
of the PCR product (Reis et al., 2002). Therefore, the T-RFLP 
is considered as a true fingerprint of the microbial communities 
and is able to detect rare microorganisms. New methodologies 
explain the alignment of the T-RFLP peaks, differentiate the 
signal-to-noise ratio in the equipment, and the application of 

FIGURE 14.4 Schematic representation of a parallel gel containing a gradient of denaturing agents (Rosado and Duarte, 2002).
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multivariate statistical methods can improve the efficiency of 
the T-RFLP technique to distinguish the changes in the micro-
bial communities (Schutte et al., 2008).

14.8  Random Amplification of 
Polymorphic DNA (RAPD)

Random amplification of polymorphic DNA (RAPD) is a 
simpler rapid method compared with RFLP. In this technique 
nonspecific DNA fragments are amplified to expose a high 
level of polymorphism (Fungaro and Vieira, 1998). Primers 
as nucleotide sequences generate amplified PCR product by 
insertion and deletion of large fragments between primer rec-
ognition regions. In general, primers with around 10 bp are 
used in the RAPD method, with annealing at low tempera-
tures. The variations regarding the amplification of regions 
close to the introns can be studied with semi-random prim-
ers (Dowling et al., 1996). After that, the primer sequences 
are produced randomly, and the profiling of amplified prod-
ucts is observed because of homologous regions at several 
points of genome (Fungaro and Vieira, 1998). Variations in 
the number, length, and conformation are the parameters of 
variation in the DNA sequence of fragments produced. So, in 
many cases RAPD has been used as an effective and signifi-
cant technique for the investigation of microbial populations 
(Melo et al., 2002).

14.9  Amplified Fragment Length 
Polymorphism (AFLP)

As mentioned previously, RFLP is based on restriction pattern 
analysis and these restricted DNA fragments are amplified 
followed by PCR. So, the combination of RFLP and PCR is 
known as amplified fragment length polymorphism (AFLP). 
In this technique two enzymes are used to restrict the DNA 
fragments from different ends and amplified by using the short 
oligonucleotide sequence (primers) (Reis et al., 2002).

14.10  Ribosomal Intergenic Spacer 
Analysis (RISA)

As mentioned earlier, the 16S rRNA (small subunit in pro-
karyote rRNA) and 23S rRNA (large subunits in prokaryote 
rRNA) genes have information for specific regions. In the ribo-
somal intergenic spacer analysis (RISA) the gap between these 
subunits is used for the PCR reaction. RISA was invented by 
Borneman and Triplett (1997) and used for soil microorganism 
diversity. Further, the separation of amplified products in elec-
trophoresis gel depends on the length of the sequence and the 
staining dye (Dorigo et al., 2005). The length of any sequence 
and its composition function as a significant tool to differenti-
ate the subspecies level of microorganisms.

An automated and fast version of RISA, called ARISA, was 
developed. In this version, the region between the selected sub-
units is labeled with fluorescence and detected in automated 

capillary electrophoresis. The number of fluorescent peaks is 
used to determine the variety of species. This technique effec-
tively monitors the microbial community changes in wastewa-
ter treatment.

14.11  Next‑Generation High‑Throughput 
Sequencing Methods

Recent developments in science and technology are leading 
to the modification and reorientation of molecular methodolo-
gies, allowing all related issues to be approached with a new 
point of view. The better availability of molecular techniques 
results in the generation of more relevant data on microbial 
populations. For the sequencing of DNA, the Sanger method 
has been used for the last 30 years. However, improvements 
in many advanced and high-throughput sequencing methods 
have been done to obtain fast and reliable sequencing results 
for multiple samples at a limited cost (Voelkerding et al., 
2009). Microorganisms of different microbial communities 
can be identified by techniques like “next-generation sequenc-
ing (NGS)” or “second-generation sequencing.” However, both 
these methods employ the same scheme of parallel sequenc-
ing of either clonally PCR-amplified products or single DNA 
molecules depending on electrophoretic separation of termi-
nation products formed in the single sequencing reactions 
(Voelkerding et al., 2009).

The advanced methods are based on the concept of sequenc-
ing by synthesis, in which millions of comparatively short 
reads are produced from amplified single DNA fragments 
using repetitive cycles of nucleotide extensions facilitated by 
ligase or polymerase enzymes (Voelkerding et al., 2009). The 
procedure is initiated by placing single DNA molecules into 
separate reaction vessels (sequencing library preparation by 
random fragmentation of DNA) where amplification occurs 
either in the solid (bridge PCR on a planar hard surface) or 
liquid phase (emulsion PCR). As the DNA templates are clon-
ally amplified, millions of DNA clones are sequenced in a 
microfluidic device coupled with a high-resolution imaging 
system. Data acquisition is performed by imaging the fluores-
cently labeled nucleotides incorporated by the corresponding 
enzyme at each cycle. Finally, the images are converted into 
sequence reads (Morozova and Marra, 2008; Shendure and 
Hanlee, 2008). Due to the massively parallel sequencing pro-
cess, the next-generation methods are capable of generating 
hundreds of mega bases to giga bases of nucleotide sequence 
data in a single run of the equipment, depending on the plat-
form (Voelkerding et al., 2009). In the past the limiting factor 
for these sequencing techniques was the generation of appro-
priate data, but today the real challenges are with analysis, 
handling, interpretation, and storage of the large amount of 
data generated by the high-throughput sequencing platforms. 
These technologies give millions of short DNA sequence 
reads that need proper handling to render reliable high-quality 
results in a shorter duration. To do this, specially designed bio-
informatics tools along with proper knowledge are required. 
Hence, the analysis of data is the main obstacle in the sequenc-
ing projects. Some examples of the NGS method are included 
in Table 14.2.
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TABLE 14.2

Examples of Next-Generation Sequencing Methods

Characteristics

Platform/Company Name/
Website

Amplification 
Approach−Library 
Preparation) Sequencing Mechanism Reads Per Run Read Length Time Per Run Accuracy Advantages Disadvantages

ABl3730xl (Applied 
Biosystems)

PCR/cloning Automated Sanger method 
(dideoxy chain termination)

1536 400–900 bp 20 minutes to 
3 hours

99.999% High quality, long 
read length

High cost, low 
throughput

Genome Sequencer (GS) FLX 
(454 Life Sciences, Roche)

http://www.454.com/

Clonal-emulsion 
PCR

Pyrosequencing l M 400–700 bp 10–24 hours 99.9% Read length. fast Error rate with polybase 
more than 6, high cost, 
low throughput

HiSeq 2000 (lllumina, Solexa) 
http://www.illumina.com/

Solid-phase 
amplification 
(bridge PCR)

Sequencing by synthesis 
using reversible dye 
terminators

1000–3000
Ma

50–100 bp 3–10 days 98% High throughputs Short read assembly

5500xl SOLiD (Life 
Technologies) http://www.
thermofisher.com/

Clonal-emulsion 
PCR

Massively parallel 
sequencing by ligation and 
two-base coding

1200–2400 Ma 35–50 bp 4–7 days 99.94%b Accuracy Short read assembly

PacBio RS (Pacific 
Biosciences) http://www.
pacb.com/

No PCR 
amplification 
(single molecule)

Phospho-linked fluorescent 
nucleotides

100 GB 30 pb <1 ‑

Source: From Morozova and Marra (2008) and Voelkerding et al. (2009).

ALI SADEGHI DIGITAL LIBRARY

http://www.454.com
http://www.illumina.com
http://www.thermofisher.com
http://www.thermofisher.com
http://www.pacb.com
http://www.pacb.com


177Molecular Tools for Microbial Diversity Analysis

REFERENCES
Amann, R. I., Ludwig, W., Schleifer, K. H. 1995. Phylogenetic 

identification and in situ detection of individual micro-
bial cells without cultivation. Microbiological Reviews 
59:143–169.

Borneman, J., Triplett, E. W. 1997. Molecular microbial diver-
sity in soils from eastern Amazonia: evidence for unusual 
microorganisms and microbial population shifts asso-
ciated with deforestation. Applied and Environmental 
Microbiology 63(7): 2647–2653.

Christensen, H., Nordentoft, S., Olsen, J. E. 1998. Phylogenetic 
relationships of Salmonella based on rRNA sequences. 
International Journal of Systematic Bacteriology 
48:605–610.

Coutinho, H. L. C., Oliveira, V. M., Manfio, G. P., Rosado, A. 
S. 1999. Evaluating the microbial diversity of soil samples: 
methodological innovations. Anais da Academia Brasileira 
de Ciências 71:491–503.

Cross, N. C. P. 1995. Quantitative PCR techniques and applica-
tions. British Journal of Haematology 89:693–697.

Dorigo, U., Volatier, L., Humbert, J. F. 2005. Molecular approaches 
to the assessment of bio-diversity in aquatic microbial com-
munities. Water Research 39:2207–2218.

Dowling, T. E., Moritz, C., Palmer, J. D., Rieseberg, L. H. 1996. 
Nucleic acids III: analysis of fragments and restriction sites. 
In: Hillis, D. M., Moritz, C., Mable, B. K. (Eds.). Molecular 
Systematic, 2nd ed. Sinauer Associates, Inc., Sunderland, 
249–320.

Edel, V. 1998. PCR in mycology: an overview. In: Bridge, P.D., 
Arora, D.K., Reddy, C.A., Elander, R.P. (Eds.) Applications of 
PCR in Mycology. CAB International, Wallingford, UK, 1–20.

Ercolini D. 2004. PCR-DGGE fingerprinting: novel strategies for 
detection of microbes in food. Journal of Microbiological 
Methods 56:297–314.

Franklin, R., Taylor, D., Mills, A. 1999. Characterization of 
microbial communities using randomly amplified poly-
morphic DNA (RAPD). Journal of Microbiology Methods 
35:225–235.

Fungaro, M. H. P., Vieira, M. L. C. 1998. Aplicações da PCR 
em ecologia molecular. In: Melo, I. S., Azevedo, J. L. (Ed.). 
Ecologia Microbiana. Embrapa-CNPMA, Jaguariúna, 
205–228.

Guschin, D. Y., Mobarry, B. K., Proudinikov, D., Stahl, D. A., 
Rittmann, B., Izarbekov, A. D. 1997. Oligonucleotide 
microchips as genosensors for determinative and environ-
mental studies in microbiology. Applied and Environmental 
Microbiology 63:2397–2402.

Heidm C. A., Stevens, J., Livak, K. J., Williams, P.M. 1996. Real 
time quantitative PCR. Genome Research 6:986–994.

Herbert, R. A. 1990. Methods for enumerating microorganisms 
and determining biomass in natural environments. Methods 
in Microbiology 19:1–40.

Hillis, D. M.; Mable, B. K.; Moritz, C. 1996. Applications of 
molecular systematics: the state of the field and a look to 
the future. In: Hillis, D. M., Moritz, C., and Mable, B. K. 
(Eds.). Molecular Systematics. 2nd ed. Sinauer Associates, 
Inc., Sunderland, 515–543.

Hirata, M. H., Hirata, R. D. C. 1991. Aplicação da PCR em labo-
ratório clínico e medicinal forense. Curso de Atualização, 
São Paulo. Laboratório de Biologia Molecular Aplicada 

ao Diagnóstico do Departamento de Análises Clínicas e 
Toxicológicas da Faculdade de Ciências Farmacêuticas da 
Universidade de São Paulo 28–37.

Hugenholtz, P., Pace, N. R. 1996. Identifying microbial diver-
sity in the natural environment: a molecular phylogenetic 
approach. Trends in Biotechnology 14:190–197.

Jenkins, D., Richard, M.G., Daigger, G. T. 2004. Manual on the 
causes and control of activated sludge bulking. Foaming, 
and Other Solids Separation Problems. Lewis Publishers, 
Boca Raton, FL, 25–75.

Kennedy, A. C. 1999. Bacterial diversity in agroecosystems. 
Agriculture, Ecosystems and Environment 74:65–76.

Leblond-Bourget, N., Philippe, H., Mangin, I., Decaris, B. 
1996. 16S rRNA and 16S to 23S internal transcribed 
spacer sequence analyses reveal inter- and intraspecific 
Bifidobacterium phylogeny. International Journal of 
Systematic Bacteriology 46:102–111.

Lee, D.-H., Zo, Y.-G., Kim, S.-J. 1996. Nonradioactive method to 
study genetic profiles of natural bacterial communities by 
PCR-single-strand-conformation polymorphism. Applied 
and Environmental Microbiology 62:3112–3120.

Logan, J., Logan, J. M., Edwards, K. J. and Saunders, N. A. 
eds. 2009.  Real-Time PCR: Current Technology and 
Applications. Caister Academic Press, Norfolk, UK.

Melo, I. S., Schneider, R. P., Inglis, P. W., Valadares-Inglis, M. C. 
2002. Biomarcas biossensores microbianos. In: Melo, I. S., 
Valadares-Inglis, M. C., Nass, L. L., Valois, A. C. C., (Eds.). 
Recursos Genéticos e Melhoramento – Microrganismos. 
Embrapa Meio Ambiente, Jaguariúna, 164–169.

Mitchell, T. G., Freedman, E. Z., Meyer, W., White, T. J., Taylor, 
J.W. 1993. PCR detection of Cryptococcus neoformans. 
In: Persing, D. H., Smith, T. F., Tenover, F. C., White, T. 
J. (Eds.). Diagnostic Molecular Microbiology: Principles 
and Applications. American Society for Microbiology, 
Washington, 431–436.

Morozova, O., Marra, M. A. 2008. Applications of next-gener-
ation sequencing technologies in functional genomics. 
Genomics 92:255–264.

Muyzer, G. 1999. DGGE/TGGE a method for identifying genes 
from natural ecosystems. Current Opinion in Microbiology 
2:317–322.

Muyzer, G., Brinkhoff, T., Nubel, U., Santegoeds, C., Schafer, 
H., Wawer, C. 1998. Denaturing gradient gel electrophore-
sis (DGGE) in microbial ecology. In: Akkermans, A.D.L., 
Van Elsas, J.D., De Bruijn, F.J.(Eds.). Molecular Microbial 
Ecology Manual. Kluwer Academic, Dordrecht, The 
Netherlands, 1–23.

Muyzer, G., De Waal, E. C., Uitterlinden, A. G. 1993. Profiling of 
complex microbial by denaturing gel electrophoresis analy-
sis of polymerase chain reaction-amplified genes coding 
for 16S rRNA. Applied and Environmental Microbiology 
59:695–700.

Nielsen, P. H., Daims, H., Lemmer, H. 2009. Introduction. 
In: Nielsen, P. H., Daims, H., Lemmer, H. (Eds.). FISH 
Handbook for Biological Wastewater Treatment: 
Identification and Quantification of Microorganisms in 
Activated Sludge and Biofilms by FISH. IWA Publishing, 
London, 1–6.

Ogram, A. 2000. Soil molecular microbial ecology at age 20: 
methodological challenges for the future. Soil Biology and 
Biochemistry 32:1399–1504.

ALI SADEGHI DIGITAL LIBRARY



178 Wastewater Treatment

Okabe S, Kamagata Y. 2010. Wastewater treatment. In: Liu, 
W.T., Jansson, J.K. (Eds.). Environmental Molecular 
Microbiology. Caister Academic Press, Norfolk, UK, 
191–210.

Olsen, G. J., Woese, C. R., Overbeek, R. 1994. The winds of (evo-
lutionary) change: breathing new life into microbiology. 
Journal of Bacteriology 176:1–6.

Oste, C. 1988. Product application focus: polymerase chain reac-
tion. BioTechniques 6:162–167.

Radajewski, S., Murrell, J. C. 2002. Stable isotope probing for 
detection of methanotrophs after enrichment with 13CH4. 
Methods in Molecular Biology 179:149–157.

Reis, Jr, F. B., Mendes, I. C., Teixeira, K. R. S.; Reis, V. M. 
2002. Uso de Ferramentas Moleculares em Estudos 
da Diversidade de Microrganismos do Solo. Embrapa 
Cerrados, Planaltina, DF, 1–33.

Rodício, M. R., Mendoza, M. C. 2004. Identificación bacteri-
ana mediante secuencación del ARNr 16S: fundamento, 
medología y aplicaciones en microbiología clínica. 
Enfermedades Infecciosas y Microbiología Clínica 
22:238–245.

Rosado, A. S., Duarte, G. F. 2002. Utilização da eletroforese em 
gel com gradiente de desnaturantes (DGGE) e gel com 
gradientes de temperatura (TGGE) para estudar diversi-
dade microbiana. In: Melo, I. S., Valadares-Inglis, M. C., 
Nass, L. L., Valois, A.C.C. (Eds.). Recursos Genéticos e 
Melhoramento – Microrganismos. Embrapa Meio Ambient, 
Jaguariúna, 97–128.

Rosado, A. S., Duarte, G. F.; Seldin, L., Van Elsas, J. D. 1997. 
Molecular microbial ecology: a minireview. Brazilian 
Journal of Microbiology 28:135–147.

Rosado, A. S., Seldin, L., Wolters, A. C., Van Elsas, J. D. 1996. 
Quantitative 16S rDNA targeted polymerase chain reac-
tion and oligonucleotide hybridization for detection of 
Paenibacillus azotofixans in soil and the wheat rhizo-
sphere. FEMS Microbial Ecology 19:153–164.

Sanz, J. L., Köchling, T. 2007. Molecular biology techniques used 
in wastewater treatment: an overview. Process Biochemistry 
42:119–133.

Schutte, U. M., Abdo, Z., Bent, S. J. 2008. Advances in the use 
of terminal restriction fragment length polymorphism 
T-RFLP analysis of 16S rRNA genes to characterize micro-
bial communities. Applied Microbiology Biotechnology 
80:365–380.

Shendure, J., Hanlee, J. 2008. Next-generation DNA sequencing. 
Nature Biotechnology 26:1135–1145.

Sigler, W. V., Miniaci, C., Zeyer, J. 2004. Electrophoresis time 
impacts the denaturing gel electrophoresis-based assess-
ment of bacterial community structure. Journal of 
Microbiological Methods 57:17–22.

Stackebrandt, E., Liesack, W., Goebel, B. M. 1993. Bacterial 
diversity in a soil sample from a subtropical Australian 
environment as determined by 16S rDNA analysis. FASEB 
Journal 7:232–236.

Stahl, D. A. 1997. Molecular approaches for the measurement 
of density, diversity and phylogeny. In: Mcinerney, M. 
J., Walter, M. V., Stetzenback, L. D. (Eds.). Manual of 
Environmental Microbiology, ASM Press, Washington, 
DC, 102–114.

Strachan, T., Read, A. P. 2002. Genética molecular humana. 
Artmed, Porto Alegre 119–122.

Stryer, L. 1996. Explorando os genes. Bioquímica, 4th ed. 
Freeman, W.H. & Company, New York.

Van Der Zee, H., Huis, J. H. J. 1997. Rapid and alternative screen-
ing methods for microbiological analysis. Journal of AOAC 
International 80:934–940.

Van Elsas, J. D., Duarte, G. F., Rosado, A. S., Smalla, K. 1998. 
Microbial and molecular biological methods for monitoring 
microbial inoculants and their effects in the soil environ-
ment. Journal of Microbiological Methods 32:133–154.

Voelkerding, K. V., Dames, S. A., Durtschi, J. D. 2009. Next-
generation sequencing: from basic research to diagnostics. 
Clinical Chemistry 55:641–658.

Wagner, M., Loy, A. 2002. Bacterial community composition and 
function in sewage treatment systems. Current Opinion 
Biotechnology 13:218–227.

Woese, C. R. 1987. Bacterial evolution. Microbiology Review 
51:221–271.

ALI SADEGHI DIGITAL LIBRARY


	Cover
	Half Title
	Series Page
	Title Page
	Copyright Page
	Contents
	Preface
	About the Editor
	Contributors
	1. An Overview of Wastewater Treatment Facilities in Asian and European Countries
	2. Application of Molecular Tools and Biosensors for Monitoring Water Microbiota
	3. Molecular Techniques to Study Microbial Ecology and Dynamics for Wastewater Treatment
	4. Different Methods and Technologies of Advanced Oxidation Processes Adopted in Industrial Wastewater Treatment
	5. Molecular Approaches for Removal of Toxic Metal by Genetically Modified Microbes
	6. Role of Microorganisms in Performance Optimization of WWTPs
	7. Elucidation of Microbial Diversity in Wastewater Treatment System Through Molecular Tools: Molecular Tools, Techniques, and Applications in Wastewater Treatment
	8. Recent Advancement and Combination of Different Molecular Tools and Techniques for Applications in Wastewater Treatment
	9. Current Treatment Technologies Available for Different Types of Wastewater
	10. Application of Omic Tools for Microbial Community Structure and Function Analysis
	11. Reuse of Treated Wastewater through Emerging Technologies
	12. Biological Wastewater Treatment Plants (BWWTPs) for Industrial Wastewaters
	13. Secondary Clarification of Wastewater Relying on Biological Treatment Processes: Advancements and Drawbacks
	14. Molecular Tools for Microbial Diversity Analysis



