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Preface

In the past few decades, algal technologies have been one of the extensively studied 
fields of biological sciences for numerous environmental, biological, biomedical, 
and industrial applications. Microalgae are one of the simplest photosynthetic life- 
forms which have an amazing potential of growing in very harsh environmental 
conditions. Microalgae hold amazing potential for the sequestration of various 
nutrients from water to carbon dioxide from the air. These organisms hold great 
potential, and are desperately required for sustainable and renewable management 
of food, fodder, and fuels. Algal biomass can be used for food, bioremediation, 
biofuels, and a number of chemicals. Microalgae have a capacity to produce poly-
mers, toxins, fatty acids, and enzymes, which can be useful for pharmaceutical, 
nutraceutical, and cosmeceutical developments. The present book, Application of 
Algal Technologies for Wastewater Treatment Volume I, deals with the application 
of the characteristic features of various types of microalgae, diatoms, and blue- 
green algae for the treatment of domestic and industrial wastewater. Chapter 1 of 
this book provides a brief introduction to the global perspective of phycoremedia-
tion technologies. The authors have provided an overview and current status of 
algae-based bioremediation, and the challenges towards achieving global 
sustainability.

Diatoms are heterokonts which are highly diverse and have significant evolution-
ary differences compared to green algae, but serve as a sink for greenhouse gas. 
About 20% of the total photosynthetic carbon dioxide fixation and 40% of annual 
marine primary productivity depend on diatoms. Diatoms have great potential as 
bio-indicators as their population diversity reflects the environmental conditions of 
their oceanic or riverine ecosystems. The ease of their detection and versatility 
across different eco-systems complements their sensitivity to many physicochemi-
cal and biological changes. Chapter  2 and Chapter 15 provide detailed informa-
tion about the current research on the potential advantages and lacuna pertinent to 
the utilization of diatoms for domestic and industrial wastewater remediation.
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Chapter 3 and Chapter 4 describes the suitable approach to sustainable wastewa-
ter treatment using different strains of microalgae as well as by developing designer 
microalgae consortia. This chapter elaborates how developed microalgae consortia 
can play a futuristic role for carbon capture and could be used as a cost-effective 
tool for the production of various chemicals, as well as for wastewater treatment. 
Both of the chapter  covers the various aspects related to the utilization of algal- 
bacterial interaction in wastewater remediation from laboratory scale to pilot scale 
studies.

Despite promising research findings on microalgae for WWT at the laboratory 
scale, the large scale of microalgae-based WWT processes is reliable only in out-
door systems that still need further investigations. Chapter 5 provides an overview 
of the most up-to-date information on outdoor cultivation of microalgae for waste-
water treatment and discusses the progress and the important operational factors 
facing the outdoor culture.

Endocrine disrupting chemicals interference in the endocrine system of an 
exposed organism are considered one of the most emerging pollutants. The removal 
of increasing level of EDCs from wastewater has become a major concern nowa-
days. Chapter 6 provides state-of-the-art information on algae mediated remedia-
tion of endocrine disrupting chemicals (EDCs) from wastewater. In this chapter, the 
authors have reviewed recent literature pertaining to the application of microalgae 
for remediation of EDCs and various practical avenues of this technology in the area 
of wastewater treatment. Several eco-friendly natural methods have emerged for 
bioremediation of wastewater. However, algae-based bioremediation offers dual 
advantages of wastewater treatment as well as biomass production from wastewater 
which has tremendous secondary and tertiary uses. Chapter 7 and Chapter 13 deal 
with bioremediation of municipal sewage water using microalgae and algal- bacterial 
consortia. The  biomasss production using wastewater  for various applications  is 
another aspect thoroughly covered in these chapters.

Chapter 8 provides an overview of applications, challenges, and future prospects 
of phycoremediation of petroleum hydrocarbons polluted sites. In this chapter, the 
authors have mainly focused on present practical and technological constraints to 
employing sustainable methods for the removal of petroleum hydrocarbons from 
wastewater. This chapter discusses the biogeochemical pathway leads degradation 
of petrochemical polluted soils and groundwater using phycoremediation 
techniques.

Chapter 9 discusses the genetic transformation and transgenesis technologies 
that could be applied for algae, and highlights the potential use of transgenic algae 
in wastewater treatment. The authors have reviewed various genetic modifications 
and transgenesis technologies which can improve the physiological characteristics 
of algae, further enhancing the potential utilization of algae in wastewater treatment 
and other bioremediation applications.

Due to longer persistence and higher toxicity, mutagenicity, and carcinogenicity, 
persistent organic chemicals (POPs) and pharmaceutical compounds are the most 
widespread pollutants which affect both terrestrial and aquatic organisms. 
Conventional water treatment plants are not efficient enough to remove the POPs, 
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including pharmaceutical compounds. Therefore, more effective and cost-effective 
waste treatment procedures are required for the removal of these chemicals. 
Chapter 10 discusses various micro algal-based systems for the removal of pharma-
ceutical compounds, application challenges and future prospects. Chapter 11 pro-
vides a detailed review of the molecular mechanisms involved in bioremediation 
and biotransformation of POPs. The limitations and various approaches to enhance 
phycoremediation is discussed in detail.

Chapter 12 presents a comprehensive overview of the feasibility of application of 
microalgae in pathogen removal from wastewater. The mechanisms involved in 
pathogens removal, factors affecting pathogens elimination and feasibility of algal 
technologies for pathogen removal are discussed in detail.

Textile effluents contain high levels of synthetic dyes, detergents, stain repel-
lents, waxes, and biocides. The dyes are often non-biodegradable and carcinogenic. 
Therefore, treatment of such effluents before release into the environment is impera-
tive. Several physicochemical treatment methods have been developed, but most of 
them are energy intensive. Application of algae for the bioremediation of textile 
effluents has emerged as an environmentally friendly and economic  technique. 
Chapter 14 discusses the possibilities and constraints of phycoremediation of textile 
effluents.

Pesticides and pesticide residues have led to significant contamination of entire 
terrestrial and aquatic ecosystems, and are major causes of biodiversity loss. Most 
organic and inorganic pesticides pose a tremendous threat to humans an ecosys-
tems. Microbial bioremediation has proven to be efficient, inexpensive, and eco- 
friendly. Chapter 16 presents a comprehensive overview about the feasibility of 
using bacterial-microalgal consortium for the bioremediation of common industrial, 
agricultural and domestic pesticides leading to soil and water contamination, while 
outlining a variety of remediation approaches to treat wastewater. Furthermore, this 
chapter includes a discussion on the factors affecting both bioaccumulation and 
biodegradation efficiencies, including limitationsassociated with approach, envi-
ronment and microbial consortium.

The use of blue-green algae (BGA) started in the early twentieth century and has 
gained immense attention for its various applications in agricultural biotechnology, 
natural products, cosmetics, and the production of numerous secondary metabolites 
including vitamins, enzymes, and pharmaceuticals. Recent understandings of cel-
lular and metabolic diversities of BGA have given a new hope for its application in 
wastewater treatment, which has started to gain popularity in the last few decades. 
Chapter 17 summarizes recent reports of BGA usage in wastewater treatment and 
its future applications in Phytoremediation.

Conventional open algal ponds are used for wastewater treatment, and are con-
sidered as a low-cost option for algal biomass production. However, such systems 
are dependent on the prevalent environmental factors and do not provide a sufficient 
level of control over the process, thus achieving a sub-optimal performance. Two 
chapters deal with the design and optimization aspects of algal systems for waste-
water treatment. Chapter 18 provides an overview of photobioreactor technology, 
the inherent complexity of their application, and current technical advances leading 
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to their large-scale application. Chapter 19 provides an overview of the design and 
basic limiting factors of algal cultivation systems. The design considerations include 
light irradiance/distribution, culture mixing/agitation, air-CO2 mixture supply, heat 
and gas-liquid mass transfers, and energy inputs. A detailed description of several 
algal growing systems, viz., facultative waste stabilization ponds, shallow ponds, 
raceway, tubular photobioreactors, flat panel photobioreactors, and airlift photobio-
reactors, are provided in this chapter.

This book is intended to be a practical guide for scholars and experts working on 
the application of algal technologies for bioremediation. This book is divided into 
two volumes. The first volume contributes significant knowledge about various 
algal technologies using microalgae, diatoms and blue-green algae applied for the 
treatment of domestic and various types of industrial wastewater as well as phyco-
remediation of emerging pollutants, whereas the second volume comprises of vari-
ous aspects of water and wastewater based algal biorefineries.

New Delhi, Delhi, India  Sanjay Kumar Gupta 
Durban, South Africa   Faizal Bux 

Preface



ix

Acknowledgments

First and foremost, I thank the Almighty God for sustaining the enthusiasm with 
which I plunged into this endeavor.

I avail this opportunity to express my profound sense of sincere and deep grati-
tude to the many people who are responsible for the knowledge and experience I 
have gained during this book project.

First of all, I would like to extend my sincere gratitude to each of the authors for 
devoting their time and effort towards this book and for  the contribution of their 
excellent pieces of academic work. Without the overwhelming support of several 
authors, we may not have been able to accomplish this mammoth task. The contri-
butions of all authors are sincerely appreciated and gratefully acknowledged.

I would like to thank the Publisher, Springer, for providing continuous support 
and a platform to publish this book. I would also like to thank publishing editor Dr. 
Sherestha Saini, Senior Editor, Springer New York for her suggestions, and con-
tinuous support. This wonderful compilation get published thanks to her tremen-
dous efforts. I would also like to thank the production team, especially,  Ms. 
Chandhini Kuppusamy, M. Gabriele, Aaron Schiller and  Susan Westendorf for 
their technical support. They worked with me throughout the course of this book 
project.

I express my sincere gratitude to all the faculties of Environmental Engineering, 
Department of Civil Engineering, Indian Institute of Technology Delhi, for their 
wholehearted support and encouragement for this book and all the academic 
works.

From the bottom of my heart, I would like to thank my colleagues, who continu-
ally and convincingly conveyed a spirit of adventure, whenever I felt low, which 
kept me agile during this endeavor.

I do not have words to express my thankfulness to my mother Smt. Manju Gupta 
who has always been a source of motivation in every walk of my life. I would like 
to express my deepest appreciation to Ajay and Maushami for their endless support. 



x

Last but not least, it would be unfair on my part if I failed to record the  support, 
encouragement, and silent sacrifices of my wife Preeti and my lovely kids Shubhangi 
& Adweta. Without their persistent support, this book would not be possible. 
I would like to dedicate this book to Master Arjan, the cutest junior  member of my 
family.

New Delhi, Delhi, India Sanjay Kumar Gupta

Acknowledgments



xi

Contents

Phycoremediation Technology: A Global prospective . . . . . . . . . . . . . . . . .    1
Sumedha Nanda Sahu, Narendra Kumar Sahoo, and Satya Narayana Naik

The Diatoms: From Eutrophic Indicators to Mitigators . . . . . . . . . . . . . . .   19
Aviraj Datta, Thomas Kiran Marella, Archana Tiwari, and Suhas P. Wani

A Review of Micropollutant Removal by Microalgae . . . . . . . . . . . . . . . . .   41
Sikandar I. Mulla, Ram Naresh Bharagava, Dalel Belhaj, Fuad Ameen, 
Ganesh Dattatraya Saratale, Sanjay Kumar Gupta, Swati Tyagi,  
Kishor Sureshbhai Patil, and Anyi Hu

Developing Designer Microalgae Consortia: A Suitable Approach  
to Sustainable Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   57
Adi Nath, Kritika Dixit, and Shanthy Sundaram

Outdoor Microalgae Cultivation for Wastewater Treatment . . . . . . . . . . .   81
Djamal Zerrouki and Abdellah Henni

Current State of Knowledge on Algae- Mediated Remediation  
of Endocrine-  Disrupting Chemicals (EDCs) from Wastewater . . . . . . . . .  101
Ritu Singh, Monalisha Behera, Sanjeev Kumar, and Anita Rani

Bioremediation of Municipal Sewage Using Potential Microalgae  . . . . . .  121
Chitralekha Nag Dasgupta, Kiran Toppo, Sanjeeva Nayaka,  
and Atul K. Singh

Phycoremediation of Petroleum Hydrocarbon-Polluted Sites:  
Application, Challenges, and Future Prospects . . . . . . . . . . . . . . . . . . . . . .  145
Pankaj Kumar Gupta, Shashi Ranjan, and Sanjay Kumar Gupta

Genetic Technologies and Enhancement of Algal Utilization  
in Wastewater Treatment and Bioremediation . . . . . . . . . . . . . . . . . . . . . . .  163
Mohamed A. El-Esawi



xii

Potential and Feasibility of the Microalgal System in Removal  
of Pharmaceutical Compounds from Wastewater . . . . . . . . . . . . . . . . . . . .  177
Mayuri Chabukdhara, Manashjit Gogoi, and Sanjay Kumar Gupta

Phycoremediation of Persistent Organic Pollutants  
from Wastewater: Retrospect and Prospects . . . . . . . . . . . . . . . . . . . . . . . .  207
Ashutosh Pandey, Manish Pratap Singh, Sanjay Kumar,  
and Sameer Srivastava

Feasibility of Microalgal Technologies in Pathogen Removal  
from Wastewater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  237
Rouf Ahmad Dar, Nishu Sharma, Karamjeet Kaur,  
and Urmila Gupta Phutela

Remediation of Domestic Wastewater Using Algal-Bacterial  
Biotechnology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  269
Shashi Bhushan, Halis Simsek, Aswin Krishna, Swati Sharma,  
and Sanjeev Kumar Prajapati

Phycoremediation of Textile Wastewater: Possibilities  
and Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  291
Steffi Jose and S. Archanaa

Potential and Application of Diatoms for Industry-Specific  
Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  321
Archana Tiwari and Thomas Kiran Marella

Feasibility of Using Bacterial-Microalgal Consortium  
for the Bioremediation of Organic Pesticides: Application  
Constraints and Future Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  341
James McLellan, Sanjay Kumar Gupta, and Manish Kumar

Potential of Blue-Green Algae in Wastewater Treatment . . . . . . . . . . . . . .  363
Pushan Bag, Preeti Ansolia, S. K. Mandotra, and Amit K. Bajhaiya

Photobioreactors for Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . .  383
Vaishali Ashok, Sanjay Kumar Gupta, and Amritanshu Shriwastav

Design Considerations of Algal Systems for Wastewater  
Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  411
Mahmoud Nasr

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  427

Contents



xiii

About the Editors

Sanjay  Kumar  Gupta is Technical Superintendent, 
Environmental Engineering, Department of Civil 
Engineering at the Indian Institute of Technology, 
Delhi,  India. Dr. Gupta started his research carrier in 
1999 at CSIR-Indian Institute of Toxicology Research, 
Lucknow India. His PhD was awarded in 2010 from 
Dr. Ram Manohar Lohia Avadh University, Faizabad. 
Later, he did his post-doctoral research from Durban 
University of Technology, South Africa. He has been 
recognized thrice as “One of the Top Publisher Post-
Doc Fellow” in 2014, 2016 and 2017 for his active 
research contributions. Dr. Gupta has authored 65 arti-
cles in peer-reviewed journals and books, and has pre-
sented 20  papers in national and international 
conferences. He was an Editor for Journal of 
Ecophysiology and Occupational Health, and is a life 
member of many professional societies including the 
International Society of Environmental Botanists, 
Society of Toxicology, Academy of Environmental 
Biology, and the Indian Network for Soil Contamination 
Research. His research interests include ecotoxicologi-
cal risk assessment, bioremediation of wastewater and 
industrial effluents, and algal biotechnology. 



xiv

Faizal Bux is Director of the Institute for Water and 
Wastewater Technology at Durban University of 
Technology in South Africa. He received his B.Sc. 
from University of Durban-Westville in 1986, his M.
Tech. in Biotechnology from Technikon Natal in 1997, 
and his Ph.D. in Biotechnology from Durban institute 
of Technology in 2003. He has edited 5 books, written 
121 articles in peer-reviewed journals, authored 17 
book chapters, and is an Editor for the journals 
Environmental Science and Health, Biofuels Research 
Journal, and Water Science and Technology. His 
research interests include biological nutrient removal 
in wastewater treatment, algal biotechnology, and bio-
remediation of industrial effluents. He has more than 
20 years of experience at higher Education Institutes 
and has received numerous institutional awards includ-
ing the Vice Chancellor’s and University Top Senior 
researcher awards. Prof Bux is ranked as the most pub-
lished researcher at Durban University of Technology. 
He has supervised over 50 Masters and Doctoral stu-
dents, and 10 Post doctoral fellows served their tenure 
under his guidance. He was an editor for CLEAN–Soil, 
Air, Water (John Wiley & Sons, Germany), 
Environmental Science and Health Part A (Taylor 
Francis, USA), and served as a reviewer for 28 
International Journals. His citations are in excess of 
5159 with an H Index of 33. Prof Bux is an invited 
Member of the Management Committee of the 
International Water Association IWA) specialist group 
(Microbial Ecology and Water Engineering, MEWE) 
and is actively involved in coordinating activities of 
MEWE globally. 

About the Editors



1© Springer Nature Switzerland AG 2019 
S. K. Gupta, F. Bux (eds.), Application of Microalgae in Wastewater Treatment, 
https://doi.org/10.1007/978-3-030-13913-1_1

Phycoremediation Technology: A Global 
prospective 

Sumedha Nanda Sahu, Narendra Kumar Sahoo, and Satya Narayana Naik

1  Introduction

Water crisis is realized as one of the major issues and global threat, even though 
sufficient water and land resources are available (CA 2007). According to United 
Nations World Water Development Report (2014), more than two million tons of 
sewage, agricultural, and industrial wastes is dumped untreated into lakes, rivers, 
and other waterbodies in developing countries that is eventually polluting the usable 
water supply. Almost all waterbodies globally are highly polluted because of release 
of various industrial as well as domestic wastewaters. This untreated wastewater 
provides various organic and inorganic nutrients such as nitrogen (N) and phospho-
rus (P), for the autotrophs which in turn leads the process of eutrophication in water-
bodies (Schindler et al. 2008).

The art of utilization of algae (macro- or microalgae) in removal, biotransforma-
tion, or mineralization of various nutrients, heavy metals, and xenobiotics from 
wastewater and carbon dioxide from waste air (Olguin and Sanchez-Galvan 2012) 
is known as phycoremediation. During this treatment, carbon, nitrogen, phospho-
rus, and other salts are used by algae as nutrients, from the wastewater or air as the 
case may be. Other pollutants and xenobiotics are even taken care of by the organ-
isms by various cellular mechanisms. This is an eco-friendly process as there is no 
secondary pollution if the biomass produced is harvested for utilization (Mulbry 
et al. 2008). Literature reveals that algal bioremediation (phycoremediation) tech-
nology is highly relevant and has immense potential for future applications in vari-
ous waste removal strategies. In the past few decades, extensive research has been 
made in algal biotechnological advancement and has successfully established the 
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system of wastewater remediation using algae, microalgae in particular, in  reduction 
of an array of organic, inorganic nutrients, and some highly toxic chemicals 
(Beneman et al. 1980; Thomas et al. 2016).

The agents of phycoremediation, algae, are photosynthetic organisms, capable of 
growing in extremely harsh and difficult environments. In addition, there are vari-
ous research reports on microalgal sequestration of various heavy metals in their 
cell walls through process of adsorption or ion exchange, as a means of bioremedia-
tion of heavy metals (Priyadarshani et al. 2011). While microalgae are microscopic, 
macroalgae are visible to naked eye. Phycoremediation can serve many purposes 
such as (i) utilization of nutrients from wastewater; (ii) transformation, degradation, 
or removal of xenobiotics; (iii) remediation of acidic and metal rich wastewaters; 
(iv) CO2 sequestration; and (v) biosensor-based detection of toxic compounds (Gani 
et al. 2015). By taking in carbon dioxide from the atmosphere and giving out oxy-
gen through photosynthesis, not only they purify the air, but their interplay with the 
pollutants reduces the load from entering the waterbodies. However, it is still a chal-
lenge to develop and optimize processes to treat industrial effluent as well as to 
restore polluted rivers and lakes through the process of phycoremediation. In addi-
tion, there are various research reports on microalgal sequestration of various heavy 
metals in their cell walls through process of adsorption or ion exchange, as a means 
of bioremediation of heavy metals (Priyadarshani et al. 2011).

As algae are emerging as a potential biofuel candidate due to its productivity and 
other beneficial characteristics, successful pilot-/field-scale trials are now coming 
into existence. These production systems for biofuels can be exploited for phycore-
mediation to make it more profitable and eco-friendly. Such approach will help in 
making the biofuel technology economically feasible. In the recent day, technologi-
cal advancement has explored the scope of microalgae to mitigate various hazard-
ous pollutants in the environments. Moreover, phycoremediation strategy coupled 
with energy production is well established; however algal biofuel technology is not 
feasible commercially because of higher energy inputs. Additionally, modification 
in the cultivation system, harvesting systems, extraction technology, and biomass 
utilization approaches (biochemical and thermochemical) could be adopted to cope 
with sustainability issue via an integrated/biorefinery approach as demonstrated in 
Fig. 1. Let us discuss the various important issues of phycoremediation in details 
starting from cultivation itself.

2  Different Algal Systems Used for Bioremediation

The cultivation systems for algal biomass production coupling with remediation of 
wastewater are basically open systems and closed systems (photobioreactor). Other 
than the suspension culture, attached cultivation is also frequently implemented both 
in open systems and closed systems. Among these, open pond (raceway ponds) algae 
culturing and turf scrubbers are the most popular systems for algae cultivation. On 
the other hand, the closed systems for algae cultivation (photobioreactors) have more 
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diversity based on its shapes and configurations of the bioreactor. The most fre-
quently used closed systems for algae cultivation are tubular, bubble column, airlift, 
and flat panel (Richardson et al. 2012). The algae employed in these systems may act 
in monoculture, consortia, or natural assemblage of algal community. However, 
other two modes are considered more sustainable than monoculture mode.

2.1  Open and Closed Culture Systems

Open ponds for algae cultivation are the oldest and simplest form of cultivation 
systems for microalgae biomass production (Handler et al. 2012). In the past decade, 
stabilization ponds have been found to be used for the treatment of urban wastewa-
ter (Caldwell 1946); however to be more efficient, it requires a lot of land. In general 
high rate algal ponds (HRAPs) are shallow-type open raceway system with a single 
or multiple loops, and to obtain a water velocity of 0.15–0.3 m/s, it uses paddle 
wheel (Park et  al. 2011). The depth of the systems is in between 0.2 and 0.4 m 
(sometimes up to 1 m) where CO2 can be added in a sump of about 1.5 m depth. It 
is found that high rate algal ponds reduce the surface needed in comparison to sta-
bilization ponds by a factor of 5 (Picot et  al. 1992) and achieving a three-fold 
improvement in biomass productivity with a yield from 10 ton/year/ha (Craggs 
et al. 2011). As compared to activated sludge systems, the capital costs and opera-
tional costs are significantly reduced in case of HRAPs (Craggs et al. 2011).

Fig. 1 Integrated biomass conversion flow chart

Phycoremediation Technology: A Global prospective
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On the other hand in photobioreactor, microalgae can be cultivated in axenic and 
controlled conditions, and there is significant increase in the volumetric productivi-
ties compared to open systems of algae cultivation. Earlier research found that 
Chlamydomonas reinhardtii cultivation using wastewater in photobioreactor pro-
duced better biomass and lipid (+144% and +271%, respectively), and removal 
rates of N and P (+38% and +15%, respectively) were found compared to flasks 
culture (Kong et al. 2010). However, the closed culturing systems demand signifi-
cantly higher cost than open systems of algae cultivation which is approximately ten 
times high (Davis et  al. 2011). For keeping axenic cultures and to grow fragile 
strains which produce potent bioactive molecules, closed systems are very much 
useful. However, in case of wastewater medium having a huge diversity of microor-
ganisms, this precious advantage is lost in closed system. Moreover, the volumetric 
productivity does not counterbalance the high cost of photobioreactor for treatment 
of urban or agricultural wastewater for algae production.

For microalgae culturing in attached cultivation, immobilized microalgae are 
fixed on a supporting material, and that is immersed in the nutrients medium. 
However, there are few comparisons of wastewater treatment for suspended and 
attached algal systems (Kesaano and Sims 2014). It needs more research on certain 
factors which affect growth, nutrient mass transport, selection of species, algal- 
bacterial mutualistic interactions, and upscaling of laboratory research. The attached 
cultivation systems have provided promising results with certain wastewaters. It has 
been reported that use of dairy manure for cultivation of benthic algae in an attached 
cultivation system would require 26% less land area for equivalent nitrogen uptake 
compared to the conventional corn/rye rotation process (23% for phosphorus) 
(Wilkie and Mulbry 2002). In addition, biofilm rotating disk reactor is one of the 
efficient attached cultivation system for microalgae cultivation using wastewater 
with better biomass productivity. Earlier studies reveal that biomass productivities 
between 20 and 31 g/m2/day with nutrient reduction rates as high as 14.1 g/m2/day 
for nitrogen and 2.1 g/m2/day for phosphorus (Christenson and Sims 2012). Using 
rotating biological contactor-based photobioreactor, an average biomass productiv-
ity of 20.1 ± 0.7 g/m2/day was obtained over a period of 21 weeks without reinocu-
lation (Blanken et al. 2014). These reactors provide better surface area to volume 
ratio in comparison to HRAPs.

2.2  Use of Monoculture and Consortia

Microorganisms usually exist in nature as part of organized communities and con-
sortia, which gain benefits from cohabitation to keep invaders away, tackle risk of 
contamination, and simultaneously improve productivity and product diversity. In 
contrary, most of the cultivation trials are attempting a monoculture of selected spe-
cies with advantageous traits. Promising genera/species/strains with specialized 
characters are generally employed under algal technology either as monocultures or 
consortia or as natural community depending upon the purpose. When the intention 
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is biological manufacturing, i.e., to harvest high-value items from mass cultivation 
of biological organisms, axenic monocultures are mainly used (Mcneil et al. 2013). 
But, such monocultures are highly prone to contamination and losses. They require 
controlled conditions, high degree of sophistication hence, and higher throughput 
for the cultivation.

Controlled, symbiotic co-cultures possess features to overcome these bottle-
necks, and co-cultures have shown improvements in yields of biomass, lipids (Yen 
et al. 2014), and high-value products (Dong and Zhao 2004). Maintaining axenic 
cultures has also proved as expensive and labor intensive, given the recurrent prob-
lem of contamination by bacteria, viruses, protozoa, fungi yeast, fungi, and micro-
plasma (Langer 2008). Moreover, parasites or grazers can outcompete the working 
cell culture and influence production outputs and cell health.

With a wide range of thallus organization, algae could be found in a diverse habi-
tat ranging from fresh to marine environments. Some commonly studied species for 
phycoremediation include Botryococcus, Chlamydomonas, Chlorella, Phormidium, 
Haematococcus, Spirulina, Oscillatoria, Dunaliella, Desmodesmus, Arthrospira, 
Nodularia, Nostoc, Cyanothece, Scenedesmus, etc. (Dubey et al. 2015; Rawat et al. 
2011). Different species of algae possess different phycoremediation attributes such 
as growth rates, photosynthesis, total biomass production, biotransformation of cer-
tain molecule, faster uptake of certain heavy metal or nutrient, etc. Therefore, a 
mixture (consortia) of selected algal species will show a better performance than 
any individual species. Different species with distinct attributes and without any 
antagonistic effects could be taken together to form a functionally distinct commu-
nity. However, for the formation of consortia, the screening of various traits of each 
constituent monoculture is necessary, as each species bear distinct inherent traits to 
make it superior than others. Association of eukaryotic algae with other organisms 
like bacteria, yeast, or cyanobacteria may be beneficial in production outputs. So, 
symbiotic/synergistic/mutualistic association of organisms in artificial co-cultures 
may produce marketable products and allow a biorefinery mode of production 
(Markou and Nerantzis 2013; Gebreslassie et al. 2013). A mixture of microorgan-
isms possessing different metabolic activities and adapted to various environmental 
conditions develops a healthy biological system that can operate under different 
nutrient loads and environmental conditions (Johnson and Admassu 2013; Boonma 
et  al. 2014). Moreover, cooperative interactions can be established between the 
microorganisms integrating the consortia, which can increases nutrient uptake rates 
(Renuka et al. 2013).

The important factors for stability of consortia are the initial inoculum size of 
constituent species, duration of log phase of each species, carrying capacities, non- 
allelopathy (toxin/antibiotic nonproducing) features, and maintenance of their orig-
inal features in the consortia (Patel et  al. 2017). The distinct features of the 
constituent species could be nitrogen fixation, luxury uptake of phosphates, heavy 
metal detoxification, high CO2 sequestration, easy harvesting feature, etc. In such 
consortia, while the nitrogen fixers will alleviate nitrogen limitation, phosphates 
from anthropogenic sources will help to enhance their growth, and heavy metal 
detoxifying strains such as Chlorella can provide a better growth condition. This 
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means, both cyanobacteria and green algae as constituent in consortia may provide 
a successful functional community. More diverse community means a higher stabil-
ity and more biomass production (Cardinale 2011). Even if open ponds are inocu-
lated with different algal species, high degree of contamination by pathogens is a 
possibility which leads to change in the original community structure. But at the 
same time, the inherent diversity and interaction within the consortia protect the 
individuals from pathogen or high light intensity. Therefore, the structural diversity 
and functional stability of consortia help in decreasing overall throughput and 
increasing the sustainability of the phycoremediation.

3  The Agents with Special Attributes

Owing to rapid industrialization and rapid growth of human population, resulting 
environmental degradation is very alarming. To deal with such situation, we need 
to follow unique approaches. Among various strategies for waste mitigation, today 
by means of algal strains with special characteristics, the nutrient removal has been 
shown to be more efficient. They possess various desired attributes like extreme 
temperature tolerance, producing high-value molecules, quick sedimentation 
behavior, mixotrophic growth potential, etc. A Phormidium sp. that was isolated 
from polar environment is capable of removing nutrients more efficiently than a 
community of green algae at temperatures below 10 °C. This strain was appropri-
ate for wastewater treatment in cold climates during spring and autumn (Tang et al. 
1997). On the other hand, Phormidium bohneri is a high-temperature alga for treat-
ing wastewater in addition to its quick sedimentation behavior (Talbot and De la 
Noüe 1993).

Some marine seaweed, green macroalgae, and their alginate derivatives show 
high affinity for various metal ions (Mani and Kumar 2014). Alginate plays a vital 
role in metal biosorption process by brown algae. So, there should be an attempt by 
scientist and industries to make the microalgal technology more eco-friendly and 
cost-effective by focusing specific uses. It can meet most of the problems and lead 
toward global sustainability.

3.1  Cyanophycean as Bioremediators

The cyanobacteria are able to fix atmospheric N2, catalyze the cycling of various 
nutrient elements, purify soil and water by discouraging growth of pathogenic 
microbes, and decompose organic substances. They could remediate heavy metals 
and detoxify pesticides and other xenobiotics to promote soil and water reclama-
tion. They contribute to agriculture by improving soil quality and promoting plant 
growth by production of enzymes, vitamins, hormones, and other bioactive com-
pounds (Higa and Wididana 1991). The restored soil fertility, land reclamation, 
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nutrient cycling, and reduced agrochemical uses not only contribute to agricultural 
sustainability but also provide environmental protection and pollution prevention 
(Shukia et al. 2008). Some researcher found that the evolution of greenhouse gases 
such as CH4 from the soils of various ecosystems is minimized to a great extent by 
the association of methanotrophs and cyanobacteria (Tiwari et al. 2015). It may be 
noted that CH4 is 28 times more potential GHG than CO2 (IPCC Fifth Assessment 
Report 2014 (AR5)).

The oxygen released by cyanobacteria during photosynthesis creates an aerobic 
environment in the rhizosphere, simultaneously reduces the methane genesis, and 
enhances the aerobic methane oxidation (Prasanna et al. 2002). As cyanobacteria 
minimizes methane flux without compromising the productivity of the flooded rice 
field, the cyanobacteria could be employed as a practical option for minimizing 
global warming potential and enhancing nitrogen fixation potential of paddy fields 
(Prasanna et  al. 2002). Increased diversity of cyanobacteria, methanotrophs, and 
other organisms in the wet crop fields promotes higher production and reduced CH4 
emissions (Singh 2015). Furthermore, the cyanobacterial N fixation resulting in 
reduced fertilizer use makes the land restoration cost-effective, sustainable, and 
safer (Pandey et al. 2014) which also conserves the diversity of methanotrophs and 
CH4 consumers. However, the cyanobacterial genetic and metabolic engineering in 
the future are expected to make the phycoremediation more effective in mitigating 
environmental pollution and empowering global sustainability.

3.2  Role of Algae for Detoxification of Organic Pollutants 
and Heavy Metal

The extensive occurrence of various toxic pollutants like heavy metals and other 
hazardous contaminants in the environment is a serious concern today. Several 
removal methods have been proposed and implemented in an eco-friendly manner 
to address various environmental pollution issues. Recent study by Oregon State 
University reveals that the marine plants and seaweeds in shallow coastal ecosys-
tems can give a major role in increasing the effects of ocean acidification. Moreover, 
researchers found that seaweed, green macroalgae, and their alginate derivatives 
show high affinity for various metal ions (Mani and Kumar 2014). It is know that 
alginate plays a significant role in metal biosorption by brown algae. The potential 
of microalgae to perform well at very low levels of contaminants without producing 
toxic sludge is easy to culture and maintain. Furthermore, microalgae have a very 
good binding affinity (because of its relatively high specific surface area and net 
negative charge) and also appropriate remediation strategies (Suresh Kumar et al. 
2015). Some earlier studies on potential of microalgae for bioremediation of heavy 
metals are noted in Table 1. There is still need of research that leads to the develop-
ment of new bioremediation technologies which use algae in engineered systems to 
mitigate toxic organic pollutants for a green environment.
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3.3  Exploiting Harmful Algal Blooms (HABs)

Algal blooms are generally a resultant of nutrient enrichment of aquatic bodies. 
Bloom is a state of higher productivity and is desired most of the times in man- 
engineered systems. However, when such blooms in nature comprise harmful cya-
nobacteria, it becomes an environmental concern because of their toxins which 
compromise the safety of water usage (Smith and Daniels 2018). Owing to inci-
dence of various illnesses in livestock and human form algal toxins, there is a world-
wide attention on harmful algal blooms which are characterized by very fast growth 
and biomass accumulation of one or several species of algae (Chen et al. 2016). The 
management challenges these blooms pose are a thorough understanding of the 
aquatic food web dynamics, community ecology, and the links with other ecosys-
tems, along with the socioeconomic welfare and the administrative issue (Qin et al. 
2015; Sun et al. 2015; Brooks et al. 2016). Thus, short-term management strategies 
of bloom control and eradication and reducing their harmful effects can lead to 
unseen damages to aquatic ecosystems and thereby significant socioeconomic 
losses (Ahlvik and Hyytiäinen 2015). On the other hand, a thorough understanding 
of the toxicological potential of HABs (Brooks et al. 2016) particularly of costal 
ecosystems is required for our safeguard and a successful management of the algal 
blooms. Therefore, there is an urgent need to improve our understanding of the toxi-
cological potential of HABs (Brooks et al. 2016), especially for coastal ecosystems 
(Halpern et al. 2008).

Research on algal bloom for exploring its potential has given rise to conversion 
of the biomass into commercial products and as natural renewable bioresources 
(Kim et al. 2015). Moreover, the natural ones, in comparison to culture biomass 
which are photoautotrophic, need a lower cost of raw material input. Further, the 
occasion of bloom formation can be exploited for the purpose of phycoremediation. 
For this purpose, we simply have to feed the existing bloom with wastewater. The 

Table 1 Some studies on algal application for bioremediation of heavy metals (Priyadarshani 
et al. 2011)

Microalgae References Metal studied

Tetraselmis chuii Ayse et al. (2005) Cu
Spirulina (Arthrospira) Platensis Arunakumara et al. 

(2008)
Pb

Spirogyra sp., Nostoc commune Mane et al. (2011) Se
Anabaena variabilis, Aulosira sp., Nostoc muscorum, 
Oscillatoria sp., and Westiellopsis sp.

Parameswari et al. 
(2010)

Cr(VI), Ni (II)

Spirogyra hyalina Nirmal Kumar and 
Cini (2012)

Cd, Hg, Pb, 
As, and Co

Scenedesmus bijuga, Oscillatoria quadripunctulata Ajayan et al. (2011) Cu, Co, Pb, Zn

Scenedesmus acutus, Chlorella vulgaris Travieso et al. (1999) Cd, Zn, and Cr

Spirulina platensis Garnikar (2002) Cu, Hg, and Pb

Chlorella minutissima Singh et al. (2011) Cr(VI)
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bloom remediates the wastewater at a much faster rate due to high population den-
sity of the algae. In this context, Sahoo (2010) found that nutrient uptake rate is 
much faster when fed to a denser algal population than low density population. In 
case of planned cultivation program, also a bloom is desired but at the cost of artifi-
cial nutrient inputs. So, the natural bloom can explored for phycoremediation pur-
pose. However, a proper management plan needs to be in place which takes care of 
wastewater input and harvest of the bloom biomass so that the ecological balance is 
maintained. Pandhal et  al. (2018) worked on harvesting of natural bloom and 
reported an improved ecosystem functioning in response to maximum rate of har-
vesting. The biomass of natural algae blooms could offer an abundant feedstock for 
conversion into various biofuel products like bio-oil, biochar, biodiesel, and so on. 
As the eutrophication and bloom ordinarily is damaging to the local ecosystems as 
well as economy, the utilization of this abundant waste biomass would provide a 
feedstock for green bioenergy while still mitigating the environmental burdens 
(Zeng et al. 2013).

3.4  Bioremediation of Soil Using Algae-Bacteria Consortia

There is a global concern for environmental impacts of soil contamination. 
Bioremediation of such areas is a high-priority research topic for researchers world-
wide. A consortium of microorganisms could be employed for such purpose. 
Consortia are generally symbiotic community of microalgae, cyanobacteria, and 
other associated aerobic or anaerobic microorganisms. They synergistically neutral-
ize various toxic, organic, and inorganic pollutants. Microalgae and bacteria com-
plement each other, and the synergy results in better remediation efficiency. Oxygen, 
and electron acceptor from algal photosynthesis, helps the degradation of organic 
matter by heterotrophic bacteria, and in turn, algae get their CO2, nutrients, and 
other stimulatory substances from bacteria (Subashchandrabose et al. 2011).

Comparing to chemical technologies, the bioremediation processes involving 
algae-bacteria consortia techno-economically feasible self-sustaining approach 
(Bose and Das 2013). The effect that is obtained from the algae-bacteria synergy is 
hardly possible from employing any single species of (Escobar et al. 2008). In com-
parison to monoculture, consortia are very robust, are resistant against invasion, can 
bear environmental stress, and can maintain a more stable community. This ensures 
more stability in their growth and production. Chemical substances on their cell 
surface acting sometimes as allelochemicals help in enhanced bacterial degradation 
of wastes (Luo et al. 2014).

Bioremediation by such approach not only minimizes the material inputs in 
terms of energy, nutrients, and CO2, but it produces biomass as by-product which 
could be utilized for various purposes (biofuel or biomaterial). Some valuable ele-
ments can even be recovered from the biomass. Such bioremediation process is 
sometimes more efficient in treatment of hazardous chemicals. Algae, because of 
their sensitivity, can serve as bioindicators to identify contamination, genotoxicity, 
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and ecotoxicity in sediment as well as in soil (Bose and Das 2013). Taking the help 
of modern molecular techniques, selected consortia can provide better results for 
waste remediation and side by side produce some desired metabolites. Further 
improvements could be achieved by application of computation biology in addition 
to experimental biology by getting more insight into the algal-bacterial interaction 
at both molecular and metabolic levels.

4  Genetic Engineering and Phycoremediation

Research advancement on algal biotechnology is exploring the method like recom-
binant DNA technique to create constructs for both prokaryotes and eukaryotes that 
may replicate and possess novel research utility. It can also be applied to modifica-
tion of algal metabolic pathways to targeted cellular activities of the photosynthetic 
cells by manipulating enzymatic, transport, and various important regulatory 
functions.

The genetically modified algae produce higher yields of the primary metabolites 
as well as by-products (Snow and Smith 2012). They do so depending on the desired 
characters for which the genes are introduced. This is a product of synthetic biology 
which provides a superior feedstock (Tabatabaei et al. 2011). The introduction of 
DNA into algal cells is done through various routes such as artificial transposons, 
particle bombardment, agitation of a cell suspension in the presence of DNA and 
glass beads, electroporation, agrobacterium infection, viruses, and silicon carbide 
whiskers. Out of these all methods electroporation and particle bombardment are 
the best ones (Rismani-Yazdi et al. 2011).

By modification of genomic DNA, desirable traits can be incorporated in algae 
to make them survive and show improved performance in harsh conditions. 
Techniques like DNA sequencing, metagenomics, hybridization, and enhanced evo-
lution are being employed as tools for this purpose (Dana et  al. 2012). Non- 
transgenic methods could even be employed to develop improved algal strains 
(Tabatabaei et al. 2011; Flynn et al. 2010). When an improved trait is incorporated, 
normally a trade-off occurs to make some other traits unfavorable (Hall and 
Benemann 2011). The major challenges of genetic engineering which influences the 
global commercialization of algae are the lower growth rate and gene quality 
(Tabatabaei et al. 2011).

However, there is a need of suicide genes to control an accidental escape and 
occurrence of any dangerous algal strain which possess high risk to environment 
(Quinn and Davis 2015). Although the bioremediation concept using algae to 
degrade pollutants in situ has lately attracted a lot of public attention, introducing 
the “genetically engineered” algae into the environment to enhance the process is 
yet to be demonstrated with success.
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5  Algal Omics in Phycoremediation

An in-depth understanding of the role of different factors related to metabolism, 
growth, function, and dynamics of the microbial communities of the contami-
nated site is required for a successful bioremediation application. Proteomics, 
transcriptomics, genomics, and metabolomics tools together are providing a cru-
cial insight into interactions in microbial communities and the bioremediation 
mechanisms and understanding of toxicity. It also helps in predicting the risks 
associated with environmental toxicity and bioprospecting of value-added prod-
ucts. This “omics” technology has become highly helpful in producing a complete 
description of nearly all components within a biological entity. Further, the tech-
nique and related data processing activity have a great value in ecotoxicological 
research (Spurgeon et  al. 2010). The different omic techniques are providing 
information about the microbes involved in soil bioremediation and their meta-
bolic responses. In addition, algal omics technology has also been extensively 
applied to the examination of algal bioremediation (Merchant et al. 2007). This 
advance technology is helping to unlock the full potential of microalgae feed-
stocks for multiple uses, through utility in an array of industrial biotechnology, 
biofuel, and biomedical applications (Guarnieri and Pienkos 2015). Thus, algae 
are emerging as highly attractive microbial cell factories in producing wide array 
of algal bio-products. The omic concept can help in driving bio-product discovery 
and optimization in microalgal systems. Moreover, multi-omic analyses of algal 
biology are evolving as a potential tool for development of biocatalyst and offer-
ing a powerful path toward hypothesis-driven strain-engineering strategies for 
enhanced TAG biosynthesis (Arora et al. 2018).

6  Global Challenges

Global issues like rapid climate change because of global warming are the major 
threat to ecosystem health and sustainable human welfare. Moreover, several 
anthropogenic stresses are hampering our day-to-day activities and ecosystems 
equilibrium. Therefore, there is need of mitigation strategies to solve this serious 
issue related to environmental pollution. Among various mitigating strategies, phy-
coremediation is a powerful tool for addressing global changes. Microalgae possess 
effective CO2sequestration capacity compared to other photosynthetic organisms. 
Furthermore, microalgae can use CO2 from flue gases and produce several high- 
value products. Production of biofuel from microalgae is a very promising 
technology.
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6.1  Changing Land Uses and Consumption Pattern

Microalgae cultivation is emerging as an important research and investment area these 
days, because of its wide potential for fuels, foods, animal feed, pharmaceuticals, 
industrial applications, and environmental benefits. In addition, microalgae promises 
many environmental benefits compared to existing waste treatment and fuel technol-
ogy. However, there are certain issues to overcome for a feasible and sustainable 
wastewater management, emissions reduction, and land use changing pattern (Usher 
et  al. 2014). Moreover, microalgae cultivation seems more advantageous owing to 
their high growth rates and option to use marginal land for cultivation, thereby mini-
mizing competition with food production as compared to other bioenergy crops. 
However, large-scale algae cultivation could have significant impacts on global energy 
scenario and agricultural and land markets, leading to considerable changes in global 
resource demands and greenhouse gas emissions (Efroymson et al. 2016).

Topographic and soil constraints limit the land availability for algal cultivation 
system in raceway pond as the large shallow ponds require relatively flat terrain. In 
addition, the soil porosity/permeability will also affect the need for pond lining and 
sealing (Lundquist et al. 2010). Solar radiation is one of the important factors influ-
encing growth of algae to achieve higher production all over the year with little 
seasonal variation. For this reason, the most suitable locations for algal cultivation 
are warm countries close to the equator where insolation is not less than 3000 h yr.−1 
and with an average of 250 h month−1 (Necton 1990; Verween et al. 2011). So far, 
the most commercial microalgae production has occurred in low-latitude regions 
such as Israel, Hawaii, and Southern California.

6.2  Climate Change Phenomena

The global warming and climatic disturbance as a consequence of environmental 
pollution have emerged as an important issue around the globe. These issues have 
drawn the attention of environmental biologists, pathologists, eco-chemists, eco-
toxicologists, and researchers from diverse fields. Moderation of climate change 
phenomena is one of the important incentives for the algal energy field in addition 
to control of global environmental pollution issues. The greenhouse gas (carbon 
dioxide, methane, and nitrous oxide) mediated global warming, and climate change 
appears to be seriously disturbing the natural world. The main source of energy in 
India is coal which is currently contributing around 54% of electricity need and may 
reach to around 70% in the future (Arora 2013). The other important energy source 
is crude oil, about 70% of which is consumed by automobiles. It is obvious that fuel 
requirements and associated pollution will increase with increasing living standard 
and expanding population.

The compatibility of cyanobacteria with predicted global climate change is expected 
to be positive as concluded from research on their in situ dynamics, evolutionary his-
tory, and ecophysiology (Paul 2008; Paerl and Huisman 2009). Many systems for algae 
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cultivation and production continue to be developed for moderate and hot climates 
(e.g., USA, Europe, and Australia) (Pankratz et al. 2017). Recently, algae cultivation 
has explored for the use in fixation of CO2, which is of higher interest in greenhouse 
gas mitigation and in biofuels production. Furthermore, algae may provide key to sci-
entists to achieve a negative emissions technology and to produce electricity, biofuels, 
value chemicals, and protein while simultaneously removing substantial amounts of 
carbon dioxide from atmosphere and reducing deforestation. Oswald and Golueke 
(1960) initially conceptualized the idea of phycoremediation involving a large-scale 
system of dozens of large (40 ha) high-rate algal ponds. The harvesting of biomass was 
done by a simple flocculation-settling procedure. Anaerobic digestion of the concen-
trated algal sludge produced biogas (methane and CO2). Microalgae are able to seques-
ter CO2 from the ambient media and also from soluble carbonates (Chanakya et al. 
2012). Many stationary industries such as cement plants, thermal power plants, refiner-
ies and petrochemical plants, and fertilizer plants are the main source of CO2 with high 
concentrations localized in the ambient environment (Mildbrandt and Jarvis 2010). 
Being environmental friendly and without any secondary pollution as in case of chemi-
cal methods of wastewater treatment, application of phycoremediation technology to 
the wastewater and gas is being thought of these days for carbon capture.

7  Conclusion

Phycoremediation is an eco-friendly solution with no secondary pollution condi-
tioned prior to harvest and utilization of the algae biomass. It has immense potential 
for future applications in various waste removal strategies. However, phycoreme-
diation is still in growing stage; there is a need to develop and optimize the pro-
cesses to treat industrial effluent. To address the sustainability issues of wastewater 
treatment as well as resource recovery, modification in the cultivation system, har-
vesting systems, extraction technology, and biomass utilization approaches (bio-
chemical and thermochemical) via an integrated/biorefinery approach is necessary. 
Genetic engineering, synthetic ecology (synthetic consortia), and omics approach 
of algae are futuristic approaches to optimize the phycoremediation technology. 
This simple technology has the ability to address the global issues of land use 
changes and global climate change.
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The Diatoms: From Eutrophic Indicators 
to Mitigators

Aviraj Datta, Thomas Kiran Marella, Archana Tiwari, and Suhas P. Wani

1  Introduction

Human activities can bring negative effects in the environment. Any substance that 
can cause a negative effect in the environment is considered a pollutant which has 
to be controlled in order to reduce adverse impacts. Pollutants can come from dif-
ferent sources, although human activities like agriculture, change of land use, and 
others are one source of production of pollutants which can affect the environment 
(Gottschalk et  al. 2011). Elevated nutrients contribute to poor lake ecosystem, 
which highlights the need for efficient nutrient removal strategies that enable us to 
protect or restore the water bodies from eutrophication. Biological elements, such 
as macroinvertebrate species, macrophytes, diatoms, and zooplankton, have been 
used to monitor nutrient changes (Lougheed et al. 2007). Diatoms are one of the 
most explored species for water quality assessment around the world, due to their 
sensitive time-dependent response (Stevenson 2014).

The main purpose of developing biological monitoring strategies is to enable 
researchers to assess water quality of lotic and lentic systems. This approach makes 
use of aquatic biota to evaluate complex and dynamic changes in water quality. 
Biotic communities are generally sensitive to inflow of chemicals and change in 
physical factors that bring about a change in their morphology and diversity which 
reflects the physiochemical conditions of the ecosystems. This approach uses biota 
to represent the general environmental conditions and assess environmental quality 
of the monitored ecosystem.

The biotic organisms of water include macroinvertebrates, phytoplankton, zoo-
plankton, phyto-benthic macroinvertebrates, and the fish communities (De Pauw 
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et al. 2000). The ecological indicators are used based on species diversity of these 
organisms to monitor water quality, hydrology, and the overall health of a water 
body. Indicators species are used to monitor the levels of toxins, physicochemical 
parameters, and the overall nature of the water resource (Nixon 2009).

The role played by algae is crucial in all water ecosystems. They are identified as 
strands or filaments in rivers and along the lake shorelines and act as a link between 
the biotic and abiotic environments. The algal community assemblage and abun-
dance change in response to water quality fluctuations, and this can be attributed to 
their direct reliance on making them sensitive to water quality changes. The sensi-
tivity of algae to water quality changes makes them useful as bioindicators of the 
physical and chemical properties in water environments. Diatoms are single-celled 
organisms and basically the lone member group of algal organisms applied in 
aquatic studies until recent years (Ruhland et al. 2008). They are represented by 
over 100,000 species all over the world and are identified in rivers and from the lake 
shorelines as brown, slimy covering on submerged substrates such as mud, sand, 
macrophytes, or rocks. The benefits of diatoms used as bioindicators include the 
following: they are easily identifiable under a microscope, and they have cell walls 
with each species having specific shape and morphological structure. Diatom clas-
sification is well detailed and defined, as well as various species tolerance to envi-
ronmental changes. The species cell walls composed of silica from silicon resist 
decomposition, and so can be preserved, thus providing a permanent record whereby 
short- or long-term changes can be assessed (Cox 1991). Moreover, historical con-
ditions of water can be projected by use of the species cell walls preserved in sedi-
ments at the bottom of the lakes (Lavoie and Campeau 2010).

Diatoms play a major role in biomass production and sinking of atmospheric 
greenhouse gas in oceans. Diatoms are responsible for about 20% of the total pho-
tosynthetic CO2 fixation, which is equivalent to the photosynthetic activity of all 
rainforests combined and approximately 40% of annual marine biomass production 
(Falkowski et al. 1998). Diatoms are exceedingly robust and can inhabit virtually all 
photic zones from the equator to arctic where they are extensively studied for their 
usefulness as indicators of changes in physiochemical conditions due to their rapid 
response to any slight changes. Thus, diatoms show high degree of flexibility in 
varied culture conditions that could be useful for their use in biotechnological appli-
cations despite challenging conditions. Diatoms are sensitive to changes in their 
aquatic environments and are reliable indicators of the water quality. The reason for 
this is their reproduction rate, which allows for significant increase in population of 
a given species under favorable conditions while other species concurrently decrease 
or disappear.

Diatoms are members of the heterokont class of algae, which are highly differ-
ent, and have a more complex evolutionary history than green algae and vascular 
plants. The evolutionary age of diatoms has been estimated from molecular genetic 
data as 165–240 M·ya (Kooistra and Medlin 1996), which is in reasonable agree-
ment with the fossil record. Diatoms are secondary endosymbionts and part of the 
heterokont group, which includes other silica-forming algae. Diatom genomes are a 
complex mixture derived from combination of higher organisms of both plant and 
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animal origin. This unique combination gave diatoms a peculiar metabolic profile 
and process which is different from other algae (Armbrust et al. 2004). The evolu-
tionary success of diatoms is also connected to their cell wall which is made up of 
silica which needs lower energy requirement to build when compared with (Raven 
1983).

Diatoms are divided into four major groups based on their cell wall structure, 
radial centrics, bipolar and multipolar centrics, araphid pennates, and raphid pen-
nates (Fig. 1). All these groups have evolved under decreasing CO2 levels during the 
Mesozoic era (Armbrust 2009). This has led to an advanced carbon-concentrating 
mechanism making them highly adaptable to changing CO2 levels.

Silica cell wall gives diatom algae an advantage of enhanced sinking rate which 
results in increased carbon burial in shallow seas and continental margins (Smetacek 
1999; Falkowski et al. 2005) and are known to be primary contributors to present 
nascent petroleum reserves.

Diatoms are useful indicators of water quality because of their diversity in varied 
environments, species richness, and dynamic response to changes in physicochemi-
cal conditions of surrounding ecosystem (Dixit et al. 1992; McCormick and Cairns 
1994). Diatoms play a significant role in controlling and biomonitoring of organic 
pollutants, heavy metals, hydrocarbons, PCBs, pesticides, etc. in aquatic ecosys-
tems. Although diatoms are extensively studied for their role as indicators of differ-
ent kinds of water pollution, their application in phycoremediation of polluted water 
bodies has just started. In this chapter we explore the potential of diatoms as indica-
tor species for pollution and their implications on wastewater treatment.

Fig. 1 Different silica frustule shapes and intrinsic frustule designs of diatoms Aulacodiscus sp., 
radial centric; Amphitetras sp., polar centric; Didymosphenia sp., raphid pennate; and Podocystis 
sp., araphid pinnate (Kröger and Poulsen 2008)
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1.1  Why Diatoms as Bioindicators, Sensitivity of Diatoms 
to Physiochemical Changes

It is paramount to understand the biological, chemical, and physical processes of 
any water body in order to determine the mass balance of pollutants into and out of 
the system. The pollution of fresh water bodies from excess nutrients and hazardous 
chemicals is one of the greatest environmental issues of the developing world. For 
successful mitigation to these issues, along with treatment efficient monitoring 
approaches are needed. Ecosystem monitoring employs physical-, chemical-, and 
biological-based methods for routine monitoring. Although chemical and physical 
methods provide instant results, they do not provide us with information on previ-
ous dynamic changes of the ecosystem, but with biological monitoring we can get 
information on long-term effects on the ecosystem by different physicochemical 
fluxes. Therefore, complementing biological monitoring with physicochemical 
monitoring is the right way to monitor water quality.

In order to be considered as bioindicators, the species which are being monitored 
should show a strong correlation with a physiochemical parameter, should have a 
narrow tolerance range to that parameter, and should be commonly found in the 
sample. Diatoms meet all these criteria which make them ideal for biomonitoring 
water quality. Diatoms are present in all aquatic ecosystems due to which same spe-
cies can be compared for assessment of different habitats like lakes, wetlands, 
oceans, streams, etc. Diatoms grow as attached biofilm on solid substrates so they 
can be monitored by sampling these substrates even when the water body is dry. 
Due to their faster growth rate compared to other species, they can give us an early 
warning to impeding pollution and water quality restoration. Diatom-based moni-
toring is cost-effective when compared with other methods, and they give an added 
advantage of retaining the samples for longer times for long-term studies. These 
attributes make diatom-based biomonitoring of water habitats an important param-
eter for habitat assessment in many countries worldwide.

Diatom-based water quality indices have been developed for monitoring water 
quality in many geographic areas. Nutrient influxes along with some physicochemi-
cal parameters are key factors which influence diatom growth and survival. Diatoms 
respond to nutrient influx by changing their community structure in terms of species 
response, where specific diatom species dominate nutrient-rich waters, whereas 
others prefer nutrient-depleted conditions. This dynamic response makes diatoms 
ideal indicators of nutrient enrichment. Physical and chemical monitoring methods 
where water samples are picked at one defined time cannot provide this dynamic 
nutrient influx data. Monitoring nonpoint source pollution of inorganic nutrients 
like phosphorus is quite difficult even with multiple sampling efforts due to its sud-
den fluctuations. With diatom-based monitoring, when diatom communities are 
exposed to cumulative nutrient, diatoms respond by changing their community 
structure leading to better monitoring efficiency (Table 1).

Nutrient monitoring based on diatoms is used widely since they are the major 
primary producers with an ability to strongly reflect their ecosystem nutrient 
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 concentrations by their community structure. Diatoms are useful for monitoring 
nutrient influx into lakes due to their relative abundance and richness which can 
provide a sensitive index for physicochemical changes (Black et al. 2011). Some 
diatom- based models measure interaction between diatom community dynamics, 
and nutrients can provide nutrient concentration information which will be useful to 
develop efficient management practices. Macroinvertebrates and fishes have also 
been used as biomonitors (Hering et al. 2006), but diatoms have an advantage due 
to their increased sensitivity (Leira and Sabater 2005). Benthic diatoms are known 
to be influenced more by local factors like major nutrients, pH, etc. than large-scale 
factors like climate and geology (Stevenson and Pan 1999; Leland 1995). Benthic 
diatoms also respond well to hydro-morphological modification and nutrient enrich-
ment (Hering et al. 2006; Rott et al. 2003).

1.2  Taxonomy of Indicator Species from Different 
Environments

Diatoms are ecologically diverse and extensively distributed in both fresh and saline 
habitats. There are diatom species that are very tolerant with a wide ecological 
valence, yet other species have tolerance levels that are distinct and narrow optima 
for many environmental variables; these attributes enable them to be remarkably 
applied in quantifying environmental features with great precision (Dixit et  al. 
1992). Excess nutrient loading and organic contamination have been regularly mon-
itored using diatoms and indices of various types developed to quantify the quality 
of water (Rott et  al. 2003). Some of the extreme pollution-tolerant species are 
Navicula atomus, Nitzschia palea, Gomphonema parvulum, Navicula cryptoceph-
ala, and Navicula minima, and species sensitive to extreme pollution are Achnanthes 
biasolettina, Cocconeis placentula, and Gomphonema minutum. Heavy metal pol-
lution can result in cell wall deformities and loss of diversity caused which are use-
ful indicators to monitor heavy metal pollution (Walsh and Wepener 2009).

Intrinsic silica patterns on diatom frustule make diatoms unique in terms of taxo-
nomic identification up to strain level compared to other algal species. Species 
diversity and biomass in terms of bio-volume are the two main criteria which are 

Table 1 Diatom-based monitoring of different parameters from varied ecosystems reported in 
literature

Ecosystem Monitoring parameter/impact References

Rivers, streams Eutrophication Lobo et al. (2004)
Heavy metal contamination Leguay et al. (2016)

Lakes Eutrophication Poulíčková et al. (2004)
Heavy metal contamination Cantonati et al. (2014)

Marine benthos Various environmental parameters Weckström and Juggins (2006)
Marine biofilm Eutrophication Cibic and Blasutto (2011)
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based solely on diatom-based monitoring. Sampling habitat plays a significant role 
in effectiveness of biomonitoring. Sampling of rocks and hard surfaces is recom-
mended in the European Union (Kelly et al. 1998), whereas in US programs random 
sampling of any available substrate is recommended (Weilhoefer and Pan 2007). 
Species composition and biomass in terms of cell bio-volume are two of the key 
parameters on which diatoms can be differentiated from other algae and microbes 
(Table 2).

1.3  Diatom-Based Water Quality Indices

Water chemistry significantly influences diatom assemblage communities. Diatom 
development and structure respond extensively to eutrophication, organic pollution, 
fluctuations in conductivity and pH, and elevated levels of sediments suspended in 
water. Most researches have documented relationships between concentration of 
nutrients and assemblage of diatom communities and likened a high amount of the 
community difference proportionally to the recorded nutrients in the water bodies 

Table 2 Indicator species of diatoms for different physiochemical parameters of wastewater

Species Indicator for

Nitzschia palea Organic pollution
Nitzschia fonticola Organic pollution
Fragilaria capucina Heavy metal
Achnanthidium minutissimum Heavy metal
Fragilaria ulna var. acus (Kütz.) Lange-Bert. High conductivity
Eunotia sp. Eutrophication
Diatoma vulgare Eutrophication
Eunotia exigua, Gomphonema angustum pH
Amphora veneta, Gomphonema rautenbachiae pH
Melosira nummuloides Salinity
Melosira sp. Flow rate
Cocconeis sp. Flow rate
Gomphoneis herculeana, Achnanthidium sp., Achnanthes subhudsonis 
var. kraeuselii

Eutrophication

Gomphoneis herculeana, Achnanthidium sp., Achnanthes subhudsonis 
var. kraeuselii

Low total phosphate 
(TP)

Luticola goeppertiana, Navicula recens, Nitzschia inconspicua, Nitzschia 
palea, Rhopalodia sp., Eunotia sp.

High TP

A. minutissimum, Cocconeis placentula, Surella construens, Sorella 
pinnata

Nitrogen 
(autotrophic)

Gomphonema parvulum, Eolimna minima, and Nitzschia palea Nitrogen 
(heterotrophic)

Navicula sp., Nitzschia sp., Surirella sp. Silt tolerant
Eunotia sp., Pinnularia sp. Acidic pH
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(Torrisi et al. 2010). Others, on the other hand, have noted significant correlations 
among type of substrate, dissolved oxygen, and alkalinity (Blinn and Herbst 2003).

Lake classification based on algae is well documented in the literature (Stoermer 
1978), which are listed in Table 3. Many classification systems employ diatoms to 
assess the water quality (Hecky and Kilham 1973; Carpelan 1978).

1.4  Studies on Water Quality Monitoring Using Diatoms

Anthropogenic pollution of surface waters in many countries has led to increased 
stress on water ecosystems. To understand and monitor its effect, we need to place 
more emphasis on developing trophic variables. In some European countries, sev-
eral diatom-based indices have been employed and are being used routinely (Prygiel 
et  al. 1999). The European Water Framework Directive (WFD) (Bennion and 
Battarbee 2007) has encouraged the application of ecological studies to understand 
the impact of anthropogenic pollution on fresh water ecosystems (Muxika et  al. 
2007). The WFD mandates the use of ecological monitoring of rivers and lakes 
based on biological indicators like microalgae, fish, invertebrates, macrophytes, etc. 
of which diatoms are most commonly used species (King et al. 2006). In Latvia, 
Furse et al. (2006) reported that diatom-based diversity indices correlated strongly 
with environmental variables when compared with macrophytes and fish. With con-
version of community response to a particular gradient into a continuously moni-
tored variable by using diatoms, we can simplify ecological monitoring of water 
bodies. Studies related to effects of eutrophication have shown that diatom metrics 
detect eutrophication more efficiently than other metrics studies (Hering et  al. 
2006). All these studies providing strong evidence of usefulness of diatoms as 

Table 3 Diatom-based water quality indices

Abbreviation Nomenclature Reference

CEE Commission for economical community 
metric

Descy and Coste (1991)

DESCY Descy’s pollution metric Descy (1979)
EPID Pollution metric based on diatoms Dell’Uomo (1996)
IBD Biological diatom index Prygiel et al. (1999)
IDG Generic diatom index Prygiel et al. (1996)
IDAP Indice Diatomique Artois-Picardie Prygiel et al. (1996)
L&M Leclercq and Maquet’s pollution index Leclercq and Maquet (1987)
ROOT Trophic metric Rott et al. (1999)
SLAD Sla’decek’s pollution index Sládeček (1986)
TDI Trophic diatom index Kelly and Whitton (1995)
WAT Watanabe et al. pollution metric Watanabe (1988)
ABSS Abundance of reference taxa Delgado et al. (2010)
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bioindicators resulted in their increased use as tools for efficient monitoring of 
water quality (Gómez and Licursi 2001; Wu and Kow 2002).

Although several authors (Stoermer and Yang 1970; Tilman et al. 1982) showed 
that diatoms are useful indicators of water quality, still the development of new 
indices is necessary for many geographic locations before their widespread applica-
tion in monitoring studies. The development and wide use of software packages, 
such as Omnidia, which facilitates calculation of indices, is quite helpful (Eloranta 
and Soininen 2002; García et al. 2008). In North America, the use of diatom metrics 
based on sensitive and tolerant species is more widespread (Fore and Grafe 2002; 
Passy et al. 2004).

2  Role of Diatoms as Bioindicator in the Performance 
Evaluation of Constructed Wetland

Constructed wetlands are ecological systems which are influenced by a combination 
of physicochemical and biological processes. In order to maintain them, a balance 
between these processes is paramount. In a constructed wetland, ecological food 
web consists of planktonic and benthic algae, bacteria, and other higher trophic 
organisms, but the majority of the primary productivity is fueled by sunlight and 
nutrients available in influent wastewater. Algae are a part of any wet habitat, and 
they are an integral part of any wetland ecosystem. Many different species of algae 
inhabit CWL depending on the type of vegetation. In CWL many types of vegeta-
tion are promoted depending on the design like free floating, rooted floating, sub-
merged aquatic, emergent aquatic, and shrubs. All these different vegetation 
techniques are used in the presence of wastewater at different depths; this leads to a 
congenial environment for benthic diatom algae which grow as colonies on sub-
merged substrates and include epiphytic, epipsammic, epipelic, and epilithic forms. 
Structure and productivity of benthic diatom community is influenced by nutrient 
loading into CWL (Gaiser et al. 2014). So by monitoring the dynamics of diatoms 
on submerged and emerging plants and other substrates, we can access water quality 
and treatment efficiency of a CWL, and it can be a suitable alternative for physio-
chemical analysis to evaluate wetland performance and evaluation.

2.1  Assessment of Wastewater Characteristics Through Diatom 
Species Diversity

Using diatoms as indicators of wastewater quality can be attributed to their presence 
in diverse ecosystems, sensitivity to changes in nutrient and environmental condi-
tions, and easiness to access their diversity. Their significance in water ecosystems 
is linked to their primary role in aquatic food webs and biogeochemical cycle 
(Lamberti 1996; Mulholland et al. 2008).

A. Datta et al.



27

Diatoms are diverse species which are present in all wetland ecosystems through-
out the world. They show dynamic sensitivity response to different range of water 
pollution. Their fast growth rate enables them to inhabit new habitats in rapid time 
which makes their species monitoring ideal for studying their response to environ-
mental change. Their fast response in terms of species diversity and abundance 
gives them a competitive advantage over physicochemical sampling, where sudden 
spike in a parameter can lead to ecological significant fluctuations which cannot be 
monitored over time. Benthic diatoms are attached to substrates so they are confined 
to particular habitats with specific physiochemical characters which make them 
ideal for biomonitoring of those environments (De la Rey et al. 2004). The species- 
specific response of diatom to varied conditions can be studied by their increase in 
biomass and species diversity (Patrick 1961). Benthic diatoms have been increas-
ingly used to monitor physiochemical changes such as pH, conductivity and organic 
nutrients, eutrophication, and global warming problems.

2.2  Importance of Diatoms in Water Quality Management 
and Natural Food Production in Aquaculture

Microalgae are major contributors to nutrition in natural marine and fresh water 
ecosystems and in aquaculture. Being major primary producers in oceans, diatoms 
are major food for many marine invertebrates. Diatoms also contribute as natural 
food in intensive aquaculture systems by forming the base of aquatic food web. 
Dissolved oxygen (DO) is one of the major factors influencing aquatic animal’s 
metabolism and growth. Decreased dissolved oxygen in intensive aquaculture sys-
tems is a serious concern. Artificial aeration using electrical aerators adds additional 
costs and risks. By growing diatoms we can increase the DO levels in ponds very 
rapidly, and as diatoms move in the water column depending on light requirement, 
DO increase will be achieved even in the middle and bottom of the ponds which is 
not the case when we use mechanical aeration.

In aquaculture ponds, some phytoplankton species are considered undesirable, 
especially blue-green algae (BGA), sometimes called cyanobacteria, and are par-
ticularly troublesome. Due to their higher light requirement, they always grow as 
mats on top of the water column resulting in decreased mixing of atmospheric gases 
into the water leading to less DO. BGA also produce smelly compounds which give 
off odor to cultured organisms which can result in poor meat taste. Some BGA spe-
cies like microcystis produce toxins that can kill fish and shrimp. By growing dia-
toms we can efficiently reduce the problems associated with BGA growth. BGA 
mainly dominate the ponds when there is high nutrient content and high pH; by 
growing diatoms which can utilize nutrients much faster than BGA and also help in 
lowering pH by maintaining water quality, we can eradicate BGA growth in aqua-
culture ponds.
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Aquaculture ponds contain bacteria and viruses that can infect cultured organ-
isms and thus potentially devastate aquaculture farms. These same Bacteria and 
viruses can also  infect diatoms, so diatoms have developed self-defense mecha-
nisms to protect themselves like secretion of compounds that inhibit bacterial 
growth or viral attachment so by transferring this compounds to feeding animals 
and also some species of microalgae especially diatoms grow on surface of the fish 
and shellfish there by it induces immunity to many harmful water born bacterial and 
viral pathogens in shrimp, fish and shell fish.

Diatoms possess many advantages as natural food in aquaculture. Their size and 
shape are ideal for ingestion and easy digestion; their biochemical composition is 
ideal for culture species and zooplankton with the right amount of carbohydrates, 
proteins, and fats. Diatoms also provide many phytonutrients like PUFAs – e.g., 
EPA, arachidonic acid (AA), and DHA.

3  Potential to Treat Effluents from Constructed Wetlands

The role of algae as primary producers and in nutrient cycling of wetlands is well 
established (Wu and Mitsch 1998). Diatom assemblages are increasingly used in 
lake bio-assessment and paleolimnological studies (Dixit et al. 1992). Weilhoefer 
and Pan (2007) found that diatoms growing on submerged macrophytes, sediment 
surface, and in the water column in wetlands are ideal for diatom-based wetland 
bio-assessment. Although much research is focused on using diatom-based biomon-
itoring of wetlands, their importance in mitigation of eutrophication through excess 
nutrient removal and natural oxygenation through photosynthesis is not well 
explored.

Phycoremediation using microalgae was considered as one of the effective ways 
to deal with water pollution because it causes no secondary pollution and has high 
efficiency and low cost (Olguın 2003). Furthermore, microalgae have the ability to 
use inorganic nutrients (N and P), metabolize organic compound, and remove heavy 
metals and toxic organic compounds, which were then converted into biomass 
(Renuka et al. 2015). The biomass may be harvested and used in various applica-
tions, which then assist in purification of the wastewater, besides reducing the bio-
chemical oxygen demand (BOD), resulting from biodegradation of the dead cells in 
the treated water.

Wetlands are ideal environments to mitigate nutrient-enriched surface waters. 
Denitrification process in wetlands was known to happen at sediment interphase 
(Payne 1991). But recent research has shown that maximum denitrification rate was 
achieved in upper 3–5 cm of wetland sediment which is dominated by periphyton 
attached to natural substrate especially dominated by diatoms (Eriksson and Weisner 
1997). Ishida et al. (2008) studied the potential relation between the algal commu-
nity structure and bacterial cell densities and denitrification rates and found that 
elevated denitrification rates were found in periphyton with high relative diatom 
concentration but not with green or blue-green algae. Diatoms also contributed to 
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increase in bacterial density; this might be due to specific relationship between dia-
tom and bacterial community structure.

3.1  Effect on Dissolved Oxygen Concentration

Dissolved oxygen is one of the key factors which influence the survival rate of not 
only cultured organism but also aerobic bacteria in aquatic ecosystems. Due to high 
amount of oxygen in the atmosphere (21%–300 mg L−1 of air), terrestrial organisms 
rarely experience its depletion. But in aquatic environments, solubility of oxygen is 
less than 1% of its solubility in the air. This amount of oxygen solubility in water 
depends on factors like pH, temperature, and surface area. At an atmospheric pres-
sure of 1, saturated DO concentrations can reach a maximum of 9 mg L−1 at 20 °C 
which is much less when compared with its concentration in the air (Wetzel 1981).

The significant O2 generation from algal photosynthesis can offset the cost 
incurred by wastewater treatment plants and aquaculturists for mechanical aeration 
(Mallick 2002). Oxygenation due to algal photosynthesis in oxidation ponds facili-
tates enhanced breakdown of organic and inorganic compounds by aerobic bacteria 
(Munoz and Guieysse 2006). Algal photosynthesis provides dissolved oxygen for 
aerobic bacteria, while the bacteria provide carbon, nitrogen, and phosphorus 
needed by algae for growth. The technique has been widely utilized in treating agri-
cultural, municipal, and industrial wastewater. Algae growth especially blue-green 
algae which grow on water surface can hinder light penetration and gaseous 
exchange in ponds with submerged vegetation leading to hindered growth and lower 
DO levels.

3.2  Residual Nutrient Removal Efficiency

Diatom algae can dominate under nutrient-limiting and excess conditions; it is 
shown that diatom species outcompete non-nitrogen-fixing cyanobacteria under low 
nitrogen concentration in a eutrophic lake (Amano et al. 2012). Enhanced carbon 
fixation ability and concomitant nutrient removal capability increase the applicabil-
ity of diatoms for CO2 mitigation and wastewater treatment. Diatom algae produce 
oxygen during photosynthesis which acts as stimulant for heterotrophic bacterial 
growth which in turn can enhance bacterial degradation of organic pollutants (de 
Godos et al. 2010). Growth of benthic diatom Nitzschia sp. has resulted in enhanced 
aerobic bacterial activity in sediment layer which can lead to accelerated decompo-
sition of organic matter (Yamamoto et al. 2008). Phthalate acid esters (PAEs) are 
commonly occurring priority pollutants and endocrine disruptors. Marine benthic 
diatom Cylindrotheca closterium has shown increased PAE removal rate in surface 
sediments. In bottom sediment it helped in increase of aerobic bacterial growth 
by  photosynthetic oxygen, thereby resulting in a combination of 
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bacteria-diatom- dependent PAE removal (Li et al. 2015). Diatom Stephanodiscus 
minutulus under optimum nutrient availability has shown increased uptake of PCB 
integer 2,2′,6,6′-tetrachlorobiphenyl (Lynn et al. 2007). Polyaromatic hydrocarbon 
(PAH) phytoremediation has limited success rate due to their high toxicity, but dia-
toms Skeletonema costatum and Nitzschia sp. have shown accumulation and degra-
dation of phenanthrone (PHE) and fluoranthene (PLA), two typical PAHs (Hong 
et al. 2008). Diatom algae-produced O2 can help in bacterial degradation of PAHs, 
phenolics, and organic solvents in benthic environments. Diatom Amphora coffeae-
formis is known to accumulate herbicide mesotrione (Valiente Moro et al. 2012). 
The potential of diatom algae in biodegradation and accumulation of pollutants is 
enormous, but till date little research is done in this field.

3.3  Role in Pathogenic Bacteria Removal

Phytoplankton and bacteria have coexisted in the environment for millions of years. 
There exists a positive and negative allelopathic interaction between the both. 
Microalgal photosynthesis can enhance pathogen removal by changing the water 
physical parameters like increased pH, dissolved oxygen, and temperature (Ansa 
et al. 2011). Diatoms develop natural defense mechanism to protect against bacteria 
which can harm them and are often harmful to humans and animals also. Effective 
control of some harmful bacteria can be achieved, if we can grow natural diatom 
populations in wastewaters which have innate defense mechanism to control their 
growth. Diatoms secrete volatile and nonvolatile substances like fatty acids, esters, 
and polysaccharides as antibacterial compounds to control their growth (Lebeau 
and Robert 2003). Many of these hydrophobic molecules act as deterrents to bacte-
ria by disrupting their cell signaling mechanisms during their adhesion to diatom 
cells. In a study on diatom Navicula delognei by Findlay and Patil (1984), fatty 
acids and sterols have shown strong antibacterial effect against pathogens like 
Staphylococcus epidermidis, Salmonella enterica, etc. Diatom Phaeodactylum 
tricornutum- produced eicosapentaenoic acid (EPA) has shown to inhibit gram- 
positive bacteria (Desbois et al. 2009). The same diatom has also shown inhibitory 
effect on multiresistant staph aureus (MRSA) (Desbois et al. 2009). Chetoceros sp. 
a marine planktonic diatom when maintained at higher concentration in the aqua-
culture ponds has lead lowered pathogenic bacteria like Vibrio vulnificus and simul-
taneously reduced propagation of viruses in shrimp production system. Diatom 
Skeletonema costatum was shown to inhibit Vibrio, a pathogen of fish and shellfish 
(Naviner et al. 1999). Many pathogenic bacteria are anaerobes which cause many 
respiratory, digestive, and urinary tract infections which are waterborne. Walden 
and Hentges (1975) have shown that anaerobic pathogenic intestinal bacteria growth 
was inhibited in the presence of oxygen; so to counter this, many anaerobes grow at 
oxygen-deficient zones especially in the sediment layer of wastewater ponds. 
Mechanical aeration cannot provide enough oxygen to these zones leading to 
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proliferation of harmful bacteria. This can be reversed if we can promote diatom 
growth in these ponds with high sediment accumulation as benthic diatoms are 
known to produce high amount of oxygen even inside the sediment leading to aero-
bic zones.

4  Diatom-Based Excess Nutrient Removal from Eutrophic 
Water Bodies

Diatoms can be grown using agricultural and municipal wastewater. Wastewater 
contains macronutrients like nitrate, phosphate, silica, and other trace metals which 
are essential for algal growth. Hence growing algae in wastewater can be economi-
cally and environmentally beneficial as it can lead to decreased water treatment cost 
with an option of generating value added (Oswald 1988). The combination of three 
roles of microalgae in CO2 mitigation, wastewater treatment, and biofuel production 
has the potential to decrease the use of fresh water for biofuel production and on 
climate change through CO2 removal; however many crucial challenges like isola-
tion of algal strains with high growth and nutrient uptake, integration of algal growth 
system with wastewater treatment systems, improved algal harvesting, and life 
cycle analysis are to be further explored to maximize the enormous potential of 
algal biofuels. Benthic diatoms are the dominant algal community in wastewater 
bodies, and they contribute significantly to nutrient removal and primary productiv-
ity in water.

Any wastewater treatment plant had to remove high concentrations of N and P 
present; if not treated this will cause eutrophication to downstream waterbodies. P 
is very difficult to remove in a conventional STP as there are very few phosphorus- 
removing bacteria present than nitrate-removing bacteria, so it is primarily removed 
by chemical precipitation which cannot be recycled. Algae-based treatments are 
more efficient in removing excess P from wastewater than chemical treatments. 
Microalgae especially diatoms are efficient in utilizing N and P along with other 
metals present in wastewater for their growth through photosynthesis and play a 
significant role in excess nutrient mitigation. Furthermore, an algae-based bioreme-
diation is more environmentally amenable and sustainable as it does not generate 
additional pollutants such as sludge; resultant algae biomass rich in nutrients can be 
used as low-cost fertilizer or as animal feed (Munoz and Guieysse 2006).

4.1  Diatom Physiological and Morphological Advantages 
for Efficient Nutrient Removal

Silica cell wall plays a significant role in carbon-concentrating mechanism (CCM) 
with diatom bio-silica acting as an effective pH buffer enabling increased carbonic 
anhydrase activity near cell surface which enables conversion of bicarbonate to CO2 
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(Milligan and Morel 2002). Silica cell wall gives diatom algae an advantage of 
enhanced sinking rate which results in increased carbon burial in shallow seas and 
continental margins (Falkowski et al. 2005) and are major contributors to nascent 
petroleum reserves.

Diatoms possess larger storage vacuole compared to other algae which is one of 
the main factors for their dominance in oceans (Raven 1987). Nutrient utilization 
which is an important factor influencing growth is dependent on surface to volume 
ratio were smaller cells have an advantage but diatoms with their large storage vacu-
ole can store nutrients inside the cell thus nullifies this factor even with large surface 
area. Thus in nutrient replete conditions, diatoms store nutrients, this enables them 
to perform several cell divisions even in deplete conditions, and this will further 
influence their dominance by preventing other algae to grow. Diatom algae consis-
tently achieved growth rates in the range of two to four divisions per day which is 
much higher than other algae tested with the same size (Furnas 1990). Diatom algae 
can dominate other eukaryotic algae even under high turbulence, and mixing this 
makes them ideal for mass culturing under varied mixing regimes.

Diatom carbon fixing ability is greater than other algal groups in terms of pro-
ductivity per unit of carbon. In comparison with Chlorella vulgaris, diatom 
Phaeodactylum tricornutum has shown two times more efficiency in converting 
light energy into biomass. This shows that diatoms have higher photosynthetic 
efficiency in low light conditions when compared with green algae (Smetacek 
1999).

Diatoms lack α-carotene biosynthetic pathway which enables them to produce 
photo-protective and light harvesting pigments from the same precursors (Wagner 
et al. 2006). Diatom can perform both C3 and C4 biochemical fixation with a com-
plete urea cycle (Armbrust et al. 2004). Diatoms store carbohydrate in the form of 
chrysolaminarin which is a soluble form of carbohydrate, whereas other classes of 
algae store in the form of starch in chloroplast. Although diatoms are not efficient in 
storing carbohydrates, relative energy required to utilizing soluble carbohydrate 
stored in CV to unsoluble carbohydrate stored in chloroplast is less (Hildebrand 
et al. 2012).

Diatoms synthesize their frustules with silica. The source of silica for diatoms is 
dissolved silicic acid which is absorbed in low quantities by silicic acid transporter 
proteins. The energy required to build silica cell wall is much less when compared 
with lignin or polysaccharide cell wall; this will also help in carbon saving as carbon 
in cell wall is replaced by silica and the carbon replaced is used for other cellular 
functions (Raven 1983). All these significant differences in cell structure and func-
tion might have contributed to the dominance of diatoms.
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4.2  Studies on the Use of Diatoms for Different Wastewater 
Treatment

Integrating municipal wastewater treatment with microalgal cultivation can be a 
sustainable option for the existing STPs as it can reduce the high-maintenance costs 
and input cost for civil construction. Municipal wastewater contains ammonia, 
phosphate, and other essential nutrients which are required for microalgal growth. 
Over the past decade, many studies have been done on growing microalgae on dif-
ferent types of wastewaters like domestic wastewater, agricultural runoff, dairy 
wastewater, and industrial and municipal waste streams, and the success of these 
studies was dependent on biotic and abiotic factors. Majority of these studies con-
centrated on the use of green and blue-green algae, but in recent times, diatoms are 
increasingly recognized for their phycoremediation potential (Table 4).

In the 1950s, Oswald designed large-scale algae-based open pond systems called 
high-rate algal pond (HRAP). Algae photosynthesis was used to fulfill the oxygen 
demand to treat domestic wastewater which was a very efficient system for waste-
water treatment (Olguın 2003). HRAP are shallow open ponds; under optimum 

Table 4 Nitrogen and phosphorus removal efficiency of microalgae grown using different 
wastewaters

Algal strain
Wastewater 
source

Treatment 
time

Removal efficiency (%)

Reference

Total 
nitrate 
(TN)

Total 
phosphate 
(TP)

Chlorella vulgaris MWWa 09 78 87 Ruiz-Marin 
et al. (2010)

Scenedesmus 
dimorphus

IWWb 08 70 55 González et al. 
(1997)

Scenedesmus 
obliquus

MWW 08 79 47 Ruiz-Marin 
et al. (2010)

Arthrospira 
platensis

IWW 15 96 87 Phang et al. 
(2000)

Oscillatoria sp. MWW 14 100 100 Craggs et al. 
(1997)

Phaeodactylum 
tricornutum

MWW 14 100 100 Craggs et al. 
(1997)

Mixed culture DWWc 15 96d 99 Woertz et al. 
(2009)

Mixed (diatom 
dominance)

MWW 23 82 88 Marella et al. 
(2015)

Diatom consortium MWW 07 91 88 Marella et al. 
(2018)

aMWW – municipal wastewater
bIWW – industrial wastewater
cDairy wastewater 25% dilution
dTotal ammoniacal nitrogen (TAN)
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 conditions BOD removal rates were as high as 3500  mg  m2 d−1 with hydraulic 
 retention time of 4–10 days. A modified version of this was advanced integrated 
wastewater pond systems (AIWPS) which are a series of facultative, settling, 
and maturation ponds. Diatoms can be harnessed for tertiary treatment for enhanced 
nitrogen and phosphorus removal. Diatoms utilize N and P thorough biotic and 
abiotic process. Diatoms incorporate N and P into their biomass in the form of pro-
tein, nucleic acids, and phospholipids, whereas the increased pH due to their photo-
synthesis will enhance ammonia and phosphate volatilization and precipitation.

In aquaculture, artificial feed and fish waste enrich the water with excess nutri-
ents leading to unwanted BGA blooms which are detrimental to culture organism 
growth. Diatom P. tricornutum has shown 30–100% removal of ammonium and 
orthophosphate in batch and continuous modes using diluted effluent (Craggs et al. 
1995). Diatom-dominated biofilms grown on artificial substrates in shrimp ponds 
led to 33% phosphate removal. The diatom-dominated biomass from these treated 
biofilms can be used as natural feed for filter feeding fish and bivalves. This fish- 
and bivalve-based aquaculture system could be effective to reduce cost of water 
treatment with simultaneous production of natural feed.

5  Other Applications

In spite of their dominance in world’s oceans combined with their tremendous 
diversity and tropic flexibility compared with other algae, they are the least explored 
species for biotechnological applications. Most studies have focused on polyunsatu-
rated fatty acids like eicosapentaenoic acid (EPA) and decosahexanoic acid (DHA) 
which is used for pharmaceutical applications. Applications for other molecules like 
amino acids for cosmetics, antioxidants, antibiotics, and antiproliferative agents are 
at the early stage of development (Lebeau and Robert 2003).

Diatom algae contain very interesting bioactive compounds which are highly 
sought after in pharmaceutical and nutraceutical industries. Diatoms are rich source 
of pigments, lipids, sterols, hydrocarbons, phenolic compounds, polysaccharides, 
alkaloids, and toxins with high bioactivity. Although diatoms contain a variety of 
active compounds, previous literature is predominantly dedicated to PUFA espe-
cially EPA.

Fucoxanthin is a major light harvesting pigment and carotenoid present in sea-
weeds and diatoms. Fucoxanthin is known to show strong antioxidant, anti- 
inflammatory, anti-obesity, antidiabetic, anticancer, and antihypertensive activities 
(Abidov et  al. 2010). At present the main commercial source for fucoxanthin is 
seaweeds, but they have major drawbacks like slow growth, less fucoxanthin con-
tent, and contamination by heavy metals. In comparison diatoms contain fucoxan-
thin in the range of 0.2–2% of dry weight which is 100 times more than that of 
brown seaweed which is a primary industrial source (Kim et al. 2012).
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EPA which is an omega-3 polyunsaturated fatty is de novo synthesized in dia-
toms. These are the richest primary sources of EPA. The major dietary sources of 
EPA and DHA for humans are fatty fishes, but advantage of diatom-derived EPA is 
that it will be a vegetarian source of nutritional fatty acid. Pennate diatom 
Phaeodactylum tricornutum which can accumulate high levels of EPA is presently 
explored as a potential source for its industrial production.

Microalgal fatty acids are an integral part of animal nutrition; as higher organism 
cannot synthesize polyunsaturated fatty acids; they can only acquire them through 
food (Yongmanitchai and Ward 1989). EPA (20:5 (n-3)) and DHA (22:6 (n-3)) are 
the two main PUFAs required by marine animals to maintain good growth and sur-
vival (Renaud et al. 1991).

Microalga as a source of fuel is gaining popularity. Every single microalgal cell 
can act as a lipid factory which is not the case with terrestrial plants which produce 
specialized oil-bearing organelles like seeds. Due to this unique ability of microal-
gae, they are targeted organisms for large-scale funding and scientific studies for 
biomass and bioenergy production.

6  Conclusions

Algae culture can be integrated within the present wastewater treatment facilities 
with no or little change to existing infrastructure. This approach will enable reduced 
capital, maintenance cost, and scalability issues with enhanced treatment efficiency. 
Although there is much research done on this aspect, research lacuna still exists in 
areas like photobioreactor design, harvesting technology, drying methods, and other 
downstream processes which if worked on can lead to effective commercial exploi-
tation of this environmental energy-efficient technology.

Microalgal biotechnology especially for wastewater treatment has received more 
attention in recent years as a viable alternative to conventional wastewater treatment 
systems. Algal biomass produced during this process is a sustainable bioresource 
for biofuel, nutraceutical, biofertilizer, animal feed, poultry feed, and aqua feed 
industries. In spite of its attractiveness, there are still some obstacles to be solved for 
its mass-scale exploitation.
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1  Introduction

For the past two decades, medicines including antibiotics as well as antimicrobial 
agents have been used continuously to control or treat infections as well as diseases 
(Hom-Diaz et al. 2017; Mulla et al. 2018; Mulla et al. 2016a; Mulla et al. 2016b; 
Mulla et al. 2016c; Villar-Navarro et al. 2018). Because of their partial digestion by 
either humans or animals, these substances have been continuously released through 
excretion and persist at a level of nanograms to micrograms in the environment 
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(Fig. 1) (Mulla et al. 2018; Mulla et al. 2016b; Sui et al. 2015). Lower concentra-
tions of common and synthetic steroid hormones such as estrogens, progesterone, 
and norgestrel were also observed in aquatic systems and surrounding areas (Fig. 1) 
(Peng et al. 2014a; Ruksrithong and Phattarapattamawong 2017; Yu et al. 2013). 
Therefore, there is growing concern about the health of human beings, animals, and 
aquatic organisms because of the continuous and widespread contamination of eco-
logical systems by these agents (Arnold et al. 2013; Ebele et al. 2017; Lapworth 
et al. 2012; Marcoux et al. 2013; Mulla et al. 2018; Norvill et al. 2016). Most of 
these contaminants have shown toxicity such as endocrine disruption, chronic 
effects, and induction of mutations at the genetic level (Mulla et al. 2018; Norvill 
et al. 2016; Yu et al. 2013). Increased resistance of pathogens towards such contami-
nants is also possible in neighboring organisms (Mulla et al. 2018; Weatherly and 
Gosse 2017).

Use of many of these lifesaving drugs is not ceasing; however, the controlling 
board can restrict the routine use of certain important drugs and thereby protect 
them from pathogens that can acquire resistance or transfer the genes responsible 
for resistance to neighboring organisms. Thus, in an emergency situation, the drugs 
can be used to save severely diseased persons from life-threatening conditions. 
From this aspect, it is clearly understandable that these contaminants will continue 
to be present in the environment, especially through wastewater treatment plants 
(WWTPs). However, studies have shown that several contaminants are not being 
completely removed in WWTPs, so that this is one of the important routes for the 
release of such contaminants into the environment (Fig. 1) (Christensen et al. 2006; 
Goeppert et  al. 2015; Mulla et  al. 2018). Hence, recently most of studies have 

Fig. 1 A major route of medicine(s) and steroidal hormone(s) in the environment

S. I. Mulla et al.



43

focused on the quantification of contaminants such as pharmaceutical drugs, antimi-
crobial agents, and also steroidal hormones in the WWTPs (influent and effluent 
wastewater) (Ashfaq et al. 2017a; Ashfaq et al. 2018; Ashfaq et al. 2017b; Ashfaq 
et al. 2017c; Li et al. 2016; Wang et al. 2018). Various engineering techniques have 
been applied, including an advanced oxidation process to remove such pollutants 
from WWTPs, but these methods were found not to be useful because of their high 
cost (Mulla et  al. 2018). Hence, biological removal of contaminants using algae 
either alone or in combination with other organisms was found to be economical, 
less expensive, convenient, and environmentally friendly (Fig. 2).

In addition, one positive outlook is that the use of algae can also help remove 
pathogens, nutrients, and biodegradable oxygen demand (BOD), especially in the 
sewage system and WWTPs (Heaven et al. 2003; USEPA 2011). However, there is 
not much information available on the removal of microcontaminants by algae 
(Norvill et al. 2016). Thus, in this chapter we mainly focus on the fate of steroidal 
hormones, nonsteroidal antiinflammatory drugs (Table 1), and quinolone antibiotics 
(Table 1), and also their removal by algae (Table 2).

Fig. 2 Algae-mediated removal and degradation of contaminants
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2  The Fate of Occurrence of Nonsteroidal Antiinflammatory 
Drugs, Quinolone Antibiotics, and Hormones 
in the Environment

There are reports of the existence of contaminants in water bodies, notably in waste-
water and groundwater (Deblonde et al. 2011; Lapworth et al. 2012). Concentrated 
contaminants in aquatic systems have been observed in wastewater, surface water, 
groundwater, and drinking water all around the world (Austria, China, France, 
Germany, Greece, Italy, Korea, Spain, Sweden, Switzerland, USA). In this section 
we concentrate on only a few classes of persistent molecules such as steroid hor-
mones, nonsteroidal antiinflammatory drugs, and quinolone antibiotics. In WWTPs, 
the concentrations of nonsteroidal antiinflammatory drugs such as diclofenac, ibu-
profen, and ketoprofen were as much as 0.0942 mg/l, 0.603 mg/l, and 0.00856 mg/l, 
respectively in influent and 0.00069 mg/l, 0.055 mg/l, and 0.00392 mg/l, respec-
tively, in effluent (Behera et al. 2011; Kasprzyk-Hordern et al. 2009; Loos et al. 
2013; Santos et  al. 2009; Singer et  al. 2010; Stamatis et  al. 2010; Stamatis and 
Konstantinou 2013; Terzic et al. 2008; Yu and Chu 2009; Zhou et al. 2010; Zorita 
et  al. 2009). The occurrence of steroid hormones such as estrone, estradiol, and 
17α-ethynylestradiol was observed up to 0.00017  mg/l, 0.00005  mg/l, and 
0.000003 mg/l, respectively, in the influent (Behera et al. 2011; Janex-Habibi et al. 
2009; Nie et al. 2012; Zorita et al. 2009). The occurrence of quinolone antibiotics 

Table 1 Molecular structure and chemical formula of different medicines

Class Antibiotic name (formula) Molecular structure

Nonsteroidal antiinflammatory drugs Ibuprofen
(C13H18O2)

O

O

H

Diclofenac (C14H11Cl2NO2)
O

N
ClCl

O

H

H

Naproxen
(C14H14O3)

O

O

O

H

Quinolone (fluoroquinolone) antibiotics Ciprofloxacin
(C17H18FN3O3)

N

N N

OO

O
F H

H

Levofloxacin
(C18H20FN3O4)

N
N

O
N

O

F

O

O

Enrofloxacin
(C19H22FN3O3)

N
N N

OO

O
F H
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Table 2 Various algal cultures used for the removal of different contaminants in aqueous systems

Class Substrate(s) Organism(s) References

Nonsteroidal 
antiinflammatory 
medicines

Ibuprofen, ketoprofen Stigeoclonium sp., Chlorella 
sp., Stigeoclonium sp., 
Monoraphidium sp.

Matamoros 
et al. (2015)

Ibuprofen Chlorella sp., Scenedesmus 
sp.

Matamoros 
et al. (2016)

Diclofenac Chlorella sorokiniana, 
Chlorella vulgaris, 
Scenedesmus obliquus

Escapa et al. 
(2016)

Diclofenac, ibuprofen Chlorella sorokiniana de Wilt et al. 
(2016)

Naproxen Cymbella sp., Scenedesmus 
quadricauda

Ding et al. 
(2017)

Ibuprofen, diclofenac Coelastrum sp. Villar-Navarro 
et al. (2018)

Ibuprofen Phaeodactylum tricornutum Santaeufemia 
et al. (2018)

Fluoroquinolone 
drugs

Levofloxacin Chlamydomonas mexicana, 
Chlamydomonas 
pitschmannii, Chlorella 
vulgaris, Ourococcus 
multisporus, Micractinium 
resseri, Tribonema aequale

Xiong et al. 
(2017a)

Levofloxacin Scenedesmus obliquus Xiong et al. 
(2017b)

Enrofloxacin Scenedesmus obliquus, 
Chlamydomonas mexicana, 
Chlorella vulgaris, 
Ourococcus multisporus, 
Micractinium resseri

Xiong et al. 
(2017c)

Ciprofloxacin Chlamydomonas mexicana Xiong et al. 
(2017d)

Steroidal hormones Estradiol, estrone, estriol, 
hydroxyestrone, estradiol, 
valerate, and 
ethinylestradiol (estrogens)

Chlorella vulgaris Lai et al. 
(2002)

17α-Estradiol and estrone Scenedesmus dimorphus Zhang et al. 
(2014)

β-Estradiol and 
17α-ethinylestradiol

Selenastrum capricornutum, 
Chlamydomonas reinhardtii

Hom-Diaz 
et al. (2015)

Ethinylestradiol Chlorella PY-ZU1 (mutant) Cheng et al. 
(2018)

17β-Estradiol Chlorella Parlade et al. 
(2018)

17α-Ethinylestradiol Chlorella sp., Nitzschia 
acicularis

Sole and 
Matamoros 
(2016)

Progesterone and 
norgestrel

Scenedesmus obliquus, 
Chlorella pyrenoidosa

Peng et al. 
(2014a)
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such as levofloxacin, ciprofloxacin, ofloxacin, and norfloxacin was observed at con-
centrations as great as 0.0068 mg/l, 0.099 μg/l, 1.287 μg/l, and 0.775 μg/l, respec-
tively, in raw sewage (Ghosh et al. 2016; Jia et al. 2012). Further, this release of 
undigested WWTP effluent into the environment is a major cause of surface water 
pollution because of these contaminants (Kasprzyk-Hordern et  al. 2009). On the 
other hand, with dilution by river water, such contaminant levels might be lower 
than in the effluent (Gros et al. 2007). In some situations, concentrations can be 
altered by rainfall, although not always. Moreover, in hot climates persisting con-
taminant concentrations were observed at a higher level compared to the rainy 
period (Luo et al. 2014). Also, a lower level of contamination was observed with 
respect to groundwater compared to surface water (Loos et al. 2010; Vulliet and 
Cren-Olivé 2011). Moreover, in a few cases a lower concentration was observed, for 
example, in leakage of septic tanks as well as garbage (landfill), contaminants up to 
1–10 μg/l, respectively (Lapworth et  al. 2012). Runoff from agricultural activity 
was also found to be one of the main routes for groundwater contamination 
(González-Rodríguez et al. 2011).

Hence, several researchers studied degradation of microcontaminants using bio-
logical agents such as algal cultures (Fig. 2). Generally, degradation of different 
contaminants by different genera or species of microalgae (Selenastrum capricor-
nutum, Selenastrum obliquus, Selenastrum quadricauda, Chlamydomonas mexi-
cana, and Chlorella fusca) involved different reaction mechanisms including 
glycosylation, oxidation, carboxylation, demethylation, hydroxylation, dehydroge-
nation, and hydrogenation, and also breaking the functional group bond linked to 
the side chains of substrates (Fisher et al. 1996; Matamoros et al. 2016; Peng et al. 
2014a; Thies et al. 1996; Xiong et al. 2017d). In most cases, phase I (cytochrome 
P450 enzymes, including monooxygenase, dioxygenase, hydroxylase, carboxylase, 
and decarboxylase) and phase II (glutathione-S-transferases) families of enzymes 
are the main enzymes involved in the degradation and transformation of different 
classes of pollutants by microalgae (Fisher et  al. 1996; Thies et  al. 1996). The 
removal of antiinflammatory drugs, quinolone drugs, and steroidal hormones by 
algae is discussed in the following sections.

3  Removal of Nonsteroidal Antiinflammatory Drugs 
by Microalgae

A number of algae are able to remove antiinflammatory drugs. For example, 
Matamoros et al. (2015) evaluated the hydraulic retention time (HRT) and seasonal-
ity impact for destruction efficiency of several microcontaminants from urban 
wastewater in two pilot high-rate algal ponds (HRAPs). The HRAPs contained 
microalgae such as Chlorella sp., Stigeoclonium sp. (diatoms), and Monoraphidium 
sp., varying with respect to climate. The results showed that removal efficiency in 
the HRAPs varied from high to low; for example, more than 90% removal was 
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observed for ibuprofen including other contaminants such as caffeine, acetamino-
phen, methyl dihydrojasmonate, and hydrocinnamic acid whereas low removal (i.e., 
40–60%) was observed for diclofenac including other contaminants such as benzo-
triazole, O,H-benzothiazole, triphenyl phosphate, cashmeran, diazinon, benzothia-
zole, celestolide, 2,4-D, and atrazine. On the other hand, moderate to high removal 
(i.e., 60–90%) was observed for ketoprofen including other contaminants such as 
naproxen, triclosan, oxybenzone, 5-methyl/benzotriazole, galaxolide, tonalide, tri-
butyl phosphate, bisphenol A, and octylphenol. It was observed that the biodegrada-
tion, photolysis, and adsorption to algal biomass were the main route in HRAPs, 
and such mechanisms were also found in engineered systems (WWTPs) such as 
constructed wetlands and activated sludge (Bell et al. 2013; Matamoros et al. 2015). 
In another study, the same research group demonstrated the removal of ibuprofen 
with other micropollutants in microalgae (especially Chlorella sp. and Scenedesmus 
sp.) wastewater (either urban or synthetic) under aerobic conditions, and nonaerated 
as well as darkness reactors were used as controls. The results showed that approxi-
mately 99% of microcontaminants were removed within 10 days whereas biodegra-
dation was found to be an effective method for ibuprofen removal. In contrast, 40% 
of increased removal efficiency was observed for ibuprofen when algae were used 
(Matamoros et  al. 2016). Additionally, during the process, ibuprofen was trans-
formed into two intermediates identified as carboxy-ibuprofen and hydroxy- 
ibuprofen (Matamoros et al. 2016).

Escapa et al. (2016) used three different microalgae strains, namely, Chlorella 
sorokiniana, Chlorella vulgaris, and Scenedesmus obliquus for the removal of 
diclofenac from water. The removal rate of diclofenac (25 mg/l) was higher with 
Scenedesmus obliquus, that is, 3.4 fold higher than in Chlorella sorokiniana and 5.4 
fold more than in Chlorella vulgaris. Overall, it was concluded that the removal rate 
is specifically related to cell size; for example, in the case of Chlorella sorokiniana, 
it was observed that the higher cells achieved a higher removal rate, but, because of 
the larger size of Scenedesmus obliquus, the organism was able to remove more 
diclofenac than the other two strains (Escapa et al. 2016).

Similarly, de Wilt et al. (2016) evaluated removal of six spiked pharmaceuticals 
(diclofenac, ibuprofen, paracetamol, metoprolol, carbamazepine, trimethoprim; 
final concentration, 100–350 μg/l) by an algal treatment system (Chlorella sorokini-
ana). The 60% to 100% removal of diclofenac, ibuprofen, paracetamol, and meto-
prolol was led by biodegradation and photodegradation.

Ding et  al. (2017) studied the degradation mechanism and the toxicity of 
naproxen (1–100  mg/l) on algae (Cymbella sp. and Scenedesmus quadricauda). 
Naproxen at 100 mg/l was able to completely inhibit the growth of both algae within 
24 h. Moreover, both strains showed varied trends with respect to removal efficiency 
of naproxen at 1 mg/l. Cymbella sp. was removed up to 97% within 30 days. During 
the degradation of naproxen in both strains, various by-products were generated, 
identified as 6-(2-amino-1-hydroxy-3-(4-hydroxyphenyl) propoxy)naphthalene- 
2,3-diol, 2-(1-hydroxy)-6-O-desmethylnaproxen, 6-O-desmethylnaproxen, 
6- (2- (6 ,7-d imethoxynaphtha len-2-y l ) -1-hydroxypropoxy)-3 ,4 ,5 ,6- 
tetrahydroxyhexanoic acid, 3,4,5-trihydroxy-6-((2-(7-hydroxy-6- ethoxynaphthalen-
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2- yl)propanoyl)oxy) tetrahydro-2 H-pyran-2-carboxylic acid, 
6-((2-(6,7-dimethoxynaphthalen-2-yl)propanoyl) oxy)-3,4,5-trioxotetrahydro-2 
H-pyran-2-carboxylic acid, 2-(7-hydroxy-6-methoxynaphthalen-2-yl) propane- 
1,1,3-triol, 6,7-dihydroxynaphthalen-2-yl 2-amino-3-(4-hydroxyphenyl)propano-
ate, 2-(6-((carboxycarbonyl)oxy)-7-hydroxynaphthalen-2-yl)-3-hydroxypropanoic 
acid, 6-hydroxy-7-methoxynaphthalen-2-yl 2-amino-3-(4-hydroxyphenyl)propano-
ate, 1-(hydroxy(6-hydroxynaphthalen-2-yl) methyl)naphthalene-2,6-diol, and 
6-hydroxy-7-methoxynaphthalen-2-yl 2-amino-3-(4-hydroxyphenyl)-3-(4- 
hydroxyphenyl) propanoate.

Villar-Navarro et  al. (2018) applied microalgal treatment (dominant genus, 
Coelastrum) for the elimination of nutrients and contaminants from wastewater 
under different conditions for comparison. Ibuprofen removal was lower (less than 
1  mg/l) compared to a conventional line; the removal of diclofenac was around 
15–50% in HRAPs. Generally, it was found that the microalgal system efficiency 
for the removal of various contaminants including drugs was higher than that of 
conventional WWTPs. Hence, it can be considered as an alternative to an activated 
sludge system. For example, batch reactors consisting of freshwater green microal-
gae have proved the competency of these organisms to remove various substances 
including nutrients, inorganic components, active pharmaceutical drugs, and 
endocrine- disrupting compounds from wastewater (Norvill et al. 2016; Zhou et al. 
2014). Furthermore, HRAP and dissolved air flotation treatments results showed 
removal efficiency at 55% and 71%, respectively, for diclofenac (Villar-Navarro 
et al. 2018). In the conventional line, the overall removal capacity of diclofenac was 
found to be approximately 19%, and it did not surpass 30% even after secondary 
treatment by active sludge (Collado et al. 2014; Kermia et al. 2016). Santaeufemia 
and coworkers recently studied ibuprofen removal by living or dead cells of 
Phaeodactylum tricornutum, with more than 99% of ibuprofen removal achieved in 
both dead and living cells of P. tricornutum (Santaeufemia et al. 2018).

Similarly, Ismail et al. (2016), studied ketoprofen degradation using a combina-
tion of Chlorella sp. with the K2 consortium. It was observed that the Chlorella sp. 
was resistant to ketoprofen. However, no degradation of ketoprofen was observed in 
MSM + ketoprofen under diurnal cycle conditions, and in MSM + ketoprofen or 
MSM + ketoprofen + Chlorella sp. under diurnal cycle conditions.

4  Removal of Quinolone Antibiotics by Microalgae

Xiong et  al. (2017a) demonstrated the removal of levofloxacin in six different 
microalgal cultures: Chlamydomonas mexicana, Chlamydomonas pitschmannii, 
Chlorella vulgaris, Ourococcus multisporus, Micractinium resseri, and Tribonema 
aequale. Compared among all the strains, Chlorella vulgaris was found to be an 
efficient organism that removed up to 12% of levofloxacin at a given concentration 
of 1 mg/l; the removal rate was further significantly enhanced, to more than 80%, in 
the presence of sodium chloride (1%). In another study, the same research group 
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demonstrated the degradation of levofloxacin degradation with Scenedesmus 
obliquus (a microalga) and found that in the presence of sodium chloride at 170 mM, 
the removal of levofloxacin (1  mg/l) was increased up to 93% whereas without 
sodium chloride (0 nM), only up to 4.53% removal was observed. Furthermore, six 
by-products were generated during the process (Xiong et al. 2017b).

Five pure microalgal cultures (Scenedesmus obliquus, Chlamydomonas mexi-
cana, Chlorella vulgaris, Ourococcus multisporus, Micractinium resseri) and their 
consortium were used to study enrofloxacin removal in natural systems. The removal 
of enrofloxacin (1  mg/l) in Scenedesmus obliquus, Chlamydomonas mexicana, 
Chlorella vulgaris, Ourococcus multisporus, Micractinium resseri, and their con-
sortium was as much as 23%, 25%, 26%, 18%, 20%, and 26%, respectively (Xiong 
et al. 2017c). Furthermore, abiotic (especially photolysis) removal of enrofloxacin 
was not observed during the process, which means removal proceeded through deg-
radation and sorption to algal biomass (Xiong et al. 2017c).

Xiong et  al. (2017d) also demonstrated ciprofloxacin (2  mg/l) removal in 
Chlamydomonas mexicana but found only 13% of removal after 11 days of incuba-
tion. Additionally, with various co-substrates used to check the removal efficacy of 
ciprofloxacin in algae, sodium acetate significantly improved the rate of removal of 
ciprofloxacin up to 32% compared to other co-substrates. Similar results were 
observed with co-substrates such as glucose, sodium acetate, sodium succinate, and 
sodium formate during the removal of different contaminants (Dawas-Massalha 
et al. 2014; Luo et al. 2008; Peng et al. 2014b; Reis et al. 2014). In another study, 
HRAP was used for the removal of ciprofloxacin (2 mg/l); photodegradation is a 
main mechanism for the removal of ciprofloxacin in daytime whereas at night the 
substrate was gathered on the surface of the biomass (Hom-Diaz et al. 2017).

5  Removal of Hormones by Microalgae

Lai et  al. (2002) studied the removal of estrogens (estradiol, estrone, estriol, 
hydroxyestrone, estradiol valerate, and ethinylestradiol) at 500 ng each by Chlorella 
vulgaris under dark and light conditions and found that 50% of the estradiol was 
degraded into a unknown intermediate; a small amount was transformed to estrone 
under light conditions whereas in dark conditions estradiol degradation to estrone 
was the major route. Likewise, Zhang et al. (2014), demonstrated an alga-mediated 
(Scenedesmus dimorphus) removal of 17α-estradiol and estrone in bench-scale 
experiments and found removal rates up to 85% and 95%, respectively, for 
17α-estradiol as well as estrone and 17β-estradiol as well as estriol at 8  days. 
Furthermore, this study also revealed that the sorption, photodegradation, and bio-
transformation are the main routes for the removal of such molecules. Overall, the 
reaction mechanisms involved hydroxylation, reduction, and oxidation during the 
removal of these molecules. The degradative pathway was initiated by transforming 
17α-estradiol and 17β-estradiol to estrone and subsequently converted either to 
estriol or interconverted to 17α-estradiol and/or 17β-estradiol. Similar 
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transformations were also observed in other studies (Lai et al. 2002; Pflugmacher 
et al. 1999).

Also, Hom-Diaz et al. (2015) demonstrated the degradation of β-estradiol and 
17α-ethinylestradiol under anaerobic digestion using microalgal cultures, 
Selenastrum capricornutum and Chlamydomonas reinhardtii, with more than 88% 
and 60% removal for β-estradiol and 17α-ethinylestradiol, respectively, after 168 h. 
Recently, a mutant Chlorella PY-ZU1 (with carbon dioxide fixation) was applied for 
the removal of ethinylestradiol (5  mg/l) with 94% removal of ethinylestradiol 
(Cheng et al. 2018). 17β-Estradiol removal was also studied using pilot-plant pho-
tobioreactors consisting of an algal–bacterial consortium under indoor and outdoor 
conditions and found that under harsh conditions (low temperatures and solar irra-
diation), 50% of 17β-estradiol removal by the established consortium was observed 
within 24 h. Furthermore, the removal rate was significantly enhanced, more than 
94%, when favorable conditions were provided. During the entire process the alga 
Chlorella was found stable (Parladé et al. 2018). A by-product, estrone, was gener-
ated during 17β-estradiol treatment. In another study, Sole and Matamoros (2016) 
applied free (Chlorella sp. and Nitzschia acicularis) and immobilized microalgae 
(alginate beads) for the removal of six contaminants (including 17α-ethinylestradiol) 
and found that almost all contaminants were removed up to 80% by both free and 
immobilized microalgae. Additionally, under both free and immobilized microalgal 
treatments, total removal of NH4-N was found up to 64% and 89%, respectively, 
whereas total phosphorus removal was found up to 90% and 96%, respectively, at 
10 days of incubation. Various research groups also reported that the removal rate of 
different contaminants was significantly improved by immobilized (including algi-
nate beads) enzymes as well as microorganisms (Edalli et al. 2016; Hoskeri et al. 
2014; Mulla et al. 2012; Mulla et al. 2016; Mulla et al. 2013; Tallur et al. 2015).

Similarly, progesterone and norgestrel degradation was studied using 
Scenedesmus obliquus and Chlorella pyrenoidosa, with more than 95% removal of 
progesterone observed in both algal strains whereas 40% of norgestrel removal was 
achieved in Chlorella pyrenoidosa. On the other hand, almost all norgestrel was 
removed by Scenedesmus obliquus (Peng et al. 2014a). During alga-mediated bio-
transformation of progesterone, various intermediates such as 3β-hydroxy-5α- 
pregnan-20-one, 3,20-allopregnanedione, and 1,4-pregnadiene-3,20-dione, as well 
as six minor androgen compounds, were generated (Peng et al. 2014a).

6  Conclusion

During the past decade, research work around the world has established significant 
knowledge of detoxification/degradation, transformation, and/removal of various 
contaminants, especially micropollutants including pharmaceutical kinetic drugs 
and hormones, by using microorganisms that are alga-mediated. Pollutants such as 
drugs and hormones are released into the environment through various means such 
as agricultural activities and effluent from WWTPs. These contaminants 
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(pollutants) were detected at levels ranging from 10−9 to 10−6, and at these concen-
trations, they were found to be toxic to certain organisms. Additionally, most of 
them are endocrine-disrupting chemicals. Hence, several research groups used algal 
cultures as biological agents for the removal of various microcontaminants (includ-
ing steroidal hormones, nonsteroidal antiinflammatory drugs, and quinolone antibi-
otics). A benefit of this treatment technique is that it can remove unwanted nutrients 
such as nitrogen and phosphorus from wastewater. Moreover, an engineering 
approach can further help to establish the removal of these contaminants from 
WWTPs.
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1  Introduction

1.1  Natural Source of Microalgae Consortia

Recycling of microalgae polycultures for aqueous-phase co-products (ACP) is not 
only feasible but in fact increases biomass production through the recycling of 
nutrients. Mixed cultures outperformed even the most effective single species in 
terms of co-product tolerance and productivity at the time of utilization of ACP 
(Godwin et al. 2017). CO2 effectively increased light energy conversion and storage 
into lipids through the interaction of heterotrophy in microalgae consortia (Sun 
et al. 2016). Consortia species have been evaluated for exact analysis of protein, 
amino acids, fatty acids, and pigments. The approximate values, especially protein, 
are as much as 45% of the entire mixture (Yahya et al. 2016). The growth of consor-
tium of native protoctist (protist) strains isolated from dairy-farm effluents is appro-
priate for the production of biodiesel in addition to wastewater quality improvement 
(Hena et al. 2015). The drying procedure for a microalgae consortium is character-
ized by drying rate and moisture diffusion (Viswanathan et al. 2011). In the carpet 
business, combining stream effluent with a 10% to 15% waste matter mixture was 
found to produce a good growth medium for the cultivation of microalgae. Bioenergy 
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production using carpet factory effluent exploiting an algal consortium might make 
the management of sewage effluent purification a cost-effective business for future 
industry operations (Chinnasamy et al. 2010).

The microalgae consortium has the capability to intake p-chlorophenol under 
different sources of light energy. p-Chlorophenol adsorbed by zeolite has been fre-
quently used in biodegradation (Lima et  al. 2003). The mixed algal consortia 
enhance removal of nutrients within the scope of biofuel production (Mahapatra 
et al. 2014). The alga–bacterial community interaction could be widely used for the 
detoxification of commercial wastes to develop new treatment strategies, such as 
membrane photobioreactors to boost biomass management and separate edible 
algae from inedible algae by inhibition (Munoz and Guieysse 2006). The design 
pool for quick growth rate with lipid accumulation and separability from liquid 
parts is another facet of consortium development (Aneesh et al. 2015). The associa-
tion of filamentous strains from native surroundings followed as a dominating prior-
ity in nutrient removal efficiency to increase biomass (Renuka et  al. 2013). 
Agroforestry might enhance primary production in microbiome community ecosys-
tems, although altered diversity effects are less well studied (Bruno et al. 2005). The 
utilization of resources and space occupied by a microalgae consortium indicates 
that species richness improves the consistency of the idea that the community is 
related to biomass stability (May 1974), although the stability of the aggregate com-
munity tends to increase, such as in biomass and effective density (Tilman 1996; 
Tilman and Lehman 2001). Moreover, in the case of enormous resource delimita-
tion, replacement of dominant genera after competition or on a hotspot-specific vast 
scale, the availability of resources or their utilization remains completely unaffected 
through ecosystem processes. The mechanisms of physiological vital activities as 
well as molecular coherent identity have been identified for enormous production 
by interactive trait-dependent or trait-independent factors (Crooks 2002). To date, 
the taxonomic functional groups have been mostly sessile; the availability of 
resources and structural shape, size, and texture may be less well studied than in 
similar properties in photosynthetic microorganism groups, for example, mobile 
species. The research of interest suggested by Levine (2000) is that data-based syn-
thesis, including experimental and simulation approaches, may additionally be prof-
itable when examining the microalgae consortia in primary and secondary biome 
functions. According to Emmerson and Huxham (2002), observation suggests gain-
ing insight into microalgae consortia function and improvement and regulative ser-
vices relationships at a very large scale and in a diversity-rich community. This 
topic is similar to what is ascertained in allopatric and sympatric variations that at 
the time of invasions eventually cease to exist; however, most regions gain the total 
variety of species, except some resident species (Marshall et  al. 1982; Vermeij 
1991). Invasive species can affect ecosystem shape, size and texture, structure, den-
sity, and provisory and regulatory function, less well studied in this regard. 
Ecosystems lacking dominant filter-feeding photosynthetic microorganisms experi-
ence altered behavior at the time species are introduced (Alpine and Cloern 1992). 
Evaluation of the impact of invasion-mediated enhanced productivity with respect 
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to diverse habitat and ecosystem processes would allow a more interesting experi-
ment of the diversity–function associations (Stachowicz and Byrnes 2006). The 
ecological niche or weather-mediated partitioning and agonistic growth-dependent 
biotic and abiotic factors of one species over another, based on niche and predation, 
are relatively dominant in monocultures and with decreased productivity (Rakowski 
and Cardinale 2016). The effect of temperature change on biomass productivity 
with respect to phycocyanin analysis greatly affected the resulting change in diver-
sity (Rakowski and Cardinale 2016; Burgner and Hillebrand 2011). The use of 
global carbon-mediated factors such as glucose, ethanol, and acetate will overcome 
less rich consortium growth rates on morning heating of the media caused by bio-
mass loss during the nighttime (Londt and Zeelie 2013). The microalgae consortia 
address queries about structuring processes, diversity, dominance, relative abun-
dance, stability, and bionomics in the range of various useful groups (Steneck and 
Dethier 1994). Microalgal biovolume is often calculated to assess the relative abun-
dance of co-occurring algal variables in form or size for formulae applying the 
surface-to-volume quantitative relationship (Hillebrand et al. 1999). Cyanobacterium 
mats are an ecological indicator, in specific participating in diversity and connectiv-
ity between niche portioning across a range of vegetation (Micheli et al. 2014). The 
microalgae consortia with respect to bacteria cell factories are significant in com-
plex coherent manipulation engineering of fundamental CO2 pathways for nitrogen 
fixation for better bioenergy and biofuels for the future demands of humanity (Ortiz- 
Marquez et al. 2013).

1.2  Community Behavior

Species richness as added in a consortium has a directly proportional utilization of 
biological resources to meet human demands and provide new biomass. This com-
bined role of microalgae consortia and assemblage interactions alters primary pro-
ductivity, sustainability, and services. In this regard also showed that resource 
capture and biomass production by the consortia begin to become saturated at a low 
level of richness. Many microalgae consortia use an astonishing amount of resources 
and manufacture more biomass than their best species singly. Biodiversity–ecosys-
tem function (BEF) experiments for the fundamental study of photosynthetic physi-
ological pathways that have been ongoing for several generations show that the 
impacts of diversity on microalgae consortia biomass tend to grow stronger with 
time (Cardinale et al. 2007). The multifarious impact should grow stronger in addi-
tional realistic environments with greater spatial and temporal nonuniformity. The 
relationship of biomass richness using a large distribution of agroforestry maintains 
algal diversity and consortia biomass. Statistical analysis of the functional relation-
ship of algal richness to develop consortia biomass shows positive values that 
remain. The interspecific interactions tend to steady consortia biomass in numerous 
communities (Gross et  al. 2014). However, the impact of species richness on 
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growth-level stability is ambiguous. The latest strategy magnifies the community 
relationship among a number of species across different levels of species richness 
(Gross et  al. 2014). In general, with decrease in aggregate productivity of the 
selected sampling cluster, resource depletion also decreases. At the same time, the 
biomass stability and resources captured through the foremost genera in a rich poly-
culture do not show an exact discrepancy from that of the most efficient species 
alone employed in the known mechanism; results are most in keeping with what is 
referred to as the ‘sampling effect.’ Sampling impact happens when numerous com-
munities of consortia are elucidated through the interaction of the foremost domi-
nant genera. A polyculture system is more productive than a single best species 
(Weis et al. 2008).

2  Evolutionary Principle Behind Microalgae Consortia 
Development

2.1  Selection Effect

The total aggregate or primary production of different nutrient factors of the micro-
algae consortia is most probably decreased by similar resources being taken up by 
other organisms. In a community of microalgae consortia, the net primary produc-
tivity is similar to the individually most productive species in the community by 
utilization of resources at a given time. The mechanism behind gross primary pro-
ductivity and net primary productivity could be determined by designing the com-
munity towards the number of species added in microalgae consortia; if consistent 
regarding change in diversity, this is called the sampling effect (Cho et al. 2017). 
The microalgae consortia of different niche habitats are dominant or more produc-
tive over the most productive single species in the community by the sampling 
effect. In another way, we can say that designing of microalgae consortia of highly 
diverse habitats produced less biomass than the highest producing individual spe-
cies, called the selection effect. The selection effect is also known as sampling effect 
or selection probability (Fox 2004).

2.2  Species Richness Effect

The stepwise substitution of several species at a given time is most probably 
responsible for varying the future of microalgae consortia among different habi-
tats. There are great opportunities in the fate of next-generation productivity 
because interactions among diverse microalgae consortia vary from the average 
individual producing species in ecosystem functioning (Zimmerman and Cardinale 
2014) (Fig. 1).
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2.3  Random Effect or Identity Effect

Discrimination in individual indigenous species through the microalgae consortia 
combination can be directly evaluated by primary productivity, sustainability, func-
tioning, and services resulting from the randomness of identical species, shape size, 
characteristic features, and interactive properties (either premitotic phase or postmi-
totic phase interaction behavior) (Cardinale et al. 2012) (Fig. 2).

2.4  Complementarity Effect

In microalgae consortia, it is commonly assumed that the diverse habitats directly 
affect biomass productivity through species compatibility. This fact is the subject of 
controversy in applied experimental designing. The complementation in or within 
species at the time of niche partitioning by microalgae consortia of similar or dis-
similar properties such as an organism discriminate by resource capturing capability 
and by compatibility interaction modes regarding time or space.

Fig. 1 Microscopic examination of monocultures and their consortia showing the species richness 
effect: (a) Chlorella sp., (b) Scenedesmus abundans, (c) Anabaena variabilis, (d) consortia

Fig. 2 Biofilm image of microalgae consortia shows identity effect: (a) consortia of Lyngbya sp., 
Scytonema sp., Chlorella sp.; (b) Scytonema sp., Phormidium sp.; (c) Lyngbya sp., Oscillatoria 
sp.; (d) Oscillatoria sp., Scytonema sp., Phormidium sp
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 Trait-Independent Complementarity

The conversion of species in microalgae consortia produces higher productivity 
than individual species alone, called trait-independent complementarity (TIC). 
The TIC of an individual species growth rate and productivity is not determined 
by interactive species behavior. The enhanced value of TIC shows that dissimilar 
properties such as organism productivity are less because of similar properties 
such as heterogeneity and homogeneity behavior. Microbiome productivity in a 
niche habitat could elucidate the productivity of individual genera and microalgae 
consortia by portioning total abundance accessed through trait-dependent 
 complementarity (TDC), trait-independent complementary (TIC), and dominant 
effect (DE).

 Trait-Dependent Complementarity

If the recurring individual species gains rich production alone rather in a mixed 
culture, this is called trait-dependent complementarity (TDC). TDC occurs not 
only in interactions among community species. If the value of TDC increases, it 
demonstrates that the biomass of higher providing species is affected in coexis-
tence rather than in irreversible interactions with a low biomass-producing indi-
vidual species.

 Dominant Complementarity

The exact productivity of consortia is directly affected at the premitotic or post-
mitotic interaction stage. Species richness with respect to the exact productivity 
of other species is called dominant complementarity. The denominator indigenous 
individual species exhibit yields like other component species (Loreau 2000). The 
macroalgae consortia of diverse habitats did not overyield with respect to the 
highly efficient individual genera or the optimum yielding individual culture for 
primary production. The results of TIC are positive; however, effective intraspe-
cific competition among genera recessively and in becoming workable with a 
community is enhanced. The enhanced value of trait-dependent complementarity 
(TDC) among the interactions of species and with their natural habitat for 
improved services were directly lower with dominance and alternative negative 
selection effects. The impact of interactive species for element effects will 
enhance  gross primary production and net primary production proportionally. 
This change might suggest less identity impact in alternative environments and 
recommend improved evolutionary patterns to reverse efficiency against global 
warming impact within microalgae consortia interactions on species loss (Bruno 
et al. 2006).
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2.5  Competition

The higher diverse microalgae consortia utilize available resources within their 
habitat. Some researchers believe that the consortia of higher dense microclimates 
are less productive than individuals or a community of a few species because of the 
invasion of new species in premitotic or postmitotic stage interaction. Interaction 
among microalgae consortia in the terrestrial environment is identified by experi-
mental data and debatable by researchers: typically decreased competition and 
coaction occur with increasing species richness within an environment, and experi-
mental evaluation shows alternative services (Davinson 1991). The great impact of 
sampling frequently elaborates the arrangement of environmental variation nonuni-
formity, which affects each microalgae consortia by increasing the natural habitat 
area (Zimmerman and Cardinale 2014).

2.6  Facilitation

Microalgae consortia diversity directly alter the structure participants of epiphytic 
algae and cyanobacteria, which inhabit by enhanced phototrophic productivity 
through greater primary production; in another way, participation of large and 
more structural and functional services affects the heterogeneity and homogeneity 
of behavior. Experimental evaluation of similar properties as in consortia is mixed. 
A few reports in this regard suggest the seagrass community has less interaction 
with associated lower nonchordates; however, it was strongly associated with spe-
cies aggregations (Stachowicz 2006). In this regard, in diverse treatments dense 
shoots did have a significant role; one experiment reported an impact of variance 
on behalf of dominance for gross texture, structure, and compactness (Power and 
Cardinale 2009).

2.7  Coexistence

In coexistence, the stability of microalgae consortia is positively determined on the 
basis of sympatric and allopatric variation for the impact of producer richness. A 
study reported the impact of microalgae consortia on biomass stability within the 
interaction of macroalgal mats through modification of bioprocess engineering for 
stoichiometry. Participants of consortia showed durability of primary productivity 
along with weather with respect to applicable resource capturing among compatibil-
ity in participating microalgae consortia. In comparative analysis of microalgae con-
sortia, experimental information resulted in an equivalent bridge connection with 
relevancy of duration and area (Bruno et al. 2005, 2006). Microalgae consortia have 
a tendency to achieve heterogeneity. Interaction-induced variation in total productiv-
ity was approximately increased for individual Firmicutes strains, with respect to 
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average producing strains among highest species-rich microalgae consortia. In this 
approach, researchers apply microalgae grass growth kinetics with eventual low pro-
duction within species-rich microalgae consortia rather than less species richness 
productivity with respect to sediment and temperature variation. Conclusively, we 
can say that marine microalgae, seaweeds, and ocean grasses showed decreased total 
productivity in microalgae consortia after genetic manipulation.

3  Designer Microalgae Consortia

3.1  Edible Algae Versus Nonedible Algae

In a previous study for the production of desired compounds and physiology of the 
organisms, every factor of specific individual algae thought to be important under-
went separate experimentation (He et al. 2012; Weyhenmeyer et al. 2013; Weis et al. 
2008). So, to preserve available resources, we considered independent variables at 
the same time by using statistical methods such as factorial, mixture optimal, central 
composite design (CCD), and response surface methodology (RSM). A number of 
other optimization methods are available but these have several limitations. 
Forecasting desired response with a point change in each variable, the concentra-
tions of different variables were altered one at a time and the altered level of response 
or product ions was measured at each point through a computer device (Patel et al. 
2014; Loreau et al. 2001; Tillman et al. 1982, 1996). To study the effect of different 
components of media BG11+ (important upstream parameters) on growth, enhance-
ment of biomass, carbohydrate, and carbon fixation contents in eight different con-
sortia in factorial design, a minimum and maximum level of nutrient concentration 
level L-1 for each medium component was chosen. The maximum concentrations 
were taken as described by Rippka et  al. (1979); minimum concentrations were 
chosen randomly to a certain extent. For industrial productivity, we would refer to 
as “edible” algae, dominant over the “inedible” algae. Other Chlorophyta cannot 
grow on a bacteria-only diet, although alternative strains can do so (personal obser-
vation). The Cyanobacteria (members of Cyanophyta) and microalgae (members of 
Chlorophyta) commonly co-occur in nature but were not indicated to mimic any 
specific natural system.

3.2  Microalgae Consortia Functioning

The functioning of microalgae consortia was determined from a wide range of mor-
phological and physiological categories to confirm some chance of community 
delineation and to assist association. Feeding trials indicated that microalgae 
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consortia readily consume and grow best. Of seven better primary production yields, 
designer microalgae communities were a suitable size for intake by percent CO2 and 
perhaps are expanded at higher levels. Occasionally microalgae consortia support 
growth on their own survivalists from their environment. The results also show 
highest heterogeneity could show better production. Inspection of population 
dynamic statistics indicated that rates of modification in algal biovolume usually 
slowed over the course of the experimentation, typically approaching a quasi-steady 
state when mean total consortium effectiveness varied considerably among micro-
algae compositions (block effects were not significant).

 Primary Functioning

The aggregate productivity in each microalgae consortium of the most productive 
individual cultures significantly exceeded the premitotic phase (lag phase) in time. 
In individual cultures regarding postmitotic phase (stationary phase) interaction in 
time, assessments of the two most productive individual species and their consortia 
on the day of harvesting discriminated between them. The transgressed yield of 
microalgae consortia in individual cultures was directly related to overall productiv-
ity with respect to the consortia on the day of harvesting (Fig. 3).

 Photosynthetic Quantum Yield

Developing microalgae consortia with different environmental factors suggests 
enormous resources through biodiversity by the evaluation of developing microal-
gae consortia participants for their better productivity and sustainability in their 
environment. The synthetic microalgae consortia could be designated in a targeted 
approach for heavy metal detoxification, water quality improvement, and 

Fig. 3 Graphical diagram shows (1) pulse amplitude modulation chlorophyll fluorescence analy-
sis; (2) factorial design through response surface methodology software via central composite 
design (CCD); (3) development of enhanced productivity consortia by optimal resource capture; 
(4) elemental characterization for responsible factor through laser-induced breakdown spectros-
copy (LIBS)
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fulfillment of human services. The microalgae consortia most often gain higher 
capacity than individual species. The enhanced photosynthetic functioning of the 
heterogeneity route of selected gene expression in developing microalgae consortia 
and the next generation of developed consortia is less well studied. To start, the 
biotechnology of microalgae consortia can be determined by one or two physiologi-
cal trait factors for primary productivity that can be optimized for targeted achieve-
ments. The metabolic pathway among microalgae consortia cells with respect to 
different traits can be analyzed on the basis of the participants in the consortia. Fv/
Fm (Fmax−Fmin/Fmax) was observed in all the cultures. Fv/Fm is a substantive 
means for assessing the potential of photosynthesis in microalgae consortia, chiefly 
for highlighting photoinhibition in excess illumination. Pulse-amplitude-
morphometry (PAM) fluorometry results indicated that at optimum magnitudes, Fv/
Fm ratios were completely different in various monocultures and consortia were 
found to be statistically different from each other (p  ˂  0.001). In all cases, with 
increasing chlorophyll content, a lower Fv/Fm was determined with all the mono-
cultures and consortia. This result indicated that the microalgal cells were growing 
and performing photosynthesis efficiently and were active within the photoinhibi-
tion process. The quenching analysis by PAM fluorometer showed the measure of 
photosynthetic efficiency in terms of quantum efficiency or quantum yield. 
Generally, the monocultures were poor in achieving maximum quantum yield, in 
comparison to all the consortia (Fig. 4).
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 Photochemical and Nonphotochemical Quenching

According to the PAM graph obtained, we noticed that of all consortia Scenedesmus 
dimorphus was the foremost effective species (or the foremost effective strain) 
showing the greatest photosynthetic effectiveness. Equally, Synechocystis PCC6803, 
Synchococcus PCC7942, and Spirulina platensis had good photosynthetic ability 
compared to the alternative strains studied. As we know, nonphotosynthetic quench-
ing provides a standard for complete quantum efficiency and is reciprocally related 
to it; here, Anabaena cylindrica is the least efficient strain regarding photosynthetic 
efficiency and shows the highest quenching. Intended for establishment of the pur-
poseful arrangement for photosynthetic efficiency of photosynthetic blue-green 
algae, variable fluorescence magnitude relationships were monitored. The value of 
the initial fluorescence by the first electron acceptor from PS II antennae varied 
among blue-green algae samples. The maximum quantum yield of filamentous 
strains was at a low level. Altogether, consortia, Spirulina platensis, and Chlorella 
sp. displayed the maximum variable fluorescence value; next were Anabaena cylin-
drica, Oscillatoria, Lyngbya, Nostoc muscorum, Synechococcus PCC7942, and 
Scenedesmus dimorphus.

The higher Fv/Fm ratio for Spirulina platensis indicates higher photosynthesis 
assimilation for alternative blue-green algae. Fv/Fm (Fmax−Fmin/Fmax) was 
assessed in all individual strains and consortia cells, fully grown at completely dif-
ferent levels of light intensity. Fv/Fm is also a utile parametric quantity to gauge 
photosynthetic ability in algae and in the first place specializing in photoinhibition 
owing to excess light. PAM fluorometry outcomes indicate that at optimal light and 
contrasting optimum growing parametric quantity, the quantum efficacy is greatest. 
In all cases together with the accelerative chlorophyll content, a minimal value of 
variable fluorescence was scrutinized, pointing out that the microalgal cells were 
thriving and achieving photosynthesis and moreover were striving for total adapta-
tion for survival in high-intensity light. The quenching investigation by PAM fluo-
rometer gave the measure of photosynthetic potency in terms of quantum efficacy or 
yield. The Fv/Fm ordination depicts the evolutionary divulgence of these photosyn-
thetic autotrophic organisms and indicates many attainable sources for improving 
potency. Fv/Fm (Fmax-Fmin/Fmax) was monitored in all the microalgal and con-
sortia cultures. PAM fluorometry results indicated that at optimum intensity level, 
Fv/Fm ratios of totally different monocultures and consortia were observed to be 
significantly different from one another (p  ˂  0.001).With increasing chlorophyll 
content, a lower Fv/Fm was ascertained in every case together with all the monocul-
tures and consortia. The results made it clear that the cells were thriving and  carrying 
out effective photosynthesis and were active in the photoinhibitory process. The 
quenching investigation by PAM fluorometry recorded the measure of photosyn-
thetic potency in terms of quantum efficacy or yield. Broadly speaking, monocul-
tures were poor in maximum quantum efficiency, in contrast to the consortia (Nath 
et al. 2017a, b) (Fig. 5).

Developing Designer Microalgae Consortia: A Suitable Approach to Sustainable…



68

 Fresh and Dried Biomass Productivity

Biomass productivity was successfully achieved by raising the temperature toler-
ance of microalgal consortia as well as an acceptable screening method. The delin-
eated strategies should be applicable to induce a range of interesting characteristics 
in numerous microalgal consortia, which is often particularly engaging for systems 
wherever it is not obvious that genes need modification. Coupling contemporary 
production with the next-generation screening strategies would be enabling in 
choosing the strains with characteristics that do not yield a better fitness and cannot 
be chosen for in vitro experimentation. At the very least, random impact strategies 
will be used as a primary step during a combined approach with genetic alteration 
(which is analyzed through next-level strategies and techniques), to see appropriate 
target genes for many centered and comprehensive strategies for microalgal consor-
tia improvement and alteration (Godwin et al. 2018; Nath et al. 2017b).

3.3  Microalgae Consortia Services

 Carbon Regulatory Services

CO2 effectively improved actinic light capacity transfer and storage into bioorganic 
compounds through higher concentration, that is mostly in a surprising way the 
properties of heterotrophy in microalgae consortia. Insight has not clearly identified 
through standardization a number of traits illustrating better proficiencies within the 
coupled dark biochemistry of bioenergy production and bioorganic molecule 
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formation. The results progressively created associated economical instrumental 
quantification of photosynthesis for biodiesel formation at a high level, and carbon 
capture and storage from flue gases for carbon credit (Sun et al. 2016).

 Nutrient Uptake Provisioning Services

To establish the functional position of photosynthesis rates, Fv/Fm ratio was mea-
sured in two different microalgae consortia with 22 runs of each in a test tube. This 
experiment imitated the highest photosynthetic quantum yield of PS II reaction cen-
ters of diverse dark-adapted microalgae culture conditions. In general, run filaments 
of each of the two microalgae consortia were identified for maximum rich quantum 
yield in the 16th run. The corresponding values of Fv/Fm of MC1(Scytonema sp., 
Microcystis aeruginosa, Gloeocapsa sp., Chlamydomonas reinhardtii, Scenedesmus 
abundance and Scenedesmus dimorphus) and MC2 (Calothrix sp., Westiellopsis 
prolifica, Aphanothece nageli, Chlamydomonas reinhardtii, Scenedesmus quadri-
cauda, Chlorella sp) were 0.52 and 0.61, respectively. The lower Fv/Fm ratios in the 
microalgae consortia indicate their lower photorespiration rates resulting from lack 
of oxygen in competitive resources stress compared to other individual microalgae. 
The microalgae cell groups having a greater surface-to-volume proportion were 
found to have higher photosynthesis rates (Fig. 6).

4  Microalgae Consortia in Wastewater Treatment

4.1  Heavy Metal as a Nutrient Source

Exogenous supplementation of various doses of chromium (Cr) considerably 
delayed the growth and biomass productivity of assorted microalgae monocultures 
similarly to artificial consortia. To determine the temperature-bearing capacity of 

Fig. 6 Plant efficiency analyzed by a central composite designed from 22 trials from pulse ampli-
tude modulation fluorescence
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cyanophycean, chlorophycean, and microalgae consortia among hexavalent Cr, the 
biomass of natural habitat species was enriched with four regimes of Cr in several 
sampling analyses up to a 16-day cultivation time. Regular observance of growth 
curves showed varied growth behavior in microcosms and metalloid microalgae 
consortia. The presence of Cr in the culture environs of microalgae greatly distorted 
their morphology at completely different extents with increasing dosages. 
Morphological analysis processed the drastic effect within the structure of varied 
chromium-added microalgae consortia and individual cultures. Within the natural 
community, niche partitioning of the environment was vital in the acclimation of 
various microalgae. The branched green algae typically affected aquatic areas: 
Lyngbya was floating on the surface whereas Oscillatoria was random within the 
Lyngbya cells. In distinction, unicells of Chlorella and coenobia of Scenedesmus 
dimorphus gathered close to the lowest portion. However, with increasing degree of 
metal toxicity, the niche partitioning and growth rates were altered from the natural 
community: the stationary phase arrived sooner with synchronization of almost all 
the cells of S. dimorphus at the highest concentration of the metal. In distinction, 
algae and Lyngbya were found to possess sensible stress-tolerating options among 
all the evaluated organisms; continuous growth observation from the 1st to 16th day 
showed fascinating changes within the doubling patterns of those microbes. Their 
growth rates were considerably affected at the various metal concentrations. The 
growth behavior of those four organisms at 0.5 ppm Cr was not greatly affected 
(p ≥ 0.05), and at the end of cultivation about the same quantity of biomass yields 
was obtained with respect to the natural control. Furthermore, with increasing the 
Cr doses, Chlorella and Lyngbya showed good response against Cr up to 1.0 ppm 
and their growth and biomass productivity were not significantly affected. However, 
growth of S. dimorphus and Oscillatoria was highly affected at doses above 0.5 ppm, 
and between 1.0 and 5.0 ppm their growth rates and biomass yield were reduced 
significantly (p ≤ 0.01). Their succession rates were very high at 5.0 ppm, and they 
arrived at their carrying capacities much earlier with very low cell counts and bio-
mass yields. The structure of those photosynthetic organisms was distorted by 
increasing the doses of metal. However, at an all-time low dose of 0.5 ppm, slightly 
swollen cells were seen under the light microscope, which would be the reason 
behind their increased metabolic attributes and increased yields of biochemicals 
such as carotenoids and carbohydrates. Moreover, increasing the doses of chro-
mium above 0.5 ppm not only affected the morphology but also the ecophysiology 
and biomass production of these organisms significantly. A similar trend was 
recorded in the behavior of the community at different doses of Cr. The natural com-
munity of these four organisms produced higher biomass than monocultures and all 
the communities with these four treatments of Cr. Growth rates, biomass yields, and 
microscopic examination of various photosynthetic cells verified the following 
order of tolerance for the tested organisms: Oscillatoria sp. ˂  S. dimorphus ˂  Lyngbya 
sp. ˂Chlorella ˂ consortia, respectively, in a healthy environment. The monoculture 
richness or uniformity in the natural community greatly affected community bio-
mass productivity. Within the community, Chlorella was the dominant species. 
Therefore, it contributed significantly in Cr adsorption and biomass production. 
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Consequently, a notable factor was the improved tolerance behavior and biomass 
productivity of those microbes at the lowest dose of Cr, indicating their combinato-
rial positive interactions towards chromium surface assimilation. Interaction of 
these organisms against Cr tolerance was reduced with regular increase in the doses 
of Cr, which led to distortion in their morphology and response towards biomass 
production. As in a natural community, Chlorella was found to be dominant in all 
communities. Compared to a natural community, the 0.5 Cr-treated community pro-
duced 1.26% more biomass. With further increase in Cr levels, the morphology of 
these microbes was greatly distorted, which finally led to regular reduction in bio-
mass yields. With respect to the natural community, communities at 1.0, 3.0, and 
5.0 ppm showed 29.4%, 62.0%, and 78.1% of reduction in biomass yields, respec-
tively (p ≤ 0.01). Also noted at the lowest dose of 0.5 ppm Cr+6 was slow augmenta-
tion in multiplication rates and altered morphology in monocultures or in consortia. 
The volumetric appearance of these monocultures and various consortia, respec-
tively, are shown in Fig. 7. Chlorella biomass was found to be highest among all the 
monocultures. Consequently, the maximum cell counts of Chlorella that were 
recorded in the community showed the richness of these algae in a natural commu-
nity over other individuals. The microalgae consortia could restore water quality by 
alleviating the Cr levels in water parameters up to 0.5 ppm; beyond this level, these 
organisms would have a negligible contribution in adsorption of Cr. Consequently, 
at the end of cultivation, Chlorella and Lyngbya were found to be dominant species 
within the community, followed by S. dimorphus and Oscillatoria, respectively. The 
total biomass yield of a control community was found to be highest over 

Fig. 7 O First excitation peak, J second excitation peak, K Tertiary excitation signal, I Quartenary 
peak and P is Stationary peak (OJKIP) curve of different monoculture and consortia showed stress 
level against heavy metal
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monocultures of Cyanobacteria and green algae, providing as a concluding remark 
that within the community these organisms can have better physiology and biomass 
yields compared to monocultures. The growth patterns and biomass yields of vari-
ous organisms and community, respectively, are provided in Fig. 7. The results were 
further confirmed by microscopic examinations. In various communities, Chlorella 
was the most dominant species, followed by Lyngbya, S. dimorphus, and Oscillatoria, 
respectively. An interesting characteristic of these microbes was enhanced meta-
bolic rates and other services at the 0.5 ppm dose of Cr. A gradual increase in growth 
patterns was recorded at that dose until the cultures reached their carrying capacity. 
However, at higher concentrations (1.0, 3.0, and 5.0 ppm) of Cr, growth and bio-
mass yields were found to be much poorer than the control and 0.5 ppm Cr+6 com-
munities. At higher concentrations all the cultures reached their carrying capacity 
before the control with lower cell counts, decreased biomass yields, and enhanced 
doubling times. The morphology of cells was highly distorted with increasing Cr+6 
toxicity levels. Consequently, in the treated community, formation of penetration on 
the surface of media at the end of cultivation indicated the initiation of their succes-
sion. Micrographs recorded at the end showed that during succession Oscillatoria 
sp. was highly affected whereas Chlorella dominated in the community. Therefore, 
in natural habitats affected with severe levels of Cr, similar trends may be expected 
with some deviations, because in natural water reservoirs there are many different 
independent factors or variables that could affect the structure and performance of 
organisms in the community. Therefore, above 1.0 ppm chromium, these microal-
gae lose their original features (Nath et al. 2017a, b).

4.2  Enhancing Water Quality by Niche Portioning

In blue-green algae, a consortium has an increased probability to increase effectual 
size contrasting to the foremost effective manufacturing respective strains. The 
principle for the improvement of consortia was measure of joint variability at inter-
vals, the reciprocality effect in consortia, and conjointly the state of strains individu-
ally (Cardinale et al. 2006). Explicating compositional and purposeful features in 
consortia may well be a topic of extraordinary peculiarity that assists us to grasp the 
interaction of blue-green algae with the environment. Earlier studies have shown 
many diverse groups of various species drastically utilizing and capturing available 
restricted environmental resources and with a large amount of biomass production 
compare to the less different species population. The principle of massive biomass 
in aggregating abundance production was in response to the phototropic quality of 
the microalgal population. Korner (in 2004) counselled that algal populations would 
not intensify the photosynthetic rate exclusively, notwithstanding capture and stor-
age of greenhouse gas from their environment, although this might not correspond 
to the tangibleness of the biomass by carbon storage attributable to increase in total 
species population. Through photosynthesis, flora uptake greenhouse gas, produce 
oxygen, and yield critically quantified biomass. Although various studies have 
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generally acknowledged this, fewer data reveal preliminary activities taking place in 
photosynthesis in phototropic beings. In this present research we have deliberated 
that, if the copiousness of strains is inflated at intervals in the quantitative relation-
ships of three, six, or more, then there is a depletion of accessible resources by 
resource pool methodology, leading to improvement of microalgal consortia bio-
mass stability. The stableness of blue-green algae populations may result in various 
settings or the best yielding single strain in terms of biomass production, of the most 
overwhelming and effective strains. Treatment of ethyl methane sulfonate (EMS) 
with microalgae species with lower doses (0.42 and 1.2 M) significantly (p < 0.05) 
increased Fv/Fm by 2.4%, 7.2%, 32.8%, and 42.2%, respectively, while qP increased 
by 4.4%, 7.1%, 15.6%, and 30.2%, respectively, and nonphotochemical quenching 
(NPQ) inclined by −0.73%, −3.65%, −5.85%, and −8.03%, respectively. However, 
at higher doses (0.72 and 1.2 M) Fv/Fm decreased by 1.3%, −10.3%, and −13.7%, 
respectively; similarly, photochemical quenching (PQ) also decreased by 3.2%, 
−10.4%, and −18.1%, respectively, while NPQ increased by 6.57%, 10.95%, and 
16.06%, respectively. The NPQ was high in the dark and in consortia that measure 
the ratio of quenched to remaining fluorescence (Fig. 8). The value of NPQ does 
suffer from distortion by the underlying protein fluorescence. This potential prob-
lem is addressed by fluorescence measurement with an alternate modulated source, 
which allows excitation of chlorophyll fluorescence without interference from phy-
cobiliprotein emissions. The mutant strains reduce cellular pigment content and 
exhibited improved photosynthetic activity, thus improved biomass productivity. 
The isolated mutant strains with photosynthetic alterations pool by better photosyn-
thesis regulation insight. Tillich et al. determined point mutation through chemical 
mutagenesis raised temperature tolerance about 2 °C in many generations of muta-
gens in Synechocystis PCC6803. Random coupled mutagenesis yields higher fitness 
for in vitro selection of strains. The quantification of living cells on selection plate 
rates was equivalent to mutation with nonlethal doses. The developed microalgae 
consortium has the capability to use enormous amounts of nutrients through the 
water and improve water quality through trophic factors.
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Fig. 8 Chemical mutagenesis by ethyl methane sulfonate (EMS) shows carcinogenesis in mono-
cultures and polycultures
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4.3  Improve Water Quality Through Fresh Gross Productivity

The microalgae consortia is only unfeasible for recycling of fresh gross productiv-
ity, yet often recycling of trophic factors increased production of biomass. The 
microalgae consortia, productivity, and tolerance capability with respect to their 
co-product provides higher amounts in individual species on aqueous-phase recycle 
time. With the highest tolerance capacity with respect to aqueous-phase co- 
production, microalgae consortia must have less dilution or a higher concentration 
during the recycle pathway. The point of interest is ecological interactions in micro-
algae consortia using the best efficient methods and reducing the waste stream pro-
ductivity for improving trophic factors substantially harnessed that are significant; 
otherwise, role eutrophication will ensue (Godwin et al. 2017).

5  Molecular Approach of Microalgae Consortia

5.1  Transcriptomics and Gene Functioning Analysis

The concerned media for growth of organisms were applied to isolation. The partial 
evaluation of cDNA interpretation systematizes the sequestered as a number of 
organisms that participated in the microalgae community. These isolates included 
microalgae orders, families, genera, or species. A number of the isolates that were 
antagonistic or agonistic within the fermentation medium had properties similar to 
microorganisms, for example, Aeromonas, Vibrio, Acinetobacter, and Pseudomonas, 
which are directly responsible as causative agents for disease in humans and ani-
mals and should be effective in the assessment during negative impact caused by 
microalgae blooms. The various species inhibited or enhanced the growth of cyano-
bacteria within community and designer microalgae consortia with respect to media 
optimization: trophic factors, spatial variation, space, or time could improve it. Such 
types of consortia had an improving impact on microalgae growth. A large group of 
isolated microorganisms was applied in the assessment and management of the 
negative impact of microalgae (Berg et al. 2009). The phytoplankton species inter-
actions and coexistence provided unique insight into the transcriptomic deviations 
that are acquired without restraints. First, the statistical model was developed with 
respect to transcriptome-wide investigation of gene expression for associations of 
genes that were expressed in participating individual cultures. The purpose of RNA 
spikes to establish detection criteria and similarities–dissimilarities of actual expres-
sion intensities provides assistance for future human requirements. The exploration 
of the constricted roles of shared genes versus uniquely expressed genes for contrib-
uting species interfaces, and in precise niche variation and facilitation within micro-
algae consortia. Second, the gene expression on postmitotic phase point to time 
during competition; herewith, altered in gene expression in this time would have a 
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role in comparisons of gene expression on behalf of the mid-log growth section, 
dependence of density, and therefore the complete impact of competitive species. 
The comparisons of metagenomics basis of huge resources utilized growth versus 
community-dependent growth of variations versus interspecies microalgae consor-
tia among surroundings would alter gene expression over time. Third, in the thought 
of the recent analysis during this regard, the illation of gene functions was, by 
necessity, supporting transitive annotations. The climatic issue is a crucial role 
example; temporal and abstraction biotic and abiotic complexness of microalgae 
consortia on gene expression, species interactions, and existence are areas of inter-
est for researchers operating in this area in future. Finally, in this regard to the big 
plan control notion that visible morphological similarity results in competitive 
exclusion, the results found that similarity in gene expression among the microalgae 
community across the transcriptome tends to steer to weaker competition, much 
possible facilitation, and larger coexistence. The analysis provides support that the 
expression of the largely preserved normal expressed genes is needed for future 
survival and fitness in an exceedingly explicit environment; on the opposite hand, 
niche variations and helpful interactions could also be encoded by simply a number 
of, or presumably rare, genes. The various varieties of species interactions were 
investigated directly for their role in deciding known gene functions to lie within the 
future (Narwani et al. 2017).

5.2  Proteomics Approach

Although detectable using a light microscope, the photosynthetic lamellae of the 
cyanobacteria were first observed with electron microscopy, initially in shadowed 
metal preparations and later in thin sections. The lamellae are closed discs termed 
thylakoids. Observance of the lamellae, or the adjacent membranes, varies greatly 
with the fixative that is employed. After permanganate fixation, the double mem-
brane is seen in the section as three lines in parallel having thickness of 20 Å, 40 Å, 
and 20 Å, between which lie spaces of 30–35 Å, whereas following osmic acid fixa-
tion the membrane apparently appears as two parallel lines each 355 Å to 655 Å 
thick, separated by a space of about 50 Å. The only chlorophyll that is found in 
cyanobacteria is chlorophyll a. It has been discovered that the chlorophyll from 
Phormidium luridum has phytol. In vivo, the absorption spectrum is shifted to a 
wavelength around 13 nm greater than the absorption peak in methanol solvent. 
Representative values of chlorophyll as the percent of algae are 2.2 (667) and 0.2–
1.0 (741) [dried weight]. Analysis of the quantities of individual carotenoids found 
that a large variety of cyanobacteria contains 13-carotene, echinenone, myxoxan-
thophyll, sometimes zeaxanthin, and most frequently present carotenoids, albeit 
exceptionally canthaxanthin, caloxanthin, nostoxanthin, oscillaxanthin, and glyco-
side have been also found to account for almost 10% or more of the total carotenoid 
present. 13-Carotene is the only one of its kind present in blue-green algae (Fig. 9).
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6  Conclusion and Future Prospects

Trait-dependent and trait-independent factors, such as level of light, quality of light, 
water quality, capturing of food, warmth, snow, chemical microorganisms, herbi-
cides, detoxification of metals, pathogen control, and inherent features – all these 
factors simultaneously affect assimilation in photosynthetic organisms, their health 
and condition. These factors have a significant role in PS II fluorescence signaling, 
so by using a pulse amplitude modulator, improvement of biomass production by 
controlling the foregoing factors was evaluated and easily elucidated the functioning 
and services of the microbiome. The fluorescence of the PS II reaction center dissi-
pated the energy of photons in the dark-adapted chlorophyll state; the transport of 
electrons comes back to the maximum oxidized condition after the chain of reduc-
tion-oxidation state. Even fluctuations in the microorganisms that affect stoma open-
ing and gas exchange with the atmosphere are suggested by changes in the 
fluorescence features of an organism. In the present communication, the photochem-
ical quenching (PQ) and nonphotochemical quenching (NPQ) of microalgae and 
their consortia would be studied in fermentation broth; the Fv/Fm ratio of different 
individual algal strains and their consortia will be used for determination of maxi-
mum quantum yields. The present proposal is expected to develop new technology 
for sustainable algal biofuels to limit future energy demands and economy- related 
problems. The designer microalgae consortia interactions would allow for unlimited, 
less time consuming, and cost-effective technology for bioenergy improvement, by 
applying the dominant complementarity industrial approach for biofuels.
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1  Introduction

In algae cultivation, one of the important economic constraints for biomass produc-
tion is the cost of the nutrient media. Therefore, endeavors are being made to 
exchange the costlier nutrient media with less expensive supplemental sources. 
Among current solutions is the utilization of various sorts of wastewater for biomass 
production. Thus, in recent decades algae research has gained interest mainly ori-
ented to the cultivation of algae in wastewater for cost-effective microalgal biofuel 
production and waste remediation (Diniz et  al. 2016; Salama et  al. 2017; 
Shchegolkova et al. 2018; Wu et al. 2014). The commercial use of algal cultures 
with application to WWT spans about 70 years. Currently, great interest is being 
evidenced all over the world including the USA, Australia, Taiwan, Mexico, and 
Thailand. The utilization of algae in WWT systems for nutrient removal was inves-
tigated earlier by Oswald et al. in 1957; wastewaters mainly provide water as well 
as a large number of necessary nutrients for algae cultivation. Algae are a photosyn-
thetic microorganism with the capacity of converting solar energy into biomass and 
taking up nutrients such as nitrogen (N) and phosphorus (P) from wastewater (Lam 
and Lee 2012; Salama et al. 2017). The photosynthetic process produces O2, which 
is essential in wastewater to allow aerobic bacteria to break down organic 
contaminants.

Many studies have shown that nutrient removal from wastewater using microal-
gae is applicable to various wastewater types including municipal (Álvarez-díaz 
et al. 2017; Liu and Ruan 2014), domestic (Cabanelas et al. 2013; Dahmani et al. 
2016), agro-industrial (Posadas et al. 2014a), piggery (Yuan et al. 2013), and food 
processing (Lu et al. 2015).
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Coupling WWT with algae cultivation has been reported to be a good economi-
cally viable opportunity (Delrue et al. 2016, 2018) for cost reduction for biomass 
production as well as for water treatment, which provides an opportunity for clean 
water production in areas of limited water supply, with a very realistic possibility 
for utilization in the desert environment and hot arid regions (Fig. 1).

To mass develop microalgae with WWT, a variety of issues, mostly technical and 
economic, must be considered: finding suitable strains of algae, assessing nutrient 
content to determine readily available forms for algal uptake, determining the pres-
ence of biological inhibitories such as fungal and viral infection, solids content and 
turbidity for wastewater, competition between different microorganism populations, 
and environmental factors.

Well-balanced formulas of wastewater are necessary to realize maximal growth 
potential and high removal rate; with most necessary nutrients, municipal wastewa-
ters offer a suitable option as artificial media for algae cultivation. However, inhibi-
tory and toxic substances in the wastewater may smother the development of algal 
species. Furthermore, not all cultures are suitable for mass cultivation in open sys-
tems because of contamination, thus limiting species that can be used for cultivation 
on a large scale. Finding strains well adapted to cultivation in open ponds through 
screening of indigenous species or acclimation could provide a solution to this prob-
lem. Additional carbon sources (carbon dioxide, for example) from flue gases and 
different nutrients might be essential for unbalanced wastewater nutrition, espe-
cially the N/P ratio.

WWT using various algae strains has been extensively studied indoors at a labo-
ratory scale, needing to be scaled up to outdoors applications to provide an inexpen-
sive process; however, many factors such as illumination, temperature, and seasonal 
changes can be a challenge (Rawat et al. 2013; Zhu et al. 2016). To the best of our 
knowledge, only a few pilot plants have been successfully constructed throughout 
the world, mainly located in high-irradiance areas (Fig. 2).

Fig. 1 Principles of microalgae production integration with wastewater treatment (WWT)
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2  Algae Culture from the Laboratory to Outdoors

Research on microalgae culture in wastewater has increased. The larger part of this 
exploration is done on a laboratory scale using artificial light, competent techni-
cians, and controlled growth conditions. However, the transfer of results from labo-
ratory research to outdoor production needs further investigation to adjust and 
optimize the growth kinetics and nutrient uptake parameters.

Biomass productivity and photosynthetic activity are dependent not only on the 
total amount of solar energy impinging on the culture surface, but also on the vari-
ous key factors such as pH, nutrients, salinity, and temperature (Cabello et al. 2015; 
Mahdy 2016). At the laboratory scale, culturing algae for WWT using real and dif-
ferent types of wastewater, many strains have been identified and high nutrient 
removal efficiency achieved. Even though a strain may grow well in laboratory 
cultures under particular incubation conditions (e.g., room temperature and rela-
tively low light intensities), there is no warranty that it will grow efficiently in out-
door systems (García et al. 2017), as these are subject to variable seasonal water 
temperatures and fluctuations in light throughout the day (Tan et al. 2015). In any 
case, it is difficult to exploit results obtained in the laboratory to determine outdoor 
operating conditions. Table 1 shows some experiements conducted under outdoor 
conditions using various media and systems.

3  Challenges in Using Microalgae for WWT

The use of microalgae or microalgae–bacteria symbiosis has been demonstrated to 
provide a good treated water quality by removing organic matter and nutrients 
including nitrogen, phosphorus, hazardous contaminants, heavy metals, and also 
even for the removal of a specific pollutant (Ma et al. 2014; Olguín 2012).

Fig. 2 Location of different outdoor algae wastewater treatment plants and direct normal irradia-
tion (kWh/m2) (solargis. info)

Outdoor Microalgae Cultivation for Wastewater Treatment
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Table 1 Microalgae grown in outdoor condition

Strain Culture system Medium
Outdoor 
location References

Chlorella Batch reactor 
0.25 m2 (10 l)

BG11 and F Florence, Italy 
(July to 
September)

Guccione et al. 
(2014)

Nannochloropsis 
sp.

Green wall panel 
photobioreactors 
(<110 l)

BG11 and F Livorno, Italy Rodolfi et al. 
(2009)

Dunaliella salina Paddle wheel tanks 
(20 m2)

Artificial 
medium contain

Puerto Santa 
Maria, Cadiz, 
Spain

García- 
González 
(2013)

Chlorella 
pyrenoidosa

Photobioreactor 
(175 l)

Effluent of 
anaerobically 
digested 
activated sludge

Shandong 
Province, China

Tan et al. 
(2015)

Chlorella vulgaris Open 
photobioreactors 
(3 l)

Piggery 
wastewater 
diluted 10- and 
20-fold

Valladolid 
University, 
Spain

González- 
Fernández et al. 
(2016)

Chlorella 
zofingiensis

Open plastic pond 
(100 l)

Dairy wastewater Foshan
City, China

Technology 
(2016)

Ulothrix sp. Batch reactors 
(12 m3)

Aquacultural 
wastewater

Inagro, 
Roeselare, 
Belgium

Van Den Hende 
et al. (2014)

Nannochloropsis 
gaditana

Outdoor bubble 
columns (100 l)

Real centrate 
from an urban 
wastewater

Almería, Spain Villegas et al. 
(2017)

Chlorella 
pyrenoidosa

Closed rectangular 
tanks (175 l)

Alcohol 
wastewater

Shandong 
Province, China

Tan et al. 
(2017)

Algae–bacteria (8 m3) Domestic 
wastewater

Hamilton, New 
Zealand

Park et al. 
(2011)

Galdieria 
sulphuraria

Enclosed 
photobioreactors 
(700 l)

Urban 
wastewater

Las Cruces WW 
Treatment Plant 
in southern New 
Mexico

Henkanatte- 
gedera et al. 
(2017)

Chlorella 
pyrenoidosa

Airlift circulation 
photobioreactor 
(890 l)

Starch- 
processing 
wastewater

Shandong, 
China

Chu et al. 
(2015)

Nannochloropsis 
gaditana

Tubular
photobioreactors

Anaerobic 
digestion of 
municipal 
wastewater

Almería, Spain Ledda et al. 
(2015)

Microalgal 
consortium

Fiberglass 
paddlewheel-driven 
raceway ponds 
(1 m2)

Anaerobic 
digestate of 
piggery effluent

Murdoch 
University, 
Australia

Ayre et al. 
(2017)

Indigenous algal 
consortium

HRAP (100 l) Municipal 
wastewater

Daejeon, South 
Korea

Kim (2014)

(continued)
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The main challenges for the application of microalgae for WWT are the variation 
of cultivation condition and the harvesting of the algae biomass, the result of the 
settling characteristics and operational conditions. The concentration and composi-
tion of the organic material in the influent subjected to daily and seasonal variation 
must be considered in the design: the hydraulic retention time must be optimized 
and reduced to face environmental and nutrient fluctuations. Selection of the desired 
species, and finding and fixing an optimal ratio of algae/bacteria, and micropollut-
ants removal, and a need for external CO2 present additional obstacles.

Although there are several studies on this topic, additional research is needed to 
prove the effectiveness of microalgae-based WWT systems at full scale as perspec-
tives for coming years and a promising alternative for the WWT process.

4  Effect of Wastewater Composition

The raw sewage/untreated wastewater composition and characteristics vary depend-
ing on the source and the location, and contain in their composition the main nutri-
ents necessary for the growth of microalgae (Table 2).

In recent years, the cultivation of various microalgae strains in various raw 
wastewaters based on agricultural, municipal, and industrial sources was successful 
(Álvarez-díaz et al. 2017; Ayre et al. 2017; Zhu et al. 2013) (Fig. 3).

Urban/municipal wastewaters are a mix of a small percentage of industrial with 
domestic influents, mainly containing small amounts of suspended and dissolved 
organic and inorganic solids. Among the organic substances present in sewage are 
carbohydrates, lignin, fats, proteins, soaps, synthetic detergents, and various natural 
and synthetic organic chemicals from the processing industries. Most of the munici-
pal wastewater is rich in nutrients such as phosphorus, ammonia, nitrogen, and a 
variety of inorganic substances, for example, calcium, chlorine, sulfur, magnesium, 
phosphate, and potassium. However, a number of potentially toxic elements such as 
chromium, silver, mercury, iron, gold, zinc, lead, copper, cadmium, nickel, arsenic, 
tin, selenium, aluminum, cobalt, manganese, and molybdenum could be present 
where algae are able to accumulate these toxic elements, when they are present in 
small concentrations.

Table 1 (continued)

Strain Culture system Medium
Outdoor 
location References

A mixed culture: 
two Scenedesmus 
sp.

Open circular ponds 
of 30 l capacity
(1 × 1.5 m)

Pulp and paper 
mill effluent

Karnataka, 
India

Kim (2014)

Indigenous isolate: 
Scenedesmus sp.

Open pond 
(4 m × 80 cm)
With 38 cm deep,

Produced water Sultanate, 
Oman

Winckelmann 
et al. (2015)

Chlorella, 
Scenedesmus, 
Spirulina

Twelve open tanks
(2270 l)

Treated 
wastewater 
(post-clarifier

Houston, Texas Bhattacharjee 
and Siemann 
(2015)

Outdoor Microalgae Cultivation for Wastewater Treatment
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(continued)

Table 2 Different wastewater treatments for outdoor microalgal cultivation

Source of 
wastewater

Wastewater
characteristic 
(mg/l)

Removal 
efficiency 
(%) Strain References

Domestic COD 426 COD 78 Chlorella pyrenoidosa Dahmani 
et al. 
(2016)

TN 1.15 TN 95
TP 3.22 TP 81
COD 156 ± 79 COD 66 Stigeoclonium sp., Chlorella sp. 

Monoraphidium sp., Chlorella sp. 
Stigeoclonium sp.

Matamoros 
et al. 
(2015)

TN 81 ± 9 TN 99
TP N. R. TP N. R.
COD N. R. COD N. R. Mucidosphaerium pulchellum 

(H.C. Wood) C. Bock, Proschold 
& Krienitz

Sutherland 
et al. 
(2014)

TN N. R. TN 79
TP N. R. TP 49
BOD 115.5 ± 71.5 BOD 50 N. R. Craggs 

et al. 
(2012)

TN 24.2 ± 9.5 TN 65
TP N. R. TP 19
COD 575 ± 84 COD 84 Scenedesmus sp. Posadas 

et al. 
(2015a)

TN 64 ± 15 TN 79
TP 9 ± 3 TP 57
COD 167 ± 64 COD 89 Acutodesmus sp., Aulacoseira sp., 

Chlorella sp., Desmodesmus 
quadricaudatus, Limnothrix 
redekei, Nitzschia sp., 
Planktothrix cf. prolifica, 
Pseudanabaena limnetica, 
Synechocystis aquatilis, 
Woronichinia sp.

Posadas 
et al. 
(2014b)

TN 106 ± 9 TN 92
TP 12 ± 3 TP 96

Urban and 
municipal

COD 79.62 ± 3.17 COD N. R. (TPBR)
Scenedesmus obliquus

Arbib et al. 
(2013)TN 25.00 ± 1.80 TN 91. 4

TP 2.23 ± 0.12 TP 86. 5
COD 79.62 ± 3.17 COD N. R. (HRAP)

Scenedesmus obliquus
Arbib et al. 
(2013)TN 25.43 ± 0.54 TN 65. 6

TP 2.23 ± 0.12 TP 56. 2
COD N. R. COD N. R. Actinastrum, Scenedesmus 

Chlorella, Spirogyra
Nitzschia, Golenkinia, 
Micractinium, Chlorococcum, 
Closterium, Euglena

Woertz 
et al. 
(2009)

TN 51 TN 96
TP 2.1 TP 99
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Table 2 (continued)

Source of 
wastewater

Wastewater
characteristic 
(mg/l)

Removal 
efficiency 
(%) Strain References

Agro- 
industrial

COD 3000 ± 28.1 COD 89 Scenedesmus sp. Usha et al. 
(2016)TN 20.09 ± 1.3 TN 65

TP 1.55 ± 0.01 TP 71
COD 342 ± 26 COD 56 N. R. de Godos 

et al. 
(2010)

TN 18.8 ± 9.4 TN 97
TP N. R. TP 15
COD 526 ± 97 COD 76 N. R. de Godos 

et al. 
(2009a)

TN 59 ± 22 TN 88
TP N. R. TP N. R.
COD 678 ± 249 COD 77 N. R. Posadas 

et al. 
(2015b)

TN 31 ± 10 TN 83
TP 19 ± 5 TP 94
TOC 1247 ± 62 TOC 50 Chlamydomonas, Microspora 

Chlorella, Nitzschia, Achnanthes 
Protoderma, Selenastrum, 
Oocystis, Ankistrodesmus

de Godos 
et al. 
(2009b)

TN 656 ± 37 TN 100
TP 117 ± 19 TP 86

N. R. not reported, BOD biochemical oxygen demand, COD chemical oxygen demand, TOC total 
organic carbon, TN total nitrogen, TP total phosphorus, HRAP high-rate algal pond

Fig. 3 Removal efficiency from domestic wastewater (outdoor microalgae cultivation based on 
recent research)
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Accumulating processes take place by diverse mechanisms that depend on the 
species of microalgae and heavy metal ions; diverse factors significantly influence 
the fixation of heavy metals including the chemical substance concentration, pH, 
temperature, and accessibility of nutrients in the medium (Kumar et al. 2015; Talebi 
2016).

It should be noted that several studies have shown that microalgae biomass has 
very effective performance for the reduction and elimination of various kinds of 
pollutants. A range of microalgae strains has been reported to have a potential effi-
ciency of removal of a heavy metal; for example, Chlorella vulgaris is able to 
remove almost 100% of Cu and Fe and more than 60% of Zn, Pb, and Ni when 
cultured in urban wastewater (Kumar et al. 2015). The elimination of heavy metals 
in microalgae is mediated by two simultaneous mechanisms: passive and active. 
Passive mechanisms such as ion exchange, chemisorption, and adsorption occur at 
the cell surface, are frequently reversible and kinetically fast (Chojnacka et  al. 
2005). However, active mechanisms for heavy metal removal imply intracellular 
and extracellular (Ozturk et al. 2014).

Dishwashing liquids and shampoos are mainly constituted of surfactants, dis-
charged into sewage wastewater. A few studies have reported their effect on algae 
growth (nutrient uptake); inhibition and toxic effect was observed for cationic and 
anionic surfactants with a concentration exceeding 1 mg/l. However, toxicities of 
non-ionic surfactant range from 0.003 to 18 mg/l; for example, 0.17–0.69 mg/l of 
sodium dodecyl sulfate is a minimum inhibitory concentration of Chlamydomonas 
reinhardtii (Groot 1990).

Utilization of microalgae for municipal WWT could be very effectively imple-
mented for small communities where the variations in the effluent concentration 
could be minimized and controlled.

5  Agricultural Wastewater

Ranges of wastewaters are produced by the agriculture industry. The nutrient con-
centrations are wholly source dependent; a few studies showed the feasibility of the 
algal treatment of piggery, dairy, and poultry wastewater.

Agriculture wastewater is characterized by high nutrient concentrations, which 
may lead to algae being unable to grow. WW is very rich in pollutants such as 
ammoniacal nitrogen and phosphorus as well as having significant chemical oxygen 
demand (COD) concentration. The majority of studies report the important need for 
dilution (50%) for appropriate microalgae growth (Ayre et al. 2017) and a  freshwater 
supply. High ammonia concentrations and high turbidity can be among the major 
challenges for long-term outdoor microalgae cultivation.

In poultry wastewater, total phosphorus (TP) and total nitrogen (TN) are gener-
ally more than 280 mg/l, with a COD exceeding 6000 mg/l; outdoor culture requires 
diluted poultry media and selection of the right algal strain to avoid photoinhibition. 
Studies conducted indoors showed that Arthrospira platensis cannot survive and 
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grow and was significantly inhibited in 20× and 25× diluted poultry WW; however, 
Chlorella vulgaris displayed better growth in 10× diluted media (Markou et  al. 
2016).

The outdoor culture of Scenedesmus sp. using diluted effluent from a chicken 
manure biogas plant (25×) has been reported; ammonium and orthophosphate 
uptake were achieved at 90% but COD and nitrate at more than 50% (Lu et  al. 
2015).

Increasing use of pesticides, insecticides, antibiotics, and other fertilizers in agri-
culture will have a significant impact on microalgae growth and the kinetic nutrient 
uptake process for large-scale application.

6  Industrial Wastewater

Industrial WWT is not simple because its composition fluctuates and may contain 
poorly biodegradable components and high organic matter content (Dvořák et al. 
2014). The characteristics of industrial wastewater and the presence of toxic com-
ponents vary according to the type of activity that generated the pollution. 
Wastewater from slaughterhouses includes copper and zinc; petroleum industry 
wastewater contains benzene, naphthalene, nonylphenol, toluene, and xylene. 
Plastic plant waste contains octylphenol and chromium; the textile finishing sector 
produces waters rich in tribulphosphate, naphthalene, xylene, copper, and zinc. The 
manufacture of biocides or phytosanitary products pollutes the water with arsenic, 
chromium, copper, and zinc.

Industrial wastewater generally contains many heavy metals compared to munic-
ipal wastewater, but less phosphorus and nitrogen. For this purpose, it is necessary 
to use microalgae species or strains that effectively adsorb heavy metals.

Research studies are devoted to the removal of heavy metals and organic pollut-
ants from microalgae grown in industrial WW. However, the high concentrations of 
organic toxins and heavy metals present in industrial wastewater tend to limit the 
possibilities of microalgae cultivation following the inhibition of microalgae 
growth.

A very few studies have reported outdoor culture using industrial wastewater 
because of its complex composition. Usha et  al. (2016) studied the removal of 
organic pollution and nutrient rejects from paper and pulp mill effluent in an open 
outdoor pond diluted with distilled water (60%) using a Scenedesmus sp. strain; 
removal of up to 89% and 75% of COD and biological oxygen demand (BOD), 
respectively, was achieved. NO3-N and PO4-P removal up to 65% and 71.29%, 
respectively, were observed at the end of 28 days.

The scaleup for outdoor removal in industrial wastewater needs further investiga-
tion; indoor cultured studies showed removal efficiency.

Outdoor Microalgae Cultivation for Wastewater Treatment
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7  Systems for Outdoor Microalgae Cultivation

Microalgae cultivation systems are one of the important aspects of biomass produc-
tivity. For this, numerous types of algal cultivation systems are developed (Fig. 4); 
the majority of them are based on closed or open systems. Based on the literature, it 
is impossible today to compare the performance of different outdoor systems 
because the reactors are not located in the same places, the mode of operations and 
measurements are different, and there are several cultivated strains.

7.1  Open Systems

A stabilization pond of wastewater is a basin at a designed depth in the ground for 
the treatment of wastewater. They are used to treat a variety of WW under broad 
weather conditions and are cost-effective to provide WWT when land is available. 
Moreover, their operation is very easy it requires minimum maintenance. These 
ponds are generally used preferably in areas with a warm climate. Raceway ponds 
are widely used for large-scale algal biomass production.

Fig. 4 Examples of different types of pond systems for outdoor microalgae cultivation
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The algae ponds used in the WWT plants are constructed in a suitable form for 
the location; the mixing is generally achieved by a gravity flow. The Werribee WWT 
plant in Melbourne is one of the largest algal ponds for WWT with a surface area of 
11,000 ha. Winckelmann et al. (2015) reported a successful study in an arid desert 
for cultures of indigenous algae using wastewater in open ponds (38 cm deep, 80 cm 
wide, 4 m long). However, Ayre et al. (2017) reported outdoor cultivation of micro-
algae on undiluted anaerobic digested waste using 1  m2 fiberglass paddlewheel- 
driven raceway ponds during the winter. Many disadvantages have been observed, 
such as ammonia lost to the atmosphere or an undesirable contamination of the 
culture during long-term growth.

Major wastewater pond systems are large shallow ponds, tanks, raceway ponds, 
and circular ponds (Ugwu et al. 2008). The most popular type for microalgae culti-
vation and WWT is the raceway pond (de Godos et al. 2014). However, some major 
limitations can affect biomass productivity in open ponds, such as evaporative 
losses, easily contaminated cultures, photoinhibition in the summer, light used by 
the cells, and diffusion of CO2.

However, the working depth is one of the most important design parameters of a 
raceway pond. Working with a shallow depth can exposure the algae to high tem-
perature, especially during the summer, but a too great pond depth can prevent effi-
cient light penetration. The optimal depth can be determined according to the quality 
and quantity of light penetrating, taking into account wastewater turbidity, which 
induces light-scattering processes and attenuation.

The hydraulic retention time (HRT), defined as the time that a wastewater 
remains inside the pond before it is evacuated, is an important factor that determines 
the efficiency and the cost-effectiveness of wastewater treatment. Many authors 
have suggested keep the HRT long enough to reach a maximum algae growth rate 
with high nutrient uptake and prevent nutrient limitation (Kim 2014). The HTR 
should be connected to seasonal variation and WW composition. HTR in the sum-
mer must be shorter than in the winter, because for a high nutrient reduction in the 
summer compared to the winter studies have reported that the removal efficiency of 
phosphorus and nitrogen with Scenedesmus obliquus was 20% higher in the sum-
mer (Lu et al. 2016).

7.2  Closed Systems

Various closed systems that have been designed for algae culture include tubular, 
flat-plate, and bag reactors; usually photobioreactors have better light penetration. 
Most of the closed systems are attractive for cultivation of algae for high-value 
product. High biomass productivity with minimal contamination has been reported, 
but a closed system not adapted for algae WWT use because of the high cost of 
maintenance and the need of more technical knowledge.

The design principles of most bioreactors used for WWT are derived from and 
similar to the pure culture systems: closed photobioreactors (PBRs) are generally 
considered to be too complicated to promote to a large scale. Tubular bubble col-

Outdoor Microalgae Cultivation for Wastewater Treatment



92

umn photobioreactors of 40 l were used for Chlorella zofingiensis outdoor culture 
in artificial wastewater in southern China with temperature varying between 20.6 ° 
and 30.8 °C; a biomass yield of 17.4 g m−2 day−1 was achieved (Zemke et al. 2013).

Vertical flat-plate PBR supplemented with municipal wastewater have been 
reported. Although the experiment was performed indoors under controlled condi-
tions of illumination and temperature, 99% of TN and TP was removed with 
Chlorella vulgaris and Scenedesmus obliquus (Salama et al. 2017).

8  Limiting Factors in Outdoor Cultivation

Two competitive processes are responsible for the production of algal biomass: res-
piration and photosynthesis. However, the outdoor cultivation for nutrient removal 
from wastewater may depend on various abiotic and biotic factors such as algal 
species, nutrients, location, season, temperature, and irradiance, amount of rain, 
and/or wind and turbidity.

To maximize algal productivity, the different growth factors must be maintained. 
Nutrients can be controlled by adding wastewater as a medium into the culture. 
However, light intensity, temperature, and evaporation depend on solar irradiation, 
location, and season, and therefore cannot be controlled during outdoor 
cultivation.

The following section describes how the different growth factors predict algal 
productivity in outdoor cultivation.

8.1  Light Limitation and Photoinhibition

Outdoors, depending on the location of the crop and because of seasonal changes, 
the algae are exposed to irradiation that changes with time, different levels of illu-
mination, and daily fluctuations. The effectiveness of photosynthesis is influenced 
by the fluctuation in light conditions with regard to intensity, wavelength, and dura-
tion. It is essential to evaluate each parameter to determine the optimal light condi-
tion that yields maximal productivity.

The intensity and availability of light is the major factor in the growth and pro-
ductivity of photosynthetic microorganisms. Low light intensity leads to growth 
limitation whereas light intensity can inhibit the growth process: this phenomenon 
is known as photoinhibition (Barber 1992; Han 2002). Excess light intensity 
imposes a serious limitation on photosynthetic efficiency, particularly when cou-
pled with high oxygen level and/or a temperature that is not optimal (Tredici and 
Zittelli 1998).

In a single day, light intensity changes from zero to saturated or oversaturated 
light levels. Therefore, the outdoor production of microalgae is light limited at the 
beginning and end of the day and light saturated in the middle of the day. Furthermore, 
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light intensity also varies throughout the year, leading to complex operational pro-
cesses in outdoor culture.

Microalgae have developed protective mechanisms to accommodate the changes 
in light intensity. Photo-acclimation is a process in which the microalgae reduce 
their photosynthetic pigment content as a way to protect the photosynthetic appara-
tus against increased irradiance (Sousa et al. 2013). The chlorophyll content per cell 
varies in relationship to the surrounding light environment (Sousa et  al. 2013). 
Chlorophyll increases in the light-limited phase until the cells become optically 
dark and decrease under the light-saturated phase, resulting in more transparent 
cells (Simionato et al. 2011; Sousa et al. 2013). When exposed to strong illumina-
tion, microalgae protect their photosynthetic capacity by decreasing chlorophyll 
content and increasing carotenoid content in their pigmentation. This phenomenon 
occurs only with a limited number of microalgae, such as Haematococcus pluvialis 
and Dunaliella salina.

In most cases, however, chlorophylls and carotenoids decrease when microalgae 
are exposed to high light intensities, and as a result, the cells gradually turn from 
green to yellow to orange because the degradation of chlorophylls is usually more 
rapid than that of carotenoids. The increase in carotenoid content allows algae to 
dissipate excited chlorophyll energy and remove reactive oxygen species (ROS), 
thus maintaining the photosystem structure and functions. At very strong illumina-
tion, protective mechanisms will not be able to overcome the excess of electrons, 
ROS accumulation, and singlet oxygen formation, resulting in the death of algal 
cells (Simionato et al. 2011; Sousa et al. 2013).

In an outdoor culture system, in addition to the total amount of solar energy 
received on the growing surface that is important for biomass productivity, the 
amount of energy available at the cell level is necessary for good production (con-
cepts of “light regime” and “light per cell”) (Chaumont 1993). However, the 
decrease in photosynthetic activity is explained by an enzymatic inactivation caused 
by high temperature, high irradiance, or both. Scenedesmus obtusiusculus showed a 
linear response of photosynthetic activity for irradiances in the range of 
8–300 μE m−2 s−1, which remains constant until an irradiance of 970 μE m−2 s−1. At 
high irradiances (1600–2360 μE m−2 s−1), photoinhibition was observed at tempera-
tures above 35 °C. At high irradiance (1000 μE m−2 s−1), photoinhibition has been 
reported for Synechococcus, Haematococcus, Chlorella, Phaedolactinum, and an 
Scenedesmus almeriensis strain (Revah and Morales 2015).

Photosynthesis of most algal species is saturated at a solar radiation level of 
200 μE m−2 s−1, which is about 10–17% of summer/winter maximum outdoor light 
intensity (Park et al. 2011).

The culture density and algal strain affect the light saturation level; the algal 
productivity from incident solar radiation can be estimated from the maximum effi-
ciency of photosynthetic conversion of algae. For this, it is necessary to study the 
influence of light on the growth of any particular strain. Algal productivity could be 
determined from the average solar radiation photoinhibitory process that can result 
in a loss in biomass productivity and nutrient removal efficiency. This problem can 
be solved by shading the culture such that the incident photon flux decreases and by 
avoiding a culture of microorganisms in the heating systems.
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8.2  Temperature Limitation

In the closed system, especially in the photobioreactor, the temperatures increase 
with increasing solar radiation and air temperatures. The heat is transferred mainly 
through radiation, air radiation, direct and diffuse solar radiation; heat is transferred 
to the medium through natural or forced convection in case of mixing.

In the outdoor culture system, geographic location will define the maximum tem-
perature that algae may be exposed to and be able to grow and survive; in high 
insolation, temperature can reach 40 °C.

Economically, temperature control for outdoor large-scale ponds is impossible, 
as temperature varies during the day and with season; thus, the algal strain should 
be chosen to tolerate a broad range of temperature as well as showing high produc-
tivity and nutrient removal during the year in summer when the pond achieves a 
high temperature in arid areas, especially at night or in the winter when the pond 
may freeze over.

8.3  Evaporation

High evaporation rate is one of the main problems of outdoor algae ponds and is 
most often seen as a limitation. Evaporation is a surface process, mainly influenced 
by air temperature, relative humidity, and wind. Evaporation from algae ponds can 
be estimated from standard evaporation (“Pan A”). The factors affecting evapora-
tion rate are temperature, surface area, humidity of air, and wind speed. However, 
algae ponds are much shallower and mechanically mixed, and thus are expected to 
increase in evaporation rates. In most of the areas considered suitable for algae cul-
ture the evaporation rate is found to be high, which can affect the “blow-down” ratio 
(BDR) and induce salinity and nutrient concentration variations. Freshwater evapo-
ration rate in some tropical regions is found to be 0.01 m3 m−2 day−1, or 10 mm per 
day (Chisti 2012). On the other hand, the composition and nature of the wastewater 
affect the evaporation rate. The evaporation rate decreases as the solids and the con-
centrations chemical increase. Under the same environmental condition, the evapo-
ration rate of seawater and wastewater from a pond is generally a little less than the 
evaporation rate of freshwater.

In reality, a microalgae strain can survive and grow at peak summer temperatures 
but it develops less well during winter days. For this, the solution is to deploy dif-
ferent strains of microalgae under different climatic variations of the year (different 
seasonal crops). We can assume the use of alternate microalgal cultivation with 
seasonal changes for seamless continuity in biomass production over the year 
(Kenny and Flynn 2017).
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9  Conclusion

Much knowledge on the use of microalgae for WWTs has been validated and 
proved. The removal efficiency of a nutrient or specific pollutant from a different 
type of wastewater by several microalgae strains has been tested and studied. 
Although few data on outdoor cultivation performance are available, it appears that 
selecting the locations for algal cultivation using WWT indeed provides economic 
and environmental advantages that will, therefore, require careful optimization and 
assessment. However, further research for performing an algae-based WWT process 
is still needed to answer to the future challenges such as technical and economic 
feasibility at an outdoor large scale, optimization of hydraulic retention time, con-
tamination control, and harvesting of algae biomass.
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1  Introduction

Industrialization and urbanization have polluted the environment with such con-
taminants that are not only detrimental to the environment but also to the organisms 
residing in it including the human beings. The pollutants that have raised a lot of 
concern recently due to its toxic effects are the endocrine-disrupting chemicals 
(EDCs). EDCs basically refers to those chemical compounds which have the ability 
to cause interference in the endocrine system of the organism and create an unde-
sired response leading to various endocrine-related diseases. The main source of 
EDCs in environmental matrices are the heavy uses of pesticides and insecticides in 
agricultural sector that leach into the natural water stream, industrial effluents, plas-
tics, personal care products and other daily usable products. Diazinon has been 
extensively used in agriculture as an insecticide. The United States was found to be 
one of the countries that tremendously uses diazinon approximately around 6 mil-
lion kilograms per annum (Li et al. 2015). The World Health Organisation described 
diazinon as a potential toxic compound that can cause mutagenicity, cytotoxicity 
and other endocrine disorders in mammals (Wang and Shih 2015). Similarly, 
another strong endocrine disruptor found in plastics is Bisphenol A (BPA). Several 
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products like plastic food packaging, reusable cups, water bottles, baby bottles, 
tooth coatings, dental sealants, etc. are reported to contain a high degree of BPA in 
it which can potentially affect each and every one using plastics (Staples et al. 1998, 
Crain et al. 2007). Despite the lethal effects of BPA, its yearly consumption rate has 
been observed to increase by 5.5% globally between 2009 and 2012 (Hoepner et al. 
2013). Another EDC that has affected most of the water bodies, soil and sediments 
is phthalic acid esters (PAEs). They are extensively utilized as plasticizers and addi-
tives in plastic materials and are reported to cause reproductive and developmental 
toxicities in mammals (Wang et al. 2008; Matsumoto et al. 2008). The hormones 
like 17β-estradiol  (E2), 17α-ethinylestradiol  (EE2) and estrone  (E1) are mostly 
present in sewage waste effluents which are responsible for endocrine disruption 
that cannot be ignored (Onda et al. 2002). The massive use of disinfectants, fungi-
cides and biocides over the years have accumulated halogenated compounds in the 
environment which are also reported to cause endocrine-related problems in human 
and aquatic organisms (Tikoo et al. 1997; Baker et al. 2014).

Among all the remediation technologies available for removal of EDCs, biore-
mediation has gained significant attention in the past two decades. Microalgae 
have been used significantly for remediation of EDCs. Minimal growth require-
ments, broad spectrum of mechanisms and widespread occurrence make microal-
gae an economic and ecofriendly option for removal of EDCs from wastewater. 
Since it puts no harm to the environment and removes contaminant efficaciously, it 
is preferred above all other available removal methods. Moreover, microalgae can 
accelerate the heterotrophic bacteria to degrade the organic contaminants by pro-
viding oxygen to them through photosynthesis (Yan et al. 1995). Microalgae tend 
to accumulate the pollutants in its body and then biodegrade it efficiently (Newsted 
2004; Yang et al. 2002). A variety of pollutants like heavy metals, pesticides and 
phenols have been reported to get removed by microalgae (Dosnon-Olette et al. 
2010). A study revealed that Chlorella vulgaris show highest removal capacity for 
diazinon that is around 94% (Kurade et al. 2016). Jia et al. (2014) demonstrated 
two freshwater algae, C. vulgaris and C. mexicana, can be successfully used to 
remediate BPA from aqueous systems. Another microalgal species, C. fusca, was 
also reported to degrade BPA turning them into intermediates having no estro-
genic activity. About 90% of BPA was found to get treated by the algal strain when 
provided with light and dark conditions of 8:16 h (Hirooka et al. 2005). Gao and 
Chi (2015) studied that phthalate acid esters can be remediated rapidly by marine 
microalgal species. He found that extracellular enzymes of algal species are pri-
marily responsible for the removal process. Endocrine-disrupting hormones like 
17α-ethynylestradiol and β-estradiol were also found to be successfully removed 
by microalgal species, S. capricornutum and C. reinhardtii (Diaz et  al. 2015). 
Since algae can remove the toxic elements efficaciously without putting any 
extra loads on environment and being economically viable, it is proved as one of 
the best removal approaches for EDCs.
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2  Sources, Occurrence and Fate of EDCs

There are myriads of sources that release EDCs into the environment both directly 
and indirectly. Table 1 shows variety of EDCs reported in water matrices of different 
countries. Most of the industrial effluents contaminated with endocrine disruptors 
are directly dumped into water bodies. The extensive use of pesticides, biocides and 
fertilizers in agriculture end up delivering huge amount of EDCs into the environ-
ment through runoff. Hospital wastes is another major source that adds EDCs into 
the surface water bodies. Besides, the use of plastics, polybags and different per-
sonal care products have made the domestic wastes a serious source of these toxic 

Table 1 Sources of endocrine-disrupting chemicals (EDCs)

Endocrine-disrupting chemicals 
(EDCs) Sources of EDCs City/country References

4-Nonylphenol, BPA, 
17β-estradiol and 
17α-ethynylestradiol

Wastewater (coastline 
water)

China Chiu et al. 
(2018)

Phthalates, BPA, triclosan, 
4-nonylphenol and tris(2- 
chloroethyl) phosphate

Urban wastewater (i.e. 
residential, commercial 
or industrial samples, 
etc.)

Oakland, CA, 
United States

Jackson and 
Sutton (2008)

Endocrine active substances, 
estrogen and dioxin-responsive 
elements

Wastewater (urban 
wastewater)

Brussels 
region, 
Belgium

Vandermarken 
et al. (2018)

Phenolic EDCs, estrogen EDCs, 
nonylphenol

Freshwater/wastewater Luoma Lake, 
China

Liu et al. (2017)

Nonylphenol, diethylhexyl 
phthalate

Wastewater (coastal 
region)

Bohai Rim, 
China

Zhang et al. 
(2017)

Diltiazem, progesterone, benzyl 
butyl phthalate, estrone, 
carbamazepine, acetaminophen

Wastewater (industry 
influent and effluent)

Ankara, Turkey Komesli et al. 
(2012)

Nonylphenol, octylphenol, BPA, 
estrone, 17α-estradiol, 
17β-estradiol, estriol, mestranol, 
17α-ethynylestradiol

Water and wastewater 
(rivers, streams, canals, 
industrial and municipal 
wastewater, industrial 
effluents)

Thessaloniki, 
Northern 
Greece

Arditsoglou and 
Voutsa (2010)

17β-Estradiol, Esteron, 
ethinylestradiol, bisphenol A, 
nonylphenol

Water and wastewater 
(i.e. surface water, 
municipal water, river 
water, sewage water, 
etc.)

Hamadan city, 
Iran

Jafari et al. 
(2009)

Nonylphenol, BPA bis(2- 
ethylhexyl) phthalate, di-n-butyl 
phthalate, nonylphenol 
ethoxylates, estriol

Wastewater at different 
treatment stages, surface 
water, effluent

Calgary, 
Alberta, 
Canada

Chen et al. 
(2006)

Benzotriazoles, alkylphenols, 
bisphenol

Municipal wastewater, 
river water

Glatt River, 
Switzerland

Voutsa et al. 
(2006)
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contaminants in the environment. These wastes are either directly discharged into 
the water bodies or they indirectly enter the water bodies through wastewater treat-
ment plants. They have not only contaminated the surface waters but also polluted 
the groundwater through leaching process. Figure 1 displays the sources, occur-
rence and fate of EDCs.

There are a number of sources that expose humans to EDCs. They either enter 
the human body through contaminated food and drinks or through various house-
hold products that contain these toxicants or as an accumulant from treatment 
plants. Occupational exposure is also one of the ways through which humans gets 
in direct contact with EDCs in manufacturing/production units. The contamination 
of fishes in the river spread the contamination in the entire food chain including 
human beings. Some EDCs are banned after knowing their fatal impacts, but since 
they tend to accumulate in the environmental matrices, their impacts can still be 
seen on the aquatic organisms and human beings. Nash et al. (2004) reported that 
PCBs could still be found in drinking water with conc. up to 450  ng/l, after its 
manufacture being banned by the US government in 1977.

One major source of EDC exposure is the household products. From pharma-
ceuticals to the colours used in textiles were realized to contain EDCs that make us 
the direct victim to these poisons. When cosmetics were tested for having endo-
crine disruptors, it was reported that most sunscreens and fragranced products like 
air fresheners contain higher concentration of these chemicals (Witorsch and 

Fig. 1 Source, occurrence and fate of EDCs
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Thomas 2010). Another major source of EDCs is the agricultural sector. The exten-
sive use of pesticides, insecticides, herbicides and fertilizers have not only contami-
nated the crop plants but also the water bodies and soil through runoff and leaching 
process.

The enormous release of these toxicants from different sources has made their 
presence prominent in the environment which cannot be ignored. They can be 
found in several environmental matrices like surface waters, groundwaters, sedi-
ments, soil, air, etc. The uncontrolled anthropogenic activities have led to the accu-
mulation of endocrine disruptors in the environment in several ng/L concentrations 
which is enough to cause endocrine-related diseases to the exposed organisms. The 
major receptors of these contaminants are groundwater, surface water, wastewater 
treatment plants and drinking water. Surface waters were first to get contaminated 
with EDCs since they receive the wastewater from the treatment plants. It is essen-
tial to know the levels of endocrine disruptors in surface water as it is used for 
drinking water production (Balabanič et al. 2017). The steroids and estrogens are 
found to be present from nanograms to several micrograms making it a matter of 
concern. BPA and Nonyl Phenols (NPs) are also found in higher concentration in 
surface water bodies due to the domestic wastewater discharge from urban settle-
ments (Luo et al. 2014). Though wastewater treatment plants (WWTPs) are major 
receivers of the EDC-contaminated water from various sources, they are found 
inefficient in removing EDCs from the wastewater through existing technologies. 
There are several research going on to remove these fatal chemicals before releas-
ing the wastewater to the water bodies, but it’s not quite successful yet. So, the 
EDCs are released to the aquatic environment contaminating increasing their 
accumulation (Zhang and Zhou 2008). Again, the BPA and phenolic compound 
are quite high in the wastewater which is the result of high plastic usage and over-
the-counter use of different personal care products. Drinking water ultimately gets 
contaminated with endocrine active chemicals due to the availability of poor treat-
ment methods.

In a wastewater treatment plant, the endocrine disruptors get either absorbed/
adsorbed or biodegraded partially or remain as it is which then get released into the 
water bodies. The conventional remediation methods are not much effective in elim-
inating the EDCs completely from wastewater. There are some EDCs that get 
removed easily with the existing treatment methods, while there are some others 
that hardly get removed from wastewater. When this partially treated wastewater 
enters the water bodies, they tend to accumulate and affect the organisms exposed 
to them (Janex-Habibi et al. 2009). Nasu et al. (2001) reported that the biological 
degradation of E2 hormone increased the concentration of E1 hormone in the treat-
ment plant. The percentage removals of EDCs in anaerobic sludge digestion process 
were reported to be 12–21% for E1 hormone, 10–15% for EE2 hormone and 
44–48% for NP. The endocrine disruptors have a potential to get bioaccumulated 
and concentrated in the environmental matrices if untreated and released raw to the 
surface waters (Gomes et al. 2004; Lai et al. 2002).
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3  Toxicological Aspects of EDCs

When a group of compounds are named as endocrine-disrupting chemicals, that 
means there are some serious toxic effects on endocrine systems of organisms 
exposed to these chemicals. The Endocrine Society of the US Department of Health 
and Human Services defined EDCs as the exogenous chemicals that disturb/inter-
fere with every aspect of hormonal actions. They mimic the natural hormones and 
attach to receptor cells producing an undesired response in the victim’s body. The 
compounds are basically reported to affect the metabolic activities and the biosyn-
thesis of hormones which ultimately disturb organism growth, development and 
reproduction (Hampl et al. 2016). So, they impose a critical risk on the environ-
ment by affecting animals living in it, and the victims of these fatal compounds are 
gradually increasing from aquatic animals to wildlife  to humans. The endocrine 
disruptors are mostly associated with chronic toxicity rather than acute toxicity. 
The toxic effects of these hazardous compounds like obesity, cancer and develop-
mental disorders are predominantly seen in the long run or in a later stage. An 
article by the European Commission (EU) reported that developmental abnormali-
ties, retarded reproduction and skeletal deformities are some of the common effects 
seen in animals having chronic exposure to EDCs. When a population of gastro-
pods P. lineata was exposed to BPA, they were observed to have decreased heart 
rate and lower spawning along with behavioural changes (de de Andrade et  al. 
2017). When an experiment was conducted to observe the impact of BPA on a 
group of snails, it was found that the total protein content reduced with decreased 
sperm production and deformity in eggs (El-Shenawy et  al. 2017). The serious 
human exposure of BPA is through food and drinks as BPA tend to leach from 
canned food containers, packaged eatables and drinking water and cold drinks 
bottles. Some of the chronic effects of BPA include brain tumours, asthma and 
obesity (Rezg et al. 2014). Cadmium being a well-known endocrine disruptor is 
seen to alter various hormones significantly in male rodents (Lafuente et al. 2004). 
When exposed to human prostate cancer cell lines, cadmium was observed to 
mimic different hormones, affect their synthesis and alter the gene expressions 
(Martin et al. 2002). Phthalates are one of the most common endocrine disruptors 
found in the environment since it is frequently detected in plastics and is used as 
plasticizer in most of the plastic manufacturing units (Peter et al. 2007). They are 
primarily associated with cardiotoxicity, obesity and retarded growth and develop-
ment. Infants and children are at a greater risk of getting affected than adults due to 
more use of baby bottles and plastic toys by them (Swan 2008; Sathyanarayana 
et al. 2008). Besides, it creates hindrance in secretion and proper functioning of 
testosterone hormone in adults (Helal 2014). Nonylphenols (NPs) are infamous in 
mimicking natural hormones like 17β-estradiol and bind to estrogen receptors 
showing various hormonal dysfunctions in the body. They are also related to mul-
tiple gene malfunctions (Choi et al. 2011). There are several studies that state that 
cancer is one of the typical disorders associated with endocrine disruptors. Besides, 
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it is also mentioned that women are more prone to hormone-related cancers 
than men by EDCs. Women exposed to different endocrine disruptors were most 
commonly diagnosed with ovarian cancer, hormonal imbalance, damaged oocytes 
and tumour production in the tissues on surface of the ovary. However, the mecha-
nism of action of these toxic chemicals is still under study and not fully known 
(Brevini et al. 2005). The properties, uses and toxicological aspects of few EDCs 
are shown in Table 2.

4  Removal of EDCs from Industrial Effluents

Since industries are the major sources of EDCs, treatment of industrial effluents 
to remove these compounds is very crucial to save the environment and the eco-
systems within it. Industrial wastes have hugely made their way to surface water 
bodies and wastewater treatment plants. BPA and alkyl phenols are common 
compounds extensively used in plastic industries, while hormones like ethinyl-
estradiol are widely used in contraceptive pills. Pharmaceutical wastes are also 
reported to contain paracetamol, caffeine, etc. which are widely taken medication 
in human population. Activated charcoal was found effective in removing the 
alkyl phenols and hormones through adsorption process. However, the existence 
of natural organic matter in real water decreased the efficiency of adsorbent for 
removing the EDCs (Hemidouche et  al. 2017). Di-n-butyl phthalate (DBP), a 
serious waste of plastic industry effluent, was found to be degraded by UV irra-
diation of water samples. It could photolyse the DBP efficiently to less toxic 
intermediates within an hour at a particular pH (Lau et al. 2005). When US sur-
face waters were surveyed for pharmaceutical wastes, significant amount of EDCs 
were found in water, showing relatively higher concentration of nonylphenol, 
bisphenol and ethinylestradiol at μg/L concentration. In view of removing the 
EDCs from water, two techniques, i.e. UV photolysis and advanced oxidation 
process (AOP), were applied. Though both the technologies show significant deg-
radation of EDCs, AOP was found to be more efficient than UV photolysis when 
compared (Rosenfeldt and Linden 2004). The extensive use of pesticides and 
insecticides in agriculture has not only leached the EDCs from agricultural field 
but also has added the toxicants to the water bodies from pesticide manufacturing 
industries. Activated carbon filters were used to treat atrazine and its metabolites 
from water. The filters were found effective in adsorbing the pesticides from con-
taminated aqueous samples (Faur et al. 2005). Chitosan was also employed suc-
cessfully as adsorbent in removing bisphenol from water bodies (Dehghani et al. 
2016). Low pressure reverse osmosis membrane (LPROM) is also an efficient 
technology in removing alkyl phenols and steroid hormones from the environ-
ment (Razak et al. 2007).
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Table 2 Properties and toxicological aspects of selected EDCs

Endocrine- 
disrupting 
chemicals 
(EDCs) Properties Application

Concerned 
hormones

Exposure/
toxicological 
aspects References

Phthalates Usually 
colourless or 
slightly 
yellowish oily 
and odourless 
liquid, soluble 
in solvents

As plasticizers 
in PVC plastics; 
floorings, toys, 
printing inks, 
perfumes, nail 
varnishes

Estrogen, 
androgen, 
thyroid

Direct contact 
and uses; indirect 
contact via 
leaching and 
environmental 
contamination; 
exposed through 
inhalation, 
ingestion and 
dermal exposure

Mikula 
et al. 
(2005), 
Heudorf 
et al. 
(2007), 
Jackson and 
Sutton 
(2008)

Bisphenol A 
(BPA)

White to light 
brown flakes 
or powder; 
high water 
solubility; low 
vapour 
pressure

Production of 
polycarbonate 
plastics, epoxy 
resins, dental 
sealants

Thyroid, 
androgen, 
estrogen

Acute, short-term 
and subchronic 
toxicity; effects 
on the liver, 
kidney and body 
weight; induce 
mutation

Jackson and 
Sutton 
(2008), Cao 
et al. 
(2010), 
Duran and 
Beiras 
(2017)

Nonylphenol 
(NP)

Viscous liquid 
and soluble in 
most of the 
organic 
solvents, 
slightly water 
soluble

Have wide 
application in 
industries, 
consumer 
products, 
household 
laundry 
detergents, 
paints, 
pesticides

Estrogen Irritation to the 
eye and 
respiratory 
system of human, 
reduced egg 
production in 
female zebrafish

Zoller 
(2006), 
Jackson and 
Sutton 
(2008), 
Duran and 
Beiras 
(2017)

Benzotriazoles Heterocyclic 
compounds, 
colourless, 
soluble in 
organic 
solvents, less 
soluble in 
water

Corrosion 
inhibitor for 
copper and 
copper alloys, 
used in industry 
as anticorrosive 
agents, 
antifreeze fluids, 
dishwasher 
detergents

Thyroid Metabolic 
imbalance, 
carcinogenic 
activity, 
hormonal 
imbalance, acute 
toxicity in 
aquatic species

Pillard et al. 
(2001), 
Maceira 
et al. (2018)

Triclosan 
(TCS)

Polychloro 
phenoxy 
phenol, 
organic 
compound 
with white 
powdered 
solid, soluble 
in ethanol, 
methanol and 
strongly basic 
solutions

Antibacterial 
and antifungal 
agents in 
consumer 
products, i.e. 
dish soap, 
toothpaste, 
liquid hand 
soap, surgical 
cleaning 
treatments; 
pesticide

Thyroid, 
estrogen, 
androgen

Exposure 
through skin 
absorption, 
ingestion, acute 
and chronic 
toxicity in 
aquatic species

Jackson and 
Sutton 
(2008), 
Duran and 
Beiras 
(2017)
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5  Removal of EDCs from Wastewater Treatment Plants

Another major source of EDCs is the municipal and household wastes. The over- 
the- counter use of personal care products, plastic packages, polybags and different 
medications in our daily use have made their accumulation in the environment 
prominent either through direct discharge of municipal waste into water bodies or 
through wastewater treatment plants which couldn’t efficiently remove the EDCs 
from the wastewater. A lot of innovative technologies were used for their removal 
from wastewater treatment plants so there could be a minimal discharge of EDCs 
into the water bodies. One of them is sequencing batch biofilter granular reactor 
(SBBGR). When this technology was used in the treatment plant along with acti-
vated sludge process for removal of steroid hormones, it was found to perform bet-
ter than the conventional methods (Balest et al. 2008). Activated oxidation process 
was used to remove EDCs from urban wastewaters, and it was found highly efficient 
than other conventional treatment methods as they facilitate partial degradation or 
complete remediation of the contaminants (Balabanič et al. 2012). This technology 
was found effective in removing a wide array of organic and inorganic contaminants 
from wastewater (Cesaro and Belgiorno 2016). Another removal technology, ER/
AR competitive ligand binding assay, attaches the steroid hormones to the binding 
ligands which get removed from the waste treatment plants. It shows higher removal 
efficiency than other treatment methods (Liu et al. 2009). Sand filtration and ozona-
tion, when analysed for removal of pharmaceutical compounds and personal care 
products, proved effective in removing EDCs from sewage treatment plant. However, 
use of only sand filtration was found inefficient than the combined technology 
(Nakada et al. 2007). When a sequential treatment method was applied to remove 
estrogens from wastewater treatment plants, it showed greater removal efficiency in 
eliminating hormones. The sequential method employed a stabilization pond fol-
lowed by facultative pond and then activated sludge treatment with chlorination 
followed by a final step of anaerobic sludge blanket reactor (Pessoa et al. 2014). In 
an advanced treatment plant in Australia, microfiltration and reverse osmosis was 
found to effectively remove EDCs from recycled wastewater showing around 97% 
removal. Despite this higher efficiency in removing endocrine disruptors, BPA 
could still be found in the treated wastewater which is the only disadvantage of 
using this reverse osmosis method (Al-Rifai et al. 2011). Catalytic photodegrada-
tion was also successful in breaking down endocrine active hormones from waste-
water treatment plants (Zhang and Zhou 2008).

6  Algal Species

Algal species are reported to remove pollutants since decades. The removals of 
endocrine disruptors from industrial effluents are reported to be done with various 
different technologies, but its removal with microorganisms has gained a lot of 
attention due to its high efficiency and cost-effective nature. Besides, the advanced 
technologies used are not only on the costlier side but also are not so 

Current State of Knowledge on Algae-Mediated Remediation of Endocrine-Disrupting…



110

environment- friendly. Microalgae-mediated remediation is given higher preference 
as they are more tolerant to the toxicity of endocrine disruptors while degrading 
them efficaciously in the environment. Algal species break down the contaminants 
and use them as carbon and nitrogen source for their metabolic activities (Jinqi and 
Houtian 1992).

Recent studies show that a wide spectrum of harmful compounds could be 
removed through microalgae. Among all the microalgal species, Chlorella species 
are found to show higher removal of toxic compounds. It is also reported that the 
algae present in the polluted environment are more resistant to toxicity of contami-
nants exhibiting their greater removal from environment (Lei et al. 2002; Pinto et al. 
2002; Wong and Pak 1992). Microalgae have a potential to convert the contaminants 
to metabolites that can be used to produce biogas and biodiesel. They produce oxy-
gen during photosynthesis which eliminates the need of external aeration for aero-
bic biodegradation (Munoz and Guieysse 2006). An algal species S. capricornutum 
completely transformed the pyrene present in the solution efficaciously within 
7 days. When microalgae, Ankistrodesmus braunii and Scenedesmus quadricauda, 
were used for remediation of phenol-containing wastewater, they biodegraded the 
phenols within 5 days achieving 70% degradation efficiency. With increased tem-
perature and light intensity, Chlorella species remediated the nonylphenol from 
contaminated water rapidly and effectively (Gao et al. 2011).

Marine microalgal species, when used for the removal of phthalate acid esters, 
quickly degraded the phthalates with their intra- and extracellular enzymes (Gao 
and Chi 2015). Fluoranthene and pyrene were seen efficiently degraded by the 
freshwater microalgae S. capricornutum than other species. Results show that 
removal of toxicant is algae specific (Lei et al. 2007). Algae ponds and duckweed 
ponds represents an economic alternative for the removal of toxic compounds. 
When steroid hormones are treated in these ponds, they quickly get sorbed to the 
algae and duckweeds and then eventually biodegraded by the microorganisms pres-
ent in the pond systems. The algae present in the ponds also accelerated the removal 
of estrogens within 6 days (Shi et al. 2010). Chlorella vulgaris was also successful 
in removing p-chlorophenol and p-nitrophenol from wastewaters. A filamentous 
microalga, Tribonema minus, was seen to biotransform the industrial phenol waste 
into secondary metabolite that can be employed for biofuel generation (Lima et al. 
2004; Cheng et  al. 2017). When carbamazepine-contaminated water was treated 
with freshwater microalga for their remediation, C. mexicana was found efficient in 
removing the endocrine active compound from wastewater having a less toxic 
impact of the harmful compound on its growth and metabolic rate (Xiong et  al. 
2016). Table 3 displays the EDCs which have been transformed using microalgae as 
remediation agent.
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7  Advantage and Limitation of Microalgal Remediation

Since nothing in this world is an unmixed blessing, so if a system has advantages, it 
has its disadvantages too. There are a lot of advantages of using microalgal remedia-
tion than other technologies. Microalgae are naturally found in the environment so 
by maintaining proper temperature and light intensity, we can grow them in large 
numbers which is possible with minimal expenses. They require low maintenance 
unlike other technologies. As microalgae are photosynthetic in nature, they use the 
contaminants to produce food and release oxygen in the process which further facil-
itates the aerobic degradation of the contaminants. When grown in toxic environ-
ment, microalgae acclimatize themselves to the extreme conditions resisting the 
toxicity of contaminants increasingly and removing them efficiently from water 
bodies. The contaminant that gets biotransformed with intra- and extracellular 
enzymes of the microalgae can be used as an excellent feedstock for biofuel produc-
tion. Besides that, they produce no harm to the environment either living or dead. 
Sometimes providing nutrient to the microalgae culture can accelerate the degrada-
tion rate of the contaminant, removing them faster from the environmental matrices. 
The whole microalgal system is a cost-effective method; it doesn’t require huge 
amount of capital money to initiate the treatment of contaminated sites.

Canvassing the limitation of microalgal bioremediation, there can be a few dis-
advantages too that can be listed about the microalgae. Unlike other advanced treat-
ment methods, this bioremediation process is a slow method which requires a long 
time to remediate the contaminants thoroughly. Secondly, if proper temperature and 
light are not available, microalgae tend to die or slow down their metabolic activities 
showing decreased efficiency. When the concentration of the contaminant is 
increased, the microalgae could not resist the toxicity of contaminant resulting in 
death of microalgae (Xiong et al. 2016). Since algae and duckweed ponds contain 
microorganisms also, they may release foul or pungent smell creating aesthetically 
unpleasant surroundings. Except these limitations, microalgae can be the most 
 suitable and appropriate treatment method for the removal of EDCs from aqueous 
systems.
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1  Introduction

Expansion of city and high population nowadays increase the pollution-associated 
problems worldwide (Abdel-Raouf et al. 2012). City sewage is carrying the major 
load of pollution which ultimately is discharged into the nearby rivers. Some coun-
tries have made the significant investment in water treatment, but still in many cases, 
sewage is disposed of directly into the river without treatment (Abdel-Raouf et al. 
2012). Even in India economic development and industrialization impose high 
threats to the quality of water bodies (Kaur et al. 2012). The huge expansion of the 
water supply networks and sewage removal drainages aggravated the problems. All 
drainage systems receive a bulk of pollution load contaminated with faecal patho-
gens, agricultural nutrients, dissolved and suspended solids and other oxygen- 
demanding materials which ultimately resulted in different health hazards (Hamner 
et al. 2006; Kaur et al. 2012). Sewage is either treated by ‘on-site system’ using 
septic tanks, biofilters or aerobic treatments or transported through pipe lines and 
pumping stations to a ‘centralized system’ called ‘sewage treatment plant (STP)’. 
Bharwara Sewage Treatment Plant located in Gomti Nagar, Lucknow, India, is 
Asia’s largest STP (Fig. 1). STPs are designed to remove heavy solids by primary 
treatment, suspended biological matter by secondary and all the organic ions by 
tertiary treatment from sewage (Abdel-Raouf et al. 2012). However, existing STPs 
are now not enough to neutralize the increasing pollution problem (Choksi et al. 
2015). Improvement of the existing one and the construction of parallel treatment 
facilities could help to cope up with the present scenario of pollution (Sivasubramanian 
2006).

Several eco-friendly natural methods have emerged for bioremediation of waste-
water. In USA, Oswald and Gotaas (1957) launched an innovative idea to treat 
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wastewater by algae. Algae can grow naturally and form algal bloom in water con-
taminated with inorganic and organic pollutants (Grobbelaar 2004). However, most 
of the bloom-forming algae overconsume oxygen from water and release toxins, 
which are harmful to the aquatic animals (Hallegraeff 1993). Only some selective 
nontoxic algal strains could be an attractive solution for the treatment of sewage to 
improve the water quality (Grobbelaar 2004). During growth, algae can absorb 
organic and inorganic matters of wastewater as nutrients and reduce pollution 
(Grobbelaar 2004; Kiran et  al. 2008; Sydney et  al. 2011; Kshirsagar 2013). 
Furthermore, harvested algal biomass can be utilized to develop different value- 
added products such as bioenergy, pharmaceuticals products, nutraceuticals prod-
ucts, genetically engineered products, etc. (Jensen 1993; de la Noue and de Pauw 
1988). In addition, unlike the conventional methods, it requires low operational and 
maintenance cost as well as no hazardous chemicals are used for water purification 
(Abdel-Raouf et al. 2012).

The algal system can treat human sewage, animal effluent, man-made agricul-
tural wastes and many other wastewaters (Woertz et al. 2009; Wang et al. 2010). 
Initially, algae-based remediation system has been employed as a tertiary process, 
but in 1989 Tam and Wong proposed the algal-based system as a secondary treat-
ment system. Since then several laboratories and pilot projects have been con-
structed, and many STPs started using these systems. In the ‘Aquatic Species 
Program’ of the US Department of Energy (National Renewable Energy Laboratory), 
it has been observed that energy output was twice of the energy input during algal 

Fig. 1 Bharwara Sewage Treatment Plant (STP), Lucknow, India (capacity 345 MLD)
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remediation of wastewater (Sheehan et  al. 1998). A private corporation ‘Sunrise 
Ridge Algae, Inc.’ (Texas USA, 2006) was also engaged to reduce water and air 
pollution by algae and produce renewable fuel feedstock as well as different animal 
feeds (www.oilgae.com).

In India, Sivasubramanian (2006) established the first phycoremediation plant at 
SNAP industry at Ranipet, which helped in pH correction of the effluent. The algal 
biomass produced was utilized for bio-fertilizer production and sold by the com-
pany. They have developed a joint technology with CORE BIOTECH, Colombia, to 
treat petrochemical wastewater (http://phycoremediation.in/projects.html) by algae. 
Now the plant has been scaled up to handle 300,000 barrels of effluent water every 
day. The algae-based remediation technology has also been used in different indus-
trial effluents in Tamilnadu and Ahmedabad. A significant decrease in total hardness 
was found in all the water samples while using algae-based remediation technology 
(Sivasubramanian et al. 2012). In Agra, Sengar et al. (2011) collected sewage from 
drain which opens into the river Yamuna and performed the phycoremediation anal-
ysis. A team of scientists from Indian Institute of Science, Bangalore (India), worked 
on phycoremediation of municipal water of Bellandur Lake, Koramangala region, 
South of Bangalore (Mahapatra et al. 2014).

2  The Composition of Municipal Sewage

The composition of sewage depends on lifestyle and economic condition of the 
society (Gray 1989). The quality and quantity of sewage vary from place to place. 
In India domestic water supply is increased with the  rapid expansion of cities. 
According to the Central Public Health and Environmental Engineering 
Organisation (CPHEEO), Ministry of Urban Development, Government of India, 
70–80% of the total water supplied for domestic purpose gets generated as sewage, 
which consists of approximately 99% water and 1% mixture of compounds includ-
ing inorganic, organic and man-made products both suspended and soluble forms 
(Kaur et al. 2012). The liquid portion of sewage is treated and discharged into the 
lake or river, and the thick and slurry solid portion of sewage called sludge is dried 
out on sludge bed.

2.1  Plastic Wastes

Different plastic wastes are nowadays a severe problem of city garbage. Most of the 
time, polybags, plastic bottles and other garbage are mixed with sewage (Fig. 2). 
Sometimes massive floating garbage chokes the sewage pipe line (Lazarevic et al. 
2010).
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2.2  Sludge

Sewage contains very less amount of suspended solids or dissolved solids, which 
are removed from sewage by sedimentation and grit removal system during sewage 
treatment (Abdel-Raouf et al. 2012). A thick solid portion of sewage called sludge 
is dried out on sludge drying beds or by using mechanical devices (Fig. 3). Sludge 
contains different inorganic and organic materials which are useful for plant growth 
(Fytili and Zabaniotou 2008). However, due to presence of some toxic chemicals, 
restricted use of sludge as fertilizer has been observed (Fytili and Zabaniotou 2008). 
The contribution of total solid in sewage by a person is about 170–220 g/capita/day, 
and suspended solid is about 70–145 g/capita/day (Arceivala and Asolekar 2010).

Fig. 2 Removal of plastic 
waste from the sewage 
inlet of Bharwara STP, 
Lucknow

Fig. 3 Sludge bed of Bharwara STP, Lucknow
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2.3  Organic Compounds

A major part of sewage is dissolved organic compounds, which include carbohy-
drates, amino acids, proteins, fats and acids (Abdel-Raouf et al. 2012). Two criteria 
are very important to quantify the concentration of organic matters in sewage, one 
is the ability to oxidize and another is the carbon content (Rogers 1996). Oxidation 
of organic compounds is responsible for the increase of chemical oxygen demand 
(COD) of sewage, and carbon content is measured by total organic carbon (TOC) 
test (Rogers 1996).

2.4  Inorganic Compounds

The inorganic compounds of sewage include salts of sodium, potassium, calcium, 
magnesium, sulphur, chlorine, bromine, phosphate, bicarbonate, ammonia, nitrate, 
nitrite and phosphate (Horan 1989). Increase in inorganic compounds in sewage 
increases the conductivity, salinity and total dissolved solids (TDS) concentration of 
the sewage (Abdel-Raouf et al. 2012).

2.5  Toxic Elements

Sewage contains some toxic materials and heavy metals such as cadmium, lead, 
mercury, scandium, chromium, copper, arsenic and cyanide. These materials causes 
pollution in water and many health problems when present in high concentra-
tion (Webber 1972). Sometimes certain toxic pharmaceutical wastes are also mixed 
with urban wastewater (Gentili and Fick 2017).

2.6  Microorganisms

Sewage provides an ideal environment for the growth of a wide range of microor-
ganisms, and many of them are pathogenic. Mostly the coliform bacteria and para-
sites cause stomach upset and dysentery (Hamner et al. 2006). Other diseases such 
as cholera, typhoid and tuberculosis are also waterborne (Rudolfs et al. 1950). The 
removal of coliform bacteria is not at all easy, and generally, sewage is chlorinated 
for disinfection and removal of total coliform organisms (Sebastian and Nair 1984). 
Microbes are also responsible for producing fouling smell by decomposing organic 
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matters. Dissolved oxygen consumed by them resulted in high biological oxygen 
demand (BOD) of water harmful to aquatic flora and fauna (Wagner and Loy 2002). 
As per ‘Indian National Urban Sanitation Policy’, the desirable discharge of faecal 
coliforms onto land and water is 102 CFU/100 ml water, and maximum permissible 
is 103  CFU/100  ml water (Anonymous 2008). Arceivala and Asolekar (2010) 
described the range of microorganisms contributed by a person per capita per day 
(Table 1).

3  Physico-Chemical Parameters of Sewage

Physico-chemical parameters such as colour of water, temperature, pH, dissolved 
oxygen (DO) concentration, conductivity, total dissolved solids (TDS), salinity, bio-
logical oxygen demand (BOD), chemical oxygen demand (COD), nitrogen (N) and 
phosphorus (P) content and presence of heavy metals in water reflect the quality of 
sewage. There are different guidelines available for standard value of these param-
eters (Gehm 1945; Patil et al. 2012; Abdel-Raouf et al. 2012; Singh et al. 2015). 
Singh et  al. (2015) have described the overall water quality index (OWQI) for 
groundwater in Indian context according to the Indian Standards (IS 10500: 1991) 
and Central Pollution Control Board (CPCB) standards (Table 2).

Physico-chemical parameters of sewage depend on human activities for domes-
tic purposes such as cooking, bathing, laundry and others. Arceivala and Asolekar 
(2010) estimated the contribution of waste materials in grams per capita per day 
(Table 3).

3.1  Colour and Odour

Sewage has a fouling smell due to microbial activities. Fresh sewage is cloudy in 
appearance and becomes dark in colour with time and slightly soapy due to the pres-
ence of different salts (Vignesh et al. 2006).

3.2  Temperature

Temperature indicates the solubility of oxygen in sewage (Vignesh et  al. 2006). 
Dissolved oxygen concentration is inversely proportional to the temperature 
(Barbosa and Sant'Anna Jr 1989). Furthermore, algal growth and treatment system 
also vary with temperature. The temperature of raw sewage in India depends on 
seasonal conditions generally about 15–35 °C (Barbosa and Sant'Anna Jr 1989).

C. N. Dasgupta et al.
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Table 1 Contribution of 
microorganisms by a person 
per capita per day in sewage 
(Arceivala and Asolekar 
2010)

Microorganisms

Range 
(CFU/100 ml of 
sewage/capita/day)

Total bacteria 109–1010

Coliforms 109–1010

Faecal streptococci 105–106

Salmonella typhosa 101–104

Protozoan cysts Up to 103

Helminthic eggs Up to 103

Virus (plaque-forming units) 102–104

Table 2 Water quality criteria proposed by Indian Standards (IS 10500: 1991) and Central 
Pollution Control Board (CPCB), India

Sl. no. Parameters Water quality
Excellent Good Fair Poor Heavily polluted

1. Colour (Hazen unit) 10 15 50 175 >175
2. Turbidity (NTU) 5 10 25 250 >250
3. pH 6.5–8.5 6.0–9.0 5.5–9.5 <5.5–>9.5 <5.5–>9.5
4. DO (mg/L) 8 6 4 2 <2
5. TDS (mg/L) 500 1000 1500 3000 >3000
6. BOD (mg/L) 2 3 5 7 >7
7. Total hardness (mg/L) <300 400 500 600 >600
8. Nitrate (mg/L) 10 20 50 100 >100
9. Total phosphate (mg/L) 0.02 0.16 0.4 0.65 >0.65
10. Sulphate (mg/L) 25 150 250 400 1000
11. Chloride (mg/L) 200 250 600 800 >800
12. Fluoride (mg/L) 0.7–1.5 1.6 1.7 2 >2
13. Iron (mg/L) 0.1 0.3 0.5 1 >1
14. Arsenic (mg/L) 0.005 0.01 0.05 0.1 0.2
15. Total coliform (MPN) 50 500 5000 50,000 >50,000

Table 3 Contribution of 
human wastes in grams per 
capita per day (Arceivala and 
Asolekar 2010)

Physico-chemical parameters Range (g/capita/day)

BOD 45–54
COD 1.6–1.9 times of BOD
TOC 0.6–1.0 times of BOD
Total N 6–12
Organic N ~0.4 of total N
Free ammonia ~0.6 of total N
Nitrate ~0.0–0.5 of total N
Total P 0.6–4.5
Organic P ~0.3 of total P
Inorganic P ~0.7 of total P
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3.3  pH

The concentration of hydrogen ion present in sewage is expressed as pH of sewage. 
It has been observed that pH of the freshly released sewage is slightly higher than 
the tap water supplied to cities; further decomposition of organic matters lowers 
the pH of sewage (Vignesh et al. 2006). pH of sewage generally ranges from 5.5 to 
8.0, whereas pH 6.5–8.5 is described as the standard value for excellent water qual-
ity (Table 2) (Singh et al. 2015). Algae have the ability to increase pH of sewage 
(Moss 1973).

3.4  Dissolved Oxygen (DO)

Most of the living organisms are depending on oxygen (O2) to maintain the meta-
bolic processes (Hvitved-Jacobsen 1982). DO is important for oxidization and pre-
cipitation of inorganic compounds in water (Vignesh et al. 2006). The value of DO 
depends on physical, chemical and biological activities carried out in the water 
(Hvitved-Jacobsen 1982). Under normal atmospheric pressure, the solubility of O2 
in fresh water is about 14.6 mg/L at 0 °C and 7.0 mg/L at 35 °C (Abdel-Raouf et al. 
2012). The water with more than 6 mg/L DO is described as good quality water 
(Table 2) (Singh et al. 2015). Analysis of DO is an important test regarding water 
pollution control. In wastewaters DO determines whether the biological changes 
and value of BOD are brought out by aerobic or anaerobic organisms.

3.5  Conductivity

Conductivity is the rapid measurements of the concentration of ionized substances 
in the water which produce an electric current (Rhoades 1996). In other words it is 
the rapid estimation of dissolved minerals in water. The value of conductivity is the 
multiplication of conductance (in mS/cm) by an empirical factor, which may vary 
from 0.55 to 0.90 depending on the soluble compounds of water (Abdel-Raouf et al. 
2012).

3.6  Total Dissolved Solids (TDS)

Total dissolved solids include both filterable and nonfilterable solids. Different 
types of solids are found in water. According to Indian Standards (IS 10500: 1991) 
and CPCB norms, more than 3000 mg/L TDS is described as highly polluted water 
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(Table 2) (Singh et al. 2015). Analysis of total dissolved solids is important to decide 
the water quality and its treatment processes. Solids affect water quality in many 
ways (Rhoades 1996).

3.7  Salinity

Salinity is the measurement of dissolved mineral salts such as calcium, magnesium, 
sodium, potassium, sulphate, chloride, etc. All water supplies naturally contain 
some salts, but wastewater often contains more. Salts in domestic sewage are con-
tributed by detergents, softeners, cleaning products, bathing soaps and shampoos. 
Mostly the dissolved salts cannot be effectively removed by conventional treat-
ments. Too much of salts hampers the ecosystem and badly affects the aquatic life. 
Therefore, it is important to take simple measures to decrease the salinity in waste-
water (Rhoades 1996).

3.8  Biological Oxygen Demand (BOD)

BOD is the amount of dissolved oxygen consumed by the aerobic organism for 
metabolism. Dissolved oxygen is mainly consumed by aerobic bacteria for metabo-
lizing the organic matter. It is also required for the respiratory demand of all aer-
obes. Excess utilization of dissolved oxygen increases the BOD leading to the death 
of aquatic life due to anaerobiosis. Thereby the reduction of BOD is one of the 
major concerns of wastewater treatment (Townsend et al. 1992). The range of BOD 
observed for raw sewage in average Indian cities is 100 to 400 mg/L (Choksi et al. 
2015) which is extremely high according to the standard given by Indian Standards 
(IS 10500: 1991) and Central Pollution Control Board (CPCB), India (Table  2) 
(Singh et al. 2015).

3.9  Chemical Oxygen Demand (COD)

The chemical oxygen demand is the measure of chemical oxidation of organic mat-
ters. Sewage comprises a large number of organic compounds. The carbon atoms 
of organic compounds are oxidized to produce carbon dioxide. The COD of raw 
sewage at various places in India is within the ranges of 200–700 mg/L (Choksi 
et al. 2015). The COD/BOD ratio for the sewage is observed around 1.7 (Orhon 
et al. 1994).
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3.10  Nitrogen and Phosphorus

Domestic discharge contains the higher amount of nitrogenous compounds such as 
proteins, amino acids, amines and urea. After metabolic interconversion, ammonia 
(NH4+) is the major nitrogenous breakdown product and to some extent nitrite and 
nitrate also (Drizo et al. 1997). Generally in raw sewage, nitrogen (N) content was 
observed to be in the ranges of 20–50 mg/L (Drizo et al. 1997). Nitrate content of 
10  mg/L is described as an excellent water parameter by Indian Standards (IS 
10500: 1991) and Central Pollution Control Board (CPCB), India (Table 2) (Singh 
et al. 2015). Generally ammonia is either adsorbed by soil particles or converted to 
nitrate and gaseous nitrogen by bacteria (Drizo et al. 1997). However excess non-
ionized ammonia is harmful to aquatic organisms (Drizo et al. 1997). Furthermore, 
nitrogenous compounds in sewage lead to overgrowth of aquatic plants and harmful 
algal blooms (Hallegraeff 1993), which turn into clogging of water, decomposition 
of organic matters and reduction in dissolved oxygen concentration. N pollution is 
a causative factor of a health condition called methemoglobinemia and the source of 
carcinogenic nitrosamines (Tam and Wong 1989; Berger et al. 1990).

Phosphorus (P) in sewage is coming out of food residues and synthetic deter-
gents. Generally, the concentration of P in sewage is within the range of 5–10 mg/L 
(Westholm 2006). P concentration more than 0.65 mg/L is considered to be highly 
polluted water according to Indian Standards (IS 10500: 1991) and Central Pollution 
Control Board (CPCB), India (Table 2) (Singh et al. 2015). N and P both are the key 
nutrients for eutrophication (Grobbelaar 2004).

3.11  Heavy Metals

Sewage sometimes contains elevated concentration of different heavy metals, as, 
for example, zinc (Zn), chromium (Cr), nickel (Ni), cadmium (Cd), lead (Pb), cop-
per (Cu) etc., which causes different health hazards (El-Enany and Issa 2000). 
They are not degraded by the processes of sewage treatment and present signifi-
cantly in the sewage sludge. Excess presence of heavy metals is highly toxic to 
aquatic life (El-Enany and Issa 2000). Algae-based system for the removal of heavy 
metals is also being developed by many scientists (Mehta and Gaur 2005; Romera 
et al. 2007).

4  Natural Algal Flora in Sewage

Algae are ubiquitous, occurring in all type of habitats. They are tiny microscopic, 
single-celled to complex multicellular forms. Algae are the primary producers in all 
kinds of water bodies. Sewage is also an ideal media for algal growth (Abdel-Raouf 
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et al. 2012). A total of 1090 algal taxa are reported as pollution-tolerant algae which 
belong to 240 genera in which 60 genera with 80 species are organic pollution- 
tolerant algae. The most tolerant eight genera are Oscillatoria, Chlamydomonas, 
Chlorella, Scenedesmus, Navicula, Nitzschia, Stigeoclonium and Euglena (Palmer 
1969). Palmer (1974) has also surveyed for naturally growing microalgae from 
widely distributed waste stabilization ponds.

In summer season of the year 2017, sewage of Bharwara STP was surveyed to 
find out the natural algal flora. The analysis of algal diversity data revealed that the 
chlorophycean are the most dominant flora in sewage followed by bacillariophy-
cean, cyanophycean and euglenophycean algae. A total of 23 algal taxa have been 
identified from sewage, 10 genera from Chlorophyceae, 6 from Bacillariophyceae, 
5 from Cyanophyceae and 2 from Euglenophyceae. They are identified as Ulothrix, 
Kirchneriella, Scenedesmus, Cosmarium, Gonium, Ankistrodesmus, 
Spondylomorum, Chlorella, Pediastrum and Chlamydomonas from class 
Chlorophyceae; Oscillatoria, Phormidium, Lyngbya, Merismopedia and 
Chroocococcus from Cyanophyceae; Nitzschia, Gomphonema, Cyclotella, 
Diploneis, Navicula and Hantzschia from Bacillariophyceae; and Euglena and 
Phycus from Euglenophyceae (Fig.  4). The similar type of observation was also 
found in six lagoons in Central Asia where Chlorophyceae was dominant both in 
diversity and abundance followed by Cyanophyceae, Bacillariophyceae and 
Euglenophyceae (Ergashev and Tajiev 1986).

Fig. 4 Naturally occurring algae of Bharwara Sewage Treatment Plant, Lucknow, India. 
[A.  Oscillatoria sp., B. Ulothrix sp., C. Phacus sp., D. Phormidium sp., E. Nitzschia sp., F. 
Scenedesmus sp.]
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5  Potential Microalgae for Sewage Treatment

Biological treatment with microalgae is a fascinating process as they can absorb 
nutrients (pollutants) from wastewater to produce their own food (de la Noue and 
De Pauw 1988). This attractive method was launched in 1957 by Oswald and Gotaas 
(1957). Since then numerous laboratories are involved in pilot studies, and several 
STPs are using different versions of this process (Shi et  al. 2007; Zhu and Liu 
2008). Significant interest has been taken by the USA, Mexico, Australia, Thailand 
and Taiwan to treat wastewater by algae (Borowitzka and Borowitzka 1988; Wang 
et al. 2008). In India also many scientists are involved in bioremediation of sewage 
using algae (Sivasubramanian 2006; Sengar et  al. 2011; Mahapatra et  al. 2014). 
Microalgae offer a cost-effective, environment-friendly approach to removing pol-
lutants from wastewater (Grobbelaar 2004).

5.1  Removal of Pathogens

The disinfection of sewage is measured by the extent of elimination of total coli-
form organisms from water (Sebastian and Nair 1984). Algae could element the 
pathogens through competitive growth in sewage. Moawad (1968) observed that the 
physico-chemical parameters that are favourable for the growth of algae are mostly 
unfavourable for the survival of bacteria such as Salmonella and Shigella, viruses, 
amoeba and protozoa. Among them, bacteria provide the largest community about 
106 bacteria/ml of wastewater (Horan 1989). Some experimental evidence showed 
that high-rate ponds are more effective for removal of coliform organisms than con-
ventional treatment system (Parhad and Rao 1976). Malina and Yousef (1964) 
reported a reduction of 88.8% coliforms in 11.4 days using algae. Many scientists 
have reported 99% reduction in total coliform counts from sewage using algae 
(Meron et  al. 1965; Shelef et  al. 1977; Colak and Kaya 1988). Algae also show 
disinfecting properties due to increase in pH of the water during photosynthesis 
process (de la Noue and de Pauw 1988).

5.2  Improvement in Physico-Chemical Parameters of Water

Photosynthetic capability of algae help to improve DO concentration, absorb nutri-
ents such as N and P, reduce BOD and COD, and simultaneously convert solar 
energy into useful biomass (Wang et al. 2010). There is evidence of using Chlorella 
and Dunaliella culture for a span of 75 years for mass culturing and wastewater 
treatment (Abdel-Raouf et al. 2012). Colak and Kaya (1988) observed 68.4% and 
67.2% reduction in BOD and COD in domestic wastewater using algal treatment, 
respectively. They have reported removal of 50.2% N and 85.7% P from industrial 
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wastewater and removal of 97.8% P from domestic wastewater. In India Sengar 
et al. (2011) collected sewage from the drain from Agra and isolated three most 
prominent species, Euglena viridis, Gloeocapsa gelatinosa and Synedra affinis, for 
phycoremediation. Kshirsagar (2013) investigated the efficiency of C. vulgaris and 
S. quadricauda on sewage treatment collected from Bopodi of Pune city, India. C. 
vulgaris showed the best result on removal of nitrate and COD while S. quadri-
cauda on BOD and phosphate. In Pakistan Chlorella and Scenedesmus isolated 
from Kallar Kahar Lake were used for the removal of impurities in wastewater 
(Ansari et al. 2017). Recently, an effort has been made by the authors to explore the 
efficiency of two green algae Scenedesmus sp. and Chlorella sp. as well as two cya-
nobacteria Phormidium sp. and Oscillatoria sp. for bioremediation of water of open 
drains of domestic wastewater disposed to river Gomti, Lucknow (India). Significant 
improvements are observed in DO, TDS, COD and BOD (Table 4).

Algae could remove N and P within a very short period. Many studies demon-
strated the successful removal of nutrients from water rich in N and P (Przytocka- 
Jusiak et al. 1984; Fierro et al. 2008). A large-scale study was carried out in South 
Africa for industrial nitrogenous waste removal in high-rate algal ponds followed 
by harvesting of algal biomass (Bosman and Hendricks 1980). Lau et al. (1996) 
found C. vulgaris has the ability to remove 86% for inorganic N and 70% for inor-
ganic P. González et al. (1997) isolated two green algae C. vulgaris and S. dimor-
phus; both strains are highly efficient for ammonia and P removal from agro-industrial 
wastewater. The microalgae Chlorella, Scenedesmus and Arthrospira are well 
known for sewage treatment (Lima et al. 2004). Sometimes they have been used in 
consortia to remove P, N and COD from sewage (Tarlan et  al. 2002). Shi et  al. 
(2007) investigated the removal of N and P from wastewater by using a novel 
method of algal cell immobilization containing C. vulgaris and S. rubescens. The 
genus Phormidium a cyanobacterium was also found very promising for the removal 
of nutrients. de la Noue and Basseres (1989) used Phormidium bohneri, and Garbisu 
et al. (1994) used thermophilic P. laminosum for the removal of N from the efflu-
ents. The thermophilic cyanobacteria can treat the effluent at high temperature, so 
contamination of other organisms can be avoided (Sawayama et al. 1998).

Though P seems to be safer for human health, removal is required to reduce the 
eutrophication (Grobbelaar 2004). The uptake of P by cyanobacteria has already 
been observed in the early 1990s (Garbisu et al. 1993). Li et al. (2011) showed that 
Chlorella sp. grown in 14 days of batch culture could remove ammonia, total N, 
total P and COD by 93.9%, 89.1%, 80.9% and 90.8%, respectively. In India a team 
of scientist from Indian Institute of Science, Bangalore, worked on phycoremedia-
tion of municipal water of Bellandur Lake, Koramangala region, South of Bangalore. 
They have fed algae directly the filtered and sterilized municipal wastewater. The 
nutrient removal efficiencies were found 86%, 90%, 89%, 70% and 76% for TOC, 
total N, ammonia, total P and orthophosphate, respectively (Mahapatra et al. 2014). 
Sivasubramanian and his team based on his research work (Vignesh et al. 2006) 
developed the world’s first phycoremediation plant at Ranipet, India, in 2006. 
Afterwards, many research works have been carried out by this group. They have 
used Chlorella vulgaris as a potential strain for bioremediation (Swetha et al. 2016).
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Algae have huge potential to absorb the heavy metals (Afkar et al. 2010; Kumar 
and Gaur 2011; He and Chen 2014). In living algal cells, these heavy metals are 
absorbed by active biological transport (Anastopoulos and Kyzas 2015). Bishnoi 
et  al. (2007) reported that Spirogyra sp. is capable of accumulating chromium. 
Among the other algae, the performance of Scenedesmus sp. was found far better 
than the other species because it can uptake and adsorb cadmium and zinc very 
efficiently (Monteiro et al. 2009, 2011). Studies on isolated two blue-green algae 
Nostoc linckia and Nostoc spongiaeforme from salt-affected soils showed high tol-
erance to chromium (VI) (Kiran et al. 2008). Sydney et al. (2011) observed both 
Botryococcus braunii and C. vulgaris are good candidates for nutrient removal from 
treated sewage, and 79.63% of the N and P was removed after 14 days of culture. 
Mane and Bhosle (2012) demonstrated the efficiency of metal absorption of two 
algal species  Spirogyra sp. and Spirulina sp. as well as  C. pyrenoidosa and S. 
obliquus have proven their efficiency in removing heavy metals (Zhou et al. 2012). 
Singh et al. (2012) used immobilized C. minutissima cells to evaluate the potential 
of sewage treatment and biosorption of chromium. Cyanobacterial spe-
cies Oscillatoria laetevirens and Oscillatoria trichoides are isolated from the pol-
luted environment and determine their chromium removal efficiency from aqueous 
solutions by Miranda et al. (2012).

6  Factors Affecting the Algal Nutrient Removal

Nutrient uptake by algae not only depends on the availability of minerals; other 
physico-chemical factors of sewage also contributed to this complex interaction 
such as pH, temperature, light intensity and other environmental factors (Azov and 
Shelef 1987; Talbot and de la Noue 1993). For algal growth, optimum range of pH 
is 7.0–9.0 (Tubea et al. 1981; Munir et al. 2015), optimum temperature is 16 °C to 
27  °C. High temperature of water strongly influences growth rates of algae, and 
higher than 35 °C is lethal for a number of species (Renaud et al. 2002). The opti-
mum light intensity for algal photosynthesis is 3000–5000 lux (Renaud et al. 2002). 
These factors vary according to the places and in some places it is difficult to grow 
algae properly. Sometimes, high algal density leads to self-shading and reduction of 
photosynthetic efficiency (Fogg 1975).

7  Benefits of Microalgal Treatment over Conventional 
Municipal Sewage Treatment Technology

The conventional sewage treatment process has many bottlenecks which can be 
overcome by microalgal treatment process (Abdel-Raouf et al. 2012).

• The efficiency of the process varies depending upon the nutrients to be removed. 
However algae are very efficient to remove all kinds of impurities.
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• The conventional process is costly to operate. Algae are naturally growing organ-
ism, and treatment process can be more economic.

• Sometimes problem of secondary pollution arises due to the use of chemicals for 
the conventional treatment, whereas algal treatment is completely environment- 
friendly as it does not require any hazardous chemical to grow and only utilizes 
the nutrients present in water.

• During conventional treatment sometimes over-loss of valuable potential nutri-
ents and reduction of DO happened (de la Noüe et  al. 1992; Phang 1990). 
However algal treatment improves the DO concentration by photosynthesis and 
also uptakes reasonable amount of nutrients from the water.

There are few bottlenecks of microalgal treatment of wastewater which needs to 
be addressed for implementation of this process universally.

• Sometimes it is difficult to introduce microalgal treatment as a universal method 
for wastewater treatment because it needs to meet local conditions of that area.

• There is a huge land requirement to construct a high rate algal pond. That’s why 
efforts have been made to develop hyper-concentrated algal culture (de Pauw and 
Van Vaerenbergh 1983).

• The depth of the pond is also important to get sufficient exposure to sunlight to 
reduce self-shading.

• Sometimes it is difficult to produce sufficient pure algal inoculum, and growth of 
the algae is very much area specific as it depends on environmental conditions.

• Harvesting of algal biomass is another major bottleneck of this process (Mohn 
1988).

8  Recovery of Algal Biomass from Sewage

The most difficult part is harvesting of algal biomass (Mohn 1980). Many different 
techniques have been adopted to recover the algal biomass. One of them is a sedi-
mentation technique where the solid and liquid part is separated by gravitational 
force. Others are filtration method and cell immobilization (Danquah et al. 2009).

8.1  Sedimentation

Different types of settling tank are used for sedimentation. Algal biomass is carried 
from cultivation tank to settling tank with a pump. Lamella separator settling plates 
in the settling tank are arranged in such a way that algal biomass is settled by move-
ment of slanted plates (Danquah et  al. 2009). Ultimately the biomass is concen-
trated in a funnel-shaped bottom of the cylindrical tank and easily collected by 
outflow of water. Sedimentation rate and cell recovery depends on many factors 
(Danquah et al. 2009; Hattab et al. 2015);
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• Algal size and density of the culture.
• The optimum temperature for sedimentation.
• Algal cell age significantly affected the settling rate, increased in stationary 

growth phase (10–12 days) and low in log phase (4–10 days) (Danquah et al. 
2009).

• Time required for settling depends on the density of algae.
• Flocculating agents can be used for settling which add cost to the process.
• External energy is required for pumping.

8.2  Filtration

In the filtration method, the liquid part is removed by the filter to accumulate the 
algal biomass. Membrane filter of different pore sizes is used depending on the 
microalgae dimension such as macro-filtration (>10  μm), microfiltration (0.1–
10 μm), ultrafiltration (0.02–0.20 μm) and reverse osmosis (<0.001 μm) (Ras et al. 
2011). Some external pressure across the membrane is also required for liquid to 
pass through which can be driven by pressure, vacuum or gravity (Hattab et  al. 
2015).

8.3  Immobilized Cell System

Immobilization of microalgae into a matrix improves the harvesting problem to a 
great extent (Chevalier and de la Noue 1985). This technology is flexible and easy 
to operate (Mallick and Rai 1993). Many scientists reported higher nutrient removal 
ability of the same algal species by immobilized algae than the freely suspended 
cells (de la Noue and Proulx 1988; Hameed 2002).

9  Possible Uses of Harvested Algal Biomass

Microalgae biomass worldwide is utilized for production of numerous value-added 
products which include bioenergy, pharmaceutical products and nutraceutical 
products.

Algae grown in wastewater potentially provide a cost-effective and sustainable 
way of biomass production combining with wastewater treatment (Pittman et  al. 
2011). Different types of bioenergies can be obtained from algae such as biodiesel, 
bioethanol, biogases and biohydrogen (Demirbas 2011). They can be grown in 
 sewage or other wastewater, harvested and dried for lipid extraction (Fig. 5). Algal 
lipid contains a high amount of palmitic (16:0), steric (18:0), oleic (18:1) and lino-
lenic acids (Dasgupta et al. 2015). These fatty acids can be used for several product 
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developments majorly in petrochemical industries. Steric and oleic acids can be 
used for the production of lubricants and fuel additives (Dasgupta et  al. 2015). 
Saturated fatty acids are useful for the production of soap and cosmetics. Some spe-
cies of marine algae contain a high amount of carbohydrate useful for bioethanol 
production (Demirbas 2011). Sydney et al. (2011) used treated domestic sewage for 
algal growth for production of biodiesel. In Virginia (USA, 2008), researchers at 
Old Dominion University produced biodiesel feedstock by growing algae at STP 
(www.oilgae.com). Kingsburgh Sewage Project in Durban (South Africa, 2008) 
focused on growing algae in semi-purified sewage and then converting it into liquid 
fuel (www.oilgae.com). Besides nutrient removal Chlorella sp. has shown high 
potential for FAME content and biomass productivity (Li et al. 2011). Microalgae 
are well known as an important source of bioactive compounds and toxins which 
can be used for pharmaceutical product development (Schwartz et al. 1990). Algae 
are also well known as a food supplement. Some algae contain a high amount of 
protein such as Spirulina sp. They are rich in pigments and vitamins. They are 
widely used as fish feed and animal feed (Habib et al. 2008). Linolenic acid is the 
precursor of highly nutritious omega-3 fatty acids (Bishop and Zubeck 2012). Algae 
are source of different value-added pigments including chlorophylls, carotenoids 
and phycobiliproteins which are used for biotechnological applications including 
food colourant, nutraceuticals, pharmaceuticals and cosmetic products (Wang et al. 
2015; Dasgupta 2015).

Fig. 5 (a) Harvested algal biomass, (b) sun-drying of algal biomass, (c) Soxhlet extraction of 
lipid, (d) unpurified lipid, (e) purified lipid
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10  Future Prospective

The recent advances in scientific researches on algae could open a new avenue for 
environment-friendly wastewater treatment. Conventional sewage treatment pro-
cesses have many disadvantages which can be overcome by the algal treatment 
process. Though it has been found that algae are efficient organism for absorption 
of domestic waste, it has few bottlenecks. The removal of pathogens and pollutants 
can be improved by the addition of other organisms, helpful bacteria and aquatic 
plants. The consortia of different organisms might help to resolve the drawbacks of 
the individuals. In the future genetically modified algae can be introduced to 
improve the bioremediation of waste and better production of algae. These futuristic 
options can overcome the obstacle associated with the implementation of the algal 
treatment of domestic wastewater worldwide.
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1  Introduction

The expanded generation, transport, utilization, and transfer of mixed petrochemi-
cals have made these one of the main contaminants in nature (Margesin 2000). 
Aromatic mixes and their quality in the soil and groundwater framework is of great 
concern because these contaminants exist as discrete stages that cause danger in the 
long term to downstream receptors. The most extreme permissible levels for these 
mixes in drinking water are 1  ppm for the benzene, toluene, ethylbenzene, and 
xylene (BTEX pollutants (USEPA 2006). Although hydrocarbon pollutants do not 
form a homogeneous mixture when mixed with water, their solubility is a few levels 
in extent greater than the admissible limit for drinking water (Voudrias and Yeh 
1994). Some of the traditional remediation methods such as pump-and-treat, air 
sparging, booming and skimming used for the removal of these mono-aromatic pol-
lutants are not only typically costly but also destroy the native biota capable of natu-
ral bioremediation (Basu et al. 2015; Gupta et al. 2013). Moreover, these techniques 
might result in incomplete mass removal or toxicity and are often not feasible in 
remote locations (Olson and Sale 2015; Van Stempvoort and Biggar 2008). The 
other promising technique is bioremediation in which microbes degrade contami-
nants into harmless products. This natural bioremediation is safer and less disrup-
tive than some of the conventional technologies; however, it takes quite a long time 
to restore the polluted site under prevailing environmental conditions  (Abhishek 
et al. 2018a, b). Therefore, engineered bioremediation techniques such as biostimu-
lation, and phyto/phycoremediation, are gaining popularity because of their faster 
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rates of remediation. In designed bioremediation, the microbial populations and 
their encompassing ecological conditions are in fact altered to hasten the procedure 
of biodegradation.

Phycoremediation offers cost-effective, nonintrusive, and safe cleanup technol-
ogy in which the potential macro- or microalgae are used to treat a large group of 
pollutants. These photoautotrophic species act as ecological biotransformers to pol-
lutants originating from wastewater discharge. Algae contain chlorophyll, which 
transforms sunlight and CO2 into chemical energy for its growth. Most algae grow 
comparatively faster than other plants, resulting in faster removal/biotransformation 
of pollutants by easier uptake of water and nutrients/pollutants. Algae can survive 
better under nutrient stress and limited conditions by fixing atmospheric nitrogen-
 N. Overall, the potential treatment of polluted sites using algae is more sustainable 
for natural resource management.

2  Petroleum Hydrocarbons: Source, Types, Toxicity

Hydrocarbons are natural mixes containing hydrogen and carbon, which are ordered 
as aliphatic (straight chain) and aromatic (cyclic). Crude oil produces the hydrocar-
bon products, and leakage during production may cause subsurface contamina-
tion (Gupta and Yadav, 2017a,b; Gupta et al. 2017; Gupta et al. 2018b; Gupta et al. 
2019). General subsurface hydrocarbon pollutants include BTEX, naphthalene and 
fluorine, and other constituents of petroleum products (Kumar and Kumari 2015). 
Refinery and industry wastewater is the main source of hydrocarbons in the subsur-
face environment (Fuentes et al. 2014). The negative impact of hydrocarbons on the 
environment results from the impeding effect of the oil layer to the flow of soil 
moisture, nutrients, and oxygen to the subsurface system (Fuentes et al. 2014). Soil 
contamination with these pollutants is a global concern because of the heavy pollu-
tion load to groundwater (drinking water), which causes ecological toxicity (Hentati 
et al. 2013; Wang et al. 2008). Moreover, such pollutants are slowly degraded and 
thus remain as long-term residual chemicals in the subsurface soil layers (Margesin 
et al. 2000; Kumar and Kumari 2015). The exposure of humans to hydrocarbons 
occurs in three main ways (Tormoehlen et al. 2014): (1) accidental ingestion, (2) 
dermal or work-related/industrial exposures, and (3) drinking water and food. 
Chemicals like hydrocarbons can be toxic if exposed/inhaled at more than the limit 
amounts because these alter metabolism (Tormoehlen et al. 2014). Figure 1 present 
the petrochemical spill in subsurface from underground storage tank.
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3  Engineered Bioremediation Techniques: Comparative 
Accounting

Bioremediation is a developing innovation that holds extraordinary promise for the 
practical removal of a wide assortment of natural contaminants. Fruitful uses of 
bioremediation have been recorded for some locales debased by dangerous oil 
hydrocarbons. Bioremediation offers some favorable circumstances and refine-
ments in contrast with conventional locale remediation methodologies, for example, 
pump-and-treat or soil removal followed by other physicochemical remediation 
procedures. Two types of bioremediation are practiced, generally referred to as in 
situ and ex situ. The methods by which polluted sites are remediated in place are 
known as in situ, whereas ex situ practices include the elimination of the contami-
nated natural resources at a distance away from the site. In situ bioremediation of 
aquifers contaminated by petrochemicals has been in use for more than four decades 
and is mostly reliant on native microbes to reduce the pollutants. In this technique, 
no further extraction of natural resources is needed to make it more effective; there-
fore, it is distinguished by non-disruption of soil morphology. Preferably, in situ 
methods should to be less costly compared to ex situ techniques, as no supplemen-
tary cost is essential for mine practices. However, the cost of the plan and the on-site 
setting up of some advanced tools to increase bacterial growth is of key concern. 
The strength of in situ bioremediation can be enhanced by biostimulation and phy-
toremediation, while other methods do not require any form of enrichment. The 
native microbial population is specialized to degrade the pollutant visibly for a long 
time, but cleanup takes a significantly longer time.

Engineered bioremediation has emerged to accelerate bioremediation by modi-
fying the environmental conditions and native microflora. This advanced bioreme-
diation influences the microbial activities and their neighboring environmental 

Fig. 1 Schematic diagram of light nonaqueous-phase liquids (LNAPL) leakage from underground 
storage tanks (UTS) and its migration in the subsurface
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conditions by accelerating biostimulation and bioaugmentation. Biostimulation is 
enhanced by the adding of nutrients, electron acceptors, oxygen, and other relevant 
compounds to the polluted sites, enhancing the co-metabolic actions of the micro-
flora. Bioaugmentation is a microorganism-seeding practice for cultivating the vol-
ume of a petrochemical degrader by adding potential microbial cultures that are 
grown independently under well-defined conditions. Furthermore, the plants also 
accelerate petrochemical removal by promoting microbial reestablishment in pol-
luted soils and water by constantly delivering oxygen by root-zone aeration and 
nutrients for microbial development by fixation and exudation. Similarly, the tech-
nique of constructed wetlands is a concurrent treatment for polluted soil–water 
resources (Azubuike et al. 2016). In this chapter, the art pertaining to bioremedia-
tion of petrochemical polluted soil–water resources is presented with special 
emphasis on engineered bioremediation strategies. Table 1 listed the different bio-
remediation techniques for petrochemicals in subsurface.

Plant-assisted bioremediation refers to the use of selected plant species for the 
targeted pollutants to mitigate the toxic effects and removal of pollutant mass from 
the subsurface. This technique uses the plant–geochemical interaction to modify the 
polluted site and also supply micronutrients, oxygen, etc. to the subsurface level for 
better performance of petrochemical degraders on targeted pollutants (Susarla et al. 
2002). Petrochemicals are mostly removed by rhizoremediation mechanisms of 
such plants as Canna generalis (Basu et al. 2015). The plant–geochemical interac-
tion enhances the (1) physicochemical properties of polluted sites, (2) nutrient sup-
ply (releasing root exudates) (Shimp et al. 1993), (3) aeration by transfer of oxygen 
(Burken and Schnoor 1998), (4) the movements of chemicals, and (5) plant enzy-
matic transformation that is resistant to the migration of contaminants (Narayanan 
et al. 1998). Similarly, the plant–microbe interactions increased (1) mineralization 

Table 1 Summary of different integrated bioremediation strategies and associated dominant bio- 
agents for remediation of hydrocarbon-polluted sites

Integrated strategy Dominant bio-agents References

Bioaugmentation Dehalococcoides sp., Azoarcus sp., Corynebacterium 
variabilis, Pseudomonas aeruginosa, Pseudomonas 
putida, Rhodococcus sp., Mycobacterium sp., 
Pseudomonas sp., Pseudoxanthomonas spadix, 
Cladophialophora sp.

Karamalidis 
et al. (2010)

Phytoremediation Juncus subsecundus, Canna generalis, Scirpus grossus
Polygonum aviculare, Mirabilis jalapa

Yadav et al. 
(2013)

Biostimulation with 
microbial seeding

Bacillus sp., Pseudomonas sp., Bacillus sp., Trichoderma 
sp., Candida catenulata, Dehalococcoldes sp., 
Pseudomonas sp., Achromobacter sp., Xanthomonas sp., 
Alcaligenes sp., Acinetobacter sp., Baumannii sp., 
Bacillus sp.

Sarkar et al. 
(2005)

Plant-enhanced 
biostimulation

Galega orientalis, Rhizobium sp., Scorzonera mongolica, 
Atriplex centralasiatica, Limonium bicolor, Lolium 
perenne, Typha domingensis, Vetiver (grass), 
Achromobacter xylosoxidans

Shehzadi 
et al. (2014)
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in the rhizosphere and (2) the numbers of degraders and a shorter lag phase until 
disappearance of the compound. Selection of plants having deep root systems can 
improve subsurface aeration, which maintains the oxygen level in the deep vadose 
zone. The root exudates, dead root hairs, and fine roots serve as important sources 
of carbon for microbial growth (Shimp et al. 1993). The root exudates also acceler-
ate the enzyme synthesis of microbial metabolisms (Dzantor 2007). Overall, the 
plants have a crucial role in removal of petrochemical mass, but investigation of the 
many issues related to the application of plants to petrochemical-polluted sites are 
required before the implementation of such techniques. Further, the impacts of 
static and dynamic environmental variables on pollutant removal, and the combina-
tion of other bioremediation techniques with plant-assisted bioremediation, need 
full investigation. A constructed wetlands is a precisely engineered structure using 
selected plant species for water quality improvement. A wetlands system offers a 
low-cost alternative technology for remediation of industrially polluted sites (Cottin 
and Merlin 2008). In the plant-based framework, complex physical, synthetic, and 
natural procedures may happen at the same time, including volatilization, sorption 
and sedimentation, phytodegradation, plant uptake and gathering, and microbial 
debasement (Matamoros et al. 2005).

4  Phycoremediation of Petroleum Hydrocarbons

Natural treatment of these natural defiled assets is attracting expanding interest and, 
where appropriate, can fill in as a financially useful remediation elective. In this 
direction, phycoremediation also getting more attention for decontamination of pet-
rochemically polluted sites. Ongoing investigations have hence demonstrated that 
when appropriate strategies for algal determination and development are utilized, it 
is conceivable to deliver the oxygen required by acclimatized microorganisms to 
biodegrade oil hydrocarbons. Furthermore, many studies show effective perfor-
mance of selected potential algal species including diatoms and phytoplankton in 
removal of petroleum hydrocarbons. Thus, the integral action of potential algal–
bacterial consortia has a significant role in the degradation of such hazardous pol-
lutants (Jacques and McMartin 2009).

Two possible mechanisms, an anaerobic and the oxygenic pathway, have been 
reported in the literature as involved in the breakdown of petroleum hydrocarbons. 
The oxygen photosynthetically produced by algae in the presence of sunlight and 
CO2 is used by heterotrophic bacteria to oxidize the petroleum hydrocarbons in situ, 
producing in return the CO2 needed for algae photosynthesis. In the oxygenic pro-
cess, architecturally diverse petrochemical contaminants are first transformed into 
intermediates through a number of peripheral pathways such as orto and meta 
cleavage, which are then further directed via some central pathways to the cellular 
metabolism. In algae–bacterial consortia, electron flow is mediated and transferred 
to electron carriers such as nicotinamide adenine dinucleotide (NADH). The elec-
tron gained is further transferred to an extracellular electron acceptor, being referred 
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to as respiration or reoxidation of NADH. The energy gained in this process can be 
stored as adenosine triphosphate (ATP) together with NADH, in which NADH is 
reinvested to maintain the cell growth (Naas et al. 2014). Degradation of petroleum 
hydrocarbons includes the two enzymatic systems, dioxygenase and monooxygen-
ase, under terminal, β-, and ω-oxidation pathways. For example, during biodegrada-
tion of benzene and toluene, the main intermediate products are catechol and 
3-methyl catechol, respectively. Subsequently, these intermediate products are min-
eralized by either the enzyme catechol 1,2-dioxygenase under ortho-cleavage or by 
β-ketoadipate or the enzyme catechol 2,3-dioxygenase under meta-cleavage. 
Finally, the ring is opened, producing the lower molecular weight compounds such 
as pyruvate and acetaldehyde, which can be further broken down by the tricarbox-
ylic adic (TCA) cycle (Naas et al. 2014; Tsao et al. 1998).

Algae-supported biodegradation of petrochemical contaminants has been 
scarcely investigated, and the catabolic pathways of biodegradation of these com-
pounds in algae are still largely unknown (Jacques and McMartin 2009). There are 
only a few studies comparatively evaluating the performance of algae species and 
algal–bacterial systems for the handling of petroleum hydrocarbon-polluted sites 
(Semple et al. 1999; Hammed et al. 2016). Initially, Walker et al. (1975a, b) imple-
mented experimentation with the achlorophyllous alga Prototheca zopfii, which was 
established to degrade petroleum hydrocarbons found in Louisiana crude oils. 
Jacobson and Alexander (1981), having grown Chlamydomonas sp. with or without 
light on acetate, reported a significant degradation of hydrocarbons. Cerniglia et al. 
(1979, 1980a, b) reported that both Cyanobacteria (blue-green algae) and eukary-
otic microalgae were proficient of biodegradation of naphthalene to nontoxic prod-
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ucts. Liebe and Fock (1992) found that Chlamydomonas reinhardtii is capable of 
removing some of the iso-octane-extracted polyaromatic hydrocarbons (PAHs) 
from diesel particulate exhaust. Wolfaardt et al. (1994) showed a significant role of 
a Chlorococcum sp. present in an algal–bacterial consortium in removing the 
diclofop- methyl. Later on, Semple et  al. (1999) reviewed and identified several 
potential microalgae utilizing hydrocarbons as the carbon source. Suzuki and 
Yamaya (2005), Ueno et al. (2006, 2007), and de-Bashan and Bashan (2010) identi-

Table 2 List of potential algae and their role in remediation of hydrocarbon-polluted sites

Algae Role References

Selenastrum 
capricornutum

Bioaccumulation/biotransformation of 
BTEX, chlorobenzene, 
1,2-dichlorobenzene, nitrobenzene, etc.

Semple et al. (1999)

Prototheca zopfii Biodegradation of total petroleum 
hydrocarbons (TPH)

Walker et al. (1975a, b)

Chlamydomonas 
sp.

Biodegradation of petroleum 
hydrocarbons

Jacobson and Alexander 
(1981)

Agmenellum 
quadruplicatum

Biotransformation of naphthalene Cerniglia et al. (1979, 1980a, 
b)

Chlamydomonas 
reinhardtii

Removal of iso-octane-extracted PAHs Liebe and Fock (1992)

Scenedesmus 
obliquus

Biotransformation of naphthalene Luther and Soeder (1987), 
Luther (1990)

Sphingomonas sp. Biodegradation of 4,4P- and 
2,4-dihalodiphenyl ethers

Schmidt et al. (1993)

Chlorococcum sp. Removal of diclofop-methyl Wolfaardt et al. (1994)
Ochromonas 
danica

Biodegradation of phenolics Semple and Cain (1996)

Selenastrum 
capricornutum

Metabolism of benzo[a]pyrene Warshawsky et al. (1988)

Prototheca zopfii Highlighted as most popular 
hydrocarbon-degrading microalga

Suzuki and Yamaya (2005), 
Ueno et al. (2006, 2007), 
de-Bashan and Bashan (2010)

Scenedesmus 
obliquus
Nitzschia linearis

Isolate from Nile River capable of 
degradation of hydrocarbon pollutants

Ibrahim and Gamila (2004)

Nitzschia sp.
Skeletonema 
costatum

Biodegradation of fluoranthene and 
phenanthrene

Hong et al. (2008)

Scenedesmus 
obliquus

Microalgal–bacterial consortium for high 
degradation of hydrocarbons

Tang et al. (2010)

Chlorella 
sorokiniana

Removal of phenanthrene Muñoz et al. (2003)

Parachlorella 
kessleri

Biodegradation of BTEX compounds Takacova et al. (2015)

Enteromorpha sp.
Cladophora 
glomerata

Removal of benzo[a]pyrene Kirso and Irha (1998)
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fied Prototheca zopfii as the most popular hydrocarbon-degrading microalga. 
Ibrahim and Gamila (2004) isolated seven microalgae from the Nile River capable 
of the degradation of hydrocarbon pollutants based on their affinity. They showed 
that Scenedesmus obliquus had greater affinity toward degradation of hydrocarbons, 
whereas Nitzschia linearis demonstrated better removal of n-alkanes. The 
 biodegradation of fluoranthene and phenanthrene, typical PAHs, was found to be 
accelerated by Nitzschia sp. and Skeletonema costatum more than natural attenua-
tion (Hong et al. 2008; Tang et al. 2010). Tang et al. (2010) showed that a micro-
alga–bacterial consortium containing Scenedesmus obliquus removed an effective 
amount of the aromatic hydrocarbons of crude oil. Similarly, Muñoz et al. (2003) 
investigated a potential consortium of Chlorella sorokiniana and Pseudomonas 
migulae to remove phananthrene and observed its effective elimination under pho-
tosynthetic conditions without external supply of oxygen. Hammed et  al. (2016) 
reviewed the literature related to the phycoremediation capabilities of potential 
microalgae and well-identified growth regimes, metabolic pathways, and factors 
affecting its performance.

Based on the available literature, a biodegradation pathway of toluene, a selected 
petroleum hydrocarbon, is shown in Fig. 2. Autotrophic microalgae were used to 
degrade toluene from polluted sites. Figure  2 demonstrates that microalgal pig-
ments, that is, chlorophylls, absorb photons from sunlight and generate electrons by 
photon-capturing mechanisms (Kruse et al. 2005). ATP is generated by this mecha-
nism and used in the dark reaction to drive biochemical CO2 digestion through the 
Calvin Benson cycle (Wang et al. 2014). Toluene is converted into a 3- methylcatechol 
intermediate by toluene oxygenase and O2 and finally into pyruvate/acetyl-CoA via 
the orto- and meta-cleavage pathways. Later, the pyruvate/acetyl-CoA participates 
in the TCA and glyoxylate cycle (Hammed et al. 2016) (Table 2).

5  Recent Advances in Phycoremediation Techniques

Implementation of phycoremediation techniques is attracting more attention in 
recent years, not only for decontaminating polluted sites but also for sequestering 
atmospheric CO2 and production of biofuels to achieve environmental and eco-
nomic sustainability. Algal techniques are advanced by (1) applying molecular or 
genetic modifications, (2) establishing potential microalgae–bacterial consortia, (3) 
algae-based biofilm, and (4) designing algal photo-bioreactors.

5.1  Applying Molecular or Genetic Modifications

Genetic engineering approaches are applied to manipulate genes of interest of 
microalgae to improve its growth and actions. In this regard, reverse and forward 
types of genetic processes are used to modify algal applications. Reverse genetics 
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refers to identification and manipulation of the gene, whereas forward genetics 
refers to physical or chemical mutagenesis. In physical mutagenesis, UV/gamma/
heavy ion beams are applied to develop a target strain having specified features (de 
Jaeger et al. 2014). Najafi et al. (2011) also demonstrated mutagenesis using gamma 
rays. RNA interference (RNAi) or artificial RNA (amiRNA) are recent develop-
ments of this process (Hlavová et al. 2015). Radakovits et al. (2010) reported genetic 
modification of several species including green (Chlorophyta), red (Rhodophyta), 
and brown (Phaeophyta) algae; diatoms; euglenids; and dinoflagellates. Most of the 
studies show such genetic transformation of algae species for biofuel production. 
Genetic modification of potential algae species will also be helpful for remediation 
of polluted sites.

5.2  Establishing Potential Microalgae–Bacterial Consortia

The peer-reviewed literature reported that algae–bacterial consortia are more effec-
tive at remediating petroleum hydrocarbons than a single culture of algae, because 
algae transfer more oxygen to the polluted domain, which helps to accelerate bacte-
rial growth. At the same time, bacteria produce CO2, which effectively moderates 
algal growth. Cerniglia et al. (1979) isolated and observed nine Cyanobacteria, five 
green algae, one red alga, one brown alga, and two diatoms that could oxidize naph-
thalene. Wolfaardt et al. (1994) showed a significant role of a Chlorococcum sp. 
present in an algal–bacterial consortium to remove diclofop-methyl. Al-Turki AI 
(2009) reported that consortia of bacteria–algae are capable of adding more oxygen 
in the aerobic pathway of hydrocarbon degradation. Tang et al. (2010) investigated 
a microalgal-bacterial consortium of Scenedesmus obliquus, which effectively 
removes aromatic hydrocarbons of crude oil. Recently, many studies have reported 
microalgae as hosts of distinct bacterial species with mutualistic interactions (Jasti 
et al. 2005; Sapp et al. 2007; Allgaier et al. 2008). In such consortia, microalgae 
provide more favorable environmental conditions (Allgaier et al. 2008), nutrients 
(Amin et al. 2009), iron (Hopkinson et al. 2008), haem (Mouget et al. 1995), and 
vitamins (Croft et al. 2005) to consume oxygen. Kneip et al. (2007) reported sym-
biotic Cyanobacteria supplying nitrogen and acting as N2 fixing for algae growth. 
These recent advances pooled significant knowledge, but better understanding of 
biogeochemical interactions of potential microalgae–bacterial consortia is still 
required for effective remediation practices.

5.3  Algal Photo-Bioreactors

Algal photo-bioreactors are a designed open/closed tank system, in which selected 
algae are produced to remove target pollutants and/or for production of biofuels 
(Richmond 2004; Carlsson et  al. 2007). Generally, algae photo-bioreactors are 
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designed to achieve high efficiency with more biomass concentration in a shorter 
timeframe (Wang et al. 2008). This advance is also the result of an improved control 
of farm settings, yielding greater productivity and reproducibility, with less pollu-
tion risk, and permitting better collection of potential algal species. These photo- 
bioreactors are of different shape and size, depending on the interest of cultivation 
(Ugwu et al. 2008). Generally, however, tube photo-bioreactors, horizontal/serpen-
tine tubular airlift, flat-plated, double/multiple column, and internally illuminated 
photo-bioreactors are developed for phycoremediation studies. Ugwu et al. (2008) 
intensively reviewed the different types of algae photo-bioreactors, highlighting 
associated prospects and limitations. Fernandez et al. (2004) designed a pilot-scale 
vertical column 0.19 m in diameter and 2 m long with the capacity of 60 l to culti-
vate Phaeodactylum tricornutum. Most of the studies are limited to use of algae 
production for biofuels; use of such algae photo-bioreactors for in situ phycoreme-
diation is still awaited. Furthermore, optimization of reactor dimension, flow rate, 
light requirement, culture condition, algae species, reproducibility, and economic 
value to decontaminate large diverse pollutants are major challenges associated 
with designing such algae photo-bioreactors.

5.4  Algae-Based Biofilms

Algae biofilms refer to colonized algal communities on a solid surface having a 
matrix of extracellular substances. Recent renewed interest in algal biofilms has 
been driven by the need for polluted site remediation strategies, biofuel feedstocks, 
and effective low-cost biomass harvesting techniques. In general, algal biofilm pro-
ductivity values from bench- to pilot-scale operations ranged from 0.6 to 31 g/m2/
day with municipal wastewater (Kesaano and Sims 2014). Many studies have been 
conducted to develop algae-based biofilms to treat wastewater and for removal of 
nutrients (Roeselers et al. 2008; Mata et al. 2010; Babu 2011; Pittman et al. 2011). 
Only a few studies are reported as specific for petroleum hydrocarbon treatment. 
Future research on algal systems needs to focus on (1) identifying the appropriate 
strains and materials for optimal biofilm formation and growth to remediate petro-
chemical pollutants, (2) exploring the value of specialty for diverse pollutants, (3) 
long-duration pilot- and demonstration-scale studies, and (4) the economics and 
sustainability of algal biofilm systems.

6  Research Challenges and Future Prospects

As each of the disciplines advances and as new cleanup needs arise, opportunities 
for new phycoremediation techniques will emerge. Until now, the following limita-
tions have restricted the use of phycoremediation to clean up contaminated sites:
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6.1  Identification and Characterization of Polluted Sites

The focus has now shifted in favor of using green and sustainable approaches to 
clean contaminated sites. Thus, the following prospectives are important for identi-
fication and characterization of polluted sites.

• Estimation of pollution types, load, and extent will help to establish effective 
bioremediation techniques in field conditions. For example, Gupta and Yadav 
(2017) classified applicability of bioremediation techniques based on level and 
scale of pollution.

• The emphasis must be on practical applications of emerging technologies like 
nanometerial based treament of the polluted sites (Ranjan et al. 2018), to select 
site-specific remediation practices (Caliman et al. 2011).

• Hydrogeochemical/geophysical investigation techniques will be introduced to 
identify and manage effectively the data associated with problematic sites 
(Ayolabi et al. 2013; Ojo et al. 2014).

• Similarly, application of satellite-based investigations (Kumari et al. 2019), mon-
itoring, and assessment will be more effective to identify petroleum hydrocarbon- 
polluted sites (Rodell and Famiglietti 2002; Jasmin and Mallikarjuna 2011).

• Application of artificial intelligence and optimization tools will help frame opti-
mal phycoremediation design for petroleum hydrocarbon-polluted sites (Fijani 
et al. 2013).

6.2  Fate and Transport Behavior of Petroleum Hydrocarbons

Fate and transport are governing processes that control the extend and load of pol-
lution in soil–water systems. Thus, better understanding of the fate and transport of 
petrochemicals in the subsurface environment will enhance existing knowledge and 
aid effective implementation of bio-/phycoremediation under varying environmen-
tal conditions. The following research challenges are highlighted in the literature:

• Fate (adsorption, volatilization, biodegradation) and transport (advective, diffu-
sive and dispersive flux) studies are required to forecast future pollution load and 
the time/cost of remediation (Oostrom et al. 2007).

• Most of the fate and transport studies are conducted in the numerical domain 
(Gupta et al. 2018b; Gupta and Yadav, 2019); thus, demonstration of practical/
field experiments will add a new aspect in the near future (Essaid et al. 2015).

• Incorporation of a heterogeneous domain is very rare; thus, consideration of the 
heterogeneous domain will scale up current results and understanding (Essaid 
et al. 2015).

• Similarly, consideration of the prevailing site conditions will effectively improve 
outcomes and be most significant in the selection of proper bioremediation tech-
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niques. For example, only a few studies have been reported on petroleum hydro-
carbon transport under fluctuating groundwater conditions (Dobson et al. 2007).

• Impact of hydrogeological and meteorological variables are significant for effec-
tive implementation of phycoremediation techniques for polluted sites (Gupta 
and Joshi, 2017; Gupta and Sharma, 2018; Gupta and Yadav 2017).

6.3  Response of Algae/Microbial Community to Polluted Sites

• To maintain optimal biotransformation, a better understanding of the response of 
algae–microbial communities to polluted site conditions is required, especially 
climate change conditions (Zhou et al. 2015).

• As novel biotransformation become better understood at the ecological, bio-
chemical, and genetic levels, new bio-/phycoremediation strategies  (Mustapha 
et al. 2018; Gupta et al. 2018c) will become available for various polluted sites 
(Arnot et al. 2010).

• Identification of potential algae and/or microbial communities may also improve 
bioremediation effectiveness in meeting cleanup standards (Hammed et  al. 
2016).

• Effective design of biodegradation systems by supplying nutrients and electron 
acceptors will expand the capabilities of potential algae–microbe consortia 
(Yadav and Hassanizadeh 2011; Gupta and Yadav 2017).

• Algae/microbial response to polluted sites is important to design advanced bio-
remediation applications such as biofilms (Zhou et al. 2015).

6.4  Upgrading Existing Tools and Techniques

• Photo-bioreactors, such as high-rate ponds, are generally used in algae-based 
remediation, with comparatively low removal of petrochemical pollutants. Thus, 
it is important to improve these structures for better performance under varying 
environmental conditions.

• Optimization of longevity, remediation time, and cost using various hybrid 
simulation- optimization tools will be helpful to design an effective phycoreme-
diation approach to decontaminate polluted sites.

7  Summary

Petrochemicals such as BTEX compounds are anthropogenically released into soil 
and water resources by accidental spillages and leaks from tankers, pipelines, and 
storage tanks. Petrochemicals are very mobile in nature and are highly soluble in 
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soil–water systems, creating major subsurface pollution problems. Further, the pro-
vision of safe drinking water to the second largest population of the globe is a chal-
lenging task for policy makers. Of the physical, chemical, and biological methods 
applied for the removal of these contaminants, the most environmentally benign 
option is through bioremediation using microbes and plants/algae. To frame such an 
engineered bioremediation strategy for these contaminants, it is important to com-
pare all the bioremediation techniques and their effectiveness. In this chapter, the 
detailed literature on petrochemical sources, toxicity, and fate in the subsurface 
environment is presented first. Thereafter, a comparative account of different bio-/
phytoremediation techniques of polluted sites is discussed. Phycoremediation pro-
cesses involved in biodegradation of petrochemicals are elaborated next, presenting 
recent developments. Finally, research challenges and recommendations based on 
the detailed literature survey are listed for future studies. This chapter may help to 
implement effective bioremediation techniques in the field to decontaminate 
petrochemical- polluted sites.
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1  Introduction

Bioremediation is the process through which the environmental pollution is con-
trolled, and the transformation or degradation of toxic chemicals could be enhanced 
to become less harmful environmental forms using biological systems (Prabha 
2012). Nowadays, this process to an increasing extent has become one of the most 
popular biological processes due to its cost effective and efficient method of purifi-
cation (Prabha 2012). The evacuation of liquid wastes – effluents – from the indus-
trial or residential areas is highly regarded as a main source of water pollution 
(Prabha 2012). The effluents from the industrial areas, for instance, have been 
drained into open outlets from where the rivers are jointly met (Kumari et al. 2006; 
Prabha 2012). The wastewater discharges of industries are considered as the main 
issues of water pollution which regrettably lead to incrementing the promotion of an 
unstable toxic aquatic ecosystem and lessening the desideratum for nutrient loading 
and oxygen of water bodies (Morrison et al. 2001; Prabha 2012). Moreover, it has 
been reported that the values of low or high pH in the rivers have a high impact on 
the aquatic life which causes a substantial change in the level of pollution toxicity 
in one or another form (DWAF 1996; Prabha 2012). Furthermore, a reduction in pH 
values enhances the solubility of some environmental elements such as Cd, Fe, Al, 
B, Hg, Mn, and Cu and decrements the solubility of other main elements like sele-
nium (Prabha 2012).

Good quality water availability is essential for alleviating diseases and enhanc-
ing life quality (Oluduro and Adewoye 2007; Prabha 2012). Natural water  comprises 
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some types of debasements, for instance, minerals are brought into the ocean frame-
work through the weathering of the rock, soil purification or filtering, and the dis-
solution of the vaporized particles from the atmosphere along with other several 
forms of human activities (Asaolu et al. 1997; Prabha 2012). After entering water, 
minerals can then be absorbed by plants and ultimately gathered in marine life 
forms that then get consumed by humans (Asaolu 1998; Prabha 2012).

Recent technologies have been introduced to perform the treatment of wastewa-
ter and bioremediation. Besides their use for biofuel production, algae represent an 
essential component among these technologies used for wastewater treatment and 
bioremediation to minimize phosphorus and nitrogen contents in sewage and some 
agricultural residues as well as to remove toxic metals from water-related industrial 
wastes (Hallmann 2007) (Fig. 1). Algae used in wastewater must tolerate the vari-
able media conditions (e.g., salinity). The macroalgae Monostroma spp. and Ulva 
spp. were successfully used in reducing phosphorus and nitrogen compounds 
(Hallmann 2007). Through their comprehensive study for more than 40  years, 
Ryther et  al. (1972), Romero-Gonzalez et  al. (2001), and Kuyucak and Volesky 
(1988) have also studied the bioremediation of algae and elaborated their main pro-
cesses. Cyanobacteria exhibit a significant potential in industrial effluents and 
wastewater treatment, bioremediation, bio-fertilizers, and food and chemical indus-
tries (Cairns Jr. and Dickson 1971; Prabha 2012). Spirulina sp. is a rapidly growing 
cyanobacterium that has a pronounced level of lead and mercury under contami-
nated conditions, suggesting its main role in absorbing toxic metals from the envi-
ronment (Prabha 2012). Synechococcus sp., Plectonema terebrans, Oscillatoria 
salina, and Aphanocapsa sp. are some common cyanobacterial species which have 
been successfully utilized in the bioremediation of oil spills worldwide (Cohen 
2002; Prabha 2012). Microalgae have also demonstrated their main role in remov-
ing main heavy metals, including lead, mercury, nickel, or cadmium (Chen et al. 
1998) from the effluents. Spirogyra sp. induced the accumulation of heavy metals, 
such as chromium, copper, and zinc (Prabha 2012). Moreover, marine algae (e.g., 
Sargassum and Ascophyllum) induce pollutant biosorption (Yu et  al. 1999). Too 
much industrial wastes are accumulated in rivers, resulting in impure water (Prabha 
2012). Therefore, developing transgenic algae for wastewater bioremediation is of 
utmost need.

Fig. 1 Algae 
bioremediation cycle
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2  Algal Transgenic Basis

The algal-related genome research is considered as a basic foundation that is highly 
required for another effective level in the utilization of gene technologies and the 
application of biotechnology to algae and their main products (Hallmann 2007). 
Fortunately, the genomic information that is retrieved from algae, as well as from 
living things, have increased exponentially in the last recent years (Hallmann 2007). 
The most significant advances in the microalgal genome projects are those related 
to the red alga such as Ostreococcus tauri, Cyanidioschyzon merolae, Volvox cart-
eri, and Chlamydomonas reinhardtii (Hallmann 2007). In the last decade, several 
studies revealed the completion of such genomes; for instance, Barbier et al. (2005) 
and Matsuzaki et al. (2004) demonstrated that the annotation and the sequencing of 
the genome of 16.5 Mb Cyanidioschyzon merolae have been done (Hallmann 2007). 
Grossman et al. (2003) and Shrager et al. (2003) showed likewise that the sequenc-
ing of the genome of ~120  Mb Chlamydomonas reinhardtii was completed 
(Hallmann 2007). Further, the genome of the ~140 Mb-sized Volvox carteri was 
sequenced. Other studies such as Derelle et al. (2002, 2006) established the comple-
tion and the sequencing of the 11.5 Mb-sized genome of Ostreococcus tauri. In 
addition to these findings, Armbrust et al. (2004) demonstrated the completion of 
the annotation and sequencing processes of the genome of 34 Mb Thalassiosira 
pseudonana. Extra projects of algal genome have seen extensive advances. This 
could be found, for instance, in ~40 Mb genome such as Chlorella vulgaris; ~32 Mb 
genomes like Aureococcus anophagefferens, Amphidinium operculatum, and 
Alexandrium tamarense; ~15 Mb genomes like Heterocapsa triquetra, Lotharella 
amoeboformis, Guillardia theta, Micromonas pusilla, Isochrysis galbana, and 
Karenia brevis (Hallmann 2007); also in ~130  Mb genomes such as those in 
Dunaliella salina and Cyanophora paradoxa; ~30  Mb genomes as those in 
Phaeodactylum tricornutum and Pavlova lutheri in addition to Porphyra yezoensis 
and Porphyra purpurea (Hallmann 2007); further, Ostreococcus lucimarinus and 
Ochromonas danica with ~12  Mb genome type; Emiliania huxleyi (~220  Mb); 
Ectocarpus siliculosus (~214 Mb); and finally ~12 Mb type of genomes in Galdieria 
sulphuraria and Euglena gracilis (Hallmann 2007). At last, because of their little 
measured genomes, completion of genome sequencing from ~30 cyanobacteria is 
accessible in various databases such as those in Gloeobacter violaceus (~4.6 Mb), 
Synechocystis sp. (~3.6  Mb), Anabaena sp. (6.4  Mb), Synechococcus elongatus 
(~2.7 Mb), Prochlorococcus marinus (1.7–2.4 Mb; measure relies upon ecotype), 
and in addition Thermosynechococcus elongatus (~2.6 Mb) (Hallmann 2007). The 
list above isn’t finished since there are (less broad) genomic sequences from numer-
ous algal species existed in GenBank as well as different databases. In addition, new 
projects of genome ceaselessly come along (Hallmann 2007).

Similarly likewise with genome projects, there has as of late been a significant 
increment in the sequenced expressed sequence tags in algae (ESTs). Broad EST 
information originates from different types of algae such as those of Phaeodactylum 
tricornutum and the diatom Thalassiosira pseudonana (Scala et al. 2002; Hallmann 
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2007); green algae like Ostreococcus tauri  and Acetabularia acetabulum (Henry 
et al. 2004), and Chlamydomonas reinhardtii (Shrager et al. 2003); also, from brown 
algae such as Laminaria digitata (Crepineau et  al. 2000) and Pavlova lutheri 
(Pereira et al. 2004); and the haptophytes Emiliania huxleyi (Wahlund et al. 2004). 
In addition, several studies have also shown that these sorts of data can likewise be 
retrieved from red algae, namely, as haptophytes Emiliania huxleyi (Wahlund et al. 
2004), Gracilaria gracilis (Lluisma and Ragan 1997), Galdieria sulphuraria 
(Weber et al. 2004), and the Porphyra yezoensis (Nikaido et al. 2000; Hallmann 
2007), as well as  from chlorarachniophyte Bigelowiella natans (Archibald et  al. 
2003) and dinoflagellates Amphidinium carterae, Karlodinium micrum (Bachvaroff 
et al. 2004), Lingulodinium polyedrum (Bachvaroff et al. 2004), and Alexandrium 
tamarense (Hackett et al. 2004). EST information from numerous other algal spe-
cies are accessible at the TBestDB, Taxonomically Broad EST Database, available 
at http://amoebidia.bcm.umontreal.ca/pepdb/looks/welcome.php) and further avail-
able at the EST sequencing databases of the National Center for Biotechnology 
Information (NCBI) (http://www.ncbi.nlm.nih.gov/ventures/dbEST/).

The sequences of chloroplast and mitochondrial related genomes have been ful-
filled with significantly more algal species than the genome sequencing projects or 
the EST because of plastid genomes which have a considerably littler size (Hallmann 
2007). These types of sequences are accessible at the GOBASE, organelle genome 
database (http://www.bch.umontreal.ca/gobase/gobase.html), and also is found at 
NCBI organelle database (http://www.ncbi.nlm.nih.gov/genomes/ORGANELLES/
organelles.html). Several studies reported that the eukaryotic algae are known to be 
contaminated by infections; a few genomes of such infections, all the more abso-
lutely dsDNA infections, have been sequenced (van Etten et  al. 2002; Hallmann 
2007). Furthermore, Eukaryotic cells can forever gain chloroplasts by engulfing an 
alga. Much of the time, little stays of the engulfed alga separated from its chloro-
plast; however in two gatherings, the chlorarachniophytes and the cryptomonads, in 
addition to a little remnant nucleus of the engulfed alga, are as yet present. These 
minor nuclei, called nucleomorphs, have been sequenced in the chlorarachniophyte 
Bigelowiella natans and the cryptomonad alga Guillardia theta (Gilson and 
McFadden 2002).

3  Application Constraints of Genetic Technologies of Algae 
for Bioremediation

Cellular and molecular genetic techniques have been successfully used in plants and 
organisms for various purposes (El-Esawi and Sammour 2014; El-Esawi 2016a, b, 
c; El-Esawi 2017a, b; Consentino et al. 2015; El-Esawi et al. 2015; Jourdan et al. 
2015; El-Esawi et  al. 2016a, b; Arthaut et  al. 2017; Elansary et  al. 2017, 2018; 
El-Esawi et al. 2017a, b, c, d; Vwioko et al. 2017; El-Esawi et al. 2018a, b; Sherrard 
et al. 2018). Additionally, the genetic engineering of algal species has recently been 
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applied to enhance pollutant bioremediation (Hallmann 2007) (Table 1). Most of 
these transformed algae were performed using nuclear transformation. For instance, 
the genetic transformation of Chlamydomonas reinhardtii (Kindle et al. 1989), Ulva 
lactuca (Huang et al. 1996), and Volvox carteri (Schiedlmeier et al. 1994) has been 
demonstrated. Furthermore, red algae species were genetically transformed (Cheney 
et al. 2001; Gan et al. 2003; Minoda et al. 2004; Hallmann 2007). Laminaria japon-
ica and Undaria pinnatifida (Qin et  al. 1999; Qin et  al. 2003) were also stably 
transformed. Additionally, cyanobacterial species, such as Anabaena, Spirulina, 
and Synechocystis, have been transformed using conjugation and electroporation 
methods (Koksharova and Wolk 2002; Hallmann 2007).

Previous algal transformation studies demonstrated that the transformation effi-
ciency and producible transformant number depend on the species transformed 
(Hallmann 2007). For instance, in Cyanidioschyzon merolae approximately 200 of 
transformants per μg of plasmid-DNA were produced when 3–4 × 108 cells were 
distributed on an agar plate (Minoda et al. 2004). Moreover, transformation effi-
ciency in Chlamydomonas reinhardtii ranges between 10−4 and 10−5, and 8 × 106 
cells could be distributed on a plate (Kindle 1990; Hallmann 2007). Transformation 
efficiency of Volvox carteri is also 2.5 × 10−5 (Schiedlmeier et al. 1994).

The green alga Chlamydomonas reinhardtii tolerates cadmium; however the 
genetically transformed Chlamydomonas, expressing the moth bean P5CS gene, 
can grow under much higher concentrations of heavy metals (Hallmann 2007). 
P5CS gene expression, involved in proline biosynthesis, in the genetically trans-
formed cells causes a fourfold increase in cadmium-binding capacity and 80% 
higher proline level as compared to wild-type cells (Hallmann 2007). Furthermore, 
P5CS gene expression causes a rapid growth at deadly cadmium concentrations 
(Siripornadulsil et al. 2002; Hallmann 2007). This might be attributed to that proline 
mitigated heavy metal stress via detoxifying free radicals generated. Generation of 
this transformed Chlamydomonas is essential for bioremediation of contaminated 
areas and water (Hallmann 2007).

Table 1 Transformable algal species

Species Transformation References

Chlamydomonas reinhardtii Stable Kindle et al. (1989)
Ulva lactuca Transient Huang et al. (1996)
Volvox carteri Stable Schiedlmeier et al. (1994)
Porphyra yezoensis Stable Cheney et al. (2001)
Gracilaria changii Transient Gan et al. (2003)
Cyanidioschyzon merolae Stable Minoda et al. (2004)
Laminaria japonica Stable Qin et al. (1999)
Undaria pinnatifida Stable Qin et al. (2003)
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4  Selectable Marker Genes

As a limited number of treated organisms are successfully transformed, selectable 
marker gene utilization is needed for the experiments which aim at producing stable 
transgenic algae (Hallmann 2007). These markers are frequently antibiotic resis-
tance genes that are highly regarded as prevailing markers as they give another 
pivotal trait to some other transformed targets of a species, regardless of the particu-
lar genotype (Hallmann 2007). The most noteworthy number of these selectable 
markers has been demonstrated for the Chlamydomonas reinhardtii: the R100.1 
plasmid/bacteriophage T4/synthetic aminoglycoside adenyltransferase gene aadA 
provides resistance to streptomycin and spectinomycin (Cerutti et  al. 1997; 
Hallmann 2007), the mutated Chlamydomonas reinhardtii protoporphyrinogen oxi-
dase gene PPX1 confers resistance to the N-phenyl heterocyclic herbicide S-23142 
(Randolph-Anderson et al. 1998; Hallmann 2007), the Streptoalloteichus hindusta-
nus ble gene confers resistance to phleomycin and zeomycin (Stevens et al. 1996), 
the Streptomyces rimosus aminoglycoside phosphotransferase aphVIII (aphH) gene 
confers resistance to paromomycin (Sizova et  al. 2001; Hallmann 2007), the 
Streptomyces hygroscopicus aminoglycoside phosphotransferase aph7″ gene con-
fers resistance to hygromycin B (Berthold et al. 2002), the mutated Chlamydomonas 
reinhardtii acetolactate synthase gene ALS confers resistance to sulfonylurea herbi-
cides (Kovar et  al. 2002; Hallmann 2007), and the mutated version of the 
Chlamydomonas reinhardtii ribosomal protein gene S14 (CRY1) confers resistance 
to emetine and cryptopleurine (Nelson et al. 1994). Correspondingly, in Volvox car-
teri multicellular algae, Streptoalloteichus hindustanus ble gene provides a high 
level of resistance to both phleomycin and zeomycin (Hallmann 2007). The 
Streptomyces rimosus aminoglycoside phosphotransferase aphVIII (aphH) gene 
confers resistance to paromomycin (Hallmann and Wodniok 2006). The modified 
Haematococcus pluvialis gene pdsMod4.1 confers enhanced astaxanthin biosynthe-
sis and resistance to the bleaching herbicide norflurazon (Steinbrenner and 
Sandmann 2006). The Streptomyces hygroscopicus aminoglycoside phosphotrans-
ferase gene in Chlorella vulgaris was expressed under the control of the cauliflower 
mosaic virus promoter (CaMV35S) for selection with hygromycin (Chow and Tung 
1999; Hallmann 2007). A mutant of the gene encoding acetohydroxyacid synthase 
[AHAS (W492S)] served as a selectable marker for transformation of chloroplast in 
Porphyridium (Lapidot et al. 2002). SV40 promoter-hygromycin phosphotransfer-
ase chimeric gene in Laminaria japonica provides resistance to hygromycin (Qin 
et al. 1999). The Streptoalloteichus hindustanus ble gene in Phaeodactylum tricor-
nutum diatom was shown to provide resistance to zeomycin (Falciatore et al. 1999), 
sat-1 and nat genes confer resistance to nourseothricin (Zaslavskaia et al. 2000), and 
the neomycin phosphotransferase II (nptII) gene resists the aminoglycoside antibi-
otic G418 (Zaslavskaia et  al. 2000; Hallmann 2007). The endogenous calcium- 
binding glycoprotein α-frustulin fruα3 promoter in Cylindrotheca fusiformis diatom 
was utilized for the expression of Streptoalloteichus hindustanus ble gene and 
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provides resistance to zeomycin (Fischer et al. 1999; Hallmann 2007). Additionally, 
nptII gene provides resistance to the antibiotic G418  in Navicula saprophila and 
Cyclotella cryptica diatoms (Dunahay et al. 1995). The R100.1 plasmid/bacterio-
phage T4/synthetic aminoglycoside adenyltransferase gene aadA served as a select-
able marker for transformation of chloroplast in Euglena gracilis and provides 
resistance to spectinomycin (Doetsch et al. 2001; Hallmann 2007). Symbiodinium 
microadriaticum and Amphidinium sp. transformation was performed using the 
hygromycin B phosphotransferase gene (hpt) fused to Agrobacterium p1’2′ pro-
moter or the nptII gene mediated by the Agrobacterium nos promoter (Hallmann 
2007).

There are also many specific recessive markers besides the dominant ones for 
algal systems (Hallmann 2007). These markers have the colossal favorable position 
that an entire gene is normally utilized with its own particular promoter, in spite of 
the fact that recessive markers need mutants with changes in the comparing homog-
enous and the relating flawless genes (Hallmann 2007). Hence, in this way as 
opposed to those numerous dominant markers, the expression and capacity of the 
selectable marker in the organism are quite certain beforehand. Nitrate reductase 
gene (nit) is a common recessive marker used for functional complementation of 
nitrate reductase defective mutants of Volvox carteri (Schiedlmeier et  al. 1994; 
Hallmann 2007), Chlamydomonas reinhardtii (Kindle et al. 1989), Chlorella soro-
kiniana (Dawson et al. 1997), Dunaliella viridis (Sun et al. 2006), and Ulva lactuca 
(Huang et al. 1996). Nitrate reductase reduces chlorate and nitrate, and the produced 
chlorite is toxic (Hallmann 2007). Chlorate may be utilized to recheck putative nit+ 
transformants. It could also be used to get the needed auxotrophic target organisms 
for the experiments of nit transformation (Hallmann 2007). Chlorate may also be 
utilized as a negative selectable marker to recognize nit mutants (Hallmann 2007). 
Mutations in argininosuccinate lyase defective Chlamydomonas reinhardtii mutants 
could be complemented by Chlamydomonas reinhardtii argininosuccinate lyase 
gene ASL (Debuchy et al. 1989; Hallmann 2007).

5  Methods Used for DNA Introduction into Algal Cells

There are two main transformation methods which assist in viable transformant 
recovery in algae (Hallmann 2007). Microparticle bombardment represents the 
most common method. This method is also termed micro-projectile bombardment, 
gene gun transformation, particle gun transformation, or biolistics (Hallmann 2007). 
It utilizes DNA-coated heavy metal micro-projectiles and performs the transforma-
tion of organelles or cells, regardless of the rigidity or thickness of the cell wall 
(Hallmann 2007). This method has been successfully performed in Volvox carteri 
(Schiedlmeier et  al. 1994), Chlamydomonas reinhardtii (Kindle et  al. 1989), 
Dunaliella salina (Tan et  al. 2005), Laminaria japonica (Jiang et  al. 2003), 
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Gracilaria changii (Gan et al. 2003), Phaeodactylum tricornutum (Apt et al. 1996), 
Cyclotella cryptica (Dunahay et  al. 1995), Navicula saprophila (Dunahay et  al. 
1995), Euglena gracilis (Doetsch et  al. 2001), Cylindrotheca fusiformis (Fischer 
et al. 1999), Porphyridium sp. (Lapidot et al. 2002), Chlorella sorokiniana (Dawson 
et al. 1997), and Haematococcus pluvialis (Steinbrenner and Sandmann 2006).

Another transformation technique which is cheaper includes the preparation of 
algal suspension which is then agitated in the presence of polyethylene glycol, 
micro- or macro-particles and DNA (Hallmann 2007). Numerous studies have uti-
lized silicon carbide (SiC) bristles, which are roughly 0.3 to 0.6 μm in thickness and 
about 5 to 15 μm long as microscale particles (Hallmann 2007). SiC is a ceramic 
compound of both carbon and silicon. These microparticles assisted in the transfor-
mation of some algae, such as Chlamydomonas reinhardtii (Dunahay 1993) and 
Amphidinium sp. (ten Lohuis and Miller 1998). Agitation was used to transform the 
cell wall-reduced mutants in Chlamydomonas reinhardtii in using large glass beads, 
DNA, and polyethylene glycol (Kindle 1990; Hallmann 2007). This cheap tech-
nique is applied in Chlamydomonas transformation. The green algal protoplast 
could be transformed in the absence of particles (Jarvis and Brown 1991) but in the 
presence of DNA and polyethylene glycol. Cell wall-reduced mutants (Hallmann 
2007), protoplasts, and naked cells could also be transformed via electroporation in 
which the large electronic pulse disturbs cell membrane phospholipid bilayer, which 
allows DNA and other molecules to pass. Cells of Cyanidioschyzon merolae 
(Minoda et al. 2004; Hallmann 2007), Chlamydomonas reinhardtii (Brown et al. 
1991), Chlorella vulgaris (Chow and Tung 1999), and Dunaliella salina (Geng 
et  al. 2003) were transformed using this procedure. Agrobacterium tumefaciens- 
mediated transformation via tumor-inducing (Ti) plasmids has been used to geneti-
cally modify two algal species (Hallmann 2007). Agrobacterium-mediated 
transformation has been applied in the unicellular green alga Chlamydomonas rein-
hardtii (Kumar et al. 2004; Hallmann 2007) and the multicellular red alga Porphyra 
yezoensis (Cheney et al. 2001).

6  Conclusions

Bioremediation allows the control of the environmental pollution and enhances the 
transformation or degradation of toxic chemicals to become less harmful environ-
mental forms using biological systems. Algae could be utilized in bioremediation 
and wastewater treatment to decrease nitrogen and phosphorus contents in agricul-
tural wastes. Genetic technologies and transgenesis and their potential roles in 
enhancing the potential utilization of algae in wastewater treatment and bioremedia-
tion have been reviewed and discussed in this chapter. Selectable marker genes and 
methods of DNA introduction into algal cells have also show their potential.
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Potential and Feasibility of the Microalgal 
System in Removal of Pharmaceutical 
Compounds from Wastewater

Mayuri Chabukdhara, Manashjit Gogoi, and Sanjay Kumar Gupta

1  Introduction

The revolutionized development of resources and technologies has produced a lot of 
chemicals which possess potential threats to the living systems (Bolong et al. 2009). 
Environment pollution due to presence of pharmaceuticals in wastewater streams is 
recognized as a major threat to aquatic environment globally as they affect the ter-
restrial and aquatic organisms (Khetan and Collins 2007). Pharmaceuticals are 
defined as therapeutic products used to prevent or treat human or animal diseases. 
These products are consumed by human and animals and then released into sewage 
streams as parent compounds or their metabolites during excretion as urine or feces, 
etc. (Al Aukidy et al. 2014; Daughton 2001). Apart from this, pharmaceutical manu-
facturing processes like chemical synthesis and fermentation processes are respon-
sible for generation of large volume of wastewater containing very high levels of 
spent solvents, recalcitrant organics, pharmaceutical residues, as well as salts (Chen 
et al. 2008). Since conventional wastewater treatment plants are designed to remove 
these products, they are available in different concentrations in different natural 
water bodies (Ternes et al. 2004). These pharmaceuticals products finally enter into 
surface water after partial removal by wastewater treatment plants. Pharmaceuticals 
and personal care products, surfactants, surfactant residues, plasticizers and various 
industrial additives, and a large group of chemicals are collectively known as 
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endocrine disruptors, which are not metabolized and released into wastewater treat-
ment plants (Boxall et al. 2012). Currently these pharmaceutical products are exten-
sively available in different aquatic streams around the world. Their omnipresence 
possesses a huge problem to the terrestrial ecosystems as well as animal kingdom.

In the recent years, algae-based technologies in wastewater treatment have been 
drawing huge attention from researchers due to their cost-effectiveness (Abinandan 
and Shanthakumar 2015; Wang et al. 2016; Wu et al. 2012). Algal biomass assimi-
lates nutrients from wastewater, and valuable products such as biofertilizer (Cai 
et al. 2013), biofuel, proteins, carbohydrates, pigments, and vitamins can be pro-
duced by algae during treating wastewater (Cuellar-Bermudez et al. 2017; da Silva 
et al. 2014; Úbeda et al. 2017). Moreover, algae capture CO2 via photosynthesis 
process and hence reduce greenhouse gas (Razzak et al. 2013; Subashchandrabose 
et al. 2011). Apart from these, algae-based technologies are capable of removal of 
heavy metals and other hazardous materials from wastewater through surface sorp-
tion, bioaccumulation, and precipitation (Zeraatkar et al. 2016). Therefore, algae- 
based technologies are proved to be more sustainable compared to the other 
conventional wastewater treatment technologies. Research on removal of pharma-
ceuticals and other emerging contaminants using algal-based technologies have 
increased in the recent decades.

In this chapter, discussion is made on the presence of pharmaceutical compounds 
in different wastewater as well as aquatic streams, their side effect on terrestrial 
ecosystems, as well as animal kingdom and algal-based methods for their removal. 
Role of microalgae in CO2 mitigation and microalgal biomass for biofuels produc-
tion are also briefly discussed in this chapter.

2  Pharmaceutical Compounds in Wastewater and Associated 
Risks

All over the world, surface water and ground water are the main sources of drinking 
water. Presence of chemicals such as pharmaceutical and personal care products or 
their derivatives in drinking water may cause detrimental effects on our health. A 
large number of studies demonstrated the presence of chemical compounds related 
to pharmaceutical and personal care products in surface water streams globally. 
Surface water such as streams and rivers are reported to be contaminated with anti-
inflammatory drugs (diclofenac, ibuprofen, indometacine, naproxen, and phena-
zone), lipid regulators (bezafibrate, gemfibrozil, clofibric acid, fenofibric acid), 
β-blockers (metoprolol, propranolol), antiepileptic (carbamazepine), antimicrobial, 
cytostatic agents and 17β-estradiol from ng/L range, up to μg/L (Bendz et al. 2005; 
Bruchet et al. 2005; Calamari et al. 2003; Delgado et al. 2012; Miao et al. 2002; 
Moldovan 2006; Thacker 2005). India being one of the top producers of pharmaceu-
tical products, its annual turnover is expected to rise to USD45 billion by 2020, and 
drug export is growing at 30% annually (KPMG International 2006). Though India 
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produces large number of pharmaceutical product, the sewage treatment capacity is 
far below than the generated sewage (Subedi et  al. 2015). Presence of emerging 
contaminants in wastewater and surface water streams in the UK is shown in Table 1.

It is observed that more than 200 pharmaceuticals are found in the river waters 
globally, and the maximum reported concentration is 6.5 mg/l for the antibiotic cip-
rofloxacin (Hughes et al. 2013) (Fig. 1).

Consumption of such contaminated water may have detrimental effects on 
human and animal health. Very little is known about the ecological effects of these 
compounds in contrast to their pharmacological and toxicological effects at high 
concentrations (Santos et al. 2010; Boxall et al. 2012). Ecological effects of differ-
ent classes of pharmaceutical agents are discussed in the following section:

Steroidal hormones, analgesics, and nonsteroidal anti-inflammatory 
drugs These chemicals can affect human, animals, and plant life. Exposure to 
estrogens at pollutant levels have been linked with breast cancer in women and 
prostate cancer in men. Estrogens are reported to affect reproductive development 
in both domestic and wild animals. In plant, root and shoot development, flower-
ing, and germination processes were reported to be affected when they undergone 
treatment with steroid estrogen hormones or their precursors. However, estrogens 
help in ameliorating the effects of other environmental stresses on the plant (Adeel 
et al. 2017).

Nonsteroidal anti-inflammatory drugs (NSAID) such as ibuprofen, naproxen, 
and diclofenac and some of their metabolites (e.g., hydroxyl-ibuprofen and carboxy- 
ibuprofen) are very often detected in sewage and surface water. Among the NSAID 
group of compounds, diclofenac seems to have highest acute toxicity toward algae 
and invertebrates (Fent et al. 2006; Webb 2001; Cleuvers 2003).

Blood lipid regulators Acute toxicity of blood lipid regulators such as bezafibrate, 
clofibric acid, gemfibrozil, and fenofibric acid was investigated in different aquatic 
organisms like Vibrio fischeri, Daphnia magna, and Anabaena. Results showed 
varying degree of toxicity of these compounds on different organisms. Fenofibric 
acid was found to be most toxic for V. fischeri with EC(50) of 1.72 mg/l for. The 
wastewater was found to be very toxic to Anabaena CPB4337 as it inhibited 84% of 
its bioluminescence (Rosal et  al. 2010). In another study, plasma testosterone of 
goldfish was reported to reduce on exposure to gemfibrozil in aqueous conditions 
(Mimeault et al. 2005).

Antibiotics Presence of large amount of antibiotics in environment as well as in 
water streams leads to development of antibiotic-resistant species of bacteria which 
is a cause of great concern (Daughton and Ternes 1999). The reported ciprofloxacin 
concentration in the outlet of WTP at Okhla, Delhi (Mutiyar and Mittal 2014), is 
higher than the outlet concentration of WTPs at Australia (Al-Rifai et al. 2007) and 
Italy (Verlicchi et  al. 2012) by 2.5 and 5 times, respectively. Ash et  al. (2002) 
reported presence of antibiotic resistance bacteria in US rivers. Presence of antibiot-
ics may adversely affect the microorganism population present in soil and farmland 
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that help in nitrogen fixation and other nutrient fluxes required for agriculture pro-
cesses (Ash et al. 2002).

Beta blockers Beta blockers are among the most widely used pharmaceutical 
products used for treatment of cardiovascular disorders such as high blood pressure, 
ischemic heart disease, anxiety therapies, and heart rhythm disturbances (British 
Pharmacopoeia Commission 2005; United States Pharmacopeia 2005). These com-
pounds are available in the aquatic and terrestrial environments in the range of 
ngL−1 even up to μgL−1 due to different anthropological activities. Beta blockers 
such as propranolol, metoprolol, and nadolol were reported to be highly stabile in 
aqueous conditions, and their estimated half-lives are more than 1 year (Maszkowska 
et  al. 2014a). These chemicals may have deleterious effects on different aquatic 
organisms such as fish (Japanese medaka, rainbow trout), invertebrates (Daphnia 
magna, Hyalella azteca, Daphnia lumholtzi, Ceriodaphnia dubia), and green algae 
(Pseudokirchneriella subcapitata) (Maszkowska et al. 2014b; Santos et al. 2010). 
Since beta blockers are endocrine disruptive compounds (ECDs), it has been proven 
that they affect both free and total testosterone levels in male organisms (Rosen 
et al. 1988; el-Sayed et al. 1998).

Neuroactive compounds (antiepileptics, antidepressants) Human antiepileptic 
drug carbamazepine (CBZ) was reported to significantly decrease the siphoning 
behavior (filtration rates), superoxide dismutase (SOD), and glutathione reductase 
activities of freshwater clams Corbicula fluminea, whereas the catalase activity and 
malondialdehyde (MDA) content were increased in the gills and digestive gland, 
suggesting that CBZ induced an oxidative effect. In short, exposure to CBZ at envi-
ronmentally relevant concentration exerts a negative effect on C. fluminea tissue at 
the molecular and protein level (Chen et al. 2014). Antidepressants are human phar-
maceuticals extensively detected in the aquatic environment, and they act by modu-
lating the neurotransmitters serotonin, dopamine, and norepinephrine. Presence of 
these antidepressants at environmentally relevant concentrations was reviewed and 

Fig. 1 Country survey on the number of pharmaceutical substances detected in surface water, 
groundwater, or tap/drinking water. (With permission from (aus der Beek et al. 2016))
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reported to disrupt the normal biological systems of two highly abundant and eco-
logically important invertebrate groups, i.e., molluscs and crustaceans. 
Antidepressants have the potential to affect multiple biological processes including 
reproduction, growth, metabolism, immunity, feeding, locomotion, color physiol-
ogy, and behavior (Fong and Ford 2014).

Antineoplastics Antineoplastics or anticancer agents are highly toxic by nature. 
Different antineoplastic agents show different levels of toxicity to different organ-
isms. Acute toxicity of four cytostatic drugs, 5-fluorouracil (5-FU), cisplatin 
(CDDP), etoposide (ET), and imatinib mesylate (IM) in zebrafish (Danio rerio) 
embryos, in adult fish and subchronic toxicity of 5-FU and IM in the early-life stage 
were reported to be low acute and subchronic toxicity, which indicates low suscep-
tibility of fish toward these drugs (Kovacs et al. 2016). However, an earlier study 
reported that the chronic two-generation exposure of zebrafish to 5-FU at environ-
mentally relevant concentrations (10 ng L−1) caused histopathological changes in 
the liver and kidney, impaired their DNA integrity, and induced massive whole- 
transcriptome changes (Kovacs et al. 2015). In another study, it was reported that 
the fertility of higher plants was adversely affected by anticancer drugs such as 
5-FU, CDDP, and ET. These drugs increased the frequencies of abortive grains with 
the lowest effective doses between 1 and 10 mg/kg of dry soil (Misik et al. 2016). In 
higher plants such as Tradescantia and Allium, cytotoxic drugs induced genotoxic 
effects including DNA damage (Misik et al. 2014).

Various other compounds Apart from these compounds, a large number of phar-
maceutical compounds such as impotence drugs, retinoids, diagnostic contrast 
media, tranquilizers, bronchodilators, pharmaceutical belonging to the group of 
endocrine-disrupting chemicals (EDCs), etc. have been detected in sewage and sur-
face water (Daughton and Ternes 1999; Heberer 2002; Fent et  al. 2006). In US 
water streams, the antacid cimetidine and ranitidine were detected in the concentra-
tions of 0.58 and 0.01 μg/L, respectively (Kolpin et al. 2002). Contrast media used 
in X-ray (Iopamidol) and MRI (gadolinium-based complex) were reported at vari-
ous concentrations in different water streams (Kümmerer and Helmers 2000; 
Putschew et al. 2000). EDCs are drawing huge attention in last decade as they can 
adversely affect human and animal health. Exposure to EDCs is responsible for 
decrease in male sperm count, increase in cases of testicular, prostate, ovarian, and 
breast cancers, and reproductive malfunctions (Joffe 2001). Fetuses and newborn 
babies are the most vulnerable to EDCs (Sharpe and Irvine 2004).

As discussed presence of pharmaceutical compounds in different aquatic streams 
has large number of negative impacts on human, animals, and aquatic ecology; it is 
necessary to remove the pharmaceuticals from aquatic streams. The different 
microalgal- based treatment processes are being discussed in the following section.
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3  Different Wastewater Treatment Processes

Conventional water and wastewater treatment plants have been set up using the best 
designs for treatment and maximum removal of contaminants and eutrophicating 
pollution loads which are specified in the existing regulations. However, the con-
ventional treatment processes are not capable of handling the new and “unregu-
lated” micro-contaminants such as EDCs, pharmaceutical, and personal care 
products effectively. Due to presence of wide range of contaminants, treatment of 
wastewater is much more complicated than treatment of water. Advanced treatment 
processes are required for treating such micro-contaminants (Bolong et al. 2009). 
Discharge of wastewater effluent into water bodies results in significant reduction in 
the concentration of these compounds due to their degradation or binding with natu-
ral organic matter or soil along the riverbank, resulting in lower concentrations in 
downstream (Verstraeten et al. 2003; Bowman et al. 2002). Still, these contaminants 
are available in the range of ηg/L to μg/L in drinking water. A bench-scale water 
treatment study was conducted using water from a treatment plant model and natu-
ral waters containing 30 pharmaceuticals to 80 different EDCs. Results (shown in 
Table 2) showed that there is no significant removal except using activated carbon 
(powder) and oxidation via chlorination and ozonation. As per Westerhoff et  al. 
(2005), conventional treatment processes such as coagulation, flocculation, or lime 
softening were reported to be ineffective in removing EDCs and PPCPs (pharma-
ceuticals and personal care products). Similarly, in few other studies also, it was 
demonstrated that conventional treatment processes were not able to remove phar-
maceutical compounds effectively (Adams et al. 2002; Petrovic et al. 2003; Vieno 
et al. 2006).

Advanced technologies like oxidation, photodegradation and photocatalytic deg-
radation, membrane filtration, and hybrid processing using multiple different tech-
nologies have been investigated for removal of PPCP from wastewater. Oxidation 
processes using O3, H2O2, and Fenton (Fe2+/H2O2) have been reported to be highly 
efficient in removing PPCPs (Ghatak 2014; Esplugas et al. 2007). These processes 
generate hydroxyl radical to breakdown PPCPs oxidatively. In photodegradation 
and photocatalytic degradation processes, PPCPs are degraded using direct photoly-
sis and indirect photolysis (Kanakaraju et al. 2014; Yang et al. 2014). Other tech-
nologies such as membrane filtration, activated carbon adsorption, and hybrid 
processes have also been found to be efficient in removing PPCPs (Rodriguez et al. 
2016; Yang et al. 2011; Ahmed et al. 2017). Although these technologies are dem-
onstrating promising results in treating PPCPs, they are very expensive, and large- 
scale application is not economic and sustainable at present level. Therefore, search 
for more cost-effective and sustainable solutions are going on (Wang et al. 2017). 
Biological treatment using algal-based technologies such as constructed wetlands, 
i.e., shallow pond, beds, or trenches, provides sustainable and cost-effective solu-
tion in treating wastewater as they require low energy, less operational requirements 
(Wu et al. 2015b). We are discussing the different microalgal-based treatment pro-
cesses for treatment of wastewater.
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4  Mechanism Involved in Removal of Pharmaceuticals Using 
Microalgal-Based Treatment Processes

Algal-based methods can remove pharmaceuticals and other personal care products 
from wastewater using mechanisms like sorption, biodegradation, photodegrada-
tion, and volatilization as shown in Fig. 2.

4.1  Sorption and Volatilization

Sorption is considered as redistribution of a substance from liquid phase to solid 
phase. Adsorption is adhesion of substances on solid surface, while absorption is 
transfer of substance into a sorbent. Maes et al. (2014) reported efficient removal 
and biotransformation of EE2 by Desmodesmus subspicatus. Aliphatic amine 
groups containing ionizable pharmaceuticals have been accumulated in algae cells 
through ion-trapping effect (Neuwoehner and Escher 2011), and positively charged 
pharmaceuticals are adsorbed onto negatively charged surface due to electrostatic 
attractions (Stevens-Garmon et al. 2011). However, sorption of acidic pharmaceuti-
cals is found to be relatively weak at elevated pH (Duan et al. 2013). PPCPs like 
fluoroquinolones and tetracyclines have been adsorbed strongly on soil through sur-
face complexation (Carrasquillo et al. 2008; Vasudevan et al. 2009) with the help of 
metal ions precipitated in algae biofilms. Algae or algal-bacterial consortia bioac-
cumulate PPCPs from wastewater streams instead of breaking them down via 

Table 2 Removal performance of EDCs by selected treatment processes (Westerhoff et al. 2005; 
Bolong et al. 2009)

Treatment process Removal performance

Coagulation by alum or 
ferric sulphate

<20% of compound removed, specially associated with particulate 
matter. Presence of hydrophobic dissolved organic carbon enhances 
removal and provides partitioning

Lime softening <20% of compound concentration was removed at pH 9–11
Powder activated 
carbon (Battin et al. 
2016)

>90% of many EDCs removed (at 5 mg/l dose PAC of 4 hour contact 
time).Yet some EDCs (ibuprofen, sulfamethoxazole, meprobamate) 
had lower removals (40–60%)
Hydrophobic compounds (octanol-water partition coefficient, log K ow 
>5) have better removal than polar compounds

Biofilm Removal depends on biodegradability of compounds, but removal rate 
is unclear

Chlorination Able to remove >90% for more reactive compounds containing 
aromatic structures with hydroxide functional groups
Not suitable because it produces chlorine by-product (react with 
EDCs) and should be avoided

Ozonation Oxidized similar to chlorination but at slightly higher removal rates
Addition of hydrogen peroxide during ozone addition slightly 
increased the EDC removal
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sorption processes. Therefore, PPCP containing biomass generated from algae- 
based treatment systems must be disposed properly to avoid release of the sorbed 
PPCPs, and this contamination should be considered when biomasses are used for 
the production of other valuable products (Wang et al. 2017).

Volatilization is one of the methods for removal of PPCPs in CAS systems 
(Suárez et al. 2008). Volatilization helps in removal of volatile and semi-volatile 
PPCPs from open algae-based treatment system. However, volatilization transfers 
pollutants from the water bodies to the atmosphere and don’t break them down.

4.2  Biodegradation

Biodegradation is a process where organic chemicals are broken down with the help 
of enzymes produced by microorganisms. In algae-based technologies, algae can 
play an important role in biodegradation of organic contaminants. Enzymes present 
in algae metabolize variety of xenobiotics with a process divided into three phases 

Fig. 2 Processes involved in PPCP removal using algae-based technologies  (With Permission 
from Wang et al. (2017))
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(Torres et al. 2008). In phase I, hydrophobic xenobiotics are oxidized, reduced, or 
hydrolyzed to transform into more hydrophilic compounds, and these facilitate their 
excretion. Cytochrome P450, a group of microsomal heme-thiolate proteins 
anchored in algal membrane, plays an important role in this phase (Zangar et al. 
2004). In phase II hydrophilic moieties are conjugated to xenobiotics to facilitate 
their excretion. Xenobiotics containing COOH, OH, or NH2 groups and the metabo-
lites from phase I are catalyzed by glutathione S-transferases (GSTs) or glucosyl-
transferases to conjugate glutathione (GSH) or glucuronic acid (Nakajima et  al. 
2007; Pflugmacher et  al. 1999; Yang et  al. 2002). In phase III, xenobiotics are 
packed in vacuoles or by cell wall fractions (Dietz and Schnoor 2001; Petroutsos 
et  al. 2008). Detoxification process of xenobiotics from environment by algae is 
similar to mammalian liver, and, hence, algae are considered as “green livers” 
(Torres et al. 2008).

4.3  Photodegradation

Photodegradation is one of the major mechanisms to remove pharmaceuticals from 
wastewater streams, and many of them are reported to be photodegradable under 
sunlight irradiation (Hanamoto et al. 2014; Lam et al. 2004; Lin et al. 2006). Target 
compounds with aromatic rings, conjugated π systems, heteroatoms, and other 
functional groups are degraded due to strong absorption of UV light from solar 
radiation (Challis et al. 2014). In addition, algae can generate free radicals such as 
hydroxyl radicals (OH-), peroxyl radicals (ROO-), and singlet oxygen (1O2) under 
illuminating sunlight in presence of photosensitizers and certain metal ions (Boreen 
et al. 2003). Then these free radicals facilitate biodegradation of PPCPs as demon-
strated by Eqs. (1) and (2) (Collén et al. 1995; Liu et al. 2004; Peng et al. 2006).

 O cell organelles of algae hv O O2
1

2 2+ + → ⋅−/  (1)

 O cell secretion of algae hv OH2 + + → ⋅  (2)

Rate of photodegradation depends upon the latitude and varies seasonally due to 
angle and duration of the solar irradiance, and estimated half-life (t1/2) periods for 
photodegradation of pharmaceuticals under sunlight vary from a few hours to hun-
dreds of days (Andreozzi et al. 2003; Wu et al. 2015a; Yamamoto et al. 2009). In 
algae-based treatment systems, sunlight is the preferred for the photosynthesis is 
one of the major mechanisms to r of algae as well as photodegradation of pharma-
ceuticals to reduce cost of extra energy.
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5  Removal of Pharmaceuticals in Microalgal-Based 
Treatment Systems

Research on use of microalgae for the removal of pharmaceuticals has grown since 
the last decade. Investigation in the treatment of urban wastewater with pharmaceu-
tical pollutants using algal cultivation with an initial inoculation with Tetradesmus 
dimorphus showed that removal efficiencies were very high (>90%), moderate (50–
90%), low (10–50%), and very low or nonquantifiable (<10%) for 9, 14, 11, and 18 
pharmaceuticals, respectively, over a 7-day period (Gentili and Fick 2017). Among 
all pharmaceuticals tested, high removal rates were found for atenolol, bisoprolol, 
metoprolol, clarithromycine, bupropion, atracurium, diltiazem, and terbutaline. 
Further the most frequent genus in the batches we examined was the green alga 
Dictyosphaerium (Gentili and Fick 2017). Study using freshwater microalgae such 
as Chlamydomonas mexicana and Scenedesmus obliquus showed a maximum of 
35% and 28% biodegradation of carbamazepine (CBZ), respectively, and further 
demonstrated that C. mexicana was more tolerant to CBZ and could be used for 
treatment of CBZ contaminated wastewater (Xiong et  al. 2016). In a study by 
Matamoros et  al. (2016), Chlorella sp. and Scenedesmus sp. were inoculated in 
urban or synthetic wastewater containing caffeine, ibuprofen, galaxolide, tributyl 
phosphate, 4-octylphenol, tris(2-chloroethyl) phosphate, and carbamazepine and 
were incubated for 10  days in aerated reactors. Results showed that 99% of the 
micro-contaminants (4-octylphenol, galaxolide, and tributyl phosphate) were 
removed by volatilization due to the effect of air stripping and 95% and 99% of 
ibuprofen and caffeine were removed, respectively, by biodegradation (Matamoros 
et al. 2016).

In another study, removal of six spiked (100–350 μg/l) pharmaceuticals (diclof-
enac, ibuprofen, paracetamol, metoprolol, carbamazepine, and trimethoprim) were 
investigated through batch experiments with the microalgae Chlorella sorokiniana 
grown on urine, anaerobically treated black water, and synthetic urine (Wilt et al. 
2016). 60–100% removal of diclofenac, ibuprofen, paracetamol, and metoprolol 
was by biodegradation and photolysis, and carbamazepine and trimethoprim were 
recalcitrant toward both biodegradation and photolysis, and removal did not exceed 
30% and 60%, respectively, while sorption to algal biomass accounted for less than 
20% of the micropollutant removal (Wilt et al. 2016).

Chlorella sorokiniana is reported as a robust strain for the bioremediation of 
paracetamol and salicylic acid concentrated wastewaters (Escapa et al. 2017). At 
two different concentrations of these pharmaceuticals (I, 25 mg/l; II, 250 mg/l), C. 
sorokiniana showed removal efficiencies above 41% and 69% for PCI and PCII, 
respectively, and above 93% and 98% for SaCI and SaCII, respectively (Escapa 
et al. 2017). In similar study, removal kinetics using Chlorella sorokiniana were 2.3 
times greater for the salicylic acid than paracetamol, reaching volumetric efficien-
cies above 93% for salicylic acid in the semicontinuous culture, and removal of 
nutrients were >70% for nitrates and >89% for phosphates (Escapa et al. 2015).

Potential and Feasibility of the Microalgal System in Removal of Pharmaceutical…



194

In another study, three different microalgae strains, namely, Chlorella sorokini-
ana, Chlorella vulgaris, and Scenedesmus obliquus, were used to see the removal 
efficiency of diclofenac and to verify the effect of diclofenac on nutrient removal 
capacity. S. obliquus showed the highest efficiency in the removal of diclofenac 
(>79%) and nutrients (>87% nitrates, >99% phosphates) per liter and per gram of 
biomass, while C. sorokiniana was the strain showing the largest increase of growth 
rate and microalgae density, which were above 25% and 31%, respectively (Escapa 
et al. 2016).

Shallow high rate algal ponds (HRAPs) showed 69 ± 1% tetracycline removal 
with influent concentration of 2 mg/l, and removal was mainly caused by photodeg-
radation and biosorption (de Godos et  al. 2012). Four microalgal species was 
screened (Scenedesmus obliquus, Chlamydomonas mexicana, Chlorella vulgaris, 
and Chlamydomonas pitschmannii) to remove diazinon from the aqueous phase 
(Kurade et al. 2016). Chlorella vulgaris showed the highest removal capacity (94%) 
at 20  mg/l; however, the growth of C. vulgaris was significantly affected above 
40 mg/l of diazinon, showing >30% growth inhibition after 12 days of cultivation 
(Kurade et al. 2016). Naproxen is one of the most prevalent pharmaceuticals, and 
biodegradation study of naproxen using freshwater algae Cymbella sp. and 
Scenedesmus quadricauda showed higher removal efficiency for Cymbella sp., and 
hydroxylation, decarboxylation, demethylation, tyrosine conjunction, and gluc-
uronidation contributed to naproxen transformation in algal cells (Ding et al. 2017). 
Xiong et al. (2017) reported that after 11 days of cultivation of Chlamydomonas 
Mexicana, 13 ± 1% of ciprofloxacin (2 mg/l) was removed, and its removal was 
enhanced by >threefold (56 ± 1.8%) after addition of electron donor (Sodium ace-
tate, 4 g/l). Gao et al. (2011) reported that Chlorella vulgaris and three local iso-
lates, Chlorella sp., Chlorella sp., and Chlorella miniata, had a rapid and high 
ability to remove nonylphenol. Further, highest nonylphenol (more than 80%) was 
degraded by C. vulgaris after 168  hours of cultivation followed by Chlorella 
miniata.

6  Additional Potential Role of Microalgal-Based Treatment 
Processes

6.1  Biofuel Production from Microalgae

Microalgal biomass which is produced during wastewater is not safe to be used as 
human food or animal feed. However, phycoremediation-based algal biomass along 
with biodegradable organic municipal waste has a strong potential for the sustain-
able production of biofuels (Demirbas 2009; Gibbons and Hughes 2009). The oil 
content of algae in relation to their dry weight made them ideal for the production 
of biofuel or biogas, through different conversion processes such as pyrolysis, direct 
combustion or thermochemical liquefaction, fermentation, and biochemical 
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processes (Briens et al. 2008; Rizwan et al. 2018), and sources of renewable energy. 
Some specific biofuels that can be produced from algal and residual biomass are 
biodiesel, bioethanol, biogas, and biohydrogen production (Sivaramakrishnan and 
Incharoensakdi 2018; Zhang et al. 2018; Zhang et al. 2016). Bioethanol from micro-
algal biomass can be produced through fermentation and gasification (Pittman et al. 
2011), and proficient microalgal species for bioethanol production via starch fer-
mentation are Chlorella vulgaris and Chlamydomonas sp. (Saharan et al. 2013).

Although microalgae offer a good potential for biogas and bioethanol produc-
tion, research on production of biogas and bioethanol from microalgal biomass is 
still in infancy and not yet commercialized (Harun et al. 2010). Biogas is considered 
to be an extremely versatile and eco-friendly fuel as it releases significantly lower 
amounts of greenhouse gases and other particulate matter relative to conventional 
and nonrenewable fuels. Methane that can be produced by anaerobic digestion of 
residual biomass after lipid extraction can be used to generate the electrical power 
necessary for running the microalgal biomass facility, reducing the cost of making 
microalgal biodiesel (Chisti 2007). Liquefaction of microalgae has resulted in pro-
duction of between 30% and 65% dry weight of oil depending on species used 
(Mutanda et al. 2011; Brennan and Owende 2010; Ross et al. 2010), and the major 
benefit of thermochemical liquefaction is the ability to use wet biomass. Pyrolysis 
of algal biomass has given promising results and has been shown to produce higher- 
quality bio-oil than lignocellulosic compounds (Brennan and Owende 2010), and 
lipid containing biomass has been shown to produce higher heat balances and bio- 
oil yields (Ross et al. 2010). The potential of microalgae consortia used in dairy 
wastewater treatment combined with microalgae biodiesel feedstock production 
was evaluated by comparing the nutrient removal of dairy wastewater, the growth of 
cells, and the lipid content and composition of biomass between monoalgae and 
microalgae consortia cultivation system (Qin et al. 2016).

6.2  Microalgal-Based CO2 Fixation

Microalgae are capable of fixing CO2 photosynthetically and have greater efficiency 
than terrestrial plants in converting solar energy to chemical energy (Khan et al. 
2009; Li et al. 2008; Rosenberg et al. 2011). In addition to CO2 fixation, Chlorophyta 
showed 10–50 times better solar energy absorbing efficiency than terrestrial plants 
(Wang et al. 2008). Microalgae utilized CO2 from atmosphere as carbon source to 
grow and reproduce, and efficient microalgal growth and metabolism require 
enhanced CO2 levels typically well above its atmospheric level and currently are 
major contributors to the overall cost of microalgal cultivation (Kumar et al. 2010). 
Currently, research is also focused to identify suitable microalgae strains that can 
grow under high concentration of CO2 while producing lipid for subsequent bio-
diesel production.

Microalgae can tolerate high CO2 concentration in feeding air streams and help 
in biofuel production (Chang and Yang 2003), and it also allows an efficient 
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 capturing of CO2 content (5–15%) from the flue and flaring gasses (Hsueh et al. 
2007). Chlorella sp. eliminated 10–50% CO2 level from flue gas, and the efficiency 
of absorbing CO2 was decreased by more injection of flue gas into microalgae cul-
ture (Doucha et al. 2005). Supplying high concentration of CO2 to microalgae could 
enhance the accumulation of polyunsaturated fatty acid in the microalgae cells 
(Tang et al. 2011).

A marine alga Chlorococcum littorale displayed a notable tolerance to high CO2 
content of up to 40% (Iwasaki et al. 1998), and Chlorella strains from hot springs 
are tolerant to high CO2 concentration (40%) and a temperature of 42 °C (Sakai 
et al. 1995).

Chlorella sp., Scenedesmus sp., and Botryococcus braunii are among the micro-
algae strains that have shown promising result to bio-mitigate CO2 emission with 
typical CO2 consumption rate of 200–1300  mg/L/day (Rosenberg et  al. 2011; 
Sydney et al. 2010; Yoo et al. 2010; Zhao et al. 2011). Scenedesmus obliquus was 
able to tolerate high concentration of CO2 up to 12% (v/v) with optimal removal 
efficiency of 67% (Li et al. 2011). Algae Monoraphidium minutum could produce a 
significant amount of biomass by efficiently utilizing flue gas comprising high con-
tent of CO2 along with sulfur and nitrogen oxides (Zeiler et al. 1995). Consequently, 
microalgae has attracted a great deal of attention as to serve the multiple purpose of 
biofuels production or other valuable by-products, together with a potential green-
house gases (GHGs) mitigation and wastewater treatment (Rizwan et  al. 2018; 
Kumar et al. 2010).

7  Challenges and Future Prospects

Removal of pollutants including pharmaceuticals by algal-based technologies has 
multiple advantages, but it still faces several challenges. The treatment efficiency 
can be affected by wastewater strength and flow rate; toxicity of target pollutants; 
availability of nutrients; physicochemical parameters such as pH, temperature, light 
intensity, and CO2 concentration; and microalgal species used and production and 
operation cost (Lam and Lee 2012; Rawat et  al. 2013; Liang 2013; Chen et  al. 
2015). Water loss due to wastewater evaporation, as well as a greater contamination 
risk, may lead to higher costs and energy consumption associated with replenish-
ment of lost water and selection of risk-tolerance species (Rogers et  al. 2014). 
Further, many good technologies have been developed for microalgal-based biofuel 
conversion, land availability for commercial-scale microalgal cultivation is a con-
strain, and scalability remains a challenge before they are economically feasible 
(Ribeiro and da Silva 2013; Chen et al. 2015). Significant improvement must be 
done on the current economics of algae biofuel production in order to permit a good 
competition with fossil fuel before the ultimate displacement (Rastogi et al. 2018).

More research is needed to optimize the natural method of microalgal cultivation 
for multiple roles of microalgae in pharmaceutical removal, energy production, and 
CO2 mitigation. Genetic engineering may play important role to improve the 
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 microalgal strain for integrated approach. The combination of the three roles of 
microalgae – CO2 fixation, wastewater treatment, and biofuel production – has the 
potential to maximize the impact of microalgal biofuel production systems (Guzzon 
et al. 2008; Kumar et al. 2010). An integrated process considering the various bio-
transformations and biomass biorefineries is the best solution to maximize eco-
nomic and environmental benefits while minimizing waste and pollution (Briens 
et al. 2008; Singh and Gu 2010).

8  Conclusions

Pharmaceuticals as emerging contaminants will remain a great environmental chal-
lenge in the years to come due to increasing and extensive application and associ-
ated potential environmental risk. Wastewater-based microalgal cultivation is an 
ideal platform to simultaneously remove pharmaceuticals from wastewater. Algae- 
based technologies show several advantages over conventional wastewater treat-
ment technologies including reduction in energy consumption, biological 
sequestration of CO2, and biofuel production. It is only by continuous research and 
development that the possibility of the cost-effectiveness and global availability of 
microalgae for treatment of emerging contaminants such as pharmaceuticals along 
with cost-effective biofuel production and CO2 reduction from flue gas could be 
achieved during the next decade. Research should also be focused on degradation 
pathways and potential risks of the degradation products.
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1  Introduction

Growing population and its selective demand, industrialization and other anthropo-
genic activity around the world are destined to grow at present rate in future. This 
growth is concomitant with a significant increase in contamination of water streams 
with an extensive range of organic pollutants. Persistent organic pollutants (POPs) 
are carbon-based heterogenous set of toxic compounds that adversely affect human 
health and the environment. POPs can accumulate in the environment and can pass 
between species to species through the food chain. It can also be transported by 
wind, water, and migratory species across international boundaries (Fig. 1). United 
Nations Environment Programme, 2006, in its report suggested and noted that POPs 
generated in one country may also affect the people and wildlife far from where they 
are produced. Although insoluble in water, POPs are readily absorbed in fatty tis-
sues and can accumulate in animals high up the trophic pyramids. Cancer, allergies, 
damage to the central and peripheral nervous systems, reproductive disorders, and 
disruption of the immune system are some specific damages to animals which could 
be attributed to POP toxicity (http://chm.pops.int). Under Stockholm convention, a 
list of new POPs are regularly updated. Presently, there are 26 POPs listed which 
pose threat in various forms (For more detail visit at http://www.chem.pop.int).

Contamination of aquatic system by POPs, for instance, polyaromatic hydro-
carbons (PAHs), polychlorinated biphenyls (PCBs), pesticides, insecticides, phe-
nolics, petroleum hydrocarbons (PHCs), and antibiotics poses significant public 
and environmental threat (Table 1). Considerable efforts are made to develop meth-
ods to eliminate PAHs and other organic pollutants from wastewater. Methods for 
removal of complex organic pollutants include activated oxidation using ozone, 
UV-radiations, hydrogen peroxides, and membrane filtration (Zaini et  al. 2010; 
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Naturevardsverket 2008). The suggested methods are fairly energy and cost-inten-
sive (MistraPharma 2011). Therefore, the need of the hour is for a sustainable 
remediation method that can remove such contaminants efficiently even if they are 
present at low concentrations.

Bioremediation has the potential to provide an economical alternative to conven-
tional treatment methods (Montero- Rodriguez et al. 2015). Bioremediation can be 
defined as a collective name for cleaning processes utilizing biological material 
such as microbes (bacteria, fungi) and plants. On the other hand, phytoremediation 
can also be pitched as a sustainable reclamation strategy that uses sunlight for 

Fig. 1 POPs in the environment and exposure route

Table 1 POPs and its harmful effect on human health

Organic pollutant Disorders References

Polyaromatic 
hydrocarbons

Carcinogenic, mutagenic, and teratogenic Hussein and Mansour 
(2016)

Pesticides Neurotoxicity, carcinogenic, reproductive 
defect, birth defect, and fatal effect

Sanborn et al. (2007); 
Jurewicz and Hanke 
(2008)

Polychlorobiphenyl Dermal and ocular lesions, irregular menstrual 
cycles, compromised immune responses, liver 
damage, poor cognitive development in 
children, mutagenic, carcinogenic, estradiol 
inhibition, hypothyroidism

Aoki (2001); Winneke 
(2011); Crinnion 
(2011); www.
foxriverwatch.com

Phenolics Endocrine disruptor Rubin (2011)
Petroleum 
hydrocarbons

Nervous system disorder, immunogenic, 
respiratory disorders, carcinogenic

Bahadar et al. (2014); 
Greenberg (1997); 
Kraut et al. (1988).
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 remediating contaminated sites (Abou-shanab 2011). Last few decades have wit-
nessed enormous amount of research utilizing photoautotrophic aquatic organisms 
(such as algae) for successful phytoremediation of organic and inorganic pollutants 
(Ji et al. 2011; Dosnon-Olette et al. 2010). Alternatively, microalgae have also been 
used indicating the potential to bioremediate pollutants from wastewater (Safonova 
et al. 2005; Yang et al. 2002). Microalgae are relatively sensitive to chemicals but 
play a very important role in maintaining the equilibrium of aquatic ecosystem. 
Microalgae are primary producers residing at the base trophic level of the ecological 
pyramid. Besides this alga has a ubiquitous distribution. They also have heterotro-
phic abilities and play a central role in carbon fixation and turnover (Semple and 
Cain 1995). Many studies have reported microalgae as an effective bioremediating 
agent for polyaromatic hydrocarbons and many phenolic derivatives (Dosnon Olette 
et al. 2010). However, algae are known to remove organic pollutants via bioabsorp-
tion, bioaccumulation, and biotransformation (Priyadarshani et al. 2011; Kobayashi 
and Rittman 1982).

This chapter tries to stress and focus on the research covering the remediation of 
POPs by algae. We have discussed bioremediating methodologies including whole 
cell heterotrophic studies to detailed remediation mechanism of common POPs 
found in the aquatic system. Limitations and advance approaches used to enhance 
phycoremediation of POPs are also discussed briefly.

2  Microalgae and Blue-Green Algae

2.1  Biodiversity

Cyanobacteria are reported from ancient time based on a phylogenetic relationship 
with existing living organism having the specialized ability to nitrogen fixation in 
special cells (heterocyst) and symbiotic association with several eukaryotes (plant, 
fungi, and bryophytes). Cyanobacteria exhibit an extremely diverse association with 
other planktons and have an extensive range of ecological adaptation. They are pre-
dominantly reported in the vast range of ecosystems including cold and tropical, 
fresh, saline, marine, and terrestrial water. This environmental adaptability is attrib-
uted to the presence of chloroplast and mitochondria, as a part of photosynthetic 
machinery and energy metabolism (Bergman et al. 1996). Photosynthetic mecha-
nism is extremely dependent upon PSII reaction center that can easily harbor elec-
trons from the aquatic environment, so this is the main reason that can help in 
ecological adaptation of algae in various water sources. In summer they tend to 
form algal bloom in temperate eutrophic lakes. These blooms are unique character-
istics of gas vacuolated algal species including Anabaena, Microcystis, Anacystis, 
Aphanizomenon, and Planktothrix. Usually, these blooms are dangerous for plank-
ton and humans and add severe impact on economy globally. Harmful algal bloom 
(HAB) species are the producer of highly toxic compounds that inhibit the growth 
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of another organism present in the respective ecological zone. Another mechanism 
suggests that toxin produced by them may protect them from various predators 
including bacteria, virus, and fungi. One possible mechanism is that the toxin pro-
duced by these HABs promote the competitive growth of algae and diminish the 
competitor’s growth (Jonsson et al. 2009; Turner 2014).

Cyanobacteria were conventionally grouped as blue-green algae (BGA) based on 
their morphological characteristics distribution among algal species. The study of 
these microscopic bodies at an advanced (biochemical and genotypic) level pro-
posed that these should be classified as cyanobacteria instead of cyanophyceae 
(Stanier et al. 1978). Cyanobacteria can be classified into several groups based on 
their genotypic characteristics, but till date, there is no clear consensus for establish-
ing the unit of biological diversity within the species. Recently a polyphasic 
approach has been put forward for classification of cyanobacteria. It relies upon the 
combination of several methods and resemblance of unique features constituting the 
identification of morphological and genetic properties organism in disparate envi-
ronmental conditions. The genetic features configure the foundation of classifica-
tion that will eventually combine with other secondary feature like morphology, 
physiological conditions, and ecological survey.

Currently, there are two most frequent classification systems to classify the cya-
nobacteria: bacteriological approach and botanical approach. Komárek (2016) 
incorporated modern molecular marker methods to improve classification of cyano-
bacteria based on systemic of bacteria. Botanical nomenclature code grouped the 
cyanobacteria in BGA group under eukaryotic algae on the basis of morphology. 
Further, cyanobacteria are divided into four orders (Nostocales, Stigonematales, 
Chroococcales, and Oscillatoriales), families, subfamilies, genera, and species 
(Stanier et al. 1978). Hoffman and others proposed modern classification criteria 
established on the grounds of ultrastructural, phenotypic data and genetic informa-
tion of the cyanobacteria (Hoffmann et al. 2005).

 Molecular Methods Applied in Cyanobacterial Diversity

Taxonomical classification is a very promising method for exploring significant 
aspects of organismal diversification. Furthermore, it is very intricated in prokary-
otic cyanobacteria, which exist in various cellular forms ranging from unicellular to 
multicellular having the remarkable appearance of the thallus. They exist in several 
ecological zones and adapted to that specialized ecosystem and pose unique adapta-
tion and expression pattern in their genome. So it is recommended by various tax-
onomist that the introduction of modern molecular methods with the old cytological, 
morphological methods in cyanobacterial diversity may provide a reliable outcome 
(Komárek 2016). Nowadays scientist uses DNA sequencing (16 s DNA), metage-
nomics, DNA fingerprinting, and polyphasic and few non-PCR-based techniques to 
classify cyanobacteria. A probe-based detection system for 16 s rDNA sequence has 
been developed, for classifying 19 species of cyanobacterial groups from a mixed 
culture (Castiglioni et  al. 2004). In several cases cyanobacteria exert similar 
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morphological characteristics having different toxigenic potentials; therefore iden-
tification of these strains becomes very difficult. However, molecular methods pro-
vide an accurate distinction between closely related strains. Baker et  al. (2002) 
reported a PCR-based method to discriminate between toxic and nontoxic 
Microcystis aeruginosa in an algal bloom. Phycocyanin intergenic spacers operons 
are routinely used in PCR-based amplification of alpha and beta subunit, a rpoC1 
gene in a straight forward analysis of environmental samples (Baker et al. 2002). 
Molecular-based identification methods utilize multiple techniques such as real- 
time PCR, microarray, FISH, RFLP, and more updated next-generation sequencing 
of given species in a rapid and robust manner to classify cyanobacteria (Castiglioni 
et al. 2004; Humbert et al. 2010). DNA fingerprinting of cyanobacteria in mixed 
culture is used to study diversity and resemblance between the given sample. 
Commonly used techniques in DNA fingerprinting are a different version of PCR 
amplified products, namely, RAPD, RFLP LH-PCR, ARISA, DGEG/TGEG, and 
SSCP.

Valério et al. (2009) studied 118 cyanobacterial isolates from freshwater using 
STRR and LTRR PCR fingerprinting profiles along with 16S rRNA gene and rpoC1 
gene and established a very congruent consortium suitable for taxonomic affiliation 
(Valério et al. 2009). Cyanobacteria can be studied using several non-PCR-based 
techniques without culture and very specific conditions. FISH is one of the major 
technique that permeates through the cell wall and specifically binds to r RNA. 
Microcystis aeruginosa is directly identified using ring FISH in algal bloom (poten-
tial harm to humans). The RING FISH targets the microcystein synthase D gene to 
identify toxin-producing strain from a mixed culture of nontoxic cyanobacteria 
(Dziallas and Grossart 2011).

2.2  Mode of Cultivation

 Photoautotrophy

Algae are able to exploit light energy and atmospheric CO2 into energy for normal 
cellular processes known as the phototrophic mode of cultivation. Cyanobacteria 
are the only prokaryotes that have two reaction centers, Fe-S type (PS-I) and 
pheophytin- quinone type (PSII), to carry out photosynthesis. The microalgae are 
considered as better photosynthesizer than that of higher terrestrial plants, and their 
growth is very fast (Wang et al. 2008). Till date it has been recognized that only 
phototrophic method is theoretically and economically viable to culture microalgae 
on an industrial scale. An added advantage of phototrophic culture is that it can 
capture carbon dioxide from flue gases, making it a superior carbon sink. Temperate 
countries with low available sunlight throughout the year cannot rely on the photo-
trophic method of cultivation (Lam and Lee 2012). It has also been estimated that 
microalgae can use up to 9% of the total sunlight received during the year and can 
sequester up to 513 tons of carbon dioxide and produce up to 280 tons of dry 
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biomass ha−1 year−1 (Bilanovic et al. 2009; Chisti 2007). Besides light, the avail-
ability of carbon source and temperature has a major effect on the algal growth rate 
and productivity (Juneja et  al. 2013). Carbon is a very important factor for both 
autotrophs and heterotrophs.

 Heterotrophy

Heterotrophs do not depend on light energy and utilize organic substrate (e.g., glu-
cose, acetate, glycerol) as both carbon and energy source. For decades the heterotro-
phic growth of many algal strains have been studied (Droop 1974). The heterotrophic 
growth of microalgae is always found to be better over the photoautotrophic in mass 
production (Borowitzka 1999). A number of microalgal strains such as Chlorella 
protothecoides (Cheng et al. 2009; Xiong et al. 2008), Chlorella vulgaris (Liang 
et  al. 2009), Schizochytrium limacinum (Johnson and Wen 2009), and 
Crypthecodinium cohnii (Couto et al. 2010) have been demonstrated to grow in dark 
and accumulate good amount of lipids. In another report, Rhodobacter sphaeroides 
and Chlorella sorokiniana were shown to efficiently remove nutrient from wastewa-
ter under heterotrophic conditions (Ogbonna et  al. 2000). This method has few 
advantages over other methods of wastewater remediation; however, this area of 
research is not explored to a great extent. Approximately 30% of research work on 
microalgae have reported using wastewater as nutrients source whereas; the remain-
ing 70% of published work reported the use of chemical fertilizers which are easily 
available in the market (Lam and Lee 2012).

 Mixotrophy

The mixotrophic culture regime is an alternate to heterotrophic culture. In this, 
mode of cultivation algae utilizes both dissolved inorganic through photosynthesis 
(a light-dependent reaction) and organic carbon sources (glucose, acetate, glycerol, 
molasses etc.) (Andrate and Costa 2007). Wang et al. (2014) reviewed and reported 
number of algal strains such as Nannochloropsis oculata, Dunaliella salina, 
Botryococcus braunii, Chlorella sp., Scenedesmus sp., Phaeodactylum tricornutum, 
Chlamydomonas globosa, Spirulina platensis, Nostoc flagelliforme, Pleurochrysis 
carterae, etc. can be efficiently grown mixotrophically and produce more biomass 
and other photosynthetic metabolites as compared to auto- and heterotrophic mode 
of cultivation. Lin and Wu (2015) reported that light is not a limiting factor for 
mixotrophic cultivation, and it can reduce the photoinhibition under high and low 
illumination condition. Mixotrophic cultivation of microalgae not only enhances 
the specific growth rate but also enhances the biomass yield many folds as com-
pared to autotrophic cultivation. Subashchandrabose et  al. (2013) reviewed that 
the light and nutrient limitation in a polluted environment encourage the mixotro-
phic cultivation in microalgae. The organic chemical substances such as acetate, 
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ethanol, and glycerol (a by-product of various industrial processes) can support the 
mixotrophic growth of microalgae during the periods of low nutrient concentra-
tion. Phycoremediation of POPs by using algal strains able to grow mixotrophically 
would be a good strategy for industrial wastewater treatment.

2.3  Molecular Mechanisms of Phycoremediation

The phycoremediation is based on the concept of uptake of a complex pollutant 
from the environment and utilizes or transforms them to nontoxic form (Quintana 
et al. 2011). The algae can remove POPs mainly by “biodegradation” and “bioac-
cumulation.” On one hand, biodegradation involves decomposition of the complex 
toxic organic polymer into a simpler nontoxic organic compound such as carbon 
dioxide and water. On the other hand, algae are also able to bind pollutant on their 
outer surface, due to the presence of various surface receptors such as lipid, pro-
teins, and polysaccharides (Priyadarshani et al. 2011). Pollutants trapped by algal 
surface binds passively, and the phenomenon is known as “bioabsorption.” Uptake 
of pollutants inside the cell is generally done via “active transport.” Both the passive 
absorption and active uptake of the pollutant by the algal cell is termed as “bioac-
cumulation.” A number of algal species capable to remediate POPs are widely stud-
ied (Table 2), but the information on the bioremediation mechanism by algae is by 
enlarging less traveled road. Semple (1998) reviewed the interaction between algae 
and aromatic pollutants and highlighted the biodegradability capacity of algae for a 
range of complex aromatic compounds (monocyclic to complex polycyclic pollut-
ants). One of the comprehensive reports on biodegradation and bioaccumulation of 
POPs was compiled by Kobayashi and Rittman (1982). They studied the interaction 
between eukaryotic algae with various forms of POPs (Table 2). The bioremediation 
of various forms of organic pollutant by algae is discussed in detail in Sect. 3.

Algae are omnipresent in nature and are present widely in the photic zone of the 
aquatic ecosystem. They may be considered as a major sink for the transformation 
of PAHs. Cerniglia et al. (1980) have demonstrated that cyanobacteria as well as 
microalgae under photoautotrophic conditions oxidize naphthalene into four major 
metabolites. Predominantly they transform naphthene to 1-naphthol along with a 
small quantity of cis-1,2-dihydroxy-1,2-dihydronaphthalene, trans-naphthalene 
dihydrodiol, and 4-hydroxy-1-tetralone (Figs. 2 and 3a). Narro et al. (1992a) first 
time reported the mechanism of PAH oxidation in the marine cyanobacterium 
Oscillatoria sp. strain JCM. They demonstrated the formation of 1-naphthol via an 
arene oxide intermediate that further isomerizes nonenzymatically, similar to that of 
monooxygenase catalyzed reaction reported for fungal and mammalian enzymes 
(Fig. 3b). In the same study, Narro et al. (1992b) also found that Agmenellum qua-
druplicatum PR-6 metabolizes phenanthrene (PHE) and transforms it into trans- 
9,10-dihydroxy-9,10-dihydrophenanthrene and 1-methoxyphenanthrene as major 
metabolites. Studies by different groups have shown that the green alga, Selenastrum 
capricornutum, metabolizes benzo[a]pyrene into cis-11,12-dihydroxy-11,12- 
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Table 2 POPs of industrial origin and its remediation by algae

Algal species
Persistent organic 
pollutants (POPs) References

A. Biodegradation/biotransformation of persistent organic pollutants

Selanastrum capricornutum Atrazine Friesen-Pankratz et al. (2003)
Selanastrum capricornutum, 
Scenedesmus acutus

Benzopyrene Semple et al. (1999); 
Kobayashi and Rittman 
(1982); de Llasera et al. 
(2016)

Selanastrum capricornutum Benzo[a]pyrene de Llasera et al. (2016); 
Warshawsky et al. (1990)

Navicula pelliculosa Naphthenic acid Mahdavi et al. (2015)
Cymbella sp., Scenedesmus 
quadricauda

Naproxen Ding et al. (2017)

Chlamydomonas sp., Chlorella sp. Linden Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Dunaliella sp., Euglena gracilis, 
Chlamydomonas sp., Scenedesmus 
obliquus

Naphthalene Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Euglena gracilis, Chlamydomonas 
sp.

Phenol Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Chlamydomonas reinhardtii Prometryne Jin et al. (2012)
Nitzschia sp. Fluoranthene, 

Phenanthrene
Hong et al. (2008)

Desmodesmus sp. Bisphenol-A Wang et al. (2017a, 2017b)
Chlorella sp. Chlordimeform Semple et al. (1999); 

Kobayashi and Rittman 
(1982)

Chlorella vulgaris Diazinon Kurade et al. (2016)
Chlorococcum sp. and Scenedesmus 
sp.

Alpha-endosulfan Sethunathan et al. (2004)

B. Bioaccumulation of persistent organic pollutants

Scenedesmus quadricauda Dimethomorph Olette et al. (2010)
Monoraphidium braunii Bisphenol-A Gattullo et al. (2012)
Scenedesmus quadricauda Pyrimethanil Olette et al. (2010)
Selanastrum capricornutum Chlorobenzene and 

1,2-dichlorobenzene
Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Chlorella sp. Toxaphene Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Selanastrum capricornutum Benzene Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

(continued)
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dihydrobenzo[a]pyrene and other minor cis-dihydrodiols which eventually are con-
verted to sulfate esters and α and β-glucoside conjugates. Synthesis of cis- 
dihydrodiols suggests dioxygenase-catalyzed reactions, similar to that found in bac-
teria (Warshawsky et  al. 1990; Lindquist and Warshawsky 1985). In another 
preliminary work, Cerniglia et al. (1982) demonstrated the degradation of naphtha-
lene in diatoms. Semple and Cain (1996) analyzed the degradation of phenol and its 
derivatives by eukaryotic alga Ochromonas danica (CCAP 933/2B) and elucidated 
that hydroxylation of phenol to catechol was catalyzed by whole algal cell and not 
by the cell-free extract. This was possible because of an enzyme phenol monooxy-

Table 2 (continued)

Algal species
Persistent organic 
pollutants (POPs) References

Selanastrum capricornutum 2,6-Dinitrotoluene Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Cylindrotheca sp., Euglena gracilis, 
Scenedesmus obliquus

DDT Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Chlorella sp. Methoxychlor Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Chlamydomonas sp., Chlorococcum 
sp., Dunaliella sp.

Mirex Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Selanastrum capricornutum Naphthalene Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Selanastrum capricornutum Nitrobenzene Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Euglena gracilis and Scenedesmus 
obliquus

Parathion Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Selanastrum capricornutum Pyrene Semple et al. (1999); 
Kobayashi and Rittman 
(1982)

Ulva lactuca Chloramphenicol Leston et al. (2013)
Ulva lactuca, Ulva sp., and 
Cystophora sp.

DDT Qiu et al. (2017)

Ulva lactuca Poly aromatic 
hydrocarbons

Net et al. (2015)

Ulva lactuca Polybrominated diphenyl 
ethers

Qiu et al. (2017)

Ulva lactuca, Fucus vesiculosus, 
Fucus virsoides, Cystoseira barbata, 
Gracilaria gracilis

Polychlorobiphenyl Lauze and Hable (2017); 
Pavoni et al. (2003); Net et al. 
(2015)

Lessonia nigrescens, Macrocystis 
integrifolia

Phenol Navarro et al. (2008)
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genase that has high affinity toward phenol and its methylated derivatives (Fig. 3c). 
Chlorella sp. effectively remove the 2,4-dinitrophenol (2,4-DNP) from the degrada-
tion. The possible mechanism of metabolizing phenols and its derivatives involves 
intracellular enzyme such as polyphenol oxidase and laccase (Klekner and Kosaric 
1992). Naphthalene was found to be bioaccumulated by Chlamydomonas angulosa 
within the cell but was unable to metabolize the pollutant (Soto et al. 1975). These 
studies demonstrate a more diverse and elaborate molecular mechanism of bioreme-
diation than expected owing to simple methods of bioremediation by microalgae 
and cyanobacteria. The molecular mechanism of  bioremediation not only depends 
on the uniqueness of algal species under study but also the pollutant to be 
bioremediated.

Fig. 2 An overview of POPs remediation by microalgae and blue-green algae

Fig. 3 The proposed pathways of (a) biotransformation of naphthalene by algae. (Cerniglia et al. 
1980), (b) degradation/oxidation of PAHs. (Narro et al. 1992a) (c) metabolism of phenol via the 
meta-cleavage pathway. (Semple and Cain 1996)
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3  Phycoremediation of Persistent Organic Pollutants

3.1  Polycyclic Aromatic Hydrocarbons

PAHs are highly recalcitrant, a ubiquitous group of environmental pollutants, which 
is mainly composed of carbon and hydrogen with two or more fused ring structures 
in linear, cluster, and angular arrangements. Basically, they are accumulating in the 
natural habitats, viz., air, soil, and water, mainly due to anthropogenic activity 
(Hussain et  al. 2016; Bamforth and Singleton 2005). PAHs are divided into two 
classes on the basis of a number of rings present in compound: (i) low molecular 
weight (LMW) PAH (up to 3 fused ring) and (ii) high molecular weight (HMW) 
PAH (more than 4 fused ring structures). The LMW PAHs are more soluble, easy to 
degrade, and volatile as compared to HMW PAHs; thus HMW PAHs are a major 
concern among us because they are highly recalcitrant and can persist in the envi-
ronment due to their low water solubility and biodegradability (Cerniglia 1992; 
Bisht et al. 2015). PAHs are primarily produced during the incomplete combustion 
of organic materials (coal, wood, and petroleum) and result in a complex mixture of 
LMW and HMW-PAHs such as fluoranthene (Fla), pyrene (Pyr), benzo [a] anthra-
cene (BaA), benzo [b] fluoranthene (BaF), benzo [k] fluoranthene (BkF), benzo (g, 
h, i) perylene (BghiP), and others (Hussain et  al. 2016) and are common in the 
aquatic environment. Microorganisms have exhibited a strong ability to degrade 
PAHs. The bacteria isolated from oil contaminated site and the non-oil contami-
nated site have been already known, which have the ability to degrade PAHs effi-
ciently (Wilson and Jones 1993). Besides this, the use of rhizospheric and endophytic 
bacteria was also reported for PAHs remediation from the soil (Bisht et al. 2015). 
Earlier, the ability of algae to degrade PAHs has been also noticed by a various 
group of scientists around the globe, and it was fully documented that a number of 
PAHs compounds such as Phe, Fla., naphthalene, BaP, etc. were completely or par-
tially degraded/transformed into the nontoxic compound by a number of algal sp., 
viz., Skeletonema costatum, Nitzschia sp., Chlorella sorokiniana, Chlamydomonas 
sp., Selenastrum capricornutum, and various others (Table 2).

Cerniglia et al. (1980) performed a detailed study on the oxidation of naphtha-
lene (carcinogenic PAH) using a number of algal species and concluded that oxida-
tion ability of naphthalene under photoautotrophic condition is widely distributed 
among algae. Hong et al. (2008) studied the removal of two PAHs compound (Fla 
and Phe) by using two diatoms sp. Skeletonema costatum and Nitzschia sp. and 
concluded that (i) mixture of Phe/Fla. showed higher removal efficiency as com-
pared to Phe/Fla. alone. This may be due to the presence of one type of PAH 
 stimulates the degradation of other, and (ii) Fla. was more recalcitrant as compared 
to Phe.

Benzo[a]pyrene (BaP) is a HMW-PAH which is considered a dangerous pollut-
ant because of its carcinogenicity, teratogenicity, and toxicity (Table 2). Kirso and 
Irha (1998) explore the importance of marine and freshwater microalgae in the fate 
of BaP and concluded that the transformation of BaP by fresh/marine algae is spe-
cies specific and depends on the activity of enzyme, viz., aero-diphenoloxidase, 
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cytochrome 450, and peroxidase present in algal cells. The unicellular green micro-
algae S. capricornutum and S. acutus were able to remove BaP from aqueous envi-
ronment, and it was observed that the physical sorption and degradation was the 
basic mechanism used by algae to remove BaP (Fig. 3a) (de Llasera et al. 2016). 
Muñoz et  al. (2003) observed that the green microalgae C. sorokiniana with 
Pseudomonas migulae (Bacteria) had the ability to efficiently degrade PHE under 
photoautotrophic conditions and suggested the use of algae and bacterial consor-
tium for the detoxification of priority PAHs. This could be strategies in future to 
combat PAHs pollution.

3.2  Polychlorinated Biphenyls

PCBs are a hydrophobic chlorine containing organic compound and widely used in 
a variety of industrial applications such as coolants and lubricants due to its insulat-
ing and non-flammable properties (Subashchandrabose et al. 2013; Ben Chekroun 
et al. 2013). However, use of PCBs stopped in the United States in 1977, due to their 
toxicity, carcinogenicity, and slow biodegradation (Ben Chekroun et  al. 2013). 
PCBs have a very high affinity toward lipid of both animal and plants which results 
in its magnification in the food chain (Subashchandrabose et al. 2013).

Microbial degradation of PCBs has been explored to a greater extent, but phyco-
remediation of PCBs is still under infancy. Harding and Phillips (1978) suggested 
the absorption and accumulation of several chlorinated hydrocarbons by marine 
organism including phytoplankton. The accumulation of hydrophobic PCBs by 
algae depends on its physicochemical properties, cell density, nutrient status and 
exudates produced by the algae (Subashchandrabose et al. 2013; Lynn et al. 2007). 
In a few types of research work, Desmarestia sp. and Caepidium antarcticum have 
shown the ability to associate their exudates with PCBs (Lara et  al. 1989). Sijm 
et  al. (1998) observed in Chlorella pyrenoidosa that rate constants for uptake of 
PCBs (PCB-15, PCB-52, and PCB-153) increase with hydrophobicity of PCBs and 
varied from 200 to 7.1 × 105 liter kg−1 day−1 and supported the previous finding of 
Stange and Swackhamer (1994) that the PCBs accumulation also depends upon the 
algal growth stage, membrane permeability and hydrophilicity, and chemical nature 
of PCBs.

3.3  Pesticides, Organochlorines, and Insecticides

Pesticides find their usage in post-harvested crops and agricultural products to pre-
serve crop from various pests and rodents. Pesticides are broadly classified by two 
criteria: (1) usage and 2) chemical composition (synthetic). They are further classi-
fied based on their toxicity to a specific class of organisms and may be grouped into 
fungicide, insecticide, nematicide, molluscicide, rodenticide, herbicide, and acari-
cide (Rani et al. 2017). Synthetic pesticides may also be classified based on their 
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chemical nature, toxicity, target organism, and environmental effects in to; organo-
chlorine, organophosphorus, pyrethroids and carbamates. It is very evident that use 
of pesticide in agriculture and manufacturing may exert a severe threat on animal 
and human health. Every pesticide has its half-life, several of them are easily 
degradable, and some takes a long time to degrade. Slow and long exposure of such 
pesticides is usually detrimental to the ecosystem and eventually accumulates in sea 
water, birds, and other organisms (Arienzo et al. 2013; Hong et al. 2014). Primarily 
POPs enter into the living system (animal and humans) through food and water 
(about 95%), and only trace amount is reported to enter via air. Accumulation of 
toxic substance in the body imbalances the metabolic processes and reduces the 
immunity, which leads to various secondary infections to the host. This is evident 
with studies supporting the fact that in highly polluted areas, chances of the immune 
disorders are more in comparison to unpolluted areas (Ruzzin 2012; Gascon et al. 
2013).

POPs also have a significant role in neurotropism and fertility-related issues in 
animals. Population-based studies are in favor of the neurotoxic behaviour of POPs, 
they promote neuro-circulatory vegetative dystonia, organic pathologies of the ner-
vous system, polyneuritis vegetative as the depressant syndrome and encephalopa-
thies etc. (Ljunggren et al. 2014; Vested et al. 2014).

Bioremediation of pesticide is a complex process and depends upon the bio-
chemical behavior of the organism used under study. They are mainly affected by 
the type of pesticide, chemical structure, chemical load, pH, and temperature of the 
environment in which they are being used. Cyanobacteria may offer an eco-friendly 
and sustainable way of the bioremediation process. Cyanobacteria undergo numer-
ous physiological and genetic adaptations to bioremediate POPs from water bodies. 
Usually, they grow in low fluid potential, variable pH, and tolerate with arid and 
variable saline environment. Most importantly they acquire the ability to degrade a 
wide range of pollutants (González et al. 2012).

Organophosphorus are commonly used against sucking, chewing, and boring 
types of the pest in crop protections; they may be hydrolyzed easily, but a sign of 
excessive use is primarily detected in the water bodies (Majewski and Capel 1995). 
Megharaj and co-workers established the importance of cyanobacteria in the decom-
position of organophosphorus pesticides. The problem associated with this pesti-
cide is slow degradation in nonenzymatic environmental condition. The slow 
degradation of organophosphates results in the generation of more reactive and car-
cinogenic p-nitrophenol (Megharaj et  al. 1994). However, cyanobacteria such as 
Nostoc, Oscillatoria, and Phormidium have been extensively studied in the decom-
position of organophosphorus (methyl parathion). Barton et al. (2004), reported that 
Anabaena sp. under aerobic conditions and light has the potential to transform 
methyl parathion to, o,o- dimethyl o-p-aminophenyl thiophosphate (C2H7O2PS2). 
Several authors have stated that cyanobacteria grow very efficiently in pesticide 
supplemented medium and exploit the phosphorous from the pesticide for their 
establishment and maintenance. Phormidium valderianum was tested for chlorpyri-
fos (O, O-diethyl-O-[3,5,6-trichloro-2-pyridyl] phosphorothioate) degradation at 
various concentration; result suggested an increase in activation of pesticide metab-
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olism cascades including enzymes such as polyphenol oxidase, catalase, superoxide 
dismutase, esterase, and glutathione S-transferase, catalase, and superoxide dis-
mutase, which suggests a possible mechanism of ROS-mediated degradation path-
way of chlorpyrifos (Palanisami et  al. 2009). Thengodkar  and Sivakami (2010) 
reported that Spirulina platensis has immense growth ability in chlorpyrifos (up to 
80 ppm) supplemented medium. They further isolated alkaline phosphatase from a 
crude cell-free extract of Spirulina platensis, which was able to potentially degrade 
100 ppm chlorpyrifos into 20 ppm within 1 hour. In another study, biosorption on to 
Chlorella vulgaris, using short and long time exposures, has shown to promote bio-
removal of a mixture of various pesticides including atrazine, molinate, simazine, 
isoproturon, propanil, carbofuran, dimethoate, pendimethalin, metolachlor, and 
pyriproxin (Hussein et al. 2017).

Anabaena azotica is well known for its nitrogen-fixing ability in paddy soil; 
moreover, it has immense ability to bioremediate lindane (γ-hexachlorocyclohexane). 
In a recent study, Anabaena PD1, an isolate from PCB contaminated soil, demon-
strated the potential to degrade PCB mixture. Genomic and proteomic profiling of 
Anabaena PD1  in PCB mixture revealed the elevated level of about 25 proteins, 
directly related to the pathway involved in the PCB degradation, transport, and 
another cellular process. These results were further confirmed by real-time PCR 
analysis which suggests that during PCB degradation, genes related to dioxygenase, 
electron transporter, ABC transporters, transmembrane proteins, and energetic 
metabolism are upregulated several folds (Zhang et al. 2015).

Glyphosate is widely applied in agriculture and may become a major source of 
phosphorous for various microbes and phytoplankton. There are several species 
reported to utilize glyphosate directly. Prorocentrum donghaiense has been shown 
to grow well in glyphosate in the coastal region. Glyphosate selectively promotes 
the growth of P. donghaiense in association with microbial community present in 
that environment (Wang et al. 2017a, 2017b). Spirulina platensis in association with 
Streptomyces sp. have the ability to use glyphosate as a sole phosphorous source. 
Anabaena sp., L. boryana, M. aeruginosa, N. punctiforme, and Trichodesmium ery-
thraeum are well reported for increased growth in glyphosate supplemented medium 
(Dyhrman et al. 2006; Forlani et al. 2008; Lipok et al. 2010).

3.4  Phenolics

Phenol (hydroxybenzene) and its derivatives are an aromatic hydrocarbon catego-
rized under alcohol. Phenol serves as an important raw material in a wide range of 
industries including oil refinery, pharmaceuticals, chemical industries, and leather 
(Senthilvelan et al. 2014). Phenol or its derivatives are released in the wastewaters 
of aforementioned industries which could be attributed to its heavy use. Due to the 
high water solubility (8.3 mg mL−1), it easily leaches into downstream water sources. 
Phenol being toxic is placed under the priority list of pollutants that need to be 
treated before being released into the wastewater. There are several reports of 
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phenol biodegradation ability by algal strains such as Chlorella sp., Scenedesmus 
obliquus and Spirulina maxima (Klekner and Kosaric 1992), Ochromonas danica 
(Semple and Cain 1996), Ankistrodesmus braunii and Scenedesmus quadricauda 
(Pinto et al. 2003; Pinto et al. 2002), Chlorella vulgaris (Scragg 2006; El-Sheekh 
et  al. 2012), Chlorella VT-1 (Scragg 2006), Volvox aureus, Lyngbya lagerlerimi, 
Nostoc linckia, and Oscillatoria rubescens (El-Sheekh et al. 2012). Algae are com-
petent to metabolize phenols and its derivatives via inducible metabolic enzymes 
like polyphenol oxidase and laccase (Semple and Cain 1996; Megharaj et al. 1994). 
The phenol degradation ability of microalgae is influenced by various culture condi-
tions such as light and dark regime, mode of cultivation, presence and absence of 
oxygen, and microalgal species. Lima et al. (2004) demonstrated that microalgae 
consortium including axenic cultures of Chlorella vulgaris and Coenochloris pyre-
noidosa bioremediated 50 mg pentachlorophenol (PCP) L−1 within 5 days in the 
presence of light. However, under the dark conditions, the PCP degradation rate was 
reduced. Contrary to this, Pinto et al. (2003) showed phenol-resistant microalgae, 
Ankistrodesmus braunii and Scenedesmus quadricauda, were found to remove low 
molecular weight phenolic compounds present in the olive oil wastewater, under 
dark conditions. Ankistrodesmus braunii and Scenedesmus quadricauda were capa-
ble of biodegrading almost 100% of phenolic compounds including hydroxytyrosol, 
catechol, ferulic acid, and sinapic acid. Other phenolics such as tyrosol, 
4- hydroxybenzoate, p-coumaric acid, caffeic acid, and vanillic acid were also 
removed efficiently (70%) when Ankistrodesmus braunii and Scenedesmus quadri-
cauda were grown for 5 days under dark conditions (Pinto et al. 2003). Lika and 
Papadakis (2009) proposed a dynamic mechanistic model for aerobic degradation 
of phenols and suggested that the presence of other carbon sources like glucose may 
have an inhibitory effect on the removal of phenols due to competition between 
phenol and glucose for oxygen. The mixotrophic cultivation of microalgae reduces 
the toxic effect of the phenolic compounds compared to either phototrophic or het-
erotrophic cultivation methods (Megharaj et al. 1994). In the similar context, it has 
also been reported that the toxicity of PNP and MNP to C. vulgaris was reduced by 
adding glucose (Megharaj et al. 1988). On a similar note, Tikoo et al. (1997) also 
reported improved degradation of phenol by microalgae grown under mixotrophic 
conditions. In another contemporary study, Ochromonas danica has been demon-
strated to grow heterotrophically in the medium containing o- and p-cresols and 
xylenols (Semple 1998; Semple and Cain 1995, 1997). Further to this in the same 
study, O. danica was grown in [U14C] rich phenol, and carbon assimilation was 
traced down. 14C was found to be assimilated in the protein, nucleic acids, and lipid 
of O. danica which suggest that phenol was metabolized by the algae and carbon 
was incorporated in form of proteins, lipids, and nucleic acids (Semple and Cain 
1996). In a similar study, Lima et al. (2003) found that p-nitrophenol was efficiently 
removed by Chlorella pyrenoidosa within 4 days at the removal rate of 12.5 mg L−1 
d−1. The removal rate of PNP was enhanced by 1.32-fold (16.5 mg L−1d−1) when 
co-cultivated with Chlorella vulgaris at 3:1 ratio within 2 days.

Some derivatives of phenolic compounds, viz., bisphenol A (BPA), 17 
α-ethinylestradiol, and 4-octylphenol, are capable of disrupting the endocrine sys-
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tem, while some are carcinogenic too (Crain et al. 2007). In a recent report, it was 
found that 17 α-ethinylestradiol (EE2), a phenolic derivative, at very low concentra-
tion can induce feminization in male fish (fathead minnow, Pimephales promelas) 
(Sole and Matamoros 2016). Among all endocrine disruptors (EDCs), BPA has been 
extensively studied. BPA can interfere in cell division machinery of the cell as well 
as induce feminization in Xenopus laevis tadpoles. Other phenolic derivatives such 
as 4-octylphenol (OP) has also feministic effect on the Xenopus laevis (Levy et al. 
2004; Huang et al. 1999; Gattullo et al. 2012). These toxic compounds can spread 
to humans via the food chain (Jobling and Sumpter 1993) and therefore need to be 
remediated. Industries in India typically use BPA as a monomer in the manufacture 
of epoxy resin and polycarbonate plastic. Moreover, it is also utilized in various 
food and drink packaging, baby bottles, and dental sealant which eventually poses 
threat to humans and animals (Staples et al. 1998). Many reports suggest that EDCs 
can bioaccumulate due to their high stability and lipophilicity and eventually can 
contaminate the aquatic environment. Gattullo et al. (2012) suggested the use of a 
coccal green microalga Monoraphidium braunii for the phytoremediation of BPA 
contaminated aquatic environments. However, M. braunii growth was not remark-
ably affected by the lower concentration of BPA (2–4 mg L−1) but was strongly 
inhibited at a higher concentration (10 mg L−1).

3.5  Petroleum Hydrocarbons

Petroleum is considered to be a major pollutant due to its widespread usage. 
Petroleum refineries convert crude petroleum to an array of hydrocarbon products 
including naphtha, waxes, fuels, LPG, etc. (Souza et al. 2014; Varjani and Upasani 
2017). Hence, leakage of petroleum hydrocarbons is bound to happen during pro-
duction, refining, transport, and storage of these petroleum products (Bachmann 
et al. 2014; Varjani, 2017). This further leads to environmental pollution from petro-
leum products (Guo et al. 2012; Ishak et al. 2012; Waigi et al. 2015). Algae are an 
important microbial community having the potential to biodegrade petroleum 
hydrocarbons; however, the reports are scanty. The past four decades have wit-
nessed a variety of algae spp. such as Prototheca zopfi (Walker et  al. 1975), 
Oscillatoria quadricauda (Joseph and Joseph 2001), Microcystis aeruginosa, 
Spirogyra mirabilis, Ulothrix subtilissima, Mougeotia scalaris, Pediastrum  sp., 
Scenedesmus quadricauda, Tetraedron minimum, Ankistrodesmus acicularis 
(Ibrahim and Gamila 2004), Scenedesmus obliquus (Kneifel et al. 1997), Naviculla 
sp. (Headley et al. 2008), and Nitzschia linearis (Gamila and Ibrahim 2004) having 
potential to biodegrade petroleum/oil hydrocarbons. Prototheca zopfi isolated from 
Colgate Creek in Baltimore was shown to poses ability to degrade motor oil and 
crude oil (Walker et  al. 1975). P. Zopfi degraded 17.9% of aromatics, relative to 
saturates (12.1%), from the motor oil compared to the crude oil (Walker et al. 1975). 
Up to 40% of dissolved solids present in petroleum effluents rich in phenols, sul-
fides, and aromatic hydrocarbons were effectively adsorbed by a cyanobacterium 
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Oscillatoria quadricauda, within 4 days (Joseph and Joseph 2001). 4-Methyl cyclo-
hexaneacetic acid (5.5 mg L−1) was removed within 14 days by using a diatom, 
Navicula sp. (Headley et  al. 2008). The axenic culture of green microalga 
Scenedesmus obliquus effectively utilized 1-naphthalene sulfonic acid when grown 
under limited sulfate condition. Bioremediation of 1-naphthalene sulfonic yields 
1-hydroxy-2-naphthalene sulfonic acid, 1-naphthol, and 1-naphthyl β-D- 
glucopyranoside (Kneifel et al. 1997). Besides single compounds, researchers have 
also investigated the capability of algae to degrade the whole matrix of oil. Gamila 
and Ibrahim (2004) evaluated the potential of freshwater microalgae in bioremedia-
tion of crude oil (specific gravity 0.85) through an algal bioassay, and they found 
that diatom strain Nitzschia linearis and green microalgae Scenedesmus obliquus 
showed almost similar capability for degradation of petroleum hydrocarbon. 
Nitzschia linearis removed PAHs at a higher rate than n-alkane. Scenedesmus 
obliquus efficiently grew and degraded seven out of eight types of n-alkane and 
approximately 80% of different types of PAHs within 6  weeks of incubation. 
El-Sheekh et al. (2012) studied the biodegradation of crude oil by a mixed culture 
of Chlorella vulgaris and Scenedesmus obliquus. It was observed that both the algae 
grew efficiently under heterotrophic conditions and used crude oil as a sole carbon 
source. In a contemporary study, Tang et  al. (2010) suggested that Scenedesmus 
obliquus GH2 can also be used to construct an artificial microalgal-bacterial consor-
tium for crude oil degradation.

3.6  Antibiotics

Antibiotics are any organic chemicals/compounds that kill or control the growth of 
microorganisms. They have a peculiar mechanism of interaction with the target 
molecule present in the host cellular system and inhibit its growth. These are not 
limited to the microbial origin. Presently numerous antibiotics are in the market that 
is exclusively chemically synthesized. Administration of antibiotic in clinical and 
health system has saved myriad lives and has remarkable regulation over a number 
of diseases. Industrial production of antibiotics and their overuse in clinical prac-
tices in humans, animals, horticulture, and the flesh industry have emancipated a 
huge amount of antibiotics into the environment (Pruden et  al. 2013). This may 
generate severe health problems for various living forms including humans and ani-
mals. There are various reports that indicate the presence of antibiotics in the waste-
water and soils at a variable concentration ranging from μg Kg−1 to mg Kg−1. It is 
well known that antibiotics hamper the growth of microbial flora; hence in natural 
conditions antibiotics are not deteriorated by normal microbes which ultimately 
increase the antibiotic load in the surrounding environment making these new and 
emerging pseudo POPs.

Antibiotics can contaminate the aquatic environment by various ways. Antibiotics 
are dumped into our environment because of their heavy use in livestock treatments, 
animal treatments, aquaculture treatments, manufacturing process, storage of 
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manure/slurry, inappropriate disposal of used medicine containers, and wastewater 
treatments. Once released these pharmaceuticals are transported and distributed to 
air, water, soil, or sediment (Boxall 2004). For example, concentrations of trime-
thoprim have been reported to range from less than 3.4 × 10−5 μmol L−1 in surface 
waters of United Kingdom to 0.0061 μmol L−1 in the United States (Ashton et al. 
2004). The presence of lincomycin in surface water has been recorded from less 
than 2.46 × 10−6 μmol L−1 to 1.8 × 10−3 μmol L−1 in the United States (Monteiro and 
Boxall 2010). Similar reports of contaminants such as tylosin were found at 
5.46 × 10−5 μmol/L downstream of agricultural land in the United States (Boxall 
et  al. 2012). Freshwater cyanobacteria Microcystis aeruginosa, Aphanizomenon 
gracile, Chrysosporum bergii, and Planktothrix agardhii have the ability to grow on 
different concentrations of antibiotics (amoxicillin, ceftazidime, kanamycin, ceftri-
axone, gentamicin, tetracycline, trimethoprim, nalidixic acid, and norfloxacin). The 
increased resistance of these cyanobacteria to antibiotics suggests that they are natu-
rally resistant to antibiotics (Dias et al. 2015). In another study, Guo et al. (2016) 
studied tylosin, lincomycin, and trimethoprim on the growth of two chlorophytes, 
Pseudokirchneriella subcapitata and Desmodesmus subspicatus and Anabaena 
flos-aqua and evaluated chlorophyll content and oxygen evolution rate. They 
reported that antibiotics have a remarkable effect on photosynthesis rate and growth 
(Guo et  al. 2016). Fenton algal treatment is proposed as a powerful method for 
removal of antibiotics such as amoxicillin and cefradine from wastewater using 
chlorella pyrenoidosa, and it does not have any adverse effect on algal biomass. 
Additionally, combined methods can achieve a higher removal rate in a short period 
(Li et al. 2015). Ge and Deng (2015) reported the removal of fluoroquinolone anti-
biotics (enrofloxacin and ciprofloxacin hydrochloride) by two marine algae 
(Platymonas subcordiformis and Isochrysis galbana) in a photoinduced system. 
The system efficiently degraded the antibiotics in the presence of FeIII.

4  Recent Approach to Enhance Phycoremediation

Our understanding of algal cell biochemistry and molecular biology, along with 
knowledge of latest omics technology (genomics, transcriptomics, proteomics, and 
metabolomics) has increased immensely. In-depth knowledge of algal metabolism, 
genetic engineering, and functional proteomics has a paved platform for modern 
bioremediation methods. Their knowledge has huge application in phycoremedia-
tion research. Recently, engineering of plants by introducing bacterial or animal 
xenobiotic degrading genes has been successfully tested for bioremediation of 
xenobiotics such as explosives and hydrocarbons (Dhankher et al. 2012; Suresh and 
Ravishankar 2004). Plants harboring bacterial gene constitutes a new generation of 
the designer plants for efficient and environment-friendly remediation of soil and 
aquatic ecosystems (Aken et al. 2010). Specialized cloning vectors, gene sequences, 
and methods of mutagenesis provide plenty of opportunities to generate algae with 
designer traits for sustainable bioremediation process (Koksharova and Wolk 2002). 
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Transgenic microalgae have received serious attention in various biotechnological 
industries (Walker et al. 2005). Nuclear and chloroplast transformation in algae for 
high-level protein expression have been demonstrated well in previous studies 
(Rosenberg et  al. 2008). Kuritz et  al. (1997) successfully introduced a lindane 
degrading gene (Lin A) of P. paucimobilis UT26 into Anabaena sp. PCC7120 and 
found lindane degrading capabilities in the transgenic Anabaena sp. Similar results 
were also observed in Nostoc ellipsosporum harboring Lin A gene. Rajamani et al. 
(2007) showed that these algal species have more tolerance to pollutants and can be 
exploited for bioremediation.

5  Phycoremediation Boundaries

The removal and detoxification of man-made organic pollutant by algae is advanta-
geous because it presents an eco-friendly process with no secondary pollution, and, 
above all, it is cost-effective. Phycoremediation is time-dependent technology as 
they need enough time (up to few days) to achieve desired cell density, followed by 
absorption process for facilitating the uptake and degradation of contaminants. The 
degree of bioaccumulation and remediation of organic pollutant by algae is unique 
to species and depends on the initial number of cells of algae (Lei et al. 2002). The 
mode of cultivation also influences the degradation potential of microalgae. Yan 
et al. (2002) observed that the green microalgae Chlorella protothecoides removed 
more (33.53%) anthracene under heterotrophic conditions as compared to autotro-
phic conditions (20%). Mixotrophic mode of cultivation is always found superior 
over auto- and heterotrophic conditions (Subashchandrabose et al. 2013). Besides 
these, the algal bioremediation is also affected by other factors such as surface area 
and cellular biovolume, concentration of pollutant, lipid content, algal cell density 
(Subashchandrabose et  al. 2013), algal sp., light regime (Hirooka et  al. 2003), 
chemical preferences (Chan et  al. 2006), external carbon source (Papazi and 
Kotzabasis 2007), as well as contaminants and presence of other microbes (Rastogi 
et  al. 2014). Algal biotransformation not necessarily always yields nontoxic (as 
compared to parent molecule) intermediate compound. Under these conditions, the 
consortium of algae and bacteria is effective since bacteria can utilize the algal 
metabolites (Subashchandrabose et al. 2011; Muñoz and Guieysse 2006). P. sub-
capitata and Chlorococcum sp. accumulated and transformed fenamiphos (an 
organophosphorus nematicide) to its oxides (fenamiphos sulfoxide) and fenami-
phos sulfone and phenols, which are considerably more toxic than fenamiphos 
(Cáceres et  al. 2008). Such problems have to be overcome by integrating other 
microbes, which can further metabolize the toxic intermediates and end product.

More research work is desirable to develop cost-effective and efficient algal bio-
remediation methods in the case of wastewater containing POPs. The challenge is 
to combine basic knowledge related to growth kinetics and unique POP metaboliz-
ing characteristics of algal strains.
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6  Conclusions and Future Scenarios

Persistent organic pollutants (POPs) are serious global threats as they augment the 
risk to humans and aquatic organisms. Industrial effluents, radioactive and pesticide 
waste, oils, and their by-products are the main sources of POPs. For clean, safe, and 
sustainable environment, there is an urgent need to develop an effective, sustain-
able, eco-friendly, and efficient method of pollutant remediation. The number of 
traditional methods exists to treat such pollutants, but these methods mostly can 
only transform, and therefore the next-generation water treatment techniques are in 
high demand. This chapter discussed in detail the potential of microalgae including 
cyanobacteria and eukaryotic algae for biodegradation and bioaccumulation of 
POPs that are usually contaminate our natural and wastewaters. The eukaryotic 
algae appear to be possibly valuable when initial sorption/accumulation is required 
because of properties such as high cell density, low nutrient requirement, and simple 
cultivation methods. Algal cell density could be initially increased by autotrophic 
cultivation. Sorption process would then start to accumulate pollutants followed by 
biotransformation of the compound. These phototrophs are able to enhance the bio-
availability of POPs to the microbiota present in the environment and thus contrib-
ute to the elimination of the pollutant from the respective ecosystem. At the end we 
conclude that phycoremediation is a well-established, eco-friendly, cost-effective, 
sustainable, and sensible method for resolving problems generated by POP con-
tamination. Various cyanobacteria and microalgae have been reviewed in this chap-
ter showing great potential to degrade, transform, or accumulate innumerable 
classes of POPs (Table 2). We also touched upon use of genetic engineering tech-
niques to create transgenic microalgae for remediating certain class of pollutants. 
This could be the future of bioremediation methods where microalgae are the 
method of choice. However, further research is needed to focus at the molecular and 
biochemical level to elucidate the remediation mechanism so that improved and 
cost-effective modern methods of bioremediation could be developed.
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1  Background

Wastewater can be defined as raw, untreated, spent water which can potentially pol-
lute the environment. Wastewater contains impurities that were present either origi-
nally or are added by anthropogenic activities. Wastewater cannot be discharged to 
the receiving water body, which may be a river, lake, or sea, unless they have been 
treated to reduce the concentration of polluting substances to safe levels. Wastewater 
can originate from many sources such as homes, businesses, and industries. The 
source of wastewater determines its characteristics and the treatment process that 
wastewater should undergo. The entire wastewater treatment process involves pri-
mary, secondary, and tertiary stages which constitute physical, chemical, and bio-
logical processes. Due to the insufficiency of these processes to remove pathogens 
from wastewater, microalgae-mediated wastewater treatment, phycoremediation, is 
another paradigm for wastewater treatment. Phycoremediation involves the utiliza-
tion of algae for the removal of contaminants from wastewater. Coliforms, heavy 
metals, and xenobiotics are effectively removed by phycoremediation, and this 
reduces the chemical and biological oxygen demand of wastewater (Olguín et al. 
2003; Rawat et  al. 2011; Abdel-Raouf et  al. 2012; Cai et  al. 2013). Microalgae- 
mediated wastewater treatment is advantageous over conventional techniques in 
terms of better pathogen removal, decreased sludge formation, reduced greenhouse 
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gas emission, and parallel generation of energy-rich algal biomass (Cai et al. 2013; 
Batista et al. 2015). This chapter furnishes an overview of conventional processes 
and the applicability of microalgae-mediated pathogen removal from wastewater.

2  Wastewater

An insight into the characteristics of wastewater is crucial for determining the type 
of treatment it requires. Industries (industrial wastewater) and household activities 
(domestic wastewater) are majorly responsible for wastewater generation. 
Centralized sewage treatment plants (STPs) collect wastewater through sewage sys-
tems (underground sewage pipes), and STPs are the sites where sewage water is 
treated.

2.1  Wastewater Types: The two common types of wastewaters 
are briefed below.

 Industrial Wastewater

It can be segregated into two classes as follows:

Inorganic Industrial Wastewater: It is generally produced by coal and steel indus-
try and comprises huge amount of suspended matter. It also consists of harmful 
solutes like cyanides. Due to the extremely harmful nature of the effluent, these 
industries are so situated that they discharge their wastewater directly into munici-
pal wastewater system after treating the effluent, in compliance with local regula-
tions (Shi 2009).

Organic Industrial Wastewater: It contains organic waste flow from chemical 
industries using organic substances. This sort of wastewater is majorly produced by 
tanneries, leather factories, textile industries, paper manufacturing factories, oil 
refineries, breweries and industries manufacturing pharmaceuticals, cosmetics, 
organic dyes, soaps, detergents, pesticides, and herbicides. Due to the myriad of 
manufacturing processes, the type of effluent varies widely.

 Domestic/Residential Wastewater

Domestic wastewater is generated in the residencies like houses, hotels, restaurants, 
offices, schools, theaters, shopping centers, commercial laundries, etc. This kind of 
wastewater is less toxic than industrial wastewater, and the effluent generated is also 
less varied as compared to industrial wastewater.
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2.2  Wastewater Characterization

 Physical Characteristics

Color: Fresh wastewater is usually slight gray, while septic sewage is dark gray or 
black. Industrial wastes containing coloring substances may affect the color of the 
wastewater.

Odor: Fresh wastewater has a distinctive disagreeable odor. Industrial wastewater 
may also add up to the odor of the wastewater by the dissemination of odorous 
compounds or compounds that produce odors during the process of wastewater 
treatment. Hydrogen sulfide is commonly responsible for the wastewater odor. The 
fear of generation of potential odors during treatment is so intense that implementa-
tion of wastewater treatment can be stalled.

Solids: Total solids are the total residues left after evaporation at 105 °C. Suspended 
solids constitute a major part of total solids and are removed from by membrane 
filtration. Suspended solids increase turbidity and silt load in the receiving water 
(Muttamara 1996).

Temperature: Geographic location governs the average temperature of wastewater. 
The temperature of wastewater affects chemical and biological reaction rates. 
Undesirable planktonic species and fungi grow fast at higher temperatures. At the 
same time, the effectiveness of treatment decreases at low temperatures (Muttamara 
1996).

 Chemical Characteristics

Organic materials: The main organic constituents in wastewater are proteins (40–
60%), carbohydrates (25–50%), and fats and oils (10%) (Muttamara 1996). Urea is 
another key organic compound present in wastewater. The presence of easily biode-
gradable organic materials reduces the oxygen demand, and the presence of non- 
biodegradable organic material impedes the wastewater treatment processes.

Inorganic materials: Chloride, nitrogen, phosphorus, sulfur, and heavy metals are 
the regular inorganic constituents present in wastewater. Phosphorus is present in 
appreciably lower concentrations than nitrogen or carbon in natural waters. 
Wastewater organisms are adversely affected by the trace concentrations of inor-
ganic materials, as these substances limit the growth of organisms present in water. 
The inorganics can be efficiently utilized by algae, and macroscopic plant forms 
their metabolism.
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Gases: Nitrogen, oxygen, carbon dioxide, hydrogen sulfide, ammonia, and meth-
ane are the major gases which constitute wastewater. The maintenance of aerobic 
state is essential in order to annihilate problematic conditions in the wastewater 
treatment technology and in the natural waters receiving the effluent (Muttamara 
1996). However, in anaerobic system, oxidation is carried out by the reduction of 
inorganic salts like sulfates or through the action of methane-forming bacteria.

 Biological Characteristics

Bacteria: Wastewater makes an ideal medium for growth of both aerobic and 
anaerobic microbes. Among the numerous types of bacteria in wastewater, the most 
common types are fecal coliforms, which originate in human intestines and travel 
via human discharges. Acinetobacter, Clostridium, Aeromonas, Enterococcus, 
Campylobacter, Enterobacter, Klebsiella, Escherichia, Mycobacterium, Shigella, 
Pantoea, Serratia, Staphylococcus, Salmonella, Pseudomonas, and Vibrio are the 
most prevalent bacterial species in wastewater (Korzeniewska 2011). The bacteria 
are the key to the biological unit processes. In the presence of adequate dissolved 
oxygen, the soluble organic matter is converted to new cells and inorganic elements 
which act as substrates for higher orders of living beings, thus causing a decline in 
the organic loading.

Viruses: Viruses found in human excreta are a major public health hazard and enter 
the water stream via fecal contamination. Pathogenic viruses that majorly exist in 
wastewater are polio and hepatitis. Huge amount (10,000–100,000) of infectious 
particles of viruses are discharged per gram of feces from hepatitis-positive patients. 
The titer of plant and animal viruses in wastewater is comparatively small though 
bacterial viruses may be present (Akpor et al. 2014; Okoh et al. 2007; Gomez et al. 
2000; Toze 1997). Most of the viruses are persisters and are resistant to treatment 
processes.

Fungi: A number of filamentous fungi are found naturally in wastewater as spores 
or vegetative cells. Various fungi are reported to have the ability to break down 
organic matter and adsorb the suspended solids in wastewater through their hyphae 
(Molla et  al. 2004; Akpor et  al. 2014). Alternaria, Aspergillus, Cladosporium, 
Penicillium, and Trichoderma are some fungi commonly found in wastewater (Eva 
2011).

Protozoa: The presence of pathogenic protozoa in wastewater is comparatively 
higher than other environmental sources. Giardia intestinalis, Entamoeba histolyt-
ica, and Cryptosporidium parvum are the prevalent protozoans, frequently detected 
in wastewater due to fecal contamination. Some protozoa, which are obligate aer-
obes, are able to survive up to 12  h in anoxic conditions and are thus excellent 
indicators of an aerobic environment.
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Helminths: Helminths are usual intestinal parasites which, like protozoans, are 
spread by fecal-oral route. Wastewater is highly contaminated with these nematodes 
and tapeworms. Intestinal nematodes have been reported by the World Health 
Organization (WHO) as the most health risk comprising aquacultural/agricultural 
utilization of wastewater and untreated excreta (WHO 1989).

3  Conventional Technologies for Wastewater Treatment

For reuse of wastewater, nutrient conservation and pathogen removal are essential 
steps. The pathogen profile of wastewater varies widely with the type of wastewater 
(Jiménez 2003). Therefore, choice of treatment process is critically dependent on 
the type of wastewater (Mohiyaden et  al. 2016). Various wastewater treatment 
stages include preliminary, primary, secondary, and tertiary treatment (Shrestha 
2013; Topare et al. 2011) (Fig. 1), and every stage comprises of physical, chemical, 
and biological treatment processes separately or in association. A brief discussion 
of each of these treatment stages is given below:

Preliminary Treatment
This step removes large solids, abrasive grit, rags, and high levels of organic content 
(Mohiyaden et al. 2016). In preliminary treatment, bars placed at 20–60 mm are 
used for removing large floating objects, and retained substances are raked from the 
bars periodically (Tebbutt 1983). Abrasive grit material is removed by reduction in 
the flow speed to the level of 0.2–0.4 m/s at which sediment will settle but organic 
material remain suspended (Gray 1989). However, this step does not affect patho-
gen and nutrient concentration (Jiménez et al. 2010).

Primary Treatment
After the preliminary treatment, wastewater is treated in primary settling tanks 
where BOD is decreased by 40% in the form of settable solids (Horan 1990). For 
the partial reduction of suspended solids and organic matter, physical unit 

Preliminary treatment Primary treatment 

Secondary treatment Tertiary treatment 

Different stages of wastewater treatment 

Fig. 1 Stages of 
wastewater treatment. 
(Source: Shrestha 2013; 
Topare et al. 2011)
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operations such as sedimentation and screening or some chemicals are primarily 
used in primary treatment (Mohiyaden et al. 2016). In this step suspended solids 
(70%), BOD5 (50%), grease and oil (65%), heavy metals, some organic nitrogen, 
and phosphorus are removed. The effluent leaving the primary sedimentation unit is 
called primary effluent (FAO 2006).

Secondary Treatment
After this, wastewater is subjected to secondary treatment for the elimination of 
solubilized, suspended, and colloidal matter through various biological approaches 
such as lagoon system, fixed-film reactors, activated sludge, etc. In this step, waste-
water is treated in reactor succeeded by treatment in a secondary sedimentation tank 
where separation of biomass produced by the oxidation of organic matter occurs 
(Jiménez et  al. 2010). A significant decline in BOD takes place by reduction of 
organic matter mediated by consortium of heterotrophic bacteria (Abdel-Raouf 
et al. 2012). Many workers have found that about 90% of pathogenic bacteria can be 
eliminated by this treatment and viruses are removed by adsorption, but rate of 
removal varies with the type of the reactor (Gray 1989; Kott et al. 1974; Lloyd and 
Morris 1983).

Tertiary/Advanced Wastewater Treatment
In this advance stage of wastewater treatment, inorganic nutrients like phosphorus 
and nitrogen, fine suspended particles, heavy metals, and pathogenic microorgan-
isms are removed (Prabu et al. 2011). It can be done through rapid sand filtration 
(RSF), post-precipitation, reverse osmosis, chemical oxidation, carbon adsorption, 
ultrafiltration, microfiltration, and dissolved air flotation (DAF) (Hamoda et  al. 
2002; Jolis et  al. 1996; Nieuwstad et  al. 1988; Ødegaard 2001; Pinto Filho and 
Brandão 2001). Tertiary treatment is approximately four times costlier as compared 
to primary treatment (de la Noüe et al. 1992).

3.1  Types of Conventional Wastewater Treatment Methods

Wastewater is mainly treated physically, chemically, and biologically (Amoatey and 
Bani 2011). The type of unit operations and processes in wastewater treatment 
shown in Fig. 2 are described below (Economic and Social Commission for Western 
Asia (ESCWA) 2003)

 Physical Approaches

Physical methods employ physical forces to remove contaminants from wastewater 
(Bhargava 2016). Suspended and settable solids, oil, and grease are removed by 
these physical methods. Physical unit operations commonly used are:
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Screening: This step employs the sieving of gross pollutants from the wastewater 
using devices such as parallel bars, wire mesh, rods, perforated plates, etc. After 
cleaning of bar screens either manually or mechanically, retained material is called 
screenings. This protects downstream equipment from damage (ESCWA 2003).

Comminutors: Comminutors are positioned in the middle of grit chamber and pri-
mary settling tanks and consist of rotating or oscillating cutters. These are used for 
reducing odors, flies, and unsightliness and for crushing the large suspended mate-
rial in the wastewater flow (ESCWA 2003).

Flow equalization: Flow equalization levels out the process parameters like flow, 
temperature, and amount of pollutant over a period of time for ameliorating the 
efficacy of wastewater treatment processes like secondary and tertiary/advanced. In 
a wastewater treatment plant, flow equalization can be applied at many places. 

Fig. 2 Different approaches of conventional wastewater treatment. (Source: Anusha and Sham 
Sundar 2015; Borkar et al. 2013; Doumenq 2017; Misal and Mohite 2017; Morão 2008; Mulder 
1996; Rawat et al. 2011; Shon et al. 2009)

Feasibility of Microalgal Technologies in Pathogen Removal from Wastewater



244

Intermittent flow diversion, alternating flow diversion, completely mixed mixed 
flow, and completely mixed combined flow are the four basic types of flow equaliza-
tion processes (ESCWA 2003).

Sedimentation: Sedimentation involves separation of suspended particles through 
gravity separation (WEF 2008). Particulate matter, biological flocs, and chemicals 
present in wastewater are eliminated in the primary settling basin, activated sludge 
settling basin, and chemical coagulation, respectively. Sedimentation occurring in 
settling tank is known as clarifier. Solid contact clarifiers and horizontal-flow and 
inclined-surface basins are the main designs of sludge collectors (ESCWA 2003).

Flotation: Flotation is the removal of solids or liquids from wastewater by inject-
ing air bubbles which either attach to the liquid or get confined in suspended parti-
cles, increasing the particles’ buoyant. As the particles float to the top, they can be 
easily removed (Koivunen 2007). Dispersed air flotation, dissolved air flotation, 
electroflotation (Edzwald 1995; Rubio et al. 2002), precipitate flotation, mineral flo-
tation, and colloid flotation (Koivunen 2007) are some of the flotation techniques.

Granular medium filtration: This technique is used for the additional removal of 
chemically precipitated phosphorus and suspended solids from the effluent from 
biological and chemical treatment units. The filtration process employs two steps: 
filtration and cleaning/backwashing. In filtration, the waste effluent is passed to a 
filter bed made of granular medium with or without the addition of chemicals. 
Suspended materials present in wastewater are then removed by different processes 
like interception, adsorption, flocculation, impaction, and sedimentation. Cleaning 
or backwashing can be either continuous involving simultaneous filtering and clean-
ing operations or semicontinuous including sequential filtering and cleaning opera-
tions (ESCWA 2003).

 Chemical Approaches

Chemical methods require the use of chemicals for wastewater treatment by means 
of chemical reactions to remove dissolved solids, nutrients, and heavy metals. 
Chemical unit processes are employed in synchrony with physical unit and biologi-
cal unit processes (Bhargava 2016).

Chemical precipitation: In this approach, finely divided solids are flocculated into 
settable flocs. Coagulation-flocculation is used for the treatment of wastewater in 
chemical precipitation. Common coagulants used for wastewater treatment include 
lime (Ca(OH)2), ferrous sulfate (FeSO4.7H2O), ferric chloride (FeCl3.6H2O), and 
alum (Al2(SO4)3.14H2O) (Jiménez et al. 2010). Colloidal substances responsible for 
the color and turbidity of the wastewater are treated through coagulation/floccula-
tion (Arvanitoyannis and Ladas 2008). This method eliminates heavy metals and 
phosphorus effectively, but large amount of sludge is generated that can be dewa-
tered and used for land filling (WEF 2008).
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Adsorption with activated carbon: It involves accumulation of soluble particles 
present within a liquid on an appropriate interface. Activated alumina, hydroxides, 
activated charcoal, and resins are some of the common examples of adsorbents which 
are used for removal of substances like detergents and toxic compounds (Samer 
2015). Activated carbon is a commonly used absorbent, and powdered activated car-
bon (PAC) and granular activated carbon (GAC) are its two common types (ESCWA 
2003). Unlike GAC, powder activated carbon is added to wastewater using feed 
equipment instead of being carrying in column or bed (Corbitt 1998; Weber 1972).

Disinfection: Disinfection is the last step of wastewater treatment process for the 
conservation of ecosystem and human health (Sun et al. 2009). A good disinfectant 
should be easy to handle, inexpensive, and reliable and have potential bactericidal 
action (Samer 2015). Several factors affect the process of disinfection which include 
pH, type of disinfectant, temperature, exposure time, and type of effluent and patho-
gen (WEF 1996). Most commonly used disinfectants are physical agents such as 
light and heat, radiations (ionizing as well as nonionizing radiations), UV light, and 
chemical substances like chlorine and its compounds, bromine, peracetic acid 
(PAA), iodine, ozone, soaps and detergents, heavy metals, phenols, alcohols, etc. 
(Koivunen 2007; Russell 2006).

Dechlorination: For wastewater disinfection, chlorine and its derivative com-
pounds are most commonly used, but it undergoes certain chemical reactions with 
the organic compounds in wastewater and produces disinfection by-products 
(DBPs) which have carcinogenic and mutagenic properties (Sun et al. 2009) which 
necessitate dechlorination (Amin et al. 2013). In dechlorination process, chlorine 
residues (in free and combined form) are removed from wastewater effluent 
(ESCWA 2003). It is done by using reducing agents such as sodium sulfite (Na2SO3), 
sulfur dioxide (SO2), or sodium metabisulfite (Na2S2O5) or by activated carbon 
(Bagchi and Kelley 1991).

 Biological Approaches

Biodegradable organic matter in dissolved or colloidal form can be removed by 
using biological approach (Rosen et al. 1998). Contaminants are removed by the 
biological activity of microorganisms which degrade the organic matter in wastewa-
ter into gases (Topare et al. 2011).

Activated sludge process: Municipal wastewater is commonly treated with this 
process. It is an aerobic process for the elimination of BOD and suspended solids by 
using suspended bacterial flocs. A variety of factors which include temperature, pH, 
concentration of available oxygen and organic matter, waste rates, and aeration 
period influence the activated sludge system (Amoatey and Bani 2011). The main 
principle behind this process is that vigorous aeration of waste effluent generates 
activated sludge (flocs of bacteria) which degrades organic compounds. Activated 
sludge is recycled for the maintenance of concentration of active bacteria. Settling 
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tanks are equipped with accessories like waste pumps, blowers providing aeration, 
and a device for measurement of flow rate. In this process, degradation occurs 
mainly through three main processes including microbial processes, volatilization, 
and sorption onto sludge flocs (Grandclement et al. 2017).

Aerated lagoons: It is a basin of about 1–4 meter depth wherein treatment of 
wastewater occurs either by solids recycling or flow-through basis. The aerators 
provide aeration, dissolved oxygen, and suspended microbial biomass for achieving 
maximum aerobic activity. Based on the strength and temperature of waste effluent 
and level of treatment, the hydraulic retention time (HRT) varies from 5 to 8 days 
(Samer 2015). One study reported that in household water for HRT of 5 days, 85% 
reduction in BOD was achieved, but BOD value decreased to 65% at 10 °C tem-
perature (Gray 2005).

Trickling filters: A trickling filter is a basin packed with an inert carriers like vol-
cano rock, gravels, or other synthetic material in which wastewater is supplied from 
the top tickles through the filter medium where organic compounds in wastewater 
are absorbed by microorganisms that are attached to medium as a slime layer having 
thickness of approximately 0.1–0.2 mm. In the outer part of slime, breakdown of 
organic material occurs by the aerobic microorganisms. Further, growth of anaero-
bic microorganisms occurs due to oxygen deprivation which makes thick layer of 
microbial growth. Until the microorganisms present near the surface cannot adhere 
to media, continuous development of biological film occurs. A section of the bio-
logical slime layer repeatedly falls off by a process called sloughing. Removal of the 
sloughed off portions occurs by the drain system by transferring to a clarifier (EPA 
2000).

Rotating biological contractors: These consist of plastic media with diameter 
ranging from 2 to 4 m mounted vertically on a horizontal rotating shaft (Peavy et al. 
1985). As the shaft rotates slowly with about 40% submerged media, the media 
coated with biomass are exposed alternately to wastewater and oxygen. Biomass 
oxidize the organic matter present, and excess biomass is shredded off in a down-
stream clarifier automatically (Amoatey and Bani 2011). These are best suited for 
treatment of municipal wastewater (Peavy et al. 1985). Due to their ability of quick 
recovery from unfavorable conditions, these have been installed in many petroleum 
facilities (Schultz 2005).

 Other Advanced Approaches

Vermifiltration: It is a new technology that is a combination of traditional process 
of filtration with vermicomposting, i.e., using earthworms for wastewater bioreme-
diation (Anusha and Sham Sundar 2015). It is a simple filtration apparatus consist-
ing of lower layer of gravels covered with aggregates and sand layer covered with 
cow dung clay and a population of earthworms. As the wastewater passes through 
the filter bed, earthworms use fats and oils for their metabolism from it, and the 
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leftover water percolating  from bottom is collected in another vessel (Misal and 
Mohite 2017). The body of earthworms acts as biofiltering agent, and body wall 
absorbs compounds from wastewater, and reduction in wastewater COD by 80–90%, 
BOD5 by over 90%, total dissolved solids (TDS) by 90–92%, and the total sus-
pended solids (TSS) by 90–95% have been observed (Sinha et al. 2008).

Moving bed biological reactor (MBBR): A moving bed biological reactor (MBBR) 
is integration of activated sludge and trickling filters where biomass exists as sus-
pended congregation of microorganisms and biofilms attached to carriers made of 
materials like high-density polyethylene or polypropylene (Borkar et al. 2013). The 
advantages of moving bed biological reactor is that it is not sensitive to load varia-
tions and other types of disturbances (Delenfort and Thulin 1997; Odegaard et al. 
1994), slight head loss, and no recycling of biomass is required (Xiao et al. 2007).

Membrane technology: Membrane technology is a broad term used for different 
processes for transportation of substances from one phase to another phase with the 
aid of permeable membranes allowing passage of some specific substances while 
retaining others (Mulder 1996). A gradient of concentration, electric potential, tem-
perature, and pressure acts as major driving force for solute transportation (Mulder 
1996). The technology depends on physical forces, and no addition of chemicals is 
required (Morão 2008). Based on the driving force, membrane processes can be 
divided into four main types: ultrafiltration (UF), microfiltration (MF), nanofiltra-
tion (NF), and reverse osmosis (RO) (Shon et al. 2009).

3.2  Limitations of Conventional Techniques for Pathogen 
Removal

Though commonly used, conventional techniques are not able to remove variety of 
chemicals and pathogenic microorganisms from wastewater. Limitations of various 
conventional wastewater techniques are mentioned below:

Physical approach limitations

• Manual cleaning of different types of screen is laborious task, and overflowing 
may occur due to clogging. Mechanically cleaned screens operate well but jam 
due to obstructions (WEF 2008).

• Moreover, a substantial amount of dissolved and colloidal material is still present 
in waste effluent after physical treatment of wastewater (Samer 2015).

Chemical approach limitations

• Various studies have shown that physicochemical processes like coagulation and 
flocculation are ineffective for removing various pollutants like pharmaceuticals 
and endocrine disrupting compounds (EDCs) (Petrovic et al. 2003; Vieno et al. 
2006; Westerhoff et al. 2005).
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• Also, coagulation-flocculation generate complex sludge and are costlier 
(Ghoreishi and Haghighi 2003; Sirianuntapiboon et al. 2006).

• The processes of chemical unit are additive which result in net increase in the 
constituents of wastewater (ESCWA 2003).

• Although residual protection is provided by chlorination, against regrowth of 
pathogens (Szewzyk et al. 2000; Zhang and DiGiano 2002), it produces undesir-
able tastes and odors (Suffet et  al. 1995) and forms different disinfection by- 
products (Becher 1999; Hozalski et  al. 2001; Gopal et  al. 2007; Sadiq and 
Rodriguez 2004). Furthermore, enteric viruses, spores of bacteria, and protozoan 
cysts in sewage are also not removed efficiently (Sobsey 1989).

• Chlorine and ozone are inefficacious against helminth eggs and protozoan cysts, 
and certain viruses like adenoviruses show high resistance against UV light 
(Jiménez et al. 2010).

Biological approach limitations

• The complex polluted waters consisting of pharmaceuticals, surfactants, and 
various industrial products cannot be treated by traditional technologies like acti-
vated sludge (Amin et al. 2014).

• Most of the contaminants remain soluble in waste effluent which cannot be 
removed by activated sludge and tickling filters (Servos et al. 2005; Urase and 
Kikuta 2005).

• The main limitations of trickling filter are having limited flexibility and problem 
of operation at low temperature (Metcalf and Eddy 1991; Reynolds 1982).

• Rotating biological contractors may give problem in conditions of high organic 
load and temperature below 13 °C (WEF 2008).

4  Suitability of Wastewater for Algal Growth and Water 
Quality Indicators

Microalgae are unicellular or multicellular simple structured and primordially pho-
tosynthetic organisms having a large surface-to-volume body ratio. These can thrive 
and grow expeditiously in severe conditions. This bestows them to take consider-
able proportion of nutrients from the environment where they grow. These absorb 
sunlight, assimilate atmospheric CO2, and obtain nutrients from the aquatic habitat 
under their natural conditions. Apart from phototrophic mode of nutrition, these can 
be cultivated heterotrophically (i.e., utilization of organic carbon as the source of 
energy and carbon), mixotrophically (cultivated under both phototrophic and het-
erotrophic conditions), and photoheterotrophically (using light, organic carbon as 
carbon and energy source). Algae can be cultivated according to the availability of 
the resources and for the purpose to be used for (Christenson and Sims 2011). 
Various kinds of wastewaters can be exploited for growing microalgae, thus improv-
ing the water quality apart from reducing the demand of water and fertilizer appre-
ciably (Prajapati et al. 2013). A number of factors are responsible for the substantial 
microalgal growth in wastewater. These crucial factors are temperature and pH of 
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cultivation medium, concentration of N, P, and carbon (organic), light, CO2, and O2. 
The concentration of N and P in wastewater is higher compared to other cultivation 
media. Mostly the N present in it is found in the state of ammonia, and this may 
impede growth of algae (Konig et al. 1987; Wrigley and Toerien 1990; Pittman et al. 
2011). However, it differs with the wastewater type and its treatment sites. In addi-
tion to this, the capability to sustain in different wastewater conditions varies from 
species to species. For example, the chlorophytic unicellular microalgal species 
efficiently uptake nutrients from wastewater and thus thrive in many wastewater 
conditions (Aslan and Kapdan 2006; Ruiz-Marin et al. 2010). Still, the efficiency of 
nutrient accumulation among various chlorophyte species varies. For example, 
Travieso et al. (1992) described that Chlorella vulgaris was more efficient in nutri-
ent accumulation (N, P) from wastewater compared to Chlorella kessleri, and Ruiz- 
Marin et al. (2010) also noticed that compared to Chlorella vulgaris, Scenedesmus 
obliquus showed appreciable growth in municipal wastewater. In high-rate algal and 
oxidation ponds, the dominant phytoplanktonic communities are generally Chlorella 
and Scenedesmus (Masseret et al. 2000).

Microalgal species in suspension or immobilized form were found to be effective 
accumulators of nitrogen and phosphorus from sewage-based wastewater. Many 
Scenedesmus and Chlorella species can extensively eliminate (>80%) nitrate, 
ammonia, and total phosphorus from secondary treated wastewater (Ruiz-Marin 
et al. 2010; Zhang et al. 2008), thus depicting the capability of these microalgal spe-
cies for sewage treatment. In case of agricultural wastewater, the N and P content is 
very high despite which efficient microalgal growth has been achieved in it (An 
et al. 2003; Wilkie and Mulbry 2002). Industrial wastewater has also been tried out 
for microalgal cultivation, but the algal production has been found to be less as it 
mostly contains high toxin concentrations (zinc, cadmium, hydrocarbons,  chromium, 
etc.) and low phosphorus and nitrogen concentration (Ahluwalia and Goyal 2007; 
de-Bashan and Bashan 2010). Therefore, utilization of industrial wastewater for 
algal cultivation is less feasible. However, one recent study suggests potential of 
industrial effluent from carpet mill in furnishing nutrients for the significant algae 
biomass production (Chinnasamy et al. 2010). Moreover, wider availability and uni-
formity in composition make the agricultural wastewater and municipal more fea-
sible for algae cultivation than the variable composition of various industrial 
wastewaters. Researchers have utilized various kinds of wastewater for the microal-
gae cultivation (Table 1).

Microalgae as Water Quality Indicators
Bioindicators consist of microorganisms or biological processes. Bioindicators 
assess the cumulative effect of various pollutants on water quality and how it alters 
with time and to what time period it may prevail. However, there is a range of indi-
cator organisms, but algae are potential indicators for evaluating quality of water 
due to the following reasons:

• Easy availability of the nutrients required for growth.
• Faster growth rate.
• Shorter life cycle.
• Wider geographical distribution.
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• Bulk availability of diverse groups.
• Quick response to qualitative and quantitative changes in the environment due to 

pollution.
• Easier detection and sampling (Gökçe 2016).

Algae have demonstrated to be appropriate indicators of water quality. Microalgae 
are essential and probable bioindicators of eutrophication because of their immedi-
ate response to variations of environmental conditions resulting from the different 
anthropogenic activities (Kelly-Gerreyn et al. 2004; Álvarez-Góngora and Herrera- 
Silveira 2006; Livingston 2001). Microalgae thrive in almost all aquatic habitats 
besides dwelling on rocks, macroalgae, or submerged surfaces, where both plank-
tonic and microphytobenthic assemblages are utilized for characterization of aquatic 
ecosystems with the use of biological, physicochemical, or hydromorphological 

Table 1 Algal biomass production from wastewater (Rawat et al. 2016; Kumar et al. 2015; Show 
and Lee 2014; Rawat et al. 2011; Pittman et al. 2011)

Type of wastewater Algae species
Biomass 
productivity References

Municipal wastewater Chlorella sp. 0.948 d−1 
(growth rate)

Wang et al. 
(2010).

Drain wastewater Chroococcus sp. 1 1.05 g L−1 Prajapati et al. 
(2013)

Livestock wastewater Chroococcus sp. 1 4.44 g L−1 Prajapati et al. 
(2014)

Wastewater from 
metro plant

Chlamydomonas reinhardtii 2.00 g L−1d−1 Kong et al. 
(2013)

Urban wastewater Desmodesmus communis 0.138–
0.227 g L−1d−1

Samorì et al. 
(2013).

Piggery wastewater Arthrospira sp. 11.8 g L−1d−1 Olguín et al. 
(2003)

Domestic wastewater 
with urea 
supplementation

Chlorella sorokiniana 0.2 g L−1d−1 Ramanna et al. 
(2014)

Piggery wastewater Botryococcus braunii – An et al. 
(2003)

Sewage wastewater Chlorella minutissima 0.073–
0.379 g L−1

Bhatnagar 
et al. (2010)

Carpet mill Scenedesmus sp. 0.126 g L−1d−1 Chinnasamy 
et al. (2010)

Industrial wastewater Desmodesmus sp. TAI-1 and 
Chlamydomonas

1.5–1.8 g L−1 Wu et al. 
(2012)

Campus sewage Scenedesmus quadricauda 0.052–
0.082 g L−1d−1

Han et al. 
(2015)

Artificial wastewater Scenedesmus sp. 0.996–
0.119 g L−1d−1

Voltolina et al. 
(1999)

Anaerobically digested 
dairy manure

Mix of Ulothrix zonata, Ulothrix 
aequalis, Microspora willeana, 
Oedogonium sp., Rhizoclonium 
hieroglyphicum

5.5 g L−1d−1 Wilkie and 
Mulbry (2002)
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indicators (Hermosilla Gomez 2009). Various microalgal species like Oscillatoria, 
Chlamydomonas, Scenedesmus, and Chlorella are used as indicators of water pollu-
tion (Padisák et al. 2006).

5  Role of Algae in Pathogen Removal

Wastewater poses many threats to the public health as it contains pathogenic micro-
organisms. So to attenuate this problem and to make this water usable, removal of 
such pathogenic microorganisms is necessary and must be a primary concern in 
treatment process (Jiménez et  al. 2010). As there are various waterborne human 
pathogens (Wu et al. 2016), their assessment would be very cost-intensive. Hence, 
the assessment is done by monitoring of bacterial indicator organisms (like 
Escherichia coli, total coliforms, or fecal coliforms) in treated wastewater. The uti-
lization of algae for wastewater treatment has been in trend for approximately 
>50 years. Oswald and Gotaas (1957) were the first to demonstrate the application 
of algae in treatment process. The basic principle underlying the biological treat-
ment is to boost the removal of pathogens, nutrients, and heavy metals and to pro-
vide oxygen for the mineralization of organic pollutants by heterotrophic aerobic 
bacteria which ultimately leads to the production of CO2 valuable for the agents 
carrying biological treatment like algae (Munoz and Guieysse 2008). The dissolved 
oxygen (DO) and pH of wastewater increase due to the algal activity. It has been 
investigated that growth of algae can facilitate the removal and inactivation of both 
Escherichia coli and total coliforms. The mechanisms and factors responsible for 
this have been discussed ahead in the chapter.

Removal or biotransformation of pollutants from wastewater like xenobiotics 
and nutrients and CO2 from polluted air by the utilization of macroalgae or micro-
algae is known as phycoremediation (Mulbry et al. 2008; Moreno-Garrido 2008; 
Olguın 2003; Olguın et al. 2004). Microalgae either aerobically or anaerobically 
can treat wastewater, industrial effluents, and solid wastes through various pro-
cesses. Microalgae being effective converters of solar energy can generate massive 
blooms and also can produce different kinds of valuable secondary metabolites 
(Moreno-Garrido 2008; Lebeau and Robert 2006) and are thus potential treating 
candidates for wastewater treatment.

6  Mechanisms Involved in Pathogen Removal by Microalgae

The various mechanisms of pathogen removal from wastewater by algae are as 
under:

• Competition of nutrients.
• Elevation of pH and dissolved oxygen.
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• Algal toxins.
• Adhesion and sedimentation of pathogens.

Competition of Nutrients
Algae consume nutrients and carbon sources needed by the bacterial cells for their 
survival. This increases their retention time in water. This diminution of the sources 
of carbon in water may lead to the starvation of fecal bacteria due to unavailability 
of its energy sources, thus ultimately resulting in their death (Van der Steen et al. 
2000).

Elevation of pH and Dissolved Oxygen
The photosynthetic activity of microalgae has been found to increase the pH and 
dissolved oxygen (DO) content in the wastewater. The elevated levels of these two 
factors result in the deactivation of the pathogens present in water (Muñoz and 
Guieysse 2006). Actually, the combined action of sunlight, pH, and oxygen through 
photosensitizers, in a process called photooxidation, results in the removal of patho-
gens from wastewater. These photosensitizers both present inside (porphyrins) and 
outside of the bacterial cells (dissolved organic matter) help in the absorption of 
light of wavelengths (400–700 nm), thereby splitting the oxygen and resulting in the 
formation of singlet oxygen and hydrogen peroxides, the potential agents respon-
sible for the damage of DNA of cell membrane (Ansa et al. 2015; Curtis et al. 1992). 
In aquatic environments, hydrogen ion is pivotal for many metabolic reactions in 
microbial cells like ion transport and energy generation (Mitchell 1992). This is 
fundamental in major phases of water and wastewater treatment. The substantial 
usage of dissolved carbon dioxide by microalgae for its growth is generally respon-
sible for the elevation of pH and DO.  Algae utilize dissolved inorganic carbon 
through photosynthesis and liberate oxygen as a photosynthetic by-product, as 

given in Eq. (1).

 6 12 6 62 2 6 12 6 2 2CO H O C H O H O O
light pigment receptor

+ → + +
,

 (1)

Under sufficient availability of light and nutrients, rate of removal CO2 by algae 
is higher as compared to the generation of respiratory CO2 by heterotrophic micro-
organisms. The resulting change in CO2 equilibrium is illustrated in Eqs. (2, 3, and 
4) (Mayes et al. 2009).

 H CO CO H O2 3 2 2↔ +  (2)

 HCO H O H CO OH− −+ ↔ +3 2 2 3  (3)

 CO H O HCO OH2
3 2 3

−
−

−+ ↔ +  (4)

Uptake of CO2 from the system will shift Eqs. (2, 3, and 4) to the right to generate 
more CO2 to maintain equilibrium. Due to this, pH will get increased by generation 
of hydroxide ions. Hence, elevated DO and pH levels are generally seen in 
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algae- grown wastewater ponds. Warmer climate particularly daylight hours favors 
this type of effect (Gschlößl et al. 1998).

Algal Toxins
The microalgae like Chlorella vulgaris under stress and high pH have been found to 
produce toxins of long-chain fatty acids. These toxins have been found to be patho-
gen destructive in nature (Awuah 2006). A toxin called microcystin-LR produced by 
Synechocystis sp. was found to be harmful for fecal bacteria. These toxins could 
harm algal communities as well, but microalgae like Scenedesmus quadricauda and 
Chlorella vulgaris protect themselves from these toxins by producing huge amount 
of polysaccharides (Mohamed 2008). Also, with the elevation in the levels of chlo-
rophyll- a, the inactivation of fecal coliform increases. The green algae remove fecal 
coliforms by secreting substances harmful to fecal coliforms (Ansa et al. 2012). The 
pathogen removal by algal toxins is still under debate. This needs the development 
and modification of rapid detection methods for the detection and assessment of 
algal toxin role in the removal of pathogens in wastewater (Litaker et al. 2008).

Adhesion and Sedimentation of Pathogens
The pathogens may attach to the solid matter that sinks as sediment and on the sur-
face of algae (Awuah 2006). The attachment of fecal bacteria to algae in algal ponds 
is essential as it exposes the fecal bacteria in close proximity to the production site 
of severe environmental conditions like high pH and dissolved oxygen for more 
effect to be felt.

The rate of sedimentation is higher in aggregated bacteria compared to the plank-
tonic form (Characklis et al. 2005). The aggregation of suspended matter is deter-
mined by the availability of polysaccharides (acid soluble) in the solution having the 
potential of protonation, i.e., formation of positively charged amino groups. The 
microalgae Chlorella bears a negative zeta potential or surface charge (Liu et al. 
2009). Thus, these positively charged polymers neutralize the negative algal surface 
charge resulting into the bridging between particles. This leads to the formation of 
high cell density bacterial flocs which are bigger in size with quicker sedimentation 
rate (Henderson et al. 2008).

7  Factors Affecting Pathogen Removal by Algae

Temperature
Most microalgae species grow in the temperature range from 15 to 35 °C, and the 
temperatures above and below this are not favorable for microalgal growth. 
Because at low temperatures, rate of growth is slower, while at higher temperatures 
growth rate decreases due to oxidative stress. The removal efficiency was observed 
to have doubled on elevating the temperature from 25 to 30 °C by utilizing a sym-
biotic microcosm of Chlorella sorokiniana and a Ralstonia basilensis strain 
(Munoz et al. 2004).
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pH
The photosynthetic activity apart from the algal respiration, wastewater composi-
tion, and the kind of metabolites determine the pH of the algal cultivation medium. 
The rise in pH during photosynthesis is due to the uptake of CO2, and this could 
increase pH up to 10–11. This rise in pH could impede the activity of both bacteria 
and microalgae (Posadas et al. 2014). The decrease in pH by the activity of nitrify-
ing bacteria due to the release of H+ also decreases the removal of pathogens from 
wastewater (Posadas et al. 2017).

Light
Intensity of sunlight changes significantly throughout the day and the year. Light 
intensity of 200–400 mEm−2 s−1 increases the algal activity (Ogbonna and Tanaka 
2000). The microalgal growth and photoperiod have been found to be directly 
related to each other, but with high irradiance and longer photoperiod, photoinhibi-
tion and damage will occur (Molinuevo-Salces et  al. 2016). Photoinhibition is 
prominent after noon as the flux of radiant energy per unit area can go up to 4000 
mEm−2 s−1. It is mostly observed when algal concentration is low, like during start-
 up (Göksan et al. 2003), because there is not enough shading from irradiance due to 
other microalgal cells (Contreras-Flores et al. 2003; Richmond 2000). Homogenous 
distribution of light in microalgal cultures is a must to obtain high biomass produc-
tivity. Microalgae grown under field conditions, for wastewater treatment, are 
exposed to seasonal and daily variations of irradiation which ultimately affects the 
microalgal waste removal potential.

Dissolved Oxygen Concentration (DOC)
Dissolved oxygen and solar irradiance are correlated to each other. As the solar 
irradiance increases, O2 production also increases and vice versa. It has been illus-
trated that under maximal rates of photosynthesis, DOC can reach to 40 mg L−1; in 
fact sometimes supersaturation of oxygen occurs in closed photobioreactors or on 
the top of open bioreactors (Posadas et al. 2015). Even oxygen concentrations above 
20 mg L−1 have been found to be detrimental to many microalgal species, and it 
reduces the photosynthetic production by 98% (Matsumoto et al. 1996). The high 
oxygen concentration damages the microalgal cells by a process known as photo-
oxidation. This damage of microalgal cells  ultimately reduces the  microalgal 
waste removal efficiency (Suh and Lee 2003).

Predators
Due to invasion by Chytridium sp. or any parasitic fungi, various food chain forma-
tions in the cultivation system led to unforeseen failure of process (Abeliovich and 
Dikbuck 1977). Microalgae in wastewater treatment process are subjected to vari-
ous inhibitory products produced by other algae, phages, protozoa, bacteria, and 
nematodes. These can also hamper the process of removal of pathogens by microal-
gae (Mawdsley et al. 1995). These can be tackled by running the process for a short 
period of time (1 h) at low concentrations of O2 on daily basis in order to quell the 
growing ability of higher aerobic organisms (Abeliovich 1986).
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Operational Conditions
Apart from the abovementioned parameters, other parameters like mixing and pen-
etration of light are of utmost importance. Mixing is the main factor as it provides 
proper turbulence and homogeneity in the growth medium, thus avoids the sinking 
of microalgal cells. It prevents the formation of gas, nutrient, and heat gradients. 
Mixing also leads to the shifting of microalgae from dark and light zones so the cells 
can perform photosynthesis actively without any problem of light saturation and 
light inhibition and also increases the mass transfer between the algal cells and 
environment, thus increasing the removal efficiency (Grobbelaar 2000; Eriksen 
2008). However, mixing beyond certain frequency limit causes shear stress which 
has negative impact on microalgal cells.

Microalgae being photosynthetic in nature use light energy to carry out various 
metabolic activities like CO2 and nutrient uptake, synthesis of biomass which actu-
ally define the wastewater treatment efficiency. Wastewater also contains various 
suspended particles and compounds which limit the penetration of light to the 
microlagal cultures. This, in turn, lowers the biomass productivity and subsequently 
hampers the treatment of wastewater (Markou 2015).

8  Case Studies of Removal of Several Pathogens 
from Wastewater by Algae

Ansa et al. (2012) evaluated varying-strength wastewater (low, medium) and a mix-
ture of 10-day treated wastewater and raw wastewater for the effect of varying den-
sity of Chlorella sp. on the fecal coliform (FC) decay rate under light and dark 
conditions. Under dark conditions, it was found that the decay rate of FC fluctuated 
with chlorophyll-a concentration and for the maximum FC destruction optimum 
chlorophyll-a concentration was 10 ± 2 mg L−1. It was further reported that under 
both light and dark conditions, at algal densities of ≥13.9 mg L−1, decay rate was 
faster in medium-strength wastewater compared to low-strength wastewater. While 
under light conditions, addition of second feed of wastewater to already operating 
wastewater treatment process decreased the FC decay rate for varying algal densi-
ties in the range of 0.6–19.6 mg L−1.

Mezzari et al. (2017) investigated the elimination of Salmonella enterica serovar 
Typhimurium by Scenedesmus sp. in swine wastewater. Photobioreactors filled with 
3  L of diluted swine wastewater with and without microalgae Scenedesmus sp. 
(30% v/v, 70 mg L−1 dry weight) inoculated with S. enterica (105 CFU mL−1) were 
subjected to mixotrophic cultivation using red light emission diode at 630 nm and 
121.5 μmol m−2 s−1 at room temperature under continuous mixing conditions. Cell 
count was taken by plate count method, and qPCR amplifications of the Salmonella 
invasion gene activator, hilA, were executed. It was found that S. enterica was 
removed completely in the presence of microalgae within 48 h of treatment, while 
in the absence of microalgae, concentration of S. enterica increased 1.5 log CFU 
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mL−1 in 96 h. However, in photobioreactor with controlled pH S. enterica concen-
tration remained constant (2.8 ± 0.2 log CFU mL−1) throughout 96 h.

Ansa et  al. (2011) evaluated the effect of algae Chlorella on pathogenic 
Escherichia coli in eutrophic lake and the significance of attachment of E. coli to 
suspended matter as well as algae. E. coli die-off rate in dialysis tube at different 
depths and locations in Weija Lake was evaluated. A significant decay of E.coli was 
reported which was attributed to increase in concentration of dissolved oxygen 
(DO) and pH. It was found that at chlorophyll-a concentration ≤0.08 mgL−1, there 
exist a direct relation between chlorophyll concentration and decay rate of E. coli. 
They further reported that as concentration of chlorophyll increases with light, con-
centration of chlorophyll-a reaches at optimal value (0.24 mg/L) and E. coli decay 
rate decreases.

Rhizoclonium implexum (an algal species) has been reported to be efficient in the 
removal of coliform bacteria as well as total suspended solids, total dissolved solids, 
COD, BOD, total Kjeldahl nitrogen, and total phosphorus. Algal wastewater treat-
ment is amiable in terms of its economic and environment considerations (Ahmad 
et al. (2014).

9  Utilization of Algal Biomass Obtained from Wastewater

Various useful products can be derived from the microalgae biomass like biofuels, 
bioactive compounds, etc. It can be converted to biofuels through different routes 
like biogas can be produced through anaerobic digestion, ethanol, acetone, and 
butanol by fermentation, biohydrogen by biophotolysis and dark fermentation, bio-
diesel through transesterification of lipids derived from it, and hydrocarbon and 
biocrude oils through gasification/pyrolysis (Heubeck et al. 2007).

Biogas
Microalgae can serve as an efficient fuel for biogas generation. Mixed microalgal 
cultures show comparable biogas quality and productivity as that of sewage sludge. 
Higher temperatures (55 °C) have been demonstrated to enhance biogas production 
(1020 L kg−1 VS) as compared to mesophilic range (986 L kg−1 VS at 35 °C) with 
CH4 content ranging from 61% to 63%. At the same time, various algal species 
directly affect biogas production due to varied cell wall structure and composition 
(Mussgnug et al. 2010; Zamalloa et al. 2012). Chlamydomonas reinhardtii has been 
found to produce up to 390 L CH4 kg−1 VS which is higher compared to methane 
obtained (100 L CH4 kg−1 VS) from Scenedesmus lipid extraction leftovers. Cell 
wall structure governs the susceptibility of algal species to anaerobic digestion. 
Algal species such as Arthrospira platensis, Chlamydomonas reinhardtii, and 
Epicrates gracilis constitute proteinaceous cell walls lacking cellulose and hemicel-
lulose (Mussgnug et  al. 2010). The cellulose-free cell walls make these species 
undergo easier hydrolysis than that of carbohydrate-based cell wall (arduous to 
hydrolyze) species like Scenedesmus obliquus and Chlorella kessleri.
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Biodiesel
Microalgae, the huge lipid reservoirs, are important renewable substrates for bio-
diesel production. Recently, lipids have lured the attention of scientists to alleviate 
the conventional fuel adversity. The lipid content is dependent on algal species, 
cultural conditions like nitrogen limitations, etc. (Brennan and Owende 2010). 
However, the condition of biomass also governs the lipid content like dried biomass 
of Nannochloropsis oculata, lyophilized biomass of Chlorella pyrenoidosa, algal 
cake of Chlorella vulgaris ESP-31, wet biomass of Chlorella vulgaris ESP-31, and 
dried biomass of Chlorella pyrenoidosa and has been observed to be 26.8, 47, 26.3, 
14–63, and 56.3%, respectively (Li et al. 2011; Cao et al. 2013; Tran et al. 2013).

Bioethanol
Bioethanol production from microalgae is of substantial interest (Harun and 
Danquah 2011). Bioethanol production from algal biomass is less due to the limited 
availability of carbohydrate content (~13% dry matter) compared to rest bioethanol 
crops (~65% carbohydrate content of dry matter for maize) (Sheehan et al. 1998). 
Bioethanol can be generated from either the whole biomass or the biomass left after 
lipid extraction. Due to the lack of lignin, polysaccharide-rich microalgal biomass 
is easier to convert to fermentable sugars and then to bioethanol. The hydrolysis of 
starch storing microalgal species like Chlorella vulgaris and Chlamydomonas rein-
hardtii UTEX 90 to glucose via chemical or enzymatic processes is easy and attain-
able (Choi et  al. 2010; Brányiková et  al. 2011). Guo et  al. (2013) have reported 
production of 0.103 g of ethanol/g of dry weight of Scenedesmus abundans PKUAC 
12 biomass after treating with dilute acid and cellulose.

Acetone-butanol-ethanol (ABE)
There are various substrates for the production of ABE like microalgae and mac-
roalgae (Ellis et  al. 2012; Potts et  al. 2012). Carbohydrate fermentation of algal 
biomass by saccharolytic Clostridium sp. leads to the production of ethanol, ace-
tone, and butanol (Efremenko et al. 2012). Dilute acid and heat pretreated cyano-
bacteria resulted in the production of ethanol and butanol at concentrations of 
0.29 g/L and 0.43 g/L (Efremenko et al. 2012).

Bio-oil
Bio-oil is produced from various algal species by thermo-conversion. Gasification, 
direct combustion, and pyrolysis are the major processes that cause thermo- 
conversion of algal biomass. As pyrolysis is executed out at comparatively lower 
temperatures than gasification and direct combustion, it is more favorable and 
results in the formation of products in all three states (solid, liquid, and gas) (Zhang 
et al. 2007). Bio-oil, the liquid product of pyrolysis, can be utilized in the transpor-
tation sector, thereby reducing the emission of greenhouse gases. The composition 
of bio-oil generated through pyrolysis from different microalgae species like 
Chaetoceros muelleri (Grierson et  al. 2009), Spirulina platensis (Vardon et  al. 
2012), Synechococcus (Grierson et  al. 2009), Nannochloropsis sp. (Borges et  al. 
2014), Chlorella vulgaris (Belotti et al. 2014; Wang et al. 2015), Scenedesmus sp. 
(Kim et  al. 2014), Dunaliella tertiolecta (Grierson et  al. 2009), Tetraselmis chui 
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(Grierson et  al. 2011), and Chlorella protothecoides (Demirbaş 2006) has been 
widely studied.

Hydrogen Production
Another renewable energy source is hydrogen which has zero CO2 emission during 
combustion (Nasr et al. 2013a) and produces extra energy per unit weight (Nasr 
et al. 2013b). It can be produced from microalgae through two biological methods, 
namely, biophotolysis and dark fermentation. Biophotolysis involves the utilization 
of light energy to generate hydrogen from water, whereas dark fermentation uses 
various bacteria that can ferment microalgal carbohydrates, proteins, and lipids to 
yield hydrogen (Das and Veziroglu 2008). Chlamydomonas reinhardtii has been 
found to be the most promising H2 producing microalga. Table 2 presents the biohy-
drogen production from various microalgal species.

Feeds
High-protein feed supplements for livestock and aquaculture (Becker 1988) can be 
obtained substantially from algal biomass as it contains more than 50% crude pro-
tein which is manifold higher than the conventional protein sources (de la Noue and 
de Pauw 1988).

High-Value Products
A wide variety of high-value products like carotenoids (e.g., β-carotene), astaxan-
thin, long-chain polyunsaturated fatty acids (eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA)), etc. can be commercially produced by various microalgae.
These are utilized as human nutritional supplements (Borowitzka 2013).

Table 2 Biohydrogen production from microalgal biomass through dark fermentation (Buitrón 
et al. 2017; Khetkorn et al. 2017; Roy and Das 2015; Pandey et al. 2013)

Microalgae substrate Pretreatment applied H2 production References

Scenedesmus 
obliquus

15 min ultrasonication at 45 °C 56 mL/g biomass Jeon et al. 
(2013)

Chlorella vulgaris 1.6% HCl, 35 min 36.5 mL/g total 
xolids

Yun et al. 
(2013)

Chlorella 
pyrenoidosa

15 min exposure of 1% H2SO4 at 
135 °C

56.1 mL/g volatile 
solids

Xia et al. 
(2014)

Nannochloropsis 
oceanica

15 min exposure of 1% H2SO4 at 
140 °C

39 mL/g volatile 
solids

Xia et al. 
(2013)

Arthrospira platensis 1% H2SO4, 140 °C microwave for 
15 min, glucoamylase degradation

96.6 mL/g total 
solids

Cheng et al. 
(2012)

Cyanobacterial 
blooms

pH 13 for 30 min 94 mL/g volatile 
solids

Cai et al. 
(2015)

Scenedesmus 
obliquus

Autoclaved (121 °C, 15 min) and 
dried (80 °C, 16 h)

90.3 mL/g total 
solids

Batista et al. 
(2014)

Synechocystis sp. 
PCC 6803

Mutagenesis 190 nmol H2 mg 
chla−1 min−1

Cournac et al. 
(2004)
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10  Conclusion and Key Challenges

Conventional technologies of wastewater treatment have not proven to be enough 
successful in significant pathogen removal from wastewater, whereas microalgae- 
based wastewater treatment has shown quite a success at laboratory scale. The key 
challenge is to bring the technology to the field successfully. To accomplish that, 
robust techniques for bulk production of microalgae are required to be developed 
and cold weather issues need to be urgently addressed. The bigger challenge, after 
making the wastewater pathogen-free, is to develop cohesive wastewater treatment 
system, biomass generation and harvesting, and effective biomass processing to 
algae-based biofuels thereby utilizing all valuable components of microalgae.
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1  Introduction

Management and treatment of wastewater is one of the key challenges in the current 
scenario of environmental protection. Domestic wastewater consists of two types of 
water input: gray water and blackwater. The water excreted out from all sources 
except toilet outputs are defined as gray water, while blackwater originates from 
toilets. Domestic wastewater contain nutrients, organics, and minerals including 
ammonia, nitrate, nitrite, organic nitrogen, phosphorous (P), carbon (C), volatile 
fatty acids (VFAs), and other trace elements (iron, manganese, etc.). In some cases, 
presence of undesirable components such as heavy metals and emerging pollutants 
(personal care products, surfactants, pharmaceuticals, etc.) can be observed. The 
quality of domestic wastewater depends on many factors such as location of the 
residence, number of resident, economical and climatic conditions, etc. Generally 
the wastewater excreted out of the household contains all necessary nutrients to sup-
port the growth and optimal activity of inherent microbes in the sewage which even-
tually help in bioremediation of the available nutrients. Considering the composition 
of wastewater, many research groups inspired to develop treatment technologies 
which are based on microbes. Over the past decades, many technologies come up 
which is driven by microbial consortia. Bacteria and algae are the major player in 
this regard. These technologies have been known promising because of their self- 
sustaining ability, low operational and capital cost, and generating less toxic com-
pounds at the end of the process.
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Bacteria being the large domain of prokaryotic microorganisms follow heterotro-
phic mode of nutrition. Aerobic, anaerobic respiration as well as fermentation plays 
an important role in biological/secondary treatment of sewage. Bacterial systems 
are robust as it can maintain high cell density in the form of biofilm and have higher 
growth rate. Throughout the world, biological treatment of sewage is facilitated by 
activated sludge. Analyzing the microbial population, it is found that bacterial com-
munity contributes the most in term of performance. Many research groups also 
attempted to work on tailor made consortia (Saha et al. 2018) or even tried with 
single isolates (Castro-Barros et al. 2017; Leung et al. 2000).

Algae are microscopic eukaryotes which can perform photosynthesis for their 
sustenance. Algae can switch from phototropic to heterotrophic mode based on 
availability of the nutrients (Hammed et al. 2016). They can be found in fresh and 
marine water system and can live on surface and in sediments. Over the past decades, 
algae-driven technology has been proposed and commonly applied for domestic 
wastewater treatments (Muñoz and Guieysse 2006; Olguín 2012; Oswald 1988; 
Park et al. 2011). Several successful attempts were documented where wastewater 
treatment was coupled with methane production through anaerobic digestion 
(Prajapati et al. 2013a; Ward et al. 2014). However, these technologies are still in its 
budding stage and demand innovative scientific approach and technological break-
throughs to make it feasible at industrial-scale operations. In nature, algae and bac-
teria grow together and share number of nutrients and compounds that required for 
their growth. The symbiotic relationship of algae and bacteria also dominates in 
wastewater treatment. Several studies highlighted that use of algal-bacteria results 
in significant improvement in the rate of pollutant removal (De-Bashan et al. 2004; 
Muñoz and Guieysse 2006; Shen et al. 2017). Because of several inherent advan-
tages, algal-bacterial consortium is now being preferred for treatment range of 
wastewater and biomass production over other systems involving either only-algae 
or only-bacteria.

This chapter reviews the quality of domestic wastewater and algal technologies 
available for the wastewater treatment and gives accounts on algal-bacterial interac-
tions. It also explains about how these interactions would help in developing the 
wastewater technologies which overcome the present-day challenges and can be 
used at optimal performance in the near future.

2  Domestic Wastewater and Major Pollutants

Domestic wastewater consists of two type of water input: gray water and blackwa-
ter. The water excreted out from all sources, i.e., bath, kitchen basin, etc., except 
toilet outputs is defined as gray water. It has very less organic content but contrib-
utes to 50–80% of the total domestic wastewater. Although it has very less organic 
content and pathogenic microbes, it has array of contaminants. These contaminants 
originate from the products being used by the human beings on regular basis. The 
major categories of contaminants come under pharmaceuticals, personal care 
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products, steroid hormones, surfactants, industrial chemicals, and pesticides (Luo 
et al. 2014).

Blackwater only consists of toilet output. It contributes half the load of organic 
material in domestic wastewater; nitrogen and phosphorous share the major fraction 
of nutrients. Pathogens, hormones, and pharmaceutical residues can also be seen in 
this water. The quantity of blackwater produce depends on the type of toilet and the 
amount of water needed for flushing (de Graaff et  al. 2010). Besides, domestic 
wastewater contains large amount of inorganicpollutants including nitrogen, phos-
phate, and other trace compounds. Some of the major characteristics of domestic 
wastewater are listed in Table 1.

As reflected from the above discussion, the wastewaters generated from the 
domestic sources are full of pollutants and cause severe environmental problems 
including contamination of fresh water bodies and eutrophication and toxicity to 
aquatic life. Hence, proper treatment of domestic wastewater is crucial before its 
discharge to the environment. However, wastewater treatment facilities are costly to 
construct, require substantial land, and demand high energy input. It can be also 
noted that the plant operational cost is big and requires qualified manpower for 
functioning.

3  Methods Available for Domestic Wastewater Treatment

Quality water is a limited resource on planet earth. Wastewater treatment is common 
practice, which helps in neutralizing the harmful contaminants and enables the 
reuse of discarded water which results in sustainable use of water resources. 
Basically three modules were deployed for the treatment and categorized as physi-
cal, chemical, and biological methods. The selection of methods depends on the 
quality of the wastewater, which is assessed on some initial parameters like pH, 

Table 1 Range of the major constituents of domestic wastewater

S. No. Contaminants Concentration range (in mg/L)

1. Total solids (TS) 350–1200
2. Total dissolved solid (TDS) 250–850
3. Total suspended solids (TSS) 100–350
4. Total volatile solids (TVS) 105–325
5. Total organic carbon (TOC) 80–300
6. Chemical oxygen demand (COD) 250–1000
7. Total nitrogen (as N) 20–85
8. Total phosphorous (as P) 4–15
9. Chlorides 30–100
10. Sulfate 20–50

Adopted and modified from Rawat et al. (2011)
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turbidity, chemical oxygen demand (COD), biochemical oxygen demand (BOD), 
total dissolved solid (TDS), etc. The treatment modules were briefly discussed 
below.

3.1  Physical Treatment Methods

Most of the physical treatment methods are employed form separation of insoluble 
solids and debris from the wastewater. Traditional physical treatment methods 
include sedimentation, screening, floatation and skimming, aeration, and filtration 
which are quite effective in removing most of the macro-sized particles. Some 
chemical substances can also be removed physically by adsorption to suitable 
adsorbents. For example, methylene blue dyes have been purified from wastewater 
by adsorbing to synthetic zeolite MCM22. Activated carbon (granular being the 
more effective form compared to powdered) is another common adsorbent for a 
wide variety of substances including metal ions, phenols, dyes, pesticides, deter-
gents, and humic acids (De Gisi et al. 2016). Attempts are being made by research-
ers to shift from high- to low-cost adsorbents (LCAs)  – biosorption using 
microorganisms by Aksu (2005) and use of sawdust to remove dyes and metals by 
Shukla et al. (2002).

3.2  Chemical Treatment Methods

A wide array of chemical treatment methods can be employed including oxidation, 
floatation, coagulation, electrolysis, ion exchange, stabilization, and other physico-
chemical processes. Suitable oxidants can be added to oxidize specific impurities 
and convert them into less toxic substances through a series of steps. Advanced 
oxidation processes (some of which are mentioned below) use hydroxyl radicals as 
the oxidants which are much more powerful compared to normal chemical oxidiz-
ing agents like KMnO4 or hydrogen peroxide. Cavitation process uses microbubbles 
that occur only for a fraction of a second. These cavities are present throughout the 
reactor and release a large amount of energy. Here, the oxidation is explained to be 
as a result of combined free radical attack and pyrolysis (Gogate and Pandit 2004). 
Photocatalysis is another chemical treatment method in which the energetic photons 
from ultraviolet radiations can release free radicals from chemical species (catalysts 
may be required, e.g., oxides of titanium and zirconium and sulfides of zinc and 
cadmium) and oxidize the pollutants (Agustina et al. 2005). Treatment with ozone 
is also an option since it can break multiple bonds simultaneously, but the quality of 
oxidation is compromised. High-quality oxidation by ozone followed by sand filtra-
tion has been proved to be effective in eliminating a wide range of chemicals 
depending on its chemical properties (Hollender et al. 2009). The use of ozone in 
municipal wastewater treatments however has been relatively new.
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3.3  Biological Treatment Methods

Biological treatment methods of wastewaters involve growth of range of microbes 
including bacteria, fungi, and algae. These microbes play a pivotal role in the bio-
degradation of nutrients and organic matter present in wastewater and reduction in 
COD. The activated sludge process (ASP) is one of the most commonly used sys-
tems for biological treatment of wastewater. In a basic ASP, wastewater is aerated in 
the presence of microbes, mainly heterotrophic bacteria (but may also include pro-
tozoa and rotifers which improve floc formation and separation), which metabolize 
all the matter, and then settling of flocs (clumps rich in microorganisms) is done 
after which the effluent is discharged and a part of the activated sludge from the 
underflow is recycled (RAS) back to the aeration tank. Nowadays, several modifica-
tions have been done to enhance the performance of ASP system. Apart from acti-
vated sludge, another common type is the trickling filter process. It uses 
microorganisms attached to some surface (e.g., on biofilms) for wastewater purifica-
tion. It has also been shown that when algal biomass is produced along with waste-
water treatment, then nitrogen and phosphorus treatment is enhanced along with 
production of useful by-products (Choudhary et al. 2017). Apart from biofilm sys-
tems, algal-bacterial consortia are also used as suspended culture from treatment of 
wastewater.

4  Algae in Wastewater Treatment: Utilizing Waste 
Nutrient for Growth

Mainly, algae require C, N, and P for its growth. C is the primary source for its 
growth followed by N. Wastewater which is rich in C, N, and P serves as potential 
growth media for mass-scale algae cultivation. In fact, in past few decades, algae 
have found its significant place in the removal of wastewater-derived organic and 
inorganic pollutants coupled with biomass production. Consequently, algae are 
being used in tertiary treatment process in a number of treatment plants around the 
world.

Major N sources for algal metabolism are ammonium, nitrate, and urea. 
Ammonium is an important nitrogen source for algal growth. However, excess 
amount of ammonium (more than 100 mg/L) in wastewaters could be toxic to algae 
(Muñoz and Guieysse 2006). Concentration of ammonium and pH greatly impacts 
algal growth when ammonium is the primary source of nitrogen (Becker 1994; Shi 
et al. 2000). Determining the suitable algal species for wastewater treatment is cru-
cial for sustainable and practical application of algal biotechnology on wastewater 
treatment. The criteria for selecting the best algal species for a domestic wastewater 
treatment are (i) adaptability of algae to various wastewater loading conditions, (ii) 
fast-growing capacity and biomass productivity of algae, (iii) settling and flock 
forming capacity for easy harvesting, (iv) symbiotic relationship with the common 
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bacteria found in the biological treatment system, (v) occurrence of extracellular 
polymeric substances (EPS) and soluble microbial products (SMP) during the bio-
logical activity, (vi) nutrient utilization capacity of algae, and finally (vii) lipid con-
tent in algal cell.

Several studies are conducted to understand the removal mechanism and fate of 
nutrients using algae. Some types of algae species, including cyanobacteriaPhormi-
dium sp., Chlamydomonas and Chlorella vulgaris, and Selenastrum capricornutum, 
have high nutrient removal rate and biofuel-generating potential (Kong et al. 2010; 
Olguín 2012; Simsek et al. 2013). Some of the most popular species of algae used 
in the wastewater treatment are found to be Scenedesmus, Chlorella, and 
Chlamydomonas sp. A study conducted by Tam and Wang demonstrated the effi-
ciency of algae in the removal of N and P and the feasibility of algae cultivation in 
domestic sewage wastewater. Algae Chlorella and Scenedesmus species were com-
pared in the study to understand the efficiency of their nutrient removal and growth 
while they were utilizing organic and inorganic N and P. The amount of nutrient 
removed by algae depends on the rate of algal growth. The study suggested that 
Chlorella sp. is most suitable algae in the removal of wastewater nutrients (Tam and 
Pollution 2000). Autotrophic algae achieve limited nutrient removal efficiency. This 
is mainly due to low algal biomass yield resulting from insufficient light caused by 
shading effect and limited availability of inorganic carbon. This issue was first 
addressed by González-Fernández et al., (González-Fernández et al. 2011) intro-
ducing heterotrophic algal cultivation for the treatment of wastewater. Heterotrophic 
algae has high biomass yield and can grow under lightless conditions (Liang et al. 
2009; Xu et al. 2006).

In another study, four different algae cultures, including Phormidium sp. (cyano-
bacteria strain), Chlamydomonas reinhardtii, Scenedesmus rubescens, and Chlorella 
vulgaris (green algae strains), have been utilized to determine the settling capacity, 
biomass productivity, and organic carbon and nutrient removal performance on the 
effluent of the second clarifier in a WWTP.  Results showed that nearly 100% of 
ammonia and 98% of P were removed within 6 days of incubation by all four species. 
During ammonia removal, nitrate level stayed the same as the initial value and started 
to decrease after ammonia removed completely. Removal of nitrite also followed this 
trend by decreasing after ammonia was completely utilized. These outcomes proved 
that these four types of algae prefer to utilize ammonium first, then following nitrate 
and nitrite when all those nutrients were available in the same aquatic sample. Overall 
removal performance of N and P for the algae species were as follows: C. rein-
hardtii > C. vulgaris > S. rubescens > Phormidium sp. The amount of algal biomass 
production reduced when the algal species fed by ammonium only (Su et al. 2012a). 
C. vulgaris, C. reinhardtii, and S. rubescens settled very well and very fast (in 
15 min), while Phormidium sp. showed poor settling ability. The growth of filamen-
tous cyanobacteria affected the settling ability in the samples. It was proved that the 
special cultivation strategies (mixing and non- mixing operation), cell surface proper-
ties, and the capacity of EPS and SMP that released by the algal cells affected the 
settleability (Shen et al. 2015; Su et al. 2012b).
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Similarly, Wang et al., (Wang et al. 2010), studied the cultivation of green algae 
Chlorella sp. in different locations of municipal WWTP and its ability to remove 
nutrients. The study observed that algal growth was enhanced in the locations with 
high concentration of N, P, and COD.  Locations with limiting P concentration 
yielded lower growth of algae. Between 73% and 82% of ammonium was removed 
from the primary and settling tank locations, and total nitrogen (TN) removal ranged 
between 58% and 80% depending on the location from where the wastewater sam-
ples were collected. C. vulgaris, O. multisporus, S. obliquus, S. intermedius, and 
Nannochloris sp. have been reported to have substantially removed TN and P from 
municipal wastewater (Aslan and Kapdan 2006; Ji et al. 2013a, 2013b; Jiménez- 
Pérez et al. 2004).

4.1  Dissolved Organic Nitrogen Removal

Recent incubation studies have proved that some portion of wastewater-derived dis-
solved organic nitrogen (DON) from different locations of WWTP including the 
final effluent is essentially biodegradable to bacterial species (Sattayatewa et  al. 
2009; Simsek et al. 2013), while some portion of it is bioavailable to algal and bac-
terial communities (Pehlivanoglu-Mantas and Sedlak 2006; Pehlivanoglu and 
Sedlak 2004; Sattayatewa et al. 2009; Simsek et al. 2013; Urgun-Demirtas et al. 
2008). Once DON is biomineralized by bacteria to ammonia and some other low 
molecular weight compounds, it becomes bioavailable to algae, bacteria, and phy-
toplankton. Biodegradable DON (BDON) is a fraction of DON mineralized by bac-
teria only, while bioavailable DON (ABDON) is a fraction of DON that is directly 
or indirectly available as a nitrogen source for aquatic plant species [26]. Mostly, a 
certain portion of BDON and ABDON overlaps. There are many sources of BDON 
and ABDON in the receiving water systems with wastewater-derived BDON as the 
main one. Since excessive amounts of algal growth have negative impact on aquatic 
ecosystems, BDON and ABDON in the aquatic system need to be minimized. 
Therefore, BDON and ABDON removal should be performed in the treatment plant 
before discharging effluent to the aquatic ecosystem (Simsek et al. 2013; Urgun- 
Demirtas et al. 2008).

ABDON indicates the potential effect of wastewater effluent DON on the quality 
of receiving waters, because available DON promotes algal growth in the aquatic 
system. The Printz Algal Assay Bottle Test, a US Environmental Protection Agency 
(EPA) method, was adapted by Urgun-Demirtas et al. (2008) to determine ABDON 
by using a commercially available algae inoculum. They were successful in deter-
mining ABDON exertion in low total dissolved nitrogen (TDN) effluent samples 
and concluded that ABDON was bioavailable to algae in the presence of bacteria. 
However, they suggested that their method needs to be applied to different treatment 
effluents since the nature and characteristics of DON could be different.
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Some studies determined ABDON in the final effluent only using algae, bacteria, 
and algae + bacteria seeds to address the behavior of algae in receiving waters. 
Samples were collected from various types of full-scale WWTPs or pilot-scale 
wastewater treatment processes including activated sludge (AS) system followed by 
separate nitrification and denitrification units, fully nitrifying membrane bioreactor 
pilot plant, and a 4-stage Bardenpho nitrogen removal plants (Pehlivanoglu and 
Sedlak 2004; Sattayatewa et al. 2009; Urgun-Demirtas et al. 2008). Other studies 
collected samples from various parts of the WWTPs to address the variation of 
ABDON along with the treatment train and in the final effluent. For instance, Simsek 
et al. (2013) conducted a comprehensive data collection study to investigate fate of 
ABDON in various stages of two different WWTPs, which were AS and trickling 
filter (TF) plants. Algal (S. capricornutum) and bacterial (mixed culture) inoculum 
were used to determine ABDON. It was found that from influent to effluent, 63 and 
56% of ABDON were removed in TF and AS WWTPs, respectively. Similarly, 71 
and 47% of effluent DON was ABDON in TF and AS plants, respectively. These 
results showed that high ABDON values were obtained in TF process compare to 
AS system. It was highlighted that ABDON values were high when algae and bac-
teria were used as co-inoculum in the samples.

4.2  Carbon for Algal Growth During Wastewater Treatment

From the above discussion, it is clear that algae have the potential for treating waste-
water by utilizing the nutrients from the wastewater during their growth. This aspect 
has been widely studied by the researchers for the past 50 years. Besides, the carbon 
requirement for the cultivation of algae is high and usually costs up to 60% of the 
total nutrients cost. Carbon compounds in domestic wastewaters are determined as 
COD, BOD5 (5-day BOD), or TOC (total organic carbon). However, the common 
sources of carbon for algae include (i) atmospheric CO2; (ii) CO2 from industrial 
exhaust gases (e.g., flue gas and flaring gas); and (iii) chemically fixed CO2 in form 
of soluble carbonates. Majority of work reported earlier involves the supply of CO2 
gas in order to meet the carbon requirement of the algal culture in media or during 
algae-mediated wastewater treatment. Interestingly, some algal strains show hetero-
trophic/mixotrophic growth on organic carbon present in wastewater (Bhatnagar 
et al. 2011). However, majority of algal strain required inorganic carbon and usually 
have low biomass productivity if it is not supplied. Therefore, ensuring sufficient 
availability of inorganic carbon is a major challenge for algal cultivation. Systems 
that rely on conventional carbon supply strategies are carbon limited due to (i) low 
transfer efficiency and (ii) relatively low CO2 content of the atmospheric air (Bai 
2015). However, this problem may be solved by employing algal-bacterial interac-
tion biotechnology.

S. Bhushan et al.



277

5  Algal-Bacterial Interaction: General Concept

Microbial interactions in ecosystem play a crucial role in their vital life process, i.e., 
growth, survival, etc. Algae and bacteria naturally bound to each other so well that 
they influence each other in evolution. Algal-bacterial consortium shows its pres-
ence in different ecosystem and gives substantial contribution in global carbon cycle 
and climate. It is hard to separate native bacteria from an algal culture in order to get 
an axenic culture. Algal and bacterial interactions have been studied exclusively in 
near past. They represent nearly all modes of interaction, ranging from mutualism 
to parasitism. They switch the interaction based on availability of nutrients and 
environmental/culturing conditions (Amin et  al. 2015; Ramanan et  al. 2016). 
Schematic of the algae bacteria interaction in the wastewater is shown in Fig. 1.

Alga shows four modes of nutrition: phototrophic (sunlight as energy and CO2 as 
carbon source), heterotrophic (organic carbon as the energy and carbon source), 
photo-heterotrophic (light as energy and organic carbon as carbon source), and mixo-
trophic (growth under heterotrophic and/or phototrophic mode). The mode of nutri-
tion depends on availability of nutrients in the wastewater. Bacteria show the 
heterotrophic mode of nutrition in which it takes up the organic nutrients and dis-
solved oxygen (DO) for their growth. In positive interactions bacteria as well as algae 
produce certain substrates which is mutual beneficial for them. Algae produce dis-
solved organic matter (DOM), and oxygen which is taken up by bacteria. DOM 
includes dissolved organic carbon (DOC), DON, and dissolved organic phosphorous 
(DOP). Inorganic carbon, growth promoters, hormones, vitamins, and EPS secreted 
by bacteria are utilized by algae. In negative interactions, each partners produces 
certain metabolites which suppress/inhibit the growth of the other partner.

6  Symbiotic Interaction of Algae and Bacteria in Wastewater 
Treatment

A symbiotic relationship between photoautotrophic algae and heterotrophic bacte-
ria concerning the exchange of O2 and CO2 is well known for decades (Fig.  2) 
(Gutzeit et al. 2005; Oswald 1988). It is not reasonable to use pure culture algae on 
wastewater treatment. Hence, the feasibility and applicability of algal-bacterial 
symbiosis has been investigated for various types of wastewaters. The interaction 
between wastewater associated microbes and algae may either enhance or resist the 
occurrence of pathogens. These microbes directly or indirectly interact with algae 
via different mechanisms such as commensalism, mutualism, parasitism, or 
antagonism.

Algae facilitate bacterial growth by providing either organic compound during 
cell growth or nutrients during cell decay. Decomposition of algae contributes to 
generate dissolved organic substances that act as a major component for bacterial 
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growth. Algae produce oxygen during photosynthesis. These oxygen molecules are 
taken up by heterotrophic bacteria to break down organic substances in wastewater. 
CO2 released by bacteria is taken up by algae for photosynthesis (Fig. 2) (Choudhary 
et al. 2015; Rawat et al. 2011). Algae also provides a protective habitat for bacteria 
against harsh environmental conditions (Byappanahalli et al. 2009).

Bacteria cells are responsible for oxidation of organic matters to readily bioavail-
able inorganic species including nitrite, nitrate, ammonium, C, and P. DO concen-
tration in the system increases during the nutrients and C assimilation by algae 
through photosynthesis while using CO2 (Acién et al. 2016; Muñoz and Guieysse 
2006; Su et al. 2012a). DO in the algal process helps to reduce energy requirement 
that used to supply DO from other sources. Produced DO is used by heterotrophic 
bacteria during the nitrification process. Results showed that oxygen production rate 
by algae (during the day time) were higher than its consumption by bacteria (Acién 
et al. 2016).

As a result of symbiotic relationship, both partners in the consortia get benefit. 
This results in high growth and also enhances the nutrient removal from the waste-
water. Recently, Ashok et al. (2014) studied removal of N, P, and COD from syn-
thetic wastewater using photobioreactors seeded with mixed culture of algae and 
bacteria. The initial N and P concentrations were 110 and 25 mg/L, respectively, 
and COD concentration was 45 mg/L before the treatment. It was observed that 
more than 90% N and P and 80% of COD were removed at a hydraulic retention 
time (HRT) of 2 days. Conversely, some of the studies showed that around 8–12 days 
HRT is required for proper growth and 90–100% N and P removal from wastewater 
when pure culture of algae only are used. This clearly shows the potential beneficial 
role of bacteria in algal-mediated wastewater treatment. In line with this, Bai et al. 
(2015) have attempted to qualify the contribution of bacteria to the algal growth 
through supply of inorganic carbon during cultivation in lab-scale PBR.

6.1  Using Algal-Based Biotechnology in Waste Stabilization 
Pond System

Algal-based wastewater treatment using pond system is proved to be simple, effi-
cient, and cost-effective especially in rural areas with year-round solar irradiation 
over the past few decades (Gutzeit et  al. 2005). Conventional stabilization pond 

Fig. 2 Schematic diagram 
of algal-bacterial 
interaction in biological 
wastewater treatment 
process
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systems required large amount of area to support algal-bacterial growth. Evaporation 
of water during the hot weather could be a negative impact of the pond systems 
since algae and bacteria need certain amount of water along with nutrient, oxygen, 
and sunlight. When flocculation and coagulation processes of algal and bacterial 
biomass are not successfully performed, separating the algal biomass in the pond 
becomes difficult. Some algal species may settle down to the bottom of the pond 
due to gravity, while some species may not settle. Hence, technical algal-bacterial 
separation methods should be investigated to increase the flocculation and the fol-
lowing coagulation to overcome the settlement problem.

In some aspects, algal-bacterial stabilization pond treatment system is superior to 
bacterial-only stabilization pond system. Algal-bacterial system has the following 
advantages: (i) about 25–30% of reduction on the pond area can be obtained, (ii) 
mechanical aeration is not required, (iii) wastewater treatment will be held in aero-
bic condition (no need to create anaerobic conditions), (iv) nutrient removal will be 
higher, (v) nutrients are assimilated by algae to support their growth during the 
treatment, and (vi) it produces valuable biomass with high nutrient content (Gutzeit 
et al. 2005).

6.2  Using Algal-Based Biotechnology in Conventional or 
Advanced WWTP

Algal-based biotechnology can be integrated with several different parts of a WWTP 
from influent (raw wastewater) to effluent (final discharge). Raw wastewater in 
WWTP mainly contains high ammonium, P, and organic pollutants (COD and 
BOD). Primary clarifier wastewaters contain about 30 and 60% less BOD and TSS, 
compare to raw wastewater, respectively. Secondary clarifier wastewaters contain 
very less organic contaminant. Anaerobic digestion effluent contains high amount 
(concentrated) of pollutant, and final effluent mainly contains nitrate and less 
amount of organic substances. Depending on the location in a WWTP, algal treat-
ment technology can be adapted. It was found that primary clarifier effluent waste-
water sources are very suitable to grow algae (Acién et al. 2016). The pros and cons 
of conventional, advanced, and algal-based wastewater treatment processes are pre-
sented in Table 2.

7  Process Conditions for Algal-Bacterial-Based Wastewater

In laboratory conditions, the algal-bacterial consortium has proved to be suitable for 
removal of low concentration of organic matters and high concentration of nutrient 
compounds in wastewater. However, the environmental conditions such as tempera-
ture, diurnal cycles, sunlight intensity, and types of nutrients present in the 
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wastewater significantly impact the performance of algal-bacterial systems in real 
world. Studies have shown that various factors need to be considered to assess the 
efficiency of algal-bacterial interaction in treatment of wastewaters (Olguín 2012; 
Rawat et al. 2011). The factors affecting the symbiotic efficiency are pH, DO, dis-
solved CO2, illumination, and dark/light cycle. The pH of algae and bacteria cul-
tures is important in the removal of nutrients from wastewater. Acidic pH was 
reported to decrease the N and P removal efficiency. However, higher pH conditions 
resulted in reduced bacterial population in the algal-bacterial biofilm system. This 
produced negative impact on N removal (Schumacher et al. 2003). Neutral pH con-
dition in algal-bacterial combined systems has achieved higher removal of nutrients 
such as ammonia and P from wastewaters (Liang et al. 2015). Adequate levels of 
DO and dissolved CO2 are crucial for proper growth of bacteria and algae, respec-
tively, in wastewater treatment systems. However, in case of algae-bacteria symbio-
sis, external supply of CO2 and O2 is not required as these are produced and 
consumed within the system itself.

Table 2 Pros and cons of conventional, advanced, and algal-based wastewater treatment 
technologies

Pros Cons

Conventional wastewater treatment technologies: completely mixed or extended aeration 
activated sludge

Simple operational and control systems Excess energy consumption for aeration
Less sludge production High capital cost
Less chemical usage Cannot achieve denitrification process
Can achieve low N, P, and C level Tend to grow filament bacteria
Resistant to varies types of wastewaters Sludge bulking problems
Resistant against abrupt and toxic loads Tend to cause low F/M
High-quality effluent water Big tank volume for aeration
Easy construction and operation
Advanced wastewater treatment technologies: A2O or Bardenpho processes

Simple operational and control systems High energy cost for oxygen supply
Can achieve low N, P, and C level The return sludge contains NO3 and it affects P 

removal
Effluent P is under 2 mg/l Required qualified operators
High sludge settling capability Low-efficiency elimination of P
Easy operation Big tank volume for aeration
Energy saving (if there is digester) Required quality operator

Excess energy consumption for aeration
Algal-based wastewater treatment technologies

Simple operational and control systems Energy cost when mixing is needed
Natural systems (inexpensive to facilitate) Excess sludge accumulation
High sludge settling capability Cost of dewatering the sludge
Can achieve low N, P, and C level High capital cost
Produce valuable biomass Harvesting the algal blooms
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Most of the algae (particularly microalgae) and cyanobacteria use light as only 
energy source, and, therefore, illumination is one of the critical requirements for 
algal cultivation. The part of the radiation in photosynthetically active radiation 
(PAR), i.e., ʎ = 400–700 nm, is used by algae as energy source (Prajapati et  al. 
2013b). The processes involving algal-bacterial consortium also need light condi-
tions for proper growth of algae. However, high light intensity may reduce the 
growth of algae by inhibiting photosynthesis. Conversely, if the light intensities are 
low, it will limit the algal growth by reducing the rate photosynthesis. The optimal 
light intensity for high growth rate is species dependent and usually lies in the range 
of 62.5–2000 μ mol m−2 s−1 (Wang et al. 2014). Furthermore, the dark/light cycle 
also affect algal growth. Several studies have tested different dark/light cycle in the 
range of 8/16–16/8. However, dark/light period of 8/16 is considered optimal for 
growth of the algae (Wang et al. 2014). Hence, to keep the algal partner in the con-
sortium live and metabolically active, the process conditions are required to be 
maintained during cultivation in media or wastewater.

8  Growth System Options for Algal-Bacterial Co-Culture

Algal productivity depends on two properties: intrinsic and extrinsic. Intrinsic 
includes algae strain and its nutrient requirements and extrinsic deals with the 
design of the cultivation system. The growth system, which is used for algal culture, 
can also be useful for algal-bacterial consortia. Algal cultivation system can be open 
pond, close pond and in a controlled growth systems known as photobioreactor 
(PBR). Pictorial view or schematic of some of growth systems, the recently tested 
for range of algae cultivation, are shown in Fig. 3. Among the conventional systems, 
open pond is easy to construct and has low operating and production cost. It is pre-
ferred for the production of algal consortia. For wastewater treatment, open pond 
system such as high-rate algal pond (HRAP) is preferred as closed PBR may not be 
suitable for handing large volume of wastewater. Furthermore during wastewater 
treatment, algal-bacterial system works more efficiently as compared with axenic 
algal culture. There often, pond provides proper conditions to support both algal and 
bacterial growth during wastewater treatment. However, open ponds do not provide 
any control over temperature, light intensity, and strain purity and thus have low 
biomass productivity. To overcome the major hurdles researchers develop close 
pond system, in which pond is enclosed in a green house. The temperature and level 
of carbon dioxide can be managed in this module, which lead to higher production 
of biomass, but the construction and operational cost become higher than open 
pond. Conversely, a PBR is an enclosed illuminating vessel used for optimal pro-
ductivity. The parameters, i.e., temperature, pH, carbon dioxide concentration, light 
intensity and its duration, etc., can easily be controlled by the PBR in real time. It 
provides aseptic growth condition, favors higher cell concentration, allows axenic 
cultivation, and prevents water loss through evaporation (Singh and Sharma 2012). 
Consequently, PBR is preferred when pure algal biomass is to be produced for 
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various applications. A number of PBR variants were tested to date like α-type tubu-
lar PBR (Lee et al. 1995), cone-shaped helical tubular PBR (Watanabe and Hall 
1996), and hollow-fiber photobioreactor (Markov et al. 1995).

Conventional PBR has limitation with mass transfer rates. To improve the rate of 
mass transfer, recently a liquid foam-bed PBR for algae production was tested. 
Continuous foam breaking method was established, and a growth rate of 0.1 h−1 for 
Chlorella sorokiniana was achieved (Janoska et al. 2017). There are few studies on 
wastewater treatment in PBR, but most of them are limited to lab scale only. All the 
available PBR designs can be tested and optimized for algal-bacterial consortium- 
based wastewater treatment. However, serious systematic efforts are to be made to 
reduce the capital and operational cost of these systems to be used in wastewater 
treatment.

Biofilm-based attached growth system is also being tested in many studies. The 
main advantage of this type of system is easy biomass recovery. In these modules 
algae are used to grow on solid support. Interestingly, bacteria are good in biofilm 
formation, and hence the attached system may be more effective in the growth of 
algal-bacterial consortia. There have been systematic studies in this direction and 
continuous research and development in process. In these recent studies, cotton- 
based duct canvas and ropes (Gross et al. 2013), nonwoven fabric (Choudhary et al. 
2017), and artificial supporting material (Liu et al. 2013) have been used as solid 
support for algal growth. In a pilot-scale study conducted on revolving algal biofilm 
(RAB), cultivation system fabricated with cotton-based duct canvas and ropes 
showed 300% increase in the biomass productivity compared to raceway ponds 
(Gross and Wen 2014). In a similar study, nonwoven fabric was tested for the algal 
biofilm reactor. It was successfully tested for domestic gray water treatment. 
Maximum productivity of 4 g m−2 d−1 was achieved in neat livestock wastewater 
(Choudhary et al. 2017). Liu et al. (2013) develop a noble attached growth system 
in which algae grew as a thin film on a vertically artificial supporting material. This 
design dilutes the solar irradiation and helps in acquiring the high photosynthetic 
efficiency. This system showed 400–700% higher biomass productivity when com-
pared to conventional open ponds. Many attempts have been made throughout the 
world to make the algal cultivation system work at industrial scale, but this is still in 
evolving stage. Overall for WW, open pond is always useful over controlled PBR 
due to various techno-economic issues. However, in the specific case of algal- 
bacterial consortia, ABR may become suitable for wastewater treatment as these 
systems have several advantages over open ponds and PBRs.

9  Advantages of Algal-Bacterial Process over Conventional 
Methods

Conventional methods have requirement of high energy and capital cost for proper 
functioning. Activated sludge system needs continuous air or oxygen purging for 
the optimal performance. Sludge is a concentrate of harmful substances and patho-
genic microbes which can eventually give rise to potential health risks. To get rid of 
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the produced sludge, it is transported and dumped to fill low area. Conversely, in 
phycoremediation, algae are unable to degrade organic compounds present in waste-
water and hence require supply of inorganic carbon as CO2 for proper growth. This 
makes algal wastewater treatment unfeasible as large amount of energy is consumed 
during CO2 purging in the wastewater treatment systems. On the other hand, algal- 
bacterial system has no energy requirement, produces no sludge, and has ability of 
self-sustainability. The algal-bacterial synergic relation has potential to tackle all 
these hurdles together. As both partners share O2/CO2 and other nutrients between 
them (Ramanan et al. 2016), the requirement of energy for O2/CO2 purging can be 
removed from the systems. Furthermore, algae-mediated processes produce 
biochemical- rich biomass (Kumar et al. 2017; Nicol et al. 2014). The biomass can 
be utilized for the synthesis of number of products including high-value biofuel 
precursors (Sharma et al. 2011; Williams and Laurens 2010; Kumar et al. 2019). In 
fact, integration of algae-mediated wastewater treatment with biofuel production is 
considered most feasible option at large scale (Choudhary et  al. 2015; Prajapati 
et al. 2013b; Zhang et al. 2013).

10  Conclusion and Recommendations

Water is a limited resource on planet earth. It is one of the major commodities used 
exhaustively in anthropogenic activities. As the human population is rising at higher 
pace, the quality of water is being compromised. Ever increasing demand of water 
leads to water stress conditions in number of countries. This event compels to 
develop efficient wastewater treatment technologies throughout the world.

The domestic wastewater is being treated by physical, chemical, and biological 
methods. Among these, biological treatment is most promising because of many 
reasons, i.e., it has no additional nutrient requirements, shows low energy consump-
tion and capital and operational cost, and leads to sustenance. In this regard studies 
on microalga-driven technologies show a viable option for wastewater treatment as 
well as energy generation in terms of biogas, biodiesel, etc.

In natural systems, alga is always associated with bacterial strains and shows 
number of interacting mode. It is well reported that they can exist in as a cooperative 
or competitive mode depending on the surrounding conditions. Mainly nutrient 
availability and metabolites govern the surrounding conditions. Advance PBRs are 
being deployed to work on wastewater treatment with the help of algal-bacterial 
strains. Many researchers claim deigns which support industrial scale-up feasibility. 
However, the cost associated is relatively high. In order to make this technology 
economically suitable, algal-bacterial interactions are strongly recommended.
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Phycoremediation of Textile Wastewater: 
Possibilities and Constraints

Steffi Jose and S. Archanaa

1  Introduction

The textile industry is one of the oldest industries of the world. The need for cloth-
ing and the fascination for fabric and colours gave root to this traditional industry 
several hundred years ago. Since then, increasing population and improved standard 
of living have spurred on the growth of the industry. The textile industry, however, 
uses large volumes of water. In a manual issued by the United States Environmental 
Protection Agency (USEPA) in 1996, it was estimated that approximately 72 kg 
water is utilized to generate less than 0.5 kg of a textile product (USEPA 1996). As 
a result, very large amount of wastewater is generated by the industry. The industry 
is also chemical intensive and releases high concentrations of dyes, solvents, deter-
gents, acids, alkalis, heavy metals, insecticides, pesticides and organic and inor-
ganic compounds as waste effluent (Archana 2013; Khandare and Govindwar 
2015). Most of these effluent components have poor biodegradability and are recal-
citrant. They are also extremely toxic to all life forms (Khandare and Govindwar 
2015). When released to waterbodies, the wastewater can cause severe changes in 
water colour, clarity, temperature and pH. The impaired physical properties of the 
waterbodies alone can severely hamper aquatic life. The toxic pollutants can further 
cause several diseases in humans and animals.

Treatment of these effluents prior to release is thus imperative. The textile indus-
try generates different kinds of wastes including toxic air emissions, wastewater 
streams and complex solid waste. This leads to air, water and land pollution (Chavan 
2001). This chapter will, however, concentrate on the treatment of wastewater. 
Several conventional methods are employed to treat textile effluents. These are, 
however, associated with disadvantages and can often give rise to secondary pollu-
tion. Incorporation of biological treatments has improved the characteristics of 

S. Jose (*) · S. Archanaa 
Department of Biotechnology, Bhupat and Jyoti Mehta School of Biosciences building, 
Indian Institute of Technology Madras, Chennai, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13913-1_14&domain=pdf


292

 textile wastewater. Phycoremediation, the removal of pollutants using microalgae, 
macroalgae and cyanobacteria, has recently emerged as an effective mode of bio-
logical treatment with several advantages over the conventional methods (de La 
Noüe et al. 1992; Lim et al. 2010; Pathak et al. 2015). This chapter discusses the 
potential of phycoremediation in textile wastewater treatments.

2  Textile Effluents: Composition and Hazards

The composition of the textile effluent varies depending on the nature of the product 
manufactured by the industry. It carries a large number of pollutants such as dyes, 
detergents, surfactants, heavy metals, inorganic salts, pesticides, insecticides, sol-
vents, oils, etc. (Archana 2013). The three parameters that can best describe the 
quality of textile wastewater are colour, total suspended solids and chemical oxygen 
demand (COD) (Nawaz and Ahsan 2014). The effluent constituents that primarily 
affect these three parameters are briefed below:

Dyes: Dyes, the major source of colour in the effluent, are some of the key con-
tributors to the pollutants in textile effluents. As much as 50% of the dye initially 
used for the dyeing process may be expelled into the waste stream (Punzi et  al. 
2012). Release of wastewater containing high concentration of dyes into waterbod-
ies not only leads to aesthetic pollution but also significantly hampers aquatic life 
(Sarayu and Sandhya 2012). Presence of dark dyes decrease sunlight penetration 
and retard aquatic photosynthesis, thereby leading to decreased dissolved oxygen 
(DO) levels. This in turn would negatively affect aquatic life. It also increases the 
chemical and biological oxygen demand (COD and BOD). Industries often employ 
synthetic water soluble dyes (Sarayu and Sandhya 2012; Sinha et al. 2016). Azo 
dyes are the most commonly used and account for 60–70% of all dyes used. Further, 
these dyes are extremely hazardous to human health as their breakdown products 
have been found to be carcinogenic and mutagenic (Lim et al. 2010; Sarayu and 
Sandhya 2012; Sinha et al. 2016).

Other Chemicals: Several chemicals, such as detergents, surfactants, salts, acids, 
bases, etc., are used for the multiple operations in the industry (Khandare and 
Govindwar 2015). Majority of these chemicals are persistent and have poor biode-
gradability (Sarayu and Sandhya 2012). They significantly increase the COD and 
BOD. Chlorine compounds and hydrogen peroxide used in the bleaching process 
are found in high concentrations and can cause skin irritation and other diseases. 
Chromium, zinc and copper are the major metal pollutants that arise from complex 
dyes and salts (Chavan 2001). Nutrients such as nitrogen from ammonia and urea, 
phosphorus from certain detergents and buffers and sulphur from sulphur dyes are 
also found in high concentration (Kumar et al. 2017). Finishing products such as 
biocides, insecticides, etc. are also found in the effluent (Chavan 2001).
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Dissolved and Suspended Solids: Salts that are used in the different operations 
contribute to the dissolve solid concentration. Fibrous substrates, remnants of print-
ing gum, pulp, starch and cellulose give rise to suspended solids (Kumar et  al. 
2017). Although compounds like starch and cellulose are biodegradable, they sig-
nificantly increase the turbidity, density as well as the COD and BOD of the 
effluent.

It is the combined presence of high concentration of recalcitrant, salts and 
heavy organic load that leads to the complex and hazardous nature of textile waste 
(Punzi et al. 2015). The presence of these pollutants grossly disturbs the charac-
teristics of the waterbodies that they are discharged into. High temperature of the 
effluent elevates the average temperature of the waterbody causing harm to both 
flora and fauna. The use of alkalis in operations such as scouring and merceriza-
tion results in high pH of the effluent (between 10 and 11) (Kumar et al. 2017). 
The presence of the nutrients – nitrogen, phosphorous and sulphur – in the efflu-
ent can lead to eutrophication of the waterbodies. Waterbodies contaminated by 
these pollutants are consequently rendered unfit for further agricultural, industrial 
or domestic use.

3  Environmental Regulations

Several legislations impose standards on industrial wastewater. The ISO 14000 
series are international standards that issue guidelines for the effective management 
of the environment by organizations. In addition, wastewater effluents are regulated 
by country-specific regulations. Some of these are listed in Table 1. While some 
countries have generic regulations that impose standards for wastewater effluents 
across all industries, others such as India, China and Bangladesh that have huge 
textile sectors have regulations specific to the textile industry.

In addition to these, several international organizations have recognized the 
need for a uniform set of guidelines across nations and have thus defined standards 
for the textile industry. Some examples are the Global Organic Textile Standard 
(GOTS), the Environmental, Health and Safety guidelines issued by the 
International Finance Corporation (IFC-EHS) and bluesign® (ZDHC 2015). The 
Zero Discharge of Hazardous Chemicals (ZDHC) foundation – a collaboration of 
leading textile brands and associates  – has also established a set of regulations 
(ZDHC 2015). The programme recommends and aims to achieve ‘zero’ discharge 
of 11 chemical groups: azo dyes, heavy metals, APEOs/NPEs, organotin com-
pounds, brominated and chlorinated flame retardants, perfluorinated chemicals, 
chlorobenzenes, chlorophenols, chlorinated solvents, phthalates and short-chained 
chlorinated paraffins.
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4  Conventional Treatment Methodologies and Their 
Limitations

Textile wastewater, as described above, is characterized by strong colour, high 
COD, inorganic and organic nutrients and toxic heavy metals (Bisschops and 
Spanjers 2003; Mantzavinos and Psillakis 2004; Sivakumar et al. 2011; Pathak et al. 
2015) and therefore needs adequate treatment prior to disposal. Several methods 
have been used for the treatment of textile wastes. However, it has been established 
in the literature that no single method is capable of satisfactorily removing all pol-
lutants (Nawaz and Ahsan 2014). The treatment process, thus, often involves com-
binations of physical, physico-chemical and biological methods. The different 
conventional methods used and their associated limitations are discussed below:

4.1  Physical Methods

The physical methods of treatment include screening, sedimentation, floatation and 
membrane treatment. These methods may be employed for solid and colour removal 
in the primary treatment stage and for ionic impurities and heavy metal removals in 
the tertiary treatment stage (Kadirvelu and Goal 2007; Wang and Chen 2009; Liang 
et al. 2014; Elumalai and Saravanan 2016).

Table 1 Environmental regulations applicable to textile effluents in various countries

Country/region Regulation

Bangladesh The Environment Conservation Rules 1997; schedule 10 for industrial units/
projects and schedule 12B for textile units (ECR 1997).

Canada Wastewater systems effluent regulations (SOR/2012-139 2015).
China GB 8978–1996 Integrated Wastewater Discharge Standard (China Ministry of 

Environmental Protection, 1996) (Environmental Protection Law 1998)
GB 4287–2012 Discharge Standards of Water Pollutants for Dyeing and 
Finishing of Textile Industry (China Ministry of Environmental Protection, 
2015) (SGS 2015).

European 
Union (EU)

Urban Wastewater Treatment Directive 91/271/EEC (EEC Council 1991).

India The Environment (Protection) Rules, 1986; (Schedule-VI 1986)
Malaysia Environmental Quality (Industrial Effluent) Regulations (Malaysia Department 

of Environment Ministry of Natural Resources and Environment, 2009; 
schedule 5 for industrial effluent and schedule 7 for textile industry 
(Environmental Quality Act 1974 2009).

Sri Lanka National Environmental (Protection and Quality) Regulations, No. 1 of 2008 
(Sri Lanka Central Environmental Authority, 2008); Schedule 1, List V for 
textile wastewater (National Environmental Act 2008).

United States 
of America

US EPA Code of Federal Regulations (CFR) Title 40 Part 410 - Textile Mills 
Point Source Category (USEPA 2012a).
US EPA CFR Title 40 Part 425 -Leather Tanning and Finishing Point Source 
Category (USEPA 2012b).
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Screening, sedimentation and floatation often form part of the primary treatment 
in most conventional wastewater treatment processes. Screening makes use of 
meshes, sieves and bars to remove large debris and other undissolved particulate 
matter from the waste stream (Kumar et al. 2017). Sedimentation is allowed to sepa-
rate suspended solids and coagulated mass from the remaining effluent. In floata-
tion, compressed air is passed through the waste stream. It is used to remove small, 
light suspended particles, oil etc., which adhere onto the gas bubbles and float to the 
top. The top layer is then skimmed off (Kumar et al. 2017).

Membrane filtration methods include microfiltration, ultrafiltration, nanofiltra-
tion and reverse osmosis (RO) (Al-Bastaki 2004; Fersi et al. 2005; Archana 2013). 
These processes are major unit operations in tertiary treatments. They have good 
potential for colour and ion removal and decrease the COD/BOD of textile waste-
water (Chollom et al. 2015). Ultrafiltration has been used to remove hydrophobic 
pollutants arising from the ‘textile fibre rinsing’ operation. These filtration units, 
however, clog rapidly (Joshi et  al. 2004). Fouling of the membrane eventually 
decreases process efficiency (Koyuncu and Güney 2013). Nanofiltration units have 
been reported to facilitate complete dye removal. Microfiltration is effective in the 
treatment of dye as well as rinsing baths. These two methods are also often used as 
pretreatment to the RO. RO membranes effectively remove most ionic compounds 
such as mineral salts and reactive dyes and produce high-quality permeate. The 
method is however energy intensive and thus expensive.

4.2  Physico-Chemical Methods

The major physico-chemical treatment methods employed for the treatment of tex-
tile waste are coagulation, flocculation, adsorption, advanced oxidation processes 
(AOPs) and electrochemical techniques (Robinson et al. 2001; Jonstrup et al. 2011; 
Nawaz and Ahsan 2014; Asghar et al. 2015; Holkar et al. 2016). These methods are 
used for colour removal (Lin and Chen 1997) in the primary treatment stage and for 
reducing BOD/COD in the secondary treatment stage. In general, chemical methods 
result in the degradation of dyes, dissolved or colloidal organic contaminants via 
oxidation (Jadhav et al. 2015).

Coagulating agents, such as lime, alum, ferrous sulphate, etc., are added to the 
effluent to facilitate floc formation or flocculation of pollutants (Kumar et al. 2017). 
The flocs are then allowed to settle and the settled mass separated from the rest of 
the effluent. Coagulation/flocculation is used for removing colour. Though this pro-
cess offers easy operation (Khouni et al. 2011), it is slow and has low decolorization 
efficiency. Further, coagulation can be expensive depending on the nature and 
amount of the coagulating chemical used. Water soluble dyes, for example, require 
higher concentration of coagulants (Singh and Arora 2011).

Adsorption involves removal of organic waste from the effluent stream using 
suitable adsorbents such as Fuller’s earth and activated charcoal (Singh and Arora 
2011; Kumar et al. 2017). This is an efficient process that removes dissolved organ-
ics from the effluent. It is also employed for colour removal from wastewater and is 
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the most acceptable technique with considerable efficiency (Robinson et al. 2001; 
Vasanth Kumar et al. 2006; Kamaruddin et al. 2013). Activated charcoal is, how-
ever, expensive and requires periodic regeneration once the pores on its surface are 
clogged with pollutants (Fernández et  al. 2010; Galán et  al. 2013). Further, the 
regeneration process leads to 10–15% loss of the adsorbent (Joshi et al. 2004). To 
overcome the cost barrier, several low-cost adsorbents such as bentonite clay, fly ash 
and peat have been proposed as alternatives. However, these result in sludge genera-
tion (Gupta et al. 2016).

Ion exchange resins have been used to remove cationic/anionic pollutants such as 
reactive dyes (Singh and Arora 2011). Chitosan, quaternized sugarcane bagasse and 
cellulose are examples of resins used. The hydrodynamic properties of these resins 
are, however, very poor in comparison to activated charcoal thereby leading to low 
efficiency. The resins also require recharging which again increases the cost 
associated.

All the above methods lead to the formation of complex sludge that require fur-
ther disposal strategies like incineration, land filling, compaction and anaerobic 
digestion (Chavan 2001).

Advance oxidative processes (AOPs) are cleaner and more efficient methods that 
lead to the complete degradation of several pollutants (Jonstrup et al. 2011). AOPs 
involve the generation of highly reactive hydroxyl radicals to disintegrate complex 
organic compounds to simple inorganic molecules (Punzi et al. 2015). The different 
AOPs available are ozonation, Fenton processes, photo-Fenton processes, photoca-
talysis and hydrogen peroxide + UV irradiation treatment. Iron sludge generation 
(Babuponnusami and Muthukumar 2014) was characteristic of older techniques. 
Ozonation resulted in the formation of toxic by-products (Gosavi and Sharma 2014; 
Miralles-Cuevas et al. 2017). These by-products could again contribute to increase 
in COD/BOD causing secondary  by-products (Henze et  al. 2001; Renuka et  al. 
2015). However, improved AOPs do not give rise to toxic sludge. For example, 
H2O2+ UV irradiation has been shown to degrade dyes effectively with no residual 
sludge (Soares et al. 2014; Yen 2016). Further, the technique is still highly expen-
sive and chemical intensive (Punzi et al. 2012; Bagal and Gogate 2014). The use of 
chemicals for treatment is also said to increase conductivity of water. This would 
require additional processing (Lin and Chen 1997).

Electrochemical techniques, used for the removal of reactive dyes and levelling 
agents, are also clean methods that lead to the formation of minimal secondary 
sludge (Dogan Dogan and Turkdemir 2012). Electrocoagulation and electrochemi-
cal oxidation are two commonly evaluated techniques (Singh and Arora 2011). 
Electrochemical oxidation facilitates degradation of pollutants such as dyes and 
metals at the cathode of an electrochemical cell. Electrocoagulation involves the 
self-generation of coagulants during the electrochemical process such that addi-
tional chemicals do not have to be added for the treatment (Singh and Arora 2011). 
Electrochemical destruction offers rapid decolorization with concurrent reduction 
in COD. However, the process results in the formation of non-settling iron flocs that 
interfere with colour removal and COD measurements (Lin and Chen 1997).These 
techniques are energy intensive and therefore costly.
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4.3  Biological Methods

Biological methods are claimed to be more economical than the physical and 
physico-chemical methods (Archana 2013). These methods use microorganisms 
that can take up pollutants in the effluent or degrade them into smaller molecules 
that can be easily managed. Both aerobic and anaerobic modes of treatment are 
used, and significant reduction in BOD and COD of the effluent is achieved (Punzi 
et  al. 2015). The treatments include enzymatic degradation of dyes (Picot et  al. 
1992; Abadulla et al. 2000), colour and heavy metal removal through biosorption 
(Charumathi and Das 2012), biological oxidation and degradation of dyes and 
organic/inorganic chemicals (Wang et al. 2007b; Morillo et al. 2009; Holkar et al. 
2016). Several bacteria of the Clostridium sp., Eubacterium sp. and fungi of the 
Aspergillus sp. have been identified that can effectively remove colour/dyes from 
the effluents (Archana 2013). The chief problem encountered in these methods is 
the availability of organisms that can withstand the high toxicity and harsh condi-
tions (extreme pH, high temperature, etc.) that are often characteristic of textile 
effluents (Punzi et al. 2015). Enzymatic reactions require optimum conditions of 
pH, temperature, etc. Additional substrates for the growth of the organism and 
enzymes for detoxification may have to be supplied. The aerobic processes often 
require external oxygen supply for degrading the contaminants. This directly 
increases the cost (Pacheco et al. 2015). It has also been reported that the methods 
do not lead to effective removal of nitrogen, phosphorous, xenobiotics and heavy 
metals (Yuan et al. 2011; Olguín and Sánchez-Galván 2012; Boelee et al. 2014). 
The effluent is also faintly coloured and sometimes of high conductivity (Lin and 
Chen 1997).The treatment also results in large amount of sludge that must be ade-
quately disposed (Feng et al. 2003). Further, these methods lead to the release of 
high concentration of CO2 into the atmosphere (Brar et al. 2017).

5  Phycoremediation of Textile Wastewater

As discussed in the previous sections, the conventional methods of treatments suf-
fer from several limitations. Further, it is extensively agreed upon in the literature 
that combinations of the different methods have to be used for effective waste treat-
ment. Biological treatment is considered an eco-sustainable process (Tchobanoglous 
and Burton 1991) with the potential to eliminate a broad spectrum of pollutants 
(Paraskeva and Diamadopoulos 2006). However, the existing biological treatments 
have several limitations as discussed earlier (Feng et al. 2003). To overcome these 
limitations, use of algae in bioremediation of wastewater has been suggested. 
Algae can be utilized for low-cost and eco-sustainable treatment processes, known 
as phycoremediation (de la Noüe et al. 1992; Lim et al. 2010; Pathak et al. 2015). 
Algal systems have already been employed in tertiary treatments (Martin et  al. 
1985; Oswald 1988). It also has immense potential in secondary treatment (Tam 
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and Wong 1989) due to its ability to resist and grow in polluted environment (Jais 
et al. 2017). In addition, algae can also be employed as biosorbent in primary treat-
ment stage of textile water for colour removal owing to their excellent sorption 
capacity.

5.1  Phycoremediation: Definition and Advantages

Phycoremediation (from Greek ‘phykos’ meaning algae and latin ‘remedium’ 
meaning restoring balance) is a biological method of treatment, which can be gener-
ally defined as the removal or degradation of pollutants (nutrients, heavy metals and 
xenobiotics) from wastewater using algae, either micro or macro and cyanobacteria 
(Olguín 2003; Olguín and Sánchez-Galván 2012). Though the term ‘phycoremedia-
tion’ was coined recently (John 2000), the idea of using algae in wastewater reme-
diation was illustrated six decades ago (Oswald et  al. 1957). Since then, 
phycoremediation has been intensively studied (Shelef et al. 1980; Oswald 1988; 
Zhu et al. 2008; Abdel-Raouf et al. 2012) and is considered promising (Olguín and 
Sánchez-Galván 2012). Algae with their range of diversity and ability to adapt to 
extreme environment led scientists to screen and identify suitable and promising 
strains for wastewater treatment (Fouilland 2012). Some of the benefits of using 
algae in wastewater remediation are:

• The primary advantage of algae over the other organisms is its ability to perform 
photosynthesis (Brar et al. 2017). Thus, they can mitigate CO2 levels (Renuka 
et al. 2015). In addition, they do not release high concentrations of CO2 into the 
atmosphere.

• Wastewater containing organic and inorganic carbon, nitrogen, phosphorous and 
certain other compounds like heavy metals such as that in textile wastewater 
(Sivakumar et al. 2011) offers suitable conditions for algal growth (Liang 2013).

• Algae have high potential to acclimatize and utilize inorganic nutrients such as 
nitrogen and phosphorous (Talbot and de la Noüe 1993; Blier et  al. 1995; 
Farhadian et al. 2008).

• Algae are also known to uptake and accumulate high amount of metal ions 
(Brierley et al. 1986) that are known to be rich in textile effluents (Sponza 2002). 
This is due to their large surface area and high binding affinity (Gupta and Suhas 
2009) facilitated by assemblage of polymers similar to pectin, cellulose, hemi-
celluloses and lignin (Domozych et al. 2012). This structure provides them with 
multiple functional groups such as carboxyl, hydroxyl and amino (Abdel-Monem 
et  al. 2010; Al-Gheethi et  al. 2014) that help them function like typical ion 
exchangers (Kuyucak and Volesky 1990).

• Algal remediation ‘often’ results in no residual sludge (Brar et al. 2017).
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5.2  Phycoremediation: A Multifaceted Technology

Phycoremediation is a multifaceted technology involving wastewater treatment, 
CO2 mitigation and simultaneous biomass generation (Renuka et  al. 2015). The 
biomass could be used as animal feed additive, feedstock for biofuel and biogas, 
bio-ore for heavy metals (Spolaore et al. 2006; Gupta et al. 2013) and, for extracting 
vitamins, β carotenes and fine chemicals like antioxidants (Mata et  al. 2010). 
However wastewater-grown algae are not suitable as animal feed (Pathak et  al. 
2015) and fine chemicals extraction. But its application as energy source such as 
biofuel or biogas still holds good. The various roles of phycoremediation are sum-
marized in Fig. 1.

The role of phycoremediation in improving textile wastewater effluent character-
istics by removal of nutrients and simultaneous biomass production is discussed in 
the following sections.

Fig. 1 The multifaceted phycoremediation technology
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 Improved Effluent Characteristics

Algae and cyanobacteria known as prokaryotic algae (Mata et al. 2010) have been 
proven to be efficient in reducingCOD/BOD and removing nitrogen, phosphorous 
and heavy metals from different wastewater including textiles (Colak and Kaya 
1988; Sturm and Lamer 2011; Zhou et  al. 2012) thereby improving the effluent 
quality. Depending on the needs and the strain potential, both untreated and partially 
treated wastewater can be processed. The efficiency of treatment depends on the 
nature of species and their adaptability to wastewater environment (Holkar et al. 
2016; Jais et al. 2017). As already mentioned, algae are versatile organisms with 
wide range of diversity and easy adaptability. The challenge lies in selecting the 
suitable species. Both viable and non-viable biomass of algae can be employed for 
removal of dye and toxic metals (Volesky 2001; Aravindhan et  al. 2007; Khalaf 
2008), while for nutrient removal it is always the viable biomass. Depending on the 
physiological state of biomass used (live/dead), the mechanism of dye and heavy 
metal removal differs (Schematic 1).

Removal of COD and BOD
COD and BOD are important gauge factors for textile wastewater like any other one 
(Bisschops and Spanjers 2003; Mostafa 2015). High COD/BOD can deplete the 
dissolved oxygen content of the receiving aquatic system (Colak and Kaya 1988). 
Almost all the process in textile manufacturing such as desizing, scouring, bleach-
ing, dyeing and printing contribute to high COD, while BOD arises from mostly 

Schematic 1 Phycoremediation mechanism (text in bold) of various wastewater contaminants
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scouring process followed by desizing and dyeing (Bisschops and Spanjers 2003). 
Algae, by assimilation of the organic and inorganic contaminants (Ota et al. 2011), 
contributes to decrease in COD/BOD. The azo dyes that are responsible for high 
COD in textile wastewater (Joshi et al. 2004) can also serve as carbon and nitrogen 
source for algae (Urushigawa and Yonezawa 1977; Kulla et al. 1983).

The heterotrophic mode of organic and inorganic contaminant uptake can hap-
pen either in the presence or absence of light. For certain species such as C. vulgaris 
(Subramanian et al. 2016) and Platimonas convolutae (Pacheco et al. 2015), light 
becomes necessary for organic carbon uptake and is known as photoheterotrophic 
mode. This mode of cultivation is advantageous in a way that the light dependency 
of algae can be avoided resulting in high cell density (Ceron Garcia et al. 2000; 
Venkata Mohan et al. 2015). Further, CO2 released by heterotrophic respiration of 
algae in turn can be fixed through photosynthesis in photoheterotrophic mode, 
thereby avoiding the greenhouse gas release. The photoheterotrophic cultivation of 
C. pyrenoidosa in 75% textile water reduced the BOD by 81% (Pathak et al. 2014). 
Algae are also capable of growing in raw textile water. C. vulgaris, when grown in 
raw textile water, was capable of reducing COD by 62% (Lim et  al. 2010). The 
efficiency of COD/BOD removal varies with species. In a textile wastewater reme-
diation study conducted with four different cyanobacterial species which included 
A. variabilis, O. salina, N. muscorum and L. majuscula, A. variabilis had the highest 
COD removal of 75%, and O. salina had the highest BOD removal of 86%. COD 
removal by other species such as N. muscorum, L. majuscule and O. salina was 
55.5%, 62.4% and 66.4%, respectively. Similarly, BOD removal of N. muscorum, A. 
variabilis and L. majuscula was 73%, 83.2% and 79.3%, respectively (David Noel 
and Rajan 2014). In a different study conducted with N. muscorum, the strain was 
capable of reducing COD of textile wastewater by 90.04% (Ghazal et al. 2016). The 
COD removal efficiency also depends on pH and the presence of other nutrients in 
the wastewater. As per the study conducted with Chlorella sp. G23, the algae had 
good COD removal efficiency which was higher than 60% for the pH range of 7–9, 
while at higher alkaline pH of 11, the COD removal decreased significantly (Wu 
et al. 2017). Since pH of most textile effluents lie in the range of 7–8 (Lau et al. 
1995; Chinnasamy et al. 2010b; David Noel and Rajan 2014; Pathak et al. 2014), it 
provides a suitable environment to algae for COD removal. While COD removal is 
not affected by the type of nitrogen source present in the water as studied with 
Chlorella sp. G23, it does depend on the available concentration of phosphates. 
Phosphate level in abundance can interfere with COD removal efficiency (Wu et al. 
2017). Though macroalgae are also known for their role in phycoremediation, in 
general they are employed only as biosorbent for dye and heavy metal removal from 
textile wastewater (Aravindhan et al. 2007; Daneshvar et al. 2012) and not in the 
secondary treatment for COD/BOD removal.

Removal of Nitrogen and Phosphorous
Textile wastewater is known to contain high levels of nitrogen (N) and phosphorous 
(P) (Sivakumar et  al. 2011), which when discarded into waterbodies can cause 
eutrophication (Mahapatra et  al. 2013). The main source of nitrogen in textile 
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effluent is from dye bath additives (Delée et al. 1998). Some of the operations that 
release ammonia are printing, coating preparation and dyeing. Large amounts of 
urea can also be added into the effluent through printing process. Similarly phos-
phate buffers used in textile wet processing contributes to the phosphate content in 
effluents (Bisschops and Spanjers 2003). As mentioned already, conventional bio-
logical methods are not efficient in removing N and P. Since algae have high capac-
ity for inorganic nutrient uptake (Talbot and de la Noüe 1993), phycoremediation 
has high ability to reduce N and P in wastewater (Abdel-Raouf et al. 2012; Arbib 
et al. 2014). Apart from ammonia and urea, the principle form of nitrogen in waste-
water is nitrite (NO2

−) and nitrate (NO3
−), and phosphate is present as orthophos-

phates (PO4
3−). Algae by the process of assimilation covert inorganic nitrogen to 

organic form by the action of enzymes such as nitrate and nitrite reductase (Cai 
et  al. 2013). The organic nitrogen is further used for the synthesis of proteins, 
enzymes, chlorophylls, ATP and other biomolecules (Barsanti and Gualtieri 2006). 
Similarly orthophosphates is incorporated as organic phosphates in nucleic acids 
and energy molecules through phosphorylation (Martínez et al. 1999). Apart from 
assimilation, ammonia and phosphorous can also be removed by ‘stripping’ (Ceron 
Garcia et al. 2000) and precipitation, respectively (Cai et al. 2013). This occurs as a 
result of the increase in pH and dissolved oxygen from the photosynthetic activity 
of algae (Cai et al. 2013; Pires et al. 2013) (Schematic 1). While lots of studies are 
available on N and P removal by algae in several other wastewaters, studies with 
textile wastewater in particular are limited. The algae C. vulgaris was found to 
reduce ammonia and phosphates in textile wastewater by 45% and 33%, respec-
tively, when cultivated in an open pond. The variations in parameters such as pH, 
temperature, DO and solar irradiance observed in the course of study (Lim et al. 
2010) might have resulted in moderate nutrient removal efficiency. In controlled 
environment of light and temperature, Chlorella sp. G23 displayed high ammonia 
removal efficiency of 78% in textile wastewater (Wu et al. 2017). Further, N and P 
removal efficiency of algae depends on their initial inoculum density. As studied 
with C. vulgaris growth in textile wastewater, when starting with an inoculum size 
of 106 cells ml−1, the removal efficiency of ammonia and total Kjeldahl nitrogen 
(TKN) was in the range of 90% and 80%, respectively. The removal efficiency of 
total phosphorous and PO4

3− was also in similar ranges. When the initial algal den-
sity was increased by a factor of 10 (107 cells ml−1), it increased the rate of removal 
of N and P. Also the removal efficiency of ammonia reached up to 99%. This is 
because the nutrient removal capacity of algae is dependent on its physiology and 
growth which in turn changes with initial inoculum size (Lau et al. 1995). The opti-
mal removal efficiency of N and P requires that they are removed simultaneously, 
for which the N/P ratio in wastewater should be in optimal range (Xin et al. 2010). 
An optimal N/P ratio ensures that neither of the nutrients is limiting the algal growth. 
As per the empirical formula for microalgae (C106H263O116N16P), the N/P ratio is 
around 7.2, which means that the removal rate of nitrogen should be faster than 
phosphorous (Cai et al. 2013) as algae require more nitrogen than phosphorous for 
their growth (Lau et al. 1995). Practically, the optimal N/P ratio required for algal 
growth is around 10 (Martin et  al. 1985). For C. vulgaris, when N/P ratio was 
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maintained within a narrow range of 8–10  in textile wastewater, simultaneous 
removal of N and P occurred, resulting in their better uptake (Lau et  al. 1995). 
However, the optimal N/P ratio varies by species and may not be necessarily be 
around 10. For example, Scenedesmus sp. requires an optimal N/P ratio of 30, for 
simultaneous removal of N and P (Martin et al. 1985). Cyanobacteria, when com-
pared to algae, may prefer a low N/P ratio (Laliberté et al. 1997). The removal effi-
ciency of N and P can be improved by change in cultivation techniques such as 
immobilization. Studies have shown that immobilizing algae enhanced the removal 
rate of N and P when compared to suspension cultures (Hoffmann 1998; Mallick 
2002; Johnson and Wen 2010). However, immobilization is associated with 
decreased biomass productivity (Hoffmann 1998; Zeng et al. 2015), high cost (Cai 
et al. 2013) and scalability issues (Zeng et al. 2015). Due to above mentioned rea-
sons, immobilizing algae may not be a suitable technique for phycoremediation, as 
one of the advantages of using algae is its process economy.

Removal of Heavy Metals
The effluents from textile industries have high levels of toxic heavy metals (Chen 
et al. 2001; Sponza 2002). The main source of heavy metals in textile wastewater is 
the dyeing process, since most dyes contain chromium, cadmium and zinc, among 
other metals (Bisschops and Spanjers 2003). Though many of the newly developed 
dyes are metal free (Delée et al. 1998), there are other sources of metals as well. 
These includes metal parts such as pumps, pipes, etc., oxidizing and reducing 
agents, electrolytes and maintenance chemicals (Smith 1988). Algae are considered 
suitable for heavy metal sequestration owing to their fibrous structure and the amor-
phous matrix of their cell wall that contains various functional groups (Bayramoǧlu 
et al. 2006). Using algae is considered economical for metal removal (Akhtar et al. 
2008; Pandi et al. 2009). Both live and dead cells can be employed for metal removal 
(Abdel-Raouf et al. 2012) based on which the removal mechanism varies. In case of 
dead cells, the metal removal from wastewater occurs via biosorption (Schematic 1), 
during which the metal ions are attached to functional groups of the cell membrane 
via complexation, ion exchange, chelation and micro precipitation (Çetinkaya 
Dönmez et al. 1999; Jais et al. 2017). Dead cells are also capable of storing metals, 
in which the metals enter through the pores of damaged cells via passive transport 
(Jais et al. 2017). In case of viable or live cells, the removal is through biosorption 
followed by bioaccumulation (Schematic 1) that involves active transport of heavy 
metals across cell membrane (Yee et al. 2004; Han et al. 2007; Al-Gheethi et al. 
2014). Dead biomass used for biosorption is often spent biomass from some pro-
cess. While using dead biomass, can be economical, live biomass is advantageous 
in that it can reduce the toxicity of heavy metals (Silver 1996; Perales-Vela et al. 
2006; Jaishankar et al. 2014). Detoxification can happen via precipitation of heavy 
metal ions as a carbonate, phosphate or sulphide (Silver 1996).The toxicity can also 
be neutralized by formation of organometallic complexes of heavy metals with 
polypeptides produced by algae, which are then partitioned within vacuoles 
(Perales-Vela et al. 2006). Thus, algae are capable of bioconversion of heavy metals 
into its less toxic form. Free-living suspension culture of naturally colonized algae 
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showed a chromium removal rate of 98% from textile wastewater. It was also 
observed that changes in parameters such as pH, dissolved oxygen and light regimes 
did not cause variation in metal removal efficiency (Sekomo et al. 2012). However, 
metal removal efficiency is strongly dependent on the initial algal density (Çetinkaya 
Dönmez et al. 1999). The magnitude of binding for a metal will differ with species. 
Similarly, the same species would exhibit different binding capacity for different 
metals. For example, dead biomass of C. vulgaris showed highest binding for nickel 
(42.3%), followed by copper (38.2%) and chromium (23%). Also C. vulgaris exhib-
ited better binding capacity than cyanobacteria Synechocystis sp. (Çetinkaya 
Dönmez et al. 1999). However, live cells of cyanobacterial species such as N. mus-
corum, A. variabilis, L. majuscula and O. salina when grown in textile wastewater 
showed high nickel removal efficiencies of 74%, 63%, 76.1% and 76.1%, respec-
tively. The corresponding removal efficiencies for zinc were 57%, 67%, 73% and 
73.5%, respectively (David Noel and Rajan 2014). Non-viable biomass of macroal-
gae has also been used as potent biosorbent (Sandau et  al. 1996; Park and Lee 
2002). Non-viable biomass of green seaweed when used as biosorbent in textile 
wastewater showed a removal efficiency of 86.8% of chromium, 87.5% of iron and 
100% of silver in 1 hour (Latinwo et al. 2015). Non-viable biomass of seaweed is 
also cheaper and an efficient biosorbent when compared to non-viable microalgae 
and cyanobacteria. The biosorption capacity of the seaweed Fucus vesiculosus for 
cadmium was 97.7%, while with C. vulgaris it was 84.1% (Sandau et al. 1996). As 
mentioned already, non-viable biomass, while cheaper, is not capable of heavy 
metal detoxification, while viable cells are. Viable cells of algae C. vulgaris were 
capable of reducing Cr (VI) to its less toxic form of Cr (III) (Shen et al. 2013). As 
with N and P removal, immobilizing the algae also improves heavy metal removal 
(Rangsayatorn et al. 2004; Dixit and Singh 2014). However, there is this high cost 
factor involved with respect to immobilization that needs strong consideration.

Removal of Dyes
In case of textile wastewater, dyes and their colour are of major concern (Holkar 
et al. 2016). Synthetic dyes are one of the most widely used chemicals in textile 
manufacturing (Elumalai and Saravanan 2016). Even small amounts of dye in efflu-
ent are visible as colour, which affects the aesthetics and water transparency 
(Bisschops and Spanjers 2003). This consequently affects aquatic organisms. Since 
algae are capable of effective dye decolorization and degradation (Acuner and Dilek 
2004; Ertuǧrul et al. 2008), phycoremediation is a viable technique for textile water 
decolorization. Algae are capable of utilizing dye as sole carbon and nitrogen source 
(Kulla et al. 1983; Jinqi and Houtian 1992). As with heavy metal removal, colour 
removal of dyes can also be done with both live and dead biomass, and the mecha-
nism includes biosorption, bioaccumulation and bioconversion (Lim et  al. 2010) 
(Schematic 1). In case of bioconversion or biodegradation, dyes are transformed 
into non-colour intermediates or even reduced to CO2 and H2O (Kulla et al. 1983). 
The degradation happens by the action of enzyme azo reductase that breaks down 
the dyes into less toxic aromatic amines (Kulla et al. 1983; Meng et al. 2014). Few 
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alga species are also capable of further degrading aromatic amines into CO2 (Jinqi 
and Houtian 1992). Enzyme laccase was also found to have possible roles in dye 
degradation (KIlIç et al. 2011). In studies conducted with algae, the dye removal 
from wastewater is measured by monitoring the disappearance of colour from the 
medium and expressed as decolorization efficiency. The dye degradation is eluci-
dated by visualizing the colour of biomass after incubating them with the dye or by 
measuring the increase in activity of enzyme azo reductase or by analysing the 
degradation products by HPLC.

Colour removal: The non-viable biomass of Spirogyra sp. displayed a high bio-
sorption capacity of 80% for the reactive dye Synozol found in textile wastewater. 
It was also found that biosorption was better with non-viable biomass than live 
biomass (Khalaf 2008). The de-oiled algal biomass (DAB), which is the spent bio-
mass after oil extraction, is also a potential biosorbent. The DAB of Micorspora sp. 
was capable of completely removing methylene blue in 24 h (Maurya et al. 2014). 
The non-viable biomass of Pithophora sp. was found to be effective as a sorbent for 
malachite green (Vasanth Kumar et al. 2006). Free live biomass of certain algal spe-
cies also had shown promising colour removal efficiency. Free live biomass of 
Spirogyra sp. and Oscillatoria sp. showed a colour removal efficiency of 78% and 
76%, respectively, for a blue dye present in textile effluent (Brahmbhatt and Jasrai 
2016). However, free live biomass of cyanobacterial species such as Synechocystis 
sp. and Phormidium sp. showed only moderate removal efficiency of 37.5% and 
25.5%, respectively, for Remazol blue (Karacakaya et al. 2009). Phormidium sp. 
when immobilized achieved a better colour removal of 88% for Remazol blue 
(Ertuǧrul et  al. 2008). Similar to DAB of algae, spent biomass of hydrogen- 
producing cyanobacteria N. linckia has been studied for its sorption capacity. When 
immobilized, spent biomass of N. linckia displayed a good colour removal effi-
ciency of 72% for crystal violet (Mona et al. 2011). Though the sorption capacity of 
non-viable biomass is better than that of live biomass (Khalaf 2008; Pathak et al. 
2015), it is to be noted that in case of the former, the toxic dye still persists in the 
environment, whereas, live/viable biomass is capable of degradation and detoxifica-
tion of the dye. In such cases, measuring the disappearance of the dye colour in the 
medium will not be an accurate measure of the bioremediation potential of the 
organism.

Dye degradation: The free live culture of algae Gonium sp. displayed the highest 
reactive blue 220 removal efficiency of 96.8%. It was also observed that Gonium sp. 
was capable of degrading the dye, as the pelleted biomass after its incubation with 
dye exhibited no colour. The laccase activity was considered as a possible reason for 
dye degradation (Boduroǧlu et al. 2014). The dye degradation ability of algae has 
also been studied by measuring the increased activity of azo reductase. The algae 
C. vulgaris was capable of degrading G-Red, as it had increased azo reductase activ-
ity after its incubation with the dye. Similarly N. linckia showed good degradation 
activity for methyl red (El-Sheekh et al. 2009). The degradation of dye by a particular 

Phycoremediation of Textile Wastewater: Possibilities and Constraints



306

species depends on the molecular structure of the dye (Acuner and Dilek 2004). It 
was proved that colour removal and degradation ability of a species towards a par-
ticular dye can be improved by acclimatizing the species to that dye. The algae C. 
vulgaris showed improved TY2G removal efficiency of 88% upon its acclimation 
with the dye, while for unacclimatized C. vulgaris, TY2G removal efficiency was 
only 69%. HPLC analysis showed was that unacclimatized C. vulgaris was capable 
of degrading TY2G to aniline, while acclimatized C. vulgaris was found to have 
degraded the aniline even further. This suggests complete degradation of the dye 
(Acuner and Dilek 2004). Algae are also capable of degrading aniline – the dye’s end 
product by means of light-assisted degradation. Photodegradation of aniline has been 
demonstrated with C. vulgaris, C. sajao, A. cylindrical and N. hantzschiana. 
Generation of reactive oxygen species such as hydroxyl radical and singlet oxygen 
was observed and suspected to have caused the degradation (Wang et  al. 2007a). 
Thus, using free live culture of algae helps in reducing the toxicity of dyes present in 
textile wastewater.

 Biomass Production

The algal biomass produced through phycoremediation of textile wastewater could 
be used in several ways. The biomass becomes an energy feedstock for obtaining 
biofuel or biogas, or the dried biomass could be used as fertilizers. For energy 
generation from algae, accumulated triacylglycerols (TAG) can be converted into 
biodiesel, or they can be anaerobically digested to produce biogas (Brune et al. 
2009). By using wastewater as a medium for algal biomass production, cost associ-
ated with raw material could be reduced significantly. The alga C. vulgaris when 
grown in raw textile wastewater produced 106.67  mg  l−1 of biomass. However, 
their lipid yield was not reported (Lim et al. 2010). Another alga Chlorella sp. G23, 
when grown in textile wastewater, produced a biomass of 137 mg l−1 in a day. The 
corresponding lipid productivity was 8.6 mg l−1 day−1(Wu et al. 2017). B. braunii, 
C. saccharophila, D. tertiolecta and P. carterae, when grown in carpet textile 
wastewater produced biomass of 34, 28, 28 and 33 mg  l−1d−1, respectively. The 
corresponding lipid productivities were 4.5, 4.2, 4.3 and 4 mg l−1 day−1. When a 
consortium of 15 different algal species was used to remediate textile wastewater, 
the maximum biomass productivity achieved was 17.8 tons ha−1 year−1. However, 
the lipid yield was very less – 6.82% of cell dry weight (CDW). In such cases of 
low lipid content, the energy present in the biomass could be converted to methane 
via anaerobic digestion (Chinnasamy et al. 2010b). Similarly, C. variabilis when 
grown in textile wastewater produced 74.96 g m−2 of biomass in a day. The lipid 
yield was found to be 20.1% CDW. The total microalgal biomass obtained was 
495 g. The use of this biomass for production of γ-linolenic acid and ε-polylysine 
was also demonstrated. Based on material analysis and economic assessment, phy-
coremediation and resulting biomass production were found to have good scope 
for scalability (Bhattacharya et al. 2017).
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5.3  Consortia for Textile Wastewater Remediation

In an ecosystem, no organism is capable of sustaining on its own (Renuka et al. 
2015). Often the microalgal and cyanobacterial species are found associated with 
other aerobic or anaerobic microorganisms in natural environment. The nature of 
association could be either competitive or mutualistic. The bacterial colonies are 
known to influence the algal bloom development positively (Fukami et al. 1997). 
Laboratory studies have shown that algal cultures maintain a symbiotic relation-
ship with bacteria (Park et al. 2008). Such relationships are known to influence the 
remediation of wastewater. In case of cyanobacteria/algae – bacteria consortia – O2 
released by the photosynthetic activity of cyanobacteria/algae will be used as an 
electron acceptor by bacteria to degrade the organic contaminants. The CO2 
released by bacterial respiration is used for photosynthetic carbon fixation by cya-
nobacteria/algae. Further algae secrete extracellular biosurfactants into the 
medium, which enhances the availability of organic contaminants for bacteria. The 
growth factors released by bacteria would also accelerate the development of algae 
(Muñoz et al. 2009; Tang et al. 2010; González-Fernández et al. 2011). Monocultures 
of algae/cyanobacteria may not be efficient in removing all contaminants present 
in wastewater. While one strain is effective in removing one type of pollutant, other 
strains would perform well for a different contaminant (Chinnasamy et al. 2010a). 
Developing a consortium using different strains with promising potential can ren-
der a synergistic and self-sustaining biodegradation system (Subashchandrabose 
et  al. 2011). The alga C. pyrenoidosa in consortium with indigenous microbes 
present in textile wastewater was capable of removing nitrate by 81%. Its monocul-
ture, on the other hand, achieved 62% nitrate removal (Pathak et al. 2014). The 
consortium formed with 15 different isolates of alga and cyanobacteria from carpet 
textile wastewater was capable of removing nitrate levels by 99% in a duration of 
24 h and phosphate levels by 96% in a duration of 72 h (Chinnasamy et al. 2010b). 
As already mentioned, favourable range of N/P ratio should exist in the wastewater 
medium, to facilitate algal growth (Xin et al. 2010). Thus, in case of consortium, it 
is ideal to select species with similar N/P range. Otherwise, one species can out-
grow another resulting in disturbed consortia harmony. The presence of bacteria in 
consortia can help towards maintaining the N/P ratio and favours algal develop-
ment. The algae/bacteria consortia are also capable of enhancing the species per-
formance in open pond algal treatment systems (Lau et al. 1995). This cohabitation 
concept had been adopted in the high rate algal pond (HRAP) system proposed by 
Oswald, which can be used for combined secondary/tertiary wastewater treatment 
(Elumalai and Saravanan 2016). By using algal consortium, improvement in heavy 
metal removal has also been achieved. While monocultures of N. muscorum and 
A. subcylindrica removed 64.4% and 33.3% of Cu and 84.6% and 86.2% of Pb, 
respectively, as a coculture they were capable of removing Cu by 75% and Pb by 
100% (El-Sheekh et al. 2009). The degree of azo dye degradation depends on the 
molecular structure of the dye and also the species. While dyes containing hydroxyl 
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or amine groups are readily degraded, dyes containing groups such as methyl, 
methoxy, nitro or sulfo derivatives might resist degradation by a species (Jinqi and 
Houtian 1992). For example, C. vulgaris that was capable of degrading amino or 
hydroxyl group containing dyes such as basic fuchsin failed to degrade methyl red. 
However, N. linckia was capable of degrading methyl red (El-Sheekh et al. 2009). 
Thus, their cocultures are capable of degrading dye mixtures containing different 
functional groups. Instead of engineering a single organism to do multiple things, 
developing a consortium with versatile species having individual potential could 
be cheaper and relatively easier for developing a robust treatment system 
(Subashchandrabose et al. 2011).

5.4  Phycoremediation: Challenges and Constraints

Based on the numerous reports available, it is worthwhile to state that phycoreme-
diation is an efficient technique for treating textile wastewater. However, most of the 
available studies are based on laboratory scale results and need proof for reliability 
in the actual local environment, where multiple factors such as pH, temperature, 
light intensity and nature of wastewater and its composition would influence the 
process efficiency. Field studies are required to ascertain the efficiency of the pro-
cess. Further, optimizing the process of phycoremediation for a given textile sample 
would be necessary. Although several common pollutants exist across different tex-
tile effluents, the exact composition of the effluent would vary depending upon the 
product being manufactured. As a result, independent studies would be required for 
the different textile effluents. Efficiency obtained with one effluent cannot be 
directly extrapolated to another. The primary challenge often lies in choosing a suit-
able species (Şentürk et al. 2017). Further, scale-up (Zeng et al. 2015; Brar et al. 
2017) and design of cost-effective algal cultivation systems are additional hurdles 
that need to be overcome (Cai et al. 2013). Management of spent biomass is addi-
tionally required. Although generation of large volumes of the biomass can be cou-
pled with other applications such as biofuel production, biomass used for uptake 
and bioaccumulation of heavy metals may not be suitable for this purpose. Adequate 
disposal of spent biomass is once again necessary here.

5.5  Phycoremediation: Proof of Concept

In spite of the constraints mentioned above, scientists have been successful in set-
ting up commercial phycoremediation plants. Some examples are discussed below:
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 SNAP Alginates and Natural Products

SNAP alginates and natural products (Ranipet, Tamil Nadu, India) are pioneer in 
manufacturing alginates from seaweeds for its applications in various industries 
such as textiles (PERC n.d.-a, n.d.-b). The liquid discharge generated by alginate 
extraction process is acidic in nature (pH 1.8) with total dissolved solids (TDS) of 
about 40, 000 mg l−1. The wastewater used to be treated by conventional physio- 
chemical methods (Schematic 2). This resulted in generation of large amount of 
solid discharge. This method was later replaced by an improved biological method 
developed by a research team from RKM Vivekananda College (Chennai, Tamil 
Nadu, India) headed by Dr. V. Sivasubramaniam (Director, PERC). In the improved 
biological method, the treatment tank is charged with blue-green alga – Chroococcus 
turgidus. The alga would utilize the TDS present in wastewater as nutrients and 
produce alkalinity that neutralizes the water. Based on the promising results from a 
pilot scale study, the world’s first phycoremediation plant was set up by SNAP in 
September 2006 and has been running successfully since then. The advantages of 
their phycoremediation technique over physio-chemical methods are shown in 
Schematic 2.

Schematic 2 SNAP’s phycoremediation vs physio-chemical methods. *The figures are based on 
experience from SNAP’s research team
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 SUNTEX Processing Mills

After the success in algal remediation technology by SNAP, field trials were con-
ducted at SUNTEX processing mills, a textile dyeing industry located in 
Gummidipoondi (Chennai, Tamil Nadu, India). The characteristics of wastewater 
from SUNTEX included dark colour, alkalinity (pH 11.4) with TDS of 6.8 g l−1. The 
conventional chemical treatment reduced the pH to 9.6. However, due to the usage 
of chemicals, the TDS of treated water increased to 10.28 g l−1 and also resulted in 
concentrated sludge production. By using algae for remediation, excellent colour 
removal was achieved, pH was corrected to 9.5, and TDS was reduced to 1.7 g l−1. 
The sludge production was also reduced by 80%. After treatment, the algal biomass 
was harvested by the settling process, and its possible use as fuel for boilers was 
also explored (PERC n.d.-a, n.d.-b).

6  Conclusion

The generation of large volumes of wastewater by the textile industry and the high 
concentration of toxic contaminants in the effluents necessitate advanced treatment 
procedures. While conventional methods have been available for treatment, com-
plete removal of pollutants is still a major challenge due to the complex composition 
of the wastewater. Phycoremediation has proved itself a viable biological treatment 
in numerous studies due to effective reduction in BOD, COD, heavy metals and 
nutrients and complete removal of colours from the effluent. It is also carbon neutral 
and therefore an environment friendly alternative. Phycoremediation can be used as 
both post- and pretreatment methods. Although the method has its limitations, 
effective implementation of phycoremediation has been shown to be possible by 
various companies indicating that the method indeed has great potential in textile 
wastewater treatment.
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1  Introduction

The composition of the water body is greatly influenced by the anthropogenic activ-
ities in the vicinity. The nature of effluents entering the water body can be from 
diverse sources but can be broadly categorized as anthropogenic waste, agricultural 
waste, and industrial waste. The physical and chemical changes occur after the 
introduction of the pollutants into the water body, thereby contributing toward 
remarkable alterations in the structure of water body, severely affecting the aquatic 
flora and fauna. The intervention of myriad pollutants into the water system leads to 
the enhancement in the concentration of inorganic nutrients like phosphate, nitrate, 
ammonium, etc. triggering a sequence of consequences that adversely effects the 
entire inhabiting aquatic population (Thomas et al. 2016).

The nutrient accumulation enhances the algal growth due to which there is deple-
tion of oxygen in the water and secretion of toxins and secondary metabolites, 
which might be fatal for the fish and other aquatic organisms. The nature of toxins 
varies from hepatotoxins, neurotoxins, dermatotoxins, etc. depending upon the 
nature of cyanobacteria (Tiwari and Pandey 2014). Often an obnoxious smell is 
observed in the surrounding area, and the water becomes unsuitable for consump-
tion even for animals.

Diatoms are microscopic photosynthetic algae commonly classified under 
Bacillariophyceae, and they inhabit a wide range of aquatic niches. They are the 
integral part of the aquatic food web and constitute 40% of the primary producers 
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(Thomas et al. 2015). Diatoms absorb the atmospheric carbon dioxide through pho-
tosynthesis and transform the carbon into carbohydrates, which I further utilized for 
the formation of different biomolecules (proteins, lipids, nucleic acids). Stimulated 
growth of diatoms in water body can aid in eradication of multiple problems related 
to the pollution of water by diverse sources. The occurrence of harmful algal blooms 
(HAB) is a common problematic condition evident in eutrophic water body, but 
copious diatom growth can result in nullifying or curbing the growth of cyanobac-
teria (blue-green algae) leading to the prevention in the formation of HAB.

Diatoms are the noteworthy algae in the phycoremediation of diverse wastewa-
ters by virtue of their extraordinary cellular machinery. They are experts in utilizing 
of nitrate, phosphate, iron, copper, molybdenum, and silica; in addition, they are 
capable of remediation of heavy metals like lead, cadmium, chromium, copper, etc. 
Diatoms show high degree of flexibility in varied culture conditions that could be 
useful for their use in challenging conditions. Diatom algae can dominate under 
nutrient limiting and excess conditions. Diatom produced oxygen during photosyn-
thesis which acts as stimulant for heterotrophic bacterial growth which in turn can 
enhance bacterial degradation and oxidation of organic pollutants and heavy metals. 
The remediation of wastewater is concomitant with its usage as source of macronu-
trients and macronutrients for growth of diatoms. The diatom biomass grown on the 
wastewater can be utilized for the generation of a range of value-added products like 
biofuels, nutraceuticals, antimicrobial substances, omega-3 fatty acids, and aqua 
feed to name a few applications of diatoms (Fig. 1). This approach is a sustainable 
solution of wastewater management as it is coupled with generation of useful 
products.
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Fig. 1 Applications of diatoms
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2  Physiological Advantages of Diatoms for Industrial 
Wastewater Treatment

Diatom algae play a significant role in controlling and biomonitoring of organic 
pollutants, heavy metals, hydrocarbons, PCBs, pesticides, etc. in aquatic ecosys-
tems. Although diatoms are extensively studied for their role as indicators of differ-
ent kinds of water pollution, their application in phycoremediation of polluted water 
bodies is in the incipient phase (Thomas et al. 2016).

Diatoms evolved dates back 180 million years, and at present, more than 100,000 
species have been reported (Kroth 2007). They play a significant role in many of the 
earth’s biogeochemical cycles like carbon, phosphate, and silicon (Falciatore and 
Bowler 2002). Diatoms are primary organisms in aquatic food webs. They form the 
basis of the most common and economically significant food web consisting of fish 
via copepods or to shell fish without any intermediate trophy level (Ryther 1969). 
They form these food webs in most productive regions and support many important 
economically important fish species. Diatom algae are ideal in size to be consumed 
by zooplankton (Ambler and Frost 1974); they also contain protein, carbohydrate, 
lipid, and vitamin; and they are known to be better diet than other algal species.

In coastal waters, diatom biomass contributes prominently to annual influx of 
organic material to benthos (Smetacek et al. 1984). Diatoms dominate under condi-
tions optimum for phytoplankton growth like N, P, Si, and Fe concentrations 
(Hulburt 1990). Diatom dominance over other algae is often contributed to its silica 
frustules which gives protection from grazers (Hamm et al. 2003) and higher divi-
sion rate (Smetacek 1999). This combination of ecological success and efficient 
transport of C to higher organisms can be the reason for diatoms being the base of 
the most productive ecosystems on the planet.

Diatom dominance in world’s oceans was governed by silica availability, and 
distribution is due to their potential to utilize silicate for the construction of their 
cell walls called frustules. This makes them primary contributors for global silicon 
cycle. Producing silica cell walls needs less energy when compared with building 
with organic substances like cellulose; this gives an ecological advantage to diatoms 
over other algae (Raven 1983). So as long as silicate is present, diatoms will domi-
nate other algae (Egge and Aksnes 1992). Diatom algae are main contributors to 
silicon pump which acts as a means for transport of silica and carbon to deep oceans 
(Dugdale and Wilkerson 1988). Diatom dominance in oceans altered the marine 
silica cycle (Racki and Cordey 2000). In modern oceans diatoms are dominant phy-
toplankton which utilizes N and SI and play a pivotal role in the biogeochemistry of 
aquatic ecosystems.

Diatom algae with their faster growth rate, nitrate uptake, and larger cell size 
results in faster sinking rate, so they contribute to export production (Buesseler 
1998). These attributes enable diatoms to play a significant part in climate control 
(Traguer and Pondaven 2000). Optimum silica concentration in oceans has led to 
significant decrease in atmospheric pCO2 by favoring diatom growth over cocco-
lithophores (Archer 2006). The effect of silica-rich water in subtropics and beyond 
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has led to diatom growth, thereby increasing the depth of organic matter remineral-
ization; this has led to an estimated lowering of atmospheric PCO2 by 60  ppm 
(Brzezinski et al. 2002). Carbon trapped inside silica frustules of diatoms acts as 
major components of carbon cycle on earth (Street-Perrott and Barker 2008). A 
silica body can sequester up to 50% of its weight of C (Elbaum et al. 2009). Diatom 
algae are used as indicators for climate change in lacustrine sediments due to their 
high temporal sensitivity, so they also act as indicators of temperature increase 
which is an early indication for climate change (Kilham et al. 1996).

Diatom nutrient uptake rate is significantly higher than any other group of algae 
(Litchman et al. 2006) and have been documented for their role in the initial uptake 
of nitrate at the equatorial upwelling zone of Pacific Ocean. The efficiency of nutri-
ent uptake along with their higher growth rate makes them good candidates for 
nutrient accusation and transport. Diatoms are highly efficient in utilizing nutrients 
and are known to be responsible. This will have a significant impact on productivity 
and nutrient utilization. Due to their larger nutrient storage capacity, they can out-
compete other algae in terms of productivity even in nutrient replete conditions. 
Amano et al. (2011) reported that in a eutrophic lake under low nitrate conditions, 
diatoms outcompete non-N-fixing cyanobacteria. Furnas (1990) reported that dia-
tom doubling rates for both pennate and centric diatoms lie between two and four 
divisions per day, which is much more compared to any algae. Diatoms outcompete 
other phytoplankton under mixing and high turbulence (Tozzi et al. 2004). Diatoms 
possess higher carbon-fixing ability than other microalgae; this phenomenon is 
observed in both laboratory and field conditions (Thomas et  al. 1978). Diatoms 
when compared with other algae grew better under low light conditions; this can be 
attributed to fucoxanthin, the major light harvesting pigment in diatoms which 
needs less light for saturation (Smetacek 1999). In a comparative analysis among P. 
tricornutum and Chlorella vulgaris, under light fluctuations, the light conversion 
proficiency into biomass was twice in diatoms. Diatoms store carbohydrate in the 
form of a chrysolaminarin (soluble form) instead of starch (insoluble form) like 
other algae. This gives them an advantage over other algae if we consider relative 
energy required to utilize soluble carbohydrate instead of insoluble carbohydrate 
(Libessart et al. 1995).

The presence of silica cell wall or frustule in diatoms is a unique characteristic, 
which not only acts as protective layer but also crowns advantageous dominance 
over other aquatic beings. Diatoms perform silica polymerization through an 
energy-efficient process even at low silica concentrations (Raven 1983). Silica cell 
wall plays a significant role in carbon-concentrating mechanism by acting as a pH 
buffer enabling enhanced carbonic anhydrase activity near diatom cell wall which 
results in bicarbonate to CO2 conversion (Milligan and Morel 2002).

Diatoms with their efficient carbon fixing, nutrient utilization, and growth under 
varying nutrient, light, and turbulence are ideal candidates for co-processes like CO2 
sequestration and wastewater treatment. In spite of all these attributes, they are the 
least explored species in terms of research related to wastewater treatment and bio-
molecule production compared to green algae and cyanobacteria.

A. Tiwari and T. K. Marella



325

3  Factors Influencing Diatom Cultivation for Industrial 
Wastewater Treatment

The growth of algae is greatly influenced by multiple environmental factors like 
light, temperature, nutrients, carbon dioxide, and biological factors (Grobbelaar 
2009). The utilization of wastewater for algal growth coupled with bioactive com-
pounds requires the elucidation of factors that affect the growth and metabolism. Li 
et al. (2017a, b) have reported orthogonal test design for the diatom growth optimi-
zation, and it was reported that the lipid content was strongly influenced by the 
concentration of silica along with other factors. Elucidation of factors and their 
optimization can aid in better efficiency of the diatoms for wastewater management 
concomitant with several useful products for mankind (Fig. 2).

3.1  Light

Diatoms are photosynthetic in nature; hence, light has a profound influence on pro-
ductivity. Diatoms are known to inhabit many diverse ecosystems with varying 
environmental conditions, making them one of the most adaptable to variations in 
the intensity of light, duration depending on latitude, season, and depth in order to 
keep growing and attain maximum productivity. In industrial wastewaters depend-
ing on the design of the treatment facility, drastic differences exist between light 
intensities available for algae to grow from high light in open oxidation ponds to 
low light in indoor effluent treatment ponds. The impact of light intensity (Falkowski 
and Raven 2007), relationship of light intensity and nutrient limitation (Sakshaug 
et al. 1989; Halsey and Jones 2015), and light fluctuations (Orefice et al. 2016) have 
been elucidated via competition models on diatoms (Litchman and Klausmeier 
2001). In addition to the intensity of light, the growth is also effected by the dark 
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cycle. Other factors like night length, maximum irradiance, and spectral composi-
tion also influence diatom physiological response. The photosynthetic process in 
diatom photosynthesis comprises of intricate association with the chloroplasts and 
mitochondria (Bailleul et al. 2015). The cell size also plays an important role in 
growth of diatom at varying light intensity and photoperiods with larger cells favor-
ing short photoperiods (Li et al. 2017a, b).

3.2  Silicon

The obtainability of silicon in wastewater is a major factor which defines diatom 
use for industrial wastewater treatment. Diatom metabolism and the role of silicon 
are quite conspicuous and perhaps account for their profound accomplishment due 
to their silica wall. The silicified diatom cell wall endows them additional potential 
and thus less energy requirement compared to other cellulose cell wall organisms. 
In the freshwater systems, the concentration of silicon is quite high and can sustain 
higher diatom productivity. This makes freshwater diatoms ideal candidates to 
treat fresh and brackish wastewater without the addition of silicon. In addition, 
many industrial wastewaters contain high amount of silica as it is used in majority 
of industries in a variety of production systems and in appliances, thereby making 
diatom-mediated remediation a good, effective, economic option coupled with 
other benefits associated with the further usage of residual diatom biomass (Thomas 
et al. 2018).

3.3  Carbon Dioxide

Diatoms can fix carbon dioxide from different sources like atmosphere and gases 
from industries (Wang et al. 2008). In nature diatoms are actively involved in the 
carbon dioxide assimilate from the air, and they can efficiently utilize substantially 
higher carbon dioxide levels (Bilanovic et al. 2009).

3.4  Other Nutrients

In addition to silicon diatoms also require other inorganic nutrients like nitrogen, 
phosphorus, etc. (Suh and Lee 2003). While cyanobacteria are capable of nitrogen 
fixation from the air, all other microalgae require it in a soluble form with urea being 
the best source (Hsieh and Wu 2009).
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3.5  Temperature

The growth of diatoms in wastewater is greatly affected by temperature as it has a 
significant role in the enzymatic activities and thus metabolism. For optimum 
growth and remediation mediated by diatoms in wastewater, it is essential to sustain 
suitable temperature within constricted limits. In nature temperature variation exists 
on daily basis and on seasonal basis. During summer there exists huge variation in 
the temperature as early mornings are cooler followed by warmer climate in the 
daytime and then reduction in temperature at night.

In the open pond system of algal cultivation, variations in temperature are 
observed with change in seasons. The wastewater from various industries like 
cement industry not only enriches the inorganic carbons but also emits waste ther-
mal energy, which can be utilized in open ponds in maintaining temperature par-
ticularly in cold climatic conditions. In fact the flue gas from the industrial 
wastewater should be cooled before entering into the wastewater cultivation sys-
tem as too much of heat is not suitable for growth of diatoms (McGinn et al. 2011). 
The temperature has to be maintained at optimum levels to foster diatom growth, 
and hence effective remediation potential along with good biomass yields for valu-
able products (Fig. 3).

4  Cultivation Systems for Diatom-Based Industrial 
Wastewater Treatment

Excellent and efficient remediation of wastewater from different sources requires 
the systematic cultivation system for optimum removal of waste. In general the 
cultivation system meant for algae is open system consisting of variety of ponds or 
closed systems and modern hybrid systems (Fig. 4). The different cultivation sys-
tems have their own advantages and limitations. The open ponds are the simplest 
ways of algal cultivation under the influence of climatic conditions and controlled 
within limits. The closed systems require appropriate designing of photobioreac-
tors, which can be expressive yet efficient. The hybrid systems culminate some 
features of open and closed system, and they are capable of attaining efficient nutri-
ent removal from wastewater and production of biomass (Tiwari and Thomas 2018). 
The concept of exclusive algal cultivation began in 1950 for the application of algae 
as a source of protein (Brennan and Owende 2010). Later on the different algal 
products and most significantly wastewater treatment began to be explored. In algal 
cultivation systems have developed in due course of time through extensive research 
executed by phycologists around the world (Tan et al. 2018).
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4.1  Open Ponds

The open pond system has been extensively used for the cultivation of diverse 
algal species for wastewater remediation. Though it is an economical system of 
algal cultivation, there are certain constrains associated with open pond cultiva-
tion like the demand for land, climatic influence, and contaminants to name a few. 
The frequently used open systems include the raceway ponds, the inclined sys-
tems, circular tanks, shallow big pond, etc. In the inclined systems, the flow is in 
the inclined pattern to ensure the proper mixing of such systems has been reported 
to be successful in diatom cultures of Phaeodactylum and Scenedesmus (Fazal 
et  al. 2018). Circular ponds are characterized by the centrally located agitator, 
which enables the adequate mixing of the cell suspension, and its efficiency is 
quite low in huge ponds.

The raceway ponds or the high-rate algal ponds (HRAP) are marked by the use 
of paddle wheel for uniform mixings and sedimentation prevention. These ponds 
are cost-effective and efficient in algal growth performance. The concept of high- 
rate algal ponds was conceived by Oswald and Golueke (1960), and later on, it was 
utilized globally in the treatment of municipal wastewater.

4.2  Closed Pond

The limitations of the open ponds are eradicated in the closed system to provide 
controlled culture conditions (temperature, pH, light, mixing) for optimum algal 
growth and suitable nutrient removal from wastewater. The photobioreactors used 
for algal cultivation includes:

• Tubular photobioreactors
• Vertical tank photobioreactors
• Horizontal tube photobioreactors
• Flat-plate photobioreactors
• Helical tube photobioreactors
• Airlift photobioreactors
• Vertical column photobioreactors

4.3  Hybrid Systems and Advanced Integrated Wastewater 
Ponds

The hybrid algal systems culminate the properties of both open and closed cultiva-
tion systems. Initially the algal culture is grown in the open pond, and later on, it is 
cultivated in the closed photobioreactor. The first open pond system cultivation 

Potential and Application of Diatoms for Industry-Specific Wastewater Treatment



330

induces nutrient stress on the algal culture which further leads to enhanced biomass 
and lipid productivity in the photobioreactor within the optimum set of culture con-
ditions (Tiwari and Thomas 2018). The advanced integrated wastewater pond sys-
tems are well articulated for wastewater remediation, and it comprises of four 
integrated advanced ponds for rapid and effective remediation. The first pond is the 
facultative pond wherein the digester pit is located which flows the wastewater to 
the second pond called the HRAP, which eliminates the dissolved nutrients. The 
third pond is called the settling pond in which the sedimentations occur, and the last 
pond is the maturation pond which provides sunlight and sufficient oxygen (Sen 
et al. 2013) (Fig. 5).
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5  Integration of Diatom Cultivation with Industrial 
Wastewater Treatment

5.1  Municipal Wastewater

Municipal wastewater untreated, partially treated, and treated contains inorganic 
nutrients which when discharged into water bodies can lead to eutrophication. Due 
to rapid urbanization, many megacities are not able to treat even 50% of their 
domestic wastewater with their existing conventional sewage treatment infrastruc-
ture. For algae growth the main requirement is nutrients, and these are differentiated 
into major (C, N, P, Si) and micro nutrients (Ca, Mg, K, Fe, Mn, Cu, and Co). Any 
deficiency in nutrient availability can negatively affect algae growth in any type of 
wastewater. Depending on the strength, domestic wastewater contains 
20–85 mg L−1 N and 4–15 mg L−1 P. This amount of N and P can produce 0.3–
1.4 mg L−1 algal biomass, and micro nutrient concentration in any wastewater is 
always enough to sustain their growth as they are required in only trace amount 
(Christenson and Sims 2011). So domestic wastewater is ideal for grow microalgae. 
Taking this into consideration, many researchers used algae to treat wastewater 
from decades. In the 1960s, Oswald and Golueke (1960) proposed one of the first 
algae-based biological wastewater treatment system called advanced integrated 
wastewater pond systems (AIWPS). These systems work like present-day high-rate 
algae pond (HRAP) systems enabling fast growth of naturally occurring algae in 
paddle-wheeled ponds filled with wastewater. Subsequent research employed varied 
technologies like closed photobioreactors, HRAP, biofilm reactors, and raceway 
ponds. Of all the different microalgae species studied for their use in municipal 
wastewater treatment, the most studied species is green algae especially Chlorella 
sp. and Scenedesmus sp. followed by cyanobacteria. Compared to green and blue- 
green algae diatom, algae-related studies are very few. Thomas et al. (2018) studied 
effect of diatom growth on nutrient removal from municipal wastewater. In this 
study they triggered native diatom consortium in wastewater, and this resulted in 
95% N, 88.9% P, 91% COD, and 51% BOD reduction in lab-scale experiments. 
Although many researchers prefer working with single species, working with con-
sortium gives a distinctive advantage especially with diatoms; in diatom consor-
tium, there are different species of diatoms which grow at different nutrient levels, 
so when we are treating wastewater in field-scale experiments, the inlet water nutri-
ent strength always varies depending on factors like season, temperature, water 
usage, etc. To sustain this dynamic water chemistry and grow, we need robust mul-
tispecies cultures which can be possible only with diatoms. Nutrient dynamics 
always governs diatom species diversity in natural systems with certain species 
always favoring nutrient replete condition, while others prefer nutrient-depleted 
conditions, and this diversity and trophic flexibility of diatoms give them an edge 
over other algae when grown as consortium to treat wastewater. Untreated and 
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partially municipal waste, wastewater is one of the main causes for eutrophication 
in urban lakes in developing countries. Traditional sewage treatment systems can 
remove nitrate but not phosphate due to their reliance on bacterial-based nutrient 
removal strategies. The main drawback with this system lies in the fact that very few 
phosphate-solubilizing bacteria present in these systems compared to denitrifying 
bacteria. This resulted in treated water with high phosphate content which is ideal 
for cyanobacterial growth leading to eutrophication. To counter this trend, proper 
system should be incorporated into existing sewage treatment infrastructure to 
simultaneously reduce N and P, using diatom consortium which can reduce nutri-
ents rapidly and can create a nutrient equilibrium in treated water.

5.2  Dairy Wastewater

Dairy wastewater contains complex mix of inorganic nutrients in high concentra-
tion. One of the main challenges in treating livestock-derived wastewater is reduc-
tion of oxygen demand which can be quite high (2000–2500 mg/l for COD and 
800 mg/l for BOD). It also contains high turbidity, total suspended solids (TSS), and 
dissolved nutrient like ammonia and phosphate. Majority of dairy waste which 
includes both solid and liquid is mostly treated using anaerobic digestion process, 
but the resultant effluent or liquid waste needs a special treatment for it to be fit to 
release into downstream. Improper treatment of these effluents can lead to a poten-
tial threat to watersheds, leading to eutrophication. Algae with their high nutrient 
assimilation rate combined with fast growth rates are extensively studied to treat 
dairy waste. Field-scale experiments and installations of algae-based technology for 
dairy effluent treatment were carried out using advanced oxidation ponds (Craggs 
et  al. 2003) and algae scrubber technology (Mulbry and Wilkie 2001). Using a 
series of oxidation and settling ponds for wastewater treatment is a traditional tech-
nology used for many years which are cost-effective, but the treated water is often 
unsuitable for discharge due to partial treatment. Advanced pond system (APS) 
which is a modified version of traditional system with a series of oxidation ponds, 
settling ponds, high-rate ponds (HRP), and maturation ponds was successfully 
tested by Mulbry and coworkers to treat dairy effluents. They reported an improved 
effluent quality with APS with high BOD, TSS, ammonia, total phosphorus, nitro-
gen, and Escherichia coli removal. Using attached algae as a means of treating 
wastewaters was pioneered by Walter Adey (1989). Algae biofilm developed using 
attached substrate contains mainly benthic diatoms along with cyanobacteria. The 
algae biomass productivity in these scrubbers can reach up to 60 m2 d−1 which is 
very high compared to other systems used for wastewater treatment. In many open 
pond systems, algae bacterial symbiosis remains the main mechanism for treatment. 
Benthic diatom and bacterial symbiosis are very strong in wastewater systems lead-
ing to maximum nutrient removal and oxygen production. Algae bacterial biofilms 
are highly productive leading to high assimilation and valorization of nutrient and 
heavy metals. Algal biomass generated using dairy effluents was tested as slow 
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release fertilizer to vegetables and found that the growth of vegetables is same as 
commercial fertilizer when compared with algae fertilizer (Mulbry et  al. 2005). 
Treating dairy effluents using microalgae is cost-effective using simple technolo-
gies like open ponds and algae biofilm scrubbers; the residual biomass can generate 
different value-added products ranging from biofuels to biofertilizers (Tiwari and 
Thomas 2016; Tiwari 2016).

5.3  Brewery Wastewater

Brewery industry generates huge amount of wastewater, although it is not very toxic 
in terms of heavy metals but it contains high inorganic nutrients and oxygen demand 
which need to be properly treated before discharge. Present treatment methods 
include employing anaerobic digestion using different bioreactors. Anaerobic pro-
cess depends mainly on methanogenic bacteria, so it is slow time-consuming pro-
cess, and it cannot remove inorganic nutrients. Biological treatment for brewery 
effluents was mainly confined to use of phytoremediation using macrophytes 
(Trivedy and Nakate 2000) and combination of macrophytes and green algae 
(Valderrama et al. 2002). Brewery wastewater typical N:P ratio which is critical for 
algae growth is 9 with total nitrogen concentration of 25–80 mg L−1 and phosphate 
at 10–50 mg L−1 (Basu 1975). Based on limiting nutrients, this N:P ratio can sustain 
theoretical algae biomass production of 42.8 g L−1 (Christenson and Sims 2011). In 
spite of the presence of nutrients required for algae growth in brewery wastewater, 
studies on their use are still limited. Mata et al. (2012) explored the use of green algae 
Scenedesmus obliquus for effluent treatment and reported 57.5% COD removal and 
20.8% TN removal after 14 days of growth. Research articles on use of diatom algae 
for brewery wastewater treatment are nonexistent till now. But diatom algae have 
certain advantages which can make them good candidates for their use as bioreme-
diation agents. Molasses wastewater a by-product of alcohol fermentation contains a 
brown pigment which hinders light penetration through the water column. This hin-
dered light will negatively affect microalgae growth. Diatoms use fucoxanthin as the 
major light harvesting pigment which needs less light to reach saturation limit, so 
diatoms can grow even in low light. This gives them an advantage over other algae 
like green algae and cyanobacteria which need high irradiation as they use chloro-
phyll a and b as main light harvesting pigments. Diatom silica biogenesis performs 
more efficiently and pH 4–5 so diatoms can grow faster than other algae even at low 
pH wastewater from breweries. Diatoms due to their faster carbonic anhydrase activ-
ity can sequester more carbon from the atmosphere which results in higher oxygen 
production rate; this is ideal in reducing the huge oxygen demand of brewery waste-
water. Benthic diatoms are the most productive algal community in wastewater eco-
systems due to their symbiotic relationship with aerobic bacteria. This will help 
diatoms to survive harsh physicochemical conditions encountered in effluent treat-
ment ponds. All these attributes makes diatoms one of the potential candidates for 
phycoremediation of brewery effluent treatment research.
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5.4  Fish Farm Effluents

Aquaculture is one of the major industries supplying much needed nutrition to man-
kind. But due to excessive use of artificial food, chemicals, and antibiotics, the 
water after growing of cultured organisms becomes highly polluted. Indiscriminate 
discharge of these effluents can lead to severe pollution in downstream water bod-
ies. Majority of the effluents from aquaculture industry which includes both produc-
tion and postproduction operations contain high amount of inorganic nutrients 
which can be utilized by algae for their growth (Dosdat et al. 1996). Mass produc-
tion of microalgae using these excess nutrients can be beneficial not only in terms 
of water treatment, but also the algal biomass generated can be used as high-quality 
nutritious supplement to aqua feed (Huntley 1995). In a study on treating fishing 
fish farm effluents using diatoms, Lefebvre et al. (1996) observed that nutrient addi-
tion especially silica to effluents increased diatom growth and thereby treatment 
efficiency with 90% nutrient removal rate in 3–5 days of outdoor culturing. Diatoms 
due to their ideal size and nutritional content are ideal for this purpose as they can 
be consumed easily by small fish, shrimp, and zooplankton. Diatoms due to their 
high growth rate coupled with their diversity in varied habitats can be grown using 
fish farm effluents. Due to their absolute requirement of silica for growth which is 
not the case with other algae groups, diatoms can be grown in open ponds by stimu-
lating growth using silica dosing.

5.5  Heavy Metal and Other Pollutant Removal

Diatom algae produce oxygen during photosynthesis which acts as stimulant for 
heterotrophic bacterial growth which in turn can enhance bacterial degradation of 
organic pollutants (de Godos et al. 2010). Growth of benthic diatom Nitzschia sp. 
has resulted in enhanced aerobic bacterial activity in sediment layer which can lead 
to accelerated decomposition of organic matter (Yamamoto et al. 2008). Phthalate 
acid esters (PAEs) are commonly occurring priority pollutants and endocrine dis-
ruptors. Marine benthic diatom Cylindrotheca closterium has shown increased PAE 
removal rate in surface sediments. In bottom sediment it helped in the increase of 
aerobic bacterial growth by photosynthetic oxygen, thereby resulting in a combina-
tion of bacteria-diatom-dependent PAE removal. Diatom Stephanodiscus minutulus 
under optimum nutrient availability has shown increased uptake of PCB integer 2, 
2′, 6, 6′- tetrachlorobiphenyl (Lynn et  al. 2007). Poly-aromatic hydrocarbons 
(PAHs) phytoremediation has limited success rate due to their high toxicity, but 
diatoms Skeletonema costatum and Nitzschia sp. have shown accumulation and deg-
radation of phenanthroline (PHE) and fluoranthene (PLA), two typical PAHs (Hong 
et al. 2008). Diatom algae produced O2 that can help in bacterial degradation of 
PAHs and phenolic and organic solvents in benthic environments. Diatom Amphora 
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coffeaeformis is known to accumulate herbicide mesotrione (Valiente Moro et al. 
2012). The potential of diatom algae in biodegradation and accumulation of pollut-
ants is enormous, but till date, little research is done in this field.

6  Diatoms Grown on Industrial Wastewater as Source 
of Biofuels and Nutraceuticals

Diatoms are capable of uptaking the organic and inorganic forms of carbon, nitro-
gen, and phosphorous accompanied by accumulation of trace elements from waste-
waters and using them as a source of their growth (Li et al. 2017a, b; Xin et al. 2010; 
Hena et al. 2015). The growth of diatoms on the wastewater also produces good 
amount of biomass, which can be further processed into diverse useful components 
(Fig. 6) as they are great reservoirs of bioactive compounds like lipids, sterols, fla-
vonoids, proteins, and pigments. The myriad of metabolites provide diatom robust-
ness to act as antimicrobial, antioxidative, and therapeutic molecules in the treatment 
of diseases like HIV, Alzheimer, and cancer (Kuppusamy et al. 2017).

The algal biomass growing on the wastewater can find applications in the area of 
health food, good nutritive supplements, and also a live source of food for fishes, 
oysters, mollusks, mussels, and clams (Rico-Villa et al. 2008). They can also pro-
duce pigments like carotenoids, fucoxanthin, quinones, terpenes, and tocopherols 
(Hu et  al. 2008). Diatom consortium grown on wastewater has been reported to 
produce biodiesel, EPA, and DHA and concluded that the silicon enriched consor-
tium of economical for sustainable production of biodiesel and fatty acid growth on 
the wastewater (Thomas et al. 2018).
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Potential and Application of Diatoms for Industry-Specific Wastewater Treatment



336

7  Conclusion

The efficiency of diatoms in remediation of wastewater is unparalleled and holds 
enormous scope in circumventing water pollution as an eco-friendly and sustainable 
option. More innovative approaches are indeed required to envisage novel diatoms 
and consortium for efficient and rapid waste remediation and biomass generation 
for other applications.

Diatom biorefinery approach can evoke a drastic beginning in the management 
of the wastewaters from different industries and simultaneous utilization of biomass 
for plethora of valuable products which find huge applications in the field of renew-
able biofuels, nutraceuticals, therapeutics, food industry, and cosmetics in the 
future.
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Consortium for the Bioremediation 
of Organic Pesticides: Application 
Constraints and Future Prospects

James McLellan, Sanjay Kumar Gupta, and Manish Kumar

1  Introduction

A pesticide is a chemical compound designed to kill pests including weeds, fungus, 
insects, and rodents, as defined by the World Health Organization, but has been 
expanded by the Food and Agriculture Organization of the United Nations to include 
any chemical designed to control disease vectors for human and animals, as well as 
any pest threatening agricultural or industrial commodities (Li and Jennings 2017). 
Pesticides can be defined by both the active ingredient designed to control pests and 
any additional ingredients designed to improve the efficacy of the active ingredient 
such as emulsifiers or fumigants. Pesticides are often categorized by the targeted 
organism and range from avicides, rodenticides, insecticides, miticides (acaricides), 
molluscicides, nematicides, herbicides, fungicides, algicides, bactericides, and viri-
cides with the prefix of each category describing the target (Uqab et  al. 2016). 
However, this chapter focuses on four main delineations of organic pesticides, based 
on the chemical structure and associated mechanism of action of the active ingredi-
ent: organochlorines, organophosphates, carbamates, and pyrethrin or pyrethroids 
(Li and Jennings 2017). Each of these pesticide classes has been expanded to include 
many different isomers and related compounds, but each class has a specific mecha-
nism affecting pests that also make them toxic to other species.
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2  Pesticide Production and Use

Pesticide use is justified through overall increases in crop yield and reductions in 
postharvest losses, thus improving food security and lowering overall costs (Damalas 
and Eleftherohorinos 2011). However, the persistence of these compounds in the 
ecosystem is associated with a litany of negative effects on environmental security, 
water security, and human health (Aktar et al. 2009; Fukuto 1990; Uqab et al. 2016). 
Furthermore, the unintentional by-products of the production of some of these com-
pounds also pose ecological and human health risks, as they have historically found 
their way into the environment (FAO 2018).

Over time, the production and use of some pesticide classes and their associated 
compounds became heavily regulated in the developed world, yet many developing 
countries don’t have the means to control or regulate their use (Alavanja 2009). 
Large stockpiles of expired compounds referred to as “obsolete pesticides” are 
causing widespread contamination of soils and surface waters in the developing 
world (FAO 2018). However, when one group of pesticides is outlawed, a new 
group soon replaces them. For instance, since the introduction of “round-up ready” 
genetically modified crops in the 1990s, the use of glyphosate (organophosphate 
herbicide) has risen dramatically and won’t likely decrease any time soon; it is 
believed that the accumulation of this moderately persistent chemical and the asso-
ciated metabolites will continue to accrue in aquatic systems and soils (Benbrook 
2016; Kniss 2017).

2.1  Pesticide Types and Mechanisms

 Organochlorine Pesticides

Organochlorines are chlorinated carbon compounds that were once used worldwide 
and are considered the first generation of pesticide chemicals. This class of com-
pounds includes hexachlorocyclohexane (HCH), dichlorodiphenyltrichloroethane 
(DDT), and the endocrine disruptor endosulfan. Organochlorines are extremely 
resistant to environmental degradation and have been labeled as persistent organic 
pollutants (POPs) by the United Nations Stockholm Convention. Even though these 
chemicals are heavily regulated throughout the developed world, they are still used 
throughout parts of Asia and various members of the developing world as a public 
health measure against malaria spread (Jayaraj et al. 2016). Organochlorines such 
as DDT prevent the closing of sodium ion gates at the axon terminal of neurons 
resulting in a negative membrane potential causing repeated neural discharges 
(Coats 1990). Chlorinated cyclodienes like aldrin, chlordane, and endosulfan are 
neurotoxic based on the chemical binding affinity of the picrotoxin site of the 
γ-aminobutyric acid chloride ionophore complex (GABA), thereby disrupting neu-
ral intake of chloride anions (Coats 1990). These chemicals can wreak havoc to the 
endocrine system in mammals and are associated with a wide variety of health 
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defects (Jayaraj et al. 2016). Organochlorine pesticide usage has been heavily regu-
lated and even banned due to this off-target toxicity, prominent levels of bioaccumu-
lation, and notorious persistence in the environment (Coats 1990; Jayaraj et  al. 
2016; Katagi 2010).

 Organophosphates and Carbamates

The next generation of pesticides were derived from esters of phosphoric acid and 
are called organophosphates. The toxicity of organophosphates is identical to that of 
carbamate esters, derivatives of carbamic acid. Organophosphates and carbamate 
esters inhibit the hydrolase activity of acetylcholine hydrolase (AChE) on the neu-
rotransmitter acetylcholine (Fukuto 1990). AChE activity is necessary in both ver-
tebrate and invertebrate organ systems and is nearly ubiquitous in parasympathetic 
nervous systems and is responsible for the rapid hydrolysis of acetylcholine into 
acetic acid and choline (Fukuto 1990). Organophosphates include glyphosate, the 
most commonly used pesticide in the United States since 2001, with 1.22–
1.32 × 105 tons applied in 2012 alone (Atwood and Paisley-Jones 2017).

 Pyrethroids and Other Pesticides

Pyrethroids are synthetic derivatives of naturally occurring insecticidal compounds 
produced by Chrysanthemum spp. and have twofold mechanisms of action: (i) 
inhibiting sodium ion channels in neuron membranes and (ii) inhibiting the GABA 
complex (Coats 1990). The lipophilicity of pyrethroids increases bioaccumulation 
along food chains and is associated with long-term exposure problems even though 
they are less likely to persist in the environment abiotically (Tang et al. 2018).

Neonicotinoids were developed as a replacement for organophosphates and rep-
resent a systemic approach to controlling insects; the pesticide is taken up by the 
plant through root diffusion where it then spreads to all parts of the plant (Cimino 
et al. 2017).

2.2  Spatial and Temporal Quantification of Production 
and Use

The world population is predicted to exceed 9 billion by 2050; the use of pesticides 
is necessary and justified to ensure food security for the impending population 
increase (Bonner and Alavanja 2017). It is estimated that nearly 40% of agricultural 
production is protected through the use of pesticides (Senthil Kumar et al. 2018). 
Furthermore, insecticides have become an important tool in controlling insect vec-
tors of disease including mosquitos species associated with Zika, West Nile virus, 
dengue, yellow fever, and malaria (Lawler 2017).
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Quantifying pesticide production has proven challenging due to self-reporting 
issues and unauthorized use, but all figures indicate drastic increases since initial 
use in the middle of last century. The first pesticide use survey in the United States 
was conducted in 1964, and within 20 years, usage grew from 48 million pounds 
(21.8 × 103 tons/yr) to 430 million pounds (19.5 × 104 tons/yr) of active ingredient 
alone (Osteen and Fernandez-Cornejo 2016). Pesticide use is estimated to have 
steadily risen 11% annually, worldwide since the 1950s helping to support the expo-
nential population growth through both disease vector control and overall crop pro-
duction (Carvalho 2017). By the year 2000, an estimated 5 million tons of pesticides 
were being produced every year (Carvalho 2017). However, in the years that fol-
lowed, the US Environmental Protection Agency’s consumer-based studies show 
more conserved trends. An estimated 6 billion pounds (2.7 × 106 tons/yr) of pesti-
cides were used annually, worldwide in 2011 and 2012 with the United States being 
responsible for 1.1 billion pounds (5.0 × 105  tons/yr) (Atwood and Paisley-Jones 
2017). The most recent estimates provide that pesticide production has risen again 
to 3.3 × 106 tons/yr with Europe being responsible for 4.2 × 105 tons/yr (Hvězdová 
et al. 2018).

In the United States, herbicides such as glyphosate, atrazine, and S-metolachlor 
make up the bulk of current agricultural industrial use (57%), while fumigants 
(37%), fungicides (9%), and insecticides (5%) account for nearly the rest (Atwood 
and Paisley-Jones 2017). This ratio of herbicides and fungicides making up the bulk 
of pesticide use is mirrored throughout much of the developed world. However, 
76% of India’s pesticide use is attributed to insecticides, while nearly two thirds of 
all pesticides used were DDTs and HCHs (Yadav et al. 2015). It stands to reason 
that areas with more tropical climate consume higher levels of insecticides, likely 
for crop protection and public health measures against disease associated insect 
vectors.

Current paradigm of use and high rates of persistence are associated with eco-
logical contamination often leading to human health crises. Conventional attempts 
at remediation are costly, environmentally hazardous, and often ineffective. 
Biological remediation has been investigated for decades as an efficient methodol-
ogy for remediating contamination of water and soil. These methods have tradition-
ally focused on the bacterial remediation of organic pollutants; however, 
microalgal-bacterial consortiums have shown great potential for the biological 
remediation of pesticides (Uqab et al. 2016). This chapter discusses the fate of pes-
ticides in the environment and the associated health risks, former applications of 
microalgae and bacteria, inter-kingdom synergies, and factors affecting and limiting 
the efficacy of bacterial-algal bioremediation of pesticides.

3  Environmental Fate and Ecological Risk of Pesticides

Some studies have provided that only 0.1% of all pesticides reach their target 
organism, meaning the resulting 99.9% are left to enter the environment (Pimentel 
1995). Even following correct application, many of these compounds enter the 
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ecosystem through water runoff events leading to the contamination of surface 
water, groundwater, estuaries, marine environments, and soil deposits often persist-
ing for prolonged periods of time. A recent study of arable soils in Europe, months 
after application, detected pesticides above the risk levels for the regions containing 
suspected carcinogens and endocrine disruptors (Hvězdová et  al. 2018). These 
chemicals are then either broken down by photolytically, biologically, or chemi-
cally; if they aren’t degraded, they persist in the water cycle or are adsorbed by 
other organisms, thus entering the food chain (Senthil Kumar et al. 2018). Some 
chemicals are highly persistent due to the chemical compound’s structural resis-
tance to abiotic or environmental degradation. For example, organochloride pesti-
cides such as DDT and associated derivatives have half-lives ranging from 2 to 
15 years (Jayaraj et al. 2016). Highly persistent chemicals undergo evaporation and 
condensation in the water cycle traveling immense distances (Subashchandrabose 
et al. 2013). This long-range atmospheric transport of persistent organic pesticides 
shows that pesticide pollution is not relegated to certain countries or regions; the 
pollutants and their associated harm are shared through geochemical processes 
(Yadav et al. 2015).

While some pesticides are not present in water or soils in large enough concen-
trations to do harm, the lipophilicity of some pesticides can lead to their accumula-
tion in living organisms and subsequent vertical transfer through the food chain and 
are known as bioaccumulation and biomagnification (Katagi 2010). Even more 
readily degraded pesticides such as glyphosate have been shown to be accumulating 
in large amounts over many years, resulting risking contamination of water supply 
and food stuffs beyond human use (Carvalho 2017).

4  Human Health Risks

Human exposure to pesticides should be avoided because they are, by nature, haz-
ardous as they are designed and manufactured to be toxic. Humans generally come 
into contact with pesticides in three ways: (i) during the production or use of pesti-
cides, (ii) through ingestion of food or water contaminated with pesticides, and (iii) 
through inhalation of pesticide-contaminated air or through skin contact with con-
taminated water or soil. Acute exposure toxicity is well understood and more defined 
than low-dose long-term exposure because of the complexity of studying long-term 
toxicological mechanisms (Bonner and Alavanja 2017).

4.1  Acute Pesticide Toxicity

Persons at highest risk for exposure to pesticides are those who directly handle 
pesticides and include pesticide applicators, production workers, and farm work-
ers (Alavanja 2009). Studies have shown that members of the developing world are 
disproportionately at higher risk of acute pesticide poisonings, especially in rural 
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areas (Eddleston 2016). Contributing factors include improper handling and stor-
age regulation, reduced access to personal protective equipment (PPE), and 
reduced access to adequate health care (Alavanja 2009; Yadav et al. 2015). For 
instance, one study compared the levels of a chlorpyrifos metabolite in urine sam-
ples between pesticide applicators without PPE to adolescents who were non-
applicators finding a nearly tenfold increase (Bonner and Alavanja 2017). 
Organophosphate insecticides are estimated to cause nearly two million hospital-
izations and resulting in nearly 100,000 deaths yearly in the developing world 
(Eddleston 2016). One review detailed that acute poisonings were 13-fold higher 
in the developing world compared to industrialized countries (Aktar et al. 2009). 
Another review detailed numerous studies showing the relationship between neu-
rological disorders and exposure to HCH, as well as cardiotoxic symptoms related 
to methomyl application (Aktar et al. 2009), with dermal absorption likely being 
the method of exposure (Kim et al. 2017). While pesticide poisonings are a con-
cern, they are predicted to decrease as safer pesticides or non-pesticidal control 
chemicals such as methoprene enter the market. However, long-term exposure to 
pesticide residues through indirect exposure is of great concern worldwide. Various 
regulatory bodies have prevented the developing and marketing of genotoxic pes-
ticides through in  vitro model systems, and widespread epidemiological and 
cohort studies have proven increased risk of cancer, diabetes, birth and develop-
ment disorders, asthma, and neurodegenerative disorders (Jayaraj et  al. 2016; 
Kamel and Hoppin 2004; Kim et al. 2017). More studies are required to assess the 
exposure of currently used pesticides over extended periods of time comparatively 
in order to work out the mechanisms of non- genotoxic carcinogenic pesticide resi-
dues, i.e., those affecting chromatin remodeling and other epigenetic effects 
(Alavanja 2009).

4.2  Long-Term Exposure Toxicity

Exposure to widely used pesticides has been associated with cancer, endocrine 
disruption, and neurological disorders (Carvalho 2017; Kamel and Hoppin 2004). 
Pesticides such as γ-HCH and DDT are associated with immunosuppressive 
effects, causing oxidative stress in blood cells, and even stimulate cancer cell prop-
agation through in vitro studies (Bonner and Alavanja 2017). Endosulfan is associ-
ated with immunosuppression, disruption of spermatogenesis, and sperm 
morphology and also causes damage and mutation to DNA (Jayaraj et al. 2016). 
Long-term pesticide exposure meta-analysis revealed a relationship between expo-
sure and occurrence of hematological malignancies such as Hodgkin’s lymphoma 
(Hu et al. 2015).

The prevalence of pesticide use, their environmental fate, and associated human 
health effects indicate a need to develop novel approaches to remediating the envi-
ronment to protect humans and ecosystems from pesticide degradation.
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5  Common Biological Approaches to Remediation

Pesticide usage and the persistence of the compounds have negative implications in 
the realms of ecology and human health. However, conventional cleanup methods 
attempting to solubilize and recover organic compounds are costly and ineffective. 
Many of these cleanup attempts require significant investment to infrastructure and 
are not self-maintained, leading to a high cost with a low cost-benefit ratio 
(Velázquez-Fernández et al. 2012; Xia et al. 2012). Furthermore, these conventional 
remediation techniques are not ecologically friendly and even increase the risk of 
further environmental contamination. There has been a recent push toward biologi-
cally based remediation practices for the efficiency and cost-effectiveness.

The concept of bioremediation involves the exploitation of already existing 
mechanisms employed by bacteria, fungi, algae, and higher plants to detoxify, 
degrade, or accumulate pollutants to be later removed. The bioremediation of pesti-
cides can occur in situ where the pesticides are degraded or accumulated at the 
location of pollution or ex situ where the contaminated soil or water is extracted and 
relocated to a different site for treatment (Senthil Kumar et  al. 2018). Both pro-
cesses conventionally use microbes isolated from the location of the pollution to 
achieve the desired biodegradation or transformation. The concept of bioaugmenta-
tion is an in situ approach where already existing flora are augmented to improve or 
facilitate the desired remediation. Whether the remediation occurs in situ, on site, or 
ex situ, the combination of bacteria and microalgae has great potential for the reme-
diation of organic pesticides. The following section discusses the potentials and 
application examples.

6  Application of Bacterial-Microalgal Consortium

The efficacy of bacterial-microalgal consortia for the bioremediation of pesticides 
is based in the ecological associations between bacteria and algae but likely has 
roots in an evolutionary context as well (Ramanan et  al. 2016). Microalgae and 
bacteria are the largest communities of primary producers across every type of 
aquatic ecosystem and play a major role in the aquatic carbon cycle but also play a 
role in terrestrial carbon cycling (Ramanan et al. 2016). Over 200 million years of 
coevolution have provided a number of inter-kingdom synergistic relationships 
including inter-kingdom quorum signaling, interspecies biofilm formation, and 
especially co-metabolism (Amin et al. 2012).

Microalgae have proven effective at accumulating pesticides once they’ve 
entered aquatic and terrestrial ecosystems. While some species are capable of com-
plete mineralization or transformation of pesticides into less toxic metabolites, 
some species are inhibited by the toxic effect of said metabolites. Therefore, it 
stands to reason that by pairing these accumulators with bacterial degraders, the 
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overall efficacy of bioaugmentation is radically improved. Here, we discuss the 
potentials and applications of a bacterial-microalgal consortium for the bioremedia-
tion of pesticide pollution.

6.1  Microalgae Accumulation and Transformation

One study was able to show that ten distinct species of microalgae and cyanobacteria 
were capable of oxidizing the organophosphate nematicide fenamiphos, while 
Chlorella sp. and Anabaena sp. were able to detoxify 99% of the chemical (Cáceres 
et al. 2008b). The same group used freshwater P. subcapitata, a freshwater algae and 
soil algae Chlorococcum sp. to accumulate and transform fenamiphos by 100% and 
62%, suggesting that liquid suspension might be more effective (Cáceres et al. 2008a). 
Anabaena azotica isolated from rice paddies showed tolerance and bioremediation 
degradation potential of γ-HCH (Lindane) by removing nearly 50% in 5 days (Zhang 
et al. 2012). One study observed a random mutation that allowed a species of S. inter-
medius to develop resistance to lindane and even showed potential for its removal from 
aquatic systems (González et al. 2012). Both Chlorococcum sp. and Scenedesmus sp. 
were able to degrade endosulfan in both liquid media and soil (Sethunathan et al. 2004).

6.2  Bacterial Degradation

The basis for all degradation and transformation of pesticide pollutants begins with 
the necessary enzymatic activity and is separated into three classes. Enzymes modi-
fying functional groups, enzymes associated with transfer reactions of whole groups 
to pollutants, and enzymes capable of translocation making pollutants unavailable 
to organisms are classified as phase I, II, and III enzymes, respectively (Velázquez- 
Fernández et al. 2012). These are typically transferase, oxidoreductase, and hydro-
lase enzymes. The use of consortiums to degrade complex organic molecules has 
been proven effective in many bioaugmentation studies (Mrozik and Piotrowska- 
Seget 2010). The combination of catabolic pathways of different organisms greatly 
enhances the overall efficacy of bioremediation. In addition, by using a consortium 
of bacteria from an already contaminated site, the overall efficiency of degradation 
is improved because there is less overall accumulation of toxic compounds and 
metabolic waste (Pino and Peñuela 2011). For instance, chlorpyrifos and methyl 
parathion were both effectively degraded by a bacterial consortium obtained from 
contaminated soils in Columbia (Pino and Peñuela 2011). Another study used 
autochthonous microbial consortiums capable of degrading organophosphates in 
soil, which were then inoculated with Serratia marcescens, thereby reducing reme-
diation times by 8–20 days dependent upon soil types (Cycoń et al. 2013).

The combination of the transformation potentials of various microalgae with the 
degradation potentials of heterotrophic bacteria and the overall efficiency of biore-
mediation can be greatly improved. As long as there are no unintended interactions 
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involving predation, resource competition, or metabolite toxicity, the algae-bacteria 
consortiums can exhibit effective remediation of organic pesticides. This has been 
proven effective in a few cases. The following section highlights some effective 
consortiums

6.3  Examples of Effective Consortiums

Microalgae-bacterial consortiums have been used for half a century for the removal 
of nutrients from wastewater, agro-industrial effluent, and heavy metal contamina-
tion (Ramanan et  al. 2016). Surface water, groundwater, effluent, and even soils 
contaminated with pesticides can all be remediated with microalgal-bacterial con-
sortiums. Many pilot scale studies have quantified the rate at which pesticides are 
accumulated or transformed by algal-bacterial consortiums. These organisms are 
often isolated from an area with high levels of pesticide contamination, are then 
cultured, and are used in combination with other microbes for the biodegradation or 
bioaugmentation of organic pollutants (Cycoń et  al. 2017; Velázquez-Fernández 
et al. 2012; Yañez-Ocampo et al. 2009; Zhao et al. 2015). One review compiled over 
a decade of studies where a consortium of Chlorella sp., Selenastrum sp., 
Phormidium sp., and Scenedesmus sp. of microalgae were used in tandem with 
varieties of proteobacteria (Ralstonia, Pseudomonas, Burkholderia, Sphingomonas, 
Acinetobacter) and actinobacteria (Rhodococcus, Mycobacterium) to effectively 
degrade a wide variety of organic pollutants (Subashchandrabose et  al. 2011). 
Microalgae produce O2 which is used by the aerobic bacterial strains for the miner-
alization of the organic compounds (Muñoz et al. 2006). This type of co- metabolism 
can feasibly be exploited during the biodegradation of organic pesticides as well, 
with the main limitation being toxicity to microalgae strains. There are many factors 
that affect the rate at which a microorganism can degrade or assimilate a pesticide. 
These factors include toxicity of the pesticide, pH, sunlight, temperature, and 
endogenous metabolism (Subashchandrabose et al. 2011, 2013). These factors can 
be easily controlled in a lab setting but need to be taken into consideration when 
designing in situ remediation.

6.4  Genetic Modifications in Bioremediation

A molecular understanding of the consortium metabolism can be used to genetically 
manipulate members of the microbial consortium to improve the remediation and 
augmentation. The enzyme family cytochrome P450 monooxygenase (CYPs) have 
been used for the degradation of polyaromatic hydrocarbons with wild-type enzymes 
from Bacillus and Pseudomonas species being modified to improve degradation 
activities (Gaur et al. 2018). The use of genetically altered bacteria and/or algae can 
provide fitness increases or differential stress responses through upregulating or 
modifying enzymatic activity, alleviating the rate-limiting steps in a metabolic 
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pathway, or even enhancing energy production inside communities (Ortiz-
Hernandez et al. 2013).

An algal strain of Sphingobium japonicum capable of HCH degradation was 
genetically engineered to display an organophosphate hydrolase enzyme from the 
bacterium Pseudomonas syringae (Cao et al. 2013). This study observed that the 
engineered organism could degrade parathion amounts of 100 and 10 mg/kg of lin-
dane (γ-HCH) completely within 15 days (Cao et al. 2013). This example of genetic 
engineering completely circumvents microalgae-bacterial consortium use through 
combining one capable organism with the enzyme capabilities of bacteria. While 
these methods show immense potential for designing an organism to fit individual 
pollution sites, it is costly and time-consuming. Furthermore, the induced mutations 
may be energetically unfavorable to the organism and may lead to fitness decreases 
outside the laboratory (Gaur et al. 2018). Therefore, it is often easier and more cost- 
effective to use a symbiotic consortium of microalgae and bacteria.

6.5  Factors Affecting Pesticide Removal by Bacterial- 
Microalgal Consortium

There are many factors affecting the pesticide remediation of bacteria-microalgae 
consortium. The toxicity of the pesticide to members of the consortium, concentra-
tion, the site of contamination, temperature, pH, sunlight, and water availability all 
affect how a microbial consortium will accumulate or degrade a pesticide pollutant 
(Fang et al. 2010; Zhang et al. 2012). Furthermore, it is important to understand how 
the autochthonous organisms will interact with any inoculated organisms to avoid 
predation and competition (Cycoń et al. 2017).

Many pesticide pollutants may be toxic to the bacteria or algae species being 
used for remediation. Therefore, the concentration of the contaminant should be 
taken into consideration when designing the remediation. An example of this 
involves the uptake and transformation of the organophosphate nematicide fenami-
phos into metabolites that were more toxic than the original compound (Cáceres 
et al. 2008a). While some species of Chlorella and Anabaena were able to oxidize 
fenamiphos, the oxidized by-product fenamiphos sulfoxide and bacterial  metabolites 
fenamiphos phenol, fenamiphos sulfoxide phenol, and fenamiphos sulfone phenol 
were more toxic to Pseudokirchneriella subcapitata and Chlorococcum sp. (Cáceres 
et al. 2008a, b). Therefore, the microbial consortium should be designed to handle 
the uptake and transformation of all metabolic by-products of each species in the 
consortium. While these algae wouldn’t be able to fully mineralize fenamiphos due 
to the toxicity of its transformation metabolite, pairing it with a bacterial species 
capable of degrading the partially oxidized phenols may prove effective, including 
strains from Microbacterium, Sinorhizobium, Brevundimonas, Ralstonia, and 
Cupriavidus genera (Cabrera et al. 2010). The wide variety of organisms capable of 
degradation have immense potential for combining bacteria and algae in bioreme-
diation attempts.

J. McLellan et al.



351

The pH of soils has been shown to influence the degradation capabilities of some 
microbial consortiums. One study observed that the degradation of fenamiphos was 
improved as the pH of that soil increases, the more successful pHs being between 
7.7 and 8.4 (Singh et al. 2003). It is hypothesized that more alkaline soils allow for 
higher expression of enzymes and higher total biomass (Singh et al. 2003). This 
may be exploited during ex situ bioremediation or bioaugmentation to enhance the 
efficacy of degradation, while changing the pH of a large contamination site may 
not be feasible. However, many strains of cyanobacteria and algae have been shown 
to produce extra polymeric substrates, sugars, proteins, and lipids under alkaline 
conditions which can enhance the growth and proliferation of heterotrophic bacteria 
(Subashchandrabose et al. 2011). This is just one example of the synergistic poten-
tials of bacterial-algal consortiums. Another important factor affecting the bioreme-
diation potentials is temperature.

Zhang et al. (2012) observed that γ-HCH (Lindane) was degraded faster at higher 
temperatures where 67.3% was degraded at 35 °C and 56.2% at 30 °C (Zhang et al. 
2012). Fang et al. (2010) showed that DDT and associated metabolites were opti-
mally degraded at 30 °C compared to 20 and 40 °C (Fang et al. 2010). This param-
eter would be nearly impossible to control in large in situ remediation attempts but 
should be considered when deciding on species consortiums and application types.

6.6  Limitations of Bacterial-Microalgal Consortium

One of the main limitations to the applied remediation consortium involves the 
specificity of strain to pollutant, as some strains of algae respond to different pesti-
cides differently even resulting in toxicity (Subashchandrabose et al. 2011). This is 
not a one-size-fits-all solution. There is still a modicum of investigation needed to 
carry out effective remediation. Furthermore, some algal species are too sensitive to 
the toxicity of certain pesticides such as diazinon (Tien et al. 2011). This chapter 
was unable to find any species of microalgae capable of degrading or withstanding 
dieldrin or glyphosate.

The stability of a constructed consortium is only effective if there is division of 
labor and effective chemical communication between the species (Subash chandra 
bose et al. 2011). Inter-kingdom quorum sensing controls biofilm formation, co- 
metabolism, and stress responses but may not be compatible among some algae and 
bacteria. Furthermore, some nutrient requirements and physiochemical needs may 
not be compatible within every consortium. It is also hard to predict remediation 
outcomes based on laboratory and small pilot scale studies. The scalability of algal- 
bacteria consortiums may be a hindering aspect of its use and application.

In some instances, the metabolites produced during a biodegradation are more 
toxic than their precursors. For instance, one study observed that Chlorella vulgaris 
mediate degradation of diclofop-methyl (DM) to a less toxic metabolite diclofop 
(DC) (Cai et  al. 2009). However, DC was then further degraded to 
4-(2,4- dichlorophenoxy) phenol (DP) which was the most toxic metabolite of the 
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three intermediates (Cai et al. 2009; Subashchandrabose et al. 2013). This was also 
discussed earlier in the case of fenamiphos by-products of bacterial metabolism 
being toxic to certain algal species. These are potential setbacks to applied remedia-
tion attempts due to the production of metabolites more harmful than the pesticide 
which was originally contaminated. The metabolites of all components of the 
microbial community should be taken into account during the engineering of a 
bacterial- algal consortium.

Not all algae-bacteria interactions are commensal or mutualistic, which is vital 
to engineering effective consortiums. These include quorum sensing inhibitors, 
algicidal metabolites produced by bacteria, and limiting nutrient competition (Amin 
et al. 2012). However, by identifying already present microbes in polluted areas, 
these types of interactions can be avoided during the remediation application.

7  Synergistic Potentials of Combined Remediation

Algae-bacteria relations have been studied heavily for decades primarily focusing 
on symbiosis of nutrient exchange, chelation, bacterial attachment, co-metabolism, 
and chemical communication (Rengifo-Gallego and Salamanca 2015; 
Subashchandrabose et al. 2011). Much of the symbiosis between microalgae and 
bacteria is based on nutrient exchange of vitamins, iron, and fixed nitrogen (Cooper 
and Smith 2015; Ramanan et al. 2016). In one example, some algae lacking a methi-
onine synthase gene cannot produce vitamin B12 and require an exogenous source, 
which is produced by mutualistic bacteria species who in turn benefit from organic 
matter produced by the algae (Amin et al. 2012). Co-cultures of algae and bacteria 
have been shown to be more robust in the event of environmental flux and provide 
resistance to outside invasion or competition (Subashchandrabose et  al. 2011). 
Furthermore, in the post omics age, mutualisms are being defined more closely and 
are providing insight into the application potentials of the mutualistic organisms 
(Cooper and Smith 2015). Biofilms conferring mutual advantage are described in 
Fig. 1. The relationship between archaea and microalgae is less well-known, but 
there is significant evidence for the interaction between the two kingdom based on 
chemical markers in marine sediment (Amin et al. 2012).

The relationship between the two kingdoms provides a unique opportunity to 
exploit the mutualism and synergy developed over millennia for the application of 
polymicrobial consortium for the bioremediation of pesticides. More comparative 
studies are needed to elucidate these relationships. Commonly, microbial-algal 
symbiosis occurs through the formation of biofilm. This association of consortiums 
through a biofilm matrix enhances the mutualisms previously discussed by bringing 
microbial populations closer together. This spatial organization makes for more effi-
cient chemical communication, accumulation of limiting metals, and nutrient 
exchange. It has been shown that the heterotrophic bacteria have high 02 demand 
during degradation of complex organic molecules and therefore thrive in the upper 
layers of cyanobacteria and algal mats (Abed 2010). Furthermore, some cyanobac-
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teria even seem to regulate the eubacteria associated within their phycosphere by 
releasing certain carbon sources utilized by said eubacteria (Amin et al. 2012).

Biofilm formation may improve the remediation potentials of microalgal- bacterial 
consortiums. One study found that by immobilizing cells, they were able to increase 
the efficiency of the biodegradation of a polymicrobial consortium. This methodology 
immobilized cells on alginate beads, similar to the naturally occurring biofilms, which 
in turn improved the catalytic activity of the enzymes which increased the degradation 
efficiency (Yañez-Ocampo et al. 2009). This is further supported by an investigation 
into how biofilm formation improves the kinetics of degradation of diazinon, an 
organophosphate insecticide. It was shown that diazinon removal was 99.9% by algal-
bacterial consortiums in biofilm compared to only 27% removal by the same species 
not in biofilm (Tien et al. 2011). This change in remediation was likely caused by the 
increased biomass associated with naturally occurring biofilms. This study also sug-
gested that the remediation of diazinon was more efficient in springtime biofilms 
(99.9% removal) than wintertime biofilms (77% removal) due to higher levels of cel-
lular absorption and adsorptions by extracellular polymeric substrate as well as 
increased levels of microbial degradation (Tien et al. 2011). Furthermore, cell aggre-
gation and attachment will yield population increases in bacteria as algal cells die and 
begin to decompose. These dead and still attached algal cells provide alternative car-
bon sources thereby increasing bacterial populations, which has been shown to 
improve degradation potentials (Cycoń et al. 2017; Pino and Peñuela 2011).

The overall degradation of bacterial consortiums can be improved through the 
addition of an additional carbon source. For instance, one study using a fairly 
diverse consortium (Fig. 2) improved the degradation efficiency of methyl parathion 
by 28% and chlorpyrifos by 64% just by adding glucose to the medium (Pino and 

Fig. 1 Description of the benefits of biofilm formation between microalgae and bacteria. Various 
genera of bacteria and microalgae from selected studies included
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Peñuela 2011). They reasoned that this additional carbon source greatly enhances 
the number of organisms in media thereby radically improving the overall degrada-
tion. One of the benefits reaped by bacteria through an algal mutualism is the addi-
tion of alternative carbon sources from the microalgae, thus further improving the 
remediation potential through increasing the number of bacteria.

The pH requirement of microbial consortiums can be matched and even manipu-
lated to improve the degradation of pesticide pollutants. Fenamiphos degradation by 
bacteria was enhanced in alkaline soils, while Scenedesmus, Chlamydomonas, 
Stichococcus, Chlorella, Nostoc, and Anabaena species were all shown to accumu-
late and partially oxidize the same compound (Singh et al. 2003). Furthermore, bac-
terial degradation increased with the pH, while all the previous microalgae species 
are known to produce extracellular polymeric substrates, sugars, lipids, and vita-
mins that can be used as growth substrates by bacteria (Singh et  al. 2003; 
Subashchandrabose et al. 2011). These interactions are described in Fig. 2.

8  Future Prospects

The future potentials of using a microalgae-bacterial consortium revolve around 
mitigating the limitations and can be improved upon in different ways. One such 
improvement includes the detection and selection of algal strains that are capable of 
withstanding larger environmental variation. In finding strains capable of growing 
at higher or lower pH, temperature, light availability, and pesticide levels, consor-
tiums can be used in a wider range of applications. The toxicity of pesticides to 

· Pseudomonas

Bacteria
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Biofilm
Formation

Vibrio
Flavobacterium
Argobacterium
Proteus
Bacillus·

·
·
·
·

· Anabaena
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Sceedesmus·

·
·
·
·

Chlorella·

· Attachment mediated metabolism
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Spatial Organization
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·
·
·
·

Syntrophism, protection from exogenous predation
Lipids, vitamins, sugars, gas exchange, iron chelation
Accumulation and uptake of limiting cations·

·
·

Fig. 2 Synergistic potentials of a bacterial-microalgal consortium to the application of bioreme-
diation of pesticides
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certain strains of algae remains a limitation in the application of microalgae- bacterial 
consortiums and may be improved by finding strains in extreme pollution settings.

Another future potential of engineering microalgae-bacterial consortium revolves 
around the long-term maintenance of homeostasis between species (Brenner et al. 
2008). Engineering strains that can be selected for or against to control consortium 
ratios can be a potential fix. Finding ways to maintain the balance of organisms to 
optimize the remediation could greatly benefit from further study. Using alternative 
carbon sources and/or differential antibiotic regimes could be ways to control these 
populations.

Bacterial consortium engineering can exploit external chemical cues, like isopro-
pyl β-D-1-thiogalactopyranoside (IPTG), to induce genetic circuits to promote 
commensalism and cooperation (Brenner et al. 2008). Inducible circuits should be 
further investigated to apply this concept to microalgae-bacterial populations. By 
elucidating the mechanisms that can confer interspecies communication and quo-
rum sensing, these microalgae-bacterial consortiums can be tightly regulated with 
outside signals.

Auxotrophic mutants can be generated and used to make two species completely 
reliant upon one another. Research should be directed in ways to expand the ability 
to remediate pesticides that may be toxic to one or more members of the consortium 
and to control and augment the consortium ratios to improve the efficiency of reme-
diation. Constructing consortiums that collapse when one or more members of the 
consortium expire can mitigate any ecological effects or imbalances associated with 
in situ remediation.

More research into the biochemical pathways involving the catabolism of con-
sortiums would allow for more efficient remediation and novel applications. New 
“omics” tools and computational systems approaches can be employed for the 
development of consortium-based remediation.

Nanotechnologies including nano-adsorbents, nano-membrane-based filtration, 
and nanoparticle catalysts can be used in every stage of a remediation pipeline to 
improve a wide variety of processes (Gaur et al. 2018).

One study used a microalgae-bacterial consortium to anaerobically digest the 
microalgal biomass to produce methane for use as a biofuel. Using activated sludge 
from a wastewater treatment plant in Spain, they observed that low phosphorus lev-
els of the incoming wastewater led to increases in lipids found in algal biomass 
(Hernández et al. 2013). More research can be done to improve the collection of 
biomasses to be used in fertilizers, pigments, animal feed, and nutrition supplements 
(Spolaore et al. 2006; Subashchandrabose et al. 2011). These future directions are 
described in Fig. 3 with various areas of research showing potential improvements 
in many places among the bioremediation pipeline. The general pipeline is described, 
and the areas of future improvement are demarcated with a yellow lightning strike 
and include nano-based technologies, consortium engineering, in situ discovery of 
novel strains, and improvements in the usage of incidental algal biomass in indus-
trial applications.
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9  Conclusion

The use of pesticides has evolved and steadily increased since their first uses in the 
middle of last century. The production and application of pesticides is justified 
through overall increases in crop production and protection as well as through con-
trol of disease vector pests. The application of pesticides can be harmful to those 
involved and often leads to their deposit in aquatic and soil environments where 
many of them are resistant to degradation and accumulate over time. They may even 
enter the food web through primary producers becoming slowly magnified eventu-
ally becoming a risk to human health. The current levels of pesticides in the envi-
ronment, water supply, and food stuffs have led to the need for developing efficient 
and cost-effective methods for their remediation and removal from these ecosys-
tems. Bioremediation has been developed and used for these very reasons, and the 
bacterial-microalgae consortium applications were discussed in this chapter. By 
combining bacterial degradation with the bioaccumulation and degradation poten-
tials of microalgae and cyanobacteria, the overall efficacy of bioremediation is 
improved. This is dependent upon endogenous characteristics of the consortium as 
well as the physiochemical aspects of the polluted site. While there are many limita-
tions to the application of the bacterial-microalgal consortium, it remains wholly 
feasible and easily exploitable while ripe for further study and analysis. With over 
200 million years of coevolution, these microbial consortiums can be used as an 
effective tool for the bioremediation and bioaugmentation of pesticide pollution 
(Table 1).

Pesticide Waste

Enzyme mediated
breakdown of
persistent organic
molecules

Biofuel
Fertilizer Nutritional Supplements

Pigments

Algal Biomass

Algae/Bacterial Consortium

Nano-based membrane filtration technologies

“omics” approaches to consortium engineering
Genomic mutation improving efficacy,
alleviating toxin effects
Chemically induced genetic circuits and
improved interspecies communication

Nano-based adsorption
technologies

•

•
•
•

•

•
•

Consortium engineering
Discovery of novel strains
with wider range of
application.

Treatment ex-situ

Treatment in-
situ or on site

Fig. 3 Future potentials in the improvement of the bioremediation of pesticides using a microalgae- 
bacterial consortium
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1  Introduction

Being the most primitive life form on earth, ranging from prokaryotes to eukaryotes, 
algae are a large group of photosynthetic multicellular/unicellular organisms char-
acterized in two classes, macro- and microalgae. Large seaweeds such as green 
algae, red algae and brown kelp come under macroalgae, whereas microalgae are 
mainly freshwater-born single-cell organism, known to produce 70% of total atmo-
spheric oxygen. Microalgae can be classified in several groups depending on cellu-
lar structure, life cycle and pigmentation. Blue-green algae (BGA) is the most 
important one among them due to its high growth rate and considered one of the 
most economic biomass-producing organisms. In general, the term blue green is 
used for the cyanobacteria (CB), which are group of gram-negative photosynthetic 
bacteria that have colonized earth over 3.5 billion years ago. Though they are bacte-
ria, they have several features common with algae, and they can be naturally found 
in a wide variety of environments including river, ponds, lakes and streams. CB are 
considered as the predecessors of modern-day chloroplast. They are also known to 
possess great deal of morphological and metabolic diversity, which makes them 
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extraordinary repertoire of different chemical compounds with application in food, 
feed, cosmetic, nutritional, pharmaceutical and even in biofuel industry. Although 
the BGA utilization is more than centuries old (Nostoc in Asia and Spirulina in 
Africa and Mexico), the purposeful cultivation of BGA has started only few decades 
ago. Apart from its increasing uses in agriculture, food and cosmetic industry, the 
emerging trend is to use BGA for wastewater treatment. In this chapter we will 
mainly focus on prospects of BGA in wastewater and its pros and cons.

2  Potential Applications of BGA

BGA has gained immense attentions due to its multivariant usage in biotechnology, 
specifically in agricultural biotechnology, natural products, cosmetics industry and 
production of numerous secondary metabolites including vitamins, enzymes and 
pharmaceuticals and most recently in wastewater treatment since the basic idea was 
given by Caldwell in the early 1940s.

2.1  Agricultural Biotechnology

Ability of BGA to photosynthesize and fix atmospheric N2 gives inherent fertility to 
soil and explains how rice has be cultivated without any external supplies of N2 even 
before invention of fertilizer. Field trails shows that N contribution by BGA is 
20–30 kg/ha (Goyal 1993); thus farmers can get 20–30 kg/ha nitrogen without using 
any N supplements. Application of compost or dry algal mass in soil is more effec-
tive due to the availability of secondary N product in the field water. Effects have 
also been seen in other crop plants such as barley, oat, tomato, sugarcane, etc. BGA 
also helps in sustaining crop yield due to its multivalent capacity to produce vita-
mins, carbohydrates and growth hormones (Mishra et  al. 1989; Kaushik 1998). 
Such N fixing cyanobacteria are listed in Table 1.

Apart from N fixation, BGA can be used as potential organisms to reclaim 
salinity- affected soils. Anabaena torulosa have been found to grow and enrich N 
status of saline coastal soils. Most of the sodium removed by BGA remains 
extracellularly trapped in their mucopolysaccharide sheaths (Apte and Thomas 
1997); therefore, permanent salt removal from saline soils may not be possible, 
since Na+ is released back into the soil subsequent to the death and decay of 
cyanobacteria. However, 25–38% of sodium can be removed by the removal of 
top soil.

Another major nutrient for plant growth is phosphate, which is very limiting in 
natural ecosystem, even if added externally; it is immediately converted in insol-
uble phosphate compounds which cannot be taken up by plants. BGA has the 
capability to solubilize phosphate compounds such as (Ca)3(PO4)2 (tricalcium 
phosphate), FePO4 (ferric orthophosphate), AlPO4 (aluminium phosphate) and 
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Ca5(PO4)3(OH) (hydroxylapatite) (Vaishampayan et al. 2001). Cyanobacteria such 
as Anabaena doliolum, A. torulosa, Nostoc carneum and N. Piscinale decompose 
and mineralize phosphate into soluble organic phosphates/orthophosphates and 
can also mobilize inorganic phosphates by means of extracellular phosphatases 
(Prasanna et al. 2013). Intensive dependence on agrochemicals has also brought 
significant pollution in soil ecosystems, and recent reports also suggest that cya-
nobacteria are capable to degrade agrochemicals to a certain extent 
(Subashchandrabose et  al. 2013). Several agrochemicals degrading BGA have 
been listed in Table 2. Recent studies have shown that cyanobacteria are helpful in 

Table 1 Nitrogen-fixing cyanobacterial species

Unicellular
Filamentous

ReferencesHeterocystous Non-heterocystous

Aphanothece, 
Chroococcidiopsis, 
Dermocarpa, 
Gloeocapsa, 
Myxosarcina, 
Pleurocapsa, 
Synechococcus, 
Xenococcus

Anabaena, 
Anabaenopsis, Aulosira, 
Calothrix, 
Camptylonema, 
Chlorogloea, 
Chlorogloeopsis, 
Cylindrospermum, 
Fischerella, 
Gloeotrichia, 
Haplosiphon, 
Mastigocladus, 
Nodularia, Nostoc, 
Nostochopsis, Rivularia, 
Scytonema, 
Scytonematopsis, 
Stigonema, Tolypothrix, 
Westiella, Westiellopsis

Lyngbya, Microcoleus 
chthonoplastes, 
Myxosarcina, 
Oscillatoria, 
Plectonema boryanum, 
Pseudoanabaena, 
Schizothrix, 
Trichodesmium

Vaishampayan 
et al. (2001), 
Pereira et al. 
(2009), Rana et al. 
(2012), Prasanna 
et al. (2013)

Mainly two types of cyanobacteria are mentioned here, i.e., unicellular and filamentous, which can 
be Heterocystous forming or non-Heterocystous forming

Table 2 Several agrochemical degrading cyanobacterial species which can be beneficial in 
wastewater treatment system to degrade mainly toxic pesticides used in cultivation

Cyanobacterial species Pesticide degraded Reference

Anabaena sp., Microcystis novacekii, 
Nostoc linckia, N. muscorum, Oscillatoria 
animalis, Phormidium foveolarum.

Methyl parathion Fioravante et al. 
(2010)

Anabaena fertilissima, Nostoc muscorum Monocrotophos, malathion, 
dichlorovos , 
phosphomidon

Subramanian et al. 
(1994)

Anabaena sp. A. azotica, A. cylindrica, 
Cyanothece sp., Nodularia sp., Nostoc sp., 
Oscillatoria sp., Synechococcus sp.

Lindane El-Bestawy et al. 
(2007); Zhang et al. 
(2012)

Synechocystis sp. Strain PUPCCC 64 Anilofos Singh et al. (2013)
Synechocystis sp. Strain PUPCCC 64 Chlorpyrifos Singh et al. (2011)

Though specificity unknown but found to have significant effect under laboratory conditions
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producing phytohormones, such as Anabaena, Anabaenopsis, Calothrix, 
Chlorogloeopsis, Chroococcidiopsis, Cylindrospermum, Gloeothece, Nostoc, 
Oscillatoria, Plectonema, Phormidium and Synechocystis, and help in production 
of auxins, whereas Anabaena, Calothrix, Chlorogloeopsis, Chroococcidiopsis and 
Rhodospirillum produce cytokines (Singh et al. 2016).

2.2  Food

BGA, specifically Spirulina, contains highest amount of proteins around 65% fol-
lowed by soybean, dried milk (35%) and animal and fish flesh (15–25%). History of 
eating Spirulina by North African people and Nostoc commune by Chinese people 
goes back to 317–420 AD during the rule of Jin Dynasty. Apart from being rich in 
protein, Spirulina also contains significant amount of vitamins, lipids and other 
health-promoting substances, which make them commercially produced and sold in 
the names of Zyrulina, Recolina, etc. Dry powder containing capsules of 
Aphanizomenon flos-aquae, under the trade name of Klamath’s Best® Blue Green 
Algae by Klamath Valley Botanicals LLC, USA, is famous in the USA, Germany, 
Canada, Korea, Japan and Austria due to having up to 20 antioxidants, 68 minerals 
and 70 trace elements, all amino acids, B vitamins and other important enzymes 
(Chakdar et al. 2012).

2.3  Natural Colours

Having the word ‘green’ in the names, BGA produces huge amount phycobilin and 
carotenoids apart from chlorophyll, which comprises up to 60% of total soluble 
proteins (Bogorad 1975). Phycocyanin (PC), phycoerythrin (PE) and long-chain 
terpenoids are among other phycobilins that have gained popularity as natural 
colourant for having nontoxic and environmental friendly effects. They are pro-
duced commercially from Spirulina platensis and Anabaena; several companies 
have incorporated them in their products containing natural colourant such as 
Dainippon Ink and Chemicals (Sakura, Japan) which developed a product called 
‘Lina blue’ (PC extract from S. platensis), which is used in chewing gum, ice sher-
bets, popsicles, candies, soft drinks, dairy products and wasabi. High molar absor-
bance coefficients, high fluorescence quantum yield, large Stokes shift, high 
oligomer stability and high photostability properties make phycobiliproteins very 
powerful and highly sensitive fluorescent reagents. Purified native phycobilipro-
teins and their subunits fluoresce strongly; they have been widely used as external 
labels for cell sorting and analysis and a wide range of other fluorescence-based 
assays (Tooley et al. 2001).
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2.4  Cosmetic Industry

BGA, namely, Spirulina, has gained major market uprising in cosmetic industry due 
to its natural colouring properties. Properties such as repairing signs of early skin 
aging, tightening effect, preventing stretch mark formation, improving moisturizing 
balance of skin, increasing skin’s immunity naturally, lightning skin complexion 
and removing dead skin cells and photoprotective effect without having side effects 
have given Spirulina an edge over other synthetic products.

2.5  Bioactive Molecules and Antibiotics

The usage of BGA as medicine has long been established since 1500  BC, and 
compounds from Anabaena, Nostoc and Oscillatoria are known to produce an 
array of bioactive secondary metabolites, some of which are shown to have anti-
bacterial and antifungal properties. A diterpenoid from N. commune, noscomin, 
showed antibacterial activity against Bacillus cereus, Staphylococcus epidermidis 
and Escherichia coli (Jaki et al. 1999). Natural products of Nostoc sp. are effective 
against Cryptococcus sp. as a causal agent of secondary fungal infections in 
patients with AIDS (Kuwaki et  al. 2002). Anticancer properties have also been 
identified in Scytonema sp., Phormidium tenue and Anabaena variables. 
Cryptophycin-1, isolated from a Nostoc sp., has been found to have cytotoxic 
activity against nasopharyngeal carcinoma and human colorectal adenocarcinoma 
cell lines (Trimurtulu et  al. 1994). Several modified bioactive compounds with 
reduced level of toxicity from Spirulina are also in second clinical trial phases as 
well (Tan 2010).

2.6  Biofuels

Cyanobacteria can be used for energy production, such as through production of 
hydrogen. Advantage of using natural energy produced by algae is its eco-
friendly nature and almost no side effect or production of any pollutant (Dutta 
et al. 2005). Cyanobacteria mainly produces hydrogen as a secondary product of 
nitrogen fixation or by reversible activity of hydrogenase enzyme. More than 14 
cyanobacterial genera including Anabaena, Calothrix, Oscillatoria, Cyanothece, 
Nostoc, Synechococcus, Microcystis, Gloeobacter, Aphanocapsa, 
Chroococcidiopsis and Microcoleus are known for their ability to produce hydro-
gen gas under various culture conditions. Several hydrogen producing BGA are 
mentioned in Table  3. Recently large-scale production of hydrogen in several 
bioreactors has been tried successfully and almost on its way to commercialisa-
tion (Dutta et al. 2005).
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2.7  Wastewater Treatment

The usage of BGA in wastewater treatment is the most recent activities of cyano-
bacteria, which are discussed below. Mostly BGA is used in combination with 
traditional wastewater treatment process.

 Wastewater Composition and Related Hazards

Wastewater is a by-product of domestic, industrial, agricultural and commercial 
waste. By definition wastewater is ‘used water from any combination of domestic, 
industrial, commercial or agricultural activities, surface runoff or stormwater and 

Table 3 Several hydrogen-producing blue green algae

Species of cyanobacteria Growth conditions
Maximum hydrogen 
production Reference

Anabaena sp. PCC 7120 Air, 20 μE m−2 s−1 2.6 μmol mg−1 chl a 
h−1

Masukawa et al. 
(2002)

Anabaena cylindrical 
lAMM-l

Air, 20 μE m−2 s−1 2.1 μmol mg−1 chl a 
h−1

Masukawa et al. 
(2002)

Anabaena variabilis 
AVMl3

Air and 1% CO2, 100 μE 
m−2 s−1

68 μmol mg−1 chl a 
h−1

Happe et al. (2000)

Anabaena variabilis 
PK84

Air and 2 % CO2, 113 μE 
m−2 s−1

32.3 μmol mg−1 chl 
a h−1

Tsygankov et al. 
(1999)

Anabaena variabilis 
ATCC 29413

73% Air, 25% N2, 2 % 
CO2, 90 μE m−2 s−1

46.16 μmol mg−1 
chl a h−1

Sveshnikov et al. 
(1997)

Aphanocapsa montana Air, photon fluence rate 
290 μE m−2 s−1

0.40 μmol mg−1 chl 
a h−1

Howarth and Codd 
(1985)

Chroococcidiopsis 
thermalis

Ar and 1% CO2 0.7 μmol mg−1 chl a 
h−1

Serebryakova et al. 
(2000)

Gloeocapsa alpicola 
CALU 743

Sulfur free 4% CO2; 25 
μmol photons m−2 s−1

0.58 μmol mg−1 
protein

Antal and Lindblad 
(2005)

Gloeobacter PCC 7421 Air, photon fluence rate 
20 μE m−2 s−1

1.38 μmol mg−1 chl 
a h−1

Moezelaar et al. 
(1996)

Microcystis PCC 7820 Air, photon fluence rate 
20 μE m−2 s−1

0.16 μmol mg−1 chl 
a h−1

Moezelaar et al. 
(1996)

Nostoc commune 
lAMM-l 3

Air, 20 μE m−2 s−1 0.25 μmol mg−1 chl 
a h−1

Masukawa et al. 
(2002)

Synechococcus PCC 
6803

Air, photon fluence rate 
20 μE m−2 s−1

0.26 μmol mg−1 chl 
a h−1

Moezelaar et al. 
(1996)

Synechococcus PCC 
6301

Air, photon fluence rate 
20 μE m−2 s−1

0.09 μmol mg−1 chl 
a h−1

Howarth and Codd 
(1985)

Synechococcus PCC 
6308

Air, photon fluence rate 
20 μE m−2 s−1

0.13 μmol mg−1 chl 
a h−1

Howarth and Codd 
(1985)

Synechococcus PCC 
6714

Air, photon fluence rate 
20 μE m−2 s−1

0.07 μmol mg−1 chl 
a h−1

Howarth and Codd 
(1985)

Mainly tested in laboratory conditions and found to have significant hydrogen production rate. 
Mostly these species are from Anabaena and Synechococcus
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any sewer inflow or sewer infiltration’ (Winfrey and Tilley 2016). Depending on the 
categories of sources, wastewater compositions are broadly classified into three cat-
egories which can come from all of the above-mentioned sources.

 Chemical Compositions

Depending on sources, wastewater can contain a wide range of chemicals. Most 
harmful chemicals mainly come from industrial and commercial wastes which 
mainly contain heavy metals, including mercury, lead and chromium along with 
paints and other ammonium compounds from cosmetic industries. Some agricul-
tural wastes such as urea, drugs, hormones, pesticides, fertilizers and primary and 
secondary nitrogenous and sulphur compounds are also there. On the other hand, 
faeces, hairs, food, vomit, paper fibres, plant material, humus, etc. come from 
domestic chemical wastes. Domestic wastewater is classified into two different 
classes such as grey water and black water. Grey water is all wastewater that is gen-
erated in household or office building sources without faecal contamination. 
Therefore, by definition, grey water does not include the discharge of toilets or 
highly faecally contaminated wastewater, which is designated sewage or black 
water and contains human waste.

Most of the times, chemical contaminates are from nitrogenous compounds, 
mainly nitrates. Main problems are related to conversion of nitrate to nitrite in the 
digestive system, which can cause severe problems due to its high absorption rate in 
the blood stream, where it binds to haemoglobin and forms methaemoglobin and 
eventually blocks the binding of oxygen creating an oxygen scarcity in blood.

 Biological Compositions

Biological and chemical compositions of wastewater are very much well connected 
since most of the domestic wastewater contains biologically active organisms from 
human body or materials used in human households. There are mainly four types of 
major biological components of wastewater, which almost contains all possible 
disease-causing microorganisms, such as virus (hepatitis, rotavirus), bacteria 
(Salmonella, Shigella, Campylobacter, Vibrio cholerae) and protozoa (Entamoeba, 
Giardia). Apart from this, wastewater may also contain parasites such as Helminths 
(Ascaris).

There are several methods of wastewater treatment; most used and accepted on 
are the conventional processes by using disinfectant or by primary/secondary/ter-
tiary treatment processes. But recent developments of industrial chemistry and 
 ecological studies have also showed some emerging promises in natural ways of 
wastewater treatments.
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 Conventional Processes

Disinfecting Agents

The process of disinfection usually involves the injection of a solution of chlorine at 
the head end of a chlorine contact basin. The dosage of chlorine depends on the 
strength of the wastewater and other factors; however the dosages of 5–15 mg/l are 
commonly used. The ultraviolet (UV) and ozone irradiations can also be used for 
disinfecting wastewater; however these methods of disinfection are not in common 
use. The chlorine contact basins are mostly designed as rectangular channels, with 
obstructs to prevent short-circuiting and to give a contact time of about 30 minutes. 
However, in some specific conditions or to meet the advanced wastewater treatment 
requirements, a chlorine contact time can be increased to as long as 120 minutes so 
that it can meet the requirement for specific irrigation uses. In general, the bacteri-
cidal effects of chlorine and other commonly used disinfectants are dependent on 
the pH, organic content, contact time and effluent temperature (Singh 2017).

Preliminary Treatment

The idea of preliminary treatment is to remove large solid materials such as wood, 
pieces of glass, papers, plastic sand, etc. It helps to remove any floating or sedi-
mented material and reduces the overall volume of the liquid. Pretreatment mainly 
includes a grit removal chamber where the flow of the liquid is controlled carefully 
to settle down the stones, sands and other solid materials from the liquid, but remain-
ing suspended organic and inorganic material remains in the water. For this there are 
several screening processes such as coarse screening, fine screening, shredding, 
flow measuring, pumping and pre-aeration for further downstream process. 
Sometimes some disinfecting agents are also used to remove odour and to improve 
settling of grids (Fig. 1). Main goal of coarse screening is to remove materials that 
can damage the instrument; on the other hand, most of the fine screening is done to 
remove material that can block channels and other tubes in the machine; these also 
sometime couple with sedimentation process in the primary treatment.

Shredding is a culmination process where wastewater is prepared for sludge 
treatment. Culminators are loaded in a channel, and wastewater is passed through it 
where the blade of the culminator cuts down the rags until they can pass through the 
openings. Some advanced treatment plants also have specific shaped openings for 
more controlled shredding. After shredding is it send to a grit removal tank with a 
motive of removing inert material with a specific gravity of 2.65. Grit removal 
chambers are designed with specific size-dependent removal such as 0.011 inch 
with 65 meshes or sometimes 0.007 inches for activated sludge treatment. Most of 
the times, grit removal chamber is connected to an external sewer system and sani-
tary system to store excessive grit materials. There are several grit removing cham-
bers such as (a) horizontal grit chamber, (b) detritus tanks, (c) aerated grit chambers, 
etc. After successful grit removal, raw sewage pumps take the liquid further to the 
primary treatment chamber and to sludge treatment chamber.
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Sometimes several additional preparation processes are added before sending it 
to primary treatment. This is mainly to improve wastewater treatability, providing 
grease separation, odour control and flocculation. Some pretreatment is also conju-
gated with primary treatment in case of domestic grey water treatments.

Primary Treatment

Primary treatment is mainly separating dissolved/colloidal organic and inorganic 
material by mainly filtration, sedimentation, phase separation or flotation. Previously 
primary treatment was considered only for domestic wastewater treatment. Colloidal 
suspensions of fine metals and organic materials are mainly removed by filtration 
through filters having pore size less than the particles. Particles of size more than 
colloids are mainly removed by gravity separation. Nonpolar organic substances are 
also separated by sedimentation. Containers like the API oil-water separator are 
specifically designed to separate nonpolar liquids (Weber 2004). Phase separation is 
mainly used to remove oils and grease by passing through a nonaqueous phase. 
Sometimes oils are saponified and then phase separated. Sometimes ion exchange 
and reverse phase osmosis are also used to separate nonpolar substances. The efflu-
ent from primary treatment is known as primary effluent.

Though primary treatment typically does not involve any chemical treatment, 
recently it has been observed that the plants use chemicals to coagulate colloidal 
materials (Grandclément et al. 2017). Depending on this primary treatment is clas-
sified into two types.

 (a) Plain sedimentation is removal of heavy materials by gravitational field fol-
lowed by clearing the bottom of the basin. Furthermore, several skimming 
devices are also installed here to remove the floatable substances such as scums, 
oil, grease, etc. which is further connected to sludge chamber. Successful 
removal from domestic water can comprise up to 40% of total BOD and 70% 
total suspended solids. The most important parameter for this is flow rate, which 
is very difficult to maintain due to contentious sedimentation of waste in the 
basin. Recent developments of high rate settlers provide better results due to 
addition of several trays and tubes in the basin for better settlement and main-
taining a proper flow rate. But the problem of slime growth is never possible to 
remove fully.

 (b) Sedimentation with chemical coagulant is introduced due to high amount of 
phosphorus waste in the industrial wastewater. These chemical coagulants are 
not at all used in domestic wastewater due to economic issues, but they are very 
effective to bring down the BOD for further treatments. Chemicals that are used 
singularly or in combination are salts of iron or aluminium, lime and synthetic 
organic polyelectrolytes (Yu et al. 2017).

 (c) There are also some other methods such as extensive aeration or involving 
ponds or sometime with no primary treatment at all.
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Secondary Treatment

Motive of secondary treatment is to remove soluble organic and inorganic substances 
mainly by chemical and biological-chemical oxidation; it may help in removing 
persistent organic and inorganic material mainly sulphur and phosphorus com-
pounds. Sometimes chemical oxidation is carried out by adding ozone or chlorine to 
remove biological contaminants (virus and bacteria). Chemical oxidation is widely 
used for disinfection. Biological oxidation is mainly used for agricultural wastes and 
in sewage treatments mainly by using various microorganisms under controlled 
environments. Several aerobic microorganisms are used to breakdown organic mate-
rials and some inorganic compounds by means of anoxygenic photosynthesis. Most 
of the times, high rate biological oxidation is done in a very low volume under well-
controlled environment which helps microorganisms to grow. In case of biological 
oxidation of organic material, it is necessary to remove microorganisms from waste-
water by sedimentation to get secondary effluent. This sediment tank performs just 
like the primary treatment chamber. Followed by secondary sedimentation of micro-
organisms, this biologically degraded waste is known as biological sludge. The com-
mon high rate processes involve activated sludge treatment, biofilter or trickling 
filter, rotating biological contactors (RBC) or ditch filters. Mostly in case of munici-
pal waste, activated sludge treatment is employed in combination with trickling fil-
ters to improve BOD.

Tertiary Treatment

Tertiary and/or advanced wastewater treatment is employed when specific wastewa-
ter constituents which cannot be removed by secondary treatment. For the tertiary 
treatment, individual treatment processes are necessary to remove phosphorus, 
nitrogen, additional heavy metals, suspended solids, dissolved solids and refractory 
organic waste. This advanced treatment is usually follows a high-rated secondary 
treatment and therefore sometimes called as tertiary treatment. However, the 
advanced treatment processes can be sometime combined with primary or second-
ary treatment (e.g. chemical addition to primary clarifiers or aeration basins to 
remove phosphorus) or used in place of secondary treatment (e.g. overland flow 
treatment of primary effluent). A flow diagram of stepwise treatment of wastewater 
is shown in Fig. 1.

 Other Treatment Processes

Other treatment processes mainly include low-cost natural processes such as waste-
water treatment ponds (which includes anaerobic ponds, facultative ponds, matura-
tion ponds, etc.), overland treatment of wastewater, macrophyte treatment, nutrient 
film technique, etc.
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3  Role of BGA in Wastewater Treatment

Recent developments in biotechnology and genetic engineering have opened a new 
way of treating wastewater with genetically modified microorganisms specifically 
blue-green algae. Role of BGA in human welfare is quite ancient as the earliest 
report available is almost 800 BC, but the use in wastewater treatment is very recent 
as the idea was proposed in 1945 (Caldwell 1946) and experimentally proved in 
1957 (Oswald and Gotaas 1957).

The use of BGA in wastewater treatment has increased due to several reasons 
mentioned below.

 1. Doesn’t require nutrient-rich medium to grow; only enough amount of water is 
sufficient.

 2. Since they are photosynthetic, so they can increase oxygen levels in water and 
also can utilize several organic and inorganic materials as a source of anoxygenic 
photosynthesis.

 3. Cyanobacterial biomass is very easy to use in food and feed stock industry.
 4. BGA do not produce any toxic substance rather can outperform the growth of 

other microorganisms

3.1  Water Quality Control

Water quality control can be monitored by monitoring cyanobacterial blooms due to 
eutrophication in water bodies. There are several strategies for monitoring cyano-
bacterial content in wastewater; among them the most used one is monitoring cya-
nobacterial pigment phycocyanin by spectroscopic methods from drones or 
spectroscope equipped air shuttles (Fig. 2) (Teta et al. 2017). BGA can also have 
several effects on human life due to its health related hazards coming from several 
sources mentioned in details below.

Drinking water: Due to the toxins and pigments produced by cyanobacteria, it 
can be harmful to be present in a certain amount in drinking water. Sometimes boil-
ing water contaminated with high number of BGA may lead to production of more 
harmful chemicals and may lead to death.

Skin contact: Skin contact with BGA may lead to some irritation, rashes or 
maybe redness of eye or swelling of lips, etc., due to toxins present in cyanobacte-
ria. Sometimes prolonged exposure to cyanobacteria may also lead to skin tumour 
formation.

Eating fishes infected with cyanobacteria: Eating fish or other marine seafoods 
infected with cyanobacteria may be harmful for our body due to toxins such as cyl-
indrospermopsin; it has been identified in the Queensland freshwaters edible flesh 
of crayfish. Toxins such as ‘Paralytic Shellfish Poisoning’ (PSP) from the species of 
blue-green algae have highlighted concerns about possible neurotoxin bioaccumu-
lation in edible mussels and other shellfish.
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But using proper detection and profiling techniques, it can be controlled and 
monitored for water quality, and this is actually very useful for fisheries and other 
agricultural fields.

3.2  Removal of Inorganic and Organic Toxins

Several recent studies have shown successful in removal of phosphorus and nitrog-
enous compounds from nutrient-rich wastewaters (Oswald et al. 1978; Chan et al. 
1979). Biological processes such as suspended cultivation are very effective against 
nitrogenous compound removal; several species such as Oscillatoria, Phormidium, 
Aphanocapsa and Westiellopsis have been found to take up phosphorus and nitrog-
enous compounds very efficiently from the effluents which in turn reduce the pollu-
tion loads of environment (Vijayakumar 2012). There are several limitations of 
using suspending microalgae, such as perfect operating conditions that are hard to 
maintain, and it’s difficult to maintain monospecificates. Secondly, there are not 
many effective processes available to separate microalgae from effluents before 
they can be discharged in the environment. Because of this sole reason, very limited 
number of stabilization ponds and high rate algal ponds are in use now.

Several immobilization processes such as entrapment of cyanobacteria in matrix 
(such as agarose, carrageenan, chitson, alginate and polyurethane foam) are used for 
microalgae immobilization. Process involving immobilized cells has been attempted 
for the treatment of effluents containing phenols, rubber press wastes, distillery 
waters, olive oil mill wastes, paper mill sludge, diary wastewaters and textile dye 
effluents. But these entrapment methods are found not to be very effective in terms 
of its activity to degrade discharges containing high amount of organic and inor-
ganic compounds.

Fig. 2 Monitoring strategy based on a hierarchical approach, combining remote/proximal and in 
situ analytical/biotechnological data (https://doi.org/10.1088/1748-9326/aa5649)
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3.3  Maintaining Oxygen Levels in Water

Since BGA mainly uses oxygen to catalyse reactions to remove organic and inorganic 
wastes, so it is also a very good indicator of dissolved oxygen and hence helps in 
maintaining proper BOD and COD. Being photosynthetic organisms, they also tend 
to perform oxygenic photosynthesis and produce a lot dissolved oxygen.

3.4  Heavy Metal Treatments

In current situations of mining and mineral processing industries where excessive 
amount of metals and chemical are used for extra-metallurgical operations are rais-
ing concerns as it results in production and discharge of large amount of aqueous 
effluents with high metal contents which has a drastic effect on nearby water bodies 
(Vijayakumar 2012). The main concern of this era is to remove these toxic metallic 
compounds from effluents to an acceptable limit by using cost-effective and 
environment- friendly processes. Tiny cyanobacteria have really high metal absorp-
tion capacity with high doubling rate. These characters of cyanobacteria have 
encouraged their biomass usages in the detoxification of effluents. Moreover, as 
cyanobacteria are photosynthetic organisms, so it’s more effective in removing 
heavy metals and detoxification of effluents. The interior pH of cyanobacterial cell 
is higher (approximately by two units) than the surrounding liquid, so it resists 
product transfer from the biofilm. Recent studies have revealed that cyanobacteria 
immobilized in matrix are more potent to remove heavy metals than free-living 
cyanobacteria. Some of the examples are:

 1. An increased uptake of Cu and Fe by 45% and 23% seen in immobilized 
Anabaena compared to free counterpart

 2. Another Anabaena species A. Doliolum showed 15–20% and 10–30 lower Cr 
and Ni removal by free-living cells when compared to that of immobilized cells.

Mechanism of metal removal is complex process which mainly occurs in two 
distinct phases: In phase I cations (positively charged ions) bind to negatively 
charged groups of the cell wall of cyanobacteria very rapidly which makes a nega-
tively charged masking of the cell wall. This promotes the second phase, where the 
metal ions are taken up depending on the metabolic requirements and conditions of 
the cells (Pabbi, 2015). One intriguing fact was also proposed that this high metal 
uptaking property of immobilized cells over the free-living cells actually increases 
the photosynthetic energy productivity. This is maybe due to high amount cation 
pumping in the immobilized cells, which creates an H+ imbalance in the cell. This 
imbalance also increases H+ levels in chloroplast and mitochondria which is then 
used for ATP production while pumping out the protons to maintain the homeosta-
sis. However, high metal uptaking property of the immobilized cells can also be due 
to increased permeability of cell wall (Khummongkol et al. 1982). It is also very 
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much possible that immobilized cells have higher degree of successive collision 
with the metal ions than the free-living cells, which is also one of the major reasons 
of immobilization.

Mainly heavy metals like mercury, cadmium and lead pose the biggest hazard to 
human health, in addition to As, Be and Cr which are reported to be carcinogenic. 
These metals can cause serious damage to aquatic life due to accumulation through 
the trophic chain, production of toxic effects and teratogenic changes in plants, 
animals and human beings. This is also because of the remains of heavy metals in 
the sediments and release in freshwater or mixing of freshwater with heavy metal- 
contaminated wastewater (Wilde and Benemann 1993).

Traditional methods such as ion exchange, electrochemical treatment, precipita-
tion, evaporation, reverse osmosis and sorption for heavy metal removal from waste 
streams are costly and not very much effective. Hence, biological approaches have 
emerged as an alternative remediation for heavy metal contamination. Since the last 
two decades, extensive study of microorganisms in bioremediation of heavy metals 
has shown a way to use BGA as the most effective remediating agents.

Most successful heavy metal remediation is dependent heavily on environmental 
conditions and mostly dependent on pH and temperature. Certain algae such as 
Chlorella, Scenedesmus, and Hydrodictyon can remove up to 90% of heavy metals 
from wastewater. Recent studies have found Phormidium ambiguum 
(Cyanobacterium), Pseudochlorococcum typicum and Scenedesmus quadricauda 
var quadrispina (Chlorophyta) to have high capacity of removing mercury and cad-
mium (Shanab et al. 2012). Another study has shown biosorption of different toxic 
heavy metals such as Pb, Cd, Co, Ni, Zn and Cu by exopolysaccharide (EPS) pro-
duced by Paenibacillus jamilae (Pérez et al. 2008). Another study showed rhizobia 
has significant roles of extracellular polysaccharides and biofilm formation (Nocelli 
et al. 2016). A study on Spirulina platensis showed significant uptake of chromium 
(Cr3+) in free form rather than in an embayed form (Shashirekha et al. 2008).

These studies including other bioremediating properties give emerging promises 
for usage of BGA in traditional wastewater treatment plant to reduce cost-effectivity 
and better results, and large-scale experiments has also been started in the USA and 
Canada.

3.5  Coliform Removal

Ecotechnologies such as algal- and duckweed-based pond systems are becoming 
popular for wastewater treatments due to easy and cost-effective removal of patho-
gens in warm climatic conditions, though the mechanisms are not well understood. 
Several strategies based of basic physiological conditions are being used to remove 
coliforms by means of overproduction of BGA, such as increasing temperature 
(Brissaud et al. 2003; El-Shafai et al. 2007), nutrient deprivation (Van der Steen 
et al. 2000), sunlight, pH, dissolved oxygen (Davis-Colley et al. 2000) or algal tox-
ins (Oudra et al. 2000).
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In nutrient-deprived conditions, algal growth not hampered very much due to 
their capability of photosynthesis, but on the other hand, coliforms lacking nutrient 
are easily outperformed. While increasing temperature, pH and less dissolved oxy-
gen trigger the algal cultures to produce several super oxides and other free radicals 
which eventually kill possible coliforms. Again, selective growth of toxin producing 
algal stains also an effective idea of outperforming the growth of coliforms mainly 
in maturation ponds.

In both algal and duckweed ponds, faecal coliform levels have been found to be 
decreasing in different rates due to summer and winter conditions and availability of 
sunlight as well. Role of algae in duckweed and algal ponds in removing coliforms 
is represented in Table 4.

4  Concluding Remarks

Cyanobacteria being one of the primitive organisms are very simple for genetic 
engineering and have vast potential in environmental remediation. Several uses of 
BGA are mentioned here and furthermore are under research. Not only in remedia-
tion but also in energy production and usage in daily life make BGA more commer-
cially valuable and frequently used microorganism due to its environment-friendly 
behaviour and ability to grow in almost any kind of conditions. Recently, it has been 
stated by NASA that the nutritional value of 1000 kg of fruits and vegetables equals 
to 1 kg of Spirulina. Even though it has all these advantages, cyanobacteria need to 
be explored more and more so that more fruitful results will come out.
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Table 4 Comparison of roles of different blue green algae in duckweed and algal ponds in 
removing coliforms in different seasons during the year

Location
Season/temp. 
(°C)

DK AL CS

Reference
Removal (log 
units)

Accra, Ghanaa Wet 24–29
Dry 30–33
Year-round

3,8
3,5
3,7

4,8
4,6
4,7

4,3
4,3
4,3

Ansa (2013)

Kumasi, Ghana Year-round 
24–27

4,0 5,0 Awuah et al. (2004)

West Bank, Palestine Winter 7–13
Summer 21–27

1,0
2,0

3,1
2,7

Al-Sa’ed (2000)

Negev, Isreal Winter 15–18
Spring 18–27

2,6
2,7

2,2
2,3

Van der Steen et al. (2000)

Belo Horizonte, 
Brazil

Yearround 20 6,7 Von Sperling and Mascarenhas 
(2005)
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1  Introduction

Microalgae are commonly cultivated for wastewater treatment, range of food prod-
ucts, biofuels production, toxic wastes removal, biofertilizers, abatement of carbon 
dioxide, and other flue gases from atmosphere (Lopez et al. 2014). The technologi-
cal understanding of many feasible species with their physical, chemical, and bio-
logical properties has already been understood, and many more are being researched 
every day. Major lag lies in the efficient design of PBR, which can provide efficient 
light utilization, uniform light distribution, uniform mixing, degasification, provi-
sion for aeration, temperature management due to diurnal and seasonal variation, 
cleaning, easy maintenance, and harvesting at lowest capital cost and energy input 
(Singh and Sharma 2012). There are myriad of PBR designs available for microal-
gal cultivation. Every reactor is unique in its own way with its own advantages and 
disadvantages (Singh and Sharma 2012). Despite such advantageous features and 
availability of PBR designs, utilization of these microorganisms in industrial scale 
is mainly constrained by the overall economics and complexity of operation.

V. Ashok 
Civil Engineering Department, Indian Institute of Technology Kanpur, Kanpur, India 

S. K. Gupta 
Environmental Engineering, Department of Civil Engineering,  
Indian Institute of Technology – Delhi, New Delhi, Delhi, India 

A. Shriwastav (*) 
Centre for Environmental Science and Engineering, Indian Institute of Technology Bombay, 
Mumbai, India
e-mail: amritan@iitb.ac.in

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13913-1_18&domain=pdf
mailto:amritan@iitb.ac.in


384

1.1  Historical Application of Microalgae for Wastewater 
Treatment

Earlier, oxidation, facultative, and high rate algal ponds treat a large amount of 
wastewater using natural illumination in open ponds (Palmer 1974). These open 
ponds were generally made up of concrete or earthen pits with plastic lining, with 
or without baffles (Singh and Sharma 2012). A schematic representation of high rate 
algal pond is shown in Fig. 1. These are open raceway ponds where algal consortia 
along with nutrients circulate around the raceway track. This provides necessary 
mixing as well as transportation of culture from input to output end (Arbib et al. 
2013). In open configurations, there is lesser control over physical parameters of the 
culture, e.g., contamination, illumination losses, uneven illumination, evaporation 
losses, temperature variation, gaseous exchange, and species selection. In such sys-
tems, biomass growth rate has been reported to be lower as compared to closed 
systems (Chen et al. 2012). However, it has advantages of minimal maintenance, 
lower cost of construction, and lower running costs. Upgradability of open pond 
system has a major requirement of land. Therefore, such systems would be best suit-
able for wastewater treatment particularly in village areas with low land costs, least 
monitoring, low maintenance, and no to low power consumption.

1.2  Advantages of Photobioreactors over Natural Systems

• The natural open raceway ponds are shallow with depth in the order of 0.2–1 m 
(Park et al. 2011). This calls for highland footprint area. The PBR system, on the 
other hand, utilizes low space, extending vertically in three-dimensional space 
with higher depth.

• The natural system is dependent on sun and weather conditions for the availabil-
ity of sunlight and temperature. This makes the treatment process slow and 

Harvestor Paddle wheel

Dividing wall

Feed in
Co2injector

Fig. 1 Schematic diagram of open high rate algal pond with natural illumination. (Adapted and 
modified from Arbib et al. (2013))
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highly variable due to climatic variations. The PBR system, on the other hand, 
with artificial illumination and temperature control conditions produces better 
and constant treatment in less time due to more control over parameters.

• The hydraulic retention times in natural systems are of the order of 4–10 days 
(Garcia et al. 2000), whereas in PBR system, it is as low as 1 or 2 days (Honda 
et al. 2012; Ashok et al. 2014).

• Open systems are susceptible to contamination, evaporation losses, and less con-
trol over species selection, whereas in PBR system more or full control over 
species, losses, and contamination is there. This makes the PBR system suitable 
to get desired results in less time.

2  Classifications of Photobioreactors

Broadly, PBRs have been classified as open and closed reactors. Other major sub-
classification types are based on their shape, mixing pattern, aeration provision, and 
feeding habits of species. Based on shape, PBRs can be categorized as tubular, 
rectangular or tank, columnar, cylindrical, annular, torus, flat panel, triangular, or 
other geometries. Based on their mixing patterns, they can be classified as stirred 
tank reactors, bubble column, rocking plate, and airlift. Chen et al. (2012) have clas-
sified the PBRs based on cultivation conditions as phototrophic, heterotrophic, 
mixotrophic, and photo-heterotrophic. Based on oxygen availability, PBRs have 
been classified as aerobic and anaerobic. Mallick (2002) has categorized bioreactors 
under five subheadings as fluidized bed bioreactors (FBR), packed bed bioreactors 
(PBR), parallel plate bioreactors (PPR), airlift bioreactors (ALR), and hollow fiber 
reactors (HFR). The following sections detail classification of PBR types based on 
shape and simultaneously will encompass other categorizations as well.

2.1  Tank or Box Configurations

A schematic diagram of closed stirred tank reactor is represented in Fig. 2 (Li et al. 
2003; Gojkovic et  al. 2013). Closed tank systems are generally made of glass, 
Plexiglas, or polyethylene. Mixing can be done either by stirring, mixing paddles, 
or air bubbling. A high biomass growth rate of 1.3 g/l had been reported in 15  l 
polycarbonate tank reactors using Desmodesmus sp. F2 using wastewater as feed 
(Huang et al. 2012). In both externally and internally illuminated tank reactors, light 
path length, intensity, and distribution need to be taken care of to avoid creation of 
dark zones (Kumar et al. 2013). A closed tank reactor however faces air sparging, 
degasification, mixing, and illumination costs. Uniform distribution of light becomes 
difficult for higher volumes, and numerous small units can pose difficulty in regular 
cleaning and maintenance of the reactor. Deposition of biomass and light distribu-
tion on edges of the tank can be avoided by opting for a circular design.

Photobioreactors for Wastewater Treatment



386

2.2  Cylindrical or Columnar Configuration

Algal systems are a boon to human development and the only kind of phototrophic 
organisms which doesn’t require land to grow. This aspect of algal system can to be 
utilized by designing the treatment reactors along vertical axis. A general schematic 
of cylindrical airlift and cylindrical air bubbling reactors have been pictorially 
shown in Fig. 3. Several past researches on cylindrical reactor configurations with 
their salient features are listed in Table 1. Most of the studies conducted were in 
laboratory scale with very few on larger scales. Solovchenko et al. (2014) have tried 
to treat 50 l alcohol distillery wastewater and successfully removed more than 97% 
nitrates and 77% phosphates using Chlorella sorokiniana. Salas et al. (2013) using 
a 70 l cylindrical reactor have grown Scenedesmus obliquus species with a biomass 
productivity of 15.25 g/m2/d. Optical fibers have also been experimented as an illu-
mination source in a 15  l volume Pyrex cylindrical reactor (An and Kim 2000). 
Mixing is done by airlift, air bubbling, stirring, impeller, or paddle mixing.

Higher biomass growth rates have been reported in columnar reactors (Li et al. 
2007; Yuan et al. 2011; Lopes and Franco 2013). Contamination problem can be 
avoided by covering the top portion of the reactor partially or fully. However, con-
tamination in such reactors is higher than closed tubular reactors and lesser than 
open tank systems.

In such reactors, greater care needs to be taken for mixing provision by allowing 
central particles coming closer to the periphery to receive light. Partial aerobic and 
anaerobic portions may get created due to trapped gases, unavailability of proper 
lighting, and mixing conditions. The major advantage of such system is lesser land 

Fig. 2 Schematic diagram of stirred tank reactor with artificial illumination. (Adapted and modi-
fied from Gojkovic et al. (2013) and Li et al. (2003))
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requirement due to its vertical extent and uniform distribution of light and mixing 
due to its circular shape. In addition, by virtue of its simple design, it allows ease in 
maintenance, cleaning, and upgradability.

2.3  Tubular Configurations

In tubular reactors, the culture flows through unidirectional tubular channels which 
allow high liquid flow rates with low shear. Polyethylene bags are commonly been 
used these days due to its low cost along with good light penetration efficiency 
(Trotta 1981; Cohen and Arad 1989). Such systems if developed on larger volumes 
can generate ample amounts of heat which needs to be abated by providing tem-
perature control systems (Richmond 1987). Tubular reactors can be several meters 
long and can be arranged in different patterns like vertically coiled (Rorrer and 
Mullikin 1999; Travieso et  al. 2001; Oncel and Kose 2014), horizontally coiled 
(Campo et al. 2001; Adessi et al. 2012), conical (Watanabe and Hall 1996; Morita 
et al. 2001), helical (Soletto et al. 2008), or 3D mesh layout (Giannelli and Torzillo 
2012). A schematic diagram of vertically coiled, horizontally coiled, conical, and 
helical type tubular reactors is shown in Figs. 4, 5, 6, and 7, respectively. A list of 
past tubular PBR design and their salient features has been listed in Table 2.

Tubular reactors are generally a closed system arrangement, where maximum 
control over the physical and biological parameters is possible. Few researchers 
have reported a unique solution for temperature control by placing the tubular reac-
tor inside a thermostatic water bath; 50 l Pyrex glass reactor (Adessi et al. 2012) and 
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110  l Plexiglas reactor (Giannelli and Torzillo 2012). Land requirement of such 
reactors is higher than columnar type but lower than tank, pond, or flat panel type 
reactors, if placed in stacks. Provision for atmospheric gaseous exchange needs to 
be employed by degasifiers and air suction pumps. Illumination for such systems 
can be provided by a combination of both artificial as well as natural sources 
(Briassoulis et al. 2010; Scoma et al. 2012). In conical helical reactor design, light 
radiations are distributed to a larger receiving area (Watanabe and Saiki 1997). 
Oncel and Kose (2014) reported 11% higher biomass productivity in tubular reac-
tors when compared with panel reactors.

Artificial illumination

Timer
Pump

stirrer

Media+ CO2
addition

Air out
Sampling

Treated effluent

E
ffl

ue
nt

 r
ec

yc
lin

g

Liquid flow direction

co
ile

d 
tu

bu
la

r 
re

ac
to

r

Fig. 4 Schematic diagram of vertical coiled tubular photobioreactor. (Modified from Rorrer and 
Mullikin (1999), Travieso et al. (2001) and Oncel and Kose (2014))

Sampling
Gas out
Gas in
Media in

Effluent tankInfluent tank

Pump
Liquid flow direction

R
ec
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lin

g

Fig. 5 Schematic diagram of horizontal tubular photobioreactor. (Adapted and modified  from 
Campo et al. (2001) and Adessi et al. (2012))
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Tubular reactors are generally costlier to construct and difficult to clean. Also, 
they cannot be dismantled easily, thereby making it difficult for transportation and 
handling. Additional provisions for aeration, heat exchange, and degassing systems 
need to be provided for proper working. One of the major drawbacks with inclined 
tubular reactors is the loss of energy due to reflection (Lee 1986). Scaling up of 
vertical tubular reactors is not straightforward; however, scaling up of helical tube 
reactors might be easy by increasing the number of helical coils in the system 
(Borowitzka 1996). Although, pumping of water through the system can increase 
shear stress in the culture. Cost constraint in tubular reactors can be reduced by 
providing combination of artificial and natural light which can lower the running 
cost of the system. Above all, it has an unprecedented advantage of less contamina-
tion, high biomass productivity, high surface area to volume ratio, low to no evapo-
ration losses, and high-value product returns.

Natural illumination

Effluent tank

Influent tank Feed inLiquid flow direction

Fig. 6 Schematic diagram of conical tubular photobioreactor. (Adapted and modified from Morita 
et al. (2001))

Natural illumination

Liquid flow direction
Treated effluent

Feed in

Influent tank

Fig. 7 Schematic diagram of helical shaped photobioreactor. (Adapted and modified from Soletto 
et al. (2008))
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2.4  Flat-Plate or Flat Panel Reactors

Such reactors promote better light penetration inside the culture and higher light 
utilization efficiency than any other reactor types. Flat panel design allows layer-by- 
layer arrangement of reactor and light source alternately (Fig. 8).

In case of artificial illumination, reactor is placed vertically in order to save on 
space. However, when illumination is a combination of both natural and artificial 
sources, the reactor plates are tilted toward the sun to receive maximum incident 
solar radiation; and with decrease in solar intensity, illumination is provided by 
artificial lightening with changing tilt angle. Hence for flat-plate reactor, moving 
base arrangement with adjustments in tilt angle should be provided to take advan-
tage of both illuminations. A list of flat panel reactor designs with their salient fea-
tures has been mentioned in Table 3.

Flat panel reactors can be expanded vertically as well as horizontally by increas-
ing the number of panels (Shi et al. 2014). Land footprint of such reactor types is 
higher than tubular or columnar but lower than open tank systems. However, flat 
panel reactors are costlier to construct and operate. Being closed reactors, it needs 
to be provided with provisions of aeration, temperature control, pH control, and 
removal of accumulated gases. While scaling up the process, provision for tempera-
ture management needs to be implemented to counter high heat generation due to 
glass material itself. Also, regular cleaning of the surface can lead to the additional 
cost of chemical and water.

In spite of abovementioned limitations, flat panel reactors are most appropriate 
for higher light utilization efficiency (Borowitzka 1999). Being a closed type reac-
tor, it has major advantages in higher biomass growth, lesser contamination, better 

Liquid flow direction

Liquid flow direction

Schematic diagram of flat plate reactor

Effluent tank

Feed out

Feed in

Air bubbling
port

Influent tank

R
ec

yc
lin

g

Artificial illumination

Flat plate PBR

Fig. 8 Schematic diagram of flat-plate reactor
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light penetration efficiency, greater control over parameters, and high-value end 
products. Flat panels are constructed specifically for enhancing light conversion 
efficiency due to high surface area to volume ratio. Such tank reactors can also be 
manufactured by industries as their trademark for derivation of microalgae-based 
products. However, such systems are less preferred for wastewater treatment, since 
there might be issues of contamination arising from the source and thereby the 
prime advantage of such systems will be suppressed.

2.5  Other Design Types

Some of the other design types which have been researched are torus (Degrenne 
et al. 2010; Ji et al. 2010), trapezoidal (Zhuang et al. 2014), dome (Sato et al. 2006), 
modular (Lucker et al. 2014), and bench (Ozkan et al. 2012) type. Torus type reac-
tors have been researched mostly at the laboratory scale with a biomass growth up 
to 3.2 g/l (Ji et al. 2010) (Fig. 9).

Torus reactors being closed type can be used for the cultivation of pure cultures 
to have full control over various culture parameters. In the past, most of the studies 
were conducted for biohydrogen production (Degrenne et al. 2010; Ji et al. 2010). 
However, scaling up of such reactors can be cumbersome and expensive because of 
issues like limited illumination, nonuniform mixing, and regular maintenance. 
Other constraining issues for scaling up of a torus reactor are large space require-
ment and difficult to construct, transport, install, and maintain. However, such reac-
tors have performed very well in laboratory scale and can be efficiently used in 

Fig. 9 Schematic diagram 
of torus reactor. (Adapted 
and modified from Ji et al. 
(2010) and Degrenne et al. 
(2010))
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small scales. Designs like dome and trapezoidal type reactors can very well be used 
for the treatment of wastewater. However, such designs need to be experimented 
further before large-scale setup.

3  Major Parameters Affecting the Photobioreactor 
Operation

A generic list of factors emphasizing various parameters affecting PBR operation 
has been represented in Fig. 10. The process flow starts with the selection of the 
desired set of outputs. Based on the selected output, the specific reactor type and 
other related design parameters of the PBR (such as target population size, waste-
water collection and distribution system, species, climatic conditions, harvesting, 
and economic considerations) should be determined. Population size will determine 
the capacity of PBR, while distance from the wastewater collection and distribution 
system will determine the transportation and other cost. Some of the design param-
eters like climate, species, and harvesting are interdependent, while parameters like 
population size, economic considerations, and distribution systems are dependent 
and will therefore jointly determine the efficient working of the reactor.

In order to fulfill all the necessary requirements for the optimal growth of bio-
mass and desired products, an efficient PBR should take care of all the necessary 
requirements for the health of its dwellers. Carbon, nitrogen, and phosphorous are 
the most significant nutrients required for microalgal nutrition. Apart from these, 
other micronutrients required by them are S, Mg, Ca, Zn, Mn, Cu, and Mb (Song 
et al. 2012). Nutrients such as nitrates and phosphates remain untreated in the sec-
ondary wastewater treatment process and can be used as a feed for the algal- bacterial 
PBRs (Raouf et al. 2012). A very high concentration of nitrates and phosphates can 
lead to poor performance of the reactor, while lower nutrient concentrations are 
generally removed leading to higher reactor performance. Some microalgal species 
manage to survive in nutrient-limiting condition also by shifting from phototrophic 
growth pattern to that of heterotrophic or mixotrophic (Kumar et al. 2013). After 
secondary treatment, 90% of the carbon from wastewater gets removed (Arceivala 
and Asolekar 2007) and remaining can be utilized as carbon source by bacteria.

Nitrite assimilation inside the reactor is primarily governed by temperature, pH, 
light, and carbon availability, among others. The optimal temperature for growth 
varies from species to species. Light intensity, uniformity, and duration are other 
important parameters for photosynthetic microalgal growth.

Under light limitation condition, microalgal productivity depends directly upon 
the light conversion efficiency (Kumar et al. 2010). Most of the microalgae in natu-
ral or mixed culture favor pH values in the range of 5–12 (Dubinsky and Rotem 
1974). Lower pH values can cause acidity; however, pH values greater than 9 can 
kill fecal coliform (Raouf et al. 2012). With higher pH values, dissolved oxygen 
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concentration also rises which can lead to photooxidative damage to the cells. In 
order to avoid it, proper mixing and removal of accumulated gases from the reactor 
should be accompanied. Mixing should be done uniformly and optimally, so that 
shear stress to the algal cells could be minimized. For a suspended media reactor, 
mixing keeps the reactor medium in suspension, while in deep reactors, it also 
allows inner particles to move outward, thereby leading to uniform exposure to 
light source. Some of the common methods of mixing are shaking, bubbling or gas 
injection, pumping, and stirring. Aeration is a major aspect in closed reactors, espe-
cially in tubular reactors where uniform mixing can only be provided through aera-
tion. CO2 bubbling has shown to increase biomass productivity, thereby increased 
productivity of biofuels (Itoiz et al. 2012; Lopes and Franco 2013). Removal of 
accumulated gases such as oxygen can cause photooxidative stress to the algal cells 
and hence needs to be removed. It can be done by various means, like suction 
pump, circulation of gases, or an exhaust fan in open reactors. Other gas transfer 
equipments include mechanical systems such as blades, propellers, brushes and 
paddles, jet aerators, bubble diffusers, hollow fiber membrane unit, etc. (Kumar 
et al. 2013).

Optimum biomass recycling rates can increase biomass concentration inside the 
reactor, henceforth higher biomass productivities (Park and Craggs 2014). HRT of 
open pond system can be as high as 10–30  days (Arceivala and Asolekar 2007) 
which can be reduced eminently in an artificially illuminated PBR. Simpler the reac-
tor design greater will be the ease of maintenance and regular cleaning of the reactor. 
Elected physical, chemical, biological, and physiological parameters should be 
monitored regularly to ensure the workability of the reactor. Physiological parame-
ters of the culture help to have an intuitive guess over culture health in a PBR.

4  Recent Technical Advancements for Large-Scale 
Photobioreactor Application

The major constraint in going for industrial cultivation is the CAPEX and OPEX 
involved in PBR systems. In order to minimize the costs, algal cultivations are being 
carried on in polyethylene bags on tidal waves near seashore. This reduces the mix-
ing and artificial illumination costs. These algal bags are ~4 m long and are seeded 
with wastewater and carbon dioxide (Omega 2009, NASA). This is an innovative 
method to grow algae, clean wastewater, capture carbon dioxide, and ultimately 
produce biofuel without competing with agriculture for water, fertilizer, or land. 
The algae use energy from the sun, carbon dioxide, and nutrients from the wastewa-
ter to produce biomass that can be converted into biofuels as well as other useful 
products such as fertilizer and animal food. The algae clean the wastewater by 
removing nutrients that otherwise would contribute to marine dead zone formation. 
Such system is employed in many places for commercial applications.

Photobioreactors for Wastewater Treatment
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5  Conclusion

The current paper gives a brief overview of major past PBR designs, especially for 
wastewater treatment. The wastewater withholds a wide variety of beneficial end 
products which needs to be extracted. Large numbers of PBR designs have been 
experimented in the past, but unfortunately very few have been able to made up to 
the industrial scale. Each reactor has a different degree of performance which 
depends on the effective selection of parameters like mixing, light, climate, species, 
and reactor type. Major aspects which should be considered before construction of 
any reactor are required end products, ease of construction, simplicity, less power 
consumption, minimal footprint area, cost effective, and ease of cleaning and main-
tenance. Few key points that should be taken care of:

• Greater use of land for designing PBRs can create its shortage for other purposes 
like crop production. Therefore designing reactors vertically rather than horizon-
tally creates smaller land footprint.

• Open system can affront high contamination, nonuniform illumination, and large 
land footprint constraints. Hence, it can be used for wastewater treatment in areas 
with low discharge and low land prices.

• Cylindrical or columnar reactors can very well be applied for wastewater treat-
ment in high land price areas accompanying uniform distribution of light and 
mixing by virtue of its circular shape.

• Wastewater treatment using closed PBRs such as tubular and flat panels can be 
expensive, land, and labor intensive. Such systems should be preferred for con-
tamination free biomass production for extracting high-value end products.
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Design Considerations of Algal Systems 
for Wastewater Treatment

Mahmoud Nasr

1  Introduction

Wastewater-grown algae are a promising approach for environmental remediation 
and sustainable production of animal feed and human nutritional requirements 
(Chen et al. 2011). Wastewater, as a culture medium, is used to provide the algal 
cells with essential nitrogen and phosphorus species (Craggs et  al. 2014). Algal 
cultures can be acclimatized to receive various sources of wastewater such as raw 
and treated sewage from domestic areas and runoff from agricultural lands. Algal 
ponds can handle organic loading rates (OLRs) of 100–150  kg BOD/ha/d and 
assimilate nutrient species at rates of 24 kg N/ha/d and 3 kg P/ha/d (Fernandez et al. 
2013). In addition, several algal strains have extensive capabilities to sorb toxic 
heavy metal ions such as Cu2+, Ni2+, Pb2+, Cd2+, Fe2+, and Mn2+ from aqueous solu-
tions (Mehta and Gaur 2005). In integrated algal-bacterial systems, algae release O2 
by the sequestration of CO2 during the photosynthetic activity. In turn, bacteria uti-
lize the produced O2 gas for converting (oxidizing) the organic carbon into new cells 
and CO2 gas. The obtained algal biomass can be further developed for the extraction 
of high-value substances such as polysaccharides (sugars) and triacylglycerides 
(fats) (Slade and Bauen 2013).

Algal systems are appropriately designed to attain high biomass productivity 
with low-cost and minimum energy inputs. Essential minerals/nutrients, radiative 
energy, and carbon source are required for an efficient cultivation process (Bhola 
et al. 2017). The photosynthetic production of 1 g of algal biomass consumes 1.8 g 
CO2 and generates 1.3 g O2 (Fernandez et al. 2013). An enriched gas mixture is sup-
plied to the culture medium to provide the algal biomass with a CO2 partial pressure 
of 0.2 kPa, i.e., equivalent to 0.076 mol/m3 and 3.3 mg CO2/L (Doucha et al. 2005). 
Mass transfer capacity is adopted by the supply of carbon dioxide along with the 
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removal of oxygen, in which an O2 concentration of 7.2 mg/L at 20 °C can inhibit 
the photosynthetic activities of several algal strains (Fernandez et al. 2013).

Different designs and configurations of reactor systems have been used for the 
production of algae. Open pond reactors are the most commonly used systems for 
algal cultivation at a large-scale application due to their low costs of construction, 
operation, and maintenance (Gupta et al. 2015). This system is directly exposed to 
open air and uses a free source of energy from sunlight. However, it suffers from the 
possibility of contamination due to the limited control on environmental conditions 
(Markou and Nerantzis 2013). Other challenges of open ponds include high water 
evaporation, low quality and concentration of biomass production, and expensive 
downstream processes (Young et al. 2017). Open pond systems include waste stabi-
lization ponds, circular/shallow ponds, and raceway ponds. The algal species of 
Chlorella, Scenedesmus, Dunaliella, and Spirulina are suitable for this 
mechanism.

Alternatively, closed photobioreactors have been developed to cope with the dis-
advantages of open pond systems. Photobioreactors do not allow for a direct 
exchange of gasses between the culture and atmosphere (Norsker et al. 2011). A 
typical photobioreactor is composed of four phases (Hincapie and Stuart 2015): (a) 
a solid phase containing algal biomass, (b) an aqueous phase for the growth medium, 
(c) a gaseous phase of CO2 and O2 gasses, and (d) a light-radiation field. 
Photobioreactors can be provided with a stirring unit to ensure mechanical agita-
tion, heat and mass transfers, light dispersion, and homogeneous culture (Gupta 
et al. 2017). Photobioreactors safeguard suitable conditions, viz., nutrients and CO2 
supplies, optimal pH and temperature, adequate exposure to light, and sufficient 
mixing, for biomass growth. These reactors have been successfully used for the 
production of a wide variety of algal species such as Chlorella, Dunaliella, 
Haematococcus, Phaeodactylum, Porphyridium, Spirulina, and Tetraselmis. 
However, the high cost and power supply required to achieve the maximum biomass 
productivity are the main drawbacks of this system (Medipally et al. 2015). Based 
on the illuminated surface area, the common types of closed systems are tubular, flat 
plate, and column photobioreactors. Regarding the mode of culture flow, photobio-
reactors can be categorized as airlift reactor, bubble column, and stirred type.

The amount of solar energy received on the culture surface is influenced by the 
design and orientation of the cultivation system (Vejrazka et al. 2012). In addition, 
the reactor geometry affects the distribution of solar radiation on the surface, the 
irradiance propagation inside the culture, and the efficient utilization of light. Hence, 
this chapter presents the design considerations of various systems used for algal 
cultivation and wastewater treatment. The considered parameters included light dis-
persion, mixing, and temperature. The design, configurations, advantages, and limi-
tations of several algal systems, i.e., open ponds and closed photobioreactors, were 
also discussed.
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2  Designing Factors of Algal Culture Systems

2.1  Light Dispersion

Light intensity is an important factor that influences the cultivation of algal biomass. 
An adequate light operation should ensure high biomass productivity along with the 
reduction of both energy utilization and running costs (Singh and Singh 2015). 
However, a self-shading phenomenon may occur as the culture density/concentra-
tion increases over the threshold. Under this condition, the culture becomes sub-
jected to an illuminated outer region and a relatively dark interior (Dalrymple et al. 
2013). In dark zones, the algal cells are performing respiration rather than photosyn-
thesis; hence, the algal activity decreases. The effect of self-shading can be mini-
mized by using shallow or thin culture systems.

Photosynthesis rate is estimated as a function of the irradiance subjected to the 
culture surface (i.e., irradiance expresses the total amount of radiation that falls onto 
a unit area). The photosynthetically active radiation occurs at a spectral range of 
400–700 nm, at which photosynthesis process occurs. Photosynthesis rate can be 
efficiently developed by flashing or intermittent light rather than by continuous illu-
mination (Lee et al. 2015). In addition, an increase in the frequency of culture move-
ment between illuminated and dark zones enhances the cell yield.

The light-inhibition model can be expressed by Eq. 1 (Nasr et al. 2017).
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where PO2
 is the specific rate of oxygen production (mmol-O2/m3/s), PO2 ,max  is the 

maximum photosynthesis rate (mmol-O2/m3/s), I is a given light intensity (μE/m2/s), 
Ik is the light intensity half-saturation coefficient (μE/m2/s), and Ii is irradiance at 
photoinhibition also known as the inhibition coefficient (μE/m2/s).

The CO2 consumption rate can be described by Eq.  2, assuming one-to-one 
molar ratio between CO2 and O2 (Fernandez et al. 2013).
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The biomass production can also be estimated by Eq. 3.
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where P is photosynthetic rate (mg C/m3/h or mg C/mg chl-a/h) and Pmax is photo-
synthetic rate (mg C/m3/h or mg C/mg chl-a/h).
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A static P–I model, which promotes both photoinhibition and photoadaptation, 
has been developed to mimic the realistic (dynamic) photosynthetic activity (Béchet 
et al. 2013). As shown in Fig. 1, a plot of photosynthesis rate against irradiance 
gives a hyperbolic curve that shows three irradiance points. These stages describe 
the photosynthesis rate as follows: (a) half-saturation constant (Ik) where the photo-
synthetic rate ensues at ½ Pmax, (b) theoretical saturation irradiance (Is) where the 
photosynthesis rate becomes saturated, and (c) inhibition irradiance (Ii) in which the 
photosynthesis rate initiates to decline. The irradiance values vary according to the 
culture conditions and enzymatic kinetic. For example, Ik, Is, and Ii can be in ranges 
of <100, 100–500, and over 1000 μE/m2/s, respectively (Vejrazka et al. 2012).

The radiation at any position inside the reactor can be estimated by the Beer- 
Lambert law. An average irradiance (Eq. 4) is used to represent the amount of light 
delivered by algal cells that are randomly moving inside the medium (Grima et al. 
1996).
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where Iav is the average irradiance of the entire culture volume (kg/s3), Ka is the algal 
absorption coefficient (m2/g), p is the length of the light path (m), and C is the algae 
concentration (g/m3).

The exponential growth phase of algal cells is described by Eq. 5.
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where μ is the specific algae growth rate (1/h) and μmax is the maximum specific 
growth rate (1/h).
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Fig. 1 Typical photosynthesis – irradiance (light intensity) curve
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However, the estimation of average light intensity does not undertake the fluid 
dynamics or the light regime exposed to biomass cells. In the real application, bio-
reactors are affected by the culture concentration and mutual shading, and thus, 
each algal cell receives an irradiance value according to its position in the medium 
(Nasr et al. 2017). Light intensity declines exponentially from the irradiated surface 
to the photobioreactor center, where mutual shading of the algal cells may occur. In 
addition, algal biomass transfers according to the fluid dynamic in the reactor. 
Hence, the overall photosynthesis can be estimated by integrating local values of 
photosynthesis and growth rates over the total culture volume (Takache et al. 2012). 
Recently, computational fluid dynamic (CFD) simulation has been employed for an 
efficient reactor design by describing the potential light utilization of algae (Yang 
et al. 2016).

The decrease in light path length similar to tubular and flat panel photobioreac-
tors is favorable for an efficient dispersion/utilization of light. Small tube diameter 
(<4 cm) enhances the biomass productivity by increasing the light utilization activ-
ity and ensuring adequate agitation. Norsker et al. (2011) reported photosynthetic 
efficiencies of 1.5% for open pond, 3% for tubular photobioreactor, and 5% for flat 
panel photobioreactor with algal productivities of 21, 41, and 64 ton dry weight per 
hectare. For outdoor applications, algae receive a high amount of sunlight through-
out the day when the photobioreactors are well inclined with respect to the sun.

2.2  Agitation

The design of highly efficient photobioreactors should consider the mechanical part 
used for mixing and circulating the culture suspension. Mixing is beneficial for 
algal growth as it allows for a uniform nutrient distribution, avoids thermal stratifi-
cation, enhances gas-liquid mass transfer, and maintains algal cells in suspension 
(Young et al. 2017). In addition, proper mixing ensures periodic dark-light cycles by 
the transfer of algal cells from the dark interior zone to the illuminated part near the 
reactor surface. However, high-speed mixing may destroy and damage the algal 
cells due to excessive shear forces, causing a reduction of biomass productivity 
(Chen et al. 2011). In addition, during aeration, the generated bubbles may break up 
or burst to cause harmful stress to cells. Apart from this, mixing rate has to be opti-
mized to prevent excessive energy utilization and costs.

Mixing equipment differs according to the reactor type, being impeller (agita-
tion) for stirred reactors, or sparger and baffles (aeration) for air-driven photobiore-
actors. Other mechanical devices can include pump, stirrer, or paddle wheel (Posten 
2009). Circulation, which is achieved via the pressurized scheme, motor-driven 
pumping, and airlift, is a reliable method that can promote proper mixing (Gupta 
et al. 2015).
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2.3  Temperature

The culture temperature is mainly influenced by natural convection via the sur-
rounding environment (Singh and Singh 2015). In high-density culture, a large frac-
tion of light is absorbed into algal cells as heat by radiation. For an optimal algal 
growth, the culture temperature should be maintained between 20 and 30 °C. The 
growth rate declines as temperature decreases below 20 °C, while at an increase in 
temperature over 30 °C, the algal biomass can be subjected to severe damage and 
probably death. It is recommended that marine algae are subjected to a temperature 
not exceeding 28 °C, whereas freshwater algae can accommodate a wide range of 
temperature between 25 and 35 °C (Fernandez et al. 2013).

Heat should be supplied or removed by proper amounts to avoid culture tempera-
ture variations and death of some cells. A heat balance model can be applied to 
estimate the power required for temperature control in closed and small systems 
(Huang et  al. 2017). For outdoor culture systems, the heat mass balance should 
consider the amount of heat loss due to convection and evaporation. Moreover, 
some types of cooling system (water spray on the reactor surface or internal heat 
exchangers) can be used to control the temperature at hot-dry climatic zones.

3  Open Pond Culture Systems

3.1  Facultative Waste Stabilization Ponds

Facultative ponds are cost-effective waste stabilization ponds employed for the 
treatment of domestic wastewater due to their reliability and easy operation 
(Dalrymple et al. 2013). The ponds are composed of large and shallow basins (depth 
of 1.2–1.5 m) that use natural biological processes involving the activities of both 
growing algae and bacteria. In facultative ponds, several aerobic bacterial species 
including Alcaligenes, Achromobacter, Flavobacterium, and Pseudomonas oxidize 
organic matter and release CO2 gas. In turn, algae utilize CO2 during the photosyn-
thetic activity to release O2, which is consumed by bacteria during the oxidation of 
BOD (Nasr 2014). The amount of oxygen required for BOD removal depends on 
the algal photosynthesis performance. The algal concentration in facultative ponds 
is affected by sunlight, temperature, and nutrient loading and usually ranges between 
500 and 2000 μg chlorophyll-a per liter (Mara 1987). Facultative ponds are designed 
based on a relatively low surface loading of 100–400 kg BOD/ha/d. Well-designed 
facultative ponds can achieve removal efficiencies of 70–90% of the influent BOD. 
The designed organic loading rate (OLR) of facultative ponds can be calculated 
from the empirical equations (Eqs. 6 and 7) (Mara and Pearson 1998).

 OLR = −20 120T  (6)
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where OLR is organic loading rate (kg BOD/ha/d) and T is temperature (°C).
Based on OLR, the required surface area is estimated from Eq. 8 (Nasr 2014).
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where Q is flow rate (m3/d) and BOD is biological oxygen demand (g/m3).

3.2  Shallow Ponds

The shallow pond system is used to naturally cultivate algae in lakes and reservoirs 
under high levels of solar radiation with low energy consumption (Posten and Walter 
2013). Essential elements can be supplied to provide a nutrient-rich environment for 
the culture system. The shallow pond configuration is considered as a simple and 
cost-effective option for algal cultivation. It is easier to construct, implement, and 
operate than closed photobioreactors. It is suitable for remote, rural, and peri-urban 
areas where land availability is not a limiting factor (Craggs et al. 2014). However, 
the inadequate control of environmental conditions and the risk of contamination 
are the main drawbacks of this system. In addition, the low cell concentration in 
these ponds can negatively influence the microalgae harvesting process (Oswald 
and Golueke 1968). Moreover, insufficient contact time can occur between liquid 
and gas phases, causing a limited mass transfer of CO2 inside the culture. Hence, 
some mechanical devices are required to ensure efficient mixing and enhance the 
biomass productivity.

The pond depth is determined based on the light penetration and culture volume 
that a unit can retain. The shallow ponds can be modified by flowing the culture 
through a titled surface (slope of 1–3%) using pumps. This configuration is known 
as thin layer reactor, and it has a maximum depth of 2 cm and a volume-to-surface 
area of 10–25 L/m2 (Gupta et al. 2015). Pumps are used to lift the culture from a 
storage tank to the upper part (inlet) of the titled surface. The advantages of this 
system include low power consumption, increase in algal cells exposed to light, 
minimization of photoinhibition, and high biomass concentration (up to 30  g/L) 
(Doucha et al. 2005).

 Raceway Ponds

The raceway pond has a rectangular cross section and horseshoe-shaped loops with 
channels, known as meanders (Fig. 2). The algal culture is continuously circulating 
in the whole system by means of mechanical devices such as paddle wheels (Posten 
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and Walter 2013). A turbulent flow regime (Reynolds number 8000) can be used to 
keep the algal cells in suspension, minimize thermal stratification, improve vertical 
mixing, and prevent O2 accumulation (Chisti 2016). The pond can be implemented 
with a low depth between 10 and 15 cm, which allows for efficient light penetration 
and increased biomass productivity. The pond surface area is equivalent to 42–47% 
that of waste stabilization ponds. This flexible configuration provides a successful 
scale-up and achieves low energy requirements for mixing (Yang et al. 2016). The 
flow velocity in raceways varies between 0.2 and 0.3 m/s, which prevents solids 
precipitation or cell damage. Based on the climatic condition, the raceway system 
can receive a maximum OLR of 10–15 g BOD/m2/d. Hydraulic retention time varies 
seasonally 7–9 d in winter and 3–4 d in summer (Craggs et al. 2014).

The channel bottom and walls are constructed from inexpensive materials, such 
as rubber sheet, concrete, or plastic. Young et al. (2017) reported that the cost of 
raceway pond (using paddle wheels for mixing) is 39.2–47.5% that of waste stabi-
lization ponds. This system can be used for the growth of special microalgae species 
such as Dunaliella salina, Chroococcus turgidus, Chlorella vulgaris, Scenedesmus, 
Haematococcus, and Nannochloropsis. However, the raceway system suffers from 
the requirement of a large surface area, inadequate mass transfer of gas/liquid, poor 
control of environmental factors, the possibility of culture contamination, and low 
final algal productivity (Table 1).

The design of raceway algae reactors was previously reported in a study by 
Oswald and Golueke (1968). Their study assumed that the culture is flowing through 
a channel having a finite width and unspecified length. The length-to-width ratio is 
an important factor that should be considered during design (Young et al. 2017). 
The length-to-width ratio can be higher than or equal to 10/1, providing adequate 
mixing and mass transfer.

Head loss through the channel (Δd) provides the energy required to keep the 
flowing motion of algal biomass. It is influenced by bend loss due to the channel 
curvature (Eq. 9) and the friction of medium with bottom and side wall (Eq. 10).

(1)(2)

(3)

(4)

Fig. 2 Raceway (open culture system). In which, (1) culture feed, (2) culture harvest, (3) paddle 
wheel, and (4) deflector baffle
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where Δdb is the head loss due to bends (m), k is kinetic loss factor (it varies between 
10 and 40 according to the bend shape), UL is average velocity of liquid culture 
(m/s), and g is the acceleration of gravity (assuming 9.8 m/s2).
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where Δdc is the head loss due to channel friction (m), fM is manning channel 
roughness factor (s/m1/3), R is the hydraulic radius of channel (m), and L is channel 
length (m).

The total head loss can be calculated by Eq. 11.

 ∆ ∆ ∆d d d= +b c  (11)

Further, the power required for paddle wheel can be estimated by Eq. 12 (Chisti 
2016).

Table 1 Advantages and disadvantages of algal cultivation systems

Cultivation 
system Advantages Drawbacks

Raceway open 
pond

High surface area-to-volume ratio 
Cost-effective technology Simple 
construction (mixing by paddle 
wheels) Flexible design

Lack of control to growth conditions 
Low gas transfer efficiency Possibility 
of contamination Low biomass 
productivity Large land area 
requirement Water loss due to 
evaporation

Tubular 
photobioreactor

High surface area-to-volume ratio 
Applicable for outdoor cultivation 
High biomass productivity Cost- 
effective Minimum effect of mutual 
shading

Accumulation of O2 gas due to 
recirculation via pumps Possibility of 
photoinhibition Fouling due to 
biomass growth Large space 
requirement Difficult temperature 
control

Flat panel 
photobioreactor

High surface area-to-volume ratio 
Low space requirement Efficient 
photosynthetic activity Cost-effective 
technology Minimum O2 buildup due 
to airlift agitation

Short light dispersion depth Not 
scalable Difficult temperature control 
Contains several components Periodic 
fouling and cleanup aspects

Airlift 
photobioreactor

High mass transfer via airlift Simple 
implementation (no internal moving 
parts) Sufficient agitation by bubble 
with minimum shear stress Low 
photosynthetic inhibition

Low surface area-to-volume ratio 
Costly construction material Limited 
scale-up application Self-shading 
effect may cause poor light 
distribution
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where Power is the power consumption (kg·m2/s3), Δd is the change in depth also 
known as pump head (m), ρ is the culture density (kg/m3), Q is pond flowrate (m3/s), 
g is acceleration due to gravity (m/s2), and η is efficiency of the paddle wheel (%).

4  Enclosed Culture Systems

4.1  Tubular Photobioreactors

Tubular photobioreactors (Fig. 3a) consist of transparent tubes (also known as solar 
collector tubes), which are arranged as horizontal and vertical rows, spirally wound 
around central support, or a helical structure (Markou and Nerantzis 2013). 
Horizontal tubular vessels having diameters between 1 and 6 cm and a total path 
length of several hundred meters are the most commonly used photobioreactors 
(Slade and Bauen 2013). The incident light is homogeneously distributed on the 
circumference of tubes, i.e., a phenomenon known as “lens” or “focusing effect.” 
This configuration minimizes mutual shading by algae and improves the internal 
irradiance levels and radiation intensity (Dalrymple et  al. 2013). Algal biomass 
grown in this system flows by means of mechanical pumps or aeration. Power con-
sumption, in kg·m2/s3 per cubic meter of culture, varies from 100 for an airlift- 
driven reactor to 500 for a pump-driven fence system. The system is provided by a 
source of light, CO2 supply to ensure carbonation, and a heat exchanger for tem-
perature control.

The design of solar tubes should enhance the light profile inside medium and 
develop the transfer of culture between light and dark zones. A turbulent flow regime 
with Reynolds number over 3000 is recommended to avoid the stagnation of algae 
in the dark zone (interior) of the tube (Pagliolico et al. 2017). The volume-to-surface 
area ratio varies from 50 to 150 l/m3, based on pipes diameters and arrangement. 
The design should also consider pH and temperature controls, carbon limitation, 
nonattachment of algae onto the inner surface of tubes, and proper circulation speed 
causing no damage to biomass cells. The culture pH and carbon applicability are 
simultaneously controlled by the proper injection of CO2 gas, which propagates in 
the medium following the mass transfer capacity (Singh and Singh 2014). The CO2 
budget is regulated to neither exceed the inhibition level nor fall below the limited 
concentration.

The dimensions of fluid micro-eddies should be greater than those of algal cells 
to avoid cells stress and damage. The length of micro-eddies can be estimated by 
Eq. (13), following Kolmogorov’s principle of locally isotropic turbulence 
(Chamecki and Dias 2004).
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where λ is the length of micro-eddy (m), μL is the fluid viscosity (kg/m/s), ρ is the 
fluid density (kg/m3), and ξ is the specific energy dissipation rate (m2/s3) calculated 
from Eq. 14.
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⋅2 3C U

d
f L
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(14)

(1)

(2)

(1)
(2)

(4)

(3)
(4)

(3)

(a)

(b)

Fig. 3 Enclosed photobioreactors (a) tubular photobioreactor and (b) flat panel bioreactor. In 
which, (1) culture feed, (2) culture harvest, (3) flue gas supply, and (4) transparent glass
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where UL is the liquid velocity that is lower than the maximum velocity resulted 
from the micro-eddy length (m/s), dt is tube diameter (m), and Cf is Fanning friction 
factor (dimensionless) estimated by Eq. 15.

 C Ref =
−0 0791 1 4. /

 (15)

where Re is Reynolds number (dimensionless).
The length of a solar collector, as described by Eq. (16), should be determined to 

avoid O2 buildup in the culture (Posten and Walter 2013).
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where L is the maximum length of solar tubes that prevents photosynthesis inhibi-
tion (m), [O2]in and [O2]out are the oxygen concentrations at the entrance and outlet 
of solar collectors (mg/L), and RO2

 is volumetric rate of oxygen generation (mg/l/s).
The power utilization in tubular photobioreactors can be calculated from the 

Bernoulli equation as follows (Eq. 17).

 
Power t L t L

L= + ⋅










π π µ
ρ8

0 0791

8
2 3 0 75 2 75

0 25

V
d U

V
L d U

. . .

.

 
(17)

where Power is power consumption (kg m2/s3), dt is pipe diameter (m), UL is culture 
velocity (m/s), V is volume per unit mass (m3/kg), L is length of culture path or solar 
tubes (m), and ρ is culture density (kg/m3).

4.2  Flat Panel Photobioreactors

Flat panel photobioreactors (Fig.  3b) consist of a rectangular frame covered by 
transparent/clear plates (Plexiglass alveolar plates with a thickness of 16 mm) on 
both sides (front/back). The plates are connected and joined to store the culture bio-
mass, which transmits via aeration (Posten 2009). The distances between photobio-
reactors are identified to avoid the overlapping or shading among panels. Flue gas is 
supplied from the reactor bottom to ensure CO2 transfer and O2 release. No mechan-
ical devices are situated in the culture medium, and the algal suspension is circulated 
by means of pumps (Pagliolico et al. 2017). The light penetration depth is mini-
mized to provide a large illuminated surface area and an efficient photosynthetic 
activity. The design of this system considers the optimal position, angle of inclina-
tion, panels’ orientation, and distance between panels. The dimensions are prefera-
ble as height <1.5 m and width <10 cm to prevent the use of expensive and mechanical 
resistant materials (Huang et al. 2017). Based on the culture depth and separation 
between panels, the surface area-to-volume ratio can vary between 6 and 20 m2/m3.
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In flat panels, the power input is estimated as a function of aeration rate, as 
described by Eq. 18.

 Power G= ⋅ ⋅ρ g U  (18)

where Power is power input per unit volume due to aeration in (kg m2/s3)/m3, ρ is 
the density of culture (kg/m3), g is gravitational acceleration (m/s2), and UG is super-
ficial gas velocity in the aerated zone (m/s).

However, flat panel photobioreactors suffer from several issues including the 
requirement of support components, difficulty to control medium temperature, 
hydrodynamic stress associated with aeration, and algal attachment onto the wall of 
the system (Doucha et  al. 2005). These drawbacks limit the development of flat 
panel photobioreactors for a commercial-scale application.

4.3  Airlift Photobioreactors

Airlift-type photobioreactors (Fig. 4) are composed of two interconnected sections 
(with no internal moving structure) that physically separate the upflow and down-
flow streams (Chen et  al. 2011). The culture in the riser part moves upward by 
means of gas input that decreases the culture density. A portion of the released gas 
escapes from the culture phase to the top of the column, whereas the other part 
(composed of heavier bubble-free liquid) is allowed to circulate (Sadeghizadeh 
et al. 2017). The circulation pattern causes the algal cells to propagate within dark 

(a) (b) (c)

(1) (1) (1)

(2) (2) (2)

(3)

(3) (3) (4)(4)

(4)(4)

Fig. 4 Airlift photobioreactors (a) internal loop concentric, (b) internal loop, and (c) external 
loop. In which, (1) sparger for flue gas supply, (2) excess gas release, (3) culture upflow in illumi-
nated zone, and (4) culture downflow in dark zone

Design Considerations of Algal Systems for Wastewater Treatment



424

and light phases continuously. The common airlift structures are (a) internal loop 
concentric (Fig. 4a), in which air is sparged by means of a concentric tube causing 
the algal culture to transfer from the riser (illuminated zone) to the downcomer 
(dark zone), (b) internal loop vessel (Fig. 4b) that employs an internal baffle to sepa-
rate the riser (illuminated zone) from culture downflow (dark region), and (c) exter-
nal loop vessel (Fig.  4c), in which an additional vertical section is externally 
connected to the main column by short horizontal tubes.

In airlift photobioreactors, the height is designed to be greater than twice the 
diameter. The sparging of compressed gas is used to achieve agitation and mixing as 
well as to remove O2 gas from the culture by mass transfer (Bhola et al. 2017). The 
photobioreactor hydrodynamics, which affects the transfer of CO2 from the gas 
phase to liquid phase, is controlled by the behavior of bubbles released from sparger. 
For example, when bubbles are uniformly distributed across the column cross sec-
tion, the flow becomes homogeneous, and the back mixing of the gas phase can be 
neglected. However, an efficient heterogeneous flow occurs when both air bubbles 
and liquid tend to move upward from the center of the column, whereas an opposite 
direction (downward) of liquid ensues adjacent to the walls. This trend causes cul-
ture circulation from the central photic region to the external dark zone, causing 
additional back mixing of gas.

In a previous study, Hincapie and Stuart (2015) used an airlift reactor with a 
diameter of 20.3 cm (equivalent to 28 L volume), superficial gas velocity 1.80 cm/s, 
and gas flow 13.3 L/min for growing Chlorella sp. algae. Airlift photobioreactors 
have several advantages such as the absence of internal mechanical parts, continu-
ous release of gas residues, efficient heat and mass transfers, high surface area-to- 
volume ratio, and low capital cost.

5  Conclusions

This chapter offered the design and fundamental principles of algal growth systems 
used for wastewater remediation. Algae can be developed for the reduction of 
organic matter, nutrient species, and heavy metals. Algal cultivation systems are 
influenced by light distribution, mixing, mass transfer rates, and medium pH and 
temperature. Raceways have been widely used as effective and inexpensive ponds 
for the production of algal biomass. However, this system may suffer from the sur-
rounding environments, leading to relatively low biomass productivity. Alternatively, 
photobioreactors have been developed to achieve a high biomass growth along with 
small space requirements. Flat panel photobioreactors require lower energy inputs 
than tubular photobioreactors, but they may suffer from stress due to aeration. 
Future researches should be conducted to designing an efficient and scalable photo-
bioreactor that can be operated with low energy. Moreover, essential parameters 
used for the improvement of algal performance at full scale should be identified in 
further studies.
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