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Preface

Natural resources are limited and their consumption rates are very high. A system-
atic approach is required for sustainable management of resources. It primarily 
involves integration of green innovative biotechnological strategies and ecoengi-
neering. The issue revolves around the interaction and adaptability of plants, ani-
mals, microbes, and their adaptability in soil, air, and water. Plants need to enhance 
their tolerance toward hydrocarbons, petrochemical pollutants and soil salinity, 
temperature, and drought. These strategies are expected to enhance biomass and 
bioenergy production under suboptimal conditions, resulting in sustainable agricul-
ture, forestry, protection of landscape, and biodiversity. Biological processes can be 
optimized by integrating bioinformatics tools, providing great perspectives to sus-
tainable development. An integral part of the interaction of different organisms is to 
monitor them at a single cell level. Modern molecular techniques such as fluores-
cence in situ hybridization (FISH), highly sensitive catalyzed reporter deposition 
(CARD)-FISH, and in situ DNA-hybridization chain reaction (HCR) and methods 
for detecting mRNA and/or functional genes have been described. These techniques 
have been supplemented with metagenomics analysis, which reveals that a large 
proportion of microorganisms are as yet to be identified and also that they play an 
important and necessary role in establishing bioprocesses. In the book entitled 
Optimization and Applicability of Bioprocesses, we will be presenting the status of 
the diverse possibilities and the strategies for their application for human welfare. 
The book provides strategies for systematic approaches for sustainable management 
of resources and insights into integration of green innovative biotechnological strat-
egies and ecoengineering. The well-illustrated chapters have been written by the 
experts in the area. It provides information on thrust scientific R&D areas for pro-
spective researchers and graduate students. We are sincerely indebted to all the con-
tributors, whose efforts have brought this book to fruition.

New Delhi, India Vipin Chandra Kalia 
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of Environmental Bioprocesses
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Abstract
In the scenario of increasing population and concomitant pressure on the deplet-
ing fossil fuel resources, the focus of current research is on the development of 
innovative options for achieving sustainability and eco-efficiency in industrial 
and environmental bioprocesses. Further, there is a need for managing the ever- 
increasing waste generated as a result of human and industrial activities in an 
efficient manner. Of the currently available tools, environmental processes based 
on biomass utilization hold the highest potential owing to the abundance and 
renewable nature of such biomass. For achieving the highest efficiencies, these 
processes need to be optimized. In the current chapter, the underlying function-
ing of the various bioprocesses active in the environment has been discussed with 
particular reference to their optimization in bioremediation of solid and liquid 
waste. The chapter further discusses the tools for achieving higher efficiencies in 
such bioprocesses in addition to the value addition through energy generation in 
order to achieve the twin objectives of profitability and sustainability.

Keywords
Environmental bioprocesses • Eco-efficiency • Waste management • 
Bioremediation
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1.1  Introduction

Most industrial processes which are seen as a symbol of affluence in a country are 
heavily dependent on the fossil fuel deposits. In a developing country like India, 
where the population is expected to surpass China, there is a heavy burden on the 
fossil fuel deposits in the country. As of now, the global crude oil reserve is esti-
mated to be around 1656 billion barrels which is depleting fast (http://instituteforen-
ergyresearch.org/topics/encyclopedia /fossil-fuels/). Hence, there is a need for 
focusing on organic biomass-based economy by developing and optimizing tech-
nologies and processes which target effective utilization of available biomass in a 
sustainable manner. Among the different biomass options available for exploitation 
in the country, those sourced from plants and algae, solid organic waste, industrial 
wastes, agricultural wastes, etc. occupy prime position owing to their abundance 
and renewable nature, which can serve as raw material for value addition to indus-
trial and environmental bioprocesses (Kuhad 2012; Ferreira-Leitão et al. 2017).

Profitability and eco-efficiency are the main prerequisites for any bioprocess to 
be effective and sustainable in the long run (Kumar and Prasad 2011). The current 
quest for achieving global sustainability has targeted various aspects of biopro-
cesses including the biodiversity, provision for clean ecosystem, etc. which need to 
be considered in an integrated manner for critical understanding of socioeconomic 
and environmental linkages (Bennett et  al. 2015; Liu et  al. 2015). Purohit et  al. 
(2016) have extensively reviewed the different strategies which could be employed 
for surpassing the challenges of profitability, eco-efficiency, and sustainability in 
aerobic and anaerobic bioprocesses, viz., (i) knowledge about global biogeochemi-
cal cycles as in ocean ecosystem (Jiang and Jiao 2016), agricultural and fallow lands 
(Sharma and Singh 2017), and desert ecosystems (Agarwal et al. 2014), (ii) efficient 
biomass utilization (Patel et  al. 2016; Soares et al. 2016), (iii) microbial biopro-
cesses (Nair et al. 2016; Gupta et al. 2017; Patel et al. 2017), (iv) metabolic engi-
neering (Nigam et  al. 2017). These solutions are all based on exploiting the 
versatility of microbes and their metabolic pathways (Kalia 2015; Kalia et al. 2016).

1.2  Tools for Optimization of Environmental Bioprocesses

Despite rapid advances in the above technologies, significant gaps exist in the level 
of efficiency which can be achieved and the economic and environmental parameters 
which need to be addressed to, especially in industries such as those on bio- based 
economy which have gained importance in current scenario as sustainable alterna-
tives to petrochemicals. In the last decade or so, a lot of research has been carried out 
for developing innovative methodologies for optimizing bioprocesses in order to 
increase the efficiency. Among the various tools, response surface methodology is 
the basic and conventional tool adopted by researchers for optimizing bioprocesses 
for economically important compounds such as L-DOPA (3,4-dihydroxyphenyl-l-
alanine) (Gurme et al. 2013). Application of laser stimulation stands out as the most 
innovative approach which could find application in optimization of natural 

A.A. Khardenavis et al.
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processes such as in sewage and wastewater treatment, in bioremediation of pollut-
ants, and in improving the growth rate, biomass productivity, and adaptability of 
plants to pollutants such as heavy metals. Pioneering work in this area was carried 
out by Dobrowolski et al. (2012) who showed significant increase in resistance of 
experimental plants belonging to different genera with improvement in bioremedia-
tion efficiency of contaminated environmental niches on exposure to laser. The opti-
mum efficiency achieved in the above processes has been attributed to the optimal 
phenotypic expression achieved on account of laser irradiation (Tursunov and 
Dobrowloski 2015). Very recently, photostimulation by semiconductor laser was 
demonstrated to result in improvement in seed germination potential in Silene vul-
garis from heavy metal-contaminated site and serpentine waste dump site (Szajsner 
et al. 2014). Researchers have integrated the modeling approaches with the conven-
tional approaches to develop a comprehensive Multi- scale framework for modeling 
Sustainable Industrial Chemicals production (MuSIC). MuSIC framework was 
applied for producing precursors of polymers from agricultural feedstocks by utiliz-
ing 66 pathways in Escherichia coli and Saccharomyces cerevisiae which allowed 
the user to explore various trade-offs and interactions between economy-scale objec-
tives (Zhuang and Herrgard 2015). Similar integrated approach was applied for rapid 
evaluation of economic and environmental parameters in bioprocess involved in bio-
synthesis of polyhydroxyalkanoates (PHAs) through the coupling of cost analysis 
and life-cycle assessment which could facilitate screening for large-scale PHA pro-
duction from various microbes such as Bacillus sp. (Kumar et al. 2014; Leong et al. 
2016). The produced PHAs could find use in numerous biomedical applications tis-
sue engineering, implants, and anticancer agents (Ray and Kalia 2017).

1.3  Optimization of Bioprocesses in Bioremediation

Further, in addition to the biosynthetic processes and tools facilitating improvement 
in their efficiencies, there is tremendous scope for applying such tools for optimiza-
tion of process efficiencies of catabolic bioprocesses involved in the bioremediation 
of different ecological niches contaminated by various pollutants such as wastewa-
ter contaminated with polychlorinated biphenyls (PCBs), excess phosphorus, and 
terrestrial oil spills. Diverse approaches have been explored for bioremediation, bio-
transformation, and mineralization of pollutants, prominent among them being (i) 
through the formation of microbial biofilms, (ii) through bioaccumulation in micro-
bial cells, (iii) by use of microbial enzymatic pathways, and (iv) through 
phytoremediation.

1.3.1  Biofilms and Bioremediation

Biofilm formation appears to be by far the most significant strategy adopted by 
microorganisms in wastewater treatment systems for providing protection from 

1 Recent Advances in Optimization of Environmental Bioprocesses
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high concentration of toxic and hazardous pollutants. Conventionally, the microbial 
community is at a loss due to their inefficient removal capacity owing to their low 
abundance in treatment systems. To overcome this problem, different species of 
bacteria have evolved a strategy of forming biofilms by secreting extracellular poly-
saccharide (EPS) material, thus enabling them to reside in symbiotic harmony in a 
suitable microenvironment, which is under the regulation of certain signaling mol-
ecules also called quorum-sensing molecules or autoinducers (Donato et al. 2016; 
Mangwani et al. 2016). At the same time, the concentration of various groups of 
bacteria with diverse metabolic capacities at a single location provides the commu-
nity the ability to metabolize different pollutants which was otherwise not possible 
for single bacterial species (Burmolle et al. 2014). A recent review has pointed out 
the limitations in efficient treatment of industrial wastewater carrying recalcitrant 
compounds such as persistent organic pollutants (POPs) and heavy metals (Edwards 
and Kjellerup 2013). Researchers have suggested that biofilm formation ability pro-
vided to the participating microorganisms an advantage of efficient nutrient and 
genetic exchange in addition to protection from surrounding environment, thereby 
aiding in the improvement of bioremediation potential for a variety of priority pol-
lutants ranging from hydrocarbons to pharmaceutical and personal care products 
(PPCPs) (Burmolle et al. 2014). The role of EPS material in bioprocess involving 
heavy metal uptake and resistance was demonstrated in Rhizobia, which was also 
shown to exert a protective effect on non-EPS-producing heavy metal-sensitive 
strains (Nocelli et al. 2016). However, EPS secretion and subsequent biofilm forma-
tion itself does not solely guarantee efficient bioremediation. In addition to these 
conditions, there is a need for the presence of particular stresses which induce spe-
cific enzymatic pathways for the degradation of the pollutants. One such stress fac-
tor was suggested to be benzoate, which was essential for inducing genes of catechol 
1,2-dioxygenase pathways in biofilm-forming P. mendocina EGD-AQ5 (Ghosh 
et al. 2017). Current advances in omics and mathematical modeling tools have fur-
ther advanced our knowledge about the structural and functional aspects of the bio-
film community (Turki et  al. 2017). Random transposon mutagenesis library 
screening in Shewanella oneidensis was applied for getting a hyperadherent mutant 
strain which was shown to possess enhanced cohesiveness and higher bioremedia-
tion of Cr (VI) which was linked to the disruption of putrescine biosynthesis gene 
(Ding et al. 2014). One of the latest developments in the field of biofilms has been 
their application in bio-nanotechnology specifically with reference to the inhibition 
of biofilm formation and the significance of anti-biofilm molecules in the disruption 
of biofilms in drinking water and wastewater treatment systems (Kaur et al. 2014; 
Qureshi et al. 2015; Pal et al. 2016; Ahiwale et al. 2017). Certain molecules have 
been held responsible for the inhibition of biofilm formation and disruption of bio-
films, which has been attributed to the quenching of quorum-sensing signals from 
bacterial population (Shang et al. 2014; Koul et al. 2016; Koul and Kalia 2017). 
Further prospects of biofilms have been envisaged for the recovery of precious met-
als from industrial wastes through reductive immobilization (Ng et al. 2015).

A.A. Khardenavis et al.



5

1.3.2  Bioremediation of Phosphorus Through Bioaccumulation

Among the different contaminants frequently encountered in our ecosystem, phos-
phorus (P) occupies an important position considering that it has both nutrient value 
and nuisance value. However, the nutrient value of phosphorus has been overshad-
owed by its nuisance value in domestic wastewater owing to its eutrophication 
potential which leads to depletion of oxygen and dead-zone formation in water bod-
ies, thereby leading to loss of biodiversity due to death of normal flora and fauna. 
Numerous methods have been devised for phosphorus removal from wastewaters. 
One such method employed hydrated cement-based materials resulting in greater 
than 94% P removal at 20–1000 mg/L (Wang et al. 2014). Most commonly used 
technology for phosphorus sequestration in conventional wastewater treatment sys-
tems has been enhanced biological phosphorus removal system (EBPR), wherein 
for the first time, metabolic models were applied for describing the roles of 
polyphosphate- accumulating and glycogen-accumulating organisms (PAOs and 
GAOs) in biotransformation taking place in EBPR (Lanham et  al. 2014). EBPR 
technology was further integrated with microalgal technology resulting in a modi-
fied EBP2R system which was effective in sequestering 75% of influent P such that 
the resultant effluent had required ratios of nitrogen (N) and P suitable for microal-
gal growth (Valverde-Pérez et  al. 2015). Another innovative approach has been 
applied for phosphorus removal from wastewater and sludge, which involved the 
use of microalgae in a solar-driven P recycle, thus providing dual benefit of P 
removal from wastewater and generation of P-enriched algal biomass for applica-
tion as soil fertilizer (Solovchenko et  al. 2016; Yewalkar-Kulkarni et  al. 2017). 
Genomic tools based on high throughput sequencing revealed the community struc-
tures in denitrifying and EBPR systems operating under different conditions which 
indicated the existence of highly diverse bacterial community in the reactor oper-
ated under alternating anaerobic-oxic conditions than in the reactor operated under 
anaerobic-anoxic conditions (Lv et al. 2014).

1.3.3  Microbial Enzymatic Pathways in Bioremediation

Several enzymatic pathways have been suggested to be responsible for performing 
the bioprocesses involved in bioremediation of both natural and anthropogenic com-
pounds. Prominent among them which have been extensively explored for bioreme-
diation of several pollutants involve reductases (chromium), dioxygenases and 
dehydrogenases (hydrocarbons), dioxygenases and hydrolases (PCBs), and oxidases, 
dehydrogenases, lyases, and reductases (amino acids, amines, nitriles, amides, and 
nitroaromatics) (Foster et al. 2014; Fuentes et al. 2014; Passatore et al. 2014; Thatoi 
et al. 2014; Bastida et al. 2016; Sharma et al. 2016; Kumari et al. 2017). In addition 
to the bacterial enzymatic pathways, numerous enzymes have been employed by 
fungi for bioremediation of recalcitrant compounds, prominent being the ones cata-
lyzed by catalases, laccases, peroxidases, and cytochrome P450 (Deshmukh et al. 
2016). Of the various pollutants which are a cause of concern to the environment, 
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hydrocarbon contamination of ecological niches on account of oil spills (both ter-
restrial and marine) seems to have the most profound impact. Mesocosm studies with 
natural seawater spiked with up to 1000 ppm crude oil when subjected to biostimula-
tion and bioaugmentation assays indicated that the total microbial abundance 
increased with inhibition of certain enzymes such as leucine aminopeptidase (LAP). 
The positive effect of bioaugmentation was clearly visible from the higher degrada-
tion percentage (95%) in comparison to biostimulation (Hassanshahian et al. 2014). 
The study highlighted the need for optimizing oil spill bioremediation bioprocesses 
by augmenting with suitable microbial cultures before the developed methodologies 
are applied to real-life scenarios. Studies on microbial community dynamics under 
influence of oil spills are extremely essential for providing an in-depth insight into 
the response and adaptation strategies of different microorganisms under such cir-
cumstances especially with reference to metabolic networks, mechanisms for toler-
ance/resistance, etc. (Fuentes et al. 2014; Bastida et al. 2016; Scoma et al. 2016). 
Modeling approach can accentuate the outcome of such bioremediation studies by 
answering open-ended questions with reference to assembly, functional diversity, 
abundances of microbial communities, mass flow and regulation of fluxes among 
species, applicability of generic rules for oil degradation, and possibility for engi-
neering oil-degrading microbial communities (Rolling and van Bodegom 2014). 
Newer innovations in the methods for in vitro and field assessment of pollutants can 
further be of help in monitoring the biodegradation of such pollutants as reviewed by 
Kohli et al. (2017) in the application of compound-specific stable isotope method of 
analysis of hexachlorocyclohexane (HCH).

1.4  Bioprocess Optimization in Solid Waste Management

As has been discussed by numerous researchers, the solid waste generated from 
urban and rural areas is increasing at an alarming pace. Current means of disposal 
of solid waste in developing countries like India is dominated by open site dumping 
in landfills. With land coming at a premium, managing the solid waste especially the 
organic fraction in a decentralized manner can provide the benefit of reduction in 
the quantum of degradable waste reaching the landfill site. This has been shown to 
result in subsequent reduction in the environmental problems associated with leach-
ate and the obnoxious odor and flammable gases generated during degradation of 
organic waste. Pandit et al. (2015) have reviewed the multiple means of disposal 
available for solid waste along with the limitations of such technologies and have 
suggested the option of renewable energy generation from the organic fraction of 
solid waste to be the most organized and attractive one. This can provide dual ben-
efit of managing the organic fraction of solid waste in addition to the generation of 
biofuel in the form of methane.

Among the different components of solid waste generated in urban areas, waste- 
activated sludge (WAS) refers to the excess biomass generated from the aerobic 
treatment system of wastewater/sewage treatment plants (WWTPs/STPs) at the 
expense of nutrients/organics present in wastewater/sewage. The quantum of WAS 
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generated is very large and presents a serious problem considering the land require-
ment for safe disposal. An estimated 11.2 million tons of WAS is reported to be 
generated in China annually, while the same was over 10 million tons in the 
European Union (EU), and its treatment accounted for nearly 50–60% of the main-
tenance costs in treatment plants (Sun et al. 2015). Various treatment strategies have 
been devised for managing WAS, which holds tremendous potential for value addi-
tion through energy generation in addition to the benefit of reduction in volume of 
sludge to be disposed. Cavinato et al. (2014) highlighted the economic importance 
of managing WAS to WWTPs through anaerobic co-digestion with other organic 
substrates under mesophilic, thermophilic conditions for the recovery of biogas and 
solid residue with fertilizer value. Subjecting the sludge to degradation in a micro-
bial electrolysis cell was also shown to hold promise for volume reduction along 
with biomethane generation (Sun et al. 2015). Improvements in efficiency of the 
above environmental bioprocesses have been made through optimization of operat-
ing conditions and reactor designs. Leite et al. (2016) evaluated the performance of 
single- and two-phase reactors for anaerobic digestion of excess sludge under ther-
mophilic conditions and observed a 15% gain in energy generation in two-phase 
systems over the single-phase ones. Further, the energetic sustainability of the pro-
cess was established by the authors as the heat generated from such processes satis-
fied all the parameters for sustainability.

Though there is scope for converting food/kitchen and vegetable waste compo-
nents of organic solid waste into biomethane, the anaerobic bioprocess involved 
needs to be optimized for achieving maximum efficiency. This can be achieved by 
an integrated approach consisting of information about different global nutrient 
recycle pathways for organic substrates such as cellulosic material, and the optimi-
zation of microbial bioprocesses through the use of novel reactor systems and anal-
ysis of the associated microbial community networks (Purohit et  al. 2016). 
Khardenavis et al. (2013) demonstrated the effective conversion of food and vege-
table waste into biogas through a hybrid anaerobic solid-liquid (HASL) reactor. 
Pandit et al. (2016) demonstrated that the efficiency of anaerobic bioprocesses was 
not only linked to the type of reactor system used but was also dependent on the 
substrate-specific differential enrichment of microbial community. Metagenomic 
tools were used by the authors to establish the dominance of lingo-hemicellulose 
degradation pathways and the abundance of genes for aromatic degradation, xyla-
nase, and xylosidase  in the rice straw anaerobic digestion metagenome owing to 
relative recalcitrance of rice straw in comparison to food and vegetable wastes. The 
performance of anaerobic digestion was further refined to achieve higher efficiency 
and optimum carbon mass balance during the treatment of vegetable market waste 
in a novel anaerobic baffled reactor (ABR) (Gulhane et al. 2016). This reactor sys-
tem provided the advantage of superior performance which was attributed to the 
high stability to rapid changes in organic and hydraulic shock loads, biomass reten-
tion, and segregation of acidogenic and methanogenic bacterial communities along 
the length of the reactor. The authors showed that fine-tuning of operational condi-
tion in the form of recycling of effluent with feed was not only aimed at providing a 
method for maintaining alkalinity to neutralize the rapidly acidifying feed slurry but 
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was also aimed at reducing the amount of effluent generated at the end of anaerobic 
digestion process. In yet another report, the authors were further able to establish 
the plasticity of microbial communities in different chambers under different oper-
ating conditions through the application of metagenomic tools (Gulhane et  al. 
2017). The study indicated that the segregation of the microorganisms in different 
chambers of ABR occurred based on their functional attributes in the methanogenic 
pathway. Such studies can go a long way in achieving the objectives of sustainabil-
ity and eco-efficiency in industrial and environmental bioprocesses.

1.5  Perspectives

Conventional tools, which include RSM, and novel tools developed recently such as 
laser stimulation of plants in addition to those based on modeling approach (MuSIC 
framework) have helped in plugging the gaps in achieving the target of higher effi-
ciencies in environmental bioprocesses. The combination of knowledge about the 
biogeochemical cycles operating in the different ecological niches and the underly-
ing biological processes operating in such systems is essential for formulating 
mechanisms in order to achieve higher sustainability and profitability. This can be 
achieved in different environmental bioprocesses such as those operating in micro-
bial biofilms and in anaerobic digestion, through detailed study about the enzymatic 
pathways involved in bioremediation and through information on the value addition 
which can be achieved from the recovery of energy in the form of biofuel.
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2Visualization of Microorganisms 
in Bioprocesses

Tsuyoshi Yamaguchi and Kengo Kubota

Abstract
Fluorescence in situ hybridization (FISH) is currently a standard technique for 
detecting, identifying, and enumerating microorganisms. The method allows for 
visualization of cell morphology as well as in situ localization of microorgan-
isms at single-cell resolution. Although FISH has been used for more than 
20 years, many challenges remain with regard to improving the technique for 
understanding microbial ecology and physiology. This chapter describes the 
recent developments in this field, such as improved sensitivity by catalyzed 
reporter deposition (CARD)-FISH and in situ DNA-hybridization chain reaction 
(HCR). Highly sensitive methods for detecting mRNA and/or functional genes 
are also described. Moreover, methods combining isotope probing to reveal 
microbial metabolic activities are introduced.
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2.1  Introduction

Bioprocesses utilize microorganisms for waste and wastewater treatment, and 
understanding the microorganisms involved in a bioprocess is important for clarify-
ing what occurs during the process. Conventional microbiological methods based 
on cultivation, morphological, metabolic, and genetic assays can provide informa-
tion of microbial behavior in certain environments. However, most of the culture 
media used favor the growth of certain groups of microorganisms, and it is generally 
accepted that more than 99% of environmental microorganisms are yet-to-be cul-
tured. These facts suggest that a majority of microorganisms that are important and 
necessary for establishing bioprocesses cannot be identified by culture-dependent 
methods.

With the development of molecular techniques, culture-independent approaches 
have been applied for understanding the microorganisms in complex microbial 
communities involved in bioprocesses. Indeed, the introduction of a ribosomal RNA 
(rRNA) approach expanded our view of environmental microorganisms, and it is 
currently recognized that the diversity of environmental microorganisms is much 
greater than previously recognized (Hug et al. 2016). Phylogenetic analysis based 
on the small subunit of ribosomal RNA (SSU rRNA) and/or on the SSU rRNA gene 
is a gold standard for describing a microbial community. These molecules have 
been selected because of the following reasons: (1) they are found in all living 
organisms; (2) they offer sufficient resolution for distinguishing from the domain/
phylum level to the species level; (3) a high copy number of the transcripts is pres-
ent (hundreds to thousands per cell); and (4) both conserved and variable regions 
exist (suitable for primer and probe design). Sequencing of SSU rRNA genes allows 
rapid identification of non-culturable microorganisms. However, SSU rRNA gene- 
based phylogenetic analysis is not capable of identifying the functional features of 
microorganisms, which are important for understanding bioprocesses.

The physiological properties of microorganisms are investigated by the sequenc-
ing functional genes (Hatamoto et al. 2011; Saito et al. 2015). Researchers are inter-
ested in determining the origin of genes, i.e., linking phylogeny and function, but 
this is generally a laborious task because there is typically a large distance between 
an rRNA gene and a functional gene in the genome. Recent advancements in 
sequencing technologies and bioinformatics have allowed for high-throughput and 
systematic analyses of microbial communities, resulting in new insight toward an 
understanding of microbial communities in bioprocesses (Nobu et al. 2014, 2015).
The genome sequences of environmental microorganisms, including phyla involved 
in various bioprocesses (e.g., TM7, Caldiserica, OP9, Synergistetes, NKB19, 
Armatimonadetes, WS1, WWE1), have been reconstructed from metagenomic 
sequence datasets (Rinke et al. 2013). Although these sequencing data are informa-
tive, it is impossible to understand microorganism cell morphology and in situ local-
ization, which is especially important for understanding biofilm ecosystems.

In this chapter, we describe a method for visualizing microorganisms in biopro-
cesses without cultivation at a single-cell resolution: fluorescence in situ hybridiza-
tion (FISH). The first application of FISH was reported more than 20 years ago 
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(DeLong et al. 1989), ushering in a new era in environmental microbiology. After 
the proposal of a full-cycle rRNA approach (Amann et al. 1995), FISH became the 
essential tool for detecting, identifying, and enumerating microorganisms. To 
expand its applicability, FISH has since been further improved by many researchers. 
This technique is currently capable of detecting not only rRNA but also mRNA and 
functional genes on chromosomes. In addition, combining FISH with stable/radio-
active isotope probing is a powerful tool for deciphering in situ physiology of 
microbes involved in bioprocesses.

2.2  Phylogenetic Identification of Microorganisms 
at Single-Cell Resolution

2.2.1  Fluorescence In Situ Hybridization

The detection, identification, and visualization of microbial cells are important for 
understanding microbial community structures in bioprocesses. FISH allows phylo-
genetic identification of microorganisms at a single-cell resolution. The principle of 
conventional FISH is shown in Fig. 2.1a. For the application of FISH, an oligonu-
cleotide probe of approximately 16–25 bases targeting an rRNA is designed for the 
group of interests. Oligonucleotide probes can be found in the literature and data-
bases (Loy et  al. 2003) but can also be designed using such software as ARB 
(Ludwig et  al. 2004). The hybridization efficiency of a designed oligonucleotide 
probe can be predicted using math FISH based on a thermodynamic model of 
hybridization (Yilmaz and Noguera 2004; Yilmaz et al. 2011).

The oligonucleotide probes used for FISH are labeled with a fluorescent dye 
such as FITC, Cy3, and Cy5. A series of Alexa Fluor dyes is also often used. To 
apply FISH, microorganisms are first fixed with either paraformaldehyde and/or 
ethanol, which permeabilizes the cells. Additional cell permeabilization processes 
are sometimes necessary for Gram-positive bacteria and some archaeal cells because 
they have thick cell walls. As there is no gold standard protocol for permeabilization 
of all microbial cells, cell treatment methods should be appropriately selected and 
optimized for the targets of interest. Enzymatic treatments are often employed; 
treatment with lysozyme is popular because it can digest bacterial peptidoglycan.

Hybridization of oligonucleotide probes is carried out in a buffer that typically 
contains 0.9 M NaCl, 20 mM Tris-HCl [pH 7–8], and 0.01% SDS (sodium dodecyl 
sulfate). Tris is used as the buffer, salt is added to increase the melting temperature 
(Tm) of oligonucleotides, and SDS is added to improve probe penetration and to 
make the target region of rRNA accessible for the probe (Behrens et al. 2003). In 
general, the hybridization is carried out in a humid chamber at 46 °C in the dark. To 
control for hybridization stringency, formamide is added to the buffer; in the case of 
a DNA-RNA hybrid, 1% formamide decreases the Tm by 0.5  °C. Because each 
probe has a different dissociation temperature, a different formamide concentration 
is added to the buffer to maintain specific hybridization. A blocking reagent is 
sometimes included in the buffer to prevent nonspecific oligonucleotide binding. 
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Fig. 2.1 Schematic diagrams of FISH (a), CARD-FISH (b), and in situ DNA-HCR (c)

The incubation time is an important factor for effective hybridization, and maxi-
mum hybridization efficiency can be obtained at different incubation times (Yilmaz 
et  al. 2006). To accelerate hybridization of the oligonucleotides, the addition of 
formamide to the buffer is recommended (Yilmaz et  al. 2006). Hybridization is 
generally carried out for more than 2 h. Excess probe is then removed by immersing 
the samples in a buffer at 48 °C for 15–20 min. The stringency of the washing buffer 
is adjusted by decreasing the salt concentration and not by adding formamide, using 
the formula 16.6 log M, where M is the concentration of NaCl (e.g., the addition of 
10% formamide is equivalent to a 5  °C decrease in Tm, which corresponds to a 
decrease in NaCl concentration from 0.9 to 0.45  M). After counterstaining with 
DAPI to visualize all microorganisms, the samples are subjected to observation 
under an epifluorescence microscope.

To date, complex microbial communities in various bioprocesses have been ana-
lyzed by employing FISH. The well-established upflow anaerobic blanket (UASB) 
process is implemented in many industries to treat organic-rich wastewater. The 
formation of granular sludge in a UASB reactor allows separate control of hydraulic 

T. Yamaguchi and K. Kubota



17

retention time and sludge retention time, and thus high organic loading can be 
achieved. Nevertheless, although many microorganisms should be involved in treat-
ment of organic matter in an anaerobic environment (e.g., syntrophic associations), 
the microbial community structure of granular sludge is considered a black box. 
The research team of Sekiguchi attempted to clarify the microbial composition as 
well as the in situ localization of selected microorganisms by FISH and found that 
Bacteria were more abundant at the outer layer of a granule, whereas Archaea were 
more frequent in the inner portion (Sekiguchi et  al. 1999). Syntrophs such as 
propionate- oxidizing bacteria were found close to hydrogenotrophic methanogens 
(Imachi et al. 2000). A member of the phylum Nitrospirae found in various UASB 
granular sludges was also detected (Iguchi et  al. 2009). With an expectation of 
microbial metabolism and substrate diffusion to granular sludge, Sekiguchi pro-
posed a model for predicting microbial function after localization of the microbial 
habitat by FISH (Sekiguchi 2006). The team has also intensively investigated the 
microbial dynamics of sludge bulking in UASB reactors. By applying FISH, these 
authors found that members of Chloroflexi or KSB3 are involved in sludge bulking 
(Sekiguchi et al. 2001; Yamada et al. 2005, 2007, 2011).

2.2.2  Sensitive FISH Techniques: CARD-FISH and In Situ 
DNA-HCR

One problem of FISH is the detection of microorganisms with low rRNA contents. 
Microorganisms in oligotrophic environments are often difficult to detect by 
FISH. Although microorganisms in bioprocess generally possess sufficient rRNA 
for FISH detection, more sensitive approaches are necessary in some cases. FISH 
combined with catalyzed reporter deposition (CARD), also known as tyramide sig-
nal amplification (TSA), was reported 20 years ago (Schönhuber et al. 1997). The 
principle of CARD-FISH is shown in Fig. 2.1b, and reviews have been published 
elsewhere (Amann and Fuchs 2008; Kubota 2013). In brief, instead of a fluorophore 
horseradish peroxidase (HRP) is conjugated to an oligonucleotide probe. HRP 
mediates the linkage of tyramide to cellular proteins in the presence of hydrogen 
peroxide. As a result, a large number of tyramide molecules are deposited around 
HRP.  Fluorophores can also be conjugated with tyramide; thus, CARD-FISH is 
reported to show 20–40 times greater signal intensity than FISH (Schönhuber et al. 
1997; Hoshino et al. 2008). Application of CARD-FISH to bioprocess samples has 
been reported, e.g., the detection of Thiobacillus denitrificans in a UASB reactor 
(Fernández et al. 2006, 2008).

Despite the high sensitivity of CARD-FISH, there are some drawbacks for its 
application. Endogenous peroxidase activities need to be inactivated prior to appli-
cation of CARD-FISH, as they may cause false-positive signals. However, inactiva-
tion of these activities is not simple because a high concentration of hydrogen 
peroxide, which is effective for inactivation, also causes nucleic acid degradation, 
resulting in a lack of signal. Thus, the concentration is generally kept low (approxi-
mately 0.1–0.5%) (Ishii et al. 2004), but in some cases, it has to be much higher, 
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e.g., 30% for anammox bacteria in a bioreactor (Pavlekovic et al. 2009). Another 
drawback of CARD-FISH is penetration of the HRP-labeled probe due to a large 
HRP molecule (approximately 40 kDa) (Thiele et al. 2011). Therefore, permeabili-
zation steps are generally required for CARD-FISH application (Kubota 2013). 
Many researchers use enzymatic cell treatment such as lysozyme or proteinase 
K. Lysozyme treatment is the permeabilization most often used, as it can digest 
bacterial peptidoglycan. In contrast, archaeal cells have a completely different cell 
wall structure, and lysozyme treatment is not effective. Instead, proteinase K is used 
for permeabilizing archaea. PeiW treatment is also effective for the detection of 
methanogens, which are important components in anaerobic bioprocesses (Kubota 
et al. 2008).

Recently, a novel sensitive FISH, in situ DNA-hybridization chain reaction 
(HCR), was reported as overcoming the problems of CARD-FISH (Yamaguchi 
et al. 2015b) (Fig. 2.1c). First reported in 2004, HCR uses two stable hairpin oligo-
nucleotides, which only assemble after exposure to an initiator oligonucleotide 
(Dirks and Pierce 2004). In situ DNA-HCR has two advantages over CARD- 
FISH. First one is that inactivation of endogenous peroxidase activity can be ignored 
as the method does not utilize any enzymes. Another advantage of in situ DNA- 
HCR is that penetration of the probes used is much easier than HRP-labeled probes. 
This is more effective for detection of Archaea. Yamaguchi et al. reported that the 
high penetrability of the probes used for in situ DNA-HCR into Archaea. As a result, 
greater detection rates were observed for anaerobic granular sludge and digester 
sludge samples compared to FISH and CARD-FISH (Fig. 2.2). An accelerated and 
intensified protocol of in situ DNA-HCR (quick HCR-FISH) was published very 
recently (Yamaguchi et al. 2015a). Although the signal intensity of in situ DNA- 
HCR is not as intensive as CARD-FISH, it has sufficient sensitivity to detect micro-
organisms with low rRNA contents in marine and sediment samples. Overall, in situ 
DNA-HCR can be a powerful tool for detecting environmental microorganisms and 
is an alternative to CARD-FISH.

2.3  Understanding the Physiology of Microorganisms 
at Single-Cell Resolution

2.3.1  Detection of mRNA and/or Genes Encoding Key Enzymes

Phylogenetic identification of microorganisms based on SSU rRNA gene sequence 
information does not allow for determination of physiological properties, whereas 
detection of mRNA and/or functional genes encoding key enzymes is useful 
(Table 2.1). Nevertheless, the copy numbers of mRNA and/or functional genes are 
low in a single microbial cell. Regarding the detection limit of FISH using fluores-
cently labeled oligonucleotide probes, approximately 1,400 target molecules are 
necessary (Hoshino et al. 2008). This detection limit can be further improved by 
CARD-FISH, though it is still as low as 30–60 target molecules in a single micro-
bial cell. The mRNA copy number ranges from 100 to 102 copies per cell and that of 
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functional genesis, generally less than 10 (many are single copy on the chromo-
some). Therefore, more sensitive methods are necessary for detection. Zwirglmaier 
et al. reported a method termed recognition of individual genes-FISH (RING-FISH) 
(Zwirglmaier et al. 2004). In RING-FISH, a large amount of RNA polynucleotide 
probes is incubated with fixed cells, during which the probes are hybridized to each 
other and generate a network by anchoring to a target gene on the chromosome. 
RING-FISH has been applied for detection of the nirK gene in an activated sludge 
sample (Pratscher et  al. 2009). Another approach is two-pass TSA-FISH, which 

Fig. 2.2 Detection of Archaea in an anaerobic sludge sample using FISH (a), CARD-FISH (b), 
and in situ DNA-HCR (c). Photomicrographs of DAPI-stained cells (left panels) and epifluores-
cence (right panels) of the identical fields. Exposure times were adjusted for each method (CARD- 
FISH < in situ DNA-HCR < FISH). The bar represents 20 μm
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involves an additional amplification step in CARD-FISH (Kubota et al. 2006). The 
two-pass TSA-FISH method first involves a TSA reaction with DNP-labeled tyra-
mide (Kubota et al. 2006). After HRP-labeled anti-DNP-antibody is immunologi-
cally bound to the deposited DNP molecules, a second TSA reaction with 
fluorophore-labeled tyramide was carried out. Using this approach, mcrA mRNA in 
methanogens was successfully detected, with strong and reliable signals (Fig. 2.3). 
Kawakami et al. later extended application of this method for detecting functional 
genes in granular sludge samples (Kawakami et al. 2010, 2012).

Linking physiology and phylogeny via simultaneous detection of mRNA/func-
tional genes and rRNA is an approach for understating microbial ecosystems 
(Pernthaler and Amann 2004; Moraru et  al. 2010). Combining mRNA detection 
with flow cytometry for cell sorting is another option. To reveal the diversity of 
denitrifying bacteria in a bioprocess, Mota et al. detected nirK mRNA followed by 
phylogenetic analysis of sorted cells (Mota et al. 2012).

Table 2.1 List of functional genes used for analyzing microbial community in bioprocess

Gene name Target microorganisms

References used 
for sequencing- 
based analysis

References 
used for FISH 
analysis

mcrA (Methyl coenzyme 
M reductase)

Methanogenic and 
anaerobic methane- 
oxidizing archaea

Steinberg and 
Regan (2008)

Kubota et al. 
(2006)

Saito et al. (2015) Kawakami 
et al. (2012)

amoA (Ammonia 
monooxygenase)

Ammonia-oxidizing 
prokaryotes

Araki et al. (2004) Hoshino et al. 
(2003)Limpiyakorn et al. 

(2010)
pmoA (Particulate methane 

monooxygenase)
Methanotrophic 
bacteria

Luesken et al. 
(2011)

–

Hatamoto et al. 
(2011)

nirK (Copper nitrite 
reductase)

Denitrifying bacteria You (2005) Pratscher et al. 
(2009)Kim et al. (2011)

Herbert et al. 
(2014)

nirS (Cytochrome cd1 
nitrite reductase)

Denitrifying bacteria Kim et al. (2011) Hoshino and 
Schramm 
(2010)

Herbert et al. 
(2014)

Mota et al. 
(2012)

apsA (Adenosine-5′-
phosphosulfate 
reductase)

Sulfate-reducing and 
sulfur-oxidizing 
prokaryotes

Sumino et al. 
(2007)

Kawakami 
et al. (2012)

Ben-Dov et al. 
(2007)

dsrA (Dissimilatory 
sulfate reductase)

Sulfate-reducing 
bacteria

Luo et al. (2011) –
Biswas et al. 
(2014)
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2.3.2  Isotope Probing of Microorganisms: A Combination 
with Microautoradiography or NanoSIMS

FISH methods can be further combined with isotope probing, which can provide 
information about the metabolic activities of microbial cells. FISH combined with 
microautoradiography (MAR-FISH) has been successfully applied to identify the 
phylogeny and metabolic activities of microorganisms (Okabe et  al. 2004). In 
MAR-FISH, a sample of interest is incubated with a radioactive isotope-labeled 
substrate such as 14C, 3H 35S, or 33P. Microorganisms assimilating the substrate can 
then be visualized after the formation of silver grains. At the same time, FISH is 
performed for phylogenetic identification, with both MAR and FISH signals 
observed under a microscope. MAR-FISH has been successfully applied to several 
bioprocess samples. Indeed, the polyphosphate-accumulating ability of Tetrasphaera 
in an activated sludge sample was confirmed using a33P-labeled substrate (Nguyen 
et al. 2011). The ability of Nitrospira to take up pyruvate was also demonstrated by 
MAR-FISH (Daims et al. 2001). Moreover, ecophysiological interaction between 
nitrifiers and heterotrophic bacteria was investigated MAR-FISH (Kindaichi et al. 
2004).

Because MAR-FISH uses radioactive isotopes, direct visualization of nitrogen is 
not possible. The recently introduced nanoscale secondary ion mass spectrometry 
(NanoSIMS) overcomes this problem because NanoSIMS has high spatial and mass 
resolutions, allowing subcellular-scale analysis and measurement of nitrogen as 
CN−. However, as NanoSIMS is not equipped with a fluorescent microscope, phy-
logenetic staining of microorganisms for NanoSIMS analysis is achieved in differ-
ent ways. As halogen atoms have a high ionization efficiency in NanoSIMS and are 
less abundant in biomass, microbial cells are labeled with halogen atoms such as 
iodine, fluorine, and bromine by CARD-FISH (Behrens et al. 2008; Musat et al. 
2008). Indeed, fluorophores containing halogen atoms, such as 5-carboxy-2′,4′,5′,7′-
tetrabromosulfone fluorescein (containing four bromine atoms), Oregon Green 
488-X (containing two fluorine atoms), and BODIPY TMR-X (containing two fluo-
rine atoms), are labeled with tyramide. During NanoSIMS analysis, these halogen 

Fig. 2.3 Two-pass TSA-FISH detection of mcrA mRNA in Methanococcus vannielii in an artifi-
cial mixture with Escherichia coli. Photomicrographs of phase contrast (left panel) and epifluores-
cence (right panel) of the identical field. The bar represents 5 μm
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atoms are simultaneously detected, and metabolic activities can then be linked to 
phylogeny. Gold can be used as an alternative to halogens. Kubota et al. developed 
Gold-ISH for phylogenetic identification compatible with NanoSIMS and success-
fully detected lactate-assimilating microorganisms in an anaerobic sludge sample 
under a sulfate-reducing condition (Kubota et al. 2014).

2.4  Conclusion

Microbial reactions in bioprocesses are still considered as a black box. However, 
accumulating fundamental knowledge, the basic questions of how the process can 
be maintained and what is the trigger for process deterioration can be answered. In 
situ visualization of microorganisms provides direct evidence for understanding 
microbial physiology and ecology. Although FISH has been applied to environmen-
tal microbiology for more than 25 years, it is still a leading-edge technique, and 
many researchers are working on improving this method. Indeed, microbial com-
munity analysis is changing with publication of an increasing number of papers 
related to “omics,” with large amounts of data and informatics, thus providing new 
discoveries for understanding bioprocesses. Regardless, visualization of microor-
ganisms at single-cell resolution is essential for elucidating the microbiological 
phenomena that occur in bioprocesses.
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Abstract
A systematic approach to sustainable management of natural resources incorpo-
rates integration of innovative biotechnologies and eco-engineering. Here we 
review complementary eco-innovations for sustainable development in different 
regions. One of the newer biotechnologies is laser photostimulation of different 
species of plants and microorganisms to increase their adaptability to xenobiotics 
in soil, air, and water. Empirically selected algorithms of laser irradiation signifi-
cantly increase biodegradation of hydrocarbons, phytoremediation of trace metals 
by willow Salix sp., elephant grass Miscanthus x giganteus, Virginian mallow Sida 
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hermaphrodita, and to increase tolerance of different species of plants to petro-
chemical pollutants and efficiency of reclamation of contaminated areas and toler-
ance to salinity of soil and suboptimal temperatures as well as water deficiency. 
This biotechnology is also useful for biomass enhancement and  bio- energy pro-
duction under suboptimal conditions for more efficient vegetative multiplication of 
some vegetables and development of sustainable agriculture, forestry, protection of 
the landscape, and biodiversity. Integration of transdisciplinary cooperation and 
application of complementary biotechnologies and innovative methods of environ-
mental pollutant bioremediation (such as wastewater treatment) and reclamation, 
supported by the implementation of a neural network, can optimize bioprocesses 
that are useful for a better quality of life, globally. Long-term research-developing 
studies are supplemented by problem-solving training and case studies in different 
regions (including ecotourism, recreation, and promotion of ecological culture), 
long distance education and life-long education for the common action of experts 
and knowledge-based society, promoting sustainable development that is based on 
integrated biological sciences and sustainable models of consumption.

Keywords
Sustainable development • Bio-based economy • Climate change • Adaptation • 
Laser biostimulation • Microalgae biomass • Bio-energy • Bioremediation • 
Biodiversity • Environmental education

3.1  Introduction

Sustainable management of biological resources is a key factor in both improving the 
quality of human life and achieving more efficient protection of biodiversity on a 
regional and global scale. The crucial factor is attaining proper homeostasis in relation 
to the function of every living organism and all ecosystems. A biocybernetic mecha-
nism of a negative feedback system is the basis of homeostasis, from a single cell to 
the entire biosphere. We want to propose a common action for integration of comple-
mentary research-developing studies in this field with promotion of the concept of 
integration of biomimetic processes with ecological engineering. Such a systematic 
approach is a promising tool for protection of homeostasis as well as promotion of a 
bio-based green economy and the creation of a sustainable labor market.

The main task of contemporary human civilization is to change from the para-
digm of unlimited use of natural resources to a sustainable society based on knowl-
edge. Mankind should move from a destructive and wasteful way of life to working 
with the natural environment. The key factor for sustainability is replacement of 
energy- and resource-consuming technologies by a biology-based green economy 
that follows physiological processes that work with ecological engineering.

The depletion of fossil fuels and natural resources will come sooner or later, and 
has been prognosticated for many years now, but our society should not wait until 
then; we need to develop and discover eco-technologies that are able to provide the 
necessary amount of energy and products for our society in the spirit of conserva-
tion of natural resources.
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The progress of basic biological and research-developing studies is an inspira-
tion for the new model of civilization and sustainable management of natural 
resources focused on green economy.

Research-developing studies aimed toward the improvement of biotechnology 
and sustainability (Lee et  al. 2016) and optimization of bioreactors (Mandenius 
2016) and biological treatment of solid wastes (Rada 2016) are providing greater 
insight and perspective into bio-based sustainable development.

3.2  Laser Biotechnology for Bio-based Sustainable 
Development

Laser biotechnology is a new tool that is useful for optimization of biological pro-
cesses involved both in improvement of the quality of the natural environment and 
in biomass and bio-energy production. The basic idea of this technology is photo-
stimulation of selected species of microorganisms and plants to intensify bio- 
energetic processes that are associated with the acceleration of growth and biomass 
production in a suboptimal environment. The purpose of this innovative biotechnol-
ogy is optimization of the phenotype without changing the genotype.

The most sustainable and globally used energy source is biologically-based pho-
tosynthesis for conversion of the sun’s energy into useful products both as a source 
of human food as well as biomass-based renewable source of energy. According to 
J. W. Dobrowolski, for ethical reasons, new and more effective biotechnologies are 
recommended for better management of unused areas and for the production of 
biomass as a source of bio-energy, but not instead of food production (Dobrowolski 
2016b). Another promising area for future integration is environmental engineering 
and sustainable development of many regions all over the world. There are research- 
developing studies that are focused on the integration of management of organic 
wastes with energy production.

Taking into account the growth of the human population and even greater 
increase in consumers’ demands, it is very useful to apply eco-innovations integrat-
ing better environmental management (sewage treatment, waste management) with 
the increase in biomass (e.g., food, wood, etc.) and bio-energy production. Extensive 
research studies strongly support development of more efficient sources of bio- 
energy and bio-fuel production (Junginger et al. 2006; Larson 2006; Obernberger 
et al. 2008; Bain 2007; Bauen et al. 2009; Gnansounou et al. 2009; Fischedick et al. 
2011; Chum et al. 2014; Zwickel et al. 2014). Introduction on a wide scale of new 
and more efficient methods of biomass and bio-energy production may be espe-
cially promising and the most ecologically friendly method for satisfying these 
requirements. This also represents a creative contribution to the promotion of sus-
tainable development in terms of cost-benefit analysis. There are massive areas that 
are out of use in many developed and developing countries. Thus the application of 
already positively tested laser photostimulation of seeds, seedlings, or cuttings of 
plants before their cultivation could markedly increase biomass production under 
suboptimal conditions. Introduction of this biotechnology could also support 
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reclamation of degraded areas (Dobrowolski 1986; Dobrowolski 2000a, b, 2001a, b; 
Dobrowolski and Różanowski 1998 Dobrowolski and Zielinska-Loek 2002; 
Dobrowolski et al. 2004; 2012a, b; Jakubiak and Śliwka 2009). This type of recla-
mation also makes sense from an economic point of view. Low-power lasers are 
recommended for short-time irradiation of selected species of plants. The total costs 
associated with biostimulation are comparatively lower than the economic value of 
biomass produced as a result of photostimulation (Dobrowolski 2000a, b).

Stimulation with coherent light of high-energy density of seedlings of rapidly 
growing bushes and trees could massively increase wood production in areas after 
reclamation as well as in energy plantations. Overexploitation of primary forest 
could be eliminated as a result of enhancement of wood production. An empirically 
selected algorithm of laser stimulation is recommended for better adaptation of dif-
ferent plant species to an environment that has deteriorated as a result of the combi-
nation of anthropogenic pressure and the impact of climate change. The process of 
adaptation to environmental stress factors always requires additional energy, so the 
appropriate supplementation of organisms with energy increases their adaptability. 
Therefore, laser biotechnology could be recommended for more efficient reclama-
tion of degraded areas, enhancement of wastewater treatment, and biomass produc-
tion in various energy plantations and cultivation of industrial plants under 
suboptimal conditions.

Laser biotechnology has also been applied for more efficient reclamation of 
regions that have degenerated, enhancement of biomass followed by gas production, 
and for better bioremediation of soil contaminated with highly toxic trace metals as 
well as acceleration of biodegradation of petrochemical pollutants in contaminated 
soil and aquatic ecosystems. Results of the recent but not yet published experimental 
studies on the influence of laser light on different plant species open new perspec-
tives on biomass production in areas currently not used. Application of a proper algo-
rithm of coherent light (of high-energy density) in relation to the seeds of the cress 
plant (Cardamine parviflora) and summer lupin (Lupinus hartwegi) cultivated in soil 
polluted by hydrocarbons from an oil well could significantly increase biomass pro-
duction (Dobrowolski 2016b). Especially promising for the future study is enhance-
ment of the growth rate of lupin as a symbiotic plant with nitrogen-fixing bacteria, 
which are very important for stimulating the reclamation of degraded areas and sus-
tainability of biomass production (Dobrowolski 2016b). These recent results also 
indicate the possibility of more efficient reclamation of areas contaminated by very 
high amounts of toxic trace metals like lead (Pb) and cadmium (Cd) as a result of 
irradiation of sunflower (Helianthus sp.) and the great pumpkin (Cucurbita maxima) 
seeds  (Dobrowolski 2016b) by empirically selected laser light algorithms. New 
enzymological and physiological criteria are recommended for assessing the germi-
nability of cultivated plants (Badek et al. 2016).

New possibilities for significant increases in biomass production as a source of 
biofuel are now being presented as a result of increases in laser photostimulation of 
the seeds of Sorghum vulgare variety Sucrosorgo 506 with regard to resistance to 
low temperatures during the critical period of germination. This is a climate-limit-
ing factor in Central European countries for the introduction of this cereal for wid-
escale cultivation (Dobrowolski 2016b).
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In support of Dobrowolski and co-workers’ new application of laser photostimu-
lation of the inoculum of Trichophyton mentagrophytes var. granulosum for much 
more efficient biodegradation of petrochemical pollutants including polycyclic aro-
matic hydrocarbons (PAH), recently carried out experiments achieved very success-
ful application of empirically selected algorithms of laser irradiation of whole 
biocenosis from the area of the oldest oil well for much more efficient reclamation 
of areas contaminated by hydrocarbons (Dobrowolski 2016a). New complementary 
methods for enhancement of biodegradation of hydrocarbons in oil-contaminated 
soil are based on fortification of the soil with nitrogen and phosphorus (Jia et al. 
2016). Application of a consortium of bacteria adapted to an oil-contaminated envi-
ronment immobilized on a sponge bioreactor could stimulate biodegradation of aro-
matic hydrocarbons (El-Borai et  al. 2016). Detailed information about the 
complementary environmentally friendly application of laser biotechnology has 
been published as an international e-book (Dobrowolski 2016a, b).

Laser biostimulation also increases the assimilation of carbon dioxide by the 
irradiated plants. Thus, one of the reasons for recommending this eco-innovation is 
the contribution to primary prevention of climate change through the promotion of 
low-carbon bio-energy and sustainable development in different regions and in dif-
ferent continents (Dobrowolski et al. 2012a, b). Another perspective of the progress 
in bio-energy production, which is reasonable in terms of cost-benefit analysis, 
involves innovative management of biodegradable wastes (Horsek and Hrebicek 
2014) or municipal solid waste (MSW) (Tursunov 2014). Municipal solid waste is 
primarily waste that is produced by households, but also includes some industrial 
and commercial waste that has been deposited in municipal landfills, causing a wide 
array of harmful effects on the environment and human health. An ongoing increase 
in the production of waste results in loss of materials and energy and contributes to 
the deterioration of the natural environment. Currently, recycling of MSW is an 
important issue in many developed and developing countries. Some of the effective 
thermo-chemical techniques for MSW recycling and biomass-to-energy production 
are pyrolysis and gasification (Tursunov 2014; Tursunov et  al. 2011, 2015a, b; 
Maoyun et  al. 2010; Chum et  al. 2014; Tursunov and Dobrowolski 2015). Bio- 
energy from municipal waste is produced by gasification, and pyrolysis is recom-
mended for more efficient production of synthetic gas (syngas) from wood. The 
products (yields) of gasification are hydrogen (H2), carbon monoxide (CO), and 
methane (CH4) (Chum et al. 2014; Tursunov and Dobrowolski 2015; Tursunov et al. 
2015a, b). Gasification is a process that converts biomass into gaseous products and 
bio-oil or bio-fuel (Tursunov 2014). However, the byproducts of gasification and 
pyrolysis processes are tar and char. Many research-developing studies have focused 
on the improvement of catalyst activity for tar cracking and char yield reduction 
(Shen and Yoshikawa 2013; Tursunov et al. 2015b). Calcined dolomite and nickel- 
based catalysts were introduced as the most effective catalysts in biomass gasifica-
tion and pyrolysis for tar cracking and reforming (Tursunov 2014; Tursunov et al. 
2015a, b).

There are therefore real opportunities for supplementation of renewable energy 
sources using laser stimulation for biomass production in areas currently out of use, 
including reclamation of landfills and application of clean thermal technologies for 
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large-scale production of bio-energy. This eco-innovation may be a key factor for 
increasing efficiency of use of biomass and organic wastes for bio-energy produc-
tion. Moreover, a linkage between more efficient management of the natural envi-
ronment with progress in production of bio-energy from renewable sources could 
contribute to the development of a sustainable labor market and to enhancement of 
the quality of the environment. Therefore, the introduction of this approach through 
joint pilot projects is recommended in several countries.

3.3  The Application of Laser Biostimulation on Growth 
of Algae Chlorella vulgaris

3.3.1  Biological Properties of Microalga Chlorella vulgaris

Chlorella vulgaris are the smallest and oldest algae in the world. They are unicel-
lular green algae (Zabochnicka-Świątek 2010), i.e., the simplest organisms, that 
consist of a nucleus, a chloroplast, mitochondria, and a cell wall. C. vulgaris. con-
tains up to 4% chlorophyll—it has the highest concentration of chlorophyll of any 
plant. Such a high content of chlorophyll enables production of ten times more 
oxygen than other plants and the capacity to absorb ten times more carbon dioxide. 
C. vulgaris is able to reproduce itself very quickly. A single stem cell is divided in 
16–20 h into four new cells, which over the next 16–20 h multiply in a similar way. 
The structure and composition of chlorella makes it irreplaceable in the environ-
ment, and a fully-fledged food. In relation to dry matter it contains more than 50% 
protein, and is rich in polyunsaturated fatty acids, minerals, fiber, vitamins, and, as 
mentioned, chlorophyll. C. vulgaris contains the highest amount of chlorophyll in 
dry matter of all foods (about 4%). It does not produce any toxic products from 
decomposition or metabolism. Previous experimental research using C. vulgaris 
strains indicates that C. vulgaris can be used as a biosorbent for heavy metal removal 
(Zabochnicka-Świątek et al. 2012, 2014, Zabochnicka-Świątek 2013).

Lasers are sources of coherent monochromatic light with a high density of 
energy. The possibility of applying laser to many biological materials has been 
investigated (Dobrowolski 2016a, b), and it has been proposed that laser biostimula-
tion could have a positive effect on plant growth (Dobrowolski 2000a, b; Dobrowolski 
et al. 1996); an increase in plant biomass and greater uptake of some elements from 
contaminated water and soils has been found (Dobrowolski 2006a; Dobrowolski 
et al. 2012a, b).

Because of their absorption and oxygen-releasing properties, algae can be used 
for carbon capture in wastewater treatment technology (Rogulska et al. 2011), and 
laser stimulation can be used for more efficient sewage treatment bioprocessing 
(Dobrowolski et al. 2012b; Dobrowolski 2016b).

The mass cultivation of algae using lasers for production of biofuels, pharmaceu-
ticals, and chemicals is a promising technology. Algae can grow and divide success-
fully under specific wavelength laser illumination (Kuwahara et al. 2011).
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The overall goal of this study was to evaluate the influence of laser biostimula-
tion on the growth of C. vulgaris. Two phases of experiments were conducted: With 
reference to the results obtained from the first phase, further experiments were con-
ducted with a chosen exposition time for laser stimulation, and the cultivation period 
was extended from 11 to 33 days. The study was carried out under static conditions 
(batch tests) in a climatic chamber at 29 °C during the day and 25 °C at night.

3.3.2  Material and Methods

3.3.2.1  Experimental Methods
The strain of C. vulgaris used in this study was obtained from the Culture Collection 
of Baltic Algae (CCBA), Institute of Oceanography, University of Gdansk, Poland 
(http://ccba.ug.edu.pl/pages/en/home.php).

The inoculum was grown in ten 250-ml Erlenmayer flasks for 4 weeks. A cultiva-
tion medium (Bioflorin) was used for maintenance and inoculum preparation.

The experimental groups were exposed to varying parameters of laser stimula-
tion: type of diode, length of wave, time, and power of radiation. In every experi-
ment, a control group of a non-irradiated strain of C. vulgaris was also prepared.

Experimental groups of C. vulgaris:

• K. Control group: non-irradiated,
• DL. Laser diode: exposition time 3 × 1 s, 3 × 3 s, 3 × 9 s, light wavelength: 

470 nm
• LM. Impulse medical laser: exposition time 3 × 1 s, 3 × 3 s, 3 × 9 s, light wave-

length: 670 nm. After laser stimulation, samples were stored in darkness for 12 h.

The initial pH was 7.65 and turbidity 120 NTU.  The experiments were con-
ducted under a 12/12-h day/night cycle in a climatic chamber with a temperature of 
29 ± 2 °C during the day and 24 ± 2 °C at night for 2 weeks (the first phase) and then 
for 5 weeks (the second phase). The experiments were performed in triplicates.

Two phases of experiments were conducted. During the first phase of the 
research, the inoculum was placed in 50-ml flasks. During the second phase, the 
inoculum was placed in a higher level of cultivation medium: 250  ml, and two 
samples were placed, as during the first phase, in 50-ml flasks: LM3(2) and DL3(2).

With reference to the results obtained from the first phase, further experiments 
were conducted with a chosen exposition time to laser stimulation, and the cultiva-
tion period was extended from 11 to 33 days.

3.3.2.2  Methods of Analysis
During cultivation, observations at equal time intervals on pH, turbidity, dissolved 
oxygen (DO), productivity of algal biomass, chlorophyll content, and organic and 
inorganic carbon concentration were made.

The pH was measured using a pH-meter, turbidity was carried out using a densi-
tometer, and DO determination was done using an oxygen meter. Quantification of 
chlorophyll (Chl) was spectrophotometrically determined with the extinction 
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coefficients in acetone and calculated using appropriate formulae. Organic and inor-
ganic carbon concentrations were determined by a Multi N/C 2100 analyser.

Measurements of physicochemical parameters performed during the second 
phase in three different time intervals within the light phase made it possible to 
evaluate the influence of photosynthetic phases on those particular parameters. 
Productivity of algal biomass was determined as dry matter content. Dry matter was 
measured according to Polish standards (PN-R-04013:1988).

3.3.3  Results and Discussion

3.3.3.1  pH
Figures 3.1 and 3.2 present changes in pH values with time during cultivation of C. 
vulgaris.

During the first 5 days of the research the pH value remained at levels of 7.58–
7.64 in all cases. After the sixth day up till the end of the experiment, the pH value 
depended on the exposition time of laser stimulation. The lowest level of pH was 
observed for the LM3 sample and the highest for the DL3 sample.

During the second phase of the experiment pH values for LM3 and DL3 samples 
were the lowest. The lower volume of cultivation medium (45  ml) resulted in a 
decrease in pH from 7.68 to the minimum value of 6.9. Cultivation of C. vulgaris in 
250-ml flasks resulted in higher pH values.

3.3.3.2  Turbidity
Figures 3.3 and 3.4 illustrate the variation in turbidity with time measured by means 
of a turbidimeter during the first and second phases of the experiment.

The results achieved in turbidity measurements with the turbidimeter confirmed 
the increase in the algal population over the course of the experiment.

Fig. 3.1 pH values observed during the first phase of the experiment. K: non-irradiated sample; 
exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s, 9 – 3 × 9 s. Values are expressed as means ± s.d. (n=3)
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An increase in turbidity with time was also observed during that phase. The high-
est turbidity was observed for LM1 (325 NTU). Cell density varied with the lower 
volume of cultivation medium (45 ml). This decrease could have been affected by 
the lower efficiency of photosynthesis in the lower level of cultivation medium.

3.3.3.3  Chlorophyll Content
Figures 3.5 and 3.6 present chlorophyll a content changes with time in the first and 
second phases of experiment.

Fig. 3.2 pH values observed during the second phase of the experiments. K: non-irradiated sam-
ple; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± s.d. (n=3)

Fig. 3.3 Turbidity values observed during the first phase of the experiment. K: non-irradiated 
sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s, 9 – 3 × 9 s. Values are expressed as means ± s.d. 
(n=3)
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During the first phase of the research the chlorophyll a content remained at levels 
from 1.8 to 3.2 mg/L in all cases. The highest chlorophyll levels were observed on 
the 15th day for LM1 (3.0 mg/L) and LM9+DL9 (3.2 mg/L).

Chlorophyll a content increased with time during the second phase of the study. 
The highest levels of chlorophyll content were observed on the 29th day for the 
LM1 sample (4.4 mg/L), DL3 (3.75 mg/L), and LM3 (3.5 mg/L). The lowest levels 
were found for DL3(2) (2.53 mg/L) and LM3(2) (2.75 mg/L). This decrease could 
have been due to the lower volume of the cultivation medium.

Fig. 3.4 Turbidity values observed during the second phase of the experiments. K: non-irradiated 
sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± s.d. (n=3)

Fig. 3.5 Chlorophyll a content observed during the first phase of the experiment. K: non- irradiated 
sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s, 9 – 3 × 9 s. Values are expressed as means ± s.d. 
(n=3)
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Figures 3.7 and 3.8 illustrate chlorophyll b content changes with time in the first 
and second phases of experiment.

During the first phase of the research, chlorophyll b content decreased with time. 
The highest chlorophyll levels were found on day 1 for LM9 and on day 15 for 
LM9+DL9.

Chlorophyll b content increase with time during the second phase of the study. 
The highest chlorophyll value was observed for LM1 (3.9 mg/L). A higher volume 
of cultivation medium used in the second phase of 250 ml resulted in an increase in 
chlorophyll b content for the LM1 sample.

3.3.4  Dissolved Oxygen (DO) and Total Organic Carbon (TOC) 
Content

Figure 3.9 shows changes in dissolved oxygen values with time during the cultiva-
tion of C. vulgaris in the second phase of the experiment.

Laser stimulation of C. vulgaris resulted in a DO increase by the fifth day for all 
samples except those samples cultivated in a lower volume of cultivation medium, 
LM3(2) and DL3(2), in which DO was at the lowest level. The achieved results of 
DO measurements for the LM1 sample confirmed the increase in the algal popula-
tion during the experimental course for the LM1 sample.

The growth of a microalgae culture occurs in successive phases: the adaptation 
phase (lag or inductive phase), the exponential phase (logarithmic phase), the phase 
of relative declining growth, the stationary phase, and the death phase (Zabochnicka- 
Świątek 2012; Kozieł and Włodarczyk 2011). The lowest level of DO was recorded 
on the 15th day of research, which could be a consequence of the death phase after 
which the second exponential phase started.

Fig. 3.6 Chlorophyll a content observed during the second phase of the experiment. K: non- 
irradiated sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± s.d. 
(n=3)
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Fig. 3.7 Chlorophyll b content observed during the first phase of the experiment. K: non- irradiated 
sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s, 9 – 3 × 9 s. Values are expressed as means ± s.d. 
(n=3)

Fig. 3.8 Chlorophyll b content observed during the second phase of the experiment. K: non- 
irradiated sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± s.d. 
(n=3)
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3.3.5  Organic and Inorganic Carbon Content

Figure 3.10 shows the total organic carbon (TOC) changes with time in the second 
phase of the experiment.

In the second phase of experiment, the TOC values were determined at the first, 
eighth, 15th, 22nd, and 29th days of the research. In the case of TOC, an increase in 
its concentrations was determined during the experiment. The highest TOC content 
was found for LM1 on the 29th day. This could have been affected by the higher 
efficiency of photosynthesis and higher biomass production after laser stimulation.

Figure 3.11 shows inorganic carbon (IC) changes with time in the second phase 
of the experiment.

The IC concentration varied with time. The highest level of IC was found for the 
LM3+DL1 sample.

3.3.6  Biomass Concentration

The growth dynamics and cell divisions are determined by cell-specific metabolism 
and physicochemical processes such as photosynthesis, respiration, ionic assimila-
tion, etc. (Kozieł and Włodarczyk 2011).

Figure 3.12 presents the changes in the quantity of produced biomass of Chlorella 
vulgaris measured by the Thoma counting chamber during the second experimental 
phase.

There were no significant changes with cultivation of C. vulgaris in 250  ml. 
Cultivation of C. vulgaris in 45-ml flasks resulted in a decrease in biomass concen-
tration from the 20th to the 25th days of the experiment.

Fig. 3.9 Dissolved oxygen values observed during the second phase of the experiments. K: non- 
irradiated sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± s.d. 
(n=3)
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Fig. 3.10 Total organic carbon values observed during the second phase of the experiment. K: 
non-irradiated sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± 
s.d. (n=3)

Fig. 3.11 Inorganic carbon changes observed during the second phase of the experiment. K: non- 
irradiated sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± s.d. 
(n=3)
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3.3.7  Conclusions of the Experiments on Algae

The study yielded the following conclusions:

 1. Laser biostimulation has a positive effect on algal growth.
 2. Cultivation of C. vulgaris in 250-ml flasks resulted in higher levels of pH.
 3. The turbidity varied with less cultivation medium (45 ml). This decrease could 

have been affected by the lower efficiency of photosynthesis in the smaller culti-
vation medium environment.

 4. The highest level of chlorophyll a content was observed for the LM1 sample and 
the lowest level was found for LM3(2) and DL3(2). This decrease could have 
been due to a lower cultivation medium environment.

 5. The higher volume of cultivation medium used in the second phase of 250 ml 
resulted in an increase in chlorophyll b content for the LM1 sample.

 6. The dissolved oxygen level varied with time during the experiment.
 7. The lowest level of DO as well as biomass concentration was found for LM3(2) 

and DL3(2).
 8. In the case of total organic carbon, an increase in its concentrations was deter-

mined during the experiment. The inorganic carbon concentration varied with 
time.

 9. The results obtained indicate that application of laser biostimulation can have a 
positive effect on cultivation of C. vulgaris. The positive effect occurs after 
selecting the best biostimulation parameters.

Optimization of the wavelength of low-power laser and time of irradiation in 
relation to different species of algae may be a subject for future studies. Algal 

Fig. 3.12 The changes in produced algae biomass during the second phase of the experiment. K: 
non-irradiated sample; exposition time: 1 – 3 × 1 s, 3 – 3 × 3 s. Values are expressed as means ± 
s.d. (n=3)
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biomass could be used for carbon capture and/or heavy metal and nutrient removal 
from the contaminated environment.

The results of this study support the prospect of introducing laser biotechnology 
for the optimization of chlorella cultures, including the possibility of application of 
innovative biotechnology for more efficient wastewater treatment by algae. 
Innovative biotests based on image analysis would be useful for evaluation of effi-
ciency of different forms of biotechnology for wastewater treatment.

Following the concept of eco-engineering is the perspective of construction of 
innovative hydrobotanic wastewater treatment plants (constructed wetlands), using 
laser-stimulated algae as well as different species of plants, e.g., duck weed, reed, 
willow, etc. There is the real possibility of achieving more efficient prevention of 
eutrophization and water-borne diseases by integration hydrobotanic plants with a 
network of underground sewage treatment plants using the highly efficient (with a 
reduction value of up to 96.5 BOD5, 89.5 COD, 89.5 TOC) and cheap Japanese 
biotechnology “Bando.” There have been very good results from long-term test 
studies in different regions of Japan and the first in Europe, in Poland (Amaya et al. 
1990).

3.4  Biotechnology in Lake Restoration

Biological methods play a very important role in water treatment for organic pollu-
tion, but most of these methods are based on natural processes that take place in 
water ecosystems. Constructed wetlands and natural wetlands provide suitable con-
ditions for wastewater treatment, and result in self-purification processing of water. 
Sometimes the load of pollutant runoff to a water reservoir is too high, and under 
these conditions this process is not very effective, with water quality drastically 
deteriorating.

Environmental engineering and biotechnology offer many possibilities for devel-
opment of effective tools that can ensure proper water quality. One of the ideas is to 
transfer the operating principle of wastewater biotechnology from wastewater treat-
ment plants directly to the polluted water reservoir. Classical aeration processes 
provide many advantages in the way of organic pollutant reduction, but this technol-
ogy requires a proper infrastructure enabling a proper aeration process.

New methods of innovative technology are offered that are dedicated to small- 
and mid-size water reservoirs (up to 3 ha). These technologies are based on MBBRs 
(Moving Bed Biofilm Reactors). Within the project dealing with bio-aero-treatment, 
the construction of MBBRs was carried out to remediate small water bodies in a 
stationary mode. Hydraulic tests were carried out in the Water Laboratory at the 
Department of Hydraulic and Sanitary Engineering, Section of Rural Water Supply 
and Sanitation, University of Life Science in Poznań.

Bioreactors are characterized by having a mobile construction, and thus they are 
easy to transport and quick to assemble in the conditions surrounding lakes and 
small water bodies. In addition, they have cartridge constructions leading to the 
water bodies containing effective microorganisms. Additional dosing of 
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microorganisms during the process of purification significantly speeds up the pro-
cess and diminishes the time for formation of the activated sludge. Bioreactors work 
in a flow mode and can be moved around within the lake, depending on the length 
of the aeration ducts.

The designed MBBR uses a process of proliferation of microorganisms on the 
biofilm, as a result of forced flow of wastewater, which is caused by a diffuser. 
Water–air mixing occurs, allowing the substrate to flow in the bioreactor, addition-
ally creating oxygen conditions for biological biofilm (McQuarrie and Boltz 2011). 
The improvement in efficiency of the biological treatment of sewage is supported by 
the progress in environmental microbiology linked with ecological engineering 
(Ivanov 2016).

The direction of flow of the polluted water is a result of the difference in pres-
sures between the aeration chamber and the external environment. The flow goes 
through the strainer, and then with the feed line φ – 160 mm reaches the aeration 
zone.

In the aeration zone, the water–air mixture has a smaller density and reaches the 
upper part of the bioreactor. In this zone, a biofilm disc diffuser is located (Fig. 3.13). 
Aerated oxygen-rich mixture flows through the moving biofilter that consists of 

Fig. 3.13 The Moving Bed Biofilm Reactor (MBBR) model
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emptying fittings and goes beyond the bioreactor in the upper zone of the reactor. 
The biofilter of the fittings in the system is in the limited aeration space isolated by 
a plastic mesh (∅ 10 mm) to prevent the loss of fittings.

It has been estimated that filling the bed from 50% to 70% slows the circulation 
through fittings and achieves the proper process of cleaning through the biological 
membrane (Fig. 3.14).

The reactor works in a flow system (Fig. 3.14). Microorganisms are used in the 
purification process, and cultures of effective microorganisms are administered to 
the bed by the cartridge of the drip applicator (Fig. 3.15). A modified construction 
of the cartridge with a de-aerator allows a continuous and long-lasting action of 
supplementing the purifying microorganisms. The diffuser, which is installed above 

Fig. 3.14 The influence of filling quantity of the reactor with the bed on air and water flow, left: 
70% full, right: 50% full

Fig. 3.15 Small-bubble aeration—formation of water–air mixture (bioreactor with the bed during 
the hydraulic tests). Phases with aeration and without aeration
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the suction port, facilitates proper aeration and creates a water–air mixture, fueling 
the bubbling system. Four air ducts (hose ½-in.) are connected to the suction port 
and blowers (side-channels or biofilms). Fueling of the device is achieved with a 
mobile generator from the local power grid.

The bio-reagent is introduced at the regulated flow below the diffuser level and 
then uniformly distributed in the bed of the bioreactor with the water–air mixture. 
This system facilitates the presence of microorganisms from the bio-reagent into the 
bed. This allows rapid introduction of biofilm into the bed and an appropriate struc-
ture of the biocoenosis of microorganisms, depending on the specifics of the waste-
water treatment station (Fig. 3.16).

In lakes, the use of this type of bioreactor with an aeration line, provides an effi-
cient process of purification of these types of water bodies that have been degraded 
and polluted by large amounts of organics (Fig. 3.17.).

Fig. 3.16 The infusion applicator for bio-reagents used in the cartridge construction for contain-
ers of V = 20 L

Fig. 3.17 Remediation of lakes applying the system of Moving Bed Biofilm Reactors (MBBRs) 
and linear aeration
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The next stage in developing the remediation project is based on advanced tech-
nology of reclamation with MBBRs, building mobile platforms fueled from renew-
able energy sources. Units of this type will be fully independent from stationary 
sources and will be able to continue the purification process in an on-line mode in 
any part of a water body.

Potential risk factors in areas of shale gas exploitation require on-line monitoring 
of flowback water from biological sewage treatment plants (Bartoszewicz et  al. 
2016).

3.5  Micropropagation, Androgenesis in vitro, and Their 
Integration with Laser Stimulation for Healthy 
and Nutritious Food

Another application of the optimization of bioprocesses is associated with research- 
developing studies that are focused on qualitative and quantitative improvement of 
vegetable production. Modern methods of in vitro cultures of plants are very prom-
ising and can be used in two ways: vegetative multiplication resulting in the produc-
tion of identical plants in unlimited quantities, and the production of new varieties 
of plants. Multiplication in vitro, often called micropropagation, is used in the pro-
duction of ornamental and fruit plants. With vegetable gardening, the micropropa-
gation method can be used as an auxiliary tool for other areas of horticultural 
sciences, such as breeding, seed production, and protection. In the Research Institute 
of Horticulture a technique of releasing horseradish plants (Cochlearia armoracia) 
from the turnip mosaic virus (TuMV), which poses a threat for this species, and 
intense multiplication of healthy material using in vitro cultures has been developed 
(Górecka 1992). A method of cauliflower reproduction for the modern F1 hybrid 
breeding has been devised (Górecka 1985). Effective ways of propagating tomatoes 
through a combination of decapitation of sterile seedling techniques with multipli-
cation of leaf fragments and section shoots have been developed (Górecka et  al. 
1993, 1997).

In another use of in vitro cultures, the Institute of Horticulture conducted research 
on gametic embryogenesis of vegetables, mainly for breeding purposes.

The germ cells in in vitro cultures under the influence of applied external stimuli 
change their development from gametophyte to sporophyte and produce haploid 
embryos (Guha and Maheshwari 1964; Segui-Simarro 2016). The diploid plants are 
obtained through chromosome doubling of haploid plants, regenerated from these 
embryos in a spontaneous or induced way. Homozygous lines are obtained from 
these plants; the lines are necessary to produce heterosis hybrids.

The use of androgenesis or gynogenesis contributes to shortening the time 
needed to achieve homozygosity in relation to conventional breeding methods. A 
particular highlight is that those lines that are obtained by gametic embryogenesis 
in vitro are fully homozygous, which is not possible to achieve with traditional 
breeding methods. The Research Institute of Horticulture developed technologies of 
homozygous lines using in vitro androgenesis for head cabbage (Brassica oleracea 
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var. capitata) (Górecka 1998), Brussels sprouts (Brassica oleracea var gemmifera) 
(Krzyżanowska and Górecka 2004), and carrots (Daucus carota) (Górecka et  al. 
2009). Plants obtained during the tests have been used for breeding purposes, which 
resulted in achieving the first three already registered varieties of head cabbage: 
Julia F1, Justyna F1, and Jowita F1, and two varieties of Brussels sprouts: President 
F1 and Apetite F1. In Poland, these are the first and so far only varieties of vegetables 
from plants produced by androgenesis using an in vitro method.

The combination of biotechnological methods is very valuable. An example 
would be a study of the effect of laser-light stimulation on plant life processes in the 
in vitro culture of some vegetables.

Particularly promising results have been obtained in the preliminary study of the 
application of selective algorithms of particular laser irradiations on the stimulation 
of proliferation for androgenetic multiplication of carrots and gynogenetic multipli-
cation of red beet plants.

Low-power laser-emitting red light was the most efficient in the stimulation of 
the production of unrooted and rooted rosettes and growth of the androgenic rosettes 
for the cultivation of carrots.

For multiplication of the red beet from gynogenetic embryos, the best results 
were obtained by combining the integration of photostimulation with the red-light 
laser followed by green coherent light. Previous experimental studies of different 
species of cultivated plants, including vegetables, resulted in a very significant 
increase in the accumulation of selenium and other trace elements as a result of laser 
treatment of seeds (Dobrowolski 1986, 1996; Dobrowolski et al. 1987).

The results clearly indicate the biostimulating nature of the applied laser light, 
manifested by increasing the capacity for in vitro regeneration of more plants per 
embryo. Rybiński and Garczyński (Rybiński and Garczyński 2004) have demon-
strated that red light emitted by a helium-neon laser had a positive effect on barley 
doubled haploid plants. They noted an increase in leaf area, which results in 
increased photosynthesis and transpiration. Hawkins and Abrahams (2006) reported 
that despite the lack of full knowledge about the bio-stimulating nature of the laser 
radiation, the vast majority of published studies indicate that laser radiation changes 
the cellular processes in a non-thermal way, depending on the wavelength. Low- 
energy laser irradiation alters cellular functions by interacting with protein synthe-
sis, cell growth and differentiation, and change in membrane potential (Hawkins 
and Abrahamse 2006).

Recently, we have developed the Yacon (Smallanthus sonchifolius) micropropa-
gation method. This is an extremely valuable plant that is well suited as a nutraceuti-
cal food and also as a valuable source of nutrients and medicines, useful in cancer 
treatment. It contains many valuable elements including a large amount of inulin 
(Cazetta et al. 2005). The human body does not have the enzyme to hydrolyze inu-
lin, therefore this sugar passes through the alimentary tract in a non-hydrolized 
form. This means that the Yacon plant is low-calorie and contains large amounts of 
fiber (Milella et al. 2011). Due to the lack of other effective methods of reproduction 
it is very important to develop a method of intensive propagation of this plant in 
vitro.
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We started with red beet gynogenesis in order to speed up the breeding of new 
varieties of this vegetable. Another branch of our research has been an attempt to 
fortify the in vitro culture of carrots with zinc (Zn), a deficit of which is the cause of 
many diseases. Zinc deficiency due to geochemical reasons poses a health hazard 
for the inhabitants of many countries (Vohora and Dobrowolski 1990).

3.6  New Application of Laser Biostimulation in Biological 
Plant Protection

Integrated biology following an ecologically-based system approach takes into con-
sideration very different and complementary biotechnology adapted both to protect-
ing ecological balance and environmental health and to sustainable food 
production.

Biological methods for crop protection products are an alternative to the widely 
used chemical preparations. Biological preparations very often have similar effec-
tiveness to chemical preparations, and, importantly, they do not pose a threat to 
human health and life. Living organisms used in insecticides (e.g., bacteria, fungi, 
nematodes), have the ability to penetrate the victim's body, reproduce in it, and even 
actively seek out the victim. Insecticidal fungi, as an active ingredient of biological 
preparations, are used in many countries. Their effectiveness depends on the species 
and strain of fungi, the size of the population of target insects, the climate condi-
tions, and the form and method of application. Among the limitations are: slow 
response (compared to chemical preparations), sensitivity to environmental condi-
tions, pollution (e.g., heavy metals), and difficulties with the storage of the biologi-
cal preparations. From the point of view of protection of both the natural environment 
and consumers’ health, it is very important to increase the effectiveness of biologi-
cal preparations for crop protection. Among the fungi used in preparations for bio-
logical plant protection are Isaria fumosorosea, Bauveria bassian, and Metarhizium 
anisopliae, which are common in the soil environment (Shi, Feng 2004). The mech-
anism of action of entomopathogenic fungi is based on infecting the insect's body 
by means of spores, and its destruction through deprivation of water, nutrients, 
mechanical damage, and release of toxins. A very important factor that affects spor-
ulation of insecticidal fungi is light (Avery et al. 2004). Research shows that con-
stant illumination affected the increase in number of spores generated and 
sporulation, and that irradiation with blue light also has an effect on increasing 
sporulation (Sanchez-Murillo et al. 2004). As a result of the specific properties of 
light emitted by the lasers, and the observed number of interesting interactions 
between laser light and living organisms (Dobrowolski 1986, 1996; 2000b; 
Dobrowolski and Różanowski 1998; Dobrowolski and Zielinska-Loek 2002; 
Dobrowolski et al. 2012a; Jakubiak and Sliwka 2009), observations were carried 
out on the effects of laser light on spores of entomopathogenic fungi.

Kuźniar and Śliwka referring to Dobrowolski’s (2000a, b, 2001a, 2006a) concept 
of application of laser biotechnology for sustainable management of biological 
resources and successful laser photostimulation of some pathogenic fungi 
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(Dobrowolski et al. 1995) conducted an experimental study on the influence of laser 
light on sporulation of the mould Isaria fumosorosea. This species of fungus is 
common in soil and can be easily propagated (Sahayaraj and Namasivayam 2008). 
It is therefore easy to produce a large number of the spores that can be used for the 
production of insecticides (Zimmermann 2007). Spores of Isaria fumosorosea in 
suspension were stimulated with coherent light of different wavelengths of 670 nm 
(red light emitted by Laser D68-1, MARP Elektronic) or 473 nm (blue light from 
the laser diode, Changchun New Industries Optoelectronics Tech Co.). Experimental 
groups were segregated in terms of the time and manner of exposure. After 24 h the 
length of the hyphae was rated and after 7 days of cultivation, circles were prepared 
from mycelium. Circles were irradiated with laser light again, with time and manner 
of exposure differing again for the groups as for the first part of the experiment.

After 3 weeks of cultivation under the same conditions, germination capacity and 
pathogenicity of spores were determined. Control groups (not irradiated with laser) 
were prepared and cultivated under the same conditions. Results of the experiments 
showed a significant effect of coherent red light (672 nm) in stimulating the growth 
of fungal hyphae and inhibition of the growth of fungal hyphae as a result of irradia-
tion with blue laser light (473 nm). Exposure time of mycelium had a significant 
impact on the numbers of spores produced (Kuźniar 2012).

3.7  Innovative Technologies for Optimization 
of the Contribution of Agriculture to a Green Economy

One of the biggest future world challenges as noted by the Food and Agriculture 
Organization of the United Nations (FAO) (Alexandratos and Bruinsma 2012) is to 
provide adequate quantities of food to feed a constantly increasing global popula-
tion. In this document the authors estimated that we need to increase food produc-
tion by 60% between 2005/2007 and 2050 (Alexandratos and Bruinsma 2012; Van 
Dijk and Meijerink 2014). The current system of food production needs to imple-
ment methods that incorporate a reduction in fertilizer and pesticide use, while 
maintaining the same or higher yield and quality, but at the same time having lower 
production costs and environmental benefits (i.e., decreasing the impact on the envi-
ronment). The only solution for this global problem is to propagate in the current 
agricultural sector sustainable farming and crop production, and introduce into it 
precision or climate smart agriculture (CSA) (Zhang et al. 2002; Long et al. 2016). 
Sustainable agriculture should be understood as being able conduct all activities 
related to animal husbandry and cultivation of plants while taking into account 
respect for the environment. Therefore, this concept (precision agriculture) is con-
vergent with the vision of FAO (Alexandratos and Bruinsma 2012), but to achieve 
these goals we need to incorporate advanced techniques such as artificial intelli-
gence, machine learning, concept-internetting, and many other innovative methods 
and products into the agricultural production process. A series of techniques and 
new issues used in precision agriculture are currently being developed.

The first devices to be described are artificial neural networks (ANNs). These 
methods are one of the main artificial intelligence approaches to forecasting, often 
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providing quicker and more precise information than methods previously used to 
estimate the impact of toxic substances in the environment or estimate transfer of 
nutrients in the environmental system. Precise characteristics of ANNs (classifica-
tion algorithm and multilayer perceptron (MLP)) have been described in many sci-
entific papers and have found wide application in different fields (Bagheri et  al. 
2015; Carlon et al. 2004; Cigizoglu 2004; Fernando et al. 2012; Inn-Sil et al. 2002; 
Llanos et al. 2013; Long et al. 2016; Singh et al. 2012).

ANN models have two major applications: classification and forecasting (Hu 
Yi-Chung 2010; Gazzaz et al. 2012). In a paper by Czech et al. (2014), application 
of ANN was used for classification and forecasting (classification algorithm and 
MLP). These methods have been applied to predict the transfer of lead (contamina-
tion class) in the soil-plant-animal system. In this paper another method, namely 
MLP (Multilayer Neural Networks), was tested for developing a prediction model 
for determining the concentration of lead in tissue and organs of rodents based on 
selected environmental properties; the authors obtained promising results. The 
functional principle of such tools was described in detail by Hu and Weng (2009) 
and Sadrzadeh et al. (2008). These methods can be used to develop new farming 
systems and improve activities in precision agriculture.

There is no precision agriculture without innovative devices and innovative means 
of production. Many research teams continuously focus on reuse of waste to create 
new products, and good results have been achieved with implementing those prod-
ucts in the market. Therefore, waste plant materials derived from food production 
can be successfully used for manufacturing a biopolymer that is a mixture of ingre-
dients that are acceptable and bioavailable in the natural environment. The composi-
tion could have a reduced share of synthetic polymer to allow use of more natural 
ingredients, which will make this polymer more favorable to nature. The composi-
tion could be made up of natural resources available in the region. Short- term use 
articles can also be produced, for instance by injection moulding for pots for seed-
lings (Gazzaz et al. 2012). Using these materials achieves multiple environmental 
benefits, such as for example using these materials after their primary use in produc-
tion for composting with household waste, meaning the farmer will not be faced with 
a decision about whether it is worth supplying compost into a soil for which manu-
facturing was determined not by the value of the fertilizer, but rather by the necessity 
of having to manage biodegradable fractions of waste (Gambuś et al. 2014).

Another innovative sector of the economy that is developing fast in Poland is a 
fertilizer sector. Many companies work on creating more efficient fertilizers for 
increasing the yield of cultivated plants, and increase the rate of nutrient utilization, 
but often without thinking about the impact on the environment. Compared with 
other European countries, environmental conditions for agricultural production in 
Poland are, as a rule, worse [9]. The predominance of very light and light soil with 
low natural fertility and a relatively short vegetation period are the reason for this 
situation. It is thus important to care about soil fertility and maintain appropriate 
soil parameters that determine fertility, such as: pH, content of organic matter, con-
tent of available nutrients, etc. However, an even worse situation in Poland lies in 
the soil composition, because most soils in Poland have an acidic or very acidic 
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composition, which can considerably limit crop production. Thus Czech et  al. 
(2013), Gambuś et al. (2013) and Wieczorek et al. (2016) are working toward devel-
oping a new innovative fertilizer for soil liming, and for this purpose they use waste 
material from hard coal burning and also a dolomite-based deposit from the 
“Jozefka” mine (Wieczorek et al. 2016). In summary, many researchers in Poland 
see a great need for using innovative techniques for creating a more efficient agri-
culture system, especially to help face the biggest future global challenge, an 
increase in world-scale crop production of 60% by 2050.

Biological monitoring is very useful for selection of proper rural areas for the 
production of pollutant-free food and promotion of healthy recreation that is in 
touch with nature.

3.8  The Role of Biodiversity of Anthropogenic Areas 
in the Development of Nature-Based Tourism 
and Ecological Education

Application of the results of the studies on biological processes is also important for 
more efficient protection of the proper functioning of ecological systems. There are 
two complementary aspects to environmentally friendly activities. The first one 
includes research-developing studies of environmental biotechnology, and the sec-
ond aspect, a complementary one, is education of all of society for active contribu-
tion to sustainable development. Both aspects are related to a green economy and 
the establishment of green jobs.

Very promising for the future is the development of qualified tourism. This 
includes ecotourism and agrotourism. In selecting areas that are appropriate for 
agrotourism it is very important to apply new methods of biological monitoring. 
Proper selection of rural regions is needed for the production of pollutant-free food 
(vegetables in particular), as well as for providing proper conditions for physical 
activities that are in line with nature. In this respect it is also important to provide 
appropriate conditions for aquaculture, which is useful for the production of pollut-
ant-free food and the promotion of an ecological culture among anglers. Another 
field of environmentally friendly tourism could be in an anthropogenic landscape 
after renaturization. The residents of big cities often look afar for nature experi-
ences, not realizing that these experiences are available to them close by. In any kind 
of nature-based tourism as well as in ecological education the key issue is 
biodiversity.

The concept of biodiversity is relatively new. The term “biological diversity” was 
first used by Lovejoy (de Andrade Franco 2013) and was primarily referred to incor-
poration of different species. Later it was extended into genetic variability and 
diversity of ecosystems. Biodiversity is usually associated with remote areas that 
have minimum human involvement. An example of making such areas accessible to 
tourists  is the Whale and Seabird Cruises in Canada. This is also an example of 
combining scientific research, commercial activities and environmental education 
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(Brier Island, Nova Scotia, Canada, September 2014, personal communication with 
the crew of the boat).

Nevertheless, cultural landscapes (cities, suburban areas, agricultural land, post- 
industrial areas) can also be rich in biodiversity. Paradoxically, in an anthropogenic 
environment some species might find it easier to thrive than in the wild. They are 
often easier to observe in an anthropogenic environment, which is important in the 
development of nature-based tourism. In some cases, the populations of endangered 
species adapt well to a human-made environment and their demographic situation is 
better than in the wild habitat. An example is the population of Barbary macaques 
(Macaca sylvanus)—a species endangered in their natural environment in Morocco 
and Algeria, but having  a well-established semi-natural population in Gibraltar 
(Maibeche et al. 2015; Cortes and Shaw 2006).

The processes of synathropization (adaptation of organisms to life in a human- 
made environment) and synurbization (adaptation to an urban environment) have 
intensified over the last several decades. Thus studies on the urban fauna and flora 
have been intensifying and their role in maintaining biodiversity on a local, regional, 
and global scale is being more and more appreciated (Adamski et al. 2005; Kudłek 
et al. 2005; Moretti et al. 2012; Orlewicz-Musiał and Wagner 2012; Wagner and 
Orlewicz-Musiał 2011, 2014).

One of the examples of an anthropogenic environment being rich in biodiversity, 
is man-made water bodies. They are also places that are attractive for tourists, espe-
cially in summer, when swimming is possible. Apart from swimming, other activi-
ties can be carried out there, like water sports and angling. In Kraków there are two 
artificial water bodies officially recognized as swimming resorts. Both are borrow 
pits formed after the excavation of sand and gravel. One, called Bagry (with the area 
of 30 ha), is situated in the southern part of the city, on the right bank of the Vistula 
River. The other is in the eastern part of the city, on the left bank of the Vistula, and 
is called Przylasek Rusiecki. It is a complex of 11 ponds of a total area of 82 ha. 
Both places provide habitats for wildlife, especially bird species, including species 
that were included in the Annex I of the Bird Directive (Directive 2009/147/EC), 
which lists particularly threatened species. At Bagry the common tern (Sterna 
hirundo) has been found (Wagner and Orlewicz-Musiał 2014) and in Przylasek 
there is a nesting place of the white stork (Ciconia ciconia) (Adamski et al. 2005; 
Kudłek et al. 2005). The other bathing resorts used by the residents of Kraków are 
the borrow pits Zalew na Piaskach (formerly known as Kryspinów) in the commune 
of Liszki (west of Kraków), which is the water body most frequently visited by the 
residents of Kraków (Wagner 2007), and the borrow pit of Zabierzów Bocheński—
east of Kraków in the commune of Niepołomice. The latter place is very rich in bird 
life. Apart from the common tern (Sterna hirundo), the Sterna albifrons has also 
been observed (Dariusz Baran, personal communication, 1996). Another species 
included in the Directive is the whooper swan (Cygnus cygnus). The whooper swan 
has also been observed in the Nowa Huta (the quarter of Kraków) in the water body 
called Zalew Nowohucki (Wagner 2012). This place is a 7-ha water reservoir, which 
was initially developed as a water reservoir for the purposes of industry, but later 
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used for various recreational purposes; however, at present bathing is officially for-
bidden there. The function of this water body is now as an angling resort.

Two water bodies in Kraków are places officially recognized as environmentally 
useful areas (in Polish “użytek ekologiczny”) by the City Council of Krakow. These 
are the ponds of Dąbie (Uchwała nr XC/1202/10 XC/1202/10) and the pond of 
Kaczeńcowa Street (Uchwała nr XXXI/405/07). The first one is situated near the 
city center and is the habitat for the Amur bitterling (Rhodeus sericeus), a species 
included into the Habitats Directive (Council Directive 92/43/EEC).

The presence of people does not seem to be very harmful to the fauna. The escape 
distance seems to be small, which makes good conditions for bird watching. 
Nevertheless, something that is lacking is the information about the plant and ani-
mal species living there. Only recently (2017 - observation by A. Wagner) informa-
tion boards about one bird spicies and some plant species were put in Bagry area. 
Even in environmentally useful areas like Dąbie and Kaczeńcowa, the available 
information is very general. Information should be placed in posters like the ones in 
another ecologically useful area in Kraków— “Łąki Nowohuckie” (Orlewicz- 
Musiał and Wagner 2014), where there is a didactic path and information; posters 
regarding habitats as well as plant and bird species. Water bodies have been studied 
in the international project of Terre de Rivieres. This project was given the task of 
comparing the existing water environments in different European countries. It 
brought forth many ideas related to educational activities connected to the protec-
tion of water areas (Dobrowolski and Wagner 2006).

An open question referring to biodiversity in the anthropogenic landscape is the 
invasion of alien species. In 2009, 16 locations were studied in and around the water 
bodies in Kraków and vicinity, focusing on alien plant species (Wagner and Hruševar 
2015). The authors found 52 alien taxa (20.9% of all the species found in the studied 
area). Within this number there were 30 neophyte taxa and 18 archaeophytes. Four 
taxa have uncertain status. Tokarska-Guzik et al. (2012), studying the entire Polish 
territory, reported a higher percentage of alien species (27.4%), but a lower percent-
age of archaeophytes. The presence of alien species is acceptable in an urban envi-
ronment, such as in parks and other organized green areas, where they can be 
controlled. With regard to alien animal species things are more complicated. 
Sometimes introduced species contribute to biodiversity and tourist attractiveness 
(as with the abovementioned Barbary macaques in Gibraltar), but sometimes they 
can dangerously compete with the native species (like gray squirrels in Britain or 
feral parrot populations in Europe (Menchetti and Mori 2014)). In Kraków, like in 
many cities worldwide, the best known feral species is the rock pigeon (Columba 
livia var. domestica), which has been present since Medieval times and its impact on 
the urban environment has been widely discussed (Blechman 2007).

A particular case of an anthropogenic environment already mentioned is the agri-
cultural environment. An example of such an environment is the National Park of 
Cinque Terre (Italy). In 2005 a Smart History Project was carried out there, with the 
idea to move the enormous amount of tourism they experience from the coastal area 
to the vineyard area situated in the mountains. A project that delivered more adequate 
tourist information, including electronic devices, was embarked on (“From Smart 
History towards common European Heritage…” 2006, Dobrowolski et al. 2006).
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3.9  Bio-based Training and Life-Long Education 
for Cooperation Experts and a Knowledge-Based 
Society for Sustainable Management of Biological 
Resources

Sustainable development is linked to a balance in efficient protection of life and a 
logical balance in the entire biosphere and good economy based on low resources 
and low energy, environmentally-friendly technologies, i.e., eco-innovation. The 
most sustainable management of natural resources as well as renewable sources of 
energy is a bio-based green economy. This concept is also associated with a sustain-
able model of consumption and sustainable society in the future.

Sustainable development is recommended by the European Union (EU) and the 
United Nations (e.g., by UNs GA in October 2016). The turning point in under-
standing the importance of sustainable management of natural resources was the 
Report of the former UN Secretary General U’Thant’s Report of the Club of Rome 
and Bruntland’s Team Report “Our Common Future.”

The concept of sustainable management of natural resources facing the needs of 
the future generation was introduced by former president (rector) of the AGH 
University of Science and Technology in Krakow, Prof. Walery Goetel, over 60 years 
ago. GA of the IUCN in UK adopted his concept in 1956, and changed the name to 
the International Union for Conservation of Nature and Natural Resources. Prof. 
Goetel also recommended interdisciplinary cooperation of experts in natural, tech-
nical, and social sciences within so-called sozology and sozotechnology focused on 
human-oriented activity. He also introduced open-for-all seminars on the protection 
of nature and sustainable management of natural resources for the future about half 
a century ago.

Representatives of three generations took an active part in the related activities. 
The leading idea of the series of our International Conference from 1989 to 2012 is 
the common action of experts and knowledge-based society for sustainable man-
agement of natural resources (including energy) focused on improvement of the 
quality of the human environment and quality of life for all.

The key factor for better efficiency seems to be integration of problem-solving 
training of future experts with progress in science and technology (based on inter-
disciplinary case studies) as well as with implementations in selected regions as a 
result of cooperation with local stakeholders and decision-makers.

What is promising for future activity is integration of a common action in differ-
ent regions and countries with an International Network for Cooperation focused on 
common global problems, e.g., adaptation to climate change, ozone layer depletion, 
and prevention of deterioration of the natural environment. The crucial issue is more 
efficient protection of natural resources for a sustainable society in the near future.

Let us hope that it is still possible to change the trends of overexploitation of 
biological resources (as a result of the positive feedback system of the common 
consumption model and “cheap” but polluting technologies) into environmentally- 
friendly models of consumption based on clean biotechnologies as a way toward a 
green economy. This basic change in the model of civilization is necessary for 
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mankind to progress into a negative feedback system of maintaining a homeostatic 
balance in the entire biosphere.

The top priority of a bio-based green economy is the direction that the interna-
tional scientific community would like to support. There are good examples of sus-
tainability—for example, the Chinese economy, which for centuries was based on 
biotechnologies connected to rice, silk, tea, vegetables, and other food products. 
Our hope lies not only with great progress in new fields of technology as a result of 
learning from nature-like biomimetics (bionics), biomaterial engineering—includ-
ing bio-nanotechnology, photobiology, applications of bio-mining, and extremo-
philes in environmental engineering—but also in development on an international 
scale of ecological engineering as initiated by the Polish professor Henryk Zimny in 
Warsaw more than 50 years ago. It is a promising concept for the future to integrate 
study on bionanoparticles (Böker and van Rijn 2015; Junhui He 2016) and nanobio-
physics (Karachevtsev 2016).

Widescale introduction of a new model of professional training and education for 
all that can face these challenges is necessary for the proper implementation of the 
lessons learnt from nature, and the successful cooperation of experts (in sozology, 
sozotechnology, and ecological engineering) with knowledge-based society and 
decision-makers.

In Poland there is a very long tradition of interdisciplinary research (beginning 
from Nicolaus  Copernicus in 15th century, as well as E.  Czyrniański and 
M. Skłodowska-Curie in 19th century) and education for sustainable management of 
natural resources linked with the humanization of technical subjects.

Following the inspiration of Prof. Walery Goetel, we have to recommend (e.g., 
within the Bologna process of modernization of universities) basic knowledge of 
sozology and sozotechnology as obligatory elements of fundmental education nec-
essary for an efficient partnership between experts and knowledge-based society. 
This would be a promising way forward for creation of a sustainable society that 
would be a responsible community with regard to sustainable use of natural 
resources (focused on the protection of ecological balance in the whole biosphere) 
and proper reproduction of biological resources, related to nutrition for future gen-
erations and protection of biodiversity in particular.

Let us begin with the recommendation to introduce this kind of basic knowledge 
as being obligatory for all the students of AGH University of Science and Technology, 
as a starting point for dissemination of such a practice on an international scale. 
With regard to long-term tradition, let us also consider founding an International 
Centre of Sustainable Development and Eco-biotechnology (based on innovative 
environmental biotechnology and human ecology).

The great challenge is dissemination of good practice from different leading uni-
versities and cooperation with teams of top experts and with the World Academy of 
Arts and Science and the Royal Academy Institute of Spain, in particular.

Let us refer to some examples of good practice that have already been tested over 
time. Dobrowolski, as the chairman of this Conference (as well as several other 
interdisciplinary international meetings of experts focused on sustainable society 
since 1989), introduced 47 years ago the concept of problem-solving training in this 
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field. This concept was based on a regional common action of experts (in natural, 
technical, social, and other disciplines) and local society.

The logo of our preparatory Seminar in 1967 and Polish Summer Schools on the 
Human Environment (since 1968) as well as International Summer Schools on 
Sustainable Development (since 1972) was the image of the European bison (Bison 
bonasus)—a symbol of the protection of nature—combined with images of the 
Earth and a spaceship. This was a starting point for the integration of global think-
ing with local (on a regional scale) activity for better use of new technical achieve-
ments, e.g. space technology, as being useful for better knowledge about limited 
natural resources on a global scale and the importance of protection of ecological 
balance (as in long-term manned outer space missions). The author, during his uni-
versity studies, in a seminar discussion with Prof. W.  Goetel and a well-known 
expert in science fiction Stanisław Lem—introduced  the idea of interdisciplinary 
and international cooperation for better protection of the natural environment out-
side of Earth (including the Moon or Mars). This idea seems to be very up-to-date, 
especially if we take into consideration contamination of the upper part of the 
Earth’s atmosphere with still more and more anthropogenic waste materials. There 
are some potential risk factors for life on Earth connected with possible contamina-
tion of Mars with some anaerobic bacteria during automatic and/or manned mis-
sions on this planet and the reintroduction of mutants adapted to a much more 
extreme environment to the biosphere.

We have to answer the question of how experts (scientists and practitioners) 
could contribute more in a common action, together with knowledge-based society, 
to make better use of the progress in different fields of science and technology for 
improvement of the quality of human life (facing daily problems).

There are at least two fields of integrated action of experts and society, namely 
common action on a local scale within the habitat (e.g., village, town, or a district of 
a large city) and a common action of inhabitants and visitors involved in qualified 
tourism linked with education about nature and cultural heritage and protection of 
the cultural landscape.

Our common hope for improvement of the quality of the human environment and 
changing the model of overexploitation of natural resources into sustainable man-
agement of natural resources and energy, can became reality if basic knowledge in 
this field is seen as an obligatory element of training for students of all subjects. 
This is the target group for knowledge-based society as well as the future 
decision-makers.

Sustainability of universities as well as daily habits (including campuses) and 
also promotion of a sustainable society by qualified tourism seems to be the appro-
priate way towards changing the contemporary model of civilization based on con-
sumption. Our beneficial experiences of 44  years of voluntary activity from the 
students’ scientific club (non-government organizations) indicated a real perspec-
tive involving all students (of natural, technical, social, and many other study sub-
jects) into a common action in cooperation with both top experts and local inhabitants 
of different regions.
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Complementary experiences from different countries should be gathered into 
common databases and supplemented by an effective system of data mining. As 
experts, we have to face a common expectation and interest from younger genera-
tions, e.g., in widescale application of information technology including games. 
Instead of very popular games promoting pathological behavior, we have to develop 
cooperation with teachers involved in all levels of education (from kindergartens to 
postgraduate courses) to motivate the younger generations (involved both in formal 
and in voluntary forms of education) to take an active part in the improvement of 
both the indoor environment and the natural environment in the area they are living 
in or visiting for recreation, which is connected with education and physical activity 
in a clean, healthy environment.

The keen interest of the younger generation in games may be a very valuable tool 
for getting them involved in improvement of the quality of their environment in a 
heuristic way. They have to understand the importance of widescale introduction of 
clean technologies as being good for the environment and health, as well as neces-
sary for securing the proper quality and quantity of natural resources for the stabili-
zation of development in the future (which is especially important for the younger 
generation). The Founding International Network of Training promoting training of 
staff focused on eco-innovation being important both for developed as well as 
developing countries (including training of experts in industrialized countries to 
help less developed regions of the world).

Dissemination of good practice in a common action of knowledge-based society 
and products (as a corporate social responsibility, e.g. in Scandinavian countries) 
seems to be very promising for a better future for all (including feedback systems 
between expectations of consumers forcing the introduction of low-resource and 
low-energy clean technologies).

The curricula of training of experts and education of the whole society should 
take into consideration up-to-date knowledge and ability in application of scientific 
and technical achievements for early detection of potential risk factors (e.g., for 
health, nature, culture heritage, as well as for ecological balance, climate, and natu-
ral resources for the future) as well as for a common action of experts and society as 
a whole, focusing on effective improvement of quality of the human environment 
and for better, sustainable management of natural resources, e.g., waste manage-
ment, use of renewable clean sources of energy as well as dissemination of better 
biotechnologies for bioremediation and prevention of ecological catastrophe. We 
could introduce international guidelines based on good practice of effective envi-
ronmental monitoring (including synergistic effects of different environmental fac-
tors and control of individual, personal exposure and related health hazards) as well 
as new cheap and simple biotechnology, e.g., laser biotechnology for better treat-
ment of waste water, reclamation of degraded areas, and biomass and bio-energy 
production.

There are also good examples of international cooperation helping victims of 
ecological catastrophes, e.g., in the Minamata region in Japan, Bhopal region in 
India (Vohora and Dobrowolski 1990), Chernobyl region in Ukraine, and more 
recently in the Fukushima region in Japan. Let us start with training experts in 
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providing more efficient help for the victims of these or similar catastrophes in the 
future as well as for better adaptation to green-house effects and related processes 
of desertification and more frequent and larger flood occurrences.

Let us also develop different forms of life-long education and intergenerational 
and international solidarity with dissemination of good practice on a wider scale. 
Let us refer for example to the open seminars introduced by Prof. Goetel, our AGH- 
UST Open University and a new concept of cooperation between the AGH-UST 
Open University with the Jawaharlal Nehru National Open University, focused on 
modern distance learning, for a common action of experts and contemporary infor-
mation in society for promoting sustainable development in countries such as 
Poland and India. Complementary to these beneficial experiences of long-term 
activity of national networks of student scientific clubs (founded in 1972  in the 
Polish University Youth Committee of Environmental Management and Protection), 
some other nationwide environmental NGOs, e.g., the Polish Ecological Club, as 
well as international NGOs, founded 40  years ago the Youth Federation for 
Environmental Studies and Conservation (IYF) and 30  years ago Youth and 
Environmental Europe (YEE).

Creating a modern system for permanent exchange of useful information among 
experts from different fields as well as scientific clubs and environmental NGOs of 
young generation seems to be much needed for a more efficient common action 
integrating top-quality experts in bodies like WAAS and national academies with 
voluntary activity of university students’ NGOs.

Let us focus on the problem of contamination of the natural environment and 
climate change. According to the report of the European Environment Agency of 
2011, the Carbon Capture and Storage Technologies for an additional 15–25% more 
energy produced by burning more coal  is required. Therefore, the application of 
these technologies will be associated with the increase of nitrogen oxides and par-
ticulate matter emission that already exceed permissible level in many regions. 
According to forecasting, it is also expected that there will be an increase in pollu-
tion by ammonia, as well as expansion of the eutrophication process already affect-
ing ca. 70% of sensitive ecosystems in EU countries.

As a result of anthropogenic pollution more than 80% of the EU urban popula-
tion is subject to health hazards linked to high exposure to particulate matter (less 
than 2.5 nm in size, as nanoparticles become more and more important as a new 
type of harmful pollutant for human health and ecosystems).

In this situation as extensive as possible dissemination of biological methods of 
fixation of CO2 and biodegradation and bioremediation, as well as wider application 
of biomass (of organic wastes as well as biomass produced by algae and other water 
plants in hydrobotanic wastewater plants and in energy plantations in areas out of 
use), should be recommended as the best contribution to the prevention of pollution 
of the natural environment, disturbance of the ecological balance as well as the best 
contribution to the reduction of greenhouse gasses. These methods should be the 
best from both ecological and economical points of view.

Another crucial problem is the development of interdisciplinary studies and 
training focused on proper adaptation of environmental management and economic 
activity to climatic change on a global scale (as a network of cooperating regions).
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Introduction of new curricula and an international network for new situational 
training activities at university level could also contribute to a very significant devel-
opment of the labor market with regard to long-term positive experiences in this 
field for some developed countries. According to the forecasting of the Political 
Economic Research Institute of the University of Massachusetts, introduction of 
new technologies linked to new air clean rules could create a large number of new 
jobs, e.g., in the USA about 1.5 million jobs over 5 years. Development of global 
investments driven by promotion-sustainable development seems to be an important 
factor for reducing unemployment among graduates of universities. The crucial fac-
tor for optimal use of related financial sources is modernization of training activity 
at universities (by developing problem-solving interdisciplinary and innovative 
approaches) in combination with large-scale education of society for a common 
action focused on a better quality of life and proper management of the natural 
resources in the future.

This may entail a contribution to the new model of reasonable life instead of the 
overconsumption of the contemporary society, depending on computers, cars, and 
other machines. It is important that experts and decision-makers (politicians, own-
ers, and managers of enterprises) can contribute to the development of the labor 
market (especially through dissemination of innovative eco-technologies, which are 
useful for sustainable management of natural resources and energy), as well as pro-
vide protection of the quality of the human environment for future generations.

There are new challenges for mankind that are connected with sustainable 
exploitation of resources under extreme conditions (e.g., in the depths of the oceans), 
introduction of new environmentally friendly technologies for production of new- 
generation materials in industrial centers on the Earth’s orbit as well as in outer 
space man-made ecosystems (mines and industrial centers on the Moon, Mars, etc.), 
including training of experts in the protection of the natural environment and devel-
opment of new technologies adopted to new needs of bioeconomy and human ecol-
ogy in the future (Dobrowolski 2006b).

Let us start with the database (including cooperation on modern data mining and 
application of artificial intelligence for automatic knowledge discovering) and net-
work for permanent international cooperation related to both the practical use of 
progress in science and biotechnology for everybody as well as training of experts 
for the future system for solving crucial problems based on a heuristic approach and 
dissemination of good practice, supplemented by internet-based training, interna-
tional schools, and workshops, are steps in the right direction for these projects.

We already have positive effects from tests in practice for very long periods of 
implementation of bioeconomy; this active contribution is open for students and 
graduates of all subjects (e.g., in national and international summer schools and 
workshops under J. W. Dobrowolski’s scientific leadership that took part in over 40 
subjects of technical, natural, social, and economic studies from people active in 
culture, policy, etc.).

We also have positive experiences with university education for over 4000 uni-
versity students (from Voluntary Scientific Clubs as NGOs) contributing to interdis-
ciplinary studies and common action for improvement of the quality of life, together 
with local communities and visitors to regions of national parks, health resort areas 
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for recreation, etc. in different regions in Poland, as well as in Spain and Italy (espe-
cially in Florence in cooperation with 10 years of activity of Workshops of the Del 
Blanco Foundation and new action Life beyond Tourism) as well as in the European 
Projects promoting a sustainable society like in the model area of Cinque Terre and 
within the UTdR International Network of River Regions promoting Sustainable 
Development (cooperation of 18 universities and local administrative bodies from 
Portugal, Spain, France, Italy, UK, Germany, Hungary, Slovakia, and Poland).

Other positive experiences are associated with a contribution from our team of 
scholars and interested university students in the European Project Smart History, 
which was focused on interdisciplinary cooperation for promotion of qualified tour-
ism and sustainable management of areas of great natural and historical value. The 
pilot project was related to the region of the Italian Cinque Terre National Park. The 
output of the project and related workshop was sustainable design for protection of 
the cultural landscape and promotion of sustainable tourism in association with edu-
cation related to personal topics of interest as well as international e-handbooks.

There is also a positive experience with long-term cooperation with the top qual-
ity experts in complementary fields from Japan, beginning at the First International 
Congress of Scientists for Better Environment in Kyoto in 1975, and common 
action in Poland (through the introduction of a Japanese method for the detection of 
air and water pollutants as risk factors for ecosystems, human health, and culture 
heritage) as well as for efficient and cheap biotechnology of wastewater treatment, 
and a common action helping victims of ecological disasters in the Minamata area 
in Japan. A world famous expert from the Minamata, Prof. M. Harada, was the main 
scientific adviser for a documentary film about the history of contamination of the 
biosphere with mercury and the etiology of Minamata disease. This educational film 
was given an UNEP award and was supported by the results of a long-term study of 
global action for elimination of the use of mercury, after the Minamata case study. 
Dobrowolski et al. also took an active part in cooperation with the Indian scientists 
Prof. S.B. Vohora, Prof. B. Belsare, et al. in 1983 in providing help for victims of 
the ecological disaster in Bhopal. Introduction of an innovative biotechnology was 
very useful for the reduction of environmental health hazards in both regions. Joint 
interdisciplinary and international studies were followed by publications and a new 
doctoral dissertation at the Faculty of Biotechnology at Bhopal University.

Training of expert staff in new complementary biotechnology (including more 
efficient wastewater treatment, waste management, and energy production as well 
as protection of the indoor environment against both toxinogenic fungi as well as air 
pollutants) is a promising way forward for reduction of global health risks con-
nected with air and water pollutants. There are several million premature deaths 
annually, both in developing countries and in big cities in developed countries, as a 
result of the common use of out-of-date technologies. Replacement of high energy 
consuming technologies through the widescale application of environmentally 
friendly biotechnologies could significantly reduce emission of chemical and micro-
biological pollutants at their sources and contribute to a much longer lifetime expec-
tancy as well as improve the quality of environmental health. Training of experts in 
this field should be supplemented by life-long education of society as a whole.
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With reference to major progress in the activity of open universities in many 
countries all over the world and so-called Universities of the Third Generation in 
Europe, I want to briefly elaborate on good practice in voluntary education of 
knowledge-based sustainable society. We started in 1989 with a common reflection 
of Bruntland Report “Our Common Future” and we also have sound experience 
spanning 26 years of the activity of the AGH-UST Open University. This university 
is open to different age groups, beginning from teenagers, candidates for becoming 
academic students, to over 80-year-old men. Among the lecturers are well-known 
experts from the majority of Polish universities, the Polish Academy of Sciences, 
research institutes, scientists from other countries of Polish origin, as well as repre-
sentatives of local and central self-governing bodies, administration (including 
mayors, MPs, ministers), as well as people holding cultural roles.

We hope to exchange new ideas, useful methodological experiences, and good 
practice as a creative contribution to the development of a permanent cooperation 
focused on better protection of the quality of human life, making also our life more 
reasonable and useful, according to the poem “An hour” J.W. Dobrowolski received 
from a Nobel Prize Winner Czesław Milosz in 1981:

Before the five senses were opened, and earlier than any beginning,
They waited, ready for all those who would call themselves mortals,
So that they might praise, as I do,life, that is,happiness.

3.10  Innovative Biotechnology Driven by Education 
for a Bio-based Green Economy

Following official recommendations of EU authorities, a bio-based green economy 
has been a top priority for high education. In referring to this, it is worth to mention 
the good practice of 47 years of problem-solving training based on eco-innovations 
and a green economy for sustainable development. Related methodological experi-
ences seem to be useful for integration of training staff of experts with trends in the 
labor market (including foresight analysis) and cooperation with the knowledge- 
based society in different regions and countries in a global network for common 
action focused on improvement in the quality of the human environment and life 
(Dobrowolski 2014, 2016b).

Research and educational activity from Dobrowolski and former diploma and 
doctoral students were focused on the integration of biotechnology for early detec-
tion of environmental risk factors with new biotechnological methods for more effi-
cient elimination of pollutants in air, water, soil, and the food chain, as well as the 
indoor environment as risk factors for human and animal health.

One subject of “the case study” in clusters of proliferative diseases in rural 
regions versus control areas was interdisciplinary research of differences in the level 
of different elements in the trophic chains of cattle suffering from leukemia and in 
healthy subjects, as well as in human blood from subjects suffering from prolifera-
tive diseases and control donors, and comparison of the frequency of the incidence 
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of the toxinogenic fungi Aspergillus flavus and Penicillium meleagrinum in the 
indoor environment. Field studies were supplemented by laboratory investigations 
on experimental animals and in vitro cultures of human blood cells under the influ-
ence of mycotoxins produced by these moulds. Both studies were followed by a 
practical output of a new patent of mycostatic additives for protection against con-
tamination by toxinogenic fungi, as well as by recommendations of nutritional pre-
vention against health hazards to consumers by fortification of food with deficient 
trace elements in cancer/leukemia clusters.

Another field of problem-solving study and training is related to monitoring of indi-
vidual exposure to air pollutants such as SO2 and related monitoring of sulfur in single 
blood cells (using cell monitoring by SEM and X-ray microanalysis of elements) as 
well as evaluation of individual health hazards. Personal monitoring was followed by 
medical education regarding the health of people with a high concentration of toxic 
elements like Pb and Cd in their blood cells, or a deficiency of the elements necessary 
for proper function of the human body, i.e., iron, magnesium, zinc, selenium and 
iodine. (Dobrowolski 1986, 1996, 2016b Vohora and Dobrowolski 1990).

J. W. Dobrowolski and his students applied Amaya-Krochmal samplers to moni-
tor changes in the exposure of nature and cultural heritage in different regions (his-
torical cities, health resorts, national parks, etc.) over the long term (more than 
30 years). The monitoring referred to the mean concentration in the air of some 
indicators of traffic output and other sources of low emission. These transdisci-
plinary case studies were supplemented by the author introducing laser photostimu-
lation of different species of bushes for acceleration of formation of protective high 
hedges. This is a new biotechnology that is useful for limiting dissemination of 
traffic output and more efficient protection of biodiversity and environmental health.

In the areas of cancer clusters i.e., the areas with higher concentration of nitrosa-
mine precursors, laser biostimulation of local water plants was applied in combina-
tion with ecological engineering for more efficient treatment of wastewater and 
protection of the animal and human food chains against contamination by carcino-
genic nitrosamines (including synergistic effects with mycotoxins).

Modern management of biodegradable wastes can provide a substantial amount 
of renewable energy (Horsek and Hrebicek 2014). Wider application of organic 
wastes and bioenergy based on innovative technology was recommended by the 
president of the International Consortium of Clean Energy Prof. G.R. Grob at the 
14th International Conference on Sustainable Development and Eco-innovation at 
AGH-UST in Krakow, Poland in 2012 (keynote report).

Integration of interdisciplinary case studies including human ecology, ecotoxi-
cology, and innovative environmental biotechnology could be recommended for 
widescale application of a more efficient primary prevention of environmental 
health hazards as well as for better management of city environments and rural 
regions in particular (Dobrowolski 2001a, b).

These innovative research-developing studies were supplemented by a transfer 
of know-how from several countries during training activities of creative diploma 
and doctoral students in Poland and during scientific visits in different regions of the 
world, as well as 14 International Conferences on Sustainable Development and 
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Eco-innovation chaired by Dobrowolski from 1989 to 2012. For 26 years our staff 
contributed at the AGH-UST Open University in a cooperation among experts from 
complementary fields and inter-generational integration of a knowledge-based soci-
ety. The leading subject of the training was integration of a common action of 
experts and knowledge-based society for more efficient protection of the biosphere 
and the improvement of human life.

In our old university city, Krakow, in Poland, the Interuniversity Team of 
Sustainable Development and Eco-innovation was founded for promotion of inno-
vative interdisciplinary research and problem-solving training on a national and 
international scale.

The main goal of this model activity is the common action for improvement in 
the quality of the human environment and life on a local scale in combination with 
consideration of global problems and the contribution to the creation of new green 
jobs through the introduction of innovative biotechnologies, including the transfer 
of useful know-how to developing countries.

3.11  Conclusions

Complementary applications of laser biotechnology would be useful for better pre-
vention against contamination of the natural environment, providing conditions for 
primary prevention against related health hazards as well as for proper reproduction 
of plants and animals, ecological balance and biodiversity.

There are real prospects of widescale application of laser irradiation of seedlings 
before their cultivation in energy plantations with supplementation of their wood 
with inexpensive inorganic catalysts for enhancement of syngas production 
(Tursunov and Dobrowolski 2015). A hybrid approach to increasing production of 
biogas from municipal waste is connected to the fortification by a cheap powder like 
dolomite (Tursunov et al. 2015a, b) as a complementary eco-innovation for promo-
tion of a green economy in different regions.

Other environmentally friendly applications of laser biotechnology were also 
successfully tested resulting in three times the acceleration of the formation of tall 
hedges alongside main roads and car parks, in combination with a sustainable 
design of new living houses including a new generation of Eco-hotels, habitats, and 
areas for recreation (Dobrowolski et al. unpublished).

This study confirmed that biotechnological methods, including in vitro culture, 
contributed to the knowledge of the life processes of plants, especially with regard 
to vegetative and generative propagation.

Information that we gained led to the development of methods of very fast and 
intensive specific plant multiplication and technology output starting with materials 
for creating modern hybrids. Application of plants obtained during experiments led 
to the first varieties of vegetables produced using androgenesis to be registered in 
Poland.
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3.12  Perspectives for the Future

Widescale application of laser biotechnology in combination with ecoengineering 
could contribute to better adaptation of environmental management to climatic 
change (in particular in relation to sewage treatment and reuse of water, production 
of food, biomass, and waste management to bio-energy) and also to the creation of 
many green jobs and a contribution to sustainable development as a bio-based green 
economy of many countries.

Possibilities of developing interdisciplinary study integrating laser photostimula-
tion with the introduction of nanoparticles (NPs) containing Zn for enhancement of 
Zn bioaccumulation in some species of vegetables have already been tested. 
Therefore, more such research-developing studies are recommended.

Based on haploidization and micropropagation vegetable technologies, there is 
the opportunity to develop research on the effect of laser light on improving produc-
tivity of the technologies and increasing the content of necessary trace elements and 
biologically active substances in plants in vitro.

Studies on Yacon micropropagation open up the prospect of research-developing 
studies and the prospect of commercialization of using this plant for the protection 
of health in both preventive measures and supportive therapy.
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Abstract
Among the diverse methods of solid waste management, bioprocess is the most 
reasonable one pertaining to its cost, potential, and generation of non-toxic prod-
ucts. The present era of population explosion demands fast and safe ways to 
manage the waste, and bioprocess is the best solution for that. A multitude of 
microbes can be used in bioprocessing, and a lot of research has to be done to 
fully explore their degradation potential. Moreover, bioprocesses can be com-
bined with other waste treatment technologies to enhance the efficacy of waste 
management. Process network technologies can help in proper landfill manage-
ment. A consolidative view of established as well as amateur techniques of bio-
processing being used for solid waste management will give an overall picture of 
the current status and will serve for finer waste administration.
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4.1  Introduction

A bioprocess is the process involving the use of a living cell or a cell component to 
obtain a desired product (Moser 2012). It basically involves the transport of mass 
and energy in the systems (Harun et al. 2010). The bioprocess technology is being 
used in a multitude of areas like manufacturing of food products, life care solutions 
and even waste management (Kim et al. 2008; Mussatto et al. 2011; Brandelli et al. 
2015; Kalia 2016).

Municipal solid waste (MSW) is mainly produced by human activities, which 
includes biodegradable as well as toxic and recalcitrant waste and pharmaceutical 
and industrial by-products. Almost 90% MSW is dumped on open land without tak-
ing proper care of the associated health issues and other sanitation problems (Pandey 
et al. 2016). Large-scale industrialization due to population explosion has given rise 
to pollution as well as MSW accumulation (Sharholy et  al. 2008). The current 
annual global MSW production of 1.3 billion metric tons is expected to increase to 
2.2 billion metric tons by 2025 (Kawai and Tasaki 2016). Around 700 million tons 
of waste is generated in urban parts of India per year (Pan et al. 2012). More the 
sophisticated products generated for mankind, more will be the complex waste pro-
duced and tougher it will be to device eco-friendly ways for managing this mis-
placed resource.

The MSW management methods include recycling, degradation, disposing or 
using the waste for energy generation (Subramanian 2000; Khardenavis et  al. 
2013; Paleologos et al. 2016). Integrated solid waste management (ISWM) pro-
vides a holistic approach combining all the above methods for prevention as well 
as management and reuse of the waste which can be effectively achieved through 
life cycle assessment (Buttol et al. 2007; Astrup et al. 2015; Quirós et al. 2015). 
Resource recovery is considered as a very important aspect of any waste manage-
ment programme (Zaman 2013). Waste management can be done in an environ-
ment-friendly manner by employing the waste to energy approach (Kalia and Joshi 
1995; Brunner and Rechberger 2015). Technologies based on different biopro-
cesses can help in the generation of either energy or value-added products from 
solid waste without the associated pollution problems (Fig. 4.1) and can thus pro-
vide sustainable solution for coping up with the huge amount of MSW generation 
(Khardenavis et al. 2013).

This chapter focuses on the pre-treatment methods for different types of solid 
wastes, process networks as well as methanogenic and thermophilic processes. A 
large amount of hydrogen is required in many industries like oil processing and 
refineries. Considering the significance of biohydrogen in catering to the above 
industrial demand, along with an additional benefit of waste management, the bio-
hydrogen production from MSW will also be discussed.
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4.2  Pre-treatment Process for MSW in Bioprocesses

For bioprocessing of any waste, it is desirable that its quantity and impact on the 
environment have to be minimized first. In general, the pre-treatment can be a phys-
ical, chemical, thermal, or a biological process which alters the nature of the waste 
in terms of quality, hazardous nature, ease of handling and recovery (Torres and 
Lloréns 2008; Rani et  al. 2012; Ariunbaatar et  al. 2014; Cesaro and Belgiorno 
2014). Sustainable waste management is possible by using the above techniques 
provided the maximum output in terms of a value-added product can be achieved 
with minimum inputs for which the operating parameters and pre-treatment tech-
nologies available at a particular waste management site have to be thoroughly stud-
ied and optimized for maximum efficiency (Jain et al. 2015; Kalia et al. 2016). The 
classification of wastes should be revised, and multiple measures of waste manage-
ment should be applied simultaneously so that the available knowledge can be 
applied effectively for waste management (Pandit et al. 2015). Pre-treatment meth-
ods are often chosen based upon the type of waste, energy and cost efficiency, and 
environmental safety (Table 4.1). Saritha et al. (2012) have extensively reviewed the 
significance of various pre-treatment methods and their role in making the lignocel-
lulosic biomass amenable to various bioprocesses. Biological and mechanical treat-
ment (BMT) has been suggested to be an effective ISWM pre-treatment method for 
municipal waste (Hong et  al. 2006). Recently, the application of termites called 
‘termiactors’ has been reported for successful degradation of cotton remnants, 
coconut shells, jute, etc. which otherwise resist composting or anaerobic digestion 
(Abbasi and Gajalakshmi 2015). Bioprocesses based on the use of different microbes 
have also been applied for pre-treatment of solid waste with an aim for enhanced 
degradation and efficient management (Table  4.2). Significance of pre-treatment 
was demonstrated during solid state fermentation of agricultural waste, wheat straw, 

Municipal Solid Waste

Thermal Treatment

Biodegradable 
Waste

Recyclable WasteMixed 
Waste

Recovered 
Product

Mechanical / Biological Treatment

Biofuel and 
Compost

Biological 
Treatment

LandfillResidue Residue

Energy Energy and Fuel

Fig. 4.1 Role of bioprocesses in solid waste management
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Table 4.1 Methods for management of different types of solid waste

S.N Method Type of waste Product Significance References
Methods involving bioprocesses
1. Composting Organic matter 

like food 
waste, leaves

Compost, 
biogas

Eco-friendly, 
cost-effective

Haug (2015)

2. Windrow 
composting

Farm waste 
like animal 
manure and 
crop residues

Compost, 
biogas

Eco-friendly, 
cost-effective

Hellmann 
et al. (1997)

3. Biofuel Urban wastes, 
organic waste, 
sewage sludge, 
agricultural 
waste

Carboxylic 
acid, alcohols, 
ketones

Economical Crutzen et al. 
(2016)

4. Anaerobic 
digestion

Organic waste, 
sewage sludge

Biogas, 
fertilizer

Eco-friendly, 
cost-effective

Kamali et al. 
(2016)

5. Mechanical 
biological 
treatment

Recyclable 
waste and 
municipal and 
industrial 
waste

Fuels, 
fertilizers and 
recycled 
material

Combines 
multiple 
methods, used 
for a variety 
of wastess, 
less residue

Sadhukhan 
et al. (2016)

6. UASB Organic waste Biogas, heat Solids can be 
digested for a 
long period

Pat-Espadas 
et al. (2016)

7. Landfill All solid waste Landfill gas 
(methane)

Cost-effective Powell et al. 
(2015)

Mechanical and chemical methods
8. Biodrying Organic waste – Reduces the 

overall weight 
of the waste, 
cost-effective

Tuorto et al. 
(2015)

9. Gasification Organic waste Syngas Efficient than 
burning

Parihar et al. 
(2016)

10. Recycling Metals, paper, 
plastic, glass, 
textiles, 
e-waste

New product 
from same 
material

Reduces 
energy usage

He et al. 
(2015)

11. Mechanical 
heat treatment

All wastes – Does not 
degrade the 
waste

Oluleye et al. 
(2016)

12. Plasma arc 
waste disposal

Organic waste Synthetic gas, 
electricity

Eco-friendly Buyantuev 
et al. (2016)

13. Pyrolysis Organic waste, 
plastic waste

Charcoal, 
methanol, 
syngas, 
biochar, 
recycled 
plastic

Useful for 
industrial 
purposes

Zhou et al. 
(2015)

(continued)

R. Deshmukh et al.



77

which resulted in optimum xylanase activity of A. brasiliensis (Ho and Lau 2014). 
Even hazardous matter like ash from MSW incinerators could be used as a source 
of rare earth elements after proper pre-treatment and purification (Funari et  al. 
2016). Substrate-specific application of different pre-treatment methods currently in 
use for management of diverse range of solid wastes is discussed.

Table 4.1 (continued)

S.N Method Type of waste Product Significance References
14. Incineration Organic waste Heat Cheap but 

produces 
pollutants like 
flue gas, ash, 
etc.

Liu et al. 
(2015b)

15. Hydrolysis MSW, sewage, 
sludge

Ethanol Enhances the 
digestion rate 
of waste

Biffa (2003)

16. Hydropulping Paper waste Paper 
recovery

Exclusive for 
paper waste

Zaman 
(2013)

17. Solid waste to 
protein

Cellulosic 
waste

Protein Recovery of 
nutrient from 
waste

GOI (2001)

Table 4.2 Application of different microorganisms in pre-treatment of various types of solid 
wastes for enhanced degradation

S.N. Waste Microbe Enzyme involved References
1. Plastic Pseudomonas sp., 

Clostridium sp., 
Aspergillus sp.

2,4-Pentanidione 
esterase, laccase

Caruso (2015)

2. Xenobiotics Alcaligenes 
(2,4-diclorophenoxyacetic 
acid), Acinetobacter 
(4-chlorobenzene)

Intradiol 
dioxygenase

Guzik et al. (2013)

3. Nylon White-rot fungi Manganese 
peroxidase

Deguchi et al. 
(1997)

4. Cellulose Penicillium sp. Cellulase Gao et al. (2012)
5. Other 

carbohydrates
Bacillus licheniformis 
(starch)

Amylase Siddique et al. 
(2014)

6. Protein Peptococcus sp. Protease Suthanthararajan 
et al. (2006)

7. Fatty acids Syntrophomonas sp. Oxidase McInerney et al. 
(1981)

8. Chitin Metarhizium sp. Chitinase Pinto et al. (1997)
9. Keratin Serratia sp. HPC1383 Protease Khardenavis et al. 

(2009)
10. Sewage sludge Sulphate-reducing 

bacteria
Protease, 
phosphatase

Van den Brand 
et al. (2015)
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4.2.1  Organic Solid Waste

Organic fraction of MSW refers to any waste of plant or animal origin which can be 
degraded easily by microorganisms. Lignocellulosic biomass is the most abundant 
organic waste with approximately 50 million tons of annual production worldwide 
(Xu et al. 2015). Though similar statistics are not accurately available for the Indian 
scenario, a recent survey has reported some information on the quantum of agro- 
residues generated which have been shown to be dominated by rice straw and husk, 
wheat straw, sugarcane tops and bagasse (Saritha et al. 2012). Its complex structure 
makes it difficult to break the polymer and release the sugar. The lignocellulosic mate-
rial has to be made more susceptible to hydrolysis by pre-treatment of the waste by 
different methods to make it more prone towards the breakdown. Though many differ-
ent methods are reported for the pre-treatment, viz. enzyme treatment, milling, treat-
ment with acids, ammonia fibre explosion, etc. (Agbor et al. 2014), greater use of 
eco-friendly pre-treatment methods is being stressed recently. Comparative degrada-
tion of oil palm mesocarp fibre by superheated steam and hot compressed water was 
reported in a study with highest hemicellulose removal (94.8%) and acetic acid pro-
duction being achieved by pre-treatment with hot compressed water. The correspond-
ing glucose generation was observed to be 98.1% (g/g-substrate) on hot water 
treatment followed by milling which used 9.6 MJ/kg of palm fibre (Zakaria et  al. 
2015). Novel reactor systems can also have tremendous potential for managing 
organic fraction of MSW along with recovery of energy in the form of biomethane 
(Kalia et al. 2000). This was demonstrated efficiently in a case of methane generation 
from vegetable waste in a four-chambered anaerobic baffled reactor wherein the effi-
ciency of the process was depicted by the carbon recovery factor which was found to 
be as high as 96% (Gulhane et al. 2016). Application of upstream pre-treatment meth-
ods has also been shown to result in improved efficiency of anaerobic digestion. Of 
the various mechanical pre- treatment methods, viz. milling, maceration, and heat 
treatment tested in olive oil production process, pre-treatment by milling resulted in 
71% increase in methane production followed by 70% increase during thermal treat-
ment, while 32% increase in methane generation was obtained by pre-treatment with 
enzymatic maceration (Donoso- Bravo et al. 2016). Among the various agricultural 
residues, rice straw is a relatively recalcitrant waste obtained in huge amounts which 
can serve as a potent substrate for biofuel production after pre-treatment. Thermal 
pre-treatment of rice straw with sulphuric acid, followed by consolidated bioprocess-
ing with Clostridium thermocellum at 55 °C, was capable of achieving 90% hemicel-
lulose removal. Higher H2 production of 35.7 mMol L−1 was observed in a case of 
pre-treated sample in comparison to untreated sample (33.3 mMol L−1), and ethanol 
production was also increased after pre-treatment (Zhang et al. 2015a). Methane pro-
duction was also demonstrated to improve during anaerobic digestion of rice straw 
pre-treated with alkali followed by biological processing (Shu et al. 2015). Introduction 
of aerobic partial composting step was shown to result in improved efficiency of waste 
digestion by dry method which was attributed to the removal of easily degradable 
compounds (Brummeler and Koster 1990). In contrast to the beneficial effects of pre-
treatment of organic waste in improvement of bioprocess efficiency, few reports have 
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indicated that this may not be so in all the cases. A combination of microwave heating 
and hydrogen peroxide treatment for the organic fraction of MSW was shown to have 
negative effect on efficiency of anaerobic digestion due to a long lag phase (Shahriari 
et al. 2012). It has also been suggested in a study that acclimatization of microbial 
population could also be effectively used for enhancing the efficiency in management 
of organic wastes as an alternative to pre-treatment. This was effectively demonstrated 
in a study by Pandit et al. (2016) who enriched and selected the ligno-hemicellulose-
degrading organisms in anaerobic bioreactor with rice straw, vegetable waste, and 
food waste degradation. Biogas yield was observed to be 1080 mL/g VS, 1160 mL/g 
VS, and 1410 mL of biogas/g VS added, respectively, for the above substrates with 
microbial communities having ligno-hemicellulose digestion abilities being abundant 
in case of rice straw. Lipids can also be a good source of biomethane production; 
however the presence of long-chain fatty acids (LCFAs) could result in inhibition of 
methanogenesis. Sharma et  al. (2015) have pointed out that this drawback can be 
overcome by managing the long-chain fatty acid production through any of the pre-
treatment methods and/or acclimatization strategies discussed above. Apart from vari-
ous forms of biofuels produced from organic waste, such waste can have potential for 
production of other value-added products such as polyhydroxybutyrate (PHB). PHB 
is a biopolymer with properties similar to synthetic plastics, which can be produced 
by different bacteria (Kalia et  al. 2003a). Bacillus cereus was shown to produce 
1685 mg PHB from 1 L of prehydrolysed pea shell slurry (Patel et al. 2012). Controlled 
generation of polyhydroxyalkanoate has been demonstrated in the presence of bacte-
rial cultures like B. cereus and B. thuringiensis by addition of volatile fatty acids 
generated from solid wastes like vegetable peels thereby adding value to the waste 
management process (Kumar et al. 2013, 2016).

4.2.2  Recalcitrant and Toxic Waste

Of the total MSW collected globally, approximately 95% goes to landfills 
(Kurniawan et al. 2006). For the material which are not easily biodegradable, land-
fill disposal is the only feasible option. Even such chemicals may require some 
degree of pre-treatment for reducing their hazardous effect, one of them being pre- 
oxidation which can enhance the biodegradation of such compounds in soil. Two 
ways were suggested for landfill management: a storage grade depository with 
minimum outside emissions and a controlled bioreactor for higher methanogenesis 
(Komilis et al. 1999). Batch type MSW reactors spiked with nano-TiO2 at various 
pH and ionic strengths showed reduction in Ti concentrations which became stable 
in 12–24 h. This study was helpful as engineered nanomaterials were convention-
ally disposed off in landfills, and a pre-treatment method provided the benefit of 
safe disposal of nanomaterial (Dulger et al. 2016). In yet another study, pre- treatment 
of toluene, trichloroethylene, and pentachlorophenol by pre-oxidation using hydro-
gen peroxide followed by microbial degradation showed that pre-oxidation was 
found to be effective for microbial degradation of trichloroethylene and pentachlo-
rophenol (Carberry and Benzing 1991). Fenton’s process was another very cheap 
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and simple process which had been reported as an after-treatment for landfill leach-
ate for proper subsequent biological treatment (Lee et al. 1996; Bae et al. 1997; 
Tang and Huang 1997; Lopez et al. 2004; Deng and Englehardt 2006). Improvement 
in bioremediation of toxic waste metals including lead, zinc, manganese, and cop-
per was shown to be achieved when such waste was pre-treated with Metaphire 
posthuma, which was a vermicomposting agent with urease activity (Sahariah et al. 
2015). Bioremediation by a novel approach involving biosurfactant produced by 
Pseudomonas aeruginosa strain was also demonstrated to have tremendous scope 
for application in enhanced removal of multiple metal contaminants from contami-
nated soils (Juwarkar et al. 2008).

4.2.3  Recyclable Waste

It is best to sort the recyclable wastes out at the first place before the MSW is sent 
for processing so that they can be used for respective product recovery. A resource 
recovery scavenging approach has been proposed for recyclable wastes in which it 
is suggested to incorporate the services of scavengers for manually separating the 
recyclable wastes from the garbage (Forbid and Busch 2015; Tong and Tao 2016). 
Plastic comprises a recyclable part of MSW, and various separation and treatment 
techniques are being explored to get recycled plastic with good quality and proper-
ties similar to virgin plastics (Singh et al. 2016). Also, PHA is a good alternative to 
plastic. Various avenues for PHA production from wastes can prove useful in the 
problems faced with plastic waste management as well as reuse of waste (Singh 
et  al. 2009, 2015; Kumar et  al. 2015; Patel et  al. 2016; Ray and Kalia 2017). 
Incineration ash, which is another major component of MSW, can find application 
in production of cement, but the presence of chlorine in such ash needs to be 
addressed. Pre-treatment of ash for fixing of chlorine has been suggested through 
formation of chloro-aluminate (Kikuchi 2001). The beneficial effect of pre- 
treatment was also shown in the medical cotton industry waste treatment where the 
alkaline pre-treatment of recycled medical cotton industry waste was found to 
result in 20% improvement in biogas production in comparison to non-treated cot-
ton (Ismail and Talib 2016). Even toxic wastes such as tannery wastes containing 
chromium possessed the potential for being recycled for production of green and 
pink Cr–Al2O3 nanoparticles through application of altered sol–gel method (da 
Costa et al. 2016).

4.3  Process Network for MSW

Improper waste management leads to misuse of land resources, increased prices of 
land as well as health issues (Tan et al. 2013). Thus, the major dependency on land-
fills has to be minimized. Moreover, efficient alternatives are to be explored for 
ideal waste management. To set up solid waste facilities, one should thoroughly 
evaluate the sites considered based on landfill termination indicators like total 
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organic carbon, fluorescence spectra, methanogenesis, lignocellulose, humus, etc. 
(Zheng et al. 2015). For the selection of sites for waste treatment, a tool is proposed 
which functions using analytical network process (ANP) as a first step and data 
envelopment analysis (DEA) is applied as second step. Thus, the selection of sites 
is handled as a multiple attribute decision-making method (Khadivi and Ghomi 
2012). Another example is that of hierarchical analytical network process (HANP) 
which provides a framework suggesting the technology best suited for waste man-
agement in a particular country (Khan and Faisal 2008; Nixon et al. 2013). Such 
tools are of a great help for investors as well as researchers. Flow rate for the leach-
ate at a landfill site can be modelled using a neural network-based leachate predic-
tion method (NN-LEAP), and accordingly proper control methods can be 
implemented (Karacaa and Özkayab 2006). Neural networks could be applied as 
smart sensors for real-time process monitoring in waste management systems for 
which prior estimate of the quantity of waste to be managed in future is very essen-
tial. This prediction of generation of waste in the future can be facilitated by data- 
driven models as has been effectively demonstrated for assessing the amount of 
waste generated in Tehran through application of combination of wavelet trans-
form–adaptive neuro-fuzzy inference system and wavelet transform–artificial neu-
ral network (Noori et al. 2009).

Process variable monitoring has been a consistent problem (Hamalainen and 
Seppalainen 1986; Prakasham et al. 2011) which can be accomplished by applying 
appropriate sensor technologies. Soft sensors provide a good alternative for measur-
ing the secondary variables from which the values of unmeasured variables are 
deduced. Bolf et al. (2007) have demonstrated the use of two such sensors for com-
posting of tobacco solid waste with the help of neural network-based models. Soft 
sensors can be more accurate and reliable than hardware sensors. Wireless sensor 
network (WSN) is used in various fields including solid waste management wherein 
the architecture of the tool provides data from the garbage bin filling area to the 
remote server relying upon sensor nodes and data transfer nodes (DTN) which in 
turn provides the solution (Longhi et al. 2012). Such tools are useful for the organi-
zation of resources for solid waste management. Genetic algorithms mimic muta-
tion and selection which are the basis of evolution and work on the principle of 
survival of the fittest. A population of individuals (considered solutions) undergoes 
a sequence of transformations, and the next generation of solutions is selected. So 
the best ‘individual’ which comes up is the best solution. There is a report where a 
combination of ANN and a genetic algorithm has been used. Neural network has 
been used there for modelling biogas production, whereas the use of genetic algo-
rithm has been reported for optimizing the production (Haider et al. 2008; Kana 
et al. 2012). By-product exchange networks among several companies and increas-
ing scavengers with the use of decomposers will facilitate waste management (Geng 
et al. 2007). Geographic information system (GIS) and geographical information 
technology (GIT) can together serve decision-making systems for helping in the 
selection of landfill sites (Javaheri et al. 2006). A vision system trained in neural 
network and integrated to a robotic line with tracking algorithm has been developed 
for identifying motion images and recognizing solid urban waste (García-Hernández 
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et al. 2016). The supermatrix aspect of analytical hierarchy technique is useful to 
get alternatives for waste management through value assessments (Shamshiry et al. 
2015).The ultimate goal of all the neural networks should be the generation of as 
much energy as possible.

4.4  Methanogenesis of Leachate from MSW

Fresh leachate from MSW is organic wastewater which otherwise has nuisance 
value due to its negative impact on the environment and can be used as a potential 
biomethane generator (Luo et al. 2015). It can be more suitable than any other waste 
leachates with the potential to generate up to 0.4 m3/kg methane provided various 
types of reactors are used in the presence of concentrated biomass.

Simulated landfill reactors are being used to increase the biomethane production 
from MSW. Acidogenesis suppresses hydrolysis and methanogenesis, and it could 
be overcome by altering chemical environment or by the complete oxidation of 
inhibitors. Vavilin et al. (2006) demonstrated that, stable methanogenic conditions 
could be achieved in the simulated reactors where leachate exchange was done with 
methanogenic reactors or which were subjected to initial aeration. To analyse the 
effect of silver ions and silver nanoparticles on methanogenesis, the process was 
monitored up to about 200 days in the presence of these two entities (Yang et al. 
2013). Methanogenesis was found to be significantly inhibited by nanosilver owing 
to its high toxicity and easy bioavailability in landfill leachates. This emphasized the 
need for careful designing of operations to be carried out depending upon the loca-
tion of waste treatment and the components being added from surrounding indus-
tries. Calcium was another species frequently encountered in MSW leachate which 
demonstrated major inhibition of methanogenesis under mesophilic condition when 
present together with ammonia nitrogen and aquatic humic substances in the ratio 
15:1:10 (Lei et al. 2016). At higher calcium concentrations, inhibition of methano-
genesis was attributed to the lethal effect of calcium on sludge and inhibition of 
mass transfer (Xia et al. 2016). Also, it has been observed that, from among the 
components of landfill leachates, ammonia was likely to be more problematic in the 
near future in comparison to heavy metals and xenobiotics and hence needed to be 
taken care of for preventing process failure (Kjeldsen et al. 2002). Leachate recircu-
lation enhanced the methanogenesis as mass transfer was promoted along with effi-
cient production and utilization of volatile fatty acids (He et al. 2005; Nair et al. 
2014; Huang et al. 2016; Ko et al. 2016). A similar report showed the advantage of 
effluent recirculation in anaerobic reactor during biomethanation of vegetable waste 
in an ABR which resulted in higher biogas production. This was attributed to the 
effective management of pH during different reactions of methanogenic pathway 
where acidic pH was considered to be inhibitory to the methanogenic process. The 
study demonstrated the pH-dependent segregation of microbial community in dif-
ferent chambers of ABR and subsequent role of effluent recirculation in maintaining 
the microbial plasticity without compromising the biogas generation (Gulhane et al. 
2016, 2017). The provision of equalization tanks before digesters helped in 
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maintaining the acetate and propionate levels within proper range thereby avoiding 
clogging by facilitating removal of dissolved Ca2+ resulting in optimum methane 
production (Lozecznik et al. 2012). In Poland, hydromechanically separated waste 
was anaerobically digested to give 309–361 dm3/kg VSfed biogas under thermophilic 
environment which increased to 494 dm3/kg VSfed under mesophilic conditions on 
addition of 50% sewage sludge (Borowski 2015a).

To assess the microbes present in a solid waste treatment plant, cultivation- 
independent sequencing techniques can prove helpful (Thakur et  al. 2015). 
Monitoring the microbes together with the composition of the leachate in simulated 
studies could help in understanding the biodegradation process in a full-scale land-
fill. There is also a need to study the community dynamics for waste management 
systems in detail since the exact role of many microbes was still not understood. In 
a closed municipal landfill area at Gouzikeng in China, only 2% methanogens were 
detected in the leachate with the dominance of Methanomicrobiales and 
Methanosarcinales in total methanogenic population (Huang et al. 2003). In a lab- 
level simulation study, solid waste showed higher percentage of cellulose degraders 
like Firmicutes along with methanogenic bacteria belonging to Methanobacteriales, 
Methanomicrobiales, and Methanosarcinaceae. It was reported that the presence of 
higher initial cellulose and hemicellulose contents favoured methanogens and gave 
high methane yield, while organisms from Bacteroidetes and Thermotogae were 
also found to be abundant during this period (Bareither et al. 2013). In yet another 
simulation with MSW taken out from a landfill in Austin, Texas, the study indicated 
the dominance of Methanobacteriaceae during the entire testing period (Fei et al. 
2015). High-throughput 454 pyrosequencing was done for a MSW anaerobic reac-
tor in Madrid wherein the study pointed out that though proteolytic bacteria were 
dominant throughout the study period, increased biodiversity was observed over the 
time period along with the presence of some rare organisms whose role was 
unknown in the process (Cardinali-Rezendea et al. 2016).

In addition to the above applications, the use of leachate in other areas will cer-
tainly prove helpful. Co-digesting food waste with a fresh leachate from MSW 
could be applied for improving the efficiency of anaerobic digestion process and 
subsequent enhancement in biogas owing to the metal elements required for diges-
tion of food waste which were supplied by the fresh leachate (Zhang et al. 2015b). 
Such type of synergistic combinations of wastes could enable optimum degradation 
of waste. Leachate from organic fractions of MSW could also be used as a source of 
other value-added products such as polyhydroxyalkanoates (Korkakaki et al. 2016; 
Patel et al. 2016).

4.5  Thermophilic Process in MSW Treatment

Anaerobic digestion of organic wastes can help in efficiently managing such wastes 
through bioenergy generation (Pantaleo et al. 2013) whose efficiency is affected by 
the system temperature, availability of buffering capacity, pH, etc. in the system. 
Thus, controlling ammonia concentrations, pH and process temperature will ensure 
safe digestion of MSW.
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For anaerobic digestion, temperature is not only important for the metabolism of 
microbes but also for the optimum rate of the chemical reactions (Palatsi et  al. 
2010). Anaerobic digestion has been divided broadly into two types based on the 
temperature at which it is carried out: mesophilic (carried out at 30–42  °C) and 
thermophilic (carried out at 43–55 °C). Thermophilic digestion processes have high 
efficiency, whereas mesophilic processes are more stable ones. Two-phase anaero-
bic digestion systems are being used for thermophilic as well as mesophilic systems 
for achieving higher methane yields (Leite et  al. 2016; Meng et  al. 2016). 
Thermophilic processes show high destruction of pathogens and better dewaterabil-
ity of the digested biosolids. The growth rate of microorganisms has been reported 
to be 27–60% higher for thermophilic processes, and thus, same extent of biodegra-
dation and methanogenesis occurs in almost half of the time in thermophilic process 
(Fernández-Rodríguez et al. 2013). Evaluation of appropriate hydraulic retention 
times (HRT) for efficient biomethane production from solid waste under thermo-
philic conditions demonstrated that of the eight HRTs tested from 25 to 3.5 days, 
maximum gas production (methane, about 5.4 L/L/days) was seen at 4.5 days. This 
was attributed to higher microbial activities at low HRT (Zahedi et  al. 2013a). 
Similar experiments on hydrogen production under similar conditions revealed that 
highest hydrogen production of 57% (v/v) was obtained at an organic loading rate 
of 110 g TVS/L/d and HRT of 0.5 day (Zahedi et al. 2013b). In a study, simultane-
ous digestion of biowaste and sewage sludge in an anaerobic digester was compared 
under both mesophilic and thermophilic conditions of which thermophilic process 
proved more stable and efficient (Yu et al. 2014). Food industry wastewater was 
subjected to joint mesophilic anaerobic–thermophilic aerobic treatment process 
such that the residue from the mesophilic process was added to thermophilic reactor 
and thermophilic reactor sludge was again added to mesophilic reactor. The com-
bined process resulted in 90% removal of organic matter, and the presence of 
Prevotella, Aminobacterium, Geobacillus and unclassified Actinobacteria in the 
biomass was found to be common in these two reactors (Jang et al. 2015).

Optimal ammonia concentration helps in proper buffering of methanogenic 
medium and increases stability; however, high levels of ammonia have been reported 
to inhibit the microbial activity and hinder the digestion process (Hejnfelt and 
Angelidaki 2009). Anaerobic digestion study for cattle wastes at thermophilic con-
ditions showed that at greater loading rates and pH >7.8, inhibition occurred by total 
ammonia higher than 1700 mg/L (Varel et al. 1977). An increase in pH from 7 to 8 
increased the free ammonia levels at which the unhindered operation of digesters 
could be ensured by proper selection of parameters like C/N ratio, operation tem-
perature, and the use of microbes adapted to higher ammonia concentration 
(Rajagopal et al. 2013). The continuous functioning of anaerobic digesters in the 
presence of high ammonia can be ensured provided the microbes are first acclima-
tized to the higher concentration of ammonia (Yenigün and Demirel 2013). Pre- 
treatment of substrate could also help in reducing the toxic effect of ammonia as 
was observed in a study by Madrini et al. (2016) wherein addition of 31.5–47.2% 
natural zeolite during food waste composting helped in decreasing the ammonia 
emission at thermophilic stage and it also acted as an adsorbent. However, 
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precaution needs to be taken during operation of such temperature-phased anaero-
bic digestion systems to avoid extra exposure of waste to thermophilic temperatures 
in order to reduce the ammonia released during protein degradation which has been 
reported to affect the methanogenesis in the subsequent mesophilic step (Borowski 
2015b).

Other pre-treatment strategies such as thermo-chemical pre-treatments have tre-
mendous potential to be exploited for better management of MSW. The composting 
time of rice straw was shown to be reduced to below 10 days by pre-treating the 
substrate with alkali followed by continuous thermophilic degradation (Hosseini 
and Aziz 2013). In another study, municipal biowaste was pressed to separate the 
liquid fraction from solid fraction of which the liquid was subjected to anaerobic 
digestion, while the solid fraction was sent for composting. Of the two treatments, 
anaerobic digestion was observed to be most effective with highest specific gas 
production of 0.92 m3/kg at an organic loading of 4.7 kg VS/m3 under thermophilic 
conditions (Micolucci et al. 2016).

4.6  Biohydrogen Production from MSW

Hydrogen is the fuel for the coming years since it is completely renewable, recy-
clable, and eco-friendly. Biohydrogen is the hydrogen which is produced biologi-
cally, most commonly by microbes like archaea, bacteria, and algae (Kumar et al. 
1995; Porwal et al. 2008; Patel and Kalia 2013). Through biological hydrogen pro-
duction, eco-friendly energy carrier can be generated using renewable energy 
sources like biomass (Kumar et  al. 2014). For efficient biohydrogen production, 
efforts are being continually focussed on research on gene manipulation of micro-
organism, metabolic engineering, photo-fermentation, advanced reactors, matrices 
for whole cell immobilization, etc. (Sonakya et al. 2001; Das and Veziroglu 2008; 
Patel et al. 2014). The characterization of MSW for its physicochemical properties 
can provide insight into the composition of MSW components which might prove 
helpful for deciding upon the amenability of the substrate for H2 production. In a 
study, Cheng et al. (2016) characterized MSW by multiple techniques, viz. scanning 
microscopy, Fourier transform infrared spectroscopy, etc., followed by fermentative 
hydrogen production along with rapid production of fatty acids which were then 
utilized as substrates for improved methane production. The methane production 
rates in the two-stage process were observed to be 14.8% and 15.1% higher for food 
waste and sewage sludge, respectively, in comparison to one-stage process.

Biohydrogen production can be achieved either by photo-fermentation or dark 
fermentation in the presence of two key enzymes, nitrogenase and hydrogenase 
(Patel et al. 2010, 2017). Figure 4.2 describes in brief the production of biohydrogen 
through microbial route. Purple non-sulphur bacteria (PNS) are mainly researched 
for photo-fermentation (Basak and Das 2007) with very few reports about continu-
ous fermentation of complex substrates and consortia of microbes for biohydrogen 
production (Hawkes et  al. 2002). Thermal processes have also been applied for 
producing hydrogen as demonstrated by Agarwal et al. (2013) during pyrolysis of 
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kitchen vegetable waste in a packed bed reactor. Hydrogen has also been reported to 
be produced during the anaerobic digestion of organic waste; however, methano-
gens are known to consume H2 which can result in lower hydrogen yields, and this 
can be overcome by reducing the HRTs of anaerobic digestion.

The rates of hydrogen and specific hydrogen production were increased when 
1% v/v crude glycerol was added to industrial municipal solid waste. For this, ther-
mophilic, dry-dark batch-mode fermentation was operated (Zahedi et al. 2016). In a 
study, it was found that mesophilic incubation showed high hydrogen production 
from organic solid wastes when the anaerobic treatment was followed by acetylene 
treatment and headspace of batch reactors was being vented and flushed with nitro-
gen (Valdez-Vazquez et al. 2006). Pre-treatment for complex food waste by ultra-
sonication followed by anaerobic digestion was found to result in increase in H2 
production when higher total solids were used and pre-treatment time for ultrasoni-
cation was increased (Gadhe et  al. 2014). Biohydrogen production from kitchen 
waste was improved when it was pre-treated with heat ranging from 90 to 200 °C 
with maximum production of 81.27 mL/g VS at 200 °C during the anaerobic fer-
mentation (Li et al. 2014). Biohydrogen was also shown to be produced by dark 
fermentation of hydrolysate of food waste prepared by the action of glucoamylase 
and protease enzymes produced by Aspergillus awamori and Aspergillus oryzae 
(Han et al. 2016). H2 production has been shown to be improved when organic frac-
tion of MSW and mixed sewage sludge were co-digested in ratio of 5:1 at total solid 
concentration of 20% (Tyagi et  al. 2014). Combination of paper waste and food 
waste as a feed was also reported to have desirable effect on enhanced H2 generation 
(Pendyala et al. 2013).

The impact of surfactant on organic fraction of MSW was tested under thermo-
philic conditions in batch cultures with improved hydrogen production being 
observed in presence of T80 and PEG 6000. The analysis of microbial consortium 
showed the presence of Enterobacter, Escherichia, Buttiauxella and Pantoea as the 
hydrogen-producing bacteria (Elsamadony et al. 2015). Calcined red mud (CRM) 
was used for the pre-treatment of brewers’ spent grain. The highest specific hydro-
gen production (198.62 mL/g-VS) was for 10 g/L CRM which provided required 

Fig. 4.2 Biohydrogen-producing microorganisms
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pH for hydrogen production by cellulose hydrolysis (Zhang and Zang 2016). 
Microbial treatment can also be employed for treatment of industrial wastewater as 
reported by Hensley et al. (2016) during the treatment by Thermococcus when bio-
hydrogen production was explored from protein and α-glucosides in industrial 
wastewater. Supplementation of nutrients such as orthophosphate and pyrophos-
phate on H2 production from municipal solid waste composting leachate was 
reported with enhanced H2 production being observed in presence of orthophos-
phate which in addition to serving as a nutrient and energy source was also effective 
in relieving the inhibition by excess Ca2+ (Liu et al. 2015a).

In addition to hydrogen production by microbial consortia, studies have also 
been conducted on efficient hydrogen production by pure bacterial isolates. The first 
report of efficient biohydrogen production from MSW by pure microorganism was 
that of Bacillus sp. where two Bacillus strains were used to convert organic fraction 
of MSW into hydrogen  resulting in generation of 61  mL of H2/g volatile solids 
(Shah et al. 2016). Biohydrogen production by algae has also been reported to be 
beneficial owing to the ease and low cost of the process (Kothari et  al. 2015). 
Genome mining can help to find the hydrogen-producing organisms and can help to 
exploit them for waste management (Kalia et al. 2003b). Desired biohydrogen pro-
duction genes can give better production through transgenic expression with the 
help of genomic tools (Kalia and Purohit 2008).

4.7  Fungi in MSW Management

Fungi have been widely reported for their bioremediation potential and hence could 
be exploited to the fullest for waste management (Deshmukh et al. 2016). More than 
half the amount of MSW consists of organic matter of which cellulose is a main 
component due to which there is tremendous scope for managing such waste 
through activity of cellulolytic fungi. A study showed potential use of cellulolytic 
Trichoderma, Chaetomium and Aspergillus sp. for MSW management (Gautam 
et al. 2010; Jose et al. 2014). Trichoderma reesei and Aspergillus niger have also 
been exploited for solid waste degradation and cellulase production (Abdullah et al. 
2016). Moniliophthora roreri cellulase enzyme has been used for agricultural waste 
degradation like rice husks (Solís et al. 2016). Controlling the community dynamics 
of fungi during the process of composting can increase the rate of humification 
(Zhao et al. 2016). In a study, Aspergillus niger was used for bioleaching as a sub-
stitute process for MSW fly ash management. It was found effective for leaching of 
manganese, zinc as well as aluminium (Wu and Ting 2006). Vermicompost has been 
found to be beneficial for the increase of fungi in composting process (Paul et al. 
2011). A study was done in Spain to analyse the effect of addition of MSW to an 
arid soil. It was observed that the occurrence of both bacteria and fungi was increased 
and the soil community was altered in 17 years (Bastida et al. 2008). R. oryzae has 
been used for organic acid formation in waste foundry sand (Asokan et al. 2016). 
Soybean waste could be fermented by fungus Fusarium to obtain anticancer com-
pound camptothecin (Bhalkar et  al. 2016). Lignocellulose waste could be 
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pre- treated with white-rot fungi to help its further degradation (Rouches et al. 2016). 
Similarly, when willow sawdust was treated with fungus Abortiporus biennis, there 
was about 40% increase in biomethane potential. This effect was further enhanced 
on combination with alkali treatment (Alexandropoulou et al. 2017).

Molecular biology techniques can prove to be useful to study fungal communi-
ties in waste management. The population of fungi was studied in a composting 
process by cloning the ITS regions at various time points and phospholipid fatty 
acid analysis for fungal biomass assay in a composting plant (Hultman et  al. 
2010). Fungi can be considered as beneficial organisms for improving soil quality 
at metal- contaminated landfill sites and open waste dumps (Breza-Boruta et al. 
2016; Chandran 2016; Long et  al. 2016). Phanerochaete chrysosporium was 
reportedly subjected to nanoparticle-aided immobilization and applied for the 
remediation of leachate at landfill sites (Hu et  al. 2016). Impact of fungi was 
tested to obtain compost from MSW with greater agronomic potential. Windrow 
composting was performed at different turning frequencies in the presence of fun-
gal consortia comprising of Trichoderma viride, Aspergillus niger and Aspergillus 
flavus. Turning frequency of 1 week was found to be more economical and benefi-
cial with respect to composting and safe end products (Awasthi et al. 2014). The 
fungal consortia made the process more effective as fungi were able to quickly 
decompose organic material at high mineralization rates thereby converting the 
waste into humus-like substances (Said-Pullicino et  al. 2007; Lin et  al. 2011). 
Simultaneous pre-treatment and saccharification by fungi has also helped in 
increasing the saccharification yields from agricultural wastes like rice straw 
(Dhiman et al. 2015).

4.8  Opinion

An important aspect of waste management is proper pre-treatment of different 
wastes so that further it can be disposed in the environment in a safe manner. 
Bioprocessing seems to be a significant strategy for providing eco-friendly solu-
tions to waste management. There is ample scope for further optimizing the biopro-
cesses through application of genomic tools including next-generation sequencing 
techniques for identifying the microbial community responsible for efficient bio-
processing. Diverse range of pre-treatment methods should be explored to facilitate 
waste digestion. Co-digestion of different types of waste and combining bioprocess-
ing with different waste treatments will help in better waste management with good 
energy recovery. The end products of waste treatment processes can have applica-
tions in novel unexplored areas.
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Abstract
Polychlorinated biphenyls (PCBs) are persistent organic pollutants that can 
cause detrimental effects when humans and animals are exposed to them in the 
environment. The chemical persistence of these molecules has rendered it diffi-
cult to remove from the environment. The objective of this chapter is to discuss 
the sources of PCBs, factors influencing their transformation, and overall pro-
cesses of removal from the environment. In addition, microbial transformation of 
PCBs and physical removal in wastewater treatment plants will be discussed. 
Finally, future means of PCB elimination, based on methods currently in use in 
similar systems, will be proposed.
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5.1  Introduction

Polychlorinated biphenyls (PCBS) are persistent organic pollutants created by heat-
ing together two benzene rings in the presence of chlorine gas (State of Oregon, 
Department of Environmental Quality 2003). They are characterized by their phenyl 
rings and their ability to bond with one to ten chlorines, as depicted in Fig. 5.1. Each 
degree of chlorination is called a homologue. There are 209 different PCB configu-
rations, called congeners. Though PCBs were anthropogenically produced for over 
40 years, they were first discovered in 1865 as a by-product of coal tar (America 
Unites 2016). Though some PCBs were found naturally occurring in the environ-
ment, most PCBs were synthesized (US EPA 2016b). PCBs were first produced in 
the 1920s for use in nonflammable oils, hydraulic fluids, circuits, and the like 
(Cairns and Siegmund 1981). Their resistance to both acid and alkali, nonflamma-
bility, electrical insulating properties, and overall chemical stability led to their 
mass production (US EPA 2016b). Since they have a high octanol-water partition 
coefficient (−LogKow) shown in Table 5.1, PCBs preferentially sorb to particulate 
matter rather than remain in solute form (Erickson 1997). Insolubility and toxicity 
in water generally increase with additional chlorines (Abramowicz 1995; Erickson 
1997). However, 12 congeners are particularly toxic due to their structure being 
similar to dioxins (White and Birnbaum 2009).

PCBs are commonly referred to by the trade name Aroclor, given to them by 
their major producer, Monsanto Corporation. One of the first reported health effects 

Fig. 5.1 The structure of a 
PCB showing the ten 
possible chlorine locations 
on the phenyl ring

Table 5.1 Octanol-water 
partition coefficients across 
the homologue groups

Homologue group Molecular weight −LogKow

Mono-CB 188.7 4.5–4.7
Di-CB 223.1 5.0–5.6
Tri-CB 257.6 5.6–6.1
Tetra-CB 292 5.9–6.7
Penta-CB 326.4 6.4–7.5
Hexa-CB 360.9 7.1–8.3
Hepta-CB 395.3 7.9
Octa-CB 429.8 8.4–8.6
Nona-CB 464.2 9.1
Deca-CB 498.7 9.6

−LogKow = partition coefficient water/octanol. Values 
in table were acquired from Pereira (2004)
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of PCBs was by a US Public Health Service senior official in 1936 (America Unites 
2016). Several other health effects such as chloracne and cancer and harmful effects 
to the immune, reproductive, nervous, and endocrine systems were later linked to 
PCBs (Clapp et al. 2008; ATSDR 2014; US EPA 2016b). Discovery of these health 
effects let the EPA to ban the production of PCBs in 1979 and set forth rules that 
slowly prevented several industrial applications of PCBs (America Unites 2016). 
However, PCBs were not banned worldwide until 2001, and these regulations still 
allowed for the continued use of PCB-containing materials, some of which are still 
in use today (Sowers and May 2013). Currently, an estimated 150 million pounds of 
PCBs are dispersed throughout the environment, and 290 million pounds remain in 
landfills (Bans and Manufacture 1979). An estimated total of 3.4 billion pounds of 
PCBs were produced in the 1900s, and these chemicals are still present in the natu-
ral environment today, bioaccumulating in living systems and matriculating through 
wastewater (Illinois Department of Public Health 2009; US EPA 2016b).

5.2  Sources of PCBs in Wastewater

Major sources of PCBs in wastewater are from runoff, leaching from landfills, and 
improper disposal of chemical waste (US EPA 2016b). Previously disposed capaci-
tors, transformers, inks, lubricants, adhesives, and other PCB-containing products 
are present in unsecured landfills and currently leach toxic PCB waste into water 
systems during rain events (State of Oregon, Department of Environmental Quality 
2003). One notable example of PCBs’ journey into our environment is through the 
improper disposal of PCB-laden waste into the Hudson River by General Electric 
(GE) between 1947 and 1977. The Hudson River was listed as a Superfund site, 
deeming GE responsible for riding the river of PCBs. Millions of cubic yards of 
PCB-contaminated sediment were dredged out. Such efforts have proven unsuc-
cessful and PCBs are still present in soil and water (EPA 2016a).

The low vapor pressure and hydrophobicity of PCBs allow partitioning between 
water and the atmosphere (A risk-Management 2001). Also due to the partitioning 
of PCBs between water and other medium, PCBs have been present in biosolids 
after the wastewater treatment process and used as fertilizer. They have found their 
way into groundwater and dispersed into the atmosphere, enabling them to travel to 
different areas of our ecosystem (State of Oregon Department of Environmental 
Quality 2003). Cold temperatures cause atmospheric PCBs to condense back to the 
ground and into surface water. PCBs partition and sorb to organic components and 
therefore can be found in nearly every compartment of the environment (A risk- 
Management 2001). Although PCBs are hydrophobic and tend to sorb to particu-
late, organic matter, desorption, and rain events typically place PCBs back into 
wastewater (Montague 1993; Sowers and May 2013). A diagram summarizing the 
sources of PCBs is shown in Fig. 5.2. Major sources include landfill runoff, PCB- 
contaminated biosolids used in fertilizer, atmospheric deposition, and improper 
waste disposal. Other sources of PCB in the environment include the release of 
effluent water that contains PCBs even after the wastewater treatment process.
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5.3  Factors in PCB Transformation: Pre-wastewater 
Treatment

Several modeling techniques have been applied in natural systems for quantification 
of PCBs present. An example is that the identification of the percent of each PCB 
congener is used to define characteristic properties of PCB-contaminated water 
sources (Rodenburg et  al. 2010). These PCB quantifications have been used to 
determine the processes by which PCBs are transformed. This method is validated 
by its ability to determine the Aroclors present in a given environmental sample. 
The prevalence of specific PCB congeners is theoretically used to classify a specific 
sample as the product of dechlorination, wastewater treatment, an Aroclor, etc. 
(Rodenburg et al. 2010).

PCB dechlorination preferentially occurs at the meta and para positions of the 
biphenyl rings due to steric hindrance (Su et al. 2016). For instance, PCB 4, having 
a chlorine attached to one ortho position, is often used as the indicator of the end-
point of PCB dechlorination. PCB 4, shown in Fig. 5.3, and PCBs 1, 19, 25, 26, 32, 
and 49 as well as the lack of PCB 11 are identified as potential indicator of advanced 
dechlorination (Rodenburg et al. 2010). That is, the prevalence of ortho-substituted 
congeners, with low molecular weight, in a sample, is representative of microbial 
dechlorination. Dechlorinating activities have been observed in combined wastewa-
ter treatment plant (WWTP) influents that were not present in stormwater runoff 

Fig. 5.2 Sources of PCB in the environment
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alone (Rodenburg et al. 2010). This shows that there is microbial anaerobic dechlo-
rination activity taking place prior to the wastewater treatment process, likely in 
sewers and contaminated groundwater. Nonbiological transformation processes do 
not result in ortho-chlorinated compounds. They can cleave the rings or chemically 
dechlorinate, but not with preference for specific chlorine.

5.4  Microbial PCB Transformation

PCB transformation and complete mineralization require a combination of anaero-
bic dechlorinating and aerobic degradation activity (Abramowicz 1995). 
Identification of the involved bacteria as well as the conditions in which they thrive 
is key to continued work on PCB transformation and removal. Organohalide respi-
ration, the process by which microorganisms derive energy by using PCBs as an 
electron acceptor, was noted downstream of the Hudson River. This serves as evi-
dence of anaerobic dechlorination of PCBs in freshwater, estuary, and marine sys-
tems. Anaerobic dechlorination is often followed by aerobic degradation, performed 
by Burkholderia xenovorans strain LB400 or other aerobic bacteria ubiquitously 
present in the environment (Patureau and Trably 2006; Payne et  al. 2013). The 
diversity of these microorganisms may result in their potential presence in a variety 
of sources such as direct waste inputs, soil particles from stormwater runoff, and 
sediments from groundwater and aquifers.

PCBs with less than four chlorines can be broken down by the activation of the 
catabolic biphenyl pathway present in certain aerobic bacteria (Bedard 2004). The 
catabolic biphenyl pathway is a four-step enzymatic process that turns biphenyl 
into benzoic acid and two hydroxy-penta-2,3-dienoic acid. Pentatonic acid can 
then be converted to acetyl-CoA and used in the tricarboxylic acid cycle (Bedard 
2004). Unfortunately it becomes more difficult to degrade PCBs as the number of 
chlorines increases; thus reductive dechlorination is required and is most often the 
limiting step.

Fig. 5.3 Depiction of PCB 4 showing steric hindrance. PCB 4, having chlorines on both ortho 
positions, if used as an indicator of dechlorination. The different structure of the right biphenyl ring 
symbolizes the rotation of the rings
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5.4.1  Anaerobic Dechlorination

Naturally occurring anaerobic microbial biodegradation of PCBs has been observed 
in several environments such as soil, sediment, and wastewater biosolids (Flanagan 
and May 1993). The main limiting factor in this anaerobic dechlorination process 
remains the bioavailability of PCBs, which is reduced due to their hydrophobicity 
and thus partitioning between the aqueous and particulate phases (Patureau and 
Trably 2006). Highly chlorinated PCBs can be reductive dechlorinated resulting in 
PCBs with a degree of chlorination of five and often less (Bertin et al. 2011). Lightly 
chlorinated congener is susceptible to complete degradation by aerobic microorgan-
isms (Pieper 2005). Anaerobic dechlorination of higher chlorinated PCBs seemed to 
stagnate after about 40% dechlorination was obtained (Patureau and Trably 2006). 
These results were attributed to inadequate incubation periods of 4 months which 
reduced the adaptation time needed for the bacteria. This is consistent with increased 
dechlorination rates with increased acclimation time (Patureau and Trably 2006).

Anaerobic dechlorination rates are influenced by the PCB source, degree of chlo-
rination and other chemical characteristics, inoculum incubation time, thermophilic 
versus mesophilic conditions, total solids thus bioavailability, pH, and likely other, 
yet to be distinguished factors (Chang et al. 1999; Bertin et al. 2011). Since such 
conditions can greatly influence PCB transformation rates, various models have 
been developed to aid in predicting dechlorinating patterns (Hughes et al. 2010). A 
few distinct trends include the affinity for highly chlorinated PCBs to be preferen-
tially dechlorinated under anaerobic conditions (Patureau and Trably 2006). 
Parallely, lightly chlorinated PCBs are preferentially degraded under aerobic condi-
tions and not reductively dechlorinated. More degradation in aerobic environments 
versus dechlorination during anaerobic conditions has been attributed to enhanced 
bioavailability in aerobic processes since the lowly chlorinated congeners have a 
higher solubility than highly chlorinated congeners (Patureau and Trably 2006). 
Stalling in anaerobic activity is noticed when congeners are no longer flanked 
(Payne et al. 2013). Dechlorination resulting in up to 80% by mass loss of overall 
PCBs (compared to 25% in the control) was observed in mesocosms augmented 
with both anaerobic and aerobic microorganisms. No increase in lightly chlorinated 
congeners was noted in this system. This supports sequential anaerobic dechlorina-
tion proceeded by aerobic cleavage and degradation of PCBs (Payne et al. 2013).

The bacteria capable of anaerobic dechlorination are as examples: Dehalobium 
chlorocoercia DF-1, Dehalococcoides CBDB1, Dehalococcoides mccartyii195, 
Desulfitobacterium, and Dehalobacter, along with phylotypes DEH-10 and SF-2 
(Maphosa et  al. 2012; Payne et  al. 2013; Sowers and May 2013). In addition, 
Desulfuromonas and Dehalospirillum multivorans are also capable of dechlorinat-
ing dioxins and chlorinated solvents in groundwater (Leeson et  al. 2004; Pieper 
2005). The benefits of anaerobic dechlorination lie in its reduction of dioxin-like 
activity of PCBs (Tiedje et al. 1993). The products of anaerobic degradation, typi-
cally lightly chlorinated PCBs, are left readily available for aerobic degradation 
(Abramowicz 1995).
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5.4.2  Aerobic Degradation

PCB transformation preferentially occurs on meta-, para-, and then ortho- substituted 
sites (Tiedje et al. 1993). The presence of ortho-substituted PCBs after a year incu-
bation under anaerobic conditions and lack of ortho dechlorination showed the need 
for further work on aerobic PCB transforming microbes (Tiedje et  al. 1993; Wu 
et al. 2000). Aerobic PCB transformation occurs through the 2,3-dioxygenase path-
way (Abramowicz 1995; Haddock et al. 1995). The resulting compound, chloroben-
zoic acids, can be further reduced to CO2, H2O, Cl, and biomass (Abramowicz 
1995). Aerobic bacteria capable of PCB transformation include the genera 
Pseudomonas, Burkholderia, Achromobacter, Comamonas, Ralstonia, 
Acinetobacter, Rhodococcus, and Bacillus (Maltseva et  al. 1999; Pieper 2005; 
Kjellerup et al. 2012; Zhang et al. 2015).

B. xenovorans strain LB400 is one of the most capable PCB degraders that is 
nonpathogenic (Mikszewski 2004). LB400 can be naturally found in soil rhizo-
spheres of certain species of grass plants. Both Alcaligenes eutrophus H850 and 
Pseudomonas spp. have been seen to degrade highly chlorinated PCBs through the 
3,4-dioxygenase pathway, as opposed to the well-known 2,3-dioxygenase pathway 
(Furukawa 1994). There is evidence of LB400’s capability to metabolize represen-
tatives of all major structural classes of PCBs (Bopp 1986). LB400 has been shown 
to have the capability to aerobically degrade over 20 different PCB congeners 
(Chain et al. 2006).

Ralstonia eutropha strain H850 has also been shown to degrade a large number 
of chlorinated aromatic compounds and chemically related pollutants including 
PCBs (Abbey et al. 2003). H850 is commonly found in soil and water and is consid-
ered nonpathogenic. They have the ability to live in both aerobic and anaerobic 
environments. Both B. xenovorans and R. eutropha have the ability to degrade PCBs 
with chlorinated 2,3-positions. The biphenyl oxygenase has an acute affinity for 2- 
and 2,4-chlorophenyl rings at the ortho position. As a result, they can use oxygeno-
lytic dehalogenation to spontaneously produce dihydroxybiphenyl (Mikszewski 
2004). Rhodococcus sp. strain RHA1 is another promising aerobic PCB-degrading 
bacterium. It has been successfully used in post anaerobic (Jorge et al. 2006). RHA1 
has been shown to degrade both ortho- and meta-substituted compounds and has 
been shown to degrade highly chlorinated biphenyls up to heptachlorobiphenyls 
(Seto et al. 1995). Bacillus strain IITR-54T was isolated from aged PCB-contaminated 
soil (Manickam et  al. 2014). Ralstonia strains have been isolated from PCB- 
contaminated dredged soils and have been attributed with up to 91% of degradation 
of Aroclor 1242 (Adebusoye et  al. 2008). Comamonas, among others, has been 
shown to preferentially attack para-chlorinated congeners, which leads to problem-
atic meta-cleavage products (Maltseva et al. 1999). Achromobacter, isolated from 
sewage, has been shown to degrade mono- and dichlorinated PCBs but becomes 
limited with an increased degree of chlorination (Ahmed and Focht 1973).

These strains have been successfully identified for their PCB transformation 
capabilities. The use of preferential dechlorination (meta, para, ortho, respectively), 
microbial capabilities, and their limitations can be used in conjunction with physical 
methods of PCB transformation in wastewater treatment plants.
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5.5  Physical Removal of PCB

5.5.1  Sand Filtration

Sand filtration is often used as a final clarifying treatment step at wastewater treat-
ment plants (Huisman and Wood 1974). These filters are the final step in the treat-
ment process before chlorination to remove pathogens (bacteria and viruses) and are 
intended to remove particulate matter that might still be present in the effluent. As 
PCBs are hydrophobic, they have a tendency to bond to particles in water thus also 
to particles in sand filters. In these filters, biofilms are present and are involved in 
both physical filtration process and microbial processes (United States 1999). 
Biofilm can be defined as an “assemblage of surface-associated microbial cells that 
is enclosed in an extracellular polymeric substance matrix” (Donlan 2002). They 
are characterized by their utility of surface area, such as those provided in sand fil-
ters, to establish large colonies consisting of complex microbial communities. One 
successful use of sand filters is through bioaugmentation with estrogen-degrading 
bacteria, which have been shown to remove endocrine disruptors in wastewater 
(Haig et al. 2016). Overall, sand filtration in wastewater treatment has the benefits 
of physical filtration, chemical sorption, aerobic assimilation, and anaerobic dechlo-
rination by embedded bacteria (Lesikar and Texas Agricultural Extension Service 
1999; Kjellerup and Edwards 2013). Prior use of sand filtration, as aforementioned, 
for chemical removal shows promise for utility in PCB removal.

5.5.2  Activated Carbon Filtration

Activated carbon (AC), produced from organic material, including coconut, wood, 
and coal, is used in wastewater treatment due to its sorption capabilities (United 
States 2000). It is widely used to adsorb many different types of organic contami-
nants (Marmarelli and Sherbondy 2010). One of the most significant benefits of AC 
is its large surface area and porosity. One pound of activated carbon can have the 
surface area equivalence of six football fields (about 30,000m2), making it an ideal 
adsorbent group for organic chemicals (Marmarelli and Sherbondy 2010). AC 
mainly tends to sorb organic compounds with molecular weights above 50 g/mol 
and boiling points above 50 °C (Carbtrol Corporation 1990). It is also limited by the 
innate variations in pH, temperature, and flowrate of WWTP (United States 2000).

Factors that influence AC’s sorption characteristics include molecular weight, 
hydrocarbon saturation, index of refraction, and solubility. It also tends to be more 
effective at sorbing compounds with high refractive indices, molecular weights and 
boiling points, and low solubility (Wastewater Engineering 1991). PCBs fit this 
criteria in that they have high-molecular-weight (188–498 g/mol) indexes of refrac-
tion, high boiling points (256–456 °C), and low solubility (7.6E-4-9.3 g/m3, with 
most congeners falling at the lower end) (Erickson 1997). PCB desorption rates 
decrease with increasing chlorination and hydrophobicity (Zimmerman et al. 2004). 
Also noted is the decrease in PCB concentration in the aqueous phase with increased 
contact time (Zimmerman et al. 2004).
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AC has proven effective in PCB sequestration in sediment (Choi et al. 2014). AC 
decreases the bioavailability of PCBs to benthic organisms but also does not inhibit 
microbial dechlorination of PCBs when used as a carrier of dechlorinating microor-
ganisms (Werner et al. 2005; Kjellerup et al. 2014). Studies showed that 2% by mass 
of dry sediment had reduction of aqueous PCB concentrations of over 98% after a 
6-month treatment period (Werner et  al. 2005). Additionally, significantly lower 
desorption was witnessed in AC-amended sediment (7%) compared to the untreated 
counterpart (74%). Recent field studies have demonstrated the reduction of PCB 
uptake by benthic organisms by up to 99% as well as the reduction of PCB concen-
tration at sediment equilibrium by 93% (Beckingham and Ghosh 2011). Additionally, 
the efficacy of AC treatment increased with increasing dose and decreasing particle 
size (McLeod et al. 2007). The activated carbon-water distribution coefficient was 
notably similar in two different sediments hinting that similar such results may 
occur in different PCB-contaminated sources (Werner et al. 2005). The addition of 
AC into the sand filters to aid in PCB sorption should be evaluated due to activated 
carbon increasing the overall surface area and the high adsorption ability allowing 
more PCBs to potentially adsorb (Margot et al. 2013).

5.6  Future Technologies and Perspectives

As PCBs have been circulating in the environment for more than 40 years, they have 
found their way to various compartments of the environment. PCBs initially released 
directly into bodies of water may likely be adsorbed onto organic matter in soils (A 
Risk-Management 2001). Temporal and spatial deposition patterns as well as the 
various characteristics of the 209 congeners decrease the feasibility of PCB source 
tracking. For that reason, setting out to identify specific PCB discharge sources and 
types of PCBs coming from each source will not be an easy feat. Fortunately, vari-
ous research groups have already begun defining specific congeners as indicators of 
PCB sources. Similarly, other groups have begun linking certain congeners and 
groups of congeners to specific transformation processes. Though this has mainly 
been done in pre-wastewater treatment modeling, similar techniques can be 
employed to model PCB transformation throughout the wastewater treatment pro-
cess. Identification of the microbial characteristics of the various steps in the treat-
ment process, in conjunction with the congeners used as indicators, can map out 
process specific microbial transformations of PCBs in WWTP.

High PCB dechlorination and degradation have been witnessed in studies using 
subsequent anaerobic and aerobic treatment. Thus, establishing biofilm using aer-
obes such as B. xenovorans strain LB400 could be done in aerated processes in 
WWTP, focusing on overcoming the limitation of its ability to grow on PCBs. 
Similarly, application of DF-1 and other anaerobic organohalide-respiring organ-
isms can take place in anaerobic processes in WWTP. Highly chlorinated congeners 
could be dechlorinated in sedimentation basins that had been bioaugmented with 
anaerobic bacteria discussed here. Subsequently, lightly chlorinated congeners, 
both naturally occurring and as a result of anaerobic dechlorination, could be 
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biodegraded and mineralized in aerated bioreactors bioaugmented with the afore-
mentioned aerobic bacteria. The correlation between incubation and acclimation 
period of these microorganisms and removal efficiency in various WWTPs should 
be evaluated. Site characteristics that affect PCB transformation such as pH, tem-
perature, and oxygen concentration should be included. This compilation will be 
used to define a feasible medium between desired removal and achievable incuba-
tion periods for specific WWTPs.

Establishing biofilm using dechlorinating bacteria in sand filters will allow for 
the removal of particulate matter as well as the dechlorination of PCBs, thus opti-
mizing the final stage of the wastewater treatment process. In addition, the sand 
filtration process may also be involved in enhancement of microbial PCB dechlori-
nation if used as a delivery vessel for organohalide-respiring microorganisms. Thus, 
AC-amended sand filters seem promising for long-term PCB sequestration while 
aiding in biological PCB transformation. The benefit of such an approach lies in the 
small amount of unwanted PCB desorption witness with the use of only a small 
amount of AC. In addition, AC reduces PCB bioavailability to benthic organisms, 
but not to the microorganisms needed in PCB transformation. This is beneficial 
since following sand filtration, the wastewater is discharged directly into natural 
bodies of water.

A comparison of influent and effluent wastewater, where PCBs characteristic of 
dechlorination are more present in effluent than influent, can be an indication of 
dechlorination within the wastewater treatment process. Research geared toward 
determining PCB transformation activity prior to wastewater treatment can form the 
basis for transformation within the treatment process. That is, a collective represen-
tation of PCB congeners that is characteristic of individual water sources can serve 
in generating an influent PCB profile for various WWTPs, which is a more feasible 
feat than source tracking. Such a collection will allow for more conclusive descrip-
tions of specific PCB transformations that occur downstream from the influent into 
the WWTP. A similar approach can be used for defining a working profile for each 
process step in the WWTP. Here, the congeners’ characteristic of each step, along 
with the microbial diversity will be the bases of the mapped profile. Prior research 
on PCB transformation has provided the necessary foundation for defining pro-
cesses of microbial transformation of PCBs in wastewater treatment.
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Abstract
Inefficient wastewater treatment introduces huge amount of nutrients mainly 
phosphorus and nitrogen to the natural waterbodies. Excessive phosphate in the 
water leads to the growth of algae or eutrophication. One-third of the aquatic 
ecology has been destroyed by eutrophication worldwide including China, Japan, 
Europe, South Asia and South Africa. Artificial eutrophication affects the water 
ecology around the world by decreasing the quality standards of water and alters 
the ecosystem structure and function. Phosphorus is known to be a limiting fac-
tor, and it is crucial to remove the phosphate from the effluent prior to exonera-
tion into waterbodies.

Intracellular phosphate content of certain important species of bacteria influ-
ences phosphate removal in wastewater treatment. A variety of polyphosphate- 
accumulating organisms (PAOs) are involved. Under alternating anaerobic and 
aerobic conditions, these PAOs store phosphate in the form of polyphosphate. 
Among PAOs, Accumulibacter sp., Pseudomonas sp., Aeromonas hydrophila, 
Tetrasphaera sp. and gram-positives are the major role players as phosphate 
removers. As compared to chemical method, biological way of nutrient removal 
proved to be cost-effective, and it reduces the sludge production. An integrative 
approach towards phosphoregulation is a key aspect of dealing with the 
problem.
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6.1  Introduction

Wastewater management, eutrophication and phosphoregulation have an indispens-
able connection. Water scarcity is the immense problem faced worldwide due to 
increased growth of population, climate change and inefficient wastewater manage-
ment. It was reported in the fourth World Water Development Report that only 20% 
of globally produced wastewater is currently receiving proper treatment (UN report 
2012). There is an urgent need to conserve water and reuse the properly treated 
water for agricultural or other non-portable use.

To meet the needs other than drinking purposes, 1 billion gallons of treated waste-
water have been used in the United States. An EPA estimate suggests that almost 91 
billion is spent to assert and improve treatment systems all over the nation.

The discharge of untreated wastewater/improperly treated wastewater leads to 
the major calamity for water sources called “eutrophication” as this wastewater con-
tains a huge amount of nutrients in it. According to UNEP newsletter and technical 
publication, the untreated wastewater or wastewater treated by conventional 
mechanical-biological techniques still contains 25–40 mg/l and 6–10 mg/l of nitro-
gen and phosphorus, respectively [1].

Eutrophication is the enrichment of waterbodies when a huge amount of nutrient- 
containing wastewater is dumped into it (Yewalkar-Kulkarni et al. 2016). It causes 
excessive growth of algae leading to the condition called algal bloom, causing the 
decrease in dissolved oxygen content and death of normal aquatic flora and fauna. 
Decomposition of these dead matters releases nutrients which amplify the process 
of eutrophication.

Dodds et  al. (2008) showed that combined cost of $2.2 billion (approx.) was 
spent annually for recreational water usage, waterfront real estate, recovery of lost 
biodiversity and drinking water as a result of eutrophication in US freshwaters.

To check this deleterious effect, it is essential to control nutrient amount, and 
prime focus has been given to removal of phosphorus. Wastewater treatment plants 
or nutrient removal plants take advantage of polyphosphate-accumulating organ-
isms (PAOs) which have the capability of accumulation of polyphosphate by remov-
ing phosphate from wastewater. Alternating anaerobic and aerobic condition is 
required for phosphate removal. Under anaerobic conditions PAOs uptake volatile 
fatty acid (VFA), e.g. acetate; polyhydroxybutyrate (PHB) is formed from this ace-
tate and further used for cell growth and polyphosphate synthesis under aerobic 
conditions (Strom 2006). Based on the statistics for wastewater treatment, biologi-
cal removal seems to be a simple and ecologically balanced way for phosphate 
removal and to curb eutrophication. Through this chapter we have tried to compile 
the issues regarding nutrients in wastewater; their ill effects, i.e. eutrophication; how 
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this eutrophication and changing climate is related to each other; and the measures 
taken to get rid of eutrophication and reduce the nutrient loading into natural water-
bodies by WWTPs. In this chapter, we have also illustrated the role of (meta)genom-
ics approach to reveal the bacterial community structure so that the better modelling 
and designing of the WWTPs could be possible and best quality effluent would be 
generated to circumvent the harmful effects of effluent and sludge disposal to natu-
ral waterbodies. Not only the harmful effects of algal bloom but their use in WWTPs 
in nutrient sequestration is also discussed.

6.2  Nutrient Issues in Wastewater Management

The combined effluents that come from domestic use, industrial use, urban runoff 
and agricultural runoff are considered as wastewater. Wastewater management is a 
process of treatment of wastewater/sewage prior to introducing it to the waterbodies 
so that the ecology of the water should be maintained. Wastewater contains various 
pollutants such as:

• Plant nutrients (phosphorus and nitrogen mainly)
• Heavy metals (cadmium, mercury, nickel, lead and zinc)
• Pathogens (bacteria, viruses and other microorganisms)
• Other organic pollutants (UN report 2015)

All these pollutants have detrimental effects on both environment and human 
health; therefore, it is indispensable to treat the wastewater before disposing it to the 
natural water sources. If the wastewater management is neglected, then it will lead 
to two major impacts: one is chemical and nutrient contamination and the other one 
is microbial pollution.

6.2.1  Phosphate/Nutrient Induced in the Sewage

Wastewater comes from the industries, urban runoff and household; these are the 
major sources which introduce the nutrients into the sewage (Romero et al. 2013; 
UN report 2015). Household wastewater mainly consists grey water (kitchen and 
bathing wastewater) and black water (excreta, urine and faecal sludge) (UN report 
2015). SeaWeb in their newsletter reported sewage and septic tanks as a major 
source of nutrient pollution as many soap and detergents contain phosphorus, 
whereas human excreta are known to be nitrogen rich [2]. In relation to microbiota, 
diversity and species richness are the factors to be considered for balancing the 
nutrient flow in any ecosystem. It has been found in many ecosystems that func-
tional diversity dictates equilibrium in the ecosystem rather than species number 
(Mulder et al. 2012). This is an important factor as diversity is dictated by environ-
ment and nutrient cycling. Environmental sensing of phosphate has important roles 
in wastewater treatment (phosphate removal). High phosphate causes 
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eutrophication in an aqueous environment. The intracellular phosphate content of 
certain important species influences phosphate removal in wastewater treatment 
(Ruiz- Martinez et al. 2015). Thus phosphate homeostasis could in part influence the 
rate of removal of phosphate in wastewater and reduce eutrophication.

6.2.2  Nutrient Management in Sewage

Various physical and chemical methods like filtration, membrane technologies and 
precipitation, respectively, are used to remove phosphate, but the biological method 
(EBPR) is known to remove phosphate in a cost-effective manner. It also reduces 
the phosphate level to acceptable standards (Strom 2006) and is also more environ-
mentally friendly (Gunther et  al. 2009). According to FAO Corporate Document 
Repository, after treatment of the sewage water by conventional methods, it still has 
the nutrients in concentration, phosphorus (P), 10 mg/l; potassium (K), 30 mg/l; and 
nitrogen (N), 50 mg/l [3]. EBPR is known to achieve around <0.1 mg/L effluent P 
levels (Barnard 2006). Phosphate removal by struvite precipitation was also studied 
recently (Lu et al. 2016).

6.2.3  Consequences of Untreated/Partially Treated Sewage 
Disposal to the Different Waterbodies

The biggest drawback of sewage disposal is that it demolishes the aquatic biodiver-
sity by harmful effect of eutrophication. It also causes dissolved oxygen depletion 
to satisfy the BOD of organic matter present in sewage (Diaz and Rosenberg 2008). 
The introduction of sewage also leads to other harmful effects like the introduction 
of pathogenic organisms and production of unpleasant smelling gases, e.g. H2S 
(Klein and Perera 2002; Topare et al. 2011). The sewage disposal intensifies the 
presence of faecal coliforms (Rim-Rukesh and Agbozu 2013); these pathogenic 
organisms are known to cause waterborne diseases. According to an article in GE 
step ahead 2015, annually around 1  lakh causalities occur in India due to these 
waterborne diseases like cholera, jaundice, diarrhoea and typhoid [4]. The partially 
treated sewage when introduced into fresh waterbodies greatly reduces biological 
and physicochemical qualities of receiving waterbodies. Rim-Rukesh and Agbozu 
(2013) studied the impacts of partially treated wastewater on Epie Creek (Nigeria). 
In their study, they use Malaysian Water Quality Index (WQI) to assay the water 
quality. They report that Epie Creek is equitably polluted on the basis of their find-
ings: dissolved oxygen (DO) 3.73–5.20  mg/l, chemical oxygen demand (COD) 
17.3–53.2 mg/l, biochemical oxygen demand (BOD) 12.4–36.7 mg/l, total faecal 
coliforms 2,120–20,800 cfu/ml, total phosphorus (TP) 0.73–1.73 mg/l and ammo-
niacal nitrogen 4.10–5.0 mg/l. With the obvious effect of destroying the waterbody 
composition, untreated wastewater has long-time consequences including the 
destruction of waterbody ecosystem by altering the species distribution.
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6.3  Eutrophication

The natural ageing process of waterbodies is called eutrophication. In this process 
of natural ageing, a large, profound, nutrient-poor lake successively turns in to be 
nutrient rich, and with the course of time, it becomes a pond and then converts to a 
marsh. The anthropogenic activities have increased the rate of this process, and it 
became so common that the term eutrophication itself sounds like a terrible condi-
tion of waterbodies. In the United States alone, eutrophication accounts for almost 
one-half of the impaired lake area and 60% of damaged river (Smith 2003). The 
United Nations Environment Programme (UNEP) in their newsletter and technical 
publication, volume 3, states that the eutrophic waterbodies are classified into four 
classes based on their nutrient concentrations (mainly nitrogen and phosphorus): 
these are oligotrophic, mesotrophic, eutrophic and hypereutrophic containing phos-
phorus and nitrogen (Table 6.1) [1].

6.3.1  Source of Nutrient to the Waterbodies

Nutrients can be deposited to the aquatic systems by two means either naturally or 
by human activities (anthropogenic). It will take centuries for a lake to become 
eutrophic by natural means (Gao 2015), but the anthropogenic activities speed up 
the process by heavy deposition of nutrients (Chislock et al. 2013; Erisman et al. 
2013). Natural rock weathering (Carpenter 2008) and atmospheric depositions 
(Anderson 2002) are the examples of natural ways, while erosion and leaching from 
fertilized agricultural areas, development of aquaculture and sewage from cities, 
urban runoff and industrial wastewater are the main source of anthropogenic activi-
ties. Expansion of aquaculture plays a role in eutrophication by discharging the 
unused animal food and excreta of fish into the water (Klein and Perera 2002). It is 
quite easy to control the point source of nutrient pollution, whereas the non-point 
sources are difficult to control.

6.3.2  Consequences of Eutrophication

Ultimately whatever may be the source of nutrient to the waterbodies, the effect will 
almost always be the same. Availability of the high concentration of nutrients 
enhances the primary productivity of the waterbodies by increasing the metabolic 

Table 6.1 Classification of eutrophic waterbodies based on nitrogen and phosphorus concentration

Sr. No. Status of waterbody Average total phosphorus (μg/l) Average total nitrogen (μg/l)
1. Oligotrophic 8.0 661
2. Mesotrophic 26.7 753
3. Eutrophic 84.4 1875
4. Hypereutrophic >200 High
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rates which result in the increased production of phytoplankton and Cyanobacteria 
out of which some are poisonous and some are non-poisonous. Apart from nutrient 
availability, physical factors like temperature, renewal of water and light also play 
an essential role (Klein and Perera 2002). It was observed that in the Chesapeake 
Bay during the spring season owning to nutrient-rich environment, phytoplankton 
biomass increases (Anderson 2002). Blooms of Cyanobacteria result into foul- 
smelling scum and cause problems in drinking water by reducing its taste (Carpenter 
2008); it also prevents the penetration of light to the bottom (Lehtiniemi et al. 2005). 
The major effect of eutrophication is depletion of oxygen and formation of dead 
zone near the bottom. After the eventual death of algal blooms during the process of 
decomposition, bacteria consume oxygen, and even some bacteria use sulphates 
(SO4

2−), and as a result, free S2− take up available dissolved O2 and make it unavail-
able for organisms (Klein and Perera 2002); this creates hypoxic condition and 
results into loss of actual biodiversity by killing normal aquatic flora and fauna. In 
2005, 146 coastal marine dead zones had been documented around the world, out of 
which 43 were in the United States (Dybas 2005). The extensive dead zone was cre-
ated during summer due to nutrient discharge from the Mississippi and Atchafalaya 
rivers in the northern Gulf of Mexico (Rabalais et al. 2002). Diaz in 2008 observed 
that dead zones have been reported to affect more than 245,000 km2, which accounts 
for more than 400 marine ecosystems. Smith (2003) mentioned there were 3,164 
reported events of poisoning and 148 deaths of humans in the Asia-Pacific region 
alone. Economic losses may exceed US $1 million per event, and monitoring efforts 
may cost up to US $50,000 for each affected area. According to NOAA forecast, the 
prediction of dead zone ranges from 5204 to 6823 mi2 in the Gulf of Mexico in the 
year 2016. This forecast is based on the nutrient runoff, river and stream data from 
the United States Geological Survey (USGS). According to USGS around 
20,800 metric tons of phosphorus and 146,000 metric tons of nitrate are received by 
the Gulf of Mexico from Mississippi and Atchafalaya rivers in May 2016. This 
makes 25% and 12% above the long term (1980–2015) of nitrate and phosphorus, 
respectively [5].

6.3.3  Correlation of Eutrophication and Climate Change

Not only by the excessive loading of nutrient by the anthropogenic activities but the 
climate change also affected the eutrophication. Climate change is mainly the con-
sequence of pollution (especially introduction of greenhouse gases through the 
burning of fuels) caused by anthropogenic activities (Vijayavenkataraman et  al. 
2012). Basically, we look at eutrophication as the excessive growth of cyanobacteria 
(harmful algal blooms). The climate change (altered rainfall patterns, increased 
storms, melting glaciers and warming soil) increases the signs of eutrophication 
(Jeppesen et  al. 2010; Jeppesen et  al. 2011). Rising temperature correlates with 
eutrophication by various ways like increasing the nutrient loading due to increased 
mineralizing rate and reducing the water level which causes the concentration of 
existing nutrients; this is accompanied by low intense storm which causes nutrient 
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loading due to soil erosion (Rustad et al. 2001; Brookshire et al. 2011). Paerl and 
Paul (2012) studied the anthropogenic and climatic control on a harmful algal 
bloom. They state that growth of cyanobacteria and the bloom-forming ability are 
highly influenced by the nutrient enrichment as well as climatic changes like hydro-
logic changes, global warming and increased frequencies and intensities of tropical 
storms and droughts. Temperature rise has a positive impact on the cyanobacterial 
growth (Watkinson et al. 2005). The cyanobacterial photoprotective and photosyn-
thetic pigments absorb light and add on to the increased water temperature (Paerl 
and Paul 2012).

So far we have discussed the direct effect of climate change on eutrophication 
and growth of (cyano) harmful algal blooms, but climate change is also influenced 
indirectly by the consequence of eutrophication, i.e. dead zones. Recently, Altieri 
and Gedan (2015) reviewed the impact of climate change on dead zone. They also 
examined various climatic parameters like temperature, precipitation, wind, storm, 
ocean acidification and sea-level rise and concluded that it can affect the O2 avail-
ability and response to hypoxia. The main reason of dead zone is the appearance of 
a hypoxic condition in the waterbodies and death of aquatic fauna due to low oxy-
gen availability. The temperature rise plays a key role in promoting the hypoxic 
condition. Warm water has low capacity to hold oxygen; thus the rise in temperature 
causes low availability to aquatic animals (Altieri and Gedan 2015). Another effect 
of the rise in temperature is that it causes stratification of the surface water and pre-
vents mixing of oxygenated water (Cloern 2001). The climate change is also known 
to affect the time and rate of production of phytoplanktons (Winder and Sommer 
2012). Similar kind of observation was made by Alheit et al. (2005); they observed 
early bloom formation in the Baltic Sea for the warmer period. As compared to 
phytoplanktons, their grazers are more sensitive towards temperature change; in 
many examples, it is seen that with the increase in temperature, grazing ability also 
increases. Climate warming also results in widening of existing dead zones and 
change in duration by the following ways: sea-level rise, season stretching and 
hypoxic thermal kill zones (Altieri and Gedan 2015).

Thus, climate change has an impact on eutrophication. It seems subtle if we take 
into consideration a short time period. But, over the course of time, this pools 
together to create more impact on enhancing rates of eutrophication.

6.3.4  Members of Algal Bloom

Among the bloom-forming organism, blue-green algae (cyanobacteria) usually 
override other algal species (Smith 2001; Wang and Lei 2016). Paerl and Paul 
(2012) reported about the algal bloom-forming toxigenic cyanobacteria, and these 
are Anabaena, Cylindrospermopsis, Microcystis and Oscillatoria (Planktothrix), 
while others are Phaeocystis and several dinoflagellates (Prorocentrum, 
Gymnodinium, Dinophysis) (Klein and Perera 2002). The composition slightly dif-
fers for different waterbodies, but the effects remain the same.
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6.3.5  Remedy of Eutrophication

In order to mitigate the harmful effects of eutrophication, various approaches sug-
gested by many people are compiled by Chislock et al. (2013). These approaches 
are:

• Diversion of excess nutrients
• Altering nutrient ratios
• Application of potent algaecides and herbicides

But it seems to be more important to check the primary causative agent of eutro-
phication, i.e. nutrient loading. To circumvent eutrophication, only the control of 
reactive nitrogen is not enough. Measures to control phosphorus are essential and 
must be included in management programmes (Carpenter 2008). In the early 1990s, 
the deposition of about 50% of total P to Tar-Pamlico watershed of the Albemarle- 
Pamlico estuarine systems in North California by the largest phosphorus mine 
reduced to more than 90%, placing the example of point source control (Anderson 
2002). This is the first line as the deposition of excessive phosphorus in any form is 
controlled beforehand. To eradicate phosphate from the point sources, various strat-
egies are applied by the wastewater treatment plants; these are discussed in details 
in the other section of this chapter.

6.4  Phosphoregulation

So far we have discussed the phosphate content in wastewater, phosphate pollution 
in the natural waterbodies and its harmful effects. But phosphate itself does not 
harm directly; it’s the excessive growth of algal bloom which is responsible for the 
detrimental effects on water ecosystem. In this section, we discuss the importance 
of phosphate in life, phosphate regulation in wastewater and other things.

6.4.1  Phosphate Flow in Ecosystems

Phosphorus is considered as the fifth most essential element for growth. Not only 
bacteria but plants as well as humans all require phosphorus in their nutrition. It 
plays a role in various biological processes like synthesis and maintenance of mem-
brane and is involved in cell signalling as a second messenger and component of 
genetic material and energy metabolism (Santos-Beneit 2015). Bergwitz and 
Juppnner (2011) have reported that, if not properly regulated, phosphate can cause 
many diseases in humans like muscle myopathy, tumour-induced osteomalacia, car-
diomyopathy, neuropathy and haemolysis. Misregulation of phosphate in the envi-
ronment causes an environmental problem (Santos-Beneit 2015).

In general, bacteria utilizes the inorganic form of phosphorus (phosphate ion, i.e. 
Pi) present in its environment. In the case of unavailability of inorganic phosphate, 
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the bacteria use organic compounds containing phosphate like phosphonates and 
glycerol-3-phosphate. They have two types of transporters for phosphate ion 
depending upon the availability of Pi; these are Pi-specific transporter (Pst) and low- 
affinity phosphate transporter (Pit) expressed under low and high availability of Pi, 
respectively. In the case of organic compounds containing phosphate, related trans-
porters and enzymes are involved in their metabolism. Under the Pi-rich condition, 
the bacteria take up an excess amount of inorganic phosphate and with the help of 
enzyme polyphosphate kinase (ppk) forms a long polymer called polyphosphate 
(poly P) which severs as a source of energy under Pi-starving conditions (Fig. 6.1) 
(Santos-Beneit 2015).

6.4.2  Phosphorus Sequestration in Natural Waterbodies

We know that natural waterbodies receive phosphorus from both natural and anthro-
pogenic activities (which may include the point source or non-point source) such as 
agricultural runoff and municipal and industrial sewage effluents (Howarth et al. 
2000). As per United Nations Environment Programme (UNEP), the excessive 
nutrient loading can be prevented by wetlands; this ascertains a natural way to eradi-
cate the problem of eutrophication. The basic concept is that wetland soil adsorbed 
the phosphorus present in the effluent/polluted water, whereas the nitrate is released 
as nitrogen in the atmosphere, after its conversion. Díaz et  al. (2012) report the 
effectiveness of constructed wetland to reduce the agricultural runoff pollutants 
before discharging it in Sacramento-San Joaquin river system (California).

Many studies reported the phosphorus removal by adsorption methods, e.g. on 
activated aluminium oxide (Genz et  al. 2004), oxide tailings (Zeng et  al. 2004), 
zeolite (Karapinar 2009), ferrihydrite (Carabante et al. 2010) and titanium dioxide 
(Delaney et al. 2011). Zamparas et al. (2012) studied the effectiveness of modified 
bentonite (Zenith/Fe) in phosphorus sequestration in natural waterbodies and report 
80% removal of phosphorus. Earlier used sand, gravels and soil do not remove 
nutrient with great efficiencies (Park 2009). Recent researches suggest that the 
industrial wastes and by-products would aid to improve the nitrogen and 
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Fig. 6.1 The phosphorus utilization by bacteria and cellular components involved in the 
utilization
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phosphorus removal if used as the substrate (Ahmad et  al. 2016). Ahmad et  al. 
(2016) reviewed the use of water treatment sludge as a substrate in constructed wet-
lands with improved efficiencies in nutrient removal.

Some materials can form hazardous species; e.g. it has been viewed in many 
cases that aluminium causes toxicity to living organisms (Haghseresht 2004). The 
agricultural by-products (ABPs) can be successfully used as biosorbent as these can 
be a prevalent source because of its low cost, eco-friendliness, and utilization of 
agricultural wastes (Nguyen (TAH) et al. 2012). The agricultural by-products are 
either used in its natural form or can be modified in order to increase their effective-
ness (Table 6.2). The efficiency of ABPs is also governed by parameters like pH, 
temperature, adsorbent dosage, interfering ions and contact time (Nguyen (TAH) 
et al. 2012).

6.4.3  Phosphorus Sequestration Through Designed Bioreactors

Strom (2006) reported that phosphorous can be removed by various methods like 
filtration of particulate phosphate, membrane technologies, precipitation, crystalli-
zation, adsorption, constructed wetlands and enhanced biological phosphorous 
removal – EBPR. Various reactors and treatment techniques have been designed and 
practised with the aim of improving the effluent quality (to reduce the nutrient load-
ing into natural water system). In this section, we discuss the bioreactors used in 
nutrient removal except for EBPR system; because of its huge serving in the nutri-
ent removal, it is discussed separately. Seow et al. (2016) reviewed wastewater treat-
ment technologies and discussed aerobic granulation, biofilm technology and 
microbial fuel cell techniques and their merits and demerits. All three techniques are 
used to treat various kinds of wastewater, but aerobic granulation shows effective 
results in phosphate/nutrient removal. The aerobic granulation technique is known 
to remove nutrients (nitrogen and phosphorus) from the slaughterhouse wastewater, 
livestock wastewater and domestic sewage with the values 99.3% and 83.5%, 73% 
and 70%, and maximum volumetric conversion rates for nitrogen and phosphorus 
were 0.17 and 0.24 kg/m3 in respective wastewater (Othman et al. 2013; Liu et al. 
2015; Pronk et al. 2015). In the Netherlands under the trade name of Nereda®, a 
full-scale domestic sewage treatment plant is operated using aerobic granulation 
technique (Pronk et al. 2015).

Table 6.2 List of agricultural by-products (ABPs) used for phosphorus removal

Sr. 
No. Form Agricultural by-products (biosorbents) References
1. Natural Sawdust of Aleppo pine Benyoucef and 

Amrani (2011)
Palm surface fibre Ismail (2012)

2. Modified Diethylenetriamine – cross-linked cotton stalk and 
wheat stalk

Xu et al. (2011)

2-hidroxypropyltrimethyl ammonium chloride 
modified coconut shell fibre

De Lima et al. (2012)
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Electrocoagulation is a technique used with increasing rate to treat not only the 
industrial wastewater but also raw domestic sewage as well as tertiary treated to 
reduce the microbes, nutrients and other personal care pollutants. Energy efficiency 
and less expensive nature make it popular to use in the wastewater treatment pro-
cess. Percent mean reduction of phosphorus in both raw and tertiary-treated waste-
water sample was found to be 95.79% and 96.33%, respectively (Symonds et al. 
2015). Ozyonar and Karagozoglu (2011) perceived 98% phosphorus removal from 
domestic sewage by using electrocoagulation technique and concluded that alu-
minium electrode effectively removes phosphorus.

The microalgal culture is used to remove phosphorus because of its ability to 
assimilate this nutrient for its growth in photobioreactor which employed light 
source for the cultivation of microalgae. Abdel-Raouf et al. (2012) reviewed the use 
of microalgae in wastewater treatment. He states different treatment systems, like 
immobilized cell system, dialysis culture, tubular photobioreactor, stabilization 
pond and algal mat, and also the use of harvested biomass for energy production. 
The microalgal membrane technique is highly popular because of its ease in har-
vesting the biomass. Singh and Thomas (2012) worked on a unique microalgae 
membrane photoreactor (mMR) with the aim of furnishing the effluent obtained 
from domestic wastewater treating aerobic membrane bioreactor. They reported 
good rate of removal of NO3, NO2 and PO4 under both batch and continuous modes 
of operation. The algal-bacterial biofilm reactor reported to remove phosphorus, 
nitrogen and carbon from domestic wastewater at 10 days HRT (hydraulic retention 
time), 85 ± 9%, 70 ± 8% and 91 ± 3%, respectively (Posadas et al. 2013). Sukacova 
et al. (2015) studied the phosphorus removal by microalgal biofilm under different 
light conditions and reported 97 ± 1% of phosphorus under nonstop synthetic 
illumination.

6.4.4  Mechanism of Phosphate Sequestration

Wastewater treatment plants use enhanced biological phosphorus removal (EBPR) 
process to remove phosphate from sewage. The EBPR process is basically an acti-
vated sludge process functioning under anaerobic and aerobic conditions and intro-
duces the influent wastewater in anaerobic phase (Kristiansen et  al. 2013); this 
enriches the polyphosphate-accumulating organisms (PAOs). Under the anaerobic 
condition where the influent wastewater is mixed, the bacteria are able to uptake the 
carbon source/volatile fatty acid (e.g. acetate) and convert it into polyhydroxybutyr-
ate (PHB), deriving the energy from stored poly P, and release orthophosphate in 
medium (Martin et  al. 2006; Wong and Beiko 2015). The reducing equivalent 
required is obtained from either conversion of stored glycogen to PHB and CO2 or 
by partial oxidation of acetyl CoA through the TCA cycle (Skennerton et al. 2015). 
Under aerobic conditions poly P is synthesized by accumulating the phosphate pres-
ent outside the cell; it also synthesizes glycogen by using the energy from anaerobi-
cally stored PHB. Thus the rate of P accumulation is much higher than the rate it is 
released during the anaerobic phase; this is how the PAOs are able to remove the 
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higher amount of phosphate from the wastewater (Lu et al. 2016). This mechanism 
is diagrammatically represented (Fig. 6.2).

6.4.5  Microbial Community Structure: Its Relation 
to Phosphorus

Enhanced biological phosphorus removal (EBPR) process is not performed by a 
single dominant bacterial species, but a mixed population of bacteria is able to utilize 
carbon source/VFA, store PHB, accumulate poly P, store and maintain glycogen, etc. 
Some heterotrophic bacteria are known to accumulate polyphosphate and use it as 
the source of phosphate and energy under phosphate-starving condition (Santos-
Beneit 2015). Many researchers have found pure cultures, e.g. members of genera 
Acinetobacter, Tetrasphaera, Microlunatus and Lampropedia, with the traits of 
PAOs, but they were not found to be significant for wastewater treatment plants 
(Seviour et al. 2003). In 2009, Gunther et al. developed a dual polyphosphate/DNA 
fluorescent staining approach which explores the knowledge of noncultivable PAOs. 
Fluorescent staining determines the number of poly P granules, whereas DNA con-
tents and cell size explain the active PAOs. For isolation and identification of the 
representative PAOs, cell sorting and terminal restriction fragment length polymor-
phism (T-RFLP) profiling of 16S rRNA gene were used. The dual staining divides 
the complex community into subcommunities on the basis of their growth rate and 
poly P content. 16s rRNA gene sequencing verified the staining technique specificity 
and generated clone library. This library showed a low diversity composed of phylo-
types of Candidatus Accumulibacter and members of Pseudomonas and Tetrasphaera 
genera. The tetracycline (TC) and 4′-6′-diamidino-2-phenylindole (DAPI) are con-
sidered as a reliable method for the detection of PAO activity. In other studies, it was 
reported that the Accumulibacter sp. and Tetrasphaera sp. are the abundant poly P 
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Fig. 6.2 The mechanism involved in EBPR process in wastewater treatment plant
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accumulators (Oehmen et al. 2007; Nielsen et al. 2010; Nguyen et al. 2011). The 
Tetrasphaera sp. comprises 30–35% of the microbial community, whereas 
Accumulibacter sp. forms only 3–10% (Gu et al. 2008; He et al. 2008; Nielsen et al. 
2010; Nguyen et al. 2011). Sidat et al. (1999) carried out a study using a culture-
dependent method and isolated 39 monocultures from the sludge procured from 
Johannesburg full-scale BNR system, out of which 24 isolates showed the phospho-
rus-accumulating ability. Gram negative forms 58% and gram positive forms 42% of 
total phosphorus-accumulating population isolated from sludge. Their study showed 
that gram positive and Pseudomonas sp. form the 50% of the population.

For successful operation of EBPR and its further optimization, it is essential to 
have the knowledge of PAO biodiversity (Blackall et  al. 2002). To explore the 
microbial community dynamics, Ju and Zhang (2015) revealed a statistical method 
based on the correlation between bacterial community networks and the associated 
taxonomic affiliations through this predict co-occurrence and co-exclusion patterns 
of the community. Through this work they studied the 16s rRNA gene sequencing 
data, and species-species association (SSA) network was constructed which com-
prised of 3899 pairwise significant SSA correlations which connect 170 species- 
level OTUs. During their work, they found that apart from the closely related 
bacteria (taxonomically) which share the similar niche taxonomically, less related 
species were also observed and posed competition to community assembly.

6.5  GAOs as Competitor of PAOs

Glycogen-accumulating organisms (GAOs) are the potential competitor of PAOs 
for volatile fatty acids, and they do not accumulate phosphorus (Oehmen et al. 2006; 
Gu et al. 2008). Candidatus Competibacter phosphatis (B12%) and Defluviicoccus 
vanus (9%) were found to be the abundant GAOs in EBPR system (Saunders et al. 
2003; Burow et al. 2007). If Competibacter sp. is present along with Accumulibacter 
sp. in WWTPs, then it will hamper the EBPR process by not achieving the target 
level of phosphorus removal (Zhang et al. 2011). Metabolically the GAOs are the 
same as that of PAOs except they do not accumulate poly P and use it as a source of 
energy under anaerobic phase (Cydzik-Kwiatkowska and Zielińska 2016).

6.6  Carbon and Phosphorus Metabolism in EBPR

EBPR system places a good example where one can study the correlated carbon and 
phosphorus metabolism. All PAOs have the same or related genes and their function 
for phosphate and central carbon metabolism. Here we take Accumulibacter as an 
example organism to discuss the metabolic process involved in EBPR.

The phosphate metabolism of PAO involves the gene for low-affinity phosphate 
transporters (pitA) and phosphate-specific transporters (pstABC) and genes respon-
sible for the formation (ppk1) and hydrolysis (ppx) of polyphosphate. The metabolic 
pathways are almost similar for PHA production from acetate, glycolysis and the 
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TCA cycle (Skennerton et al. 2015). There is a mystery regarding Accumulibacter 
carbon metabolism, either the EMP or ED pathway is followed during anaerobic 
glycolysis (Oehmen et  al. 2007). Recently sequencing of all the Accumulibacter 
genomes showed the presence of the EMP pathway (Hesselmann et al. 2000). The 
source of reducing the power required during the formation of PHB presented 
another topic of conflict. Reducing power was either provided by degradation of 
store glycogen or by anaerobic operation of the citric acid cycle, i.e. TCA cycle 
(Skennerton et al. 2015). For anaerobic TCA to occur, it is mandatory to reoxidize 
the reduced quinones; quinol reductase helps in this process which is found in the 
genome of Accumulibacter UW-1 (Martin et al. 2006). A pictorial representation of 
this metabolic event that occur in Accumulibacter is given (Fig. 6.3). The biochemi-
cal network of EBPR is thus much more complex than just utilization and removal 
of phosphate as it has inputs from central energy metabolism. But, studying this in 
detail will help engineer bacteria through potentially suggesting a carbon source 
which ultimately assists phosphate removal. Such conditioned consortia would 
most likely have increased EBPR.

6.7  Metagenomic Approach

Due to the immense contribution of (meta)genomic approaches in exploring the 
phylogenetic composition and functional prospective of a complex community in 
the EBPR process, this section is purely devoted to metagenomics and its 
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application in WWT plants. Initially, the metagenomic approaches were used to 
identify the uncultivable microbes; now these approaches are used to study the 
dynamics of bacterial communities (Meena et  al. 2015; Ambardar et  al. 2016; 
Sharma and Lal 2017). The first metagenomic study was applied to obtain a draught 
genome of Accumulibacter phosphatis UW-1 from lab-scale EBPR reactors (Martin 
et al. 2006). Phylogenetic studies are not only limited to 16s rRNA gene but also 
carried out by using ppk1 gene. Study of these genes categorized the Accumulibacter 
into two clades, i.e. type I and type II, which is again subdivided into IA-IE and 
IIA-IIF, respectively (Flowers et al. 2013; Skennerton et al. 2015). Deep knowledge 
was gathered from the independent work of many researchers who use next-gener-
ation sequencing methods and expand our knowledge regarding the genetic variety 
of Accumulibacter; their work produces additional draught genomes, and these are 
as follows: one of A. phosphatis UW-2 from clade IA (Flowers et al. 2013), one of 
Accumulibacter sp. strain HKU-1 from Class IB (Mao et al. 2014) and one from 
clade IA, one from clade IC, three from clade IIC and three from clade IIF 
(Skennerton et al. 2015). Thus as a number of draught genomes for these bacteria 
increase, our knowledge and ability to build an effective as well as safe consortia for 
EPBR increase. It is quite difficult to compile the metagenomic studies; we have 
tried to gather the information and compile in a tabular form for easy understanding 
(Table 6.3).

6.8  Algae: Problem as Well as Boon

So far we have seen the algal community as the culprit of the worst situation of the 
aquatic systems called eutrophication, and we have also discussed its harmful 
effects. The ability of the algae to show robust growth in the presence of nutrient- 
rich conditions is only the dark shade of algae. This nature of algae can be exploited 
by using algae in the nutrient removal systems in WWT plants. This idea has been 
used in the early 1950s, and now this has been used in many lab scales and pilot- 
scale plants with more innovative techniques and improved efficiencies. Many 
researchers have reported the use of microalgal culture in the wastewater treatment 
with the ability of microalgae in nutrient stripping as well as removal of heavy met-
als and toxic compounds, and the biomass can be successfully used for other pur-
poses (Kumar and Goyal 2010; Pittman et  al. 2011; Abdel-Raouf et  al. 2012; 
Ruiz-Martinez et al. 2012; Yewalkar-Kulkarni et al. 2016). The obtained biomass 
can be further used for the production of biofuels like biodiesel (Schenk et al. 2008), 
fertilizers and animal feed and pharmaceutical industry (Singh and Thomas 2012). 
The use of microalgae in wastewater treatment is popular because of its skill to use 
solar energy for biomass production which to some extent shorts down the cost of 
the process and can be grown in the outdoor solar bioreactors (photobioreactor) 
(Abdel-Raouf et al. 2012). For the enhanced removal of nutrient, either the mono-
culture or the polyculture is being used. Ruiz-Martinez et al. (2012) in their work 
used a polyculture with the idea that the strain will get selected and evolve accord-
ing to the need and condition.
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Table 6.3 The metagenomic approaches used for defining the microbial community structure and 
bacterial abundance

Sr. 
No.

Sample 
collection site

Wastewater 
type

Metagenomic 
approach

Bacterial 
abundance References

1. 13 Danish 
full-scale 
wastewater 
treatment plants

Illumina 
sequencing of 
16s rRNA 
amplicon (V4 
region)

Nitrotoga Saunders et al. 
(2016)

2. Aalborg east 
wastewater 
treatment plant, 
Denmark, 
(57.044565°N) 
(10.047598°E)

Domestic 
wastewater

Illumina 
sequencing and 
q-FISH

Accumulibacter 
clade IIA strain 
UW-1

Albertsen et al. 
(2012)

3. 30 Danish 
full-scale 
wastewater 
treatment plants

MAR-FISH Candidatus 
halomonas 
phosphatis

Nguyen (HTT) 
et al. (2012)

4. Municipal 
wastewater 
treatment plants, 
China

PCR-DGGE 
and FISH

Pseudomonas and 
Acinetobacter (in 
suspended sludge)

Bai et al. (2016)

Nitrosomonas, 
Nitrospira and 
Nitrobacter sp.(in 
biofilm)

5. Municipal 
wastewater 
treatment plants, 
China

PCR-DGGE β-Proteobacteria 
(Candidatus 
Accumulibacter, 
Rhodocyclus or 
Dechloromonas), 
Bacteroidetes and 
γ-Proteobacteria 
(Pseudomonas, 
Alcaligenes and 
Acinetobacter)

Lv et al. (2014)

6. 9 lab- and 
full-scale EBPR 
and 4 non- 
EBPR systems

16s rRNA 
sequence 
analysis and 
FISH

Novel cohesive 
clusters with 7 
subgroup in 
γ-Proteobacteria

Kong et al. (2002)

7. 8 activated 
sludge samples 
Municipal 
wastewater 
treatment plants

Illumina 
HTS-based 
metagenomics

Proteobacteria 
followed by 
Actinobacteria, 
Chloroflexi, 
Bacteroidetes

Ju et al. (2014)

(continued)
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Like bacteria microalgae are also known to store phosphorus in the form of poly-
phosphate (poly P) and will use it later on under the phosphate starvation conditions 
(Eixler et  al. 2006; Larsdotter 2006; Powell et  al. 2008, 2009, 2011; Rao et  al. 
2011). Apart from this biological way of phosphorus removal, chemical reactions 
are also known to remove the phosphate in the culture. As the photosynthesis occurs, 
it will reduce the CO2 which results in the increase in the pH. This increased pH 
causes the precipitation of phosphate after complex formation with metal ions (Pires 
et al. 2013). There are multiple safe ways to remove phosphorus, and it depends 
upon environmental conditions prevalent in waterbodies and level of eutrophication 
whether to use a single or a combination of ecologically safe methods.

6.8.1  Microalga Used in WWT

Cai et al. (2013) discussed the efficiency of microalgal species in nutrient removal 
from various wastewater sources. They account the efficacy of Chlorella sp., C. 
pyrenoidosa, C. sorokiniana, C. vulgaris, Scenedesmus sp., S. obliquus, Oscillatoria 
sp. and Arthrospira sp. in the removal of nitrogen and phosphorus. Likewise various 
others have reported different microalgae in wastewater treatment, Cyanobacteria, 
Phormidium sp. (Abdel-Raouf et al. 2012), Chlorella (Chlorella sp.), Scenedesmus 
dimorphus (S. dimorphus), Chlorella vulgaris (C. vulgaris), Scenedesmus quadri-
cauda (S. quadricauda) (Singh and Thomas 2012), Spirulina platensis (Lodi et al. 
2003), Chlamydomonas globosa, Chlorella minutissima and Scenedesmus bijuga 
(Bhatnagar et al. 2011). Many people have reported the effective removal of nutrient 
in wastewater with the aid of microalgae culture (Table 6.4).

Table 6.3 (continued)

Sr. 
No.

Sample 
collection site

Wastewater 
type

Metagenomic 
approach

Bacterial 
abundance References

8. Skagen 
wastewater 
treatment plants, 
Skagen, 
Denmark

Industrial 
wastewater 
(fish)

MAR-FISH PAOs related to 
Rhodocyclus, 2 
morphotypes 
related to 
Tetrasphera

Kong et al. 
(2005)

9. 25 Danish 
full-scale 
wastewater 
treatment plants

FISH Accumulibacter 
clades IA, II A, II 
C, II D

Nielsen et al. 
(2012)

Tetrasphera clades 
I, II, III

q-FISH quantitative fluorescent in situ hybridization, MAR-FISH micro-autoradiography fluores-
cent in situ hybridization, PCR-DGGE polymerase chain reaction denaturing gradient gel electro-
phoresis, HTS high-throughput sequencing
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6.8.2  Current Advances in the Phosphorus Sequestration 
by Algae

Pires et al. (2013) have reviewed the recent improvement in the use of microalgae 
culture in the wastewater treatment with the three different culturing techniques, i.e. 
suspended cells, immobilized cells and microalgae consortia (microalgae and bac-
teria). In suspended cell culture, the microalgae were found to remove average 
nutrient concentrations, 35.5 mg/l of NH4

+, 0.40 mg/l of NO3
− and 3.89 mg/l of 

PO4
3−, and it was observed that initial higher cell density gives better efficiencies of 

removal (Abdel-Raouf et al. 2012). For the immobilization of cells, alginate and 
carrageenan polymers were used (Pires et al. 2013), Chlorella vulgaris (Tam and 
Wong 2000), Dunaliella salina (Pires et  al. 2013), Scenedesmus obliquus (Ruiz- 
Marin et al. 2010), Scenedesmus rubescens (Shi et al. 2007) and Scenedesmus sp. 
(Fierro et al. 2008; Zhang et al. 2008; He and Xue 2010). Various studies have been 
carried out using the microalgae and bacteria consortia. This proves to be an eco-
nomical way to remove nutrients as microalgae provide O2 and bacteria provide 
CO2 by its action of degradation of organic compounds (Munoz and Guieysse 2006; 
Park et al. 2008; Subashchandrabose et al. 2011). De-bashan and Bashan (2004) 
reported 100% ammonium, 15% nitrate and 36% phosphorus removal from munici-
pal wastewater by immobilizing the microalgae-bacterium consortium (Chlorella 
vulgaris/Azospirillum brasilense and Chlorella sorokiniana/Azospirillum brasi-
lense) in alginate beads.

The expensive immobilizing material and its fragility during long-term operation 
use lead to the innovative idea of using biofilm photobioreactor (Guzzon et al. 2008; 
Boelee et al. 2011; Zamalloa et al. 2013). Posadas et al. (2013) studied the carbon, 
nitrogen and phosphorus removal with the efficiencies 91 ± 3%, 70 ± 8% and 85 ± 

Table 6.4 List of microalgae culture used in nutrient removal

Sr. No. Microalga culture

Efficiency of nutrient 
removal

References
Nitrogen 
(%)

Phosphorus 
(%)

1. Chlorella vulgaris 86 78 Pires et al. (2013)
2. Microalgae (order Chlorococcales) 

and Cyanobacteria
67.2 97.8 Ruiz-Martinez et al. 

(2012)
3. Chlorella sp., Chlorella vulgaris, 

Scenedesmus quadricauda and 
Scenedesmus dimorphus

72 and 92 82 and 92 Singh and Thomas 
(2012)

4. Spirulina 84–96 72–87 Olguin et al. (2003)
5 Botryococcus braunii 79.63 100 Sydney et al. (2011)
6. Neochloris oleoabundans 99 100 Wang and Lan (2011)
7. Phormidium bohneri 82 85 Pires et al. (2013)
8. Microalgal consortium 70 ± 8 85 ± 9 Posadas et al. (2013)
9. Algal biomass 83 ± 25 91 ± 12 Mulbry et al. (2008)
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9%, respectively. A study of phosphorus removal under different light regime was 
carried out by using microalgal biofilm (biofilm photobioreactor), and it was 
reported that under continuous artificial illumination, this system can remove 97 ± 
1% of total phosphorus from wastewater, while only 36–41% is removed when 
illuminated for 12 h. The species found to be present in biofilm were Phormidium 
autumnale, Pseudanabaena sp., Chroococcus sp., coccal green alga, Monoraphidium 
contortum, Diatoms, Scenedesmus acutus and Cymbella minuta; they were subject 
to seasonal variation in abundance, but some remains constant throughout the same 
like Pseudanabaena sp. remains always dominant and Cymbella minuta remains 
always rear (Sukacova et al. 2015).

Perspective
Huge amount of money is spent by the government for the construction and upgra-
dation of wastewater treatment plants, but it did not achieve the appropriate goal of 
making wastewater fit for discharge. Phosphorus (nutrient pollution) in the water-
bodies causes eutrophication which alters the water ecology. Wastewater treatment 
plants exploit the ability of PAOs for the phosphorus removal from wastewater. This 
proves to be effective, but still there is a scope of research for making these bacteria 
more efficient and achieve above the discharge limit. Metagenomics and genomic 
techniques revealed a lot of information about the community dynamics and give 
the insight about the molecular level which gives the idea of metabolic fluxes. For 
better understanding of this process, system biology approaches must be applied 
along with other fruitful strategies like metatranscriptomics, meta-metabolomics or 
community metabolomics, proteomics, etc.

Acknowledgment Authors highly acknowledge Director, CSIR-NEERI for providing facilities 
for this work [KRC manuscript no. CSIR-NEERI/KRC/2017/July/EBGD/16]. Varsha Jha and 
Sampada (Puranik) Chande is supported by UGC Junior Research Fellowship and a postdoctoral 
fellowship from NIH-Training grant T32 at Yale School of Medicine respectively.

References

Abdel-Raouf N, Al-Homaidan AA, Ibraheem IBM (2012) Microalgae and wastewater treatment. 
Saudi J Biol Sci 19:257–275. https://doi.org/10.1016/j.sjbs.2012.04.005

Ahmad T, Ahmad K, Alam M (2016) Sustainable management of water treatment sludge through 3 
‘R’concept. J Clean Prod 124:1–13. https://doi.org/10.1016/j.jclepro.2016.02.073

Albertsen M, Hansen LBS, Saunders AM, Nielsen PH, Nielsen KL (2012) A metagenome of a 
full-scale microbial community carrying out enhanced biological phosphorus removal. ISME J 
6:1094–1106. https://doi.org/10.1038/ismej.2011.176

Alheit J, Möllmann C, Dutz J, Kornilovs G, Loewe P, Mohrholz V, Wasmund N (2005) Synchronous 
ecological regime shifts in the central Baltic and the North Sea in the late 1980s. ICES J Mar 
Sci J Conseil 62:1205–1215. https://doi.org/10.1016/j.icesjms.2005.04.024

Altieri AH, Gedan KB (2015) Climate change and dead zones. Glob Chang Biol 21:1395–1406. 
https://doi.org/10.1111/gcb.12754

Ambardar S, Gupta R, Trakroo D, Lal R (2016) High throughput sequencing: an over-
view of sequencing chemistry. Indian J Microbiol 56:394–404. https://doi.org/10.1007/
s12088-016-0606-4

6 Seqestration Options for Phosphorus in Wastewater

https://doi.org/10.1016/j.sjbs.2012.04.005
https://doi.org/10.1016/j.jclepro.2016.02.073
https://doi.org/10.1038/ismej.2011.176
https://doi.org/10.1016/j.icesjms.2005.04.024
https://doi.org/10.1111/gcb.12754
https://doi.org/10.1007/s12088-016-0606-4
https://doi.org/10.1007/s12088-016-0606-4


134

Anderson DM, Glibert PM, Burkholder JM (2002) Harmful algal blooms and eutrophication: nutri-
ent sources, composition, and consequences. Estuaries 25:704–726. https://doi.org/10.1007/
BF02804901

Bai Y, Zhang Y, Quan X, Chen S (2016) Nutrient removal performance and microbial character-
istics of a full-scale IFAS-EBPR process treating municipal wastewater. Water Sci Technol 
73:1261–1268. https://doi.org/10.2166/wst.2015.604

Barnard J (2006) Requirements for achieving effluent phosphorus of less than 0.1 mg/L. WERF 
Workshop: 9–11

Benyoucef S, Amrani M (2011) Removal of phosphorus from aqueous solutions using chemi-
cally modified sawdust of Aleppo pine (Pinus halepensis Miller): kinetics and isotherm studies. 
Environmentalist 31:200–207. https://doi.org/10.1007/s10669-011-9313-1

Bergwitz C, Jüppner H (2011) Phosphate sensing. Adv Chronic Kidney Dis 18:132–144. https://
doi.org/10.1053/j.ackd.2011.01.004

Bhatnagar A, Chinnasamy S, Singh M, Das KC (2011) Renewable biomass production by mixo-
trophic algae in the presence of various carbon sources and wastewaters. Appl Energ 88:3425–
3431. https://doi.org/10.1016/j.apenergy.2010.12.064

Blackall LL, Crocetti GR, Saunders AM, Bond PL (2002) A review and update of the microbiol-
ogy of enhanced biological phosphorus removal in wastewater treatment plants. A Van Leeuw 
J Microb 81:681–691. https://doi.org/10.1023/A:1020538429009

Boelee NC, Temmink H, Janssen M, Buisman CJN, Wijffels RH (2011) Nitrogen and phosphorus 
removal from municipal wastewater effluent using microalgal biofilms. Water Res 45:5925–
5933. https://doi.org/10.1016/j.watres.2011.08.044

Brookshire ENJ, Gerber S, Webster JR, Vose JM, Swank WT (2011) Direct effects of temperature 
on forest nitrogen cycling revealed through analysis of long term watershed records. Glob 
Chang Biol 17:297–308. https://doi.org/10.1111/j.1365-2486.2010.02245.x

Burow LC, Kong Y, Nielsen JL, Blackall LL, Nielsen PH (2007) Abundance and ecophysiology 
of Defluviicoccus spp., glycogen-accumulating organisms in full-scale wastewater treatment 
processes. Microbiology 153:178–185. https://doi.org/10.1099/mic.0.2006/001032-0

Cai T, Park SY, Li Y (2013) Nutrient recovery from wastewater streams by microalgae: status and 
prospects. Renew Sustain Energy Rev 19:360–369. https://doi.org/10.1016/j.rser.2012.11.030

Carabante I, Grahn M, Holmgren A, Hedlund J (2010) In situ ATR–FTIR studies on the competi-
tive adsorption of arsenate and phosphate on ferrihydrite. J Colloid Interface Sci 351:523–531. 
https://doi.org/10.1016/j.jcis.2010.07.064

Carpenter SR (2008) Phosphorus control is critical to mitigating eutrophication. Proc Natl Acad 
Sci U S A 105:11039–11040. https://doi.org/10.1073/pnas.0806112105

Chislock MF, Doster E, Zitomer RA, Wilson AE (2013) Eutrophication: causes, consequences, and 
controls in aquatic ecosystems. Nat Educ Knowl 4:10

Cloern JE (2001) Our evolving conceptual model of the coastal eutrophication problem. Mar Ecol 
Prog Ser 210:223–253. https://doi.org/10.3354/meps210223

Cydzik-Kwiatkowska A, Zielińska M (2016) Bacterial communities in full-scale wastewa-
ter treatment systems. World J Microbiol Biotechnol 32:1–8. https://doi.org/10.1007/
s11274-016-2012-9

de Lima ACA, Nascimento RF, de Sousa FF, Josue Filho M, Oliveira AC (2012) Modified coconut 
shell fibers: a green and economical sorbent for the removal of anions from aqueous solutions. 
Chem Eng J 185:274–284. https://doi.org/10.1016/j.cej.2012.01.037

De-Bashan LE, Bashan Y (2004) Recent advances in removing phosphorus from wastewater and 
its future use as fertilizer (1997–2003). Water Res 38:4222–4246. https://doi.org/10.1016/j.
watres.2004.07.014

Delaney P, McManamon C, Hanrahan JP, Copley MP, Holmes JD, Morris MA (2011) Development 
of chemically engineered porous metal oxides for phosphate removal. J Hazard Mater 185:382–
391. https://doi.org/10.1016/j.jhazmat.2010.08.128

Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences for marine ecosystems. 
Science 321:926–929. https://doi.org/10.1126/science.1156401

V. Jha et al.

https://doi.org/10.1007/BF02804901
https://doi.org/10.1007/BF02804901
https://doi.org/10.2166/wst.2015.604
https://doi.org/10.1007/s10669-011-9313-1
https://doi.org/10.1053/j.ackd.2011.01.004
https://doi.org/10.1053/j.ackd.2011.01.004
https://doi.org/10.1016/j.apenergy.2010.12.064
https://doi.org/10.1023/A:1020538429009
https://doi.org/10.1016/j.watres.2011.08.044
https://doi.org/10.1111/j.1365-2486.2010.02245.x
https://doi.org/10.1099/mic.0.2006/001032-0
https://doi.org/10.1016/j.rser.2012.11.030
https://doi.org/10.1016/j.jcis.2010.07.064
https://doi.org/10.1073/pnas.0806112105
https://doi.org/10.3354/meps210223
https://doi.org/10.1007/s11274-016-2012-9
https://doi.org/10.1007/s11274-016-2012-9
https://doi.org/10.1016/j.cej.2012.01.037
https://doi.org/10.1016/j.watres.2004.07.014
https://doi.org/10.1016/j.watres.2004.07.014
https://doi.org/10.1016/j.jhazmat.2010.08.128
https://doi.org/10.1126/science.1156401


135

Díaz FJ, Anthony TO, Dahlgren RA (2012) Agricultural pollutant removal by constructed wet-
lands: implications for water management and design. Agric Water Manag 104:171–183. 
https://doi.org/10.1016/j.agwat.2011.12.012

Dodds WK, Bouska WW, Eitzmann JL, Pilger TJ, Pitts KL, Riley AJ, Thornbrugh DJ (2008) 
Eutrophication of US freshwaters: analysis of potential economic damages. Environ Sci 
Technol 43:12–19. https://doi.org/10.1021/es801217q

Dybas CL (2005) Dead zones spreading in world oceans. Bioscience 55:552–557. https://doi.
org/10.1641/0006-3568(2005)055[0552

Eixler S, Karsten U, Selig U (2006) Phosphorus storage in Chlorella vulgaris (Trebouxiophyceae, 
Chlorophyta) cells and its dependence on phosphate supply. Phycologia 45:53–60. https://doi.
org/10.2216/04-79.1

Erisman JW, Galloway JN, Seitzinger S, Bleeker A, Dise NB, Petrescu AMR, Leach AM, de Vries 
W (2013) Consequences of human modification of the global nitrogen cycle. Philos Trans R 
Soc Lond Ser B Biol Sci 368:20130116. https://doi.org/10.1098/rstb.2013.0116

Fierro S, del Pilar S-SM, Copalcua C (2008) Nitrate and phosphate removal by chitosan 
immobilized Scenedesmus. Bioresour Technol 99:1274–1279. https://doi.org/10.1016/j.
biortech.2007.02.043

Flowers JJ, He S, Malfatti S, del Rio TG, Tringe SG, Hugenholtz P, McMahon KD (2013) 
Comparative genomics of two ‘Candidatus Accumulibacter’clades performing biological 
phosphorus removal. ISME J 7:2301–2314. https://doi.org/10.1038/ismej.2013.117

Gao W, Chen Y, Liu Y, Guo HC (2015) Scientometric analysis of phosphorus research in eutrophic 
lakes. Scientometrics 102:1951–1964. https://doi.org/10.1007/s11192-014-1500-7

Genz A, Kornmüller A, Jekel M (2004) Advanced phosphorus removal from membrane filtrates by 
adsorption on activated aluminium oxide and granulated ferric hydroxide. Water Res 38:3523–
3530. https://doi.org/10.1016/j.watres.2004.06.006

AZ G, Saunders A, Neethling JB, Stensel HD, Blackall LL (2008) Functionally relevant microor-
ganisms to enhanced biological phosphorus removal performance at full-scale wastewater treat-
ment plants in the United States. Water Environ Res 80:688–698. https://doi.org/10.2175/1061
43008X276741

Günther S, Trutnau M, Kleinsteuber S, Hause G, Bley T, Röske Müller S (2009) Dynamics of 
polyphosphate-accumulating bacteria in wastewater treatment plant microbial communities 
detected via DAPI (4′, 6′-diamidino-2-phenylindole) and tetracycline labeling. Appl Environ 
Microb 75:2111–2121. https://doi.org/10.1128/AEM.01540-08

Guzzon A, Bohn A, Diociaiuti M, Albertano P (2008) Cultured phototrophic biofilms for phos-
phorus removal in wastewater treatment. Water Res 42:4357–4367. https://doi.org/10.1016/j.
watres.2008.07.029

Haghseresht F (2004) Comparison of the factors that affect performances of Phoslock and Alum. 
Phoslock Water Solutions Ltd. Internal Report. IR 002/04

He S, Xue G (2010) Algal-based immobilization process to treat the effluent from a secondary 
wastewater treatment plant (WWTP). J Hazard Mater 178:895–899. https://doi.org/10.1016/j.
jhazmat.2010.02.022

He S, AZ G, McMahon KD (2008) Progress toward understanding the distribution of 
Accumulibacter among full-scale enhanced biological phosphorus removal systems. Microb 
Ecol 55:229–236. https://doi.org/10.1007/s00248-007-9270-x

Hesselmann RPX, Von Rummell R, Resnick SM, Hany R, Zehnder AJB (2000) Anaerobic metabo-
lism of bacteria performing enhanced biological phosphate removal. Water Res 34:3487–3494. 
https://doi.org/10.1016/S0043-1354(00)00092-0

Howarth RW, Anderson DM, Church TM, Greening H, Hopkinson CS, Huber WC, Wiseman 
WJ (2000) Clean coastal waters: understanding and reducing the effects of nutrient pollution. 
National Academy Press, Washington, DC. ISBN: 0-309-06948-3, 405 p

Ismail ZZ (2012) Kinetic study for phosphate removal from water by recycled date-palm wastes as 
agricultural by-products. Int J Environ Stud 69:135–149. https://doi.org/10.1080/00207233.20
12.656975

6 Seqestration Options for Phosphorus in Wastewater

https://doi.org/10.1016/j.agwat.2011.12.012
https://doi.org/10.1021/es801217q
https://doi.org/10.1641/0006-3568(2005)055[0552
https://doi.org/10.1641/0006-3568(2005)055[0552
https://doi.org/10.2216/04-79.1
https://doi.org/10.2216/04-79.1
https://doi.org/10.1098/rstb.2013.0116
https://doi.org/10.1016/j.biortech.2007.02.043
https://doi.org/10.1016/j.biortech.2007.02.043
https://doi.org/10.1038/ismej.2013.117
https://doi.org/10.1007/s11192-014-1500-7
https://doi.org/10.1016/j.watres.2004.06.006
https://doi.org/10.2175/106143008X276741
https://doi.org/10.2175/106143008X276741
https://doi.org/10.1128/AEM.01540-08
https://doi.org/10.1016/j.watres.2008.07.029
https://doi.org/10.1016/j.watres.2008.07.029
https://doi.org/10.1016/j.jhazmat.2010.02.022
https://doi.org/10.1016/j.jhazmat.2010.02.022
https://doi.org/10.1007/s00248-007-9270-x
https://doi.org/10.1016/S0043-1354(00)00092-0
https://doi.org/10.1080/00207233.2012.656975
https://doi.org/10.1080/00207233.2012.656975


136

Jeppesen E, Moss B, Bennion H, Carvalho L, De Meester L, Feuchtmayr H, Liboriussen L (2010) 
Interaction of climate change and eutrophication. In: Kernan M, Battarbee RW, Moss B (eds) 
Climate change impacts on freshwater ecosystems. Blackwell Publishing Ltd, Somerset, pp 
119–151. ISBN: 978-1-4051-7913-3

Jeppesen E, Kronvang B, Olesen JE, Audet J, Søndergaard M, Hoffmann CC, Beklioglu M (2011) 
Climate change effects on nitrogen loading from cultivated catchments in Europe: implica-
tions for nitrogen retention, ecological state of lakes and adaptation. Hydrobiologia 663:1–21. 
https://doi.org/10.1007/s10750-010-0547-6

Ju F, Zhang T (2015) Bacterial assembly and temporal dynamics in activated sludge of a full-
scale municipal wastewater treatment plant. ISME J 9:683–695. https://doi.org/10.1038/
ismej.2014.162

Ju F, Guo F, Ye L, Xia Y, Zhang T (2014) Metagenomic analysis on seasonal microbial varia-
tions of activated sludge from a full-scale wastewater treatment plant over 4 years. Environ 
Microbiol Rep 6:80–89. https://doi.org/10.1111/1758-2229.12110

Karapınar N (2009) Application of natural zeolite for phosphorus and ammonium removal 
from aqueous solutions. J Hazard Mater 170:1186–1191. https://doi.org/10.1016/j.
jhazmat.2009.05.094

Klein G, Perera P (2002) Eutrophication and health. Office for Official Publications of the 
European Commission, Luxembourg. World Health Organization, Geneva

Kong Y, Ong SL, Ng WJ, Liu WT (2002) Diversity and distribution of a deeply branched novel pro-
teobacterial group found in anaerobic–aerobic activated sludge processes. Environ Microbiol 
4:753–757. https://doi.org/10.1046/j.1462-2920.2002.00357.x

Kong Y, Nielsen JL, Nielsen PH (2005) Identity and ecophysiology of uncultured actino-
bacterial polyphosphate-accumulating organisms in fullscale enhanced biological phos-
phorus removal plants. Appl Environ Microb 71:4076–4085. https://doi.org/10.1128/
AEM.71.7.4076-4085.2005

Kristiansen R, Nguyen HTT, Saunders AM, Nielsen JL, Wimmer R, Le VQ, Nielsen KL (2013) 
A metabolic model for members of the genus Tetrasphaera involved in enhanced biological 
phosphorus removal. ISME J 7:543–554. https://doi.org/10.1038/ismej.2012.136

Kumar R, Goyal D (2010) Waste water treatment and metal (Pb2+, Zn2+) removal by micro-
algal based stabilization pond system. Indian J Microbiol 50:34. https://doi.org/10.1007/
s12088-010-0063-4

Larsdotter K (2006) Microalgae for phosphorus removal from wastewater in a Nordic climate, p 
11. PhD thesis, School of Biotechnology, Royal Institute of Technology, Stockholm, Sweden. 
ISBN 91-7178-288-5

Lehtiniemi M, Engström-Öst J, Viitasalo M (2005) Turbidity decreases anti-predator behaviour in 
pike larvae, Esox lucius. Environ Biol Fish 73:1–8. https://doi.org/10.1007/s10641-004-5568-4

Liu Y, Kang X, Li X, Yuan Y (2015) Performance of aerobic granular sludge in a sequencing batch 
bioreactor for slaughterhouse wastewater treatment. Bioresour Technol 190:487–491. https://
doi.org/10.1016/j.biortech.2015.03.008

Lodi A, Binaghi L, Solisio C, Converti A, Del Borghi M (2003) Nitrate and phosphate removal 
by Spirulina platensis. J Ind Microbiol Biotechnol 30:656–660. https://doi.org/10.1007/
s10295-003-0094-5

Lu YZ, Wang HF, Kotsopoulos TA, Zeng RJ (2016) Advanced phosphorus recovery using a novel 
SBR system with granular sludge in simultaneous nitrification, denitrification and phosphorus 
removal process. Appl Microbiol Biotechnol:1–8. https://doi.org/10.1007/s00253-015-7249-y

Lv JH, Yuan LJ, Chen X, Liu L, Luo DC (2014) Phosphorus metabolism and population dynamics 
in a biological phosphate-removal system with simultaneous anaerobic phosphate stripping. 
Chemosphere 117:715–721.0020doi:https://doi.org/10.1016/j.chemosphere.2014.10.018

Mao Y, Yu K, Xia Y, Chao Y, Zhang T (2014) Genome reconstruction and gene expression of 
“Candidatus Accumulibacter phosphatis” Clade IB performing biological phosphorus removal. 
Environ Sci Technol 48:10363–10371. https://doi.org/10.1021/es502642b

V. Jha et al.

https://doi.org/10.1007/s10750-010-0547-6
https://doi.org/10.1038/ismej.2014.162
https://doi.org/10.1038/ismej.2014.162
https://doi.org/10.1111/1758-2229.12110
https://doi.org/10.1016/j.jhazmat.2009.05.094
https://doi.org/10.1016/j.jhazmat.2009.05.094
https://doi.org/10.1046/j.1462-2920.2002.00357.x
https://doi.org/10.1128/AEM.71.7.4076-4085.2005
https://doi.org/10.1128/AEM.71.7.4076-4085.2005
https://doi.org/10.1038/ismej.2012.136
https://doi.org/10.1007/s12088-010-0063-4
https://doi.org/10.1007/s12088-010-0063-4
https://doi.org/10.1007/s10641-004-5568-4
https://doi.org/10.1016/j.biortech.2015.03.008
https://doi.org/10.1016/j.biortech.2015.03.008
https://doi.org/10.1007/s10295-003-0094-5
https://doi.org/10.1007/s10295-003-0094-5
https://doi.org/10.1007/s00253-015-7249-y
https://doi.org/10.1016/j.chemosphere.2014.10.018
https://doi.org/10.1021/es502642b


137

Martín HG, Ivanova N, Kunin V, Warnecke F, Barry KW, McHardy AC, Dalin E (2006) 
Metagenomic analysis of two enhanced biological phosphorus removal (EBPR) sludge com-
munities. Nat Biotechnol 24:1263–1269. https://doi.org/10.1038/nbt1247

Meena KK, Kumar M, Mishra S, Ojha SK, Wakchaure GC, Sarkar B (2015) Phylogenetic study of 
methanol oxidizers from Chilika-Lake sediments using genomic and metagenomic approaches. 
Indian J Microbiol 55:151–162. https://doi.org/10.1007/s12088-015-0510-3

Mulbry W, Kondrad S, Pizarro C, Kebede-Westhead E (2008) Treatment of dairy manure efflu-
ent using freshwater algae: algal productivity and recovery of manure nutrients using pilot-
scale algal turf scrubbers. Bioresour Technol 99:8137–8142. https://doi.org/10.1016/j.
biortech.2008.03.073

Mulder C, Boit A, Mori S, Arie Vonk J, Dyer SD, Faggiano L, Marquet PA (2012) 1 Distributional 
(In) congruence of biodiversity-ecosystem functioning. Adv Ecol Res 46:1

Munoz R, Guieysse B (2006) Algal–bacterial processes for the treatment of hazardous contami-
nants: a review. Water Res 40:2799–2815. https://doi.org/10.1016/j.watres.2006.06.011

Nguyen HTT, Le VQ, Hansen AA, Nielsen JL, Nielsen PH (2011) High diversity and abundance 
of putative polyphosphate-accumulating Tetrasphaera-related bacteria in activated sludge sys-
tems. FEMS Microbiol Ecol 76:256–267. https://doi.org/10.1111/j.1574-6941.2011.01049.x

Nguyen TAH, Ngo HH, Guo W, Nguyen TV (2012a) Phosphorous removal from aqueous solutions 
by agricultural by-products: a critical review. J Water Sustain 2:193–207

Nguyen HTT, Nielsen JL, Nielsen PH (2012b) ‘Candidatus Halomonas phosphatis’, a novel 
polyphosphate-accumulating organism in full-scale enhanced biological phosphorus removal 
plants. Environ Microb 14:2826–2837. https://doi.org/10.1111/j.1462-2920.2012.02826.x

Nielsen PH, Mielczarek AT, Kragelund C, Nielsen JL, Saunders AM, Kong Y, Vollertsen J (2010) 
A conceptual ecosystem model of microbial communities in enhanced biological phosphorus 
removal plants. Water Res 44:5070–5088. https://doi.org/10.1016/j.watres.2010.07.036

Nielsen PH, Saunders AM, Hansen AA, Larsen P, Nielsen JL (2012) Microbial communities 
involved in enhanced biological phosphorus removal from wastewater—a model system in 
environmental biotechnology. Curr Opin Biotechnol 23:452–459. https://doi.org/10.1016/j.
copbio.2011.11.027

Oehmen A, Saunders AM, Vives MT, Yuan Z, Keller J (2006) Competition between polyphos-
phate and glycogen accumulating organisms in enhanced biological phosphorus removal 
systems with acetate and propionate as carbon sources. J Biotechnol 123:22–32. https://doi.
org/10.1016/j.jbiotec.2005.10.009

Oehmen A, Lemos PC, Carvalho G, Yuan Z, Keller J, Blackall LL, Reis MA (2007) Advances 
in enhanced biological phosphorus removal: from micro to macro scale. Water Res 41:2271–
2300. https://doi.org/10.1016/j.watres.2007.02.030

Olguín EJ, Galicia S, Mercado G, Pérez T (2003) Annual productivity of Spirulina (Arthrospira) 
and nutrient removal in a pig wastewater recycling process under tropical conditions. J Appl 
Phycol 15:249–257. https://doi.org/10.1023/A:1023856702544

Othman I, Anuar AN, Ujang Z, Rosman NH, Harun H, Chelliapan S (2013) Livestock waste-
water treatment using aerobic granular sludge. Bioresour Technol 133:630–634. https://doi.
org/10.1016/j.biortech.2013.01.149

Ozyonar F, Karagozoglu B (2011) Operating cost analysis and treatment of domestic wastewater 
by electrocoagulation using aluminium electrodes. Pol J Environ Stud 20:173–179

Paerl HW, Paul VJ (2012) Climate change: links to global expansion of harmful cyanobacteria. 
Water Res 46:1349–1363. https://doi.org/10.1016/j.watres.2011.08.002

Park WH (2009) Integrated constructed wetland systems employing alum sludge and oys-
ter shells as filter media for P removal. Ecol Eng 35:1275–1282. https://doi.org/10.1016/j.
ecoleng.2009.05.015

Park Y, Je KW, Lee K, Jung SE, Choi TJ (2008) Growth promotion of Chlorella ellipsoidea by co-
inoculation with Brevundimonas sp. isolated from the microalga. Hydrobiologia 598:219–228. 
https://doi.org/10.1007/s10750-007-9152-8

6 Seqestration Options for Phosphorus in Wastewater

https://doi.org/10.1038/nbt1247
https://doi.org/10.1007/s12088-015-0510-3
https://doi.org/10.1016/j.biortech.2008.03.073
https://doi.org/10.1016/j.biortech.2008.03.073
https://doi.org/10.1016/j.watres.2006.06.011
https://doi.org/10.1111/j.1574-6941.2011.01049.x
https://doi.org/10.1111/j.1462-2920.2012.02826.x
https://doi.org/10.1016/j.watres.2010.07.036
https://doi.org/10.1016/j.copbio.2011.11.027
https://doi.org/10.1016/j.copbio.2011.11.027
https://doi.org/10.1016/j.jbiotec.2005.10.009
https://doi.org/10.1016/j.jbiotec.2005.10.009
https://doi.org/10.1016/j.watres.2007.02.030
https://doi.org/10.1023/A:1023856702544
https://doi.org/10.1016/j.biortech.2013.01.149
https://doi.org/10.1016/j.biortech.2013.01.149
https://doi.org/10.1016/j.watres.2011.08.002
https://doi.org/10.1016/j.ecoleng.2009.05.015
https://doi.org/10.1016/j.ecoleng.2009.05.015
https://doi.org/10.1007/s10750-007-9152-8


138

Pires JCM, Alvim-Ferraz MCM, Martins FG, Simões M (2013) Wastewater treatment to enhance 
the economic viability of microalgae culture. Environ Sci Pollut Res Int 20:5096–5105. https://
doi.org/10.1007/s11356-013-1791-x

Pittman JK, Dean AP, Osundeko O (2011) The potential of sustainable algal biofuel produc-
tion using wastewater resources. Bioresour Technol 102:17–25. https://doi.org/10.1016/j.
biortech.2010.06.035

Posadas E, García-Encina PA, Soltau A, Domínguez A, Díaz I, Muñoz R (2013) Carbon and nutri-
ent removal from centrates and domestic wastewater using algal–bacterial biofilm bioreactors. 
Bioresour Technol 139:50–58. https://doi.org/10.1016/j.biortech.2013.04.008

Powell N, Shilton AN, Pratt S, Chisti Y (2008) Factors influencing luxury uptake of phosphorus 
by microalgae in waste stabilization ponds. Environ Sci Technol 42:5958–5962. https://doi.
org/10.1021/es703118s

Powell N, Shilton A, Chisti Y, Pratt S (2009) Towards a luxury uptake process via microalgae–
defining the polyphosphate dynamics. Water Res 43:4207–4213. https://doi.org/10.1016/j.
watres.2009.06.011

Powell N, Shilton A, Pratt S, Chisti Y (2011) Phosphate release from waste stabilisation pond 
sludge: significance and fate of polyphosphate. Water Sci Technol 63:1689–1694. https://doi.
org/10.2166/wst.2011.336

Pronk M, de Kreuk MK, de Bruin B, Kamminga P, Kleerebezem R, van Loosdrecht MCM (2015) 
Full scale performance of the aerobic granular sludge process for sewage treatment. Water Res 
84:207–217. https://doi.org/10.1016/j.watres.2015.07.011

Rabalais NN, Turner RE, Wiseman WJ Jr (2002) Gulf of Mexico hypoxia, AKA “the dead zone”. 
Annu Rev Ecol Syst 33:235–263. https://doi.org/10.1146/annurev.ecolsys.33.010802.150513

Rao PH, Kumar RR, Raghavan BG, Subramanian VV, Sivasubramanian V (2011) Application of 
phycoremediation technology in the treatment of wastewater from a leather-processing chemi-
cal manufacturing facility. Water SA 37:07–14

Rim-Rukeh A, Agbozu E (2013) Impact of partially treated sewage effluent on the water quality of 
recipient Epie Creek Niger Delta, Nigeria using Malaysian Water Quality Index (WQI). J Appl 
Sci Environ Manag 17:5–12

Romero E, Garnier J, Lassaletta L, Billen G, Le Gendre R, Riou P, Cugier P (2013) Large-scale 
patterns of river inputs in southwestern Europe: seasonal and interannual variations and poten-
tial eutrophication effects at the coastal zone. Biogeochemistry 113:481–505. https://doi.
org/10.1007/s10533-012-9778-0

Ruiz-Marin A, Mendoza-Espinosa LG, Stephenson T (2010) Growth and nutrient removal in free 
and immobilized green algae in batch and semicontinuous cultures treating real wastewater. 
Bioresour Technol 101:58–64. https://doi.org/10.1016/j.biortech.2009.02.076

Ruiz-Martinez A, Garcia NM, Romero I, Seco A, Ferrer J (2012) Microalgae cultivation in waste-
water: nutrient removal from anaerobic membrane bioreactor effluent. Bioresour Technol 
126:247–253. https://doi.org/10.1016/j.biortech.2012.09.022

Ruiz-Martínez A, Serralta J, Romero I, Seco A, Ferrer J (2015) Effect of intracellular P content on 
phosphate removal in Scenedesmus sp. experimental study and kinetic expression. Bioresour 
Technol 175:325–332. https://doi.org/10.1016/j.biortech.2014.10.081

Rustad LEJL, Campbell J, Marion G, Norby R, Mitchell M, Hartley A, Gurevitch J (2001) A meta-
analysis of the response of soil respiration, net nitrogen mineralization, and aboveground plant 
growth to experimental ecosystem warming. Oecologia 126:543–562. https://doi.org/10.1007/
s004420000544

Santos-Beneit F (2015) The Pho regulon: a huge regulatory network in bacteria. Front Microbiol 
6:402. https://doi.org/10.3389/fmicb.2015.00402

Saunders AM, Oehmen A, Blackall LL, Yuan Z, Keller J (2003) The effect of GAOs (glycogen 
accumulating organisms) on anaerobic carbon requirements in full-scale Australian EBPR 
(enhanced biological phosphorus removal) plants. Water Sci Technol 47:37–43

Saunders AM, Albertsen M, Vollertsen J, Nielsen PH (2016) The activated sludge ecosystem con-
tains a core community of abundant organisms. ISME J 10:11–20. https://doi.org/10.1038/
ismej.2015.117

V. Jha et al.

https://doi.org/10.1007/s11356-013-1791-x
https://doi.org/10.1007/s11356-013-1791-x
https://doi.org/10.1016/j.biortech.2010.06.035
https://doi.org/10.1016/j.biortech.2010.06.035
https://doi.org/10.1016/j.biortech.2013.04.008
https://doi.org/10.1021/es703118s
https://doi.org/10.1021/es703118s
https://doi.org/10.1016/j.watres.2009.06.011
https://doi.org/10.1016/j.watres.2009.06.011
https://doi.org/10.2166/wst.2011.336
https://doi.org/10.2166/wst.2011.336
https://doi.org/10.1016/j.watres.2015.07.011
https://doi.org/10.1146/annurev.ecolsys.33.010802.150513
https://doi.org/10.1007/s10533-012-9778-0
https://doi.org/10.1007/s10533-012-9778-0
https://doi.org/10.1016/j.biortech.2009.02.076
https://doi.org/10.1016/j.biortech.2012.09.022
https://doi.org/10.1016/j.biortech.2014.10.081
https://doi.org/10.1007/s004420000544
https://doi.org/10.1007/s004420000544
https://doi.org/10.3389/fmicb.2015.00402
https://doi.org/10.1038/ismej.2015.117
https://doi.org/10.1038/ismej.2015.117


139

Schenk PM, Thomas-Hall SR, Stephens E, Marx UC, Mussgnug JH, Posten C, Hankamer B (2008) 
Second generation biofuels: high-efficiency microalgae for biodiesel production. Bioenergy 
Res 1:20–43. https://doi.org/10.1007/s12155-008-9008-8

Seow TW, Lim CK, Norb MHM, Mubarakb MFM, Lam CY, Yahya A, Ibrahim Z (2016) Review 
on wastewater treatment technologies. Int J Appl Environ Sci 11:111–126

Seviour RJ, Mino T, Onuki M (2003) The microbiology of biological phosphorus removal 
in activated sludge systems. FEMS Microbiol Rev 27:99–127. https://doi.org/10.1016/
S0168-6445(03)00021-4

Sharma A, Lal R (2017) Survey of (meta) genomic approaches for understanding microbial com-
munity dynamics. Indian J Microbiol 57:23–58. https://doi.org/10.1007/s12088-016-0629-x

Shi J, Podola B, Melkonian M (2007) Removal of nitrogen and phosphorus from wastewater using 
microalgae immobilized on twin layers: an experimental study. J Appl Phycol 19:417–423. 
https://doi.org/10.1007/s10811-006-9148-1

Sidat M, Bux F, Kasan HC (1999) Polyphosphate accumulation by bacteria isolated from activated 
sludge. Water SA 25:175–179

Singh G, Thomas PB (2012) Nutrient removal from membrane bioreactor permeate using micro-
algae and in a microalgae membrane photoreactor. Bioresour Technol 117:80–85. https://doi.
org/10.1016/j.biortech.2012.03.125

Skennerton CT, Barr JJ, Slater FR, Bond PL, Tyson GW (2015) Expanding our view of genomic 
diversity in Candidatus Accumulibacter clades. Environ Microbiol 17:1574–1585. https://doi.
org/10.1111/1462-2920.12582

Smith VH (2001) Blue-green algae in eutrophic fresh waters. Lake Line 21:34–36
Smith VH (2003) Eutrophication of freshwater and coastal marine ecosystems a global problem. 

Environ Sci Pollut Res Int 10:126–139. https://doi.org/10.1065/espr2002.12.142
Strom PF (2006) Technologies to remove phosphorus from wastewater. Rutgers University, New 

Brunswick, p 18
Subashchandrabose SR, Ramakrishnan B, Megharaj M, Venkateswarlu K, Naidu R (2011) 

Consortia of cyanobacteria/microalgae and bacteria: biotechnological potential. Biotechnol 
Adv 29:896–907. https://doi.org/10.1016/j.biotechadv.2011.07.009

Sukačová K, Trtílek M, Rataj T (2015) Phosphorus removal using a microalgal biofilm in a new 
biofilm photobioreactor for tertiary wastewater treatment. Water Res 71:55–63. https://doi.
org/10.1016/j.watres.2014.12.049

Sydney EB, Da Silva TE, Tokarski A, Novak AC, De Carvalho JC, Woiciecohwski AL, Soccol 
CR (2011) Screening of microalgae with potential for biodiesel production and nutrient 
removal from treated domestic sewage. Appl Energy 88:3291–3294. https://doi.org/10.1016/j.
apenergy.2010.11.024

Symonds EM, Cook MM, McQuaig SM, Ulrich RM, Schenck RO, Lukasik JO, Breitbart M (2015) 
Reduction of nutrients, microbes, and personal care products in domestic wastewater by a 
benchtop electrocoagulation unit. Sci Rep 5:9380. https://doi.org/10.1038/srep09380

Tam NFY, Wong YS (2000) Effect of immobilized microalgal bead concentrations on wastewater 
nutrient removal. Environ Pollut 107:145–151. https://doi.org/10.1016/S0269-7491(99)00118-9

Topare NS, Attar SJ, Manfe MM (2011) Sewage/wastewater treatment technologies: a review. 
Chem Commun 1:18–24

UN report (2012) Managing water under uncertainty and risk, The United Nations world water 
development report 4, UN Water Reports, World Water Assessment Programme

UN report (2015) Wastewater management-A UN-Water analytical brief, New York
Vijayavenkataraman S, Iniyan S, Goic R (2012) A review of climate change, mitigation and adap-

tation. Renew Sustain Energy Rev 16:878–897. https://doi.org/10.1016/j.rser.2011.09.009
Wang B, Lan CQ (2011) Biomass production and nitrogen and phosphorus removal by the green 

alga Neochloris oleoabundans in simulated wastewater and secondary municipal wastewater 
effluent. Bioresour Technol 102:5639–5644. https://doi.org/10.1016/j.biortech.2011.02.054

Wang LP, Lei K (2016) Rapid identification and quantification of Aureococcus anophagefferens 
by qPCR method (Taqman) in the Qinhuangdao coastal area: a region for recurrent Brown tide 
breakout in China. Indian J Microbiol 56:491–497. https://doi.org/10.1007/s12088-016-0619-z

6 Seqestration Options for Phosphorus in Wastewater

https://doi.org/10.1007/s12155-008-9008-8
https://doi.org/10.1016/S0168-6445(03)00021-4
https://doi.org/10.1016/S0168-6445(03)00021-4
https://doi.org/10.1007/s12088-016-0629-x
https://doi.org/10.1007/s10811-006-9148-1
https://doi.org/10.1016/j.biortech.2012.03.125
https://doi.org/10.1016/j.biortech.2012.03.125
https://doi.org/10.1111/1462-2920.12582
https://doi.org/10.1111/1462-2920.12582
https://doi.org/10.1065/espr2002.12.142
https://doi.org/10.1016/j.biotechadv.2011.07.009
https://doi.org/10.1016/j.watres.2014.12.049
https://doi.org/10.1016/j.watres.2014.12.049
https://doi.org/10.1016/j.apenergy.2010.11.024
https://doi.org/10.1016/j.apenergy.2010.11.024
https://doi.org/10.1038/srep09380
https://doi.org/10.1016/S0269-7491(99)00118-9
https://doi.org/10.1016/j.rser.2011.09.009
https://doi.org/10.1016/j.biortech.2011.02.054
https://doi.org/10.1007/s12088-016-0619-z


140

Watkinson AJ, O’Neil JM, Dennison WC (2005) Ecophysiology of the marine cyanobacterium, 
Lyngbya majuscula (Oscillatoriaceae) in MoretonBay, Australia. Harmful Algae 4:697–715. 
https://doi.org/10.1016/j.hal.2004.09.001

Winder M, Sommer U (2012) Phytoplankton response to a changing climate. Hydrobiologia 
698:5–16. https://doi.org/10.1007/s10750-012-1149-2

Wong DHJ, Beiko RG (2015) Transfer of energy pathway genes in microbial enhanced bio-
logical phosphorus removal communities. BMC Genomics 16:526. https://doi.org/10.1186/
s12864-015-1752-5

Xu X, Gao Y, Gao B, Tan X, Zhao YQ, Yue Q, Wang Y (2011) Characteristics of diethylenetri-
amine-crosslinked cotton stalk/wheat stalk and their biosorption capacities for phosphate. J 
Hazard Mater 192:1690–1696. https://doi.org/10.1016/j.jhazmat.2011.07.009

Yewalkar-Kulkarni S, Gera G, Nene S, Pandare K, Kulkarni B, Kamble S (2016) Exploiting phos-
phate-starved cells of Scenedesmus sp. for the treatment of raw sewage. Indian J Microbiol:1–9. 
https://doi.org/10.1007/s12088-016-0626-0

Zamalloa C, Boon N, Verstraete W (2013) Decentralized two-stage sewage treatment by chemi-
cal–biological flocculation combined with microalgae biofilm for nutrient immobilization in a 
roof installed parallel plate reactor. Bioresour Technol 130:152–160. https://doi.org/10.1016/j.
biortech.2012.11.128

Zamparas M, Gianni A, Stathi P, Deligiannakis Y, Zacharias I (2012) Removal of phosphate from 
natural waters using innovative modified bentonites. Appl Clay Sci 62:101–106. https://doi.
org/10.1016/j.clay.2012.04.020

Zeng L, Li X, Liu J (2004) Adsorptive removal of phosphate from aqueous solutions using iron 
oxide tailings. Water Res 38:1318–1326. https://doi.org/10.1016/j.watres.2003.12.009

Zhang E, Wang B, Wang Q, Zhang S, Zhao B (2008) Ammonia–nitrogen and orthophosphate 
removal by immobilized Scenedesmus sp. isolated from municipal wastewater for poten-
tial use in tertiary treatment. Bioresour Technol 99:3787–3793. https://doi.org/10.1016/j.
biortech.2007.07.011

Zhang Z, Li H, Zhu J, Weiping L, Xin X (2011) Improvement strategy on enhanced biological 
phosphorus removal for municipal wastewater treatment plants: full-scale operating param-
eters, sludge activities, and microbial features. Bioresour Technol 102:4646–4653. https://doi.
org/10.1016/j.biortech.2011.01.017

Web Links

Halls S, Yamazaki K, Water quality: the impact of Eutrophication.http://www.unep.or.jp/ietc/pub-
lications/short_series/lakereservoirs-3/fwd.asp

SeaWeb, Ocean issue briefs: nutrients. http://www.seaweb.org/resources/briefings/nutrient.php
FAO corporate document repository, Wastewater treatment and use in agriculture. http://www.

fao.org/docrep/T0551E/t0551e03.htm#1.%20wastewater%20characteristics%20and%20
effluent%20quality%20parameters

GE Step Ahead, Why should we reuse wastewater. http://www.moneycontrol.com/gestepahead/
article.php?id=954013&cid=2

NOAA Headquarters, Average ‘dead zone’ predicted for Gulf of Mexico in 2016: outlook 
incorporates multiple hypoxia models for the second year.  https://www.sciencedaily.com/
releases/2016/06/160610094739.htm

V. Jha et al.

https://doi.org/10.1016/j.hal.2004.09.001
https://doi.org/10.1007/s10750-012-1149-2
https://doi.org/10.1186/s12864-015-1752-5
https://doi.org/10.1186/s12864-015-1752-5
https://doi.org/10.1016/j.jhazmat.2011.07.009
https://doi.org/10.1007/s12088-016-0626-0
https://doi.org/10.1016/j.biortech.2012.11.128
https://doi.org/10.1016/j.biortech.2012.11.128
https://doi.org/10.1016/j.clay.2012.04.020
https://doi.org/10.1016/j.clay.2012.04.020
https://doi.org/10.1016/j.watres.2003.12.009
https://doi.org/10.1016/j.biortech.2007.07.011
https://doi.org/10.1016/j.biortech.2007.07.011
https://doi.org/10.1016/j.biortech.2011.01.017
https://doi.org/10.1016/j.biortech.2011.01.017
http://www.unep.or.jp/ietc/publications/short_series/lakereservoirs-3/fwd.asp
http://www.unep.or.jp/ietc/publications/short_series/lakereservoirs-3/fwd.asp
http://www.seaweb.org/resources/briefings/nutrient.php
http://www.fao.org/docrep/T0551E/t0551e03.htm#1. wastewater characteristics and effluent quality parameters
http://www.fao.org/docrep/T0551E/t0551e03.htm#1. wastewater characteristics and effluent quality parameters
http://www.fao.org/docrep/T0551E/t0551e03.htm#1. wastewater characteristics and effluent quality parameters
http://www.moneycontrol.com/gestepahead/article.php?id=954013&cid=2
http://www.moneycontrol.com/gestepahead/article.php?id=954013&cid=2
https://www.sciencedaily.com/releases/2016/06/160610094739.htm
https://www.sciencedaily.com/releases/2016/06/160610094739.htm


141© Springer Nature Singapore Pte Ltd. 2017
H.J. Purohit et al. (eds.), Optimization and Applicability of Bioprocesses,  
https://doi.org/10.1007/978-981-10-6863-8_7

P. Nagkirti • A. Shaikh • G. Vasudevan • V. Paliwal (*) • P. Dhakephalkar (*) 
Department of Microbiology, Bioenergy Group, MACS-Agharkar Research Institute, 
G.G. Agarkar Road, Pune 411004, Maharashtra, India
e-mail: vapaliwal@gmail.com; pkdhakephalkar@aripune.org

7Bioremediation of Terrestrial Oil Spills: 
Feasibility Assessment
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Abstract
Extensive industrialization and urbanization have led to an escalating global 
demand for petroleum and its products, thereby causing an increasing probability 
of marine as well as terrestrial oil spills. The need for efficient, sustainable as 
well as cost-effective oil spill clean-up technology therefore becomes inevitable. 
Over the years majority of research has focused on marine oil spills with far 
lesser reports on remediating terrestrial oil spills, which are far more complex 
and challenging for remediation. This study aims to provide brief information on 
the current technologies available for remediation of terrestrial oil spills. A com-
parative analysis of physical, chemical, thermal and bioremediation techniques 
has been reviewed in terms of their advantages, disadvantages and efficiency and 
also their feasibility assessment.

Keywords
Bioremediation • Oil spills • Marine • Hazard • Emulsion

7.1  Introduction to Terrestrial Oil Spills

Probability of accidental spillage of petroleum products especially during transpor-
tation and storage has increased with the escalating global demand for petroleum 
and has thus created a need for efficient clean-up technologies (Das and Chandran 
2011). During the transport and exploitation of crude oil, 1.3 million litres of oil 
enter the environment each year (Brooijmans et al. 2009). The volume of crude oil 
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discharge happening naturally has been projected to be 600,000 mt/year (Kvenvolden 
and Cooper 2003). Accidental or anthropogenic release of hydrocarbons has become 
a major source of aquatic and terrestrial contamination (Das and Chandran 2011). 
Terrestrial oil spills receive less attention than the reports of marine/aquatic oil 
spills (Fingas 2012). Table 7.1 provides several reported major oil spills around the 
world. In terrestrial oil spill, there is a vertical diffusion of the oil, thereby causing 
entrapment of toxic contaminants deep into the subsurface of the soil. Also the 
spreading and movement of oil across the surface are more complicated on land as 
compared to water (Fingas 2012). The accumulation of these hydrocarbons causes 
extensive damage to animal and plant tissues leading to death or mutations in long 
term (Khashayar and Mahsa 2010).

7.2  Properties of Crude Oil

Crude oil (petroleum) is a combination of organic compounds, where every com-
pound has its unique chemical and physical properties. Crude oil extracted from 
different reservoirs exhibits a wide range of physical and chemical properties. These 
properties should be considered instantaneously during crude oil spillage, as it may 
assist in selecting the technique for removal of oil from the contaminated sites.

7.2.1  Density

Density of oil is measured according to the standard method D 5002 of ASTM 
(American Society for Testing and Materials) and expressed in g/ml (Fingas 2014).
The density of spilled oil increases overtime, where most of the volatile components 
are lost due to evaporation. Two density-related properties of oils can be used.

Table 7.1 Some of the major oil spills around the world are enlisted below

Date Location Spill type
Tons of spilled 
crude oil

2010 USA, Gulf of Mexico Deepwater Horizon 560,000–585,000
1991 Iraq and Kuwait, Persian Gulf Gulf War oil spill 270,000–820,000
1980 Mexico, Gulf of Mexico Ixtoc 454,000–480,000
1979 Trinidad and Tobago Atlantic Empress/Aegean 

Captain
287,000

1992 Uzbekistan Fergana Valley 285,000
1983 Iran, Persian Gulf Nowruz field platform 260,000
1991 Angola ABT Summer Offshore 260,000
1991 Italy, Mediterranean Sea near 

Genoa
MT Haven 144,000

1989 USA, Prince William Sound, 
Alaska

Exxon Valdez oil tanker 35,065–103,896

Modified table of Wood (2002)
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7.2.1.1  Specific Gravity
It is the ratio of densities of oil to pure water, at a specified temperature.

7.2.1.2  American Petroleum Institute (API) Gravity
Depending on the API gravity, the petroleum liquid can be measured as heavy or 
light compared to water. If the API gravity of petroleum liquid is greater than 10, 
then it is lighter and floats on water, while if it is less than 10, then it is heavier and 
sinks.

Oils having high densities tend to have low API gravities and vice versa (Fingas 
2014).

7.2.2  Pour Point

The lowest temperature, which allows the oil to flow, is pour point of the oil (Speight 
2015). For example, highly viscous oils, due to their viscosity, may not flow at its 
pour point. During oil spillage, it is essential to study the pour point of oil, which 
provides a rough idea about the temperature at which flow ceases (www.oilproduc-
tion.net/files/Introduction).

7.2.3  Flash Point

It is the temperature required for the fuel to form an ignitable vapour once exposed 
to flame (www.oilproduction.net/files/Introduction). With respect to safety of spill 
clean-up operations, flash point becomes an important factor to consider. Under 
ambient conditions, gasoline and light fuels may get ignited causing serious hazards 
when spilled (Fingas 2014). Crude oil spillages that are fresh will have lower flash 
points, until the evaporation or dispersion of lighter components occur (www.oil-
production.net/files/Introduction).

7.2.4  Viscosity

Viscosity is defined in terms of resistance of the fluid to flow. Fluids having low 
viscosity flow more easily. Temperature also affects viscosity of a fluid; the lower 
the temperature, the higher is the viscosity. In case of an oil spillage, it is viscosity 
that usually determines the rate at which spreading of the oil will take place as well 
as the degree to which it will penetrate the soil (www.oilproduction.net/files/
Introduction). The lesser the content of asphaltenes, the lower will be the viscosity 
of crude oil and vice versa (Fingas 2014).
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7.2.5  Emulsion Formation

Water-in-oil emulsion is the formation of small globules of water in oil. It is impor-
tant to know the possibility of oil to form an emulsion, what are the physical char-
acteristics and whether the emulsion is stable. If spillage occurs on water surface, 
then characteristics of emulsions are different than that of parent crude oil. The 
water-in-oil emulsion has imperative significance towards the removal of crude oil 
in spillage (www.oilproduction.net/files/Introduction).

7.2.6  Sulphur Content

Along with hydrocarbons, crude oil also consists of sulphur, oxygen, nitrogen, 
organometallic complexes such as nickel and vanadium and dissolved gases, such 
as hydrogen sulphide. At an oil spillage site, sulphur content becomes a safety con-
cern for the clean-up worker. Also, the burning of crude oil with high sulphur con-
tent leads to production of sulphur dioxide which is toxic to the environment (www.
oilproduction.net/files/Introduction).

7.2.7  Volatile Organic Compounds (VOCs)

Volatile organic compounds (especially aromatic hydrocarbons) commonly found 
in petroleum are benzene, toluene, ethylbenzene and xylenes (BTEX). During acci-
dental spills, these compounds frequently enter soil, groundwater, etc. due to their 
high solubility and mobility. BTEX are known to be hazardous carcinogenic and 
neurotoxic compounds; hence, removal of these components from spill sites 
becomes necessary (www.oilproduction.net/files/Introduction).

7.2.8  Composition of Crude Oil

The main constituents of oil can be broadly grouped into saturates (branched, 
unbranched and cyclic alkanes), aromatics (monocyclic and polycyclic), resins and 
asphaltenes (Fingas 2014). The outermost layer of oil is constituted by saturates, 
while the innermost is composed of asphaltenes due to their large molar masses. 
The microbial degradation of different fractions of crude oil is of the following 
order: alkanes>light aromatics (monocyclic)>cycloalkanes>heavy aromatics 
(polyaromatics)>asphaltenes. Resins are the most easily degraded fraction of crude 
oil as they are light polar molecules. Polyaromatic hydrocarbons (PAHs) such as 
naphthalene, phenanthrene, etc. are referred to as low molecular weight or light 
PAHs as they are composed of two or three cyclic rings, while those made up of four 
or more cyclic rings (e.g. pyrene, chrysenes, etc.) have high molar masses and are 
referred to as heavy PAHs and are known to be potential carcinogenic compounds. 
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Asphaltenes are highly complex and biodegradation resistant due to their viscous 
nature and high molar mass (Fingas 2014).

7.3  Hazardous Effects

Soil contaminated with crude oil poses a major global problem. Various hazardous 
effects are associated with oil spills. Air, ground and water pollution due to various 
petroleum products result in extinction of numerous species of plants and animals. 
Once they reach the environment, it leads to damage primarily by its blocking effect 
of oil layer to water, nutrients, oxygen and access to light.

In terrestrial habitats, crude oil gets absorbed by plant and soil particles thereby 
affecting the soil fertility leading to poor growth of plants. It also adversely affects 
the germination of seeds resulting in a decrease of agricultural productivity of the 
soil (Wang et al. 2008). It also has serious effects to human health, either from inter-
nal exposure to oil (injection or inhalation) or from external exposure through skin 
and eye irritation. Health risk is associated with direct contact to vapours of con-
taminants of soil (Thapa et al. 2012). Exposure to petroleum hydrocarbon products 
may cause acute toxic effects such as neurological problems and ocular (eye) and 
respiratory system issues. Along with migraines and headaches, people living in 
affected areas showed nausea, throat infections and nose and eye irritations.

7.4  Different Methods to Clean Up Terrestrial Oil Spills

To avoid problems associated with oil spills, it is necessary to remove a maximum 
portion of the crude oil from the spillage area and decontaminate the site. For deter-
mining the efficacy of a remediation technique, cost is an important factor. The cost 
analysis for a remediation technique would require considering the implementation 
cost as well as the cost of averting the oil from harming the environment. An opti-
mal spill response would be the one which minimizes cost of operation as well as 
environmental deterioration (Prendergast and Gschwend 2014). Some of the factors 
influencing the cost associated with cleaning up oil spills are the type of product 
spilled, location and time of spillage, local and national laws and clean-up strategy. 
Location, oil type, total spill amount and depth of contamination are most important 
factors determining the per-unit amount cost (Khan et al. 2004). Conventional phys-
iochemical methods are available to clean up oil from the contaminated area.

7.4.1  Physical Methods

The primary response option for the clean-up of oil-contaminated sites is the physi-
cal restraint and recovery of free oil. Commonly used physical methods include the 
following.
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7.4.1.1  Soil Excavation
This is a mechanical removal of contaminated soil from the area either for burying 
or burning. It is suggested that soil excavation is an efficient way to remove con-
taminated soil. Disadvantage associated with this technique is that it is expensive, 
and the area, from which soil is removed, becomes more prone to the erosion 
(Araruna et al. 2004).

7.4.1.2  Soil Washing
An ex situ method that uses a combination of water and chemical additives to 
remove the contaminant. In this process, fine soil such as silt and clay are separated 
from coarse particles like gravel. Crude oil contaminants incline towards fine soil 
particles rather than coarse soil. At the time of washing of soil, silt and clay particles 
can be removed mechanically and separated from uncontaminated coarse soil 
(Wood 2002; Arwidsson et  al. 2010). This uncontaminated coarse soil is then 
retained as backfill, while contaminated soil is further treated or disposed. Soil 
washing technique particularly targets contaminants such as semi-volatile organic 
compounds (SVOCs) and petroleum residuals. Soil washing can be a cost-effective 
technique for soil sites with gravels. Based on the contaminant concentration, quan-
tity and site-specific conditions, the average cost for soil washing technique can be 
around $170 US/t (Khan et al. 2004).

7.4.1.3  Soil Vapour Extraction (SVE)
It is a cost-effective, in situ method for removal of contaminants in soil that are vola-
tile. With the help of specially designed system, the volatile components of crude oil 
are removed from soil in the form of vapour. Vacuum is applied through under-
ground wells which pulls up the contaminants to the surface in the form of vapour 
or gas. Sometimes air is also used to enhance the process. SVE is mainly used to 
remove chlorinated hydrocarbons (e.g. trichloroethylene) from contaminated soil 
(Albergaria et al. 2012) and at sites with comparatively porous and homogeneous 
contaminated unsaturated zone. The process suffers from disadvantages like large 
energy requirement causing economical constraints. Also, lighter fuels such as gas-
oline can be successfully removed by SVE, while the heavier fuels (e.g. diesel, 
kerosene and heating oils) are not readily removed by this method. Sites with high 
moisture levels and those having groundwater table less than a metre underneath the 
land surface are not appropriate for SVE technique. The operational costs of SVE 
are between $20 and $50 US/t of contaminated soil (Environmental Protection 
Agency report) (Khan et al. 2004).

7.5  Thermal Clean-Up Methods

Thermal methods have been shown to be more effective in some soils, e.g. clays, 
where majority of other clean-up methods fail (Araruna et al. 2004).
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7.5.1  Thermal Desorption

In this method, crude oil-contaminated soil is heated at 200–1,000°F; this causes the 
contaminants with low boiling point to get vaporize or desorb (physically separate) 
and release from soil (Ukpaka and Amadi 2014). Thermal desorber causes either 
complete or partial decomposition of organic substituent, depending upon the tem-
perature used or type of organic compound present in the contaminated soil for 
VOCs; low-temperature thermal desorption is used, while higher temperature is 
mainly used for PAHs. Thermal desorption changes the form of contaminant into a 
further treatable form, whereas incineration intends to destroy it completely (Singh 
et al. 2009). Thermal desorber has been shown to decontaminate crude oil-polluted 
soil with 90% efficiency (Ezeji et al. 2005).The major pitfalls of this technique is 
that it is expensive, time-consuming and hazardous. Using thermal desorption tech-
nique, the overall remediation cost of petroleum-contaminated soils varies from $50 
to $330 US/mt that include cost of initial setup, transportation charges, excavation 
and replacement of treated soil (Khan et al. 2004).

7.5.2  Incineration

High temperatures are used to burn the contaminants from crude oil-contaminated 
soil. According to US EPA, incineration occurs at high temperature ranging from 
1,600 to 2,500 °F. Hazardous wastes including crude oil get destroyed at this high 
temperature, while other toxic elements get reduced to basic elements such as 
hydrogen, carbon, chlorine, nitrogen, etc. These elements then combine with oxy-
gen to form nontoxic compounds like water, carbon dioxide and nitrogen oxide. 
Disadvantages associated with this technique are requirement of high energy and 
operational cost, large space involvement in the clean-up process and dangers of 
environmental pollution (Fericelli 2011).

7.6  Chemical Methods

Chemical methods, mostly dispersants, have consistently been used in many coun-
tries as a response alternative. Dispersants are surfactants, which are sprayed on the 
oil slick using aircraft for reducing the water/oil interfacial tension thereby promot-
ing dissolution of oil (Prendergast and Gschwend 2014). However, heavier crude oil 
fractions tend to be difficult to remove using dispersants resulting in escalation of 
clean-up costs (Etkin 1999). The cost of removing oil from offshore using disper-
sants has been reported to be around $7350/tonne (Etkin 1999).
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7.7  Biological Methods

Remediation by physical methods tends to be costly and thus not applicable on large 
scale. Biological treatments offer a cost-effective and sustainable alternative for 
hydrocarbon-contaminated sites. For contaminant removal, bioremediation is most 
often the primary method of choice. Different microorganisms or plants can be used 
to decontaminate polluted sites (Chandra et al. 2013).

7.7.1  Phytoremediation

Phytoremediation involves the use of plants for in situ treatment of polluted sites to 
remove, immobilize and/or degrade contaminated soil. Phytoremediation has been 
shown as a promising technology for in situ removal of petroleum hydrocarbons. 
During phytoremediation for degradation of petroleum hydrocarbons, synergy 
between microbes and plants present in the rhizosphere is employed (Fingas 2014; 
Hou et al. 2015). Different phytoremediation techniques can be used such as phyto-
extraction, phytodegradation, phytostabilization and phytovolatilization based on 
their applicability and the nature of contaminant (Dhankher et  al. 2012). 
Phytoremediation provides numerous advantages over other remedial approaches 
like cost-effectiveness, applicable at any geographical site that can sustain plant 
growth, and improves soil quality and structure. As compared to other remediation 
strategies that cost around $75–100 per m3, the cost of plant growth-promoting rhi-
zobacteria (PGPR)-enhanced phytoremediation is $25–50 per m3(Greenberg and 
Gerwing 2009). Despite all the advantages, phytoremediation also suffers from cer-
tain challenges such as the requirement of large amount of biomass that can grow 
quickly (especially in poor-quality soils), selecting the right combination of plant- 
bacterial species and presence of high concentration of petroleum hydrocarbons 
(Fingas 2014). Table  7.2 gives the feasibility of physical methods and the cost 
required to carry out each technique.

7.7.2  Bioremediation

Bioremediation is an unconventional method for treating contaminated sites (Liu 
et al. 2010). It is a biological process, wherein microbial capacities are exploited in 
favour of removal of toxic and hazardous chemicals from basic resources of 
environment.

This technology uses naturally occurring organisms to degrade perilous com-
pounds into less or nontoxic compounds. The first successful application of biore-
mediation for petroleum-contaminated soil came from Exxon Valdez oil spill of 
1989 (Chandra et al. 2013). This created a remarkable interest in the potential use of 
bioremediation technology as a primary clean-up strategy. There are numerous 
advantages of using bioremediation over other prevailing methods such as it is less 
expensive and eliminates the waste permanently (Perelo 2010). The residues left 
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after bioremediation treatment are generally nontoxic which consist of carbon diox-
ide, water and cell biomass, whereas physical and chemical methods usually trans-
fer the contaminant from one environmental area to another. Since it is a natural 
process, it has greater public acceptance (Shukla et al. 2010). In nature, bioremedia-
tion can occur either aerobically or anaerobically.

7.8  Mechanism of Bioremediation

7.8.1  Aerobic Process

Aerobic biodegradation involves the breakdown of hydrocarbon by microorganism 
using oxygen as terminal electron acceptor. Biodegradation of petroleum hydrocar-
bon takes place at a faster rate under aerobic condition (Fritsche and Hofrichter 
2008). For example, enzymes like monooxygenases and dioxygenases catalyse the 
degradation of aromatic and aliphatic hydrocarbons by the addition of oxygen mol-
ecule (Karigar and Rao 2011). Some of the microorganisms that carry out aerobic 
biodegradation include Bacillus, Corynebacterium, Staphylococcus, Streptococcus, 
Shigella, Alcaligenes, Acinetobacter, Escherichia, Klebsiella and Enterobacter 
(Kafilzadeh et al. 2011).

The four fractions of crude oil are saturates, aromatics, resins and asphaltene 
compounds, and among them saturates and aromatic fractions are biodegraded in 
the marine and in terrestrial environments, while resins and asphaltene are highly 
resistant to microbial degradation (Bergauer et al. 2005; Yemashova et al. 2007). 
Degradation of alkanes can occur by terminal oxidation or subterminal oxidation 
pathway and is classified as terminal or subterminal (van Beilen et  al. 2006). In 
terminal oxidation pathway, the terminal methyl group of alkane gets oxidized to 
form primary alcohol by enzyme monooxygenase, which is further oxidized to 
aldehyde and finally into fatty acid by alcohol dehydrogenase and aldehyde dehy-
drogenase. Fatty acid can further be converted into acetyl CoA by β-oxidation (Rojo 
2009), or it can undergo ω-hydroxylation at the terminal methyl group (ω position) 
producing ω-hydroxy fatty acid by the enzyme ω-fatty acid monooxygenase, which 
is transformed into dicarboxylic acid and treated by β-oxidation (Coon 2005).This 
acetyl CoA enters into TCA cycle, which liberates CO2 and generates energy in the 
form of ATP (Gandy and Gandy 1980). In subterminal oxidation pathway, alkane is 
oxidized at terminal position to form secondary alcohol and converted into corre-
sponding ketone (Okoh 2006), which is further oxidize to ester by enzyme Baeyer- 
Villiger monooxygenase. The ester is hydroxylated to form alcohol and fatty acid 
(Kotani et al. 2007).

Aromatic degradation: For aromatics the rate of degradation mainly depends on 
the number of rings present in the molecule. The more the number of aromatic 
rings, the more resistant the molecule is to microbial degradation (Mrozik et  al. 
2003). Biodegradation of aromatic hydrocarbon takes place by the cleavage of the 
aromatic ring into straight-chain acid (Fig. 7.1). These reactions involve the inclu-
sion of molecular oxygen into the ring structure, which is catalysed by the enzyme 
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dioxygenases. The resulting compound dihydrobenzene is further converted to cat-
echol by the action of the enzyme dehydrogenase and then cleaved between the 
closed hydroxylated carbon atoms to form cis-cis-muconic acid. The muconic acid 
is further metabolized into β-ketoadipic acid, which undergoes series of reaction 
and finally converted into succinic acid and acetyl CoA (Fuchs et al. 2011).

7.8.2  Anaerobic Process

Anaerobic hydrocarbon degradation usually occurs in deep and anoxic environ-
ments such as submerged soil, aquatic sediments and soil contaminated with natural 
oil and its residues. In such environments, biodegradation of hydrocarbons is car-
ried out by facultative and obligatory anaerobic microorganisms (archaea and bac-
teria), which are identified as Geobacter metallireducens (Zang et  al. 2013), 
Desulfobaculatoluolica Tol2 (Chakraborty and Coates 2004), Aromatoleum aro-
maticum (Wöhlbrand et  al. 2007) and Magnetospirillum magneticum AMB-1 
(Shinoda et al. 2005). These microorganisms use alternate electron acceptor such as 
Fe (III) (ferric ion reducers), sulphate (sulphate reducers), nitrate (denitrifying 
organisms) and CO2 (methanogens), such as chlorate, manganese and chromate 
(Weelink et  al. 2009, 2010). The use of electron acceptors other than oxygen is 
based on its availability and the competition among different types of microorgan-
isms for electron donors (Lovley 2003). Microbial degradation, especially of recal-
citrant hydrocarbons, is limited without the presence of oxygen, as most of the 
microbes require oxygen as their terminal electron acceptor for degradation. 
Anaerobic degradation of toluene has been studied in depth; the initial step is the 
incorporation of fumarate molecule into the methyl group of toluene to form benzyl 
succinate, which is catalysed by enzyme benzyl succinate synthase (Fig.  7.1). 
Subsequent reactions result in the oxidation of benzoyl succinate and eventually 
formation of benzoyl-CoA and acetyl CoA by enzyme CoA-transferase. Benzoyl- 
CoA, last intermediate of aromatic hydrocarbon metabolism, is then further broken 
down by β-oxidation (Biegert et al. 1996).

A pathway for hydrocarbon degradation and the nature of bacteria involved in 
degradation can be either aerobic or anaerobic depending upon the type of terminal 
electron acceptor available (Olajire and Essien 2014). Aerobic microbes grow 
quickly with high cell densities, while anaerobic culture requires long time to grow. 
Under aerobic process, more number of ATP and biomass is generated per molecule 
of hydrocarbon degraded. Thus, more significant degradation can occur in a short 
span of time in aerobic condition as compared to anaerobic process.

7.9  Physiochemical Factors Affecting Bioremediation

Although microbial community plays an important role in biodegradation process 
of petroleum hydrocarbons, the biodegradation rate principally depends on environ-
mental conditions. An effective degradation of crude oil requires simultaneous 
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action of several metabolically active microorganisms with favourable environmen-
tal conditions. A number of environmental factors play a significant role in effective 
hydrocarbon degradation.

7.9.1  Temperature

Temperature plays an imperative role in the petroleum hydrocarbon biodegradation, 
as it affects hydrocarbon solubility and soil moisture content, invariably, disturbing 
the microbial flora. Bioavailability of several saturates and aromatics to the microbes 
for degradation is dependent on temperature (Coulon et al. 2005). The biodegradation 
rate usually increases with increase in temperature; at low temperatures, viscosity of 
oil increases and also affects the volatility of highly toxic low-molecular-weight com-
pounds, thus delaying biodegradation (Rahman et al. 2002).Temperatures between 30 
and 40  °C produce maximum increase in the hydrocarbon metabolism rate, and 
beyond that there is an increase in toxicity of hydrocarbons to microbial membrane, 
leading to microbial cell death and reduction in biodegradation (Coulon et al. 2005). 
Optimum temperature differs for terrestrial and aquatic sample. In case of soil envi-
ronments, the highest degradation rate occurs around 30–40 °C, while in aquatic biota 
like fresh water ecosystem, we witnessed a maximum hydrocarbon degradation at 
20–30 °C, while for marine environment it was at 15–20 °C (Das and Chandran 2011).

7.9.2  pH

pH has a significant impact on bioremediation, controlling enzyme activities, trans-
port processes and nutrient solubility (Cerqueira et al. 2011). pH is also one of the 
most important factors for effective degradation; it influences the metabolic activity 
and growth of microorganism, since most of the microbes require specific pH to 
carry out their metabolic activity; identification of optimum pH for microbial growth 
and activity would help in designing efficient bioremediation strategy (Rousk et al. 
2009). The choice of the pH depends on the microorganism to be used for the deg-
radation, for example, fungal strains are found to carry biodegradation at lower pH, 
while bacteria show higher degradation at pH values between 6.5 and 8.5 (Dibble 
and Bartha 1979). Maximum crude oil degradation occurs at pH 8.0; beyond it a 
decreasing efficiency has been observed. This indicates that extreme pH has inhibi-
tory action on majority of the microbial degradation processes.

7.9.3  Salinity

Many microorganisms are capable of growing at high salinity like Pseudomonas 
aeruginosa which showed the highest growth and biodegradation activity at 3.5% 
salinity (Thavasi et al. 2007). At a NaCl concentration of 2.5%, Rhodococcus eryth-
ropolis showed better growth and hydrophobicity (de Carvalho and ds Fonseca 2005). 
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Rate of hydrocarbon degradation decreased if soil salinity increased beyond the opti-
mum level. High salt concentration may decrease the water activity of the surrounding 
environments, which can in turn retard the cellular activities and growth of bacteria.

7.9.4  Nutrients

Nutrients like nitrogen, potassium, phosphorus and also iron are very important for 
successful bioremediation of hydrocarbon contaminants. The growth of microor-
ganisms and hydrocarbon degradation can be greatly enhanced by supplementation 
with inorganic N and P.  The optimum nutrient balance ratio of carbon/nitrogen/
phosphorus equals 100:10:4 is required for hydrocarbon remediation (Thapa et al. 
2012), though it may vary as per the need of the microorganism. Other than these 
nutrients, some micro- and macronutrients are also required for successful bioreme-
diation (Leys et al. 2005).

7.9.5  Moisture

Soil moisture content can influence the biodegradation rate due to its effects on 
hydrocarbon bioavailability, diffusion processes, transfer of produced gases, oxy-
gen availability in the soil and soil toxicity level (Borresen and Rike 2007; Yang 
et  al. 2009). Low moisture content inhibits the growth of microorganism, while 
excess moisture affects the soil aeration decreasing the rate of hydrocarbon degra-
dation. The water activity or water potential (aw) of aquatic environment is stable 
near 0.98; therefore, available water for microbial growth and metabolism is limited 
in turn affecting hydrocarbon degradation (Dibble and Bartha 1979).

7.9.6  Soil Type

Most of the contaminants like hydrocarbons tend to adsorb on soil making them 
unavailable to microorganism for degradation; therefore, in some condition, bio-
availability of hydrocarbon also depends on soil type. Oxygen availability for bio-
remediation processes is affected by permeability, bulk density of the soil and 
moisture content. Soils like clay, which are fine textured and has low permeability, 
prevent diffusion of air and nutrients in soil that can affect bioremediation process 
(Sihag et  al. 2014). Soil with granular or porous texture with high permeability 
enhances the biodegradation rate of hydrocarbon (Bali et al. 2002).

7.9.7  Redox Potential

Petroleum hydrocarbon degradation can occur at both aerobic and anaerobic condi-
tion. Redox potential and oxygen content differentiate between oxidizing and 
reducing conditions (Leahy and Colwell 1990). Based on the dominant electron 

P. Nagkirti et al.



155

acceptor, the redox environment condition affects the presence of bacteria in soil. 
Depending upon the redox potential, a desired reaction that is oxidation or reduction 
during the course of remediation can be detected. Hydrocarbon degradation under 
aerobic conditions is significantly faster, in which oxygen acts as electron acceptor; 
only when oxygen availability in the soil is depleted only then bacteria will utilize 
nitrate, sulphate or iron as alternate electron acceptor. When a particular electron 
acceptor has been consumed, the next redox process will be initiated; this sequence 
will be accompanied by a decline in the redox potentials (Leahy and Colwell 1990).

7.10  Bioremediation of Terrestrial Oil Spill

Bioremediation has proved to be one of the most sustainable oil spill clean-up strat-
egy, but its full potential is yet to be tapped. The efficiency of soil remediation 
largely depends on the characteristics of soil matrix like porosity, density and air 
permeability (Tomei and Daugulis 2013). One of the major challenges of bioreme-
diation is the slow outcome particularly the bioremediation of heavy fractions of 
crude oil. Bioremediation techniques are mainly of two types, in situ and ex situ. In 
situ bioremediation of contaminated soil is treatment on site, whereas in ex situ 
bioremediation, contaminated soil is unearthed and is later on transported to a treat-
ment facility (Speight and Arjoon 2012; Fingas 2014).

Various reports are available where process of bioremediation has been studied 
at different oil-contaminated sites. Effect of different process parameters has been 
observed by using seven bacterial strains in the north region of the Shaanxi Province 
in China (Xu et al. 2009). Ex situ bioremediation techniques such as the use of bio- 
slurry reactor and land farming cells have been used for the management of heavily 
oil-contaminated soil. The use of slurry-phase biotreatment shows excellent reduc-
tion in oil concentration of up to 88% after just 2 months (Kuyukina et al. 2003). 
Effect of mesophilic (25 °C) and thermophilic temperatures (45 °C) on the process 
of bioremediation has been studied by Hesnawi and Mogadami (2013). Mesophilic 
temperature shows degradation up to 79.8%, while 62.4% degradation was observed 
at thermophilic temperature (Hesnawi and Mogadami 2013). Some of the bacteria 
reported for petroleum hydrocarbons are reported in Table 7.3.

7.10.1  In Situ Bioremediation

In situ techniques are more cost-effective and prove to be more useful when there is 
problem of deeper oil contamination (Speight and Arjoon 2012; Fingas 2014). The 
key initial step for in situ bioremediation is the assessment of site condition by iden-
tifying the presence of oleophilic bacteria among the native microbial population 
and the limiting conditions that may affect the remediation process (Fingas 2014). 
The execution of in situ bioremediation depends mainly on the subsurface hydrol-
ogy, the nature of contamination and the extent of contaminated area. In general the 
productivity of in situ bioremediation is higher when soil subsurface permeability is 
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more, the depth of contamination is 8–10  m, and shallow groundwater depth of 
10 m is present below the ground surface. Depending on the level of contamination 
and its depth in the soil, the time required for in situ bioremediation may vary from 
12 to 24  months. The advantages of this method are the complete removal of 
contaminant(s), lower health hazard to site workers and low operational cost, while 
the disadvantages include slow kinetics extending the degradation process and 
depth of soil (Speight and Arjoon 2012; Tomei and Daugulis 2013). Some of the in 
situ technologies are discussed below.

7.10.2  Bioventing

Bioventing is an in situ bioremediation technique where oxygen or air (at low air-
flow rates) is supplied into the unsaturated zone through gas injection. It is primarily 
used for removal of mid-weight petroleum compounds like diesel, jet fuel and gaso-
line (Garima and Singh 2014; Macaulay and Rees 2014). Soil permeability of the 
contaminated site plays an important role for the successful implementation of this 
technique (Garima and Singh 2014; Fingas 2014). Bioventing technique is of two 
types: active and passive. In passive bioventing, oxygen is supplied through atmo-
spheric pressure into the injection wells, whereas in active bioventing, a blower or 
pump is used for forcing oxygen into the wells.

Figure 7.2 provides a diagrammatic view of bioventing technique. Bulman et al. 
(1993) reported the use of bioventing technology at a diesel spill site in Australia. 

Table 7.3 Bacteria reported for petroleum hydrocarbon degradation

S. No. Bacteria Compound metabolized References
1. Mycobacterium vanbaalenii 

PYR-1
Benzo[a]pyrene Moody et al. (2004)

2. Rhodococcus erythropolis Long chain c-alkanes Adhikari et al. 
(2015)

Gordonia terrae Long chain c-alkanes Adhikari et al. 
(2015)

3. Pseudomonas putida Toluene, naphthalene Petersen (1996)
4. Dechloromonas strain RCB Benzene Chakraborty and 

Coates (2005)
5. Geobacillus thermoleovorans n-hexadecane Marchant et al. 

(2006)
6. Bacillus subtilis DM-04 and 

Pseudomonas aeruginosa M 
and NM

Crude oil Das and Mukherjee 
(2007)

7. Stenotrophomonas maltophilia 
strain VUN 10,010

Polycyclic aromatic 
hydrocarbons

Dandie et al. (2004)

8. Methylococcus, Methylosinus, 
Methylocystis

Aliphatic and chlorinated 
alkanes, alkenes and aromatic 
and chlorinated aromatics

McDonald et al. 
(2006)
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After treatment in a 3-m-deep soil, the total hydrocarbon concentration reduced 
from 10% to 30% after 6 months. After another 6 months, the addition of nutrients 
further reduced total hydrocarbon concentration to 30% at a depth of 3.5 m (www.
hawaii.edu/abrp/Technologies/biovent.html).

Bioventing is limited when the soil is of low permeability, low moisture content 
and low microbial concentration. Cost of bioventing mainly depends upon the con-
centration and type of contaminants, soil permeability, pumping rate and off-gas 
treatment. The approximate cost for bioventing might be around $10–$60/cubic 
yard; as the area increases for remediation, the cost can be decreased (Aggarwal 
et al. 1991). This technology does not demand for expensive equipment and has 
relatively low maintenance.

7.10.3  Biosparging

When there is some risk involved in remediation methods available, biosparging is 
the preferred option. It removes contaminants at the saturated zones (region below 
the water table); it also creates a blockade against migration of contaminants off-site 
(http://horizontaldrill.com). To facilitate aerobic degradation, the existing oleophilic 
microflora is provided with nutrients and oxygen (under high pressure). Figure 7.3 
provides a diagrammatic view of biosparging. Kao et al. (2008) reported the effec-
tiveness of biosparging at a petroleum hydrocarbon spill site contaminated with 
BTEX. In 10 months, 70% of BTEX was biodegraded using biosparging technol-
ogy. Biosparging offers a cost-effective and easy to set up technique for removal of 
mid-weight hydrocarbons, while for polyaromatic hydrocarbons, the process has 

Fig. 7.2 A diagrammatic representation of in situ bioventing technique
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been shown to be too slow (Garima and Singh 2014; Macaulay and Rees 2014). 
Heavier products (e.g. lubricating oils) usually take longer time to biodegrade, but 
still biosparging can be an option at such sites.

Biosparging in the vadose zone is an efficient method that is cost-effective than 
SVE or conventional air sparging. For biosparging the flow rates are low, and the 
costs for blowers, operation and maintenance are less (www.horizontaldrill.com). 
The costs of implementing biosparging using compressed air injection would be 
around 12.5–25 euro per m3.

7.10.4  Bioslurping

It is relatively a recent in situ bioremediation method, combining three different 
techniques: vacuum-enhanced pumping, soil vapour extraction and bioventing 
(Macaulay and Rees 2014). Bioslurping simultaneously achieves aerobic biodegra-
dation of the vadose zone by microbes as well as expulsion of liquid saturates (light 
nonaqueous phase) that are present in the capillary fringe and water table. Figure 7.4 
provides a diagrammatic view of bioslurping technique. Petroleum hydrocarbons, 
like benzene, toluene, xylene, paraffins, naphthalenes, diesel oil and gasoline, were 
remediated using bioslurping technology (Lee and Lee 2010). Bioslurping is infea-
sible in fine-textured soils and soil with high moisture content. High moisture con-
tent causes reduction in air permeability, thereby decreasing oxygen transfer 
capability and finally causing inhibition of microbial activity in the contaminated 
soil. Bioslurping was carried out for the recovery of LNAPL by the US army, which 
was estimated at around $56/gal LNAPL recovered. It has successfully been used 

Fig. 7.3 A diagrammatic representation of in situ biosparging technique
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for clean-up of petroleum hydrocarbons and remediation of light nonaqueous phase 
liquid (LNAPL) pollution (Parker 1995). Previous results from many contaminated 
sites pointed that LNAPL recovery was better with bioslurping than with any other 
evaluated techniques.

7.11  Ex Situ Bioremediation

Ex situ bioremediation technologies offer advantages like reaction containment and 
process control. Therefore, ex situ bioremediation offers a possibility for enhance-
ment of biodegradation kinetics and mass transfer, optimizing operating parameters 
and choice of additional pretreatments. On the other hand, the disadvantages of ex 
situ bioremediation are the risk factors related with the unearthing and relocation of 
the contaminated soil and the overall cost of the treatment (Tomei and Daugulis 
2013). Depending on the different degrees of complexity of treatment, ex situ bio-
remediation can be classified as the following.

7.11.1  Land Farming

One of the most ubiquitously used technologies for petroleum hydrocarbon reme-
diation is land farming (Speight and Arjoon  2012; Tomei and Daugulis 2013; 

Fig. 7.4 A diagrammatic representation of in situ bioslurping technique
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Camenzuli and Freidman 2015). Initially, nutrients are applied on the contaminated 
soil (up to 1 m thick), which is followed by tilling of the soil to accelerate the bio-
degradation and volatilization of petroleum hydrocarbons (Thapa et  al. 2012; 
Nikolopoulou et al. 2013). Volatilization and microbial activity aid in removal of the 
lighter fractions of the oil, whereas the heavier fraction is predominantly removed 
by microbial degradation. Land farming can be customized according to the site- 
specific conditions like climate, type of soil and temperature. The supplement of 
nitrogen and phosphorous as well as contaminant degrading allochthonous prokary-
otes has been shown to aid in the successful application of land farming (Thapa 
et al. 2012; Nikolopoulou et al. 2013). Figure 7.5 provides a diagrammatic view of 
land farming technique. Land farming is especially implied for the disposal of oily 
sludge and other petroleum refinery wastes. Land farming is inefficient in remediat-
ing certain hydrocarbon compounds like creosote, pentachlorophenol (PCP) and 
bunker C oil (Huang et  al. 2004). Adequate monitoring and environmental safe-
guards are required. The limitation of land farming is that the degradation process is 
very slow and ineffective in degrading high molar mass PAHs (Macaulay and Rees 
2014). Using land farming technique, Marin et al. (2005) reported an 80% biodeg-
radation of total hydrocarbons in 11 months of refinery sludge located in semiarid 
region. The utilization of simple equipment and operability makes land farming a 
cost-competent technology (Tomei and Daugulis 2013). Typical costs for land farm-
ing range from $30 to $60 per tonne (Cookson 1995); as compared to other reme-
diation technologies, costs of installation, operation and maintenance are relatively 
inexpensive. For remediation, it might take a period of 6 months up to 2 years, and 
the duration is more for contaminants with denser hydrocarbons (Hejazi 2002).

7.11.2  Biopiles

Biopile is a hybrid technique for treatment of petroleum hydrocarbons offering a 
combination of land farming and composting (Speight and Arjoon 2012). In this 
method, piles containing the contaminated soil are stimulated by addition of 

Fig. 7.5 A diagrammatic representation of land farming technique. Addition of nutrients and till-
ing will be carried out for efficient bioremediation
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microbes and/or by addition of nutrients and water (Camenzuli and Freidman 2015; 
Iturbe and Lopez 2015). Petroleum-contaminated soils having sandy granulometry 
have especially been treated using biopile technique. The biodegrading activity of 
microbes aids in reduction of heavy fractions of oil (Iturbe and Lopez 2015). 
Figure 7.6 provides a diagrammatic view of biopile technique. The efficiency of 
biopile depends upon parameters such as soil and contaminant characteristics as 
well as weather conditions. Biopiling is effectively carried out in cold regions like 
Arctic grounds, where temperature is increased and prolonged over a period, thus 
optimizing microbial activity (Filler et al. 2008). The nature of soil plays an impor-
tant role as it influences migration of microbes, as well as permeability of air and 
nutrients into the soil (Iturbe and Lopez 2015).

Biopiles are efficient in remediating a majority of the petroleum compound con-
taminants like nonhalogenated and halogenated volatile organic compounds 
(VOCs), semi-VOCs and pesticides (Singh et al. 2009). Further, biopile can also 
prevent off-site movement of contaminants and facilitate monitoring of bioremedia-
tion process (Filler et al. 2008; Sanscartier et al. 2009; Singh et al. 2009). Major 
disadvantage of biopiling technique is excess air injection can cause soil drying, 
thus affecting the microbial activity (Sanscartier et  al. 2009). Iturbe and Lopez 
(2015) reported the application of biopile technology for bioremediation of a 
hydrocarbon- contaminated site located in Mexico. A 77.7% heavy fraction 

Fig. 7.6 An illustration on mechanism of action of biosurfactants
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hydrocarbon removal was obtained at the end of treatment using both biopile and 
land farming technology (as pretreatment).The budget for using biopiles depends on 
the nature of pollutant, the treatment method employed or the requirement of emis-
sion control systems. Minimum personnel are required for its process and mainte-
nance, and the cost associated with biopile can be around US $130–$260/cubic yard 
(FRTR 1999).

7.11.3  Composting

Composting is a process that comprises mixing of contaminated soil with organic 
substances like manure and agricultural wastes. The organic material helps in reduc-
ing biodegradation period by enriching the microbial population in the soil. The 
process occurs under aerobic conditions and utilizes the advantage of the elevated 
pile temperature generated during the oxidative exothermic biodegradation reaction 
(Speight and Arjoon 2012; Thapa et al. 2012). This rise in temperature results in 
more efficient biodegradation process. Composting has several advantages over 
other bioremediation methods, such as ease of process, cost-effectiveness and 
higher efficiency especially against bioremediation of PAHs, chlorophenols, petro-
leum hydrocarbons, etc. (Prakash et al. 2015). Composting can be carried out to 
contaminated soil with pentachlorophenol (PCP), refinery sludge, insecticides, eth-
ylene glycol in landfill sludges, explosive and polycyclic aromatic (PAHs) (Norris 
1994; Cookson 1995). Good-quality compost can be obtained through process opti-
mization, which can be further used as manure or as inoculant for treating other 
organic contaminated soil. Composting requires large area and excavation of con-
taminated soils, which may further lead to unrestrained release of volatile com-
pounds. Using fresh biowaste, Van Gestel et al. (2003) reported an 85% degradation 
of diesel fuel under thermophilic composting, whereas, when mature compost was 
used, only 35% degradation was recorded. Costs might vary depending upon the 
amount of soil to be remediated, nature of the contaminant, design to be employed 
and availability of amendments. Composting systems are of three types: (1) wind-
row, (2) static pile and (3) in-vessel composting. Windrow composting of explosive- 
contaminated soils costs approximately $190 per cubic yard (Norris 1994; Cookson 
1995), while estimated costs for the other two systems are much higher.

7.12  Enhanced Bioremediation

Bioremediation can also be enhanced by either bioaugmentation, biostimulation 
and other techniques. While bioaugmentation utilizes the catabolic potential of spe-
cialized microbes, biostimulation relies on enhancing the growth of indigenous 
microbes by supplementation of organic materials to the contaminated site. The 
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deciding factor for implementation of either of these techniques largely depends on 
the degradation efficiency of the native microbial population and the degree of con-
tamination of the site to be treated.

7.12.1  Bioaugmentation

The indigenous or native microbes may not always be able to restrict or degrade the 
contaminants as they may be lacking the required gene pool. Bioaugmentation is the 
introduction of a designed microbial population (or consortia) harbouring the neces-
sary catabolic gene pool to effectively degrade pollutants present on the site (Paliwal 
et al. 2012; Macaulay and Rees 2014). Bioaugmentation has been shown to be suc-
cessful in restoring sites contaminated with aromatic pollutants; however, it has its 
own limitations too. One such problem is the right strain selection. It is important to 
use strains having the potential to degrade the contaminant and survive the competi-
tion with autochthonous bacteria and predation by other organisms. Thus, a priori 
knowledge of the indigenous microflora inhabiting the site is important. Fast growth, 
ability to withstand high concentration of contaminant and capability of proliferat-
ing wide environmental conditions are also some of the important factors that should 
be considered for designing microbial bioaugmentation strategies (Mrozik and 
Piotrowska 2010). Sites that lack sufficient microbial population or the necessary 
catabolic gene pool are best suited for bioaugmentation. Bioaugmentation not only 
enhances the metabolic activity of the microbes but also influences the bioavailabil-
ity of contaminants. This technique can be efficiently used on (1) contaminated sites 
that possess inadequate microbial biomass and (2) the indigenous microbial popula-
tion incompetent to completely mineralize the contaminants. Several studies have 
revealed that bioaugmentation method using specific microbes has been success-
fully employed in soil contaminated with PAH and diesel oil and oily sludge (Mrozik 
and Piotrowska 2010; Tahhan et al. 2011).

7.12.2  Biostimulation

Biostimulation is the enhancement of the local microflora by supplementing it with 
nutrients or electron acceptors/donors and gaseous formulations. Biostimulation 
technique involves identification and adjustment of factors affecting the biodegra-
dation rate by the autochthonous microorganisms (Tyagi et al. 2011; Macaulay and 
Rees 2014). The efficiency of biostimulation for degradation of oil depends on the 
properties of oil, the nutrients and the contaminated site. At a site contaminated with 
petroleum hydrocarbons, nitrogen and phosphorus are usually limiting, whereas 
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carbon is present in a substantial amount. Thus, at such sites, addition of the rate- 
limiting nutrient may help in acceleration of decontamination rate by the native 
microbial population. Environmental factors such as pH and moisture content can 
also be enhanced to attain optimum microbial degradation (Tyagi et  al. 2011). 
Sarkar et al. (2005) reported that biostimulation with inorganic fertilizers (N and P) 
and biosolids (organic matter from the treatment of waste) enhanced biodegradation 
up to 96% of soil contaminated with diesel and petroleum hydrocarbons.

7.12.3  Combined Bioaugmentation and Biostimulation

Bioaugmentation and biostimulation have been shown to enhance biodegradation of 
hydrocarbons in oil spillage sites. However, both the techniques when applied indi-
vidually suffer from limitations (Wu et al. 2016). In bioaugmentation the survival 
and degradation ability of the introduced bacteria/consortia is highly dependent on 
environmental factors. Biostimulation may help in hastening the process if applied 
to sites that are oleophilic and microbe rich (Macaulay and Rees 2014). These indig-
enous microbes can be harvested by culturing and reintroducing them to the con-
taminated site. Thus, the problem of intolerance by the exogenous microbes to the 
introduced site may be solved by combining both bioaugmentation and biostimula-
tion strategies. Hamdi et al. (2007) reported better dissipation rates for PAH (anthra-
cene and pyrene) when PAH-contaminated soil was treated simultaneously with 
biostimulation and bioaugmentation. Wu et al. (2016) reported a microcosm study 
on an oil-contaminated soil bioaugmented with Acinetobacter SZ-1 strain KF453955 
and biostimulated with nitrogen and phosphorous. After 6 weeks of incubation, effi-
ciency of removal of total petroleum hydrocarbons (TPH) was 60% for bioaugmen-
tation and 34% for biostimulation.

7.12.4  Biosurfactants

Bioavailability of oil/hydrocarbons to microorganism is one of the rate-limiting 
factors in bioremediation, thus delaying the process (Fingas 2014; Macaulay and 
Rees 2014). The use of biosurfactant offers a solution to this issue, as biosurfac-
tant provides an increased surface area of the oil available for microbial degrada-
tion. Biosurfactants such as rhamnolipid (produced by Pseudomonas aeruginosa) 
are amphiphilic compounds of microbial origin. The water-retention capacity of 
oil- polluted sandy soil has been shown to be increased by addition of biosurfac-
tants, thereby enhancing the bioavailability of hydrocarbons to the native oleo-
philic soil microbes. Figure  7.7 provides an illustration on the mechanism of 
action of biosurfactants. Biosurfactants have also been reported to reduce the 
adaptation time of microbes at the contaminated site (Macaulay and Rees 2014). 
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It has been suggested that a site-specific combination of biosurfactant addition, 
bioaugmentation and biostimulation may provide an enhanced strategy for speed-
ing up of bioremediation. Therefore, there is a need for more number of field trials 
as well as cost-efficient industrial scale up for biosurfactant production (Macaulay 
and Rees 2014).

Surfactants are known to enhance release of contaminants from soil, where a 
concentration of 1–2% (w/w) is used for washing contaminated soil. Biosurfactants 
were used to study its enhancement on bioremediation with the control on soil con-
taminated with 700 mg/kg of octane. Soil amended with biosurfactant was able to 
reduce 58% of octane concentration compared to the control. Bezza and Chirwa 
(2015) reported biosurfactant-producing microbes employed in petroleum 
hydrocarbon- contaminated soil, efficiently degrading creosote. Several studies have 
reported the effective removal of aromatic hydrocarbons such as PAHs and penta-
chlorophenol by rhamnolipids with 60–80% efficiency, depending on biosurfactant 
concentration and its contact time (Reis et al. 2013). Unconventional technologies 
such as solvents/surfactants or thermal methods for remediation of dense nonaque-
ous phase liquid (DNAPL) are highly site specific and cost around $300 – $600/
cubic yard (cfpub.epa.gov). Table 7.4 gives the feasibility of bioremediation tech-
niques and the cost required to carry out each technique.

7.13  To Conclude

Bioremediation is one of the foremost approaches for remediation of petroleum 
hydrocarbon contaminants in soil, as it utilizes the natural biological mechanisms of 
microbes to achieve the maximum possible removal of organic contaminants in soil 
(Das and Chandran 2011). Feasibility studies help us in identifying, screening and 
selecting remedial technologies for effective site clean-up and also to identify and 
evaluate alternative technologies for remediation of contaminant, such that it does 
not pose any risk to the environment and human health. The remediation technology 

Fig. 7.7 A diagrammatic representation of biopile technique
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to be employed ultimately depends upon its cost-effectiveness, the type of contami-
nant and also the time taken to achieve complete clean-up of the contaminants. 
Based on these criteria, the remediation technologies may vary from site to site; 
however, bioremediation technique is perhaps one of the most environmental 
friendly approaches especially for remediation of terrestrial oil spills.
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8Role of Clostridial Nitroreductases 
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Abstract
The use of clostridial enzymes in industry, environment, medical and economical 
aspects has been of immense significance and is well documented. Over decades 
the research has been focused on developing efficient strains and modified 
enzymes to be used in the bio-butanol production. The research interest in clos-
tridial nitroreductase enzyme has increased recently due to its application in can-
cer treatment and bioremediation. To date, the report on the nitroreductases from 
Clostridium species is scarce. The function of these nitroreductases in bioreme-
diation has been demonstrated. The structure of nitroreductases from Escherichia 
coli and Bacillus subtilis has been determined; however, very little documenta-
tion is available on clostridial nitroreductases. The information on the nitrore-
ductase genes and proteins has become available from genomic and protein 
databases. However the significance of clostridial nitroreductases in its metabo-
lism is not well understood. In this chapter, we discuss the findings on clostridial 
nitroreductases on the avenue for bioremediation and its applications in medical 
and industrial areas. The literature also aims to have comprehensive analysis of 
clostridial physiology based on the existing information.
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8.1  Introduction

Anaerobic microbiology is the main principle on which the anaerobic digestion 
processes and/or energy generation in the form of biogas works. The biological 
agents involved in this process are microorganisms (Boopathy et al. 1993, 1994; 
Bradley et al. 1997; Batstone and Virdis 2014; Bohutskyi et al. 2015; FitzGerald 
et al. 2015; Fuess and Garcia 2015). The fermentation process involved in industry 
and domestic purposes is also based on anaerobic digestion. The development of 
“omics” approaches and its integration with existing information would aid in fur-
ther widening the scope of anaerobic microorganisms.

The clostridia are strictly anaerobic gram-positive bacteria characterized by their 
ability to form spores. Most species of the genus Clostridium occur at many places 
in the environment, particularly the soil. This genus includes both pathogenic and 
non-pathogenic species. Clostridium acetobutylicum was first isolated from corn in 
1912 by Weizmann and has immense commercial applications. Clostridia possess 
fermentive potential and have been known for decades for production of solvents 
(Kim and Zeikus 1985; Jones and Woods 1986; Xie et al. 2015; Reeve and Reid 
2016). Clostridia are microorganisms of enormous importance in industrial, medi-
cal and environmental applications. The genus Clostridium is widespread particu-
larly in the soil environment. Intensive research focus is laid on investigations on 
their physiology to gain advantage in its potential applications. Currently it is also 
the focus of metabolic engineering as biochemistry and genetics have been well 
studied.

Many anaerobic bacteria have been used for nitroaromatic bioremediation mea-
sures in the environment as the nitroaromatic compounds undergo complete reduc-
tion to less toxic compounds under the action of anaerobic microorganism, viz. 
clostridia sp. (Daun et al. 1998; Lenke et al. 1998; Kitts et al. 2000; Esteve-Núñez 
et al. 2001; Li et al. 2014). Clostridium acetobutylicum has been reported to bio-
transform nitroaromatic explosives such as trinitrotoluene (Padda et  al. 2003; 
Watrous et al. 2003; Kutty and Bennett 2005). The nitroreductase activity of clos-
tridia is attributed to various enzymes. The main enzymes catalysing this reaction 
are hydrogenase and other oxidoreductases like pyruvate-ferredoxin and NADH- 
ferredoxin oxidoreductases. These enzymes are classified as ferredoxin-reducing 
enzyme and differ from oxygen insensitive and oxygen sensitive of aerobic and 
facultative bacteria in structure and mechanism (Angermaier et al. 1981; Angermier 
and Simon1983).

Nitroreductases and clostridial spores possess wide applications in the field of 
cancer prodrug therapy. Clostridial promoters and engineered spores from non-
pathogenic Clostridium sporogenes have also been used to overexpress the prodrug- 
activating genes leading to improved antitumour activity (Theys et  al. 2006; Liu 
et al. 2008). The tumour regression by Clostridium-directed enzyme prodrug ther-
apy (CDEPT) which has been demonstrated in mouse xenograft model of human 
colon carcinoma indicates the advances in clinical development of CDEPT (Heap 
et al. 2014). Prodrugs are also chemically designed to achieve a higher rate of acti-
vation and sensitivity by the nitroreductases.
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This chapter elaborates on the significance of nitroreductases from clostridia 
species with emphasis on bioremediation and biotechnological application perspec-
tive in order to gain further insights into the physiology of anaerobic Clostridium sp.

8.2  Nitroaromatic Compounds Occurrence, Toxicity 
and Bioremediation

Nitroaromatic compounds are non-natural toxic pollutants with applications in 
manufacture of diverse compounds like explosives, pesticides, pharmaceuticals, etc. 
The nitro-group contributes to their recalcitrance and they are degraded slowly in 
the environment (Ju and Parales 2010). Nitroaromatic explosive compounds 
2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT) occur at contaminated 
defence sites. 1,3,5-Trinitro-1,3,5-triazine (RDX), cyclotetramethylene tetramine 
(HMX), some pesticides (atrazine) and anilines also contribute to toxic environ-
mental pollution. Most of these nitroaromatic compounds and their intermediates 
are demonstrated to be potentially carcinogenic and mutagenic (Padda et al. 2003). 
These nitroaromatics are mentioned as priority pollutants in the US Environmental 
Protection Agency records and considered to be fatal to human health and environ-
ment. The incineration of organic compounds and photochemical reaction in the 
atmosphere contribute to these nitroaromatics compounds into the environment 
where it undergoes complex physical, chemical and biological processes. There is 
increased research interest currently on eco-friendly and economically feasible 
strategies to decontaminate these substances.

The bioremediation of nitroaromatic compounds has been well documented over 
the last two decades by pure cultures as well as mixed cultures of bacteria (Kroger 
et al. 2004; Caballero et al. 2005; Leungsakul et al. 2006; Mercimek et al. 2013). 
These processes may occur under aerobic or anaerobic conditions leading to miner-
alization and reduced intermediate formation, respectively (Watrous et  al. 2003; 
Kutty and Bennett 2006).

The soil contaminated with di- and poly-nitroaromatics requires strict anaerobic 
conditions for complete removal which necessitates studies towards anaerobic bio-
transformation of these compounds. Diverse bacterial species have been shown to 
possess potential to biodegrade these nitroaromatic compounds (Kivisaar 2011, 
Ryan et al. 2011). The reported strains include Pseudomonas, E.coli and Arthrobacter 
(Fernández et al. 2009; Mulla et al. 2011; Kumar et al. 2012; Mercimek 2015). The 
nitroreductases are the major enzymes involved in these processes. These processes 
are extrapolated to the level of bioreactors. The studies also have included in situ 
field-scale investigations.
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8.3  Nitroreductases from Clostridium

Many aerobic bacteria have been reported to possess nitroreductase enzyme with 
the potential to detoxify nitroaromatics (Kimet al. 2015; Martinez 2015). The nitro-
reductase enzymes in anaerobic bacteria reduce TNT to the corresponding amine 
derivative via formation of nitroso- and hydroxylamine intermediates which conse-
quently undergoes mineralization (Fig. 8.1).

8.3.1  Biochemical Characterization

However reports on nitroreductases from Clostridium sp. are scarcely available 
(Table 8.1). Two nitroreductases have been identified in Clostridium acetobutylicum 
genome, belonging to oxygen-insensitive nitroreductase group, which were cloned 
in E.coli (Kutty and Bennett 2005). The overexpressed and purified enzymes NitA 
and NitB are flavoproteins with the potential to reduce trinitrotoluene. Earlier the 
nitroreductase enzyme has been reported in Clostridium kluyveri, Clostridium spec 
La 1, Clostridium sporogenes, Clostridium perfringens and Clostridium bifermen-
tans. The iron-only hydrogenase from Clostridium acetobutylicum also possesses 
potential to reduce TNT as that of oxygen-insensitive nitroreductases (Angermaier 
and Simon 1983; Rafii and Carneglia 1993; Regan and Crawford 1994; Rafii and 
Coleman 1999). Hydrogenase and carbon monoxide dehydrogenase have been 
demonstrated to possess nitroreductase activity under strictly anaerobic conditions 
(Huang et al. 2000; Watrous et al. 2003). Overexpressed and purified hydrogenase 
enzyme from Clostridium acetobutylicum has been demonstrated to be a potent 

TNT  

Anaerobic

Aerobic

Hydroxylamino 
derivatives

Aminonitroaromatic 
compounds/ 
Elimination of nitrite

Azoxytetranitrotoluenes/
Mineralization 

Triaminonitrotoluenes

Nitroreductases
Type I : Oxygen 
insensitive
(NitA & NitB)

Clostridial
Hydrogenase   
(HydA)

Fig. 8.1 Pathways of aerobic and anaerobic nitroreduction by clostridial nitroreductases
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nitroreductase reductively degrading trinitrotoluene. The apparent Km of Fe 
hydrogenase for TNT was found to be 152 μM. The Fe hydrogenase was extremely 
sensitive to oxygen.

The purified carbon monoxide dehydrogenase (CODH) from Clostridium ther-
moaceticum demonstrated reductive degradation of trinitrotoluene with Michaelis 
constant (Km) and a turnover number (Kcat values) of 165 ± 43 μM and 400 ± 
94 μM, respectively (Huang et al. 2000). NMR studies of carbon monoxide dehy-
drogenase using 13C nuclear magnetic resonance (NMR) demonstrated redox reac-
tion catalysed by carbon monoxide dehydrogenase with formation of carbon dioxide 
(Seravalli and Ragdale 2008).

The nitroreductase enzymes, hydrogenase and carbon monoxide dehydrogenase 
(CODH) from clostridia are diverse from type I (oxygen insensitive) and type II 
(oxygen sensitive) nitroreductases of aerobic and facultative bacteria, respectively, 
in structure and mechanistic aspects. The metabolism of exogenous carbon source 
in these microorganisms generates reducing equivalents utilized by certain enzymes 
and/or cofactors leading to an unspecific detoxification reaction by reduction of 
nitrosubstituents (Peres and Agathos 2000; Rieger et al. 2002).

The oxidoreductases enzymes in clostridia contain low redox potential inorganic 
iron-sulphur centres, participating in electron transfer reactions, thereby contribut-
ing to the gratuitous activity by means of reduction of electron carriers. The charac-
teristics of highly oxygen-sensitive clostridial hydrogenase are that they are 
bidirectional catalyzing the electron transfer to and from an electron carrier (Baffert 

Table. 8.1 Relevant clostridial nitroreductases

Bacteria and nitroreductase 
names

Monomer 
sizes (kDa) Main substrates References

Clostridium acetobutylicum 
nitroreductase NitA

31 TNT, 2,4-DNT Kutty and 
Bennett 
(2005)

Clostridium acetobutylicum 
nitroreductase NitB

23 TNT, 2,4-DNT Kutty and 
Bennett 
(2005)

Clostridium perfringens – Azo dyes (Direct Blue 15), 
4-nitrobenzoic acid, 1-amino-7- 
nitrofluorene, 1-nitropyrene

Rafii and 
Cerniglia 
(1993)

Clostridium acetobutylicum 
hydrogenase HydA

67 TNT Watrous et al. 
(2003)
Kutty and 
Bennett 
(2006)

Clostridium leptum – Nitrazepam Rafii and 
Cerniglia 
(1997)

Carbon monoxide 
dehydrogenase from 
Clostridium 
thermoaceticum

– TNT Huang et al. 
(2000)
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et al. 2012, 2014). Clostridia being a fermentative anaerobe use this mechanism to 
produce hydrogen gas by disposing the reducing equivalents to reduce protons; 
alternatively, the synthesis of acetyl-CoA in Clostridium thermoaceticum occurs 
due to reduction of CO2. Hydrogenase genes from the strains C. acetobutylicum 
P262 and ATCC 824 have been cloned and sequenced (Soucaille 2009). The avail-
ability of the sequence of C. acetobutylicum genome allows enzymes involved in 
TNT degradation to be studied. The availability of genome sequence of C. acetobu-
tylicum allows identification of homologues of hydrogenases in C. acetobutylicum 
(Fig. 8.2).

The nitroreductases NitA and NitB which are demonstrated to be oxygen insen-
sitive have been studied in Clostridium acetobutylicum. This enzyme possesses 89- 
and 17-fold greater specific activity, respectively, towards TNT as acceptor substrate 
and NADH as cofactor. This activity is with respect to the activity of the cell extracts 
from E.coli harbouring the control plasmid. 2,4-DNT served as better electron 
acceptor by these enzymes as observed by the greater rates of NADH oxidation. 
NitA enzyme showed 17-fold greater activity compared to that of NitB towards 
TNT as substrate. 2,6-DNT did not serve as substrate for NitB; however, NitA 
enzyme could reduce both 2,4-DNT and 2,6-dinitrotoluene (2,6-DNT). Nitrofurazone 
and the nitrosubstituted explosives, viz. hexahydro-1,3,5-trinitro-1,3,5-triazine 
(RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), were reduced 
by NitB, utilizing NADH.  TNT reduction activity was 2.8-fold higher by NitB 
enzyme when NADH served as electron donor compared to NADPH. NitA enzyme 
showed Km values of 8.51 μM and 555 μM for TNT and NADH, respectively.

NitA and NitB are flavoproteins utilizing FMN as a cofactor and consisting of a 
single nitroreductase domain. The FMN-binding domain in flavin reductase P of 
Vibrio harveyi consists of 11–15 amino acid segments (Tanner et al. 1996). NitA 
and NitB amino acid sequence also shows conservation of the corresponding resi-
dues. Arg203 and Arg208 residues in E. coli NfsA are shown to be involved in NADPH 

Fig. 8.2 The active site cluster (H cluster) with its polypeptide environment (a) and N-terminal 
end (b) of the Clostridium acetobutylicum hydrogenase shown as ribbon (yellow) generated with 
the known template of the iron hydrogenase from C. pasteurianum (blue) by using the geno3D 
protein modelling software. The cysteine sulphur atoms involved in the bonding of H cluster to the 
proteins are shown as yellow and iron atoms are rust. The [4Fe-4S] subclusters are shown in grey
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binding as demonstrated by site-directed mutagenesis of these residues which 
resulted in low catalytic activity; however, similar relative activities were observed 
with mutants when NADH was used as electron donor. NfsA and the flavin reduc-
tase P of Vibrio harveyi show conserved Arg203 residue; however, Arg208 in NfsA is 
substituted by Lys208 in flavin reductase P (Kobori et al. 2000). NitA does not utilize 
NADPH since the corresponding residues are substituted by Ile and Lys, respec-
tively. NADH and NADPH both serve as electron donor in NitB which shows Arg203 
and Arg208 replaced by Ala and His residues.

8.3.2  Characterization of Genes Encoding Nitroreductase

Novel genes encoding nitroreductase family proteins fused to a ferredoxin-like 
domain were found in the Clostridium acetobutylicum ATCC 824 genome sequence. 
Further characterization is required for understanding the physiological role of 
these genes. The association of ferredoxin with nitroreductase genes indicates the 
possible involvement of this Fe-S protein in nitroreductase function. The only report 
in our knowledge on unique ferredoxin domain containing N-terminal extension has 
been reported in the strain Clostridium acetobutylicum ATCC 824 (Kutty and 
Bennett 2007). The putative hydrogenase gene from Clostridium acetobutylicum 
ATCC 824 (hydA) was cloned and characterized. The hydA codes for a 64-KDa 
protein possessing strong identity with the proteins encoded by the [Fe] hydroge-
nase genes of Desulfovibrio and Clostridium species.

The transcriptional regulation has been demonstrated with the hydrogenase 
activity in strains producing acids, solvents and alcohols (Fontaine et  al. 2002; 
Gorwa et al. 1996). It has been demonstrated that the hydA gene from Clostridium 
acetobutylicum P626 is expressed at the same level during both acidogenesis and 
solventogenesis. This HydA protein was 82% similar and 67% identical with 
Clostridium pasteurianum hydrogenase protein. The reports indicate that the HydA 
from Clostridium acetobutylicum ATCC 824 and Clostridium acetobutylicum P262 
were encoded from monocistronic operon. Comparison of hydrogenase of 
Clostridium acetobutylicum ATCC 824 with Fe hydrogenase of Clostridium aceto-
butylicum P262 and Clostridium pasteurianum W5 indicated 70% identity and 80% 
similarity. The −10 (5′ TATAAT 3′) and −35 (5′TTTAGA) regions deduced from 
the major transcription start site in Clostridium are homologous to clostridial con-
sensus regions that correspond to elements recognized by B. subtilis (σ43) and 
E.coli (σ70) RNA polymerases.

The Clostridium acetobutylicum sequence obtained can be implicated in the 
development of metabolic networks and flux models which link the genotype of the 
strain with its phenotype (Mcanulty et al. 2012). These genomic-scale models and 
networks can be used to predict the genetics and physiological processes involved 
in nitroreduction.
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8.3.3  Structural Characterization of Clostridial Nitroreductases

There is limited information on the structure-function relation of nitroreductase 
from clostridial species. X-ray crystal structure of monomeric iron hydrogenase 
from Clostridium pasteurianum was reported to be 1.8 Å resolution. The H cluster 
represents the active site along with five distinct [Fe-S] clusters present in the 
enzyme. The H cluster contains six iron atoms in the form of [4Fe-4S] cubane which 
is covalently linked to [2Fe] subcluster via a non-protein ligand (Peters 1998). The 
structural details reported provide mechanistic details of hydrogen production and 
the physiological roles of Fe-S clusters (Fourmond et al. 2014).

In order to determine the 3D structure of Clostridium acetobutylicum ATCC 824 
Fe-only hydrogenase, simulation modelling was carried out using the reported 
X-ray structure of Clostridium pasteurianum Fe hydrogenase as template. The RMS 
deviation of the generated model for its Cα atom was found to be 1.18 Å when 
compared to the X-ray crystal structure of Clostridium pasteurianum hydrogenase. 
This information was used in generation of superimposed stereoview of H cluster of 
Clostridium acetobutylicum ATCC 824 Fe-only hydrogenase and that of Clostridium 
pasteurianum Fe-only hydrogenase (Fig. 8.2). This information was used to synthe-
size antibodies against different portions of Fe hydrogenase, and the involvement of 
these portions in TNT reduction was confirmed (Kutty and Bennet 2006).

The crystal structure of nitroreductase family protein from Clostridium difficile 
(PDB/3H4O) and Clostridium novyi (PDB ID/3G14) has been determined at 1.50 
and 1.75 Å, respectively. These are homodimeric flavoproteins.

8.3.4  Evolution and Diversity of Nitroreductases

Hydrogenase is the key enzyme involved in microbial energy metabolism. It func-
tions in reversible oxidation of molecular hydrogen. Recently it has been reported 
that Fe hydrogenases are diverse, and each organism may harbour several homo-
logue hydrogenases (Girbal et  al. 2005). Significant difference was obtained 
between 16S rRNA gene and [Fe-Fe] hydrogenase-based phylogenic studies. The 
scarce information about the phylogeny of [Fe-Fe] hydrogenase requires extensive 
investigations on its diversity analysis as it had lower resolution compared to 16S 
rRNA tree (Schmidt et al. 2010).

8.3.5  Clostridial Nitroreductases in Post-genomic Era

The Clostridium acetobutylicum genome sequence was reported by Nolling et al. 
(2001). The genome consists of 3.94 Mb chromosome and 192 kb megaplasmid 
containing many genes involved in solvent production (Girbal and Soucaille 1998; 
Gonzalez-Pajuelo et al. 2005). The genome also indicates the presence of numerous 
genes encoding nitroreductase enzymes (CAC0718, CAC0748, CAC0850, 
CAC1418, CAC2311, CAC2508, CAC3359, CAC3555); however, the 
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nitroreductase activity of these genes is yet to be investigated. This information has 
allowed comparison with genomes of microorganisms having closer phylogenetic 
relations, gene order and operons. The reports demonstrate that the ferredoxin is 
involved in initial reduction of nitro-groups (Angermaier et al. 1981). The hydrog-
enase functions by interacting with low midpoint redox potential electron carriers 
which can accept electrons from other oxidoreductases and get reduced. Ferredoxins 
provide this function in clostridia (Angermaier and Simon 1983). These genes 
encoding ferredoxins and polyferredoxins are found in Clostridium acetobutylicum 
ATCC 824 genome which may be involved in TNT transformation. Polyferredoxins 
are characterized by the presence of multiple iron-sulphur centres identical to that 
of bacterial ferredoxins. These domains are formed as a consequence of intrase-
quence gene duplication, transposition and fusion during evolution (Guerrini et al. 
2008). The duplicated domains can also be formed without four conserved cysteine 
residues and changed binding characteristics. An operon encoding methyl viologen 
encoding hydrogenase in Methanobacterium thermoautotrophicum contains 
12Fe4S4 (Weiss and Thauer 1993; Reeve et  al. 1989; Steigerwald et  al. 1992). 
Polyferredoxin in Methanosarcina barkeri is encoded by fmhF gene which is asso-
ciated as a component of formylmethanofuran dehydrogenase (Vorholt et al. 1996).
The reported structural characteristics of polyferredoxin in both studies imply its 
role in the reaction mechanism of hydrogenase.

The transcriptomic and the proteomic data from the genomic studies will lead to 
new findings about the gene expression and regulation network. Various strategies 
can also be developed for metabolic engineering in the post-genomic era.

8.4  Conclusions

Nitroreductases from clostridia species are reported to be potent enzymes from bio-
remediation perspective. These enzymes can be engineered for applications in soil 
remediation.
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Abstract
Sludge is the chief by-product of wastewater treatment plants, and further clear-
ance of sludge is a major and complex environmental issue. Stabilization of 
sludge is done to diminish the pathogen content, eradicate unpleasant odors, and 
diminish the potential for decomposition. The cost to treat surplus amounts of 
waste activated sludge is very high, accounting for up to 60% of the entire opera-
tional costs of a treatment plant. Sludge degradation is carried out by many treat-
ment methods, which are followed by energy production. Sludge degradation 
involves many pretreatment approaches: biological, chemical, thermal, mechani-
cal, etc. Every pretreatment ends with anaerobic/aerobic digestion, which leads 
to biogas production. Among these methods, anaerobic digestion is very effec-
tive due to its eco-friendly impact and high potential for energy recovery. The 
rate-limiting step of anaerobic/aerobic digestion is hydrolysis of higher organic 
compounds to smaller molecules. These pretreatment methods play a key role in 
enhancing hydrolysis which, in return, increases biogas production with varying 
energy and cost consumption. Many research studies are ongoing to figure out 
the best pretreatment methods with high biogas production and low energy and 
cost consumption. To cut down energy and cost utilization, many pretreatments 
are combined together, such as thermochemical and chemobiological pretreat-
ments, etc.
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Energy • Hydrolysis • Pretreatment • Sludge • Stabilization
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9.1  Introduction

The activated sludge process (ASP) is an extensively applicable process in treat-
ment of wastewater at present and is also a well-known biological process. The ASP 
is commonly used for treating wastewater from both domestic and industrial sec-
tors. It has countless benefits; for example, it can be operated at low cost with high 
treatment efficiency. However, it results in the production of huge quantities of 
waste activated sludge (WAS). The excess organic matter (sludge) produced by the 
abovementioned process has to be suitably subjected to a treatment process before 
its eventual clearance. Although a lot of approaches have been introduced to treat 
the sludge, among them, anaerobic digestion (AD) has been advised as an apt and 
probable one, as it employs a complex microbial community to treat the sludge and 
results in generation of energy-rich methane (Uma et al. 2012a, b, 2013a, b; Merrylin 
et  al. 2013a; Ariunbaatar et  al. 2014; Kavitha et  al. 2015a; Ushani et  al. 2016). 
Different pretreatment methods have emerged so far to progress degradation effec-
tiveness (i.e., reduction of solids and killing of disease-causing organisms); how-
ever, the achievement of every method hitherto has involved sludge-based techniques 
and therefore this entails an assessment approach for further implementation 
(Poornima et al. 2014; Gayathri et al. 2015; Godvin Sharmila et al. 2015). Based on 
the demand for improved functioning of the ASP and reactor operation, attention 
has been focused on gaining further insights into flocculation, given the extreme 
importance of floc properties, which determine the behavior of activated sludge in 
full-scale processes such as settling, dewatering, and gravity drainage. The foremost 
problem associated with ASP is the generation of an enormous quantity of sludge as 
a derivative of conversion of solubilized materials into bioflocs and generated gases 
(carbon dioxide, methane, nitrogen, sulfur dioxide, etc.).

The current method of sludge clearance involves treatment, transfer, and removal. 
Thus appropriate clearance of waste activated sludge is an immense challenge for 
wastewater operatives. Over time, the treatment of activated sludge has changed 
from a purely anaerobic method to a simple aerobic method, and then to a combina-
tion of anaerobic and aerobic methods. In practical terms, the ideal method is to 
reduce surplus sludge generation at the time of treatment before its production. 
Hence the management and removal of the surplus sludge generated from biological 
wastewater plants are among the main imperative financial and ecological concerns 
(Rajesh Banu et al. 2006, 2007a, b, 2014; Rajesh Banu and Kaliappan 2007). The 
latest policies concerning sludge management and clearance that have been fol-
lowed in numerous nations, plus community and ecological crises, have led to 
increased attention to emergent practices. There are new integrated strategies aimed 
at decreasing or minimizing surplus generation of sludge (Suresh Karthik Kumara 
et al. 2014).This section focuses on appraisal of various types of pretreatment pro-
cesses for improving rates of bioenergy production.
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9.2  Various Pretreatment Methods

Various types of pretreatment technologies are discussed in the following sections, 
with an outline of particular pretreatments implemented and a summary of their 
outcomes. This section mainly describes the particular pretreatments illustrated in 
Fig. 9.1.

Fig. 9.1 Schematic flow diagram of pretreatments
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9.2.1  Biological Pretreatment

Anaerobic and aerobic digestion are commonly used in most wastewater treatment 
plants (WWTPs) to stabilize unnecessary sludge. Aerobic digestion is a biological 
treatment process that uses long-term aeration to stabilize and decrease the overall 
mass of organic waste by biologically abolishing volatile solids (VS). Pollutants are 
oxidized into carbon dioxide (CO2), water (H2O), and biomass. By aerating oxygen 
through the aerators, the oxidation process can be significantly enhanced. Aerobic 
digestion is a more common procedure all over the world than other biological 
methods. During digestion, bacteria play a major role in fragmenting waste prod-
ucts. Aerobic treatment frequently produces a more enriched waste character than 
that attained by anaerobic treatment (Rajesh Banu et al. 2016). The aims of aerobic 
digestion are to stabilize sludge and decrease pathogens, smell, volume, and volatil-
ity. The key factors governing the action of aerobic digesters are the same as those 
for other aerobic biological processes and include waste sludge characteristics, oxy-
gen requirement, pH, temperature, mixing, and solids retention time (Water 
Environment Federation 1992).

Anaerobic digestion plays a major role for its capability to promote conversion 
of organic substances into biogas. Thereby it can decrease the volume of the final 
sludge for clearance and destroy most pathogens while controlling odor problems. 
Greenhouse gases can also be reduced by this renewable energy (Jagadish et  al. 
2012). Anaerobic digestion is a profitable process and produces biogas from differ-
ent substrates (Fantozzi and Buratti 2009; Rajesh Banu et al. 2014; Kavitha et al. 
2014a, b, 2016a). Anaerobic digestion comprises four phases, which happen instan-
taneously in sludge digesters. The first phase involves hydrolysis of complex organic 
molecules into soluble organic molecules. This hydrolysis is the rate-limiting step, 
which restricts biogas yields. The second stage involves fermentation of organic 
compounds into volatile fatty acids. A further step includes production of acetic 
acid and CO2, followed by methane and carbon dioxide production. The microbiol-
ogy of anaerobic digestion is difficult to analyze and involves acidogenesis and 
numerous bacterial collections, such as methanogen bacteria. This biogas is valued 
as an energy source and is used for many domestic purposes. During the anaerobic 
digestion, a slow degradation rate of sludge occurs due to the rate-limiting step of 
sludge hydrolysis. This could be due to the lower degradability of cell membranes 
and exopolymers in the sludge (Merrylin et al. 2013a). To promote anaerobic and 
aerobic digestion ability, biological, chemical, ozone, thermal, and mechanical dis-
integration practices have functioned as pretreatment (Li et al. 2007; Poornima et al. 
2014; Gopikumar et al. 2016; Kavitha et al. 2015a; Sowmya et al. 2015). These 
practices break down cell walls of microbes and discharge organic compounds 
found in the inner portion of cells (Sowmya et al. 2015). Biological pretreatment is 
a more eco-friendly way to effectively solubilize organic substances in the sludge 
than other pretreatment procedures. Use of hydrolytic bacteria, which produce 
enzymes, is a better biological pretreatment procedure with the advantage of high 
biogas yield, a mild working environment, and less energy requirements (Merrylin 
et al. 2013b). An overview of biological pretreatment is shown in Table 9.1.
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9.2.1.1  Enzymatic Hydrolysis

9.2.1.1.1 Treatment Implementation and Outcome
Activated sludge degradation by enzymes is more powerful. For anaerobic diges-
tion, enzymatic treatment is the best practice. A lytic enzyme plays a key role in 
upgrading the hydrolysis step to acidogenesis, which is widely known for its rate- 
limiting step in anaerobic digestion, though enzymatic pretreatment of activated 
sludge is more expensive (Erikkson et al. 2002).Therefore, cultivating microorgan-
isms that secrete a hydrolytic enzyme has become an operative approach. The 
hydrolytic enzyme lysozyme has the capability to degrade bacterial cell walls, 
which consist of polysaccharides as substrates (Xin et al. 2015). Lysozyme enhances 
cell lysis by breaking down cell walls and can also degrade organic molecules in 
sludge, which in turn enhances sludge stabilization (He et al. 2014). According to 
Lakshmi et al. (2014) Bacillus jerish 03 and B. jerish 04 secrete lysozyme enzymes, 
which have the ability to solubilize sludge. Protease has the individual ability to 
hydrolyze peptide bonds of proteins into peptide chains and amino acids, signifi-
cantly increasing the effectiveness of sludge degradation. Protease enzyme has abil-
ity to procatalyze peptide bonds, which enhances sludge degradation (Luo et  al. 
2013). According to many researchers (Parmar et  al. 2001; Ayol 2005; Ayol and 

Table 9.1 Overview of biological pretreatment

References Type of sludge Optimized conditions Results
Kavitha et al. 
(2015c)

Municipal waste 
activated sludge

Bacillus jerish 03 and Bacillus 
jerish 04 (protease), 40 °C,  
pH 6.5, 42 h

COD solubilization 
14.2%
SS reduction 10%
Biogas production (Rb) 
1.21 L/(g VS d)

Kavitha et al. 
(2015d)

Municipal waste 
activated sludge

Planococcus jake 01 
(biosurfactant), 40 °C, 42 h

COD solubilization 
9.09%
SS reduction 13.57%
Biogas production (Rb) 
0.225 (L/g VS)

Gopikumar 
et al. (2016)

Municipal waste 
activated sludge

Bacillus licheniformis, 15 days 
of hydraulic retention time

Anaerobic digestion, 
COD solubilization 40%
SS reduction 43%
Biogas yield 
189.61 mL/g VS

Lakshmi et al. 
(2014)

Municipal waste 
activated sludge

Bacillus jerish 03 and Bacillus 
jerish 04 (lysozyme)

COD solubilization 
16.2%
SS reduction 17%

Merrylin et al. 
(2013b)

Municipal waste 
activated sludge

Bacillus licheniformis 
(protease), 55 °C, 24 h, pH 6.5

COD solubilization 7.2%
SS reduction 10%
Aerobic digestion, SS 
reduction 52.4%

COD  chemical oxygen demand, Rb  maximum biogas production rate, SS  suspended solids, 
VS volatile solids
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Dente 2005), hydrolytic enzymes such as protease, amylase, and cellulase have the 
capacity to improve the effectiveness of sludge degradation. Kavitha et al. (2014a) 
reported that Bacillus jerish 03 and jerish 04 secrete protease and amylase, which 
increases sludge degradation through a mixture of these enzymes. Watson et  al. 
(2004) stated that the Acinetobacter family (Raoultella and Pandoraea) also exhibit 
protease-secreting activities. Lipases can hydrolyze triacylglycerols, which leads to 
sludge degradation. Dharmsthiti and Kuhasuntisuk (1998) treated restaurant waste-
water by using Pseudomonas aeruginosa, which can secrete lipase, and achieved 
worthwhile results. Felice et al. (1997) treated olive oil factory wastewater using 
cultivated Yarrowia lipolytica ATCC 20255, and the chemical oxygen demand 
(COD) was substantially reduced.

Activated sludge flocs provide a frame for microorganisms, extracellular poly-
meric substances (EPSs), and other inorganic and organic compounds. EPSs are 
central to floc formation in the activated sludge (Nguyen et al. 2014). EPSs are the 
building material for bacterial clearance and remain attached to the cells’ outer sur-
faces to form biofilms. EPSs mostly consist of distinct organic ingredients, such as 
polysaccharides, proteins, and some macromolecules (Monique et al. 2008; Wang 
et al. 2014). The main role of EPSs in sludge flocs is to provide protective action 
against a high-shear environment (Guo and Xu 2011). This protective property 
inhibits diffusion of enzymes and other lytic bacterial actions for sludge degradation 
(Zhang et  al. 2015). Hence, the destruction of the EPS flocs probably tends to 
enhance sludge floc disintegration. Thus, sludge pretreatments using mechanical 
(ultrasonic and dispenser) methods are essential. This methodology should be 
applied to the sludge prior to the hydrolysis treatment to boost the degradation of 
sludge which, in turn, increases biogas yields.

9.2.2  Mechanical Pretreatment

9.2.2.1  Ultrasonic Disintegration

9.2.2.1.1 Treatment Implementation and Outcome
A mechanical pretreatment method such as ultrasonication is an evolving operative 
procedure to improve disintegration of the sludge (Pilli et al. 2011). Ultrasonication 
is a recognized procedure for the breakdown of sludge flocs and breaks down micro-
bial cells, thus degradation of the organic compounds and reduction of particle size 
occur (Harrison 1991). The main principle behind ultrasonication is the construc-
tion of cavitation bubbles in the aqueous phase (Ngoc et al. 2013). In the aqueous 
phase, infrequent elevated-pressure (compression) and low-pressure (rarefaction) 
sequences are created. Small vacuum bubbles are produced during rarefaction. 
Aggressive shrinking of bubbles occurs when the bubbles stretch to a size at which 
they cannot withstand the equilibrium between the pressure and the viscosity forces 
(Kavitha et al. 2016b). An ultrasonic pretreatment setup is shown in Fig. 9.2. The 
hydrodynamic shear forces developed by acoustic cavitation act on the compounds 
responsible for the sludge disintegration (Zhang et al. 2007). Moreover, it has been 
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shown that the cavitational bubble collapse creates forceful native heating (≈5000 K) 
and high pressure (≈100 atm) (Suslick 1998). Because of this, ultrasonication leads 
to cell lysis (Jianguo et al. 2009) and promotes biogas generation (Jianguo et al. 
2014).

In ultrasonication, rapid disintegration is achieved at the beginning of the pro-
cess, which makes EPSs more accessible for detachment and disintegration by the 
cavitational forces. According to many studies, fast disintegration of sludge is 
obtained at an early stage (Cho et al. 2012; Sahinkaya and Sevimli 2013). After a 
particular time, however, the cavitational effects plateau and the discharge of solu-
ble chemical oxygen demand (SCOD) declines, possibly because of the drop in 
easily available degradable organic substances and the existence of additional 
unmanageable organic substances for the action of the cavitational force. More time 
and a large amount of energy are required for ultrasonic disintegration of recalci-
trant organics (Zhang et al. 2008). In one study, a 1 min sonic treatment time with a 
working rate of 20 kHz and 200 W of supplied energy was found to optimize sludge 
degradation (Gayathri et al. 2015). In 1999, the German company Hielscher started 
equipping various wastewater treatment plants throughout the world with an ultra-
sonic disintegration setup with up to 48 kW of power. Some of these arrangements 
upgraded the biogas production by up to 25% (Braguglia et al. 2011). An overview 
of ultrasonic pretreatment is shown in Table 9.2.

9.2.2.2  High-Pressure Homogenizer

9.2.2.2.1 Treatment Implementation and Outcome
A high-pressure homogenizer (HPH) is one of the most frequently used approaches 
for a large-scale setup. An HPH uses a purely mechanical process, which is induced 
by forcing a fluidic product through a thin gap (the homogenizing nozzle) at high 

Fig. 9.2 Example of an 
ultrasonic pretreatment 
setup
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pressure (150–200 MPa). The flocs are exposed to these narrow gaps to obtain cavi-
tation and shear pressures, resulting in cell disintegration (Mata-Alvarez et al. 2000; 
Zhang et al. 2012). These pretreatment approaches are not common for municipal 
solid waste, but they are more generally used with other substrates such as lignocel-
lulosic materials, manure, and wastewater treatment plant sludge. Use of bead mill, 
electroporation, and liquefaction pretreatments of municipal solid waste have been 
studied on a laboratory scale, whereas use of rotary drum, screw press, disc screen 
shredder, food waste disposer, and piston press treatments have been successfully 
applied at full scale. Both electroporation and liquefaction pretreatments cause 
destruction of cellular structures, with a softening effect similar to that of the aero-
bic digestion process (Parawira 2007; Kavitha et al. 2016c). The homogenization 
pressure and HPH cycle count are the working factors that generally influence the 
sludge disintegration percentage, which is related to the cell disruption efficacy 
(Kleinig and Middelberg 1998). It is usually believed that microbial cell disruption 
is more effective by means of higher homogenization pressure. However, mechani-
cal approaches to cell destruction are energy demanding, requiring additional 
energy input for a setup with greater homogenization pressure with numerous 
cycles. Consequently, it is compulsory to optimize the functional settings to acquire 
the desired degradation effectiveness with low energy intake. According to Zhang 
et al. (2013), a single homogenization cycle with a pressure of 30 MPa is an energy- 
saving step for a sludge sample with total solids (TS) of 2.483%. The benefits of 
mechanical pretreatment comprise no odor generation, easy applicability, good 
dewaterability of the final anaerobic residue, and reasonable energy consumption. 
The disadvantages include no noteworthy effect on pathogen elimination and the 
probability of instrument blockage or scaling (Perez-Elvira et al. 2006; Toreci et al. 
2009).

Table 9.2 Overview of ultrasonic pretreatment

References Type of sludge
Optimized 
conditions Results

Sowmya et al. 
(2015)

Dairy waste 
activated sludge

pH 6.8, frequency 
20 kHz

SCOD release 750 mg/L

Power supply 
200 W

Biogas production 4.0697 L/
(g VS d)

Gayathri et al. 
(2015)

Dairy waste 
activated sludge

Frequency 20 kHz COD solubilization 21.87%
Power supply 
200 W

SS reduction 13.57%
Biogas production  
0.9044 L/(g VS d)

Uma Rani et al. 
(2013b)

Dairy waste 
activated sludge

Frequency 20 kHz COD solubilization 59%
Power supply 
200 W

SS reduction 46%
Biogas production 80%

COD chemical oxygen demand, SCOD soluble chemical oxygen demand, SS suspended solids, 
VS volatile solids
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9.3  Ozone Pretreatment

Ozone (O3) is a dominant oxidant and disinfectant. It has the capability to break 
down strong cell walls bounded by extracellular polysaccharides and transform the 
intracellular compounds (Sowmya et al. 2015). This process of conversion results in 
release of more soluble and refractory compounds, which can be oxidized easily, 
being more biodegradable and flexible to the anaerobic bacteria (Carballa et  al. 
2007), for an increased rate of biogas production. Ozonation pretreatment is an 
alternative process of chemical pretreatment (Carrere et  al. 2010). Normally in 
chemical pretreatment there will be the result of accumulation of residues of exter-
nally added chemicals, increasing the salt concentration (Kianmehr et al. 2010). For 
sludge pretreatment, ozone is beneficial when compared with other methods of pre-
treatment (Sri Bala Kameswari et al. 2011). The advantage of this pretreatment, as 
stated above, is that it also acts as a disinfecting agent to reduce microorganism 
levels in waste activated sludge (Weemaes et al. 2000) and is also more efficient in 
reducing odors. An ozone pretreatment setup is shown in Fig. 9.3.

Fig. 9.3 Example of an 
ozone pretreatment setup
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9.3.1  Treatment Implementation and Outcome

Organic compounds available in waste activated sludge can be effectively treated 
using an ozonation process. The process results in enhanced solubilization of 
organic compounds. The sludge floc chemical structure may be destroyed during 
ozonation pretreatment. Hence the outcomes are based on the rates of gas transfer 
and the reaction taking place (Yan et al. 2009). The influence of ozone pretreatment 
on waste activated sludge was studied in two optimized conditions: (1) an ozone gas 
flow rate of 0.075 L/min; and (2) an ozone dosage of 0.0011 mg O3/mg SS [sus-
pended solids]. The effects of the above conditions on COD solubilization and SS 
reduction were 20.8% and 13.5%, respectively. Similarly the rate of biogas produc-
tion with ozone pretreatment was reported to be 0.535 L/(g VS), relatively higher 
than that seen with the control treatment 0.202  L/(g VS) (Sowmya et  al. 2015). 
Based on an earlier research study, researchers chose two optimal ozone dosages of 
0.1 g O3/g TS and 0.16 g O3/g TS. In these conditions the outcomes were estimated 
as COD solubilization of 18% and TS solubilization of 26%, respectively (based on 
a graph), with median particle size diameters of 33.2 μm and 32.6 μm, respectively; 
no improvement was shown when the ozone dosage was increased, and the rates of 
biogas production were 1.08 and 1.25 times higher, respectively, than those seen 
with untreated (raw) sludge (Bougrier et al. 2006). During ozone pretreatment the 
sludge disintegrated and harmed bacterial cells. Three ozone dosages were chosen: 
25 mg O3/g DS [dissolved solids], 50 mg O3/g DS, and 80 mg O3/g DS. The results 
of the three chosen doses were analyzed in terms of the degree of disintegration 
attained: merely 10.4% after 90 min, 40.3% after 105 min, and 46.7% after 105 min. 
The results obtained showed that 50 mg O3/g DS produced a higher degree of disin-
tegration than 25 mg O3/g DS, whereas the difference was minor compared with 
80  mg  O3/g  DS.  Based on the above outcomes the optimal ozone dose was 
50 mg O3/g DS, also considering the ozone cost. Hence the concentration of solids 
was decreased to 49% and VS was reduced to 45%. Similar improvements of 699% 
for COD solubilization, 169% for total nitrogen (TN), 2379% for total phosphorus 
(TP), 602% for protein, 528% for polysaccharides, and 556% for DNA were 
observed, but there were no significant differences in the size of particle distribution 
in sludge flocs (Zhang et al. 2009). An overview of ozone pretreatment is shown in 
Table 9.3.

9.4  Chemical Pretreatment

Chemical pretreatment is more efficient to disintegrate organic fractions accumulated 
in wastewater treatment plants. This pretreatment is conducted with use of strong 
acids or alkalis (Li et al. 2007). Hydrolysis of waste activated sludge in biodegrada-
tion processes has been recognized as effective while using strong acids or alkalis for 
pretreatment (Chen et al. 2007). Usually, the microbial activity and enzyme catalysis 
is very powerful at a neutral pH for most bacteria (Huijun et al. 2015). On the other 
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Table 9.3 Overview of ozone pretreatment

References Type of sludge Optimized conditions Results
Sowmya 
et al. (2015)

Dairy waste 
activated sludge

Ozone dosage 
0.0011 mg O3/mg SS

COD solubilization 20.8%

Ozone flow 0.075 L/min SS reduction 13.5%
Biogas production: control 
0.202 L/(g VS), ozone 
pretreated 0.535 L/(g VS)

Bougrier 
et al. (2006)

Municipal waste 
activated sludge

Ozone dosage 
0.10 g O3/g TS

COD solubilization 18%
TS solubilization 27%
Median diameter of particle 
size 33.2 μm
Biogas production 1.08 times 
that of raw sludge

Ozone dosage 
0.16 g O3/g TS

COD solubilization 22%
TS solubilization 25%
Median diameter of particle 
size 32.6 μm
Biogas production 1.25 times 
that of raw sludge

Zhang et al. 
(2009)

Wastewater 
treatment plant 
sludge

Ozone dosage 
50 mg O3/g DS

Degree of disintegration 
40.3% after 105 min:
Sludge solids 49.1% 
(reduced)
Volatile solids 45.7% 
(reduced)
SCOD 699% (increased)
TN 169% (increased)
TP 2379% (increased)
Protein 602% (increased)
Polysaccharide 528% 
(increased)
DNA 556% (increased)

Salsabil 
et al. (2010)

Municipal waste 
activated sludge

0.1 g O3/g TS0 Specific energy 46,285 kJ/
kg TS0

SCOD 10%
Protein 9%
Carbohydrate 7.1%
TSS removal 15%
VSS removal 19.2%

COD  chemical oxygen demand, DS dissolved solids, SCOD  soluble chemical oxygen demand, 
SS suspended solids, TN total nitrogen, TP total phosphorus, TS total solids, TS0 initial total solids, 
TSS total suspended solids, VS volatile solids, VSS volatile suspended solids

hand, neutralization after chemical pretreatment (with strong acids or alkalis) leads to 
additional increases in the concentration of salts. In particular, this type of pretreat-
ment will be more active when accomplished by expensive chemicals (Uma Rani 
et al. 2012a).
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9.4.1  Treatment Implementation and Outcome

Chemical pretreatment involves alkaline and acidic pretreatment methods that can 
disrupt organic fractions through addition of alkalis or acids. Anaerobic digestion 
generates bioenergy from municipal sludge, which may be increased positively due 
to alkaline pretreatment. The effects of these pretreatments result in better biogas 
generation and effective solubilization of organic fractions. Citric acid has been 
shown to efficiently disrupt the floc structure and remove EPS at a lower concentra-
tion (0.05 g/g SS). At this concentration, the EPS removed was found to be 55 mg/L 
with limited cell lysis. The concentrations of the extracellular enzymes protease and 
amylase at this dosage were detected to be 0.052 U/mL and 0.042 U/mL, respec-
tively. Citric acid has a probable experimental function as it is completely decom-
posable. The outcomes of the disintegrated process showed that 21.4% and 16.2% 
of SS reduction and COD solubilization, respectively, were achieved by citric acid–
mediated bacterial disintegration, which were relatively greater effects than those 
obtained with bacterial disintegration (14.28% and 10.0%, respectively) (Kavitha 
et al. 2014b). The outcome of alkaline pretreatment of waste activated sludge with 
40 meq/L NaOH, 34% of gas production, 41% of VS removal, and 30% of COD 
removal was improved in all parameters versus the control treatment (Lin et  al. 
2009). An overview of chemical pretreatment is shown in Table 9.4.

9.5  Thermal Pretreatment

Thermal pretreatment is a well-known physical method to decrease the excess 
organic matter (sludge) generated from wastewater treatment plants. In this type of 
pretreatment, temperature plays a major role and cell walls of pathogens are broken. 
The damage to the cell wall leads to release of the inner organic content into the 
solution (Rajesh Banu et  al. 2008; Esakki Raj et  al. 2013). Application of heat 
energy is the main part of thermal pretreatment and has been widely examined in a 
temperature range from 60 to 270 °C (Climent et al. 2007). A temperature range 
>100  °C is considered high-temperature thermal pretreatment, whereas a range 
<100 °C is considered low-temperature thermal pretreatment (Gavala et al. 2003). 
Thermal pretreatment is good for killing pathogens, which also improves the dewa-
tering properties and boosts solubilization of sludge (Kuglarz et al. 2013).

9.5.1  Treatment Implementation and Outcome

Thermal pretreatment plays an effective role, and in one study, two different high 
temperatures of 170 °C and 190 °C were chosen for 30 min of pretreatment. The 
results were that the COD solubilization rates and TS solubilization showed positive 
results. At 170 °C the COD solubilization rate and TS solubilization were 48% and 
41%, respectively. Similarly, at 190 °C the COD solubilization rate and TS solubi-
lization were 49% and 38%, respectively. Hence the COD solubilization effectively 
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increased and TS solubilization slightly decreased. The rates of biogas production 
performance showed the same outcome at both temperatures, at 1.59 times that of 
raw sludge. Analysis of one more physical parameter—the median diameter of the 
particle size—showed that the median diameter was increased at 190 °C (77.1 μm) 
when compared with 170 °C (76.8 μm). Similarly the capillary suction time was 
decreased at 170 °C (39 ± 1) when compared with 190 °C (29 ± 4) (Bougrier et al. 
2006). Thermal pretreatment at 70 °C also increased production of biogas by 78% 
and methane production by 60% (Rashad et al. 2010). An overview of thermal pre-
treatment is shown in Table 9.5.

Table 9.4 Overview of thermal pretreatment

References Type of sludge
Optimized 
conditions Results

Bougrier et al. 
(2006)

Municipal waste 
activated sludge

170 °C, 30 min CST 39 ± 1 s
COD solubilization 48%
TS solubilization 41%
Median diameter of particle 
size 76.8 μm
Biogas production 1.59 times 
that of raw sludge

190 °C, 30 min CST 29 ± 4 s
COD solubilization 49%
TS solubilization 38%
Median diameter of particle 
size 77.1 μm
Biogas production 1.59 times 
that of raw sludge

Salsabil et al. 
(2010)

Municipal waste 
activated sludge

90 °C, 90 min 
(thermic)

Specific energy 558,620 kJ/
kg TS0

SCOD 16.8%
Protein 45%
Carbohydrate 37.6%
TSS removal 15.8%
VSS removal 21.2%

Dhar et al. 
(2012)

Municipal waste 
activated sludge

90 °C, 30 min VSS reduction 27%
Soluble organic nitrogen 
596 mg/L
Soluble carbohydrate 555 mg/L
TVFA 178 mg/L
Specific CH4 production 
368 mL CH4/g VSS

Bougrier et al. 
(2008)

Municipal waste 
activated sludge

70 °C, 9 h Biogas increased 30% versus 
raw sludge

Rashad et al. 
(2010)

Municipal waste 
activated sludge

70 °C 78% biogas and 60% methane 
production

COD  chemical oxygen demand, CST  capillary suction time, SCOD  soluble chemical oxygen 
demand, TS total solids, TS0 initial total solids, TSS total suspended solids, TVFA total volatile fatty 
acids, VSS volatile suspended solids
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9.6  Combination Pretreatment

9.6.1  Treatment Implementation and Outcome

9.6.1.1  Thermochemical Pretreatment
Combination thermal pretreatment, commonly with alkaline, is widely practiced 
and is defined as thermochemical pretreatment. Combination pretreatment disrupts 
the organic fraction to release the inner organic content into the solution, and the 
solubilization of the organic fraction increases the rate of biogas generation. A pho-
tograph of a thermochemical treatment setup is shown in Fig. 9.4. Strong alkalis 
such as 0.1 N NaOH, 0.1 N KOH, and 0.1 N Ca(OH)2 were combined with an opti-
mum temperature of 80 °C and a pretreatment time of 30 min. The results of this 
pretreatment were evaluated in terms of SCOD release (12.4%, 10.4%, and 9% for 
0.1  N NaOH, 0.1  N KOH, and 0.1  N Ca(OH)2, respectively) and SS reduction 
(9.9%, 8.1%, and 6.5%, respectively) (Uma Rani et al. 2012b). Sewage sludge was 
pretreated by a combination of thermal treatment at an optimized temperature of 
60 °C for 90 min and chemical treatment at an optimized dosage of 4.0 N NaOH. The 
results shows that COD solubilization reached 68% and the VSS/TSS [volatile sus-
pended solids/total suspended solids] ratio reached 0.69. Similarly, in optimized 
conditions, certain parameters warranted analysis for future study: alkalinity 5.40 ± 
0.15 g CaCO3/L, TCOD [total chemical oxygen demand] 22.94 ± 0.38 g/L, SCOD 
15.53 ± 0.04 g/L, soluble TN 1.29 ± 0.02 g/L N, soluble TP 0.48 ± 0.01 g/L P, 
NH+

4-N 0.55 ± 0.07 g/L, soluble protein 2.35 ± 0.03 g/L, and soluble carbohydrate 
0.83 ± 0.03 g/L (Cho et al. 2013). An overview of thermochemical pretreatment is 
shown in Table 9.6.

9.6.1.2  Thermobiological Pretreatment
Heat treatment was used by Yan et al. (2008) to reduce excess sludge volume. This 
is a comparatively easy procedure for reduction of sludge volume. One hour of heat 

Table 9.5 Overview of chemical pretreatment

References Type of sludge
Optimized 
conditions Results

Kavitha 
et al. 
(2014b)

Municipal waste 
activated sludge

Citric acid dosage 
0.05 g/g SS

Raw sludge: SS reduction 6.5%, 
SCOD 8.5%

Protease dosage 
0.052 U/ml

Deflocculated-bacterially pretreated 
sludge: SS reduction 16.2%, SCOD 
21.4%

Amylase dosage 
0.042 U/mL

Flocculated sludge: SS reduction 
10%, SCOD 14.82%

Lin et al. 
(2009)

Waste activated 
sludge

40 meq/L NaOH Gas production 34%
VS removal 41%
COD removal 30%

COD chemical oxygen demand, SCOD soluble chemical oxygen demand, SS suspended solids, 
VS volatile solids
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treatment increases protease activity in the sludge supernatant, which leads to more 
sludge degradation. For sludge degradation a protease-producing bacterium, 
Bacillus licheniformis, is used, which is thermophilic (55 °C). It enhances sludge 
degradation with SS reduction of 56% and biogas yield of 57% (Merrylin et  al. 
2013a).

9.6.1.3  Chemobiological Pretreatment
Many research studies have been done to explain the effects of chemicals on enzyme 
pretreatments. According to Kavitha et al. (2015b), NaCl induced biological disin-
tegration (Bacillus jerish 03 and Bacillus jerish 04) with solubilization of about 
23%. A citric acid dosage of 0.05  g/g  SS disrupted flocs and increases sludge 
enzyme action with a 21.4% decrease in SS and 16.2% COD solubilization (Kavitha 
et al. 2014b). Use of the biosurfactant-producing bacterium Planococcus jake 01 is 
a novel method, which enhanced biogas production to 0.322 L/g VS with the help 
of 0.06 g/g SS of calcium chloride to disrupt sludge flocs (Kavitha et al. 2015b). An 
ethylenediaminetetraacetic acid (EDTA) dosage of 0.2 g/g SS removed EPS and 
improved bacterial pretreatment with SS reduction of 48.5% and COD solubiliza-
tion of 47.3% attained in aerobic digestion (Kavitha et  al. 2013). According to 
Ushani et al. (2016), a very low dosage (0.009 g/g SS) of surfactant (dioctyl sodium 
sulphosuccinate) disturbed EPS and, coupled with biological pretreatment (Bacillus 
cereus), was proven to be efficient with 20% COD solubilization. A schematic dia-
gram of chemo-induced bacterial pretreatment is shown in Fig. 9.5.

Fig. 9.4 Example of a thermochemical pretreatment setup
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9.6.1.4  Ultrasonic–Biological Pretreatment
Biological disintegration through sonication is an effective process. Floc destruc-
tion was efficient at specific energy of 2.45 kJ/kg TS with 23% COD solubilization 
attained by this ultrasonic–biological pretreatment (Kavitha et al. 2016d).

9.6.1.5  Chemoultrasonic Pretreatment
Uma Rani et al. (2013b) studied the consequence of various alkaline agents, pH, and 
sonic response times and obtained COD solubilization, SS reduction, and biogas 
generation of 59%, 46%, and 80%, respectively, at specific energy of 4172 kJ/kg TS 
for NaOH at pH 10. Ultrasonic pretreatment was enhanced by 0.05 g/g SS of citric 
acid, which removes EPS. The COD solubilization and SS reduction obtained were 
22.70% and 20.28%, respectively, for specific energy of 171.9 kJ/kg TS (Gayathri 
et al. 2015).

Table 9.6 Overview of thermochemical pretreatment

References Type of sludge Optimized conditions Results
Kavitha et al. 
(2015a)

Municipal waste 
activated sludge

0.1 N NaOH, 80 °C, 
30 min

SCOD 12.4%, SS 
reduction 9.9%

0.1 N KOH, 80 °C, 
30 min

SCOD 10.4%, SS 
reduction 8.1%

0.1 N Ca(OH)2, 80 °C, 
30 min

SCOD 9%, SS reduction 
6.5%

Shehu et al. 
(2012)

Municipal waste 
activated sludge

2.29 M NaOH, 88.5 °C, 
21 min

Degree of pretreatment 
achieved 61%

Chou et al. 
(2010)

Palm oil mill 
effluent

8.8 g/L NaOH, 32.5 °C, 
41.2 h reaction time

COD solubilization 83%

Cho et al. 
(2013)

Sewage treatment 
plant sludge

4.0 N NaOH, 60 °C, 
90 min

Alkalinity 5.40 ± 
0.15 g CaCO3/L
TCOD 22.94 ± 0.38 g/L
SCOD 15.53 ± 0.04 g/L
COD solubilization 68%
VSS/TSS 0.69
Soluble T-N 1.29 ± 
0.02 g/L N
Soluble T-P 0.48 ± 
0.01 g/L P
NH+

4-N 0.55 ± 0.07 g/L
Soluble protein 2.35 ± 
0.03 g/L
Soluble carbohydrate 
0.83 ± 0.03 g/L

COD chemical oxygen demand, SCOD soluble chemical oxygen demand, SS suspended solids, 
TCOD total chemical oxygen demand, TN total nitrogen, TP total phosphorus, TSS total suspended 
solids, VSS volatile suspended solids
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9.6.1.6  Ultrasonic–Ozone Pretreatment
Sludge deflocculation using ultrasonication was also used followed by ozone treat-
ment for cell disintegration. EPS removal was ultrasonically induced at an energy 
dosage of 76.4 kJ/kg TS. An ozone quantity of 0.0011 mg O3/mg SS induced cell 
disintegration and 25.4% and 17.8% COD solubilization and SS reduction, respec-
tively, in comparison with ozone-pretreated sludge (Sowmya et al. 2015).

9.6.1.7  Photocatalysis–Biological Pretreatment
Photocatalysis is a process of photoreactions in the presence of a catalyst to form an 
electron–hole pair, in turn generating hydroxyl radicals, leading to secondary reac-
tions. The ultraviolet emission essential for the photocatalytic procedure comes 
from the sun or artificial sources. Dewatering of sludge is improved by using a 
photo-Fenton reaction. A photocatalysis reaction is used to treat pharmaceutical 
wastewater (Adish Kumar et al. 2012) and phenolic wastewater (Adish Kumar et al. 
2014). Hospital wastewater was alleviated by using a fluidized bed solar photo- 
Fenton method with pH 3, 5  mM of Fe2+ dosage, 50  mM of H2O2 dosage, and 
40 g/L of silica carrier, and obtained 98% COD removal with the BOD5/COD [5-day 
biochemical oxygen demand/chemical oxygen demand] ratio enhanced from 0.16 
to 0.7 (Anjana Anand et al. 2015). According to Kavitha et al. (2015c), the solar 
photo-Fenton method obtained 4.62% COD solubilization in a 4-h time interval. A 
solar photocatalytic practice, using TiO2 in an advanced oxidation process (AOP), is 
frequently done for management of wastewater (Rajesh Banu et al. 2008), degrada-
tion of phenolic wastewater (Adish Kumar et al. 2015), and pretreatment of sludge 
(Liu et al. 2014). A TiO2 dosage of 0.03 g/g SS in a solar photocatalytic process is 

Fig. 9.5 Schematic diagram of chemo-induced bacterial pretreatment
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considered to be a superior technique for EPS destruction with negligible cell lysis, 
followed by bacterial treatment; in one study this approach result in SS reduction of 
22.8% and COD solubilization of 22.9% (Godvin Sharmila et al. 2015).

9.6.1.8  Chemodisperser Pretreatment
Chemo-mediated disperser pretreatment is an inventive methodology. A sodium 
dodecyl sulfate dosage of 0.04 g/g SS disturbed EPS in sludge floc, followed by 
disperser pretreatment, achieving COD solubilization and SS reduction of 26% and 
22.9%, respectively, at 013 kJ/kg TS (Poornima et al. 2014). A combined alkaline 
and disperser method was studied by Uma Rani et  al. (2012b). In this process, 
NaOH at pH 10 with 4544 kJ kg−1 TS of supplied energy led to effective sludge 
disintegration. In this optimal condition, a high biogas value of 76% was obtained 
with COD solubilization of 24% and SS reduction of 23.3%. Removal of EPS by 
sodium citrate (0.1 g sodium citrate/g SS) and subsequent microwave pretreatment 
produced COD solubilization of 31% and SS reduction of 37%, with specific energy 
of 14,000 kJ/kg TS (Vimala et al. 2015a, b).

9.7  Conclusion

The emerging worldwide concerns about the accumulative surplus quantity of waste 
activated sludge, renewable energy demands, and global warming have encouraged 
research on the speeding up and boosting of the anaerobic digestion process. 
Pretreatment, coupled with anaerobic digestion, helps to reduce sludge volume, 
pathogens, and organic and inorganic loads. Pretreatment procedures can be catego-
rized as biological, chemical, mechanical, thermal, or a combination of these. 
Enhancement of pretreatment by removal of EPS has advantages over pretreatment 
alone. Many methods such as deflocculation (removal of EPS) of sludge by chemi-
cals, sonication, and dispensers have their own advantages. Among them, mechani-
cal methods with a mild action such as low temperature, low-intensity sonication, 
and a low-rpm [revolutions per minute] dispenser have a great influence on EPS 
removal without cell lysis. Of the commonly described pretreatment methods tried 
at the laboratory scale, only rare mechanical, thermal, thermochemical, and ozona-
tion methods have been effectively applied at full scale. Combinations of two or 
more pretreatment methods together are more effective than single pretreatment 
methods. These combination pretreatment methods enhance the biogas yield, 
improving the energy balance and economic feasibility. Therefore many research 
studies are ongoing to scale up the combined pretreatments for optimum usage in 
terms of significant energy recovery and net profit.

Opinion
Sewage sludge is an inescapable concern associated with man’s activities and their 
growth. Auspiciously, it consists of constituents such as organic matter, nutrients, 
etc., which can be used beneficially. This book gives a brief overview of the ASP, 
pretreatment of sludge, and energy recovery from sludge in the form of biogas. 

J. Rajesh Banu et al.
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Problems occurring during pretreatment and anaerobic digestion are discussed with 
an aim to overcome the difficulties. Theoretical knowledge from the experimental 
outcomes of various research studies in the field of converting waste activated 
sludge (renewable biomass) to renewable energy (biogas) is elucidated in detail. 
This book chapter details various pretreatment methods adopted for energy genera-
tion in the form of biogas (methane) from waste biomass. Some additional points 
are mentioned regarding enhancement of pretreatment methods, such as removal of 
EPSs, leading to enhancement of pretreatment which, in turn, enhances biogas pro-
duction. The book chapter not only reviews the various types of pretreatment but 
also includes the process mechanisms behind these pretreatment methods. 
Ultrasonication and thermal pretreatment methods in full-scale use are described in 
detail. The discussion of experimental outcomes of various pretreatment methods 
will be worthwhile for other researchers to recognize the advantages and limitations 
of individual pretreatment methods.
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Abstract
The algal biodiesel is produced in four steps: cultivation, harvesting and dewater-
ing, lipid extraction, and transesterification reaction (converting lipids to fatty 
acid methyl esters, FAME, i.e., biodiesel). Microalgae cultivation in photobiore-
actor (PBR) is not only costly but also very challenging step among the steps of 
algal biodiesel production. In this chapter, the advantages and disadvantages of 
various types of PBR have been discussed in the context of mass production at 
outdoor conditions. Several environmental limitations which affect the perfor-
mance of PBR are critically reviewed with respect to the selections of PBRs and 
microalgae strains. The mode of cultivation was found to affect the biomass and 
lipid productivity under different conditions. Thus, an overview suggesting the 
optimal ways to enhance the total lipid content of microalgae under different 
modes of cultivation is discussed in this chapter. The research work of microal-
gae cultivation on wastewater is tabulated and discussed in the context of feasi-
bility of process. The quality of biodiesel strongly depends on the proportion of 
saturated and unsaturated fatty acids. Thus, various process parameters and strat-
egies which affect the lipid’s composition are also discussed in detail.
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10.1  Introduction

Microalgae cultivation for various applications is not new to us. For several years, 
microalgae have been cultivated in photobioreactors (PBRs) for protein supple-
ments, carbohydrates, and active compounds such as astaxanthin and beta-carotene 
(Bux and Chisti 2016). But, over the time, when the need and security for fuels were 
increased, it received wide attention as the possible solution for energy (fuel) scar-
city because of its inherent property to accumulate a large quantity of lipids (up to 
50% of its dry cell weight (DCW)) (Chisti 2007). Microalgae cultivation has many 
advantages such as rapid growth, higher biomass and lipid productivity, and robust-
ness to various environmental conditions; however, the high production cost of 
microalgal biodiesel needs to reduce down by optimization of entire process as sug-
gested by several previous studies (Brennan and Owende 2010; Chisti 2013; Quinn 
and Davis 2015).

In general, microalgae growth depends on light intensity, compositions of nutri-
ents, carbon source, pH, temperature, and mixing, etc. (Miron et  al. 2003; Mata 
et al. 2010). However, all these parameters are having some limitations when sup-
plied in low or high extents than a particular value. For examples, high light inten-
sity causes photoinhibition, poor mixing causes the photorespiration and settling of 
cells, nutrient (C:N:P) composition affects the biomass and lipid productivity, tem-
perature alters the lipid composition which then directly affects the biodiesel qual-
ity, and so on (Pruvost et al. 2009, 2011; Hulatt and Thomas 2011). It is desired to 
get the high biomass concentrations of selected species with the main focus on 
getting more lipid productivity. But, after achieving certain concentration, microal-
gae cells start to form flocks and settle down at the bottom of the PBR, or sticking 
on the PBR wall becomes evident. The formation of flocks, in turn, reduces the 
ability of cells to capture the light, and the mutual shading effect becomes predomi-
nant. One way to overcome the above problem is mixing. Mixing can be provided 
by paddles such as in open raceway ponds or using air in closed vertical column 
PBRs (Pawar 2016b). The precautions must be taken while providing the mixing to 
the culture in the PBRs so that cells are not damaging because of the high shear 
stress (Contreras et al. 1998; Michels et al. 2010), and here hydrodynamics play a 
major role. The technological aspects can be manipulated with an optimal design 
for indoor cultivation, but outdoor cultivation becomes very challenging due to 
environmental constraints.

The following steps are generally considered before selecting the site for micro-
algae cultivation:

 1. Choice of geographical location (sunlight and rainfall patterns)
 2. Type of PBR and scale of production
 3. Microalga strain (freshwater/marine or robustness for wastewater)
 4. Mode of cultivation (autotrophic/mixotrophic)
 5. Availability of wastewater treatment facility and/or thermal power station in 

nearby area
 6. Post processing scenario (biodiesel, bioethanol, bio-oil, biogas, etc.)
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The total lipid accumulation and its composition in the microalgae vary with 
respect to species, nutrient manipulation, and mode of cultivation (Gim et al. 2014; 
Gris et al. 2014; Gomma et al. 2015; Lari et al. 2016). In general, for 100 L of bio-
diesel (density = 840 g/L), approximately 3360 kg of microalgae with 25% (w/w) 
lipid content is required to be produced. With the biomass productivity of 2 g/L 
(15 day harvesting time), a total volume of 1680 kL culture needs to be processed 
in the PBR (Yang et al. 2011). These numbers show that a very massive scale is 
required to meet the requirement of biodiesel production per annum for a state or a 
country.

10.2  Choice of Geographical Location

The mapping of solar intensity and rainfall patterns at various geographical loca-
tions is prerequisite for microalgae cultivation on a large scale as pointed out by 
Pawar (2016a). The through estimate of the feasibility of microalgae cultivation at 
several geographical locations in the USA has been given by Quinn et al. (2012). 
The temperature-dependent growth model was used for estimation of microalgae 
biomass and lipid productivities. It has been reported that the geographical location 
plays a major role to determine the economic feasibility of the entire production 
system. This factor is very important due to the fact that the microalgae growth 
ceases at light intensity of 200 μmol/m2/s, which is just 10–20% of the peak sunlight 
in a daytime. Thus, the culture may be subjected to photoinhibition with the incom-
patible type of PBR (Lopez et al. 2006; Pruvost et al. 2015). The high temperature 
also speeds up the process of water evaporation which is another main drawback. 
Thus, in the case of autotrophic cultivations in tropical countries, PBR having less 
impact on the culture instability should be selected.

Three designs of PBR are widely studied in the context of mass production of 
microalgae, viz., open raceway pond (ORP), tubular loop PBR, and vertical tubular 
PBR, as shown in Figs. 10.1, 10.2, and 10.3, respectively. ORP possesses the risk of 

Fig. 10.1 Open raceway pond photobioreactor equipped with paddles

10 Mass Production of Microalgae in Photobioreactors for Biodiesel Application…



214

Fig. 10.2 Tubular loop photobioreactor: array of several tubes with vertical or horizontal 
position

Fig. 10.3 Flow pattern in vertical tubular column PBRs: bubble column, airlift column, and split 
column
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contamination and water loss due to evaporation at high temperatures, while tubular 
loop PBR is having the risk of photoinhibition as well as photorespiration due to its 
small diameter tubes. The outdoor cultivations were also found to change the com-
position of membrane lipids (Venkata Mohan et  al. 2015). The lower cultivation 
temperatures were found to increase the unsaturated fatty acid content in the cells 
and decrease membrane fluidity (Venkata Mohan et al. 2015). The normal range of 
temperature for microalgae cultivation was found in between 25 and 
30 °C. Nevertheless, at high sun intensity areas, vertical bubble column PBRs with 
the diameter approximately 20–30  cm can be used to avoid the photoinhibition 
(Miron et al. 1999; Lopez et al. 2006).

Figure 10.4 represents the cost-effective methodology for large-scale microalgae 
production. To make the process cost-effective, an installation near to the thermal 
power station can be thought a good option so that the need of CO2 can be fulfilled 
by flue gas in the case of photoautotrophic cultivation or a location near central 
wastewater treatment facility can be opted for heterotrophic or mixotrophic cultiva-
tion (Gomez-Serrano et al. 2015; Gouveia et al. 2016). Thus, outdoor cultivation of 
microalgae is not only beneficial to CO2 sequestration but also to the wastewater 
bioremediation besides saving in cost of biodiesel production. Moreover, the 
requirement of freshwater for the cultivation can be partially replaced by wastewa-
ter (Gouveia et al. 2016).

10.3  Selection of Right Microalga Strain for Biodiesel 
Production

There have been hundreds of microalgae strains identified so far, and still research 
is in pursuit to identify the most suitable strains for biodiesel application (Nascimento 
et al. 2013, 2014; Valdez-Ojeda et al. 2015). Different strategies have been reported 

Fig. 10.4 Cost-effective strategy for mass-scale microalgae production
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in the literature to increase the lipid content in the algal cells. One common method 
to increase the lipid content is nutrient starvation (Vasumathi et al. 2012; Prathima 
Devi et al. 2013; Chandra et al. 2014; Yewalkar-Kulkarni et al. 2016). Nitrogen, as 
well as phosphate starvation, has been found to affect the lipid content (Benvenuti 
et al. 2015; Rios et al. 2015; Lari et al. 2016). About two to five times increment in 
the total lipid was observed for several microalgae species under nitrate-deplete 
condition (150  mg/L) as compared to nitrate-replete condition (1500  mg/L) 
(Griffiths et al. 2012). An increase in the lipid content with respect to starvation is 
not obvious. Several studies have observed that some microalgae strains change the 
lipid composition instead of an increase in the total lipid content under nutrient 
starvation. This is due to the fact that lipid enhancement is usually facilitated in 
nitrate-deplete conditions which, on the contrary, also lower the biomass productiv-
ity and hence the total lipid content. Griffiths et  al. (2012) studied the effect of 
N-deficient and N-sufficient conditions on total lipid accumulation for several 
microalgae species. Among them, Chlorella vulgaris and Scenedesmus were found 
to accumulate total lipid over 40% of DCW in 14 days. Similarly, in another study, 
Benvenuti et  al. (2015) examined lipid productivity of different strains under 
nitrogen- deprived conditions. It has been stated that the right strain for industrial 
application should contain the high capacity of lipid accumulation and high photo-
synthetic efficiency under nitrogen starvation. Among the studied strains, 
Nannochloropsis sp. was found the right strain for industrial application as it accu-
mulated lipid up to 45% of its DCW with the productivity of 238 mg/L/d.

The total lipids in the microalgae mainly consist of phospholipids, glycolipids, 
and triacylglycerol (TAG). The lipid is converted to biodiesel (fatty acid methyl 
esters, FAME) by the transesterification reaction. The lipids contain a different pro-
portion of saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and 
polyunsaturated fatty acid (PUFA). The proportion of SFA to UFA is the most 
important parameter to determine the biodiesel quality (Griffiths et  al. 2012; 
Nascimento et al. 2013, 2014). Biodiesel quality is determined by certain parame-
ters such as cetane number (CN), saponification value (SV), iodine value (IV), and 
cold filter plug point (CFPP) (Ramos et al. 2009). The CN value decides the ignition 
quality, and it should be above 51 as per the European standard of biodiesel 
(EN14214) and above 47 as per the standard of ASTM. The IV value suggests the 
oxidative stability of the FAME. IV value below 120 g I2 /100 g is acceptable. The 
unsaturated component of the FAME is highly susceptible to oxidation due to the 
double-bond carbon chain. The CFPP value denotes the performance of the engine 
at lower temperatures. The higher SFA content of FAME increases the value of 
CFPP which in turn affects the performance of the engine in cold days.

Overall, the saturated fraction of fatty acids in FAME increases the CN number 
but deteriorates the cold flow property, while some unsaturated fraction of fatty 
acids increases the lubricity and the risk of oxidation (Nascimento et  al. 2013, 
2014). So, there should be a balance between the ratios of SFA and UFA contents of 
lipid. Thus, the strategy should be focused not only to enhance the lipid content but 
also getting the FAME with the desired ratio of different fatty acids. For example, 
microalgae species such as Chlorella and Scenedesmus are widely studied in the 
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context of biodiesel production. Although the CN for these species obtained between 
51 and 65, the CFPP falls in the range of 8.6–11.6 °C for C. vulgaris and Sc. obliquus 
(Nascimento et  al. 2013, 2014). These CFPP values are not acceptable as in the 
winter season the engine filter blockage or cold start problems can arise. Thus, the 
species suitability cannot be judged on the basis of CN only, and other factors are 
also equally important (Ramos et al. 2009).

The lipid content and its composition for some microalgae strains are shown in 
Table  10.1. Various combinations of experiments were implemented to get the 
FAME with desired compositions of standard quality. It should be noted that many 
laboratory experiments are generally conducted in indoor conditions with fixed 
light intensity, whereas the actual light intensity falling on the surface of PBR varies 
a lot in the case of outdoor cultivation which may produce different results. Thus, a 
PBR should be taken into account in all design parameters along with biological 
aspects of the process which affect the final quality of biodiesel.

10.4  Mode of Cultivation

Microalgae constitute about 50% of carbon, 1–10% of nitrogen, and 1–8% of phos-
phorous (Lari et al. 2016). The assimilation of these elements is channeled through 
the metabolic pathways. In general, there are two primary mechanisms of carbon 
fixation in microalgae: autotrophic and heterotrophic (Venkata Mohan et al. 2015). 
Microalgae species can be grown in three modes of cultivation, viz., photoautotro-
phic, heterotrophic, and mixotrophic. The photoautotrophic cultivation of microal-
gae is common and widely studied. Under this mode of cultivation, microalgae use 
CO2 as an inorganic carbon source and light energy for photosynthesis to generate 
the biomass, i.e., reduction of carbon dioxide to carbohydrate through the Calvin- 
Benson cycle (Lowrey et al. 2015). The factors which affect the biomass growth and 
lipid accumulation are as follows: CO2 fraction in the inlet air, light intensity, nutri-
ent sufficiency or deficiency, etc.

In the heterotrophic mode of cultivation, organic carbon is used as a substrate for 
microalgae growth (Ceron-Garcia et  al. 2013). Organic carbon is used as a sole 
energy source, and light is not required for the growth of cells. Various organic car-
bon sources such as acetate, glucose, and glycerol have been found to support the 
microalgae growth in heterotrophic or mixotrophic cultivation (Bhatnagar et  al. 
2011; Perez-Garcia et al. 2011; Ceron-Garcia et al. 2013; Gupta et al. 2017). The 
factors which affect the growth of microalgae are as follows: cost for organic carbon 
source, substrate inhibition, risk of contamination, etc. (Chen and Johns 1995).

The mixotrophic mode of cultivation actually is a combination of photoautotro-
phic and heterotrophic modes of cultivation. Not all microalgae species show such 
kind of behavior. Some microalgae strains have the capability to assimilate simulta-
neously both inorganic and organic carbon in the presence and absence of light, 
respectively. In the mixotrophic mode of cultivation, acetyl-CoA pool is maintained 
by two ways, i.e., CO2 fixation and extracellular organic carbon (Venkata Mohan 
et al. 2015). Mixotrophic cultivation shows reduced photoinhibition and improved 
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Table 10.1 Some potential microalgae strains for biodiesel production

Microalgae sp. CN IV SV DU % CFPP (°C) References
Chlamydomonas sp. 64.94 27.34 220.17 28.15 −12.23 Nascimento et al. 

(2013)
Desmodesmus 
brasiliensis

53.28 87.05 205.46 86.84 −0.55 Nascimento et al. 
(2013)

Scenedesmus 
obliquus

63.63 35.38 216.04 36.63 −11.87 Nascimento et al. 
(2013)

Chlorella vulgaris 61.83 52.63 199.37 58.17 −10.81 Nascimento et al. 
(2013)

Botryococcus 
braunii

52.67 94.60 197.36 100.69 −7.96 Nascimento et al. 
(2013)

Botryococcus 
terribilis

59.50 66.90 193.22 69.41 −10.26 Nascimento et al. 
(2013)

Chlorella vulgaris 52 92 − − 4 Griffiths et al. 
(2012)

Scenedesmus sp. 54 82 − − 8 Griffiths et al. 
(2012)

Phaeodactylum 
tricornutum

53 72 − − 9 Griffiths et al. 
(2012)

Nannochloropsis sp. 57 59 − − 14 Griffiths et al. 
(2012)

Spirulina platensis 51 56 − − 19 Griffiths et al. 
(2012)

Phaeodactylum 
tricornutum

48.3 − − 116.9 −10.6 Gangadhar et al. 
(2016)

Nannochloropsis 
oculata

46.7 − − 124.3 −10.7 Gangadhar et al. 
(2016)

Tetraselmis sp. 47.3 − − 126.6 −8.5 Gangadhar et al. 
(2016)

Scenedesmus 
abundance

52.15 94 202 84.5 − Mandotra et al. 
(2014)

Chlorella vulgaris 56.7 65 217.8 74.1 4.5 Francisco et al. 
(2010)

Scenedesmus 
obliquus

56.1 68.2 217.5 67.8 20.8 Francisco et al. 
(2010)

Scenedesmus 
obliquus1

59.3 66.36 195.4 76.53 −2.48 Wu and Miao 
(2014)

Scenedesmus 
obliquus2

57.51 74.51 195.14 85.74 −7.01 Wu and Miao 
(2014)

Chlorella 
pyrenoidosa1

43.85 133.37 198.05 132.08 −0.78 Wu and Miao 
(2014)

Chlorella 
pyrenoidosa2

41.38 144.29 198.17 132.08 −5.85 Wu and Miao 
(2014)

Scenedesmus 
abundans3

57.7 64.7 210.7 51.3 − Gonzalez-
Garcinuno et al. 
(2014)

(continued)
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growth rates and lipid accumulation over autotrophic and heterotrophic cultivations 
(Perez-Garcia et al. 2011; Prathima Devi and Venkata Mohan 2012).

All three modes of cultivation have been studied with the aim to achieve maxi-
mum possible biomass and lipid productivities. Kim et al. (2013) investigated the 
cell growth rate and organic carbon and nutrient removal efficiency of microalga C. 
sorokiniana under three modes of cultivation, viz., autotrophic, heterotrophic, and 
mixotrophic. A growth rate of 0.55/day was obtained in heterotrophic cultivation as 
compared to 0.24/day in phototrophic cultivation and 0.44/day in mixotrophic cul-
tivation. A similar trend was also observed for removal of N and P. However, the 
suitability of mode totally depends on the experimental design. In other studies, 
mixotrophic mode of cultivation was found very suitable to deal with real wastewa-
ters. For example, Wang et al. (2012) studied the mixotrophic cultivation of C. pyre-
noidosa with diluted primary piggery wastewater (COD: 250–1000  mg/L). The 
biomass productivity was obtained in the range of 0.3–0.6/day. Similarly, Sforza 
et al. (2012) investigated the effect of time of sparging of excess CO2 fraction in the 
inlet air (5%) and different organic substrates (ethanol, glycerol, and acetate) on 
biomass and lipid productivities under mixotrophic cultivation of C. protothecoides 
and N. salina. The maximum specific growth rate was obtained in mixotrophic cul-
tivation for both species for 5% CO2 in feed air supplied in the light-hours only, 
while glycerol concentrations were maintained at 1% w/v for respective runs. The 
maximum specific growth rates of 0.867 and 0.613/day were reported for C. proto-
thecoides and N. salina, respectively. Recently, Shen et al. (2015) studied the effect 
of organic and inorganic carbons on microalgae growth and nutrient removal of S. 
obliquus. The initial concentrations of TOC (total organic carbon) were varied 
between 20 and 120  mg/L, while CO2 concentrations were kept in the range of 
0.03–15% (v/v). The maximum biomass productivity of 0.577 g/L/d was obtained 
for 5% (v/v) CO2 concentration in the inlet air.

It is very interesting to note that the lipid profiling (composition of various fatty 
acids) is different under different modes of cultivation. Liu et al. (2011) investigated 

Table 10.1 (continued)

Microalgae sp. CN IV SV DU % CFPP (°C) References
Scenedesmus 
abundans4

54.7 82.2 202.9 89.9 − Gonzalez-
Garcinuno et al. 
(2014)

Chlorella 
ellipsoidea3

59.3 58.9 207.9 64.6 − Gonzalez-
Garcinuno et al. 
(2014)

Chlorella 
ellipsoidea4

57.5 70.2 202.2 74.2 − Gonzalez-
Garcinuno et al. 
(2014)

CN cetane number, IV iodine value, SV saponification value, DU degree of unsaturation, CFPP 
cold filter plug point
Superscripts 1 and 2 denote nitrate concentrations 0.3 and 0.6 g/L, respectively
Superscripts 3 and 4 denote nitrogen sources ammonium nitrate and sodium nitrate, respectively
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the lipid and fatty acid profiles under photoautotrophic and heterotrophic cultivation 
of C. zofingiensis. It has been found that lipids obtained under heterotrophic cultiva-
tion accumulated primarily neutral lipids up to 79.5% of total lipids (out of which 
about 88.7% was TAG), whereas lipids under photoautotrophic cultivation were 
mainly detected with membrane lipids such as glycolipids and phospholipids. In 
another study, similar results were obtained for the cultivation of C. sorokiniana 
(Wen et al. 2013). The strain accumulated lipids up to 56% of DCW after 7 days of 
cultivation under heterotrophic conditions on glucose as substrate. On the other 
hand, it accumulated lipid up to 19% of DCW in total 30 days under photoautotro-
phic growth. The relative neutral lipid content was found much higher in the hetero-
trophic cultivation as compared to the photoautotrophic cultivation (Wen et  al. 
2013). A direct comparison between the acetate and glucose as carbon source 
showed that acetate enhances the lipid production while maintaining the pH of the 
culture in the suitable range (Huang et al. 2016).

To make the process economically feasible, many authors have proposed the use 
of industrial wastewater as a source of the nutrients (N and P) and organic carbon 
for microalgae growth under heterotrophic cultivations (Perez-Garcia et al. 2011; 
Sankaran et al. 2014; Venkata Mohan et al. 2015), while the use of flue gas (10–18% 
CO2) under the photoautotrophic cultivation has also been suggested to curb the 
CO2 in the atmosphere which is a major cause of greenhouse effect (Valdes et al. 
2012; Ji et al. 2015). Both said systems of microalgae cultivation find their benefits 
in lowering the water and air pollution, respectively. Various studies have shown 
that microalgae are not only reducing the COD of the wastewater significantly but 
also producing the valuable biomass which further can be used for biomethane pro-
duction (Uggetti et al. 2016). On the other hand, previous studies have shown that 
microalgae can sustain at high concentration of CO2 (about 2–10% v/v) in the inlet 
air/gas (Hulatt and Thomas 2011; Arudchelvam and Nirmalakhandan 2012a, b). 
However, the optimal concentration of CO2 in feed air varies with respect to the 
species. Microalgae are successfully used for the treatment of various effluents 
(Table  10.2) such as food processing wastewater, municipal, piggery, dairy, and 
distillery/brewery wastewaters under different modes of cultivation (Hongyang 
et al. 2011; Abreu et al. 2012; Mata et al. 2012; Gentili 2014; Tan et al. 2014; Chu 
et al. 2015; Ding et al. 2015; Gupta et al. 2016). That is why the ability of microal-
gae to grow on wastewater and on the high fraction of CO2 is highly applauded.

Nutrient optimization plays an important role while growing microalgae. Initial 
C:N:P ratio was found to affect the growth and lipid accumulation in microalgae 
(Silaban et al. 2014; Choi and Lee 2015; Li et al. 2016). In general, microalgae are 
being cultivated in the nutrient-sufficient media. The excess quantity or very low 
quantity of nutrients can affect the growth of the microalgae by inhibition or depri-
vation, respectively. Although there is no such limit defined, there are vast strains 
available with different composition of these elements, and the stoichiometric 
requirement will be different. In a previous study, for the cultivation of freshwater 
microalgae species C. vulgaris, the nitrate inhibition limit of 3.75 g/L was found, 
while phosphorous with a concentration above than 0.2 g/L was found to inhibit the 
growth (Li et al. 2016).
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10.5  Optimization of PBR

Several laboratory studies have shown that microalgae are one step ahead in terms 
of biomass productivity as compared to oilseed crops and thus proposed as the most 
suitable candidate for biofuel production. But, the implementation of microalgae 
cultivation on larger scale is not easy and straightforward. The lab scale studies can-
not be extrapolated as such to a large scale as the process hydrodynamics becomes 
very challenging with increasing scale. When the process is to be scaled up, the first 
question that comes in mind is: which type of photobioreactor will serve the pur-
pose? It is not that much difficult to identify the suitable PBR design with respect to 
the desired products and by-products. ORP is simplest and cheaper among the avail-
able types of PBR and widely used for microalgae cultivation (Jorquera et al. 2010; 
Benavides et al. 2013; Chiaramonti et al. 2013; Hadiyanto et al. 2013), while closed- 
type PBRs are sophisticated but expensive (Miron et al. 2000). Tubular loop PBR 
consists of array of several long tubes of smaller diameter in a loop arrangement 
connected with a common degassing unit. The culture is driven by low shear pump 
or by airlift column. The third category, column PBRs consist of a simple design of 
gas-liquid bubble column or flat plate. The airlift PBR is also a type of column 
PBRs but with the advantage of well directive flow which assists microalgae cells in 
receiving the light intermittently while passing through the light and dark zones 
continuously.

General desired characteristics of PBR are as follows:

 1. High surface area to volume ratio
 2. High biomass productivity (g/L/day)
 3. Energy optimized system (sparging, pumping, paddle or circulation)
 4. Cost optimization (PBR cost, nutrients, water, CO2, light, etc.)
 5. Ease of CO2 feed, utilization, and loss minimization
 6. Provision for avoidance of photoinhibition and photorespiration

No matter which design is chosen for the cultivation of microalgae, few prob-
lems associated with the PBR remain the same. The light attenuation is one of them. 
This single factor puts limit on desired productivity per unit land area (Wang et al. 
2014). Despite of occupying larger land area, the volumetric productivity of bio-
mass remains lower in ORP due to its shallow structure which is made purposely to 
receive the abundant light on the surface. The light intensity is a major requirement 
for the autotrophic cultivation; hence, PBRs are designed with the provision of 
higher surface area to volume ratio. ORP and flat-plate PBR are excellent examples 
of this category (Sierra et al. 2008). The other closed-type PBRs such as tubular 
loop and bubble column have little issue with light attenuation unless the culture is 
dense. But, as the main goal is to obtain the higher biomass concentration, mutual 
shading effect becomes dominant when the culture becomes dense within few days 
of operation. In such a case, the airlift PBR which is having the advantage of well 
directive flow/circulations can be found suitable. Photorespiration was found a 
major limitation in the tubular loop PBR for its implementation at larger scale 
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(Miron et al. 1999). Moreover, a degassing unit, i.e., gas-sparged column, is required 
to install for the removal of accumulated oxygen in the culture. Furthermore, the 
culture needs to be transferred from tubes to the degassing unit using centrifugal 
pump, and loss of culture can be found due to mechanical shear (Miron et al. 2003; 
Scarsella et al. 2012). On contrary, the limitation imposed by photorespiration can 
be nullified in the airlift PBR due to gentle mixing in the column using air.

The closed PBRs show certain advantages such as improved biomass and lipid 
yield, cell circulation along with mixing (prevention of settling of cells and stick-
ing), high photosynthetic efficiency, less contamination, and greater areal produc-
tivity as compared to ORP (Miron et  al. 1999, 2000; Hulatt and Thomas 2011; 
Pegallapati and Nirmalakhandan 2012; Pawar 2016b). The limitation of light pen-
etration or its unavailability in dense culture can be overcome by mixing the culture 
by external means either by air circulation or paddle. The way of mixing the culture 
with the help of air circulation is costlier but very efficient than it imparted by a 
paddle. It is well known that the hydrodynamics play an important role in gas- 
sparged bioreactor (Luo and Al-Dahhan 2012; Pawar 2016b). The hydrodynamic 
parameters such as overall gas holdup, liquid circulation velocity, and shear stress 
play a decisive role in culture viability and growth (Contreras et al. 1998; Barbosa 
et al. 2004). The gas-sparged reactors are generally operated in two main regimes: 
homogeneous and heterogeneous. The homogeneous regime is desired in the case 
of shear-sensitive cells because of low turbulence in such kind of flows, whereas 
heterogeneous regime is characteristic of high turbulent flow which certainly dam-
ages the shear-sensitive cells, and loss of culture is inevitable.

Among the vertical column PBRs, the airlift column PBR is of great interest. It 
is a type of bubble column which contains two concentric tubes: the outer is known 
as downcomer, whereas the inner is called riser. It has a characteristic well directive 
liquid flow, i.e., from riser to downcomer to riser (Chisti et al. 1998). This gentle 
liquid circulation is very effective in the case of microalgae cultivation as it brought 
the cells from the dark zone (riser) to the light zone (downcomer). Thus, the light 
and dark cycles are maintained. Moreover, the limitation imposed by light penetra-
tion can also be nullified (Miron et al. 2000). When horizontal loop tubular PBRs 
are compared with vertical tubular column PBRs, the latter arrangement is more 
beneficial than the former due to several advantages such ease of mixing with air 
sparging, reduced risks of photoinhibition and photorespiration, uniform concentra-
tion gradients, suspension and local circulation of dense culture, and regulation of 
instant dark/light periods (Miron et al. 2003; Lopez et al. 2006).

In previous articles, the effects of various design parameters on microalgae pro-
ductivity in several types of vertical closed PBRs have been critically investigated 
(Miron et al. 2000; Sierra et al. 2008; Luo and Al-Dahhan 2012; Fernandes et al. 
2014; San Pedro et al. 2014). As the cultivation of microalgae in a gas-sparged tubu-
lar column is very sensitive to the parameters such as temperature, shear stress, 
irradiance intensity, concentration of O2 and CO2 in the culture, gas and liquid 
velocities, and biomass concentration, it has been suggested that comprehensive 
studies are required on the pilot scale before making any conclusion regarding the 
suitability of PBR for particular species. Thus, any modeling or simulation study 
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should take into account the effects of light transfer, mass transfer, and mixing 
simultaneously (Nauha and Alopaeus 2013). Further, in the case of upscaling of 
airlift PBR, it should also be noted that as the volume of PBR increases, the liquid 
circulation velocity tends to increase which further may increase the local values of 
turbulence and shear stress affecting the growth of microalgae.

10.6  Cost and Feasibility of Microalgal Biodiesel Production

Biodiesel from microalgae is produced in four steps using different methods: the first 
step is cultivation of microalgae in PBR using inorganic or organic carbon, the second 
step is the harvesting of cells using centrifugation or flotation, the third step is the lipid 
extraction using solvents by wet (Bligh dryer) or dry (Folch) methods, and then the 
last step is transesterification reaction with methanol either with acid or base catalyst 
to obtain the biodiesel (FAME). The entire process of getting algal biodiesel is techni-
cally feasible but not economically. The first step is thoroughly discussed in the above 
sections. The comprehensive analysis of other steps can be found in the literature 
(Brennan and Owende 2010), and they are not discussed here. Lipid extraction is an 
important step after cultivation as the yield of biodiesel is directly proportional to the 
yield of lipid extraction. There are several methods used for lipid extraction which 
generally contain some alcohol and ethers. The efficiency of different lipid extraction 
methods was found to be affected by the solvent polarity. In a previous study, dichlo-
romethane/methanol extraction and Folch extraction (methanol/chloroform) methods 
showed highest extraction yields, but the best FAME profile was obtained with hex-
ane/ethanol (Soares et al. 2014). So, the choice of extraction method is also needed to 
manipulate according to the final desired properties of biodiesel.

Optimization of the PBR, whether open or closed system, is an inevitable part for 
the feasibility of the entire process. In a notable work by Ippoliti et al. (2016), the 
microalga strain Tisochrysis lutea was cultivated in an optimized pilot scale tubular 
PBR of 3000 L capacity with a biomass productivity of 20 g/m2/d and lipid content of 
25% of DCW. Such PBRs are susceptible to high levels of dissolved oxygen and 
variation in temperature gradients in long tubes and need attention to maintain the 
uniform culture properties. In another study (Eustance et al. 2016), the effect of depth 
of culture and nitrogen starvation on lipid productivity is studied for Scenedesmus 
acutus strain in a pilot scale ORP (area 30.37 m2). The depth of culture of 9 cm was 
found suitable for maximum lipid productivity as compared to the depth of 20 cm.

The cost optimization of entire process is the most anxious part of study. As the 
PBR has major share of total cost of production (Fig. 10.5), many researchers are 
focusing on enhancing the biomass and lipid productivities of various microalgae 
strains. Various combinations of post processing operations have been also proposed 
(Brennan and Owende 2010). Complete life cycle analyses of microalgal biodiesel 
have been critically reviewed by many researchers (Davis et al. 2011; Delrue et al. 
2012; Quinn and Davis 2015). The cost of biodiesel production is 2.25 $/L for ORP 
pathway, while with closed PBR pathway, it was reported about 4.8 $/L (Davis et al. 

S. Pawar and S. Gupta



225

2011). On the other hand, Delrue et al. (2012) reported the cost of biodiesel produc-
tion in between 1.35 and 2.36 $/L for an optimal route of studied estimates. 
Nevertheless, the current production cost of biodiesel with thorough estimates has 
been reported in the range of 2–10 $/L which is several times higher than that of 
petrodiesel (Brennan and Owende 2010; Mata et  al. 2010; Pawar 2016a). Pawar 
(2016a) suggested that the costs of biomass and biodiesel production should be based 
on the actual operating days per annum and season-wise performance of PBR. It has 
been also suggested to take into account the effect of various environmental factors 
such as varying and high intensity sunlight (day and season wise), cloud cover (rainy 
season), and variable ambient temperature and associated biomass productivity 
before evaluating the cost of biodiesel production. However, the culture temperature 
could be different from the ambient temperature and may require provision for cool-
ing or heating systems accordingly. In a previous study, for C. pyrenoidosa, a mean 
biomass productivity of 0.06, 0.15, 0.19, 0.37, and 0.09 g/L/day was obtained in 
winter (7–12 °C), spring (17–22 °C), autumn (23–27 °C), summer (35–39 °C), and 
summer (42–45 °C) seasons, respectively (Tan et al. 2014).

Different microalgae strains have different requirement of nutrients. Hence, in 
the literature, different media are found to be used for its cultivation. Out of that, the 
common media are BBM, BG11, F/2, and CHU. Nutrient management is the key to 
produce quality results. The tolerance of microalgae to high concentration of organic 
carbon saves freshwater requirement as such cultivation can be done on concen-
trated industrial wastewater or synthetic one without dilution or with some 10% 
dilution (Gupta et al. 2016, 2017). The dilution factor is also equally important for 
the feasibility of microalgae cultivation on wastewaters.

Beyond all above points, according to Chisti (2013), the innovative new technol-
ogy is necessary in current situation for algal biofuel to be a cost-effective sustain-
able fuel. In pursue of that, a clear focus should be placed to genetic and metabolic 
engineering of microalgae production. It includes increasing the photosynthetic 

Fig. 10.5 The cost share 
of different steps for 
biodiesel production
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efficiency of microalgae, enhancement in carbon capture by the cells, and channel-
ing of the energy absorbed by microalgae toward lipid accumulation in the cells 
(Chisti 2013).

10.7  Perspectives

Optimization of the PBR and manipulation of nutrients are two utmost important 
things of a feasible process to derive the biodiesel of standard quality. Microalgae 
cultivation on wastewaters (through heterotrophic or mixotrophic mode) having dis-
solved organic carbon and nutrients (N and P) needs to be studied thoroughly as it 
can lower the cost of cultivation significantly. Microalgae growth in the presence of 
a relatively high proportion of CO2 is added advantage of the mixotrophic cultiva-
tion. Although glucose, acetate, and glycerol are found suitable for microalgae cul-
tivation as organic sources of carbon under heterotrophic or mixotrophic mode, the 
crude glycerol can be considered as a potential cost-effective substrate as it is a 
major by-product of biodiesel production (transesterification reaction), and thus, its 
use in microalgae production can make the system more cost-effective. For autotro-
phic cultivation, several microalgae strains can be grown in CO2-rich gas (up to 10% 
v/v), and thus suitable methodology can be determined for CO2 sequestration. As 
not all standard properties of biodiesel are satisfied completely by microalgal bio-
diesel, mixing of lipids from various strains can be thought as a suitable strategy for 
future studies or estimates.
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Abstract
With the increase in world population, the demand of fossil fuels has increased 
rapidly. With the rising concern of limited availability of the fossil fuels, the 
demand of alternative fuels like biodiesel has attained a considerable attention 
over a decade. Microalgae have shown to be one of the promising sources for the 
production of biodiesel, as it can be grown easily on inorganic nutrients and have 
a tendency to accumulate large amount of fatty acids, which can be converted to 
biodiesel. However, the recovery of microalgae is one of the major problems that 
limits its industrial production. Physical methods like centrifugation and filtra-
tion are costly. This chapter focuses on flocculation and the use of bioflocculants 
for the cost-effective recovery of microalgal biomass.

Keywords
Bioflocculant • Biomass • Coagulation • Microalgae • Photobioreactor

11.1  Introduction

A variety of industrial processes require separation of very fine suspended and dis-
solved solids where flocculation is an important process that can be used for clarifi-
cation through sedimentation. The removal of such suspended particles by ordinary 
filtration or membrane filtration is a challenging task. On the other hand, techniques 
like centrifugation can be costly. Hence, flocculation is widely used for the removal 
of such suspended solids in waste water treatment, food and beverage, mineral, 
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paper and pulp, and biodiesel industry. Chemical flocculants are harmful and there 
are strict norms about the usage of these flocculants. In the background of disadvan-
tages of the chemical flocculants, the bioflocculants provide an economical and 
eco-friendly process, significant in the perspective of rising concern about environ-
mental pollution.

Microalgae cultivation technology is attractive from the viewpoint of energy pro-
duction since they provide fuel security and reduce carbon dioxide emissions. 
Photosynthetically derived fuels have distinct advantages from environmental view-
point, and microalgae technology is particularly promising since saline and waste 
water can be used for its cultivation. Biofuel is one of the important products of 
microalgal technology. Larkum et al. (2012) have reviewed the strain improvement 
of microalgae for biofuel production and suggested that it promises to be the tech-
nology of the future. The production of biodiesel from microalgae at industrial scale 
involves energy and cost-intensive processes in its cultivation and particularly har-
vesting. Harvesting incurs 20–30% of the total cost of production. Generally cen-
trifugation is used for harvesting at small scale; however flocculation is the method 
of choice at large-scale harvesting. The use of bioflocculants can reduce the cost of 
microalgae production (Salim et al. 2011). This chapter provides information on 
bioflocculants and their applications with special reference to harvesting process of 
microalgae production that is part of biodiesel industry.

11.2  Flocculation

The phenomenon in which particles in colloidal suspension undergo aggregation to 
form larger clumps is called flocculation. Flocculation is based on solid-liquid sepa-
ration process, where the added flocculant interacts with the suspended colloids and 
removes them from the aqueous phase. The agents that cause flocculation are called 
flocculants. The nature of flocculants can either be synthetic chemical or natural. 
Flocculation can be induced by two ways, (i) flocculation by coagulation and (ii) 
direct flocculation (Amuda and Amoo 2007).

11.2.1  Flocculation by Coagulation

Flocculation by coagulation involves the use of inorganic metal ions that interact 
with the colloidal particles and neutralize their surface charge. This allows the sus-
pended colloidal particles to come near one another and form aggregates that sedi-
ment easily. It must be noted that the microflocs generated by the phenomenon of 
coagulation may easily disintegrate by external forces. In order to increase the sta-
bility of small flocs generated by coagulation, polymeric flocculants are needed that 
increase the size as well as stability of flocs (Lee et al. 2012).

The chemical flocculants can either be organic or inorganic. The inorganic chem-
ical flocculants take part in the phenomenon of flocculation by coagulation and 
include alum (aluminum sulfate, aluminum chloride, polyaluminum chloride, alum, 
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ferrous sulfate, ferric chloride, magnesium chloride, and calcium chloride). It must 
be noted that the charge neutralization of suspended particles depends on the amount 
of salts added. Optimum flocculation is observed when the zeta potential of the 
particles becomes zero (isoelectric point). Excessive use of metal coagulants can 
cause reversal of zeta potential that finally results in re-dispersal of suspended par-
ticles (Kleimann et al. 2005).There are several disadvantages of inorganic chemical 
flocculant that includes their requirement in large amount for efficient flocculation, 
need of specific pH to induce flocculation and toxicity to humans and other animals 
(Polizzi et al. 2002; Ward et al. 2006; Banks et al. 2006).

11.2.2  Direct Flocculation

Direct flocculation involves the use of polymeric substances to form denser and 
stable flocs by bridge or patch formation that settles easily. In flocculation by coagu-
lation, a specific pH is required for the precipitation of metal hydroxides, whereas 
in direct flocculation the polymer can function at a wide pH range (Chong 2012).
Organic chemical flocculants are involved in direct flocculation. They are high 
molecular weight, linear or branched, anionic/cationic or amphoteric, water-soluble 
polymers synthesized by products of petroleum industry (Suopajarvi et al. 2013). 
For example, polyacrylamide is one of the common flocculants synthesized by 
polymerization of monomers of acrylamide. Other such flocculants include poly-
acrylic acid, polyamine, and polydiallyl dimethyl ammonium chloride (Singh et al. 
2000). Majority of chemically synthesized polymers are not safe for the environ-
ment and are resistant to degradation (Brostow et al. 2009). The monomeric forms 
of chemical flocculants such as acrylamide, ethyleneimine, epichlorohydrin, and 
dimethylamine are extremely toxic and can act as a potent carcinogen. The release 
of such toxic monomers into the environment can have adverse effect on living 
organisms by entering the food chain (Sharma et al. 2006).

11.2.2.1  Mechanism of Direct Flocculation
The interaction of the flocculant with the suspended particles in direct flocculation 
can either include electrostatic patch or bridging mechanism. The electrostatic patch 
mechanism involves the binding of charged low molecular weight polymer with the 
suspended particles having opposite charge. As the polymer binds the suspended 
particles, the surface charge of the particle gets partially neutralized resulting in 
formation of small cationic patches on the particle (Blanco et al. 2002).The cationic 
polymer on the particle not only decreases electrostatic repulsion between particles 
but also attracts other suspended particles with anionic charge to form large aggre-
gates. This aggregated material becomes dense and settles as a floc. The flocs 
formed by this mechanism are stable than the flocs formed by coagulation, but less 
stable than the flocs formed by bridge mechanism (Fig. 11.1a).

In flocculation by bridge mechanism, the polymer with high molecular weight 
gets adsorbed on suspended particles and facilitates its charge neutralization. 
Interaction of particles associated with flocculant with other free particles results in 
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formation of large networks and bridges resulting in better flocculation efficiency as 
compared to low molecular weight polymer. The ability to form bridge between the 
particles depends on particle density of the colloids, collision frequency, and bind-
ing properties of the polymer. The bridging mechanism finally results in the forma-
tion of large aggregated flocs that are stable and settle easily there by facilitating 
separation (Biggs et al. 2000; Blanco et al. 2002) (Fig. 11.1b).

11.3  Bioflocculants

The rising problem of environmental pollution and health hazards of chemical floc-
culants has shifted the interest to bioflocculants. Bioflocculants are the products of 
living organisms that can interact with the colloidal particles in suspension resulting 
in their aggregation. The bioflocculants can either be obtained from microorganisms 
or plants.

11.3.1  Microbial Bioflocculants

Microbial flocculants are produced by various bacteria and fungi. Most of these are 
abundantly found in the flocs of the activated sludge. Studies have shown that there 
is a strong correlation between the production of extracellular polymeric substances 

Fig. 11.1 Mechanism of flocculation by bioflocculants: (a) flocculation by patching; (b) by 
bridge formation
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by the bacteria, cell aggregation, and bioflocculation. The extracellular polymeric 
substances (EPS) are produced by a variety of microorganisms including bacteria, 
yeast, fungi, and algae. The microbial EPS can either be made up of polysaccha-
rides, proteins, lipids, glycolipids, or glycoproteins. The bioflocculant EPS synthe-
sized by the bacteria can either be capsular (cell bound), be slime type (loosely 
bound to the cells), or secreted in the extracellular environment as dissolved organic 
matter. These polymers are sticky form matrix around the suspended colloids result-
ing in large and stable flocs. Besides these, transport exopolymeric particles (TEP) 
have been reported in bacteria and diatoms. TEP are the products of microbial EPS, 
produced under abiotic conditions like shearing forces. In the natural conditions like 
marine environment, TEP have a major role in the aggregation of diatoms and other 
marine algae. The flocculation activity of TEP can either be due to electrostatic 
patch mechanism or by bridge formation (Passow 2002).

Microbial bioflocculants are high molecular weight heteropolysaccharides with 
branched or unbranched chains. The heteropolysaccharide is mainly composed of 
sugars like glucose, mannose, galactose, fucose, ribose, and rhamnose (Suh et al. 
1997). The presence of arabinose in bioflocculant imparts good cell aggregation and 
biofilm-forming activity. Besides sugars uronic acids, sulfate esters, pyruvates, and 
proteins may also be present. The presence of sulfate in polysaccharide biofloccu-
lant makes the polymer hydrophilic, imparting gel-like nature. Sulfate is also known 
to increase the flocculation activity of the bioflocculant (Zhou et al. 2012). Table 11.1 
summarizes the chemical nature and properties of bioflocculants produced by dif-
ferent microorganisms.

11.3.2  Plant-Based Bioflocculants

Besides microbial based bioflocculants, several naturally existing polymers such as 
starch, chitosan, cellulose, natural gums, and mucilages of plant origin also have the 
ability to flocculate the suspended colloids in suspension (Renault et al. 2009). The 
efficiency of starch as a flocculant is however low, and it can be easily hydrolyzed 
by the amylases secreted by bacteria. Cellulose chemically modified to sodium car-
boxymethyl cellulose has been used for the treatment of drinking water (Khiari 
et al. 2010). Natural gums and mucilages have also been employed for the treatment 
of industrial effluents (Gupta and Ako 2005). Most of these polymers act by the 
mechanism of matrix and bridge formation around the suspended particles, result-
ing in large aggregates. The plant-based bioflocculants have gained considerable 
interest along with microbial flocculants as they are environmentally friendly, bio-
degradable, nontoxic to humans and other animals, and easily available.

Most of the plant-based bioflocculants are heteropolysaccharides containing 
 different monosaccharides, like arabinose, galactose, glucose, mannose, xylose, 
rhamnose, and uronic acid (Jani et  al. 2009; Mirhosseini and Amid 2012). The 
extraction of bioflocculants from the plants is mainly done by solvent extraction 
method. Most of the bioflocculants from okra, psyllium, tamarind, and fenugreek 
have been isolated by this method (Agrawal et al. 2001; Mishra and Bajpai 2005). 
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Besides using these natural polymers directly for flocculation, they can be chemi-
cally modified by the addition of more branches of another polymer to give a grafted 
polymer (Kumar et al. 2012; Kalia et al. 2013). As the grafted polymers have a high 
molecular weight, high hydrodynamic volume, and large surface area for the adsorp-
tion of colloidal particles, they are considered as very efficient flocculants (Ghosh 
et al. 2010; Pal et al. 2012).

11.4  Factors Affecting Bioflocculant Production

A variety of factors like carbon source, pH, temperature, metal ions, aeration, etc. 
have shown to affect bioflocculant production. Studies with Sorangium cellulosum 
have shown that the bioflocculant production in the presence of soluble starch 
accounted about 14.8 g/l compared to 1 g/l in glucose. On the other hand, combina-
tion of starch and glucose showed maximum 17.5 g/l yield of bioflocculant (Zhang 
et al. 2002). Bacillus licheniformis isolated from contaminated Luria broth medium 
have shown maximum bioflocculant production in medium consisting sucrose, glu-
cose, and soluble starch as carbon sources and urea as nitrogen source (Xiong et al. 
2010). Bacillus spp. isolated from the marine environment have shown maximum 
bioflocculant production utilizing glucose and ammonium nitrate as carbon and 
nitrogen source, respectively (Cosa et al. 2013).

The role of initial pH of the media on bioflocculant production varies with differ-
ent isolates. In case of Bacillus licheniformis, maximum flocculation activity was 
observed at initial pH 7.5 (Xiong et  al. 2010). In case of mixed cultures of 
Methylobacterium sp. and Actinobacterium sp., maximum bioflocculant production 
is observed at pH 9, while production is minimum at neutral and acidic pH (Luvuyo 
et al. 2013). Bacillus spp. isolated from the marine environment show maximum 
bioflocculant production at a wide pH range for 3–9 with optimum production at pH 
6. Metal ions may stimulate or inhibit the bioflocculant production in the culture 
media. In case of Bacillus spp., Na+, K+, Li+, Mn+2, and Al+3 favor bioflocculant 
production with maximum production observed with Ca+2 ions. On the other hand, 
Fe+3 had inhibitory effect (Cosa et al. 2013).

11.5  Factors Affecting Flocculation Activity

Different factors such as molecular weight of the bioflocculant, pH, temperature, 
and concentration of metal ions affect flocculation activity. High molecular weight 
bioflocculant provides large binding sites and forms a netlike matrix around the 
suspended particles that increases the flocculation activity. On the other hand, low 
molecular weight polymer shows flocculation by electrostatic patch mechanism. 
The metal ions aid flocculation, by neutralizing the surface charge of the suspended 
particles allowing them to come closer and interact with the bioflocculant added. 
This phenomenon is known as flocculation by coagulation as described earlier. 
Increase in the flocculation activity has been observed by the addition of Al+3, Fe+3, 
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Ca+2, and Mg+2 ions. These metal ions induce coagulation at specific concentration 
and pH.  It must be noted that excessive addition of metal coagulants can cause 
reversal of zeta potential that can decrease the stability of flocs and overall floccula-
tion efficiency.

The pH should play a decisive role in flocculation by bioflocculants. Carboxyl, 
hydroxyl and amino are common functional groups present on bioflocculants 
involved in flocculation. A decrease in pH can cause protonation of the functional 
groups on bioflocculant imparting net positive charge. On the other hand, increase 
in pH imparts net negative charge on the polymer.

11.6  Microalgae Cultivation and Harvesting

Microalgae are the unicellular microorganisms that live in water bodies like lakes, 
rivers, and oceans. They utilize nitrogen and phosphates present in water to generate 
biomass by the process of photosynthesis. With the increase in world population 
and demand of fossil fuels, the demand of biofuels like biodiesel has increased over 
the last decade (Foley et al. 2011). Studies have shown that microalgae can be a 
promising source of generating biofuel. Most of the microalgae act as a good source 
of triglycerides that can be extracted to form biodiesel by transesterification reac-
tion with methanol. Acids, alkali, and enzymes like lipase aid the transesterification 
reaction. Most of the transesterification reaction is catalyzed by alkali, as the use of 
enzymes like lipase can be costly (Chisti 2008; Posten and Schaub 2009; Wijffels 
and Barbosa 2010). Besides these the algal biomass can be used to produce bioplas-
tic, methane in anaerobic digester, biofertilizer, and as a feed for fish or livestock. 
The production of microalgae at large scale is a challenging task. Cost-effective 
production and harvesting are the two major factors that must be taken into consid-
eration while cultivating microalgae at a large scale.

11.6.1  Cost-Effective Production of Microalgae

Cultivation of microalgae requires nutrients like nitrates, phosphates, and inorganic 
nutrients along with CO2 and sunlight. Different methods such as growth in open 
ponds, bioreactor, suspended cultures, immobilized cultures, and biofilm-based 
methods have been employed for the large-scale production.

11.6.2  Open Ponds

They are commonly known as high rate algal ponds (HRAP) that are commonly 
used for microalgal growth. These are artificially created shallow ponds with an 
impeller at its bottom to provide mixing of nutrients and algal biomass. In this 
method the availability of atmospheric carbon (CO2) via diffusion can be a growth-
limiting factor. However providing CO2 externally has shown an increase in the 
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biomass as well as lipid production in the cells (Chiu et al. 2009; Vandamme et al. 
2013).Continuous CO2 sparging may not be economically feasible as the retention 
time of CO2 bubbles can be short and they finally end up in the atmosphere (Mata 
et al. 2010). Besides these, control of other parameters like pH and temperature is 
the major drawback of open pond system.

11.6.3  Photobioreactors

Photobioreactors are the most efficient for the growth of microalgae. The design of 
photobioreactors may be horizontal, vertical, and helical (Chisti 2007). The photo-
bioreactors have several advantages over open ponds, which include better bulk 
mixing, pH and temperature control, minimal evaporative loss, and better growth 
rate (Mata et al. 2010). One of the most commonly used reactors is modified air-lift 
reactors. These bioreactors are transparent and are equipped with a riser column, 
sparger to provide aeration, and pH probes. As the air/CO2 bubbles are introduced 
in the riser column, the media and the algal biomass begin to move upward in the 
riser column and downward in the downcomer column. The continuous sparging 
not only provides carbon source but also causes mixing of nutrients as well as bio-
mass in the reactor (Merchuk et al. 2007). The distribution of light in the reactor 
might be a growth-limiting factor. To solve this problem, specially designed trans-
parent impellers are attached with a perforated rod in the middle of reactor. Nutrients 
as well as CO2 are allowed to diffuse through the perforated rod, whereas light pass-
ing through this rod illuminates the transparent impeller, giving enough photons for 
the growth of algae. One of the limitations of photobioreactor is the accumulation 
of oxygen generated by photosynthesis that can cause photooxidative damage to the 
cells, which may decrease the growth rate (Carvalho et al. 2006). Also the mainte-
nance of tubular bioreactors can be costly (Grima et al. 1999).

11.6.4  Flat-Plate Bioreactors

These are rectangular reactors constructed by joining two transparent sheets 
together. A typical flat-plate reactor has dimensions: height 1.5 m, length 2.5 m, and 
with 7 cm. As the width of the reactor is less, there are no dark zones in the reactor. 
This provides enough illumination for the algal biomass growing in the reactor. 
Aeration is provided by the sparger that provides aeration, mass transfer, and bulk 
mixing. Recently, Offshore Membrane Enclosure for Growing Algae (OMEGA) 
system was developed by NASA for waste water treatment as well as cultivation of 
microalgae. This technique uses specially developed plastic bags that are partially 
permeable to oxygen and carbon dioxide. The microalgae in the bags utilize the 
nutrients present in the waste water to generate biomass, and the treated water leaves 
the bag via osmosis (Trent et al. 2013).
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11.6.5  Immobilized Algae in Matrix

The use of immobilized microalgae in matrix-like alginate has been successful in 
the waste water treatment. As algae are immobilized, they utilize the nutrients in 
waste water for their metabolism (Chevalier et al. 2000). The immobilized microal-
gae in alginate beads have shown better accumulation of lipids and pigments as 
compared to free algae when coimmobilized with Azospirillum brasilense (De 
Bashan et al. 2002). However, it must be noted that the cost of immobilized matrix 
makes this method economically futile. Most of the works on immobilized algae 
have been done at bench scale only.

11.6.6  Algal Biofilms

Besides suspended cultures microalgae also have a tendency to form biofilms. It has 
been found that if the surface area is large enough, then the amount of algal biomass 
produced can be greater than the suspended cultures. The algal biofilm cannot only 
remove the nutrients of waste water more efficiently but also provide advantage on 
recovery of algal cells. With respect to waste water treatment, trickling filters and 
rotating biological contactors are bacterial biofilm-based reactors that are widely 
used for large-scale waste water treatment. The formation of biofilms depends on 
several factors such as the presence of cations and proteins, ability of bacteria to 
produce EPS, as well as availability of organic nutrients in the waste water. The 
development of algal biofilms can be aided by the EPS-producing bacteria present 
in the waste water (Hodoki 2005). Integrated use of open ponds and algal trickling 
filters has shown better removal of waste water nutrients as well as removal of algal 
cells by biofilm formation (Hoffmann 1998).

11.7  Harvesting of Microalgae

Besides cultivation, the recovery of algal biomass following cultivation is a major 
challenge (Uduman et al. 2010). The harvesting method depends on microalgal size, 
density, and value of the product. Generally two main stages, viz., bulk harvesting 
and thickening, are involved. In the former separation of biomass from the bulk, 
suspension is carried out, and in the latter concentration of the slurry is done 
(Brennan and Owende 2010). The common technique used for microalgae harvest-
ing is centrifugation which is costly at an industrial scale. One of the alternative and 
cost-effective methods for harvesting is by flocculation, which is part of the bulk 
harvesting stage. The media used for microalgal cultivation is rich in phosphates 
and nitrates. Addition of calcium ions to the broth causes precipitation of phos-
phates as calcium phosphates. As the microalgal cells have net negative charge, the 
precipitates with net positive charge can neutralize them resulting in flocculation. 
However this phenomenon requires high concentration of phosphate ions 
(Christenson and Sims 2011). Besides calcium, magnesium ions that precipitate at 

M.C. Sarang and A.S. Nerurkar



243

alkaline pH also have a tendency to flocculate microalgae (Vandamme et al. 2012). 
Other metal salts like alum and ferric chloride have been used for the harvesting of 
microalgae Dunaliella.

Recent studies have shown that cationic, magnetic nanoparticles made up of 
Fe2O3 can be used for the microalgae harvesting with application of external mag-
netic field. These nanoparticles can also be attached to a cationic polymer making 
the harvesting process more efficient (Lim et al. 2012). It should be noted that bio-
mass recovered by this method contains high concentration of metal ions. The 
removal of metal ions from the biomass becomes difficult. The residual metal ions 
can hinder the extraction of lipids and carotenoids from the biomass (Rwehumbiza 
et al. 2012). Besides metal salts, organic chemical flocculants like polyacrylamide 
have shown effective recovery of microalgae; however the use of microalgal bio-
mass recovered in this way, for animal feed, can be a major concern due to the pres-
ence of chemicals (Brennan and Owende 2010).

The algal blooms in lakes show spontaneous flocculation caused by the extracel-
lular polymers made by the algae (Vandamme et al. 2013). Bioflocculation gener-
ally involves electrostatic attraction between the positively charged bioflocculant 
and negatively charged microalgal cells, resulting in large stable aggregates (Zhou 
et al. 2012; Zhang and Hu 2012). Biopolymer such as chitosan, a derivative of chi-
tin, is a cationic, high molecular weight polymer capable of flocculating microalgae 
via bridge mechanism. However, flocculation by chitosan requires a relatively low 
pH. Besides chitin cationic starch with quaternary ammonium groups has shown to 
flocculate microalgae, at a broader pH range.

Bacteria as well as fungi have a tendency to cause flocculation of microalgae 
(Zhang and Hu 2012; Zhou et  al. 2012). Extracellular poly-γ-glutamic acid pro-
duced by Bacillus subtilis has shown effective flocculation of microalgae. 
Cocultivation of algal and bacterial cells is one of the methods that allows growth of 
both algal and bacterial biomass. As the bacterial biomass increases, it interacts 
with the algal cells resulting in bacterial algal flocs. It must be noted that additional 
carbon source must be added to the media to support bacterial growth. Besides 
media components, the salts present in the media and pH influence the flocculation 
process. Studies with Chlorococcum nivale, Chlorococcum ellipsoideum, and 
Scenedesmus sp. have shown that flocculation activity of algae increases with 
decrease in the pH, with optimum pH of 4. Charge neutralization of organic acid 
functional groups on the algal surface, by H+ ions, is mainly responsible for the 
aggregation of algal cells. Similar results were observed when poly-γ-glutamic acid 
purified from Bacillus licheniformis was used for the flocculation of Desmodesmus 
sp. The flocculation activity was increased from 44% to 98% when the pH was 
dropped from 7.2 to 3 (Liu et al. 2013). Most of the microalgae are known to pro-
duce significant amounts of extracellular polysaccharides that can interfere with the 
flocculant added.

The exopolymeric substance produced by Scenedesmus quadricauda has shown 
to recover the algal biomass up to 86% in presence of Zn+2 ions. This EPS is chemi-
cally composed of carbohydrate and protein and has hydroxyl, carboxyl, and amino 
groups that help in zeta potential reduction and bridge formation with the algal cells 
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causing flocculation (Bibi et al. 2016). Cyanobacteria like Synechocystis salina also 
have the ability to flocculate Chlorella vulgaris and Pseudokirchneriella subcapi-
tata by decreasing the zeta potential on cell surface. Studies on cell surface physio-
chemical properties of S. salina revealed that it possesses a hydrophobic surface that 
allows it to form aggregates. Cocultivation of S. salina with other microalgae 
resulted in more hydrophobic algal suspension. This increase in hydrophobicity 
causes the algal cells to repel water molecules and form aggregates, which settle as 
flocs. Besides hydrophobicity the ionic strength of the media and pH also plays an 
important role in governing the flocculation of microalgae and cyanobacteria 
(Gonçalves et al. 2015). Studies with marine isolate Cobetia marina show recovery 
of Chlorella vulgaris by flocculation – flotation phenomenon. In this process, unlike 
sedimentation the flocs float on the surface of liquid phase, due to its low density. 
This bioflocculant was composed of carbohydrate and protein and showed maxi-
mum recovery of Chlorella up to 92% in the presence of CaCl2 as a coagulating aid 
(Lei et al. 2015). Bioflocculants from halotolerant, alkaliphilic Bacillus agaradhae-
rens have shown 80% flocculating activity with Chlorella minutissima. Chemical 
analysis showed the presence of polysaccharides, proteins, and nucleic acids in the 
bioflocculant (Liu et al. 2015).

Fungi such as Aspergillus niger have a tendency to bind and aggregate microal-
gal cells facilitating efficient removal of algal biomass (Zhang and Hu 2012). The 
formation of algal-fungal pellets is mainly regulated by the pH which in turn can be 
regulated by the addition of glucose in the growth media. Besides pH the number of 
fungal spores used as an initial inoculum also plays an important role. The algal- 
fungal pellets can be further reused for the removal of phosphates and nitrates from 
the waste water (Zhou et al. 2012). Besides Aspergillus niger, Aspergillus lentulus 
isolated from effluents of textile industry have shown nearly 100% recovery of 
Chroococcus spp. within 6 h, with fungal-to-algal ratio 1:3. The flocculation pro-
cess involved electrostatic interaction between negatively charged algal cells and 
positively charged fungal mycelia. The cellulase produced by the fungi also helps in 
the breakdown of algal cell wall into soluble sugars that increased the methane pro-
duction up to 50%, during anaerobic digestion. The recovery of algal biomass with 
fungi can have several applications like production of biomethane, biohydrogen, 
and biodiesel (Prajapati et al. 2016).

Recently plant-based flocculant isolated from Strychnos potatorum commonly 
known as clearing nut, has shown 99% recovery of Chlorella vulgaris. The isolation 
and purification of this bioflocculant are easy and cost-effective as compared to 
microbial bioflocculant (Razack et al. 2015). Derivatives of chitin like chitosan have 
shown promising results for the replacement of chemical flocculant like polyacryl-
amide, for harvesting of Chlamydomonas reinhardtii. The efficiency of harvesting 
Chlamydomonas was 35  kg per kg of chitosan used. However cultivation of 
Chlamydomonas in the presence of chitosan showed slight decrease in the growth 
rate, but was not lethal. Attempts have also been made to recycle the flocculant pres-
ent in the supernatant, after the harvesting is done (Delrue et al. 2015).

In this section flocculation as a technique for separation of algal biomass has 
been focused; however, a variety of techniques are used and there is no standard 
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technique as such. Microalgae are an attractive feedstock for production of biofuel 
since its productivity is high and it does not require arable landlike agricultural 
feedstock. As a source of biodiesel, it can compete with the fossil fuel provided it is 
grown in a cost-effective way. This is feasible since it requires simple nutrients for 
its cultivation. However, harvesting step is cost intensive in addition to bulk cultiva-
tion process. Application of advanced methods of improvement of microalgal 
stocks, cultivation process, and harvesting process should make it economically 
viable. The use of bioflocculants in harvesting is one of the ways in which it can be 
made cost-effective. Environmental concerns are going to make bioflocculants 
important in this application as it is projected that microalgal biodiesel will be sus-
tainable process in near future.
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Abstract
The emanations upon combustion of petroleum fuels cause grave pessimistic 
impact on surrounding ambiance and global climate change. Therefore, the con-
temporary stance of scientific fraternity is to generate energy and mercantile 
products through biological methods with waste as a resource. Biohydrogen pro-
duction from wastewater seems to be a promising green option for sustainable 
renewable energy. The process is feasible from practical point of view and can be 
operated under ambient conditions. It has been attracting attention due to its 
applicability to different types of wastewaters, and the production costs of biohy-
drogen can compete economically with other traditional methods. However, the 
crucial challenges like enhancing rate and yield for sustainable biohydrogen pro-
duction still persist. During fermentation process, the undissociated volatile fatty 
acids (VFAs) and alcohols accumulate in the system leading to inhibition and 
redundancy in substrate degradation. Employing integration strategies with other 
bioprocesses like photo-fermentation or bio-electrochemical systems is the san-
guine option to make the process frugally possible.
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12.1  Present Scenario

Paucity of worldwide petroleum reserves and apprehensions concerning environ-
mental pollution prompt for the advancement of green energy substitutes (Arimi 
et al. 2015). Bioenergy has the sustainable potential that is appealing great curiosity 
amongst researchers across the world (Rama Mohan 2015). Recently, biohydrogen 
is cited to be one of the prospective areas of interest (Venkata Mohan 2009). In 
2010, the market demand of international hydrogen production was 53 million met-
ric tons and is anticipated to rise with a growth rate of 5.6% per annum. Worldwide 
commercial H2 production presently is produced majorly from natural gas, oil and 
coal and to certain extent by water electrolysis (Markets and Markets 2011; Bhaskar 
et al. 2013; Rama Mohan 2015). Alternatively, H2 from waste biomass/wastewater 
using biological methods as renewable resource is gaining much interest. By this 
way negative-valued organic waste is transformed to green energy abating the pol-
lution (Ghimire et al. 2015). The governing prerequisite for wastewater treatment is 
an ideal prospect to produce biohydrogen. By this way, it diminishes the overall 
expenditure towards effluent treatment, and additional revenue could be incurred 
from biohydrogen as a fuel (Nissilä et al. 2014; Thi et al. 2016).

12.2  Biohydrogen Production

There are several routes for H2 production, viz. physical, chemical, biological and 
thermochemical (Fig. 12.1). BioH2 production is majorly contributed by anaerobic 
fermentation which is categorised as light-independent and light-dependent 
(Venkata Mohan et al. 2007a; Hallenbeck 2013). Light-independent fermentation 
process is usually referred to as dark fermentation that hires both strict anaerobes 
and facultative bacteria. This process results a higher rate of H2 and formation of 
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Fig. 12.1 Flowchart representing various routes for biohydrogen production
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soluble metabolic products (SMPs), viz. volatile fatty acids, solvents, etc. Acidogenic 
anaerobes are incompetent of consuming these undissociated organic acids result-
ing in the accumulation of these acids leading to a drop in pH value. Subsequently, 
H2 production is inhibited and, finally, results in low H2 yields (Guo et al. 2010; 
Venkata Mohan et al. 2017). Light-dependent processes used by cyanobacteria and 
green algae are direct and indirect biophotolysis or via photo-fermentation mediated 
by photosynthetic bacteria. H2 production by photosynthetic bacteria occurs by 
photo-fermentation of inorganic/organic acids (Lam and Lee 2013). The biochem-
istry varies considerably based on the biocatalyst, operational conditions, microen-
vironment and substrate (Lin et al. 2012).

12.2.1  Photo-Fermentation

Photosynthetic microorganisms, viz. cyanobacteria, photosynthetic bacteria and 
algae, have varied photosynthetic machinery (anoxygenic or oxygenic) that func-
tions for H2 production (Allakhverdiev et al. 2010). The process involves generation 
of a proton gradient by energy from sunlight and electron generation either by direct 
photolysis of water (Fig. 12.2a) or by indirect photolysis involving a parallel photo-
system II (PSII)-independent process (Fig. 12.2b). In direct photolysis, the sunlight 
functions as a powerhouse for PSII ensuing production of oxidising equivalents that 
are used for the water oxidation into protons, electrons and O2 (Krassen et al. 2009). 
Then, ferredoxin in reduced state is the electron donor for [FeFe]-hydrogenases in 
both types of photolysis. Thereafter, these reducing equivalents are transported to 
the chlorophyll α-dimer (P700) in photosystem I (PSI). The P700 is energised upon 
absorption of sunlight and then discharges electrons to the acceptor site of PSI con-
taining iron–sulphur clusters via the electron transport chain (Hallenbeck 2013). 
Later, PSII is  driven by water splitting where in the electrons are transported to 
reducing equivalents which then finally reduced by the [FeFe]-hydrogenase (HydA) 
to H2. Hydrogenase enzyme performs as a discharge valve in presence of protons 
and electrons from the reduced ferredoxin to produce H2. The activity of hydroge-
nase enzyme relies on the number of reducing equivalents from either of two pho-
tosynthetic processes (Constant and Hallenbeck 2013).

Microalgae are outstanding for their ability of high translation of solar energy to 
molecular H2 (12–14%) by the oxidation of water molecules (Sambusiti et al. 2015). 
In direct biophotolysis, O2 is generated as by-product of PSII that is a major sup-
pressor of the hydrogenase enzyme; therefore, it can be operated for short periods 
of time (Blankenship et al. 1995). In indirect photolysis, the generated electrons and 
protons are generated and stored as starch during photosynthesis. Under certain 
stress conditions, the electrons and protons are fed into the plastoquinone pool and 
then onto HydA via PSI resulting in H2 production. In case of microalgae and cya-
nobacteria, compounds for reserve accumulate during the Calvin cycle. At night, the 
compounds in reserve act as source energy for the cell activities. The change from 
aerobic to anaerobic condition is complemented by termination of a photosynthetic 
light reaction and generation of a surplus reductant, which is finally converted to H2 
by hydrogenase (Allakhverdiev et  al. 2010). Under anaerobic conditions, 
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Fig. 12.2 Schematic illustration of the photosynthetic mechanisms for biohydrogen production – 
(a) direct photolysis involved in oxygenic photosynthesis; (b) indirect photolysis involved in oxy-
genic photosynthesis; (c) anoxygenic mechanism involved with photosynthetic bacteria
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[FeFe]-hydrogenases (HydA1 and HydA2) catalyse the molecular H2 by proton 
reduction. In cyanobacteria, H2 is produced during nitrogen fixation by action of 
nitrogenase enzyme (Greenbaum 1988a, b; Melis et al. 2000).

Photosynthetic bacteria utilise the visible and/or near-infrared spectrum to produce 
H2 by catabolising organic molecules by anoxygenic photosynthesis (Fig. 12.2c). In 
these bacteria, the [FeFe]-hydrogenase can easily evade the distress of oxygen, since 
they do not use water as source for electron generation (Melis and Happe 2001; 
Krassen et al. 2009). In this process, the bacteriochlorophyll (BChl) elicits for the 
formation of bacteriopheophytin (BPh) upon light absorption. The electrons from 
BPh are transferred to quinine pool (QA) and then to the cytochrome subunit of the 
reaction centre that generates a proton gradient for ATP synthesis and finally to H2 
(Hallenbeck and Benemann 2002). The efficacy of light energy translation to H2 is 
significantly higher in photosynthetic bacteria than cyanobacteria since the quantum 
of light energy requirement is less than the water photolysis. Thus, the photosynthetic 
bacteria make photo-fermentation process more feasible, viable and its adaptability in 
consuming a variety of substrates (Chandra and Venkata Mohan 2011, 2014).

12.2.2  Dark Fermentation

Dark fermentation involves a multitude of biochemical metabolic reactions, viz. 
hydrolysis, acidogenesis, acetogenesis and methanogenesis (Lin et al. 2012). The 
composite organic matter is catabolised to simple molecules during hydrolysis and 
consequently fermented to organic acids during acidogenesis (Dahiya et al. 2015). 
As a special case, H2 production is feasible from acetic acid by microbial consortia 
of acetogens and homoacetogens. Further, the acetoclastic methanogens translate 
the volatile fatty acids to methane during methanogenesis (Thi et al. 2016). Most 
often, acetogens nurture in syntrophic alliance with the hydrogenotrophic methano-
gens, thereby retaining low partial pressure to allow acidogenesis to become ther-
modynamically favourable. Therefore, the methanogenic activity is suppressed to 
increase the yields of bioH2 as a sole metabolic by-product (Venkata Mohan et al. 
2008a, b; Goud and Venkata Mohan 2012a; Sarkar et al. 2016).

The organic sugars are first metabolised during the glycolysis to pyruvate, a key 
precursor for subsequent microbial fermentation (Venkata Mohan et  al. 2007b). 
Consequently, pyruvate can result in a variety of short-chain organic fatty acids, and 
H2 is also produced during the metabolism (Fig. 12.3a). Anaerobes that are faculta-
tive metabolise pyruvate to acetyl-CoA and then to formate catalysed by pyruvate 
formate lyase and subsequently to hydrogen by formate hydrogen lyase (Nikhil 
et al. 2014b). Anaerobes that are obligate oxidise pyruvate to acetyl-CoA through 
pyruvate ferredoxin oxidoreductase. Metabolites formed during anaerobic substrate 
metabolism raise the accessibility of reducing equivalents within the bacteria (Wong 
et al. 2014). Protons from the redox mediators separate in presence NADH dehydro-
genase enzyme and subsequently reduced to H2 with electrons offered by the oxi-
dised ferredoxin upon action of hydrogenase enzyme. The membrane-bound NADH 
dehydrogenase, cytochrome complex and other carrier proteins channel the 
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Fig. 12.3 (a) Different biochemical steps involved in the dark fermentation of glucose (organic 
matter); (b) schematic illustration of substrate conversion and H2 production mechanism during 
dark fermentation
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electrons via the quinone (Q) pool (Fig. 12.3b). Uninterrupted interconversions of 
quinone and protons assist in the transport of electrons to cytochrome b–c1 complex 
and then to cytochrome aa3. Ultimately, the electrons are transferred from cyto-
chrome aa3 to iron-containing protein ferredoxin. The ferredoxin in reduced state 
transfers electrons to the catalytic site of hydrogenase where protons are combined 
to form H2 (Saratale et al. 2013).

Dark fermentation has gained significant credit as a practically feasible scheme 
amongst the other biological ways for H2 production, especially when wastewater is 
considered as a substrate and assorted bacterial consortium as a biocatalyst (Agler 
et al. 2011; Nikhil et al. 2014a). The prominent features of this process are: process 
simplicity, less energy intensive, less carbon footprints, use of broad spectrum of 
organics and operation at ambient temperatures. Besides, the process is economically 
steady and robust for large scale of H2 production (Venkata Mohan 2009). If the fer-
mentation favours for the acetic acid synthesis, then the stoichiometric yield of H2 is 
4 mol per mol of glucose, whereas if the fermentation pathway is butyric acid, the 
yield of H2 is 2 mol per mol of glucose. Yet, the experimental H2 yield is lower than 
the stoichiometric yield, since a fraction of the substrate is consumed for bacterial cell 
mass and in few cases by-products might reduce the H2 yield. Strategies are developed 
to attain superior H2 yields at better rates, viz. novel reactor designs, variable mode of 
operation, inoculum type and pretreatment, nature and pretreatment of substrate and 
many more (Venkata Mohan et al. 2008a; Monlau et al. 2015; Sarkar et al. 2016).

The potential sources for anaerobic cultures are found almost in all types of natu-
ral environments. Anaerobic bacteria under the class of Firmicutes, which are apt 
biocatalysts for H2 production (Venkata Mohan et al. 2011). A mixture of bacterial 
flora is largely preferred for continuous H2 production; however, the microbial cul-
ture can show a divergence in H2 production competence because of the co- 
occurrence of H2-consuming bacteria in overall microbial diversity. In such 
conditions, conditioning of inoculum is performed to augment H2 producers due to 
their compliance in hostile environments (Sarkar et  al. 2013; Goud et  al. 2017). 
Moreover, proton fluxes in/out bacteria affects the enzyme activity, biochemical 
pathways and substrate decomposition. pH is also acute to sustain ample cellular 
ATP levels, since surplus H+ ions are pumped out using ATP to ensure cell neutrality 
(Srikanth and Venkata Mohan 2012). The initial pH can impact the duration of lag 
phase involved in spore germination and enzyme synthesis. The operational organic 
load of bioreactor can affect several functional issues which include accumulation 
of undissociated VFA and pH variations. This subsequently changes the diversity of 
microbial flora with subsequent amendments of the allied metabolic pathways (Van 
Ginkel and Logan 2005a; Goud and Venkata Mohan 2012b). Commercial biohydro-
gen production still poses certain process impede like the inhibitory effect caused 
by the undissociated VFA (Van Ginkel and Logan 2005b; Goud et al. 2014; Srikanth 
and Venkata Mohan 2014; Sarkar et al. 2017). Improving H2 production rate and 
yield are the grave challenges to sustain economic production. In this regard, vari-
ous strategies were reported in the literature. A few of them are selection and pre-
treatment of microbial consortia, immobilisation of consortia, statistical techniques 
for process optimisation, sequencing of bioreactors, bio-electrochemical treatment, 
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multiple process integration and bio-augmentation (Pasupuleti and Venkata Mohan 
2015a, b). Commercial operation still poses certain process impedes like inhibitory 
effect of undissociated VFA (Van Ginkel and Logan 2005b; Goud et  al. 2014; 
Srikanth and Venkata Mohan 2014; Sarkar et al. 2017).

12.2.3  Integration Strategies

12.2.3.1  Biohythane
A proportionate mixture of hydrogen and methane is commercially available as 
Hythane™, HCNG or methagen (Eden 2010). The recommended composition of H2 
with CH4 ranges between 10% (v/v) and 25% (v/v) (Liu et al. 2013). Conventional 
methods could be unsustainable due to their reliance on exhausting petroleum 
reserves. Yet, the contemporary trends in bioenergy exploit the different biological 
routes for the production of both methane and hydrogen from waste organic matter. 
Literature reports are available on two-step fermentation process to produce a mix-
ture of H2 and CH4 from wastewater (Venkata Mohan et al. 2008b; Mohanakrishna 
and Venkata Mohan 2013). This biological design assures the composition of biogas 
mixture (CH4 + H2) by regulating the environments of microbial fermentation. The 
usual operation is a two-step process that has a few advantages, but operation of two 
bioreactors is frugally not that sustainable (Cavinato et  al. 2012; Willquist et  al. 
2012). A recent investigation reported biohythane from single-stage bioreactor 
using spent-wash wastewater ( Pasupuleti and Venkata Mohan 2015b). In another 
study, a unique strategy was reported that augments acidogenesis for the production 
of biohythane ( Sarkar and Venkata Mohan 2016, 2017).

12.2.3.2  Hybrid Dark–Photo Fermentation
A blend of both dark and photo-fermentation is a credible option to accomplish a 
yield of 12 mol H2/mol glucose. Integrative fermentation can be considered as an 
operational and competent option to harness maximum H2 yield with simultaneous 
wastewater treatment (Srikanth et al. 2009; Laurinavichene et al. 2012). A variety of 
photosynthetic bacteria are capable of H2 production which can uptake the volatile 
fatty acids as carbon source and light as energy sources. Studies have been carried 
out with two-stage integration of heterotrophic dark with photo-fermentation for 
bioH2 production (Chandra et al. 2015). It was noticed that photo-fermentation of 
acid-rich effluents is considered to be complicated due to light infiltration complica-
tions, multifaceted nutritional requirements, obligatory operational conditions, sub-
strate (VFA and ammonia) inhibitions and vulnerability for impurity (Wang et al. 
2009; Chandra and Venkata Mohan 2014).

12.2.3.3  Microbial Electrolysis
Microbial electrolysis is an electrically driven H2 production process wherein the 
exchange of electron equivalents in carbon-based composites to H2 gas involves 
bio-electrochemical reactions (Call and Logan 2008). A microbial electrochemical 
cell (MEC) has a prerequisite of additional potential to assist the metabolism of 
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undissociated organic acids into H2 which is obligatory to cross the endothermic 
barrier (Cheng and Logan 2011). Therefore, the protons and electrons are driven 
with the supplementation of an external voltage from anode to cathode which is 
reduced to H2. The typical redox potential for H2 reduction is −0.414 V, and a volt-
age >0.11 V facilitates H2 formation at the cathode. These applied potentials are 
moderately low compared to the applied external potential of 1.23 V for electrolysis 
of water. For example, H2 (−0.414 V) from acetate (−0.279 V) at the cathode occurs 
upon appliance of voltage (−0.135  V). In reality, a relatively higher voltage is 
required than the prerequisite; owing to system overpotentials aroused by physico-
chemical and microbial influences.

It is reported that the applied potentials selectively enrich the growth of electro-
active bacteria that efficiently reduce electrons (Arunasri et al. 2016). Operating an 
MEC can recover more than 90% of H2 as against 33% by the dark fermentation. 
Thus, the application of MEC can be seen with the usage of acidogenic effluents 
rich in short-chain fatty acids for recovery of additional H2/CH4 production (Wagner 
et al. 2009; Modestra et al. 2015). The prospects of MEC over conventional water 
electrolysis are low-energy consumption, appreciable H2 yields and wastewater 
treatment. Nevertheless, biocatalyst diversity, electrode materials, membrane, 
applied potential, substrate loading rate and reactor configuration critically affect 
the functioning of MEC (Nam et al. 2011). To begin with, studies were carried out 
in double chamber that allows separate capture of H2 at cathode and prevents foul-
ing by anodic bacteria (Pisciotta et al. 2012). But, separation leads to acidification 
at the anode chamber; so, removing the partition creates a single-chamber MEC that 
reduces the applied potential attenuating the pH and energy losses. Electrodes 
coated with platinum are commonly used as chemical catalysts for H2 evolution as 
it significantly diminishes the cathode overpotential. Conventional methods use 
platinum which is costly, consumable and vulnerable to contamination by constitu-
ents in the effluents. Recently, research on biocathodes is of prime attention as they 
are eco-friendly and renewable (Jeremiasse et al. 2010; Nikhil et al. 2015b).

During the operation of MEC, the hydrogen evolution reaction (HER) is linked 
to the pH. The buffer capacity of wastewater is typically low resulting in accumula-
tion of protons resulting in acidification at anode (Hamelers et al. 2010). The use of 
chemical buffers could be a possible option that alleviates the pH gradient. The 
efficacy of a buffer relies on its dissociation constant (pKa) and diffusivity. Buffers 
with pKa slightly above the operating pH (near neutral) aid to sustain the internal 
pH close to the external pH (Zhu et al. 2009; Liang et al. 2014). Inappropriate use 
of buffer (above 300 mM) affects the system and unsuitable for the effluent dis-
charge; besides addition of salts would escalate the operating economics (Ambler 
and Logan 2011). It was reported that the external voltage exhibited a dual conse-
quence over process performance by regulating the in situ buffering capacity using 
a biocathode (Lenin Babu et al. 2013b; Nikhil et al. 2015a). Integrating MEC with 
other processes to harvest biohydrogen generation is the state-of-the-art research 
amongst the scientific fraternity (Escapa et al. 2014). Small additional voltage with 
a high current density will be a crucial challenge for scaling-up of MEC to mercan-
tile applications (Lenin Babu et al. 2013a; Venkata Mohan et al. 2014).
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12.2.3.4  Bio-based Products
The dark-fermentative effluents are rich in VFA, and these can be used as possible 
substrate for production of polyhydroxyalkanoates (PHAs) commonly referred to as 
‘bioplastics’ (Venkata Mohan et al. 2010; Sarkar et al. 2016). PHAs are biopolyes-
ters of hydroxyalkanoates that amass as cellular storage materials produced under 
surplus carbon and nutrient-deprived environments (Patel et  al. 2012; Fradinho 
et al. 2013). Commercial scale of PHA is produced using plant-derived resources 
and pure cultures that rise the production costs. Compared to other substrates (car-
bohydrates or proteins), the use of VFA facilitates PHA synthesis depriving the 
participation of glycolysis and β-oxidation pathways. Reports are available on PHA 
production from synthetic VFA and biohydrogen effluents (VFA-rich) under an 
anoxic microenvironment using a mixed bacterial culture (Venkateswar Reddy and 
Venkata Mohan 2012). If acetate and butyrate compositions are relatively higher 
amounts, then polyhydroxybutyrate (PHB) is the product type, and if propionate 
and valerate are relatively higher amounts, then polyhydroxyvalerate (PHV) is the 
product type. The combined production of H2 and PHA followed by methanogene-
sis is possible option to make the whole process economical and sustainable (Patel 
et al. 2012; Venkateswar Reddy et al. 2014).

12.3  Waste Treatment vs Biohydrogen Production

Ideally, a unit kilogram of chemical oxygen demand (COD) equals to 5.2 mol of 
glucose, and upon dark fermentation each mole of glucose results in 4  mol and 
2 mol of H2 depending upon acetic acid and butyric acid pathways, respectively 
(Venkata Mohan et al. 2007c). On the other hand, photo-fermentation yields 12 mol 
of H2 per mol of glucose. H2 produced by acetate pathway of dark fermentation 
yields 89.6 l of H2 per mol of glucose which is equivalent to 466.6 l of H2 per kg 
COD. Assuming with only 40% of COD removal, then H2 yield in dark and photo- 
fermentation is 125 g and 16.6 g, respectively. For example, if an industry discharg-
ing ~3 × 1011 l of effluent per annum containing a typical COD of 20 g/l, then it 
amounts to 6000 × 106 g of COD for that year. The yields of H2 with dark and photo- 
fermentation are about 5 × 106 kg and 300 × 106 kg per year that accounts for many 
million dollars/year (at a rate of $ 4/kg H2) (Markets 2011).

Rapid industrialisation is resulting in immense amounts of waste. Conventional 
treatment of wastewater is an energy-exhaustive process. Probing means to produce 
or harness valuable products from wastewater remediation are significantly pursued 
in recent times (Angenent et al. 2004; Venkata Mohan et al. 2010). The prerequisite 
requirement for their management markedly makes wastewater a choice for biohy-
drogen production, besides abating the overall treatment cost (Guo et  al. 2010; 
Elsharnouby et al. 2013). Till date, considerable efforts were put on the application 
of various wastewaters for the production of biohydrogen through fermentation pro-
cesses (both light-dependent and light-independent) (Hallenbeck 2013). Both 
wastewater treatment and H2 production are equally important, and a balance should 
exist between technical expertise and substrate uptake with operating circumstances 
(Show and Lee 2013). Assessing these conditions is particularly important in 
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sustaining the financial possibility and environmental competence of the process 
(Arimi et al. 2015). An illustrative plan of strategies to recover energy and products 
for value additions along with wastewater treatment is represented in Fig. 12.4.

12.4  Future Perspectives

Hydrogen is an imperative substitute for energy domain and can be produced from 
a variety of production technologies (Dunn 2002; Nouni 2012). Presently, investiga-
tions are being dedicated on viable and eco-friendly biohydrogen from biomass to 
substitute fossil fuels (Hallenbeck and Ghosh 2009; Rama Mohan 2015). Waste 
biomass can be deliberated as the paramount choice and has the foremost prospec-
tive that encounters energy supplies and could assure fuel stock in the upcoming 
future. Utilisation of remaining organic portion after acidogenesis is also the most 
significant aspect to be paid momentous consideration (Mohanakrishna et al. 2010; 
Ghimire et al. 2015). Photobiological processes with acidogenic wastewater as sub-
strate are comparatively less studied and need further exploitation. Multi-process 
combination is effectively evaluated for economic viability and commercialisation 
(Mohanakrishna and Venkata Mohan 2013; Wang and Ren 2013). Overall, a biore-
finery concept with closed-loop approach visualises negative-valued waste as a 
potential renewable feedstock that will pave new opportunities for the growth of 
bio-based society with circular economy (Venkata Mohan et al. 2016).
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Fig. 12.4 Schematic details of various strategic routes possible for effective H2 production and 
other value-added products
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Abstract
Solid waste (SW) is highly produced, wherever there is human habitation. 
Uncollected and improper management of SW in developing countries creates 
sanitary hazardous and sources of public nuisance. Fortunately, biodegradable 
organic fractions represent approximately 60–70% of SW, which could be easily 
converted into energy in the form of H2 via dry and wet anaerobic digestion pro-
cess. Moreover, the digestate is rich with plant nutrients (N&P), which could be 
used for crop production. Factors affecting H2 production such as pH levels, 
moisture content, temperature, food to microorganism (F/M) ratio, N/P ratio, 
mixing mode, sludge residence time (SRT), hydraulic retention time (HRT), 
organic loading rate (OLR), particle size (PS), and initial ammonia concentration 
are addressed in this chapter. Moreover, enhancement of H2 production using 
mixtures of different substrates via co-digestion bioprocess is extensively dis-
cussed to unlock the barriers for valorization of organic fraction of municipal 
solid waste (OFMSW). This will certainly provide the stakeholders and commu-
nity the beneficial use of OFMSW to contribute closing the cycles of rural–
urban–industrial nutrient and renewable energy in a sustainable way.
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13.1  Introduction

Solid waste (SW) production is a serious issue in low-income countries. Financial 
support, contribution of private and public authorities, is very limited for solid waste 
management. Total solid waste of about 88% is mainly dumped in open areas, where 
natural decomposition takes place creating severe environmental problems and pol-
lution of groundwater. Burning up of solid waste is the worst option, where smog a 
formation of black cloud in the sky results in air pollution. SW is composed of 
carbohydrate, proteins, fats, and other components and represents approximately 
60–70% of the total municipal solid waste (MSW) (Tawfik and El-Qelish 2012). 
Anaerobic digestion (AD) process represents one of the most promising techniques 
for conversion of organic fraction of municipal solid waste (OFMSW) into renew-
able energy. OFMSW is free of charge and abundant and considered as a superior 
substrate for H2 production using anaerobes (Dias et al. 2014). The importance of 
AD process for energy production is a promising approach as a substitute for con-
ventional fossil fuels (Elsamadony et al. 2015a). Proliferation of biological H2 from 
OFMSW via AD bioprocess would result in a clean environment, and it also repre-
sents a sustainable biofuel source for countries lacking sufficient reservoirs of fossil 
fuels. Moreover, H2 produces only water as a combustion by-product and generates 
energy yields of 122 kJ/g (2.75 times higher than hydrocarbon fuels) (Soltan et al. 
2016). Several technologies have been used for H2 production from SW such as 
thermo-catalytic reformation process and water electrolysis (Irmak and Öztürk 
2010). However, these methods consume electricity derived from combustion of the 
fossil fuels. Therefore, AD of OFMSW is preferable for H2 production due to its 
simplicity, low-cost technology, and degradation of a wide range of bio-wastes 
(Table  13.1). The main obstacles and advantages of AD bioprocess are listed in 
Table 13.1, which should be simultaneously addressed and considered.

Wet, semidry, and dry AD process is classified based on solid content, i.e., ≤10%, 
10–20%, and >20%, respectively (Elsamadony et  al. 2015c). Wet AD is not an 
appropriate technology for conversion of OFMSW, where dilution by water is 

Table 13.1 Advantages and disadvantages of anaerobic digestion (AD) process

Advantages
1. Reduction of the volume of bio-waste
2. The digestate is rich with N and P and could be used for crop production
3. Sustain high organic loading rate (OLR)
4. Low operating and maintenance costs
5. Long starvation period and thus it is suitable for the treatment of seasonal wastes
Disadvantages
1. Slow degradation process where long sludge residence time and large reactor volume are 
required
2. Long start-up period due to slow growth rate of anaerobes
3. Buffer reagent addition may be required to maintain an acceptable pH level
4. Produce odors and corrosive volatile sulfur compounds
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required resulting in a large volume of reactors, which should be avoided. Dry AD 
(DAD) of such wastes is a promising option, which provides a high volumetric H2 
production and positive energy balance (Elsamadony and Tawfik 2015a; Romero 
Aguilar et al. 2013). Li et al. (2013a, b) found that DAD achieved a high volumetric 
energy production of 14.2  LCH4/Lreactor from co-fermentation of corn stover and 
chicken manure at a ratio of 1:1, which was 3.2- and 1.4-fold greater than those 
obtained from wet and semidry AD processes, respectively. Table 13.2 exhibits high 
H2 generation from OFMSW and food waste (FW) via AD process as compared to 
other substrates (Elbeshbishy et al. 2011a; Hwang et al. 2011).

13.1.1  Pathway of H2 Production

Anaerobes can easily utilize the OFMSW (carbohydrates, protein, and fats) through 
successive bio-processes. Hydrolysis process is carried out by hydrolytic bacteria to 
degrade proteins, carbohydrate, and fats into simple monomers (Fig.  13.1). The 
products are utilized further by acidogenesis bacteria to produce organic acids, H2, 
and CO2. Acetate is generated from a combination of H2 and CO2 by homoaceto-
genic bacteria through the Wood–Ljungdahl pathway. Acetoclastic/hydrogenotro-
phic methanogens generate CH4 and CO2 from conversion of organic acids and H2 

Table 13.2 H2 yield from different substrates via dry anaerobic digestion (DAD) process

Substrate

Initial 
pH 
value Operation mode

Temperature 
(°C) H2 yield References

OFMSW + 
slaughterhouse 
waste

5–6 Semicontinuous 34 52.5–71.3 mL/g 
VSremoved

Gómez et al. 
(2006)

OFMSW 5.7 Continuous 38 127 mL/
gVSremoved

Alzate- Gaviria 
et al. (2007)

99 mL/g 
VSremoved

Food waste + 
olive mill waste

6.5 Batch 39 44 mL/g VSadded De Gioannis 
et al. (2013)

Food waste 81 mL/g VSadded

114 mL/g 
VSadded

58 mL/g VSadded

36 101 mL/g 
CODremoved

Chen et al. 
(2006)

5.5 Semicontinuous 55 205 mL/g 
VSadded

Chu et al. 
(2008)

5.5 37 332 mL/g 
VSadded

Elbeshbishy 
et al. (2011b)

5–6 34 27-28 mL/
gVSadded

Gómez et al. 
(2009)

Vegetable waste 6.0–7.0 55 0.48 mmol/g 
CODadded

Lee et al. 
(2008)

13 Development of Dry Anaerobic Technologies of Bio-waste and Unlock…



270

(Hallenbeck and Centre-ville 2009). Moreover, the presence of sulfate and/or nitrate 
in the substrate facilitated the utilization of H2 (Saady 2013).

13.1.2  Anaerobes Producing Hydrogen

Strict and facultative bacteria are the main anaerobes that able to produce H2 via 
DAD process. Strict anaerobes such as Clostridium sp. need the complete absence 
of oxygen to grow and could efficiently generate H2 under mesophilic and thermo-
philic conditions at a wide range of pH levels. Facultative microbes (Enterobacter 
sp.) have the ability to generate hydrogenase enzyme, which is responsible for H2 
production (Li and Fang 2007) and has the merit of generation of adenosine triphos-
phate (ATP) under aerobic and anaerobic respiration that outperform strict microbes. 
However, Clostridium sp. produces 4 mole H2/molglucose (Eq. 13.1) as compared to 
Enterobacter sp., which generates only 1  mole H2/molglucose (Chin et  al. 2003). 
Butyrate production is accompanied by 2 moles of H2 per mole of glucose conver-
sion (Eq. 13.2)

 Glucose H O Acetate CO H+ → + +2 2 2 42 2 2  (13.1)

 Glucose Butyrate CO H→ + +2 22 2  (13.2)

Hydrolysis
Sugars, amino 

acids, fatty 
acids

Organic Fractions of Municipal Solid Waste

Fermentation

Volatile 
fatty acids H2, CO2Acetic acid

Acetogenesis

Acetic acid H2, CO2

MethanogenesisMethanogenesis

CH4,CO2

50-70% CH4

Fig. 13.1 Anaerobic pathway degradation of OFMSW containing carbohydrate, lipids, and 
protein
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Co-cultures of Clostridium sp. with Enterobacter sp. provided a superior H2 
yield as compared to single culture (Chong et al. 2009). Seppälä et al. (2011) found 
that H2 yield of 1.45 and 2.09 mole H2/molglucose was achieved using sole culture of 
E. coli and C. butyricum, respectively. However, co-cultures of E. coli and C. butyri-
cum provided H2 yield of 1.65 mole H2/molglucose and achieved maximum cumulative 
volumetric H2 production. Yokoi et al. (2002) observed that co-culture of C. butyri-
cum (strict anaerobe) with E. aerogenes (facultative bacteria) achieved an H2 yield 
of 2.7 mol H2/molglucose, which exceeded 2 mol H2/molglucose provided by pure culture 
(Clostridium sp.).

13.2  Key Factors Affecting H2 Production

Several factors such as pH levels, moisture content, temperature, food to microor-
ganism (F/M) ratio, N/P ratio, mixing operation mode, sludge residence time (SRT) 
and hydraulic retention time (HRT), organic loading rate (OLR), particle size, and 
initial ammonia concentration affect biological H2 production and anaerobic meta-
bolic activities.

13.2.1  pH Value

The pH value significantly affects H2 evaluation via DAD, where it influences the 
activity of hydrogenase enzyme as well as the metabolic pathway. H+ ion concentra-
tion is a critical factor for maintaining sufficient ATP levels in the AD process. 
However, high levels of H+ ion consume ATP to sustain cell neutrality rather than to 
produce H2 (Mohd Yasin et al. 2011). Continuous DAD process produces consider-
able amounts of volatile fatty acids (VFAs) resulting in a drop in pH value. Thus, it 
requires continuous supplementation of the digester with sodium carbonate to 
increase the buffering capacity (Ghimire et al. 2015). The optimal pH value for H2 
fermentative largely varies from 4.5 to 9 (Khanal 2003; Luo et al. 2010; Wu et al. 
2010). The optimal pH value is close to 5.5, which enables maximum H2 production 
due to augmentation of hydrogenase activity (Andersch et al. 1983).

13.2.2  Total Solid Content

Moisture and total solids (TS) content are the major parameters, which affect the 
DAD process (Abbassi-Guendouz et al. 2012; Karthikeyan and Visvanathan 2012). 
TS content exceeding 30% (w/w) negatively affect the H2 production due to accu-
mulation of VFAs (Li et al. 2013a, b). Abbassi-Guendouz et al. (2013) found that 
increasing the TS content inhibited the activity and growth of Clostridium sp., 
which is responsible for H2 production. The H2 production was substantially 
decreased at increasing TS content from 21% to 35% and from 10% to 35% (w/w) 
(Valdez-Vazquez and Poggi-Varaldo 2009; Robledo-Narváez et al. 2013). On the 
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other hand, insufficient TS content could limit the energy production resulting in 
low-energy/mass transfer bioprocess (Banerjee et  al. 2005; Valdez-Vazquez and 
Poggi-Varaldo 2009).

13.2.3  Temperature

Temperature is a critical factor affecting the behavior of H2-producing bacteria as 
well as the activity of enzymes and coenzymes. Fortunately, H2-producing bacteria 
could flourish under psychrophilic, mesophilic, thermophilic, and hyperthermo-
philic conditions where temperature varied from 10 to 110°C (Fig. 13.2). However, 
temperature exceeding 55 C stimulates metabolic, specific growth, and destruction 
rates of substrate and enhances H2 production (Wang and Wan 2008). Moreover, 
thermophilic conditions are presumed to enhance the activity of hydrogenase 
enzyme (Valdez-Vazquez et al. 2005). Solubilization of solids under thermophilic 
conditions is higher as compared to mesophilic one (Lee et al. 2006; Appels et al. 
2008). The optimum temperature for biological H2 production ranges from 37 
(mesophilic) to 55 °C (thermophilic) (Li and Fang 2007; Appels et al. 2008).

13.2.4  Food to Microorganism (F/M)Ratio

The initial substrate concentration (F) provides a carbon source for biosynthesis, 
and the microorganisms (M) are responsible for degradation of feedstock. The met-
abolic pathway of H2 production is mainly affected by changing F/M ratio (Soest 

Fig. 13.2 Bacterial growth rate under psychrophilic, mesophilic, thermophilic, and hyperthermo-
philic conditions
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and Wine 1967). A proper range of F/M ratio would enhance the capability of H2 
producers (Sreela-or et al. 2011a). H2 production increased at higher F/M ratio of 
4–6.6 gCOD/gVSS.d (Hafez et  al. 2010). Pan et  al. (2008) found that biological H2 
production from food waste (FW) was the optimum at F/M ratio of 6 g VSfeed/g 
VSseed. The highest H2 yield from FW occurred at F/M ratio of 7.8 gCOD/gVSS and a 
temperature of 36 °C (Chen et al. 2006).

13.2.5  Carbon to Nitrogen (C/N) Ratio

Nitrogen is an essential element for growth of H2 producers. However, high and low 
C/N ratio would negatively affect the H2 production. Anaerobes have the ability to 
utilize carbon source 25–30 times faster than nitrogen content, and the optimum 
C/N ratio varied from 20 to 30 (Elsamadony et al. 2015a; Kim 2004). Co-digestion 
processes supply sufficient C/N ratio of 30 for anaerobic consortium bacterium 
(Yadvika et al. 2004). The optimal C/N ratio for H2 production from co-digestion of 
rice straw and sewage sludge was 25:1 (Kim et al. 2012). Sreela-or et al. (2011b) 
found that H2 fermentation of the combination of food waste and sewage sludge was 
maximum at C/N ratio of 33.

13.2.6  Mixing Operation Modes

Mixing is an essential process to sustain adequate contact between the microbial 
consortia and the substrate (Elsamadony and Tawfik 2015a). Moreover, flocculation 
of suspended solids, distribution of nutrients and trace elements for anaerobes, and 
guarantee of a uniform temperature along the digester occurred due to mixing pro-
cess (Weiland 2010). The latter plays an important role for transfer the substrate 
from bulk liquid to biomass, which facilitates the degradation process. Ong et al. 
(2002) found that mixing promoted energy production and overcomes accumulation 
of gases inside the sludge blanket. Furthermore, sufficient agitation is introduced to 
the AD process to avoid sludge washout. Nevertheless, 29–54% of the total power 
generated from anaerobic digester could be consumed for operation process. The 
efficiency of mixing process is dependent on the shape and type of paddles, as well 
as the operating period per day. Improper mechanical mixing devices provide dead 
zones and reduce the contact time between substrate and bacterium consortium, 
negatively influencing the performance of the AD process (Ghanimeh et al. 2012). 
On the other hand, proper design of mixing device and its intensity is necessary in 
order to maximize the net gain energy and improve the efficiency of DAD process. 
However, at high mixing intensity, shear force destroys the flocs and breaks down 
the granules, which deteriorate the H2 production (Hoffmann et al. 2008; Lindmark 
et al. 2014). In addition, microbial shift could take place in the digester resulting in 
slow degradation process. Mixing is important for AD process particularly at high 
loading rate and solid contents (Karim et al. 2005). Furthermore, intermittent mix-
ing mode is preferred to enhance the H2 generation, as well as to minimize the 
energy consumption (Kaparaju et al. 2008).
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13.2.7  Sludge Residence Time (SRT) and Hydraulic Retention 
Time (HRT)

Sludge residence time (SRT) is the average of the retained biomass in the anaerobic 
digester. The SRT is an important design parameter for AD process and expressed 
in days. Moreover, short SRT (3–5 days) and HRT (6–12 h) are preferred for H2 
producers. On the other hand, long SRT and HRT encourage the growth of H2 con-
sumers and promote the methanogens, which should be avoided. HRT is the time (h 
or days) for feedstock to pass through the digester. Fortunately, SRT is an equal 
HRT in DAD process (Appels et al. 2008; Fernández-Rodríguez et al. 2014).

13.2.8  Organic Loading Rate (OLR)

Organic loading rate (OLR) is the quantity of daily organic content of the feedstock 
per reactor volume and expressed as g COD/L/day or g volatile solids/L/day. OLR 
exceeding 20 g COD/L/day is preferred for H2 producers (Hafez et  al. 2010). 
However, overloading the anaerobic digester would increase the accumulation of 
VFAs and deteriorate the H2 production process and yield (Fernández-Rodríguez 
et al. 2014).

13.2.9  Particle Size (PS)

Particle size (PS) exerts a significant effect on the efficiency of DAD process. 
Anaerobic consortium bacteria utilize particulate organic matter for H2 production 
via three main steps, namely, hydrolysis, acidogenesis, and acetogenesis processes. 
However, hydrolysis of organic particulate matter is the rate-limiting step in DAD, 
which affects both the mass transfer and the substrate accessibility (Izumi et  al. 
2010). Hydrolytic enzymes are mainly responsible for the hydrolysis of organics 
into the particulate form (Angelidaki and Sanders 2004). Reduced particle size 
exhibits a perfect pretreatment technique for efficient conversion of wastes-rich par-
ticulate organic matter (Barakat et al. 2013). The reduction of particle size would 
increase the surface area which enhances the degradation process using hydrolytic 
enzymes resulting an efficient substrate uptake rate and quite high H2 yield (Monlau 
et al. 2013; Agyeman and Tao 2014). Wen (2004) found that reducing the particle 
size of animal manure from 840–590 to 590–350 μm improved glucose yield by 
29%. However, further reduction of particle size exhibited no effect. The highest 
substrate uptake rate occurred on reducing the particle size of food waste from 2.14 
to 1.02 mm (Kim et al. 2000). This undoubtedly emphasized the importance of the 
reduction of particle size prior DAD bioprocess.
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13.3  Upgrading of DAD Process

13.3.1  Substrate Pretreatment

Mechanical, thermal, microwave, and alkali pretreatment methods are mainly used 
to increase the solubility of organics and facilitate the anaerobic conversion of solid 
wastes (Elbeshbishy et al. 2011a, b; Ma et al. 2011). Surfactants, particularly non-
ionic type, would enhance H2 yield from OFMSW and improve the enzymatic 
hydrolysis of particulate organic substances (Qing et al. 2010; Elsamadony et al. 
2015c). Surfactant molecule could also change the structure of organics and allow 
the enzymes to penetrate into its surface (Leaño and Babel 2012). Moreover, surfac-
tant has a positive effect on the interaction between enzyme and substrate (Sipos 
et al. 2011). Recently, fungal species were tested for enhancement of the H2 genera-
tion from agricultural waste such as cornstalks (Cheng and Liu 2012).

13.3.2  Co-fermentation Process

Mono-fermentation of OFMSW showed some difficulties, i.e., insufficient trace ele-
ments content, high C/N ratio, and low buffering capacity and suffered from accu-
mulation of VFAs in the digester (Lin et al. 2013; Zhou et al. 2013). Co-fermentation 
of various substrates can overcome such drawbacks and provide nutrient balance 
and buffering capacity to improve H2 production (Razaviarani and Buchanan 2014). 
Table 13.3 shows the enhancement ratio of H2 production from co-fermentation of 
OFMSW and FW with other substrates. The highest H2 yield was achieved from 
co-fermentation of OFMSW with gelatinous solid waste (GSW) and paper mill 
sludge (PMS) (Elsamadony and Tawfik 2015b). PMS and GSW are rich in calcium 
ions, which play an important role for enhancing the growth of anaerobes and 

Table 13.3 Co-digestion of various substrates

Substrates Ratio
Operational 
conditions

Enhancement 
ratioa References

OFMSW + sewage 
sludge

1: 1 Batch, 55 °C, pH 
5.5

1.20 Tyagi et al. (2014)

FW + lime mud 1: 0.03 Batch, 55 °C, pH 
6.5–6.9

1.51 Zhang et al. (2013)

FW + white mud from 
ammonia soda process

1: 0.015 Batch, 55 °C, pH 
6.6–7.4

1.54 Zhang and Wang 
(2013)

OFMSW + cellulose 1: 0.2 Batch, 37 °C 1.35 Ponsá et al. (2011)
OFMSW + protein 1: 0.2 1.54
OFMSW + gelatin 
solid waste + Paper 
mill sludge

0.7:0.2:0.1 Batch, 55 °C, pH 
6.0

1.62 Elsamadony and 
Tawfik (2015b)

aEnhancement ratio is calculated based on the difference between mono-fermentation OFMSW 
and co-fermentation with other substrates
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subsequently H2 production and yield (Chen et al. 2008; Zhang and Wang 2013). 
Moreover, Ca++ acts as a coagulant aids to improve the biomass accumulation inside 
the reactor (Yuan et al. 2010). Furthermore, GSW is protein-rich feedstock, which 
provides a proper C/N ratio during co-fermentation of OFMSW (Kim 2004). C/N 
ratio not only augments the nutrients content but also increases the bacterial activity 
and H2 productivity (Zhou et al. 2013). Moreover, co-fermentation of OFMSW with 
GSW and PMS provides a sufficient buffering capacity and improves the stability of 
the AD bioprocess (Zhang et al. 2014). Zhou et al. (2013) and Kim (2004) found 
that C/N ratio increased from 26 to 31 for co-fermentation of food waste (FW) with 
sewage sludge. Several researchers (Zhang et  al. 2011, 2013, 2014; Wang et  al. 
2013; Zhang and Wang 2013) showed that co-digestion process increases the buff-
ering capacity, trace element content, and balanced C/N ratio resulting in an 
improved H2 productivity.

13.3.3  Trace Elements Addition

Bio-hydrogen production requires essential micronutrients for bacterial metabolism 
during fermentation process. However, high concentration of metals would inhibit 
the activity of H2-producing anaerobes (Srikanth and Mohan 2012; Wu et al. 2015). 
Sodium ions enable better anaerobic metabolism (Lin et al. 2013). Iron and nickel 
ions are the backbone of [Fe], [Ni–Fe], and [Ni–Fe–Se] hydrogenase enzymes, 
which are responsible for H2 production (Srikanth and Mohan 2012). Potassium 
ions facilitate nutrients transportation by increasing cell wall permeability, while 
coenzyme utilizes cobalt to stimulate acetogenesis (acetate-forming) activity (Wu 
et al. 2015). Magnesium and manganese facilitate substrate utilization rate, while 
little amount of zinc is required for nutrition of anaerobes (Srikanth and Mohan 
2012). The highest cumulative H2 production was achieved with iron, nickel, mag-
nesium, manganese, and zinc at concentrations of 100, 16, 600, 15, and 12 mg/L, 
respectively (Srikanth and Mohan 2012). Iron, nickel, and cobalt concentrations of 
1233, 6.1, and 2.5  mg/kg, respectively, were essential for H2-producing bacteria 
(Schmidt et al. 2014). Moreover, Lin et al. (2013) found that sodium concentration 
of 100–200 mg/L was acceptable for H2 producers. In addition, Wu et al. (2015) 
investigated the effect of combination of different metals on AD process and found 
that the optimal values of iron, cobalt, nickel, molybdenum, potassium, magnesium, 
zinc, and manganese were 349.0, 37.2, 165.6, 7.3, 824.5, 62.4, 0.8, and 22.7 mg/L, 
respectively. Optimal calcium concentration of 3 g/L was recorded to provide the 
best fermentation performance (Ahn et al. 2006).

13.3.4  Enzymes Enrichment

Addition of enzymes plays a key role for hydrolysis of organic matter during AD 
process (Mongkolthanaruk and Dharmsthiti 2002). The COD removal increased 
from 13% to 87% with pretreatment of residues containing yeast cells with lytic 
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enzymes (Mallick et al. 2010). In addition, Masse et al. used pancreatic lipase for 
pretreatment of pork fat to reduce the particle size from 359 to 68 μm (Masse et al. 
2001). These findings indicate the ability of external enzymes for enhancement of 
hydrolysis process and increase the solubilization of solid waste. However, the 
enzymes supplementation is not economically feasible, due to high costs. Therefore, 
trials were made to find out a cheap natural source of enzymes such as Carica 
papaya (Elsamadony et al. 2015b). C. papaya could enhance the H2 productivity 
from degradation of protein and lipids; however, it had a limited effect on the con-
version of carbohydrate fraction. Carica papaya’s latex is well known as a rich 
source of the four cysteine endopeptidases: papain, chymopapain, glycyl endopep-
tidase, caricain, and lipases (Azarkan et al. 2003; Abdelkafi et al. 2011). Chaiwut 
et al. (2010) extracted proteases from papaya peels which could be used for hydro-
lysis of protein.

13.4  Conclusions

DAD process is a promising approach for developing countries suffering from lack 
of conventional fuels. Huge amounts of municipal solid waste are produced in tropi-
cal and subtropical countries without a proper management, due to lack of financial 
support. Fortunately, the major portions of these wastes are biodegradable organics 
(60–70%), which can be easily converted into H2-using anaerobes. However, the H2 
production and yield from OFMSW are mainly affected by several parameters such 
as pH value, solid content, cultivation temperature, F/M ratio, C/N ratio, mixing 
operation mode, and particle size, which have been well addressed in this chapter. 
Moreover, enhancement of H2 production from bio-waste has been extensively 
discussed.
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Abstract
Anaerobic biodegradation is an exceptional performance for generation of 
energy-rich biogas from different types of waste biomass. Experimental tech-
niques were usually employed for upgrading AD processes; however, it requires 
building of costly trial methods and protracted experimentation. Preferably, 
modelling is believed to explain the various phases of biological mechanisms 
that include dynamic studies and rheological mechanics in various digesters that 
explain the environmental and functional circumstances and state. As a result of 
its complicated pathway and reaction mechanism, the optimising parameters of 
the overall process and further system improvement of this technique has to be 
predicted through development of numerical models for designing and predic-
tion. In the recent times, various numerical models have developed and improved 
to evaluate system complication. This chapter reviews and covers the benefits 
and needs for anaerobic process modelling and highlights the recent develop-
ments in designing criteria. The main important predicted and organized forms 
are elaborated, and its efficiency was significantly discussed. The significance of 
the accessibility of complex models and simulation as well as prediction studies 
explaining its suitability in running the anaerobic digesters and consideration 
about instability of AD processes are explained in detail. In addition, prediction 
studies of digester performance and functioning state are elaborated.
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14.1  Introduction

The growing attention of global warming and expanding energy outlay has led to an 
increasing awareness for renewable energy in modern years. The process of anaero-
bic degradation (AD) is employed as general method in stabilization of different 
types of waste resulting in energy recovery upturn in the form of energy-rich biogas 
(Kythreotou et al. 2014; Kavitha et al. 2014a, 2015a; Sun et al. 2015). Biogas is a 
fuel energy reserve that presents the outlook of substituting remnants for transport 
division as well as restraining greenhouse gas release concerned in weather altera-
tion. AD is an exceptionally multifaceted process that relies on the mutual connec-
tions among the different assemblage of microbes involved (Banu et  al. 2006, 
2007a, b, 2015, 2016; Banu and Kaliappan 2007). A well-stable equilibrium among 
these microbial populations is essential for efficient degradation providing the prev-
alent transformation of organics to methane. During AD process, the substrate deg-
radation and biogas generation are distressed by numerous factors such as pH, 
alkalinity, volatile fatty acids (VFA), substrate characterization, reactor configura-
tion, nutritional requirements, carbon-to-nitrogen ratio, biogas production, gas liq-
uid transfer, organic input, mixing and toxic substances.

In the current years, the relevance of AD process for the digestion of waste bio-
mass has developed enormously, with a yearly development rate of 25%. AD pro-
cess has conventionally been designated as a black box system owing to complication 
of the method. To comprehend and to analyse the mechanism of processes taking 
place inside the digestion system, modelling analysis is essential for fine digester 
design. Through kinetic analysis, operational conditions, stable conditions of sys-
tem and characteristics of influent can be predicted (Gavala et al. 2003; Batstone 
2006; Bravo et  al. 2011; Kacprzak et  al. 2012; Yu et  al. 2013). For designing, a 
model must spotlight on accurateness as well as prediction (Batstone 2006). 
Different models have been built to give improved knowledge about the reaction 
affecting biodegradation system. Mathematical models can be used as useful imple-
ments for proper understanding of multifaceted process and to assist functioning 
and designing of the system. By predicting the performance of the system, the pro-
cess can be optimised, and failure of the system can be barred. Modelling of AD 
process has been extensively expanded 1970s onwards (Mairet et  al. 2011; 
Palanichamy and Palani 2014; Antonopoulou et al. 2015; Arumugam et al. 2015; 
Mejdoub and Ksibi 2015), from uncomplicated models (e.g. designating single 
restrictive reaction) (Donoso-Bravo et  al. 2010) or dual reactions Bernard et  al. 
2001) to additional rational demonstration (e.g. the ADM1 model – (Batstone et al. 
2002a) with 19 biochemical results).

Preferably, modelling is hypothetical for explaining the characteristic features of 
biochemical processes that include hydrodynamic reaction and growth and develop-
ment of microbial community that occurs in various ecological and functional cir-
cumstances. Conversely, the chore of acquiring suitable analytical parameters is 
convoluted through reality that AD is a complicated energetic method that demands 
the intensive participation of several bacterial communities. The quantity of such 
population differs in an indefinite way with alteration in retaining time, substrate, 
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temperature, digester design and other functioning parameters. The lack of informa-
tion pertaining to metabolic reactions of specific bacteria involved in AD process 
limits the predicting influence of AD. As a result, present efforts to predict a viable 
AD model usually depend on hypothesis that initiates the nonidealities. The main 
objective of this section is to reassess the existing literature of AD system modelling 
as it paves the way for designing models that describe kinetic analysis of digester 
optimisation, operating parameters, upgrade of process and functioning. In this 
chapter, the main structure of the model, rate equations of kinetics, review of param-
eter validation and estimation of derived parameters are completely discussed.

14.2  Overview of Various AD Models

There are various existing models of AD process describing about optimisation of 
functioning balance and proficiency of the process. The various existing models 
describing about modelling of AD process are described in the following section. 
Table 14.1 summarizes the various models, processes and its various applications.

14.2.1  Pathways and Reaction Mechanism of Anaerobic 
Degradability

The biochemical process taking place during AD process is a very multifaceted 
reaction mediated through a group of microbes that comprise hydrolytic, hydrogen- 
utilizing, hydrogen-generating, acidogenic and methanogenic bacterial groups 
(Appels et al. 2008). These complicated sequential reactions lead to the generation 
and discharge of intermediary compounds, their solubilization into liquid phase and 
their biochemical transformation into simpler molecules. The cleavage of cell walls 
and lysis of biomass (waste-activated sludge (WAS) or algal cells) are required 
before the anaerobic degradation of waste biomass or biosolids (Merrylin et  al. 
2013a; Esakki Raj et al. 2013; Suresh Karthik Kumar et al. 2015; Kavitha et al. 
2016a; Eswari et al. 2016). Soluble organics in the WAS (proteins, carbohydrates, 
lipids, cellulose) (Merrylin et al. 2013b, 2014a, b; Veera Lakshmi et al. 2014; Uan 
et  al. 2009, 2012, 2013a, b) are biochemically hydrolysed through hydrolytic 
enzymes (protease, amylase, cellulase and lipase) (Kavitha et al. 2016b) to simpler 
molecules that can be easily moved through bacterial cell membranes and are sub-
jected to different metabolic reactions inside the cell. They are then biochemically 
transformed into intermediary products such as fatty acids, amino acids and acetic 
acids and finally transformed into methane and carbon dioxide.

14.2.1.1  A Comprehensive Model of Anaerobic Biotransformation
The production and decomposition pathways of intermediary metabolites and its 
connected reactions detailed by Angelidaki et al. (1993a, b) are grouped as compre-
hensive model of AD process. It is an energetic outline explaining about the anaero-
bic biodegradation of complicated wastes and co-digestion of such wastes. This 
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Table 14.1 Summarization of various models, process involved and applications

S.No Model references Process involved Kinetics analysis Application
1 Hill (1982) Acidogenesis Monod kinetics Accounted for 

inhibition of VFAAcetogenesis Monod kinetics
Methanogenesis Monod kinetics

2 Bryers (1985) Hydrolysis First order For insoluble organic 
matter

3 Costello et al. (1991) Acidogenesis Monod kinetics pH products
Acetogenesis Monod kinetics pH products
Methanogenesis Monod kinetics pH parameters

4 Siegrist et al. (2002) Hydrolysis First order Insoluble substrates
Acetate conversion 
to methane

Monod kinetics pH, free NH3

5 Angelidaki et al.
(1999)

Hydrolysis First order For insoluble organic 
matterAcidogenesis Monod kinetics

Acetogenesis Monod kinetics Accounted for 
inhibition of VFAMethanogenesis Monod kinetics

6 ADM1 model 
Batstone et al. (2002a)

Hydrolysis First order For insoluble organic 
matter and protein-
rich substrates
Parameter estimation 
and uncertainty 
identification of 
biodegradability and 
hydrolysis with 95% 
confidence interval
Accurate prediction

7 Biochemical model Yu 
et al. (2013)

Hydrolysis First-order 
rate-limiting 
approaches

Suitable for 
particulate organic 
material

Acetogenesis
Methanogenesis

Complex substrates 
at high organic 
loading

Hydrolysis Monod kinetics
Methanogenesis Monod kinetics

Soluble substrates
Inhibition of VFA

8 Black-box models 
Holubar et al. (2000)

Degradation by 
microbial 
population

Artificial neural 
networks

Effluent quality 
studies
Measurement of 
multitude of 
parameter to study 
the operating 
conditions and 
performance of 
anaerobic 
degradability 
treatment process

(continued)
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comprehensive model of Angelidaki describes different phases of AD process 
(Fig. 14.1). The design elucidates the lytic conversion of insoluble organics. The 
hydrolysis process was mediated by eight groups of bacteria. In this model, pro-
teins, CHO, NH3, phosphates and other intermediaries such as volatile fatty acids, 
etc. are considered to be key model parameters. The hydrolytic action permits an 
energetic alteration in the reaction by changing the composition of the substrate. 
This has been motivated by altering the input data of substrate.

The model also elucidates the comprehensive details of pH and temperature. In 
this model, the following assumptions were made:

• NH3 is believed to hamper methanogenesis.
• CH3COOH is believed to hamper acetogenesis.

Table 14.1 (continued)

S.No Model references Process involved Kinetics analysis Application
9 Ideal models 

(phenomenological 
models). Vavillin et al. 
(2007)

Anaerobic digester 
configurations

Fundamental 
kinetics and 
biomass balance 
relationships

Mixing and 
recirculation ratio 
studies in reactors

10 Nonideal models 
(phenomenological 
models). Vlyssides 
et al. (2007)

Reactor 
configurations for 
nonidealities

Modelling of 
sludge bed and 
blanket

Design, scale up and 
optimisation studies
Effective mixing 
strategies studies

Fig. 14.1 Flowchart of Angelidaki model
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• Total volatile fatty acids are believed to hamper acidogenesis.
• The μmax of the bacterial population and ionising property of NH3 rely on the 

temperature and pH of the medium.

Based on the above-mentioned assumptions, to attain realistic precision with no 
definite substantial experiments, the assumed substrate constituents are suitably 
predicted and described by the subsequent components that are normally 
estimated.

Carbohydrates
The model categorizes the carbohydrates (C6H10O5) as dissolvable, indissolvable 
and inert C6H10O5. Insoluble C6H10O5 (C6H10O5)insol is degraded through hydrolytic 
enzyme to soluble C6H10O5 (C6H10O5)sol, and inert C6H10O5 (C6H10O5)inert is explained 
in the following equation (Angelidaki et al. 1993a):

 
C H O C H O C H O

insol sol inert6 10 5 6 10 5 6 10 51( ) → ( ) + −( )( )F Fc c  (14.1)

where Fc is the portion of C6H10O5 that can be hydrolyzable.
(C6H10O5)sol is then decomposed to C2H4O2, C3H6O2 and C4H8O2 in the acido-

genic pace. C3H6O2 and C4H8O2 are decomposed to C2H4O2 and H2 in the acetogenic 
pace. The two metabolic reactions concerned in the formation of CH4 in the metha-
nogenesis pace are as follows:

• H2-utilizing methanogenesis – CH4 generated from propionate and butyrate
• Acetoclastic methanogenesis – C2H4O2 decomposed to CH4 and CO2

Proteins
The gelatin (CH2.03O0.6N0.3 S0.001) is assumed to be a proteinaceous molecule in this 
model. Proteins are initially decomposed to amino acids and are explained in the 
following equation:

 
Proteins Amino acids Protein

insol inert
( ) → ( ) + −( )( )F Fp p1  (14.2)

where Fp is a portion of protein that can be hydrolyzable.
Amino acids are further decomposed to VFA through acidogenic bacteria. Acids 

formed during this phase include C2H4O2, C3H6O2, C4H8O2 and C5H10O2.

• Acetoclastic methanogenesis – C2H4O2 decomposed to CH4 and CO2

• Acetogenesis and H2 utilizing – CH4 generated from propionate and methano-
genesis H2

This model explains the performance of reactors fed with manure. VFA build-up 
diminishes the pH and leads to a decrement in free NH3 and hinders the methano-
genesis. The system is thus auto controlled; if not, the extent of the interruption is 
bigger than the process can endure. When this happens, the pH falls considerably, 
and the drop leads to digester collapse.
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14.2.2  Anaerobic Digestion Model No. 1 (ADM1)

The most extensively employed model for AD process is the ADM1, designed 
through a chore group of professionals in International Water Association (IWA) 
(Batstone et al. 2002a; Fedorovich et al. 2003). The greatly controlled model con-
tains several phases explaining chemical and physical reactions; it includes the four 
phases: hydrolysis, acidogenesis, acetogenesis and methanogenesis, and the varia-
tion of above-mentioned phases for input substrates. It is extremely precise; how-
ever, it needs input of numerous factors and an elevated extent of complication. This 
is applied as an outline model allowing researchers to contemplate on change for 
definite reasons. This comprises the kinetic analysis describing the breakdown of 
organic materials to CHO, other organics and subsequent degradation of the organ-
ics to simpler ones. The breakdown of particulate organic matter in a process is 
often rate restricting and assumed to follow first-order kinetic analysis. In acido-
genic and acetogenic phases, the dynamics of C2H4O2, C3H6O2 and C4H8O2 are 
involved. In methanogenic phase, conversion of C2H4O2 and H2/CO2 to biogas is 
involved. The inhibitory behaviour of the metabolic reaction of NH3, pH, C2H4O2, 
H2 and N constraints is involved. The modelling moreover explains gaseous- aqueous 
transformation and ion organization and separation. This model has been broadly 
employed as well as authenticated to simulate AD process of many solubles such as 
industrialized waste waters (Batstone et  al. 2002b), waste-activated sludge 
(Blumensaat and Keller 2005) and municipal sludge (Batstone et al. 2002a), and 
olive mill dissipates (Feng et al. 2006).

14.2.2.1  ADM1 Implementation and Simulating Pathway
ADM1 implementation includes a scheme of discrepancy equations which com-
prises 32 quantitative state parameters and a group of discrepancy and numerical 
equations, and 26 state parameters and 8 inherent numerical equations are employed 
(Batstone et al. 2002a, b). Examples for such implementation are formation of lactic 
acid, reduction of sulphate and nitrate and competitive utilization of hydrogen and 
carbon dioxide (Blumensaat and Keller 2005). ADM1 is not broadly applied owing 
to the devoid of execution in an industrial programme and because of the limited 
investigation (Batstone et  al. 2002a). Batstone et  al. (2002a) have described two 
instances of ADM1 demonstration that elucidates the benefits of modelling. 
Alteration of the system in the pilot scale was assessed, and calculations are 
observed to have high precision. ADM1 model has implementation:

• Implementation of paradigm model in a mixed-tank reactor which was autho-
rized by the ADM1 systematic and technological information (Batstone et  al. 
2002b) regularly to observe precise methods

• Implementation in hypothetical investigation for innovative dispersed factors

The outlined ADM1 model suggests chief progression linked with transforming 
multifaceted soluble organics into methane, carbon dioxide and static derivatives 
(Fig.  14.2). The ADM1 model predicts the decomposition of multifaceted 
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components into soluble organic matters. The decomposed components are further 
degraded into very simpler molecules. VFA and hydrogen gas are produced through 
anaerobic fermentation of proteins and CHO. C2H4O2 and hydrogen gas are in addi-
tion produced by means of oxygenation of LCFA or transformation of C3H6O2, 
C4H8O2 and C5H10O2 through acetogenesis. Methane is generated by breakage of 
acetate by acetoclastic methanogenesis as well as by conversion of carbon dioxide 
via hydrogen through hydrogenotrophic methanogenesis. The outlined ADM1 
model suggests chief progression linked with transforming multifaceted soluble 
organics into methane, carbon dioxide and static derivatives (Fig. 14.2) (Batstone 
et al. 2002a).

Complicated models such as ADM1 are compatible for system designing. On the 
other hand, it is significantly inadequate while it is employed for system manage-
ment and optimisation. The ADM1 model presumes to suggest a stable capacity, 
entirely blended process. As a result, the ADM1 model was designated as an exten-
sively employed, fundamental line or consistent model that in addition meets other 
obligatory alterations of definite processes.

14.2.3  Biochemical Kinetics

The hypothesis of uninterrupted culturing of microbes has been formerly employed 
to precisely symbolize kinetic analysis of biological methods (Metcalf and Eddy 
2003; Lubken et al. 2010). Biokinetics is performed mainly on the basis of funda-
mental growth kinetic analysis of microbes and substrate utilization kinetic analy-
sis. Organic nutrients are presumed to be substances which are provided at surplus 
quantity. Subsequent expressions are various general modelling terms explaining 
biodegradation and successive transformation of biodegradable substrates to sim-
pler molecules and generation of methane.

Fig. 14.2 Main pathways of ADM1 modelling
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First-order kinetic model (Yu et al. 2013):
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Monod-type kinetics (Vavilin et al. 2008):
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where μ = definite growth rate, μmax = maximal definite growth rate, [X] = substrate 
quantity and Ks is the substrate saturation constant Haldane kinetics (Yu et  al. 
2013).
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These expressions systematically signify the basic structure for AD process 
modelling.

14.2.3.1  Rate-Limiting Approaches
AD process includes four crucial biochemical pathways and involves a series of 
reactions. Sequential AD process relies on the assumption that one phase was much 
sluggish than the others. The slower phase was referred to as rate-determining or 
rate-restricting phase. The various rate-restricting approaches of AD process are 
investigated and are explained elaborately in the following section.

14.2.3.1.1 Hydrolysis
Many AD rate-restricting models directed towards the rate-determining degradation 
of complicated soluble organics such as waste-activated sludge (Vavilin et al. 2008; 
Gopi et al. 2012; Ma et al. 2013a, b; Gopi et al. 2015). Particulate organics have to 
be degraded to soluble ones proficient to be energetically or inactively transformed 
through the cell walls prior to microbial metabolic reaction. Hydrolytic process can 
be explained in two modes of actions (Batstone et al. 2002a; Chen et al. 2009):

• The biomass cells ooze out extracellular enzymes into the liquid phase, and these 
enzymes in turn are adsorbed on the soluble component or act with a soluble 
organics.

• The microbial biomass sticks to the component and utilizes liquefied substances 
produced by processes mediated by exoenzymes that are generally secreted.

The following are the expressions that describe the kinetic modelling of hydro-
lysis reactions that are already discussed in the literature:
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• The first-order kinetics of various organics breakdown: The highest predictable 
representation to suggest lysis process entails first-order model on biodegradable 
organic components basis (Kavitha et al. 2015a):
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where C is the amount of produced product; S is the reactant quantity; K is the reac-
tion constant; and α is the substrate-to-product transformation coefficient. First- 
order kinetics ignores biodegradability-allied analysis and employs simply when 
the rate restriction is owing to the particulate substrate surface.

• First-order kinetic model (non-linear regression): This model can be applied to 
asses biodegradability and hydrolysis rate constant (Kavitha et al. 2015a, c):

 
Methane Methane fd hydt

k te( ) ( )
−= − ( )( ). 1  (14.7)

where Methane(t) is the methane yield at degradation period, t is the days, Methane(fd) is 
CH4 generation through organic degradation (portion of the organic substances which 
can be transformed to CH4 ), khyd is degradation constant (day−1) and t is the degrada-
tion period (days). The model implemented in Matlab 2012a version and the respective 
coding used for prediction and analysis are illustrated as Figs. 14.3 and 14.4.

The parameter assessment and improbability evaluation used were calculated 
with a 95% confidence region for precision investigation and factor improbability 
analysis.

Fig. 14.3 Matlab code to obtain biodegradability parameters (Optim)
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14.2.4  Modified Gompertz Model

The biodegradability process assessment and evaluation and the biogas production 
potential can be predicted through modified Gompertz model (Budiyono et al. 2010; 
Kavitha et al. 2014a, b). Assuming the biogas production to the growth of methano-
genic microbes, many of the researchers have used this model to calculate the bio-
gas production. Kafle et al. (2012) have proposed that the estimation of biogas yield 
through this modelling resulted in appropriate error of about 0.7–13.7% and was 
found to be more accurate. The modified Gompertz expression employed to assess 
the biogas generation (Patil et al. 2012) is as follows:

 
B B R B tt = ∗ − ∗ −( ) +  exp exp / expb λ 1  (14.8)

where B is the biogas generation potential, Rb is the ultimate biogas generation 
extent, and λ is the lag period (minimal period spent to generate gas). The constants 
B, Rb, and λ can be estimated through the non-linear regression modelling in 
Polymath software. Figure 14.5 depicts the biogas production of various samples 
modelled through modified Gompertz expression and fit modelling. This equation 
was considered to be the finest to illustrate numerical accurateness and exactitude as 
compared to other functional parameters (Adiga et  al. 2012). This expression is 
used to circumvent correlation difficulties at primary time.

14.2.5  Siegrist Model

Siegrist et al. (2002) have invented a shortened model named Siegrist model. The 
major discrepancies are segregation of C5H10O2 and C4H8O2 as inputs. Siegrist 
model parameters were executed on the basis of performance of experimentation. 
This modelling is developed with laboratory experiments and corroborated by 

Fig. 14.4 Matlab code that gives functional input parameters (Optim solution)
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pilot- level experimentation. Siegrist et  al. (2002) performed the modelling with 
municipal sludge that is a mixture of primary, secondary and tertiary sludge taken 
from wastewater treatment plant. Biodegradable organics that are simulated in this 
design are fractionated into simpler molecules. The amount of feed may still be 
described in stoichiometry of disintegration.

14.2.5.1  Model Assumptions
• Rise in temperature can raise the upholding and therefore modify the 

stoichiometry.
• The KLa value in the mass transfer theory relies only upon the temperature, how-

ever, in certainty influenced by several factors.
• The digester is believed to be entirely suspended, and the sludge retention time 

is equivalent to the hydraulic retention time.

14.2.5.2  Limitations
• Due to alteration in biomass communities, the hasty alteration in temperature 

can’t be calculated.
• Inclusion of size distribution study of feed in the model is denial.

Framework of Anaerobic Process Modelling
The outline for AD process modelling is a six-step procedure described as follows:

Fig. 14.5 Plot showing Gompertz model fitting of various samples for biogas production
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 1. Model selection step – an exchange must be processed among precision and 
model complication.

 2. Selection of parameter for calibration – this is done based on the assessment 
of identifiability of the precise factors. Lack of examining the parameter leads to 
parameter sensitivity analysis.

 3. Data collection – this specifies experimental measurements.
 4. Accuracy measurements – for this uncertainty is determined.
 5. Accurate plan of research – this is to assess the factors.
 6. Confirmation procedure – this is the calibration of achieved data described on 

the basis of correlation coefficient (R2).

14.2.6  Anaerobic Digestion Reactors

Various reactors are employed in the degradation process. The perpendicular mixed- 
tank reactor is the most predictable digester unit employed in damp fermentation 
studies. The major drawback of this reactor is washing of untreated materials, the 
live microbes and in addition high-energy consumption (Nielsen and Villadsen 
2008). Recently, various kinds of digesters have been configured to overcome the 
above-mentioned limitations. There are various models simulating the anaerobic 
digesters, and they have been described in the subsequent section:

14.2.6.1  Black-Box Models
Various types of reactors are used to enhance the performance of AD system. Wet 
fermentation techniques are assessed congenitally by incessant stirred-tank digester; 
also it produces enormous quantity of biogas. As a result, it can be relevant in biogas 
plants in current years. A disadvantage of the system is the elimination of some 
amount of active microbes at elevated organic load. This limitation occurs majorly 
due to insufficient mixing and more energy utilization. Batch and plug-flow style 
digesters have similar schematic features to activate AD process. In the present 
years, existing reactor configurations, suitable functioning and energy-efficient pro-
duction are modified through a different sophisticated research (Perendeci et  al. 
2008; Yu et al. 2013). In AD system, the decomposition process carried out through 
microbial action is modelled through totally controlled network investigation of 
non-linear mathematical models called black-box models (Holubar et  al. 2000). 
Without existing information of the model, prediction of correlation among key 
variables in computer structural design system is not easy. This network system 
needs all available input variables. This neural structural design scheme comprises 
of five essential divisions (Qdais et al. 2010). These divisions are essential for fuzzy 
logic system (Cakmakci 2007; Behera et  al. 2015). Fine-tuned input and output 
variables are considered essential to run perfect AD process. The process perfor-
mance of output variables received from regularly noticed data is also integrated in 
outline database arrangement.

Another imperative factor to assess the anaerobic biodegradability is the bio-
chemical methane potential (BMP) determination (Uma et al. 2012a, b, 2013a, b; 
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Merrylin et al. 2013a; Poornima et al. 2014; Gayathri et al. 2015; Godvin Sharmila 
et al. 2015; Sowmya et al. 2015) and can be simulated using the black-box model. 
BMP is a fascinating method to obtain biofuel like methane as a sustainable energy 
source and also enhance the competence of the biodegradation (Angelidaki et al. 
2009; Kavitha et al. 2013, 2014a, b, c, 2015a, b, c, d, 2016a, c, d, e, f; Ebenezer et al. 
2015a, b). The major defect that diminishes the proficiency of AD process is the 
foaming. This is considered to be the major limitation in AD system (Wang et al. 
2013). This foaming occurs when the digester is fed with activated sludge that 
comes from secondary treatment process. Foaming may lead to drop in methane 
production efficiency and liquefaction of suspended solid particles and troubling the 
operational function of equipment like recent sensors and propellers. The several 
factors that were the root cause of foaming are listed below: (1) Floc-forming 
microorganisms reside in activated sludge, (2) VFA, (3) proteins, (4) inorganic mat-
ter and (5) temperature (Ganidi et  al. 2009). Ultimately, the black-box model 
approach is employed to assess the extent of foaming. The above said problems are 
considered to be the main root cause for generation of foaming in a digestion unit of 
AD process. At the present time, newest scanning image processing set-up was 
developed to visualize the precise properties of microbial population that are 
responsible for the formation of foaming in the digestion unit. Various partial 
expressions are employed to predict and design the settleability nature of floc- 
forming microbial biomass in the digester through architectural computer network 
system (Jenne et al. 2006; Shen et al. 2007; Bornhoft et al. 2013).

14.2.6.2  Phenomenological Models

14.2.6.2.1 Ultimate Models
Many numerical modelling expressions are designed for different ultimate digest-
ers, for instance, continuous stirred-tank reactor (CSTR) as well as plug-flow reac-
tor (PFR) based on mechanistic modelling and microbial community accumulation 
equilibrium. CSTR reactor modelling was employed to simulate numerous mathe-
matical computation mechanisms in complicated AD process (Batstone et al. 2002b, 
2015; Lauwers et al. 2013). Through this modelling, the enhancement of mixing in 
CSTR system process and increment of the extent of hydrolysis and methanogene-
sis phases in the process of anaerobic digestion with reactor encompassing either 
continuous or fed batch (Taricska et al. 2007; Vavilin et al. 2008; Terashima et al. 
2009; Yu et  al. 2011; Wu 2012a, b; Grant and Lawrence 2014) can be studied. 
Anaerobic fluidized-bed bioreactors (AFBR) are developed on the basis of plug 
flow and CSTR digester configurations. The working trend of the CSTR digester 
was assumed that the remixing proportion of the solids in the digester was much 
greater. Because of the above said reasons, trouble may occur, by reducing the recy-
cling proportion thereby minimizing the efficiency of bed in AFBR digesters. In 
current years, several abundant estimation models are existing to improve the bed 
feature and remixing proportion in AFBR reactors. With these ideal conditions, sev-
eral high-rate anaerobic digesters are developed. Mostly anaerobic degradation of 
C6H12O6 will be functioned through periodic anaerobic baffled reactor (PAFB). This 
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PAFB model reactor comprises of sequential connections of complete stirred tank 
reactors. Another model simulated in moving bed reactors combined with complete 
stirred tank reactors containing well-densified municipal solid waste (MSW) 
through Monod kinetics and by employing Fick’s law.

14.2.6.2.2 Non-ultimate Models
Nonideal elevated rate digesters are developed by taking into account the character-
istic features and digester configurations of complete stirred tank and plug-flow 
reactors. There are various zones that are built in upflow anaerobic sludge blanket 
(UASB) digester. Dead zone in UASB can be employed for modelling purposes, 
whereas the flow in reactor should surpass the CSTR and PFR dead zone capacity. 
The UASB reactor is configured with three different parts that include sludge bed, 
layer and sludge suspension unit. The inflow liquid passes through the zone present 
in anaerobic sludge blanket. If this inflow liquid contains enormous quantity of 
biomass, then this will affect the working proficiency of digester process. These 
assumptions are taken into account while modelling. The CSTR have the compart-
ment of sludge bed; blanket and PFR have the compartment of sludge settler. In 
such case, sludge bed and blanket in UASB reactor were modelled by nonideal 
condition, but the reactor configurations are fully considered by serially connected 
CSTR model with departed sector and bypass flow. On whole, the UASB reactor is 
separated by two important regions such as ideal mixers and recirculation tank 
which were modelled through nonideal modelling. Most of the modelling studies 
are contributed in the field of sludge bed and blanket (Vlyssides et al. 2007). To 
upgrade and optimise the working conditions of industrial digesters in field-oriented 
application are mainly done in the design of CSTR and PFR only. These nonideal 
models were simulated by various alterations and sequence-linked axial-dispersion 
models. In such conditions, the working function of digester is not much greater. 
This is entirely focussed on the retention time of liquid and transportation of liquid 
from inlet to outlet. The above said data analysis is sufficient to shun short circuits, 
dead zones and remixing proportion.

14.3  Conclusion

This chapter compiles the description of different design and prediction studies that 
were developed to evaluate the performance of different digester facilities during 
AD process. Relatively ease and practicable pace-restricting designs were empha-
sized in detail. For instance, the description of rate-restricting designs and its wide 
application concerning about the failure of system performance through the accu-
mulation of particular nutrients were elucidated in detail. In addition, these designs 
were employed for recognizing pace-restricting stages which were complicated for 
degradation of complex substances. The recognition of those hydrolytic compounds 
was imperative in evaluating reactor potential. ADM1 embodies the widespread 
design configuration dealing with anabolic and catabolic reactions that happen 
within the cell and relations among anaerobes. Besides, this design could be 
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modified for a unique AD technique concerning various anabolic and catabolic 
sequential processes. In order to study the complicated processes in AD, black-box 
models were employed for designing of treatment facilities in addition to ADM1. 
Since these designs ignored configuration methods, it could be more suitable for 
control of AD processes. Apart from these, other models afford the basis for design-
ing various mode reactors. Non-ultimate phenomenological design was altered to 
explain the behaviour of fluids inside the reactors.

Opinion
This paper reviews various anaerobic models and describes that the models devel-
oped hitherto deal with numerous features that are chiefly significant for explaining 
the performance of anaerobic digesters. These models are essential in simulating the 
digester function, malfunction and probable solutions. These models can be used to 
design and effectively run the digesters. It was understand that recognition of rate- 
limiting phases at various digesting processes was hard for digestion of complicated 
substrates. So design and prediction studies are imperative for better understanding 
of the digestion process, scale up studies and run the digesters in a profitable man-
ner. It was also observed that recognition of intermediary substances was very 
imperative to measure the capacity of the reactors. In addition, ADM1 corresponds 
to the presently most complete design of biodegradability studies that function to be 
a foundation to upcoming progress of modelling. In addition, more innovative 
aspects on the microbial community analysis will lead to the incorporation of these 
technologies in numerical modelling. Fluid behaviour and transportation of influent 
and effluent are the essential factors that possibly will entail more design analysis. 
However, as per our view, some essential parameters still needed to be explored 
such as hydrolysis, pH, temperature, inhibitors and heterogenous processes.
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Abstract
Biofilms are resilient and complex microbial communities or populations 
encased in a self-producing extracellular matrix existing in nature, which account 
for their robustness against a wide variety of stresses. In nature, multispecies 
biofilms have been found to occur frequently, whereas monospecies biofilms 
have been rare and found only when developed. By understanding the sociobiol-
ogy of biofilm bacteria and harnessing the knowledge based on known biochemi-
cal and physical parameters, the underlying complexity of biofilm 
microenvironment could be better predicted by state-of-the-art advanced model-
ing approaches. In the present review, in-depth advanced modeling approaches 
based on the action of substrates on developmental biofilm physiology have been 
discussed. Equations for forces and adherence, quorum sensing, fluid flow 
dynamics, the social arrangement of community members in their favorable 
places, stratification, and pattern formation inside the biofilm have been elabo-
rated. Equations to predict biofilm dispersal stages have been also discussed. 
Different models which uncover microbial biofilm life cycle stages to predict 
their complexity and recommended future variables like “omics” for magnifica-
tion have been reported. This chapter will help to provide additional platform 
related to the genetic complex networking of biofilm bacteria for conceptual 
underpinnings of biofilm microenvironment.
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Abbreviations

CE-TOF Capillary electrophoresis-time of flight
CLSM Confocal laser scanning microscopy
CP-AFM Conductive-probe atomic force microscopy
ESI-MS Electrospray ionization mass spectrometry
FBA Flux balance analysis
FISH Fluorescent in situ hybridization
HPAEC High-pH anion-exchange chromatography
IMS Imaging mass spectrometry
MALDI-TOF Matrix-associated laser desorption ionization-time of flight
MS-DESI Mass spectrometry-desorption electrospray ionization
PAD Pulsed amperometric detection
PCR Polymerase chain reaction
STXM Scanning transmission X-ray microscopy
TERS Tipped enhanced Raman spectroscopy
XM X-ray microscopy

15.1  Introduction

The developmental model of microbial biofilms has played dominant role in biofilm 
study, but always challenged by research community for its paradigmatic value. 
Based on the recent knowledge generated on biofilms, the criteria required for pre-
dicting the complex process have been presented. Biofilms represent microbial popu-
lation cemented in a self-synthesizing matrix made up of nucleic acids, polysaccharides 
and proteins having a sequential planktonic and surface associated stages of life 
cycle in the environment (Halan et al. 2012). Criteria for biofilms involved adherence 
to a surface, microcolony formation, the growth of that microcolony and dispersal. In 
natural settings, bacteria have been able to form biofilms possessing different physi-
ological stages (Molloy 2013; Qureshi et al. 2015). In fact, it is the default mode of 
bacterial life (Lear and Lewis 2012). The complexity of the microbial colonies in 
biofilms made its exhaustive analysis difficult (Koul and Kalia 2017). Biofilm con-
cept has been envisaged by scientists by using conventional tools like biochemical 
assays and physical methods to understand it. But these conventional methods could 
provide only the qualitative information regarding the presence or absence of a par-
ticular molecule in the biofilm but cannot predict dynamic behavior. Therefore, more 
advanced tools to analyze biofilms had come into existence, but each method has its 
own limitations and benefits. The combination of different tools has to be used to 
gain a better understanding of biofilm complexity (Ehret and Bol 2013). Nowadays, 
researchers have been using different omics approaches (Zarraonaindia et al. 2013). 
Some mathematical modeling approaches have been partially serving the purpose. 
Nearly three decades were employed to understand biofilm behavior which has been 
still in the paradigmatic state (Moustaid et al. 2013). So it has been envisaged through 
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the present review that combination of omics data and modeling may suffice in the 
future for complex biofilm behavior. Biofilms result from synchrony between com-
petition and cooperation, and it has been compiled in the present review. Such bal-
ance has been central to building complete and predictive models of biofilms. The 
review focus on the magnification, i.e., in-depth understanding of biofilms through a 
combination of multilevel tools and simulation models based on mathematical equa-
tions or physical parameters. Various stages in biofilm formation like adhesion, fluid 
flow in their EPS, metabolism in biofilms, a network of microbial community path-
ways, cross- talks leading to co-survival, and autoaggregation and coaggregation to 
predict complex behavior of biofilms have been discussed understate-of-the-art per-
spective in the present review.

15.2  Different Biochemical and Physical Methods for Biofilm 
Development Process

Biofilm process could be evaluated qualitatively and quantitatively using conven-
tional methods (Table 15.1). A number of assays for the qualitative and quantitative 
evaluation of bacterial biofilm colonizing on abiotic substrates together with advan-
tages and limitations of each method have been described and compared, which 
revealed that some methods were suitable to quantify biofilm matrix while others 
were capable of evaluating both living and dead cells or quantifying exclusively 
viable cells in the biofilm. In particular, colorimetric methods to evaluate biofilm 
matrix (crystal violet,1,9-dimethyl methylene blue and fluorescein-di-acetate meth-
ods) or viable cells (LIVE/DEAD BacLight, BioTimer Assay, resazurin, tetrazo-
lium hydroxide salt methods) were reported, and advanced microscopic techniques 
(mass spectrometry; confocal laser scanning microscopy; Raman spectroscopy and 
Electron microscopy) for detailed understanding were reported (Cerca et al. 2012; 
Pantanella et  al. 2013; Shang et  al. 2014; Kalia et  al. 2017). Molecular biology 
techniques combined with phenotype studies also gave a broad insight into biofilm 
formation mechanisms (Gokcen et  al. 2013; Sharma and Lal 2017). But all the 
reports have drawn the same conclusion that one technique alone cannot reveal the 
whole picture of biofilm. Thus some more advanced and improved techniques are 
needed to draw the bigger picture, which has been comprehensively reviewed.

15.3  Simulation Models for Predicting the Development 
of Bacteria in Biofilms

Biofilms have been ubiquitous in nature and industries (Kaur et al. 2014), although 
they have been involved in nearly 80% of infectious diseases in our body, also they 
have been potential candidates for bioremediation (applying microbes in the degra-
dation of persistent compounds (Qureshi et al. 2009, 2012; Das et al. 2017) and 
hazardous toxic compounds (Ghosh et al. 2017). Reports were available to under-
stand the behavior of bacteria in biofilms at each stage in their life cycle through 
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Table 15.2 List of mathematical modeling approaches used to study biofilm life cycle

Mathematical modeling 
approaches Function at biofilm stages References
Low-dimensional continuum 
model

Based on kinematics and translational 
diffusion of substrates in biofilm 
maturation stages

Wang and Zhang 
(2010)

Solid surface diffusion 
model

Solute transport in biofilms; 
maturation stage

Shen et al. (2012)

Empirical models Solute transport: maturation stage Ni and Yu (2010)
Half-order kinetics Diffusion and reaction of solutes in 

the flocculated state: fully matured 
biofilms

Perez et al. (2005)

Two-dimensional model 
based on diffusion reaction 
equations

Coupled mass transport, biochemical 
reaction, and biomass growth in 
photosynthetic biofilm photoreactor: 
during maturation stage

Liao et al. (2012)

Particle-based 
multidimensional 
multispecies biofilm model

Diffusion-reaction mass balances 
coupled with microbial growth and 
spreading of biomass by hard 
spherical particles: maturation and 
dispersal stage

Picioreanu et al. 
(2004)

Diffusion and reaction 
models

Penetration of gas in a toluene-
degrading biofilm

Roberts and Stewart 
(2004)

Mathematical models on 
protection of cells from 
antimicrobials

Protection from antimicrobial agents 
through the formation of persister 
cells: matured stage

Wang et al. (2012)

Hydrolysate diffusion and 
utilization model

The growth of cells in a biofilm and 
secretion of hydrolysate in a bulk fluid

Chakraborty et al. 
(2011)

Classical substrate 
uninhibited Monod model 
for differential system 
equations

Prediction of biofilm reactor 
(anaerobic) behavior treating mustard 
oil-rich wastewater

Frederick et al. 
(2011)

Prototype density-dependent 
diffusion-reaction biofilm 
model

Measures quorum sensing mediated 
EPS production in biofilms: 
microcolony formation. Based on 
extended Newtonian, rubber elastic 
gel and viscoelastic models. Measures 
the amount of EPS network produced 
in a biofilm: during maturation of 
biofilm

Zhang et al. (2008)

Phase field theory of 
modeling biofilms: 
Cahn-Hilliard equations

Measures changes in pH through 
metabolism of cells in a biofilm

Llie et al. (2012)

One-dimensional time- 
dependent model based on 
Dibdin’s model and 
Nerst-Planck equations

Combines mass transport of solutes 
and hydrodynamics with biofilm 
development and detachment in spiral 
wound RO membranes leading to loss 
of performance

Radu et al. (2010)

2-D mathematical 
microscale model

Describes cell death in a biofilm: 
dispersal stage

Fagerlind et al. 
(2012)

(continued)
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various computational and mathematical models (Table 15.2). Simulation models 
applied recently to uncover different stages of the biofilm life cycle are listed 
(Fig. 15.1) as:

 1. Models for adhesion of biofilms
 2. Models for quorum sensing and fluid flow in biofilms
 3. Models for bacterial growth, interactions, and heterogeneity in biofilm 

microenvironment
 4. Models for dispersal of cells from biofilm into planktonic mode

15.3.1  Models for Adhesion of Biofilms

Simulation models have been developed in various stages of biofilm formation 
(Purkait et  al. 2016).The first stage of biofilm involved adherence of planktonic 
bacteria to a surface which remains crucial step. To understand adherence phenom-
enon, a K-S type model was developed by Moustaid et al. (2013), which described 
bacterial adherence to a surface based on its biased random movement in response 
to chemicals, i.e., chemotaxis. It is described by two differential equations.

First equation describes bacterial density diffusion, chemotaxis, growth, and 
death. Bacterial chemotaxis is represented by the term

 

−∂
∂
J

x
c ,

 

where Jc is chemotactic flux given by

Table 15.2 (continued)

Mathematical modeling 
approaches Function at biofilm stages References
Dynamic model of cell 
death

Describes concentration profile of 
substrates in a fixed bed reactor 
degrading BTEX compounds

DeMello et al. 
(2010)

Phenomenological model 
using single differential 
equation

Measures biofilm growth with respect 
to cells attached in EPS: EPS 
development and growth

Friedman et al. 
(2014)

Model based on stokes and 
reaction-diffusion equation

Describes kinetics of adsorption and 
biodegradation of reactive black 5 in 
F. trogii biofilms also measures 
amount of suspended and attached 
cells

Lin et al. (2013)

Adomian decomposition 
method

Measures steady-state kinetics of 
substrate consumption and microbial 
death rate in a biofilm: later 
maturation stage

Muthukaruppan 
et al. (2013)

Mathematical modeling of 
dynamic competition in 
biofilms

Describes competition during 
bacterial adhesion to surfaces and 
reveals rate of attachment affects 
biofilm thickness: initial stage

D’Acunto et al. 
(2013)
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χ= chemotactic coefficient and S=sensing molecules concentration.
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Second equation specifies about chemoattractant and chemorepellent produc-
tion, diffusion, and degradation
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where Ds= sensing molecules diffusivity, s= sensing molecules concentration, 
and B= bacterial density. Testing different conditions through such model revealed 
that significant concentration of chemotactic signals brings microbial adherence to 
the surface (Moustaid et al. 2013). Swimming motility affected the transient cell-to- 
cell interactions “stickiness.” So decreasing swimming speed corresponds to 
increase in the cell-to-cell interactions, i.e., clumping which is revealed by a physi-
cal model based on Brownian dynamics (Qi et al. 2013).

15.3.2  Modeling Approaches Based on Quorum Sensing 
and Fluid Flow Inside Biofilms

Quorum sensing (QS) has been an intercellular signaling system by which bacteria 
secrete some signaling molecules to communicate with each other to sense density 
of cells or “quorum” in order to initiate a particular function (Kalia and Purohit 

Attachment of
Bio film maturation

S U R F A C E
motile cells

FPS and microcolony
formation

K-S type model Cellular automation models

Unifying analysis

Dispersion of
planktonic cells
Hybrid model
PHYLLOSIM

Genetic regulatory model
Telegrapher’s equations

Computer simulation models
Hybrid agent based models
Coarse grained models
Three dimensional fitness models
Transport models like BIO_PORE

Fig. 15.1 Modeling approaches applied to study different stages of biofilm life cycle
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2011; Kalia 2014). Changes in microenvironment evoked intercellular signaling 
which allowed bacteria to modify their environment for other members in a popula-
tion to alter their behavior in response to changes in number and type of species 
present in a community (Ghosh et al. 2017). Bacteria coordinate their behavior like 
a “society” (Gui et al. 2014; Arya and Princy 2016). Bacteria call members of their 
population in order to deal with a difficult task which cannot be done in the unicel-
lular state (Koul et al. 2016). Recently, research has shown that QS signals produced 
by bacteria enhanced biodegradation of oil, and heavy metals contaminated soil and 
biofouling prevention (Liao and Li 2013). Three types of quorum sensing systems 
have been studied in P. aeruginosa such as rhl (regulates expression of rhamnolip-
ids, pyocyanin, etc.) (Shang et al. 2014), las (Pal et al. 2016), and pqs gene system 
(Lee et al. 2013). It has been reported that deleting the rhl QS reduced the efficiency 
of biodegradation of aromatic compounds such as phenol, benzoate, and phenan-
threne, and the addition of butyryl homoserine lactone complemented biodegrada-
tion, which revealed that rhl QS systems positively regulated biodegradation process 
(Yong and Zhong 2013).

In context to quorum, bacteria senses signal concentration, which has been 
described by unifying analysis in terms of threshold volume occupied by cells. 
Unifying analysis proposed that quorum sensing allowed cells to assess themselves 
when critical enclosure volume (volume occupied by accumulation of numerous 
cells in a given space or fewer cells in a small space) has reached and introduced a 
dimensionless term “V” which has been threshold enclosure place expressed in 
number of cell volumes occupied, where V = Ve, c/Vc, Ve, c= Critical enclosure vol-
ume, and Vc= volume of the cell. Below the threshold, cells transit from freely float-
ing to aggregated state (Nadell et al. 2013).

Bacteria exhibit behavioral variation in unicellular and aggregated state (Nadell 
et al. 2013). In aggregated state bacteria oscillate and to understand their behavior, 
a GRN (genetic regulatory network) model based on numerical simulation and 
bifurcation analysis was reported, where the population of cells remained immobi-
lized on microfluidic chamber has been developed by researchers. The cells before 
transformation were analyzed, where three genes luxI, aiiA, and yem GFP were 
introduced into two different plasmids under the regulation of same single promoter 
li-P. LuxI encoded AHL which interacted with LuxR which was considered constant 
in GRN model. It activated the promoter li-P, which in turn activated the expression 
of selected three genes. AHL could diffuse freely across the cell membranes and 
coupling occurred. The situation has been modeled using GRN which revealed that 
the oscillatory behavior of cells was stable in the population which aroused due to 
high concentration of quorum sensing signals AHL which in turn arose due to 
Brownian diffusion. The oscillations affected the population size in the biofilm.

High cell densities mediate cellular coupling. Highly coupled cells oscillate with 
the same phase in synchrony as compared to weakly coupled cells (Mina et  al. 
2013).The competition and synergy in biofilms varied with flow conditions. When 
microbes form biofilms in its maturity, it formed numerous structures which lead to 
a network of fluid channels inside the biofilm. As stated by Davit et  al. (2013), 
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 transport phenomena including flow and advection regulate the cellular behavior of 
biofilm members. Transport phenomena could be achieved by regulating nutrient 
supply, their release of waste materials, and penetration of antimicrobial agents.

Mathematical modeling approaches were used where analysis of fluid flow in 
biofilms was started with channel-scale description of mass transport and volume. 
Averaging method was used to derive a set of equations specifically for biofilm level 
whose thickness was greater than the channels width and has shown that solute 
transport could be described by two partial differential equations called telegra-
pher’s equations for the average concentration and has used these equations to 
understand fluid transport in porous biofilms, which showed that these equations 
could explain the nondiffusivity of some solutes in cell clusters (Davit et al. 2013).

Kim et al. (2013) proposed another model of biofilm development of P. aerugi-
nosa in microfluidic channels. The model was based on Reynolds number (Re) and 
dimension of the channel(r) and consequent variables (Ab/h2 & Ab/Wcs

2), where Ab= 
2D area of biofilm, h=channel height, and Wcs=consequent flow width. Analysis of 
this model showed that flow velocity inside the biofilms has been affected by flow 
width. At low Re and high flow rate inside the channels, biofilm growth was encour-
aged. While at high Re and high flow rate, biofilm growth was suppressed. Re is an 
important component of this model which regulated biofilm development. Flow 
rates affected biofilm growth in the study of fluid dynamics of biofilms. It has been 
studied in a spiral wound membrane biofilm reactor to simulate autotrophic denitri-
fication, where the data revealed nonuniform and dense growth at the bottom of the 
reactor which was characterized as a minimum shear zone with low biofilm forma-
tion and denitrification (Martin et  al. 2013). The results suggested that shearing 
force affected biofilm formation.

Zhang et al. (2013) reported that external flow conditions affected interactions 
between members of a biofilm community in Pseudomonas and Flavobacterium 
biofilms. When the supply of nutrients was low under gradual inflow conditions, 
two species competed with each other for survival. Under such conditions, 
Flavobacteria attained faster specific growth rate than Pseudomonas thereby could 
access favorable sites by outcompeting Pseudomonas in the dual species biofilm. 
Hence, the fate of Pseudomonas allowed it to confine itself to the nutritionally 
depleted sites of the biofilm. On the contrary, higher inflow conditions allowed a 
greater influx of nutrients of the growth medium where both the organisms could 
attain significant growth rate in the dual species biofilm. In this way, two organisms 
get arranged in the mixed species biofilm (Zhang et al. 2013) and structured in a 
single species biofilm. (Moreira et al. 2013).

15.3.3  Models for Bacterial Growth, Interactions, 
and Heterogeneity in Biofilm Microenvironment

In microbial biofilms when aggregates were formed, bacteria grew inside the extra-
cellular polysaccharide (EPS); hence, the biofilms grew and heterogeneity of chem-
icals arouses in it. To capture such scenario, some modeling approaches such as 
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cellular automata have been proposed by Deygout et al. (2013), where space was 
divided into microscopic size boxes and evolution and development of each box 
were described by involving neighboring cell contents and then individual bacteria 
was studied. The model followed its own sets of deterministic and stochastic rules. 
Interactions between the cells could also be explored. In structured biofilms, chan-
nels were formed, nutrient exchange and metabolic flow occurs through channels to 
sustain the cells present in it (Davit et al. 2013). Proteomics combined with com-
puter modeling techniques were used to elucidate the mechanism of biofilm devel-
opment of Pseudomonas aeruginosa. Molecular modeling studies revealed that it 
produced siderophore called pyoverdine. During biofilm development, bacteria suf-
fered from a variety of stresses like osmotic stress (Bazire et al. 2007), antimicrobial 
compounds stresses (Stewart and Costerton 2001), etc. Reports revealed various 
modeling studies elucidating the mechanism of stress resistance in bacterial 
biofilms.

Modeling techniques were nowadays being used to understand the mechanism of 
drug complexation in biofilms. Reports suggested that several aminoglycosides 
(Stewart and Costerton 2001), as well as beta-lactam antibiotics (Chang et al. 2009), 
enhanced biofilm formation, but the mechanism behind the process was not well 
understood. Reports revealed that TcaR was a repressor of ica gene locus which has 
been responsible for the synthesis of N-acetyl glucosamine, one of the components 
of EPS matrix of S. epidermidis. Here, the molecular modeling technique like 
SOLVE was used to understand the mechanism of TcaR operation. Data suggested 
that TcaR dimers bind with a 33 bp segment of the ica promoter region and inhibited 
the binding of other transcriptional factors. TcaR contained TTNNAA consensus 
sequence embedded in 16 bp sequence responsible for binding with the salicylates, 
beta-lactam, and aminoglycoside antibiotics. Binding of antibiotics induced a huge 
conformational change in the DNA-binding region as compared to the free protein 
which could not allow the proteins to bind to the DNA (Chang et al. 2009).

Various mathematical models were applied to understand toxic compounds and 
drug resistance in biofilms. Some mathematical models suggested that antimicro-
bial tolerance in biofilms was due to insufficient penetration of the drug likely in P. 
aeruginosa (Biggs and Papin 2013). Here, three mathematical models described 
different mechanisms of antimicrobial resistance. These mathematical models were 
derived by combining basic planktonic disinfection model with transport limitation 
and physiological heterogeneity, which depend on biofilm thickness and age. 
Physiological limitation model described the effect of antibiotic tobramycin on a 
2-day-old biofilm. It predicted biphasic killing of biofilms where cell death was 
directly proportional to the product of the reaction of antimicrobials with the bio-
film cells in a dose-dependent manner. The biofilm was segregated at the bulk liquid 
interface and persister cells at the substratum. The position of the antibiotic inside 
the biofilm described differential killing. Here, the antibiotic penetrated fully in the 
biofilm (D’Acunto et al. 2013). Stoichiometric transport model described the kill-
ing of biofilm by hypochlorites. It predicted little killing rate than physiological 
limitation model. The penetration of the antibiotic depends on the stoichiometric 
reaction of the neutralizing molecules and antibiotic which was independent of the 
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cell viability. The reaction proceeds from a narrow zone in the biofilm. It produced 
a concave down killing curve. In both models, biofilm was destroyed with time 
(Shen et al. 2012). Catalytic transport model described the killing of P. aerugi-
nosa biofilm by hydrogen peroxide. Catalytic reaction occurred with the antimicro-
bial agent and the biofilm. Biofilm dispersal was not proportional to the dose and 
product of the reaction between the cells and the antimicrobial agent. The reaction 
followed rhythmic balance between diffusion and reaction of the antibiotic instead. 
The balance was characterized by Thiele modulus; if the Thiele modulus >1, the 
antimicrobial agent never penetrated the biofilm. Hence, the biofilm was not 
destroyed with time in such mechanism (Dodds et al. 2000).

The main difference between the killing mechanisms of planktonic and biofilm 
models was that biofilm models generated nonlinear killing curve, while planktonic 
disinfection model generated a linear killing curve (Dodds et al. 2000; Roberts and 
Stewart 2004). Some reports on mathematical models predicted antimicrobial resis-
tance in biofilms, which was also due to nutrient limitation, slow growth, and forma-
tion of hibernating or dormant cells. The mathematical model developed by Roberts 
and Stewart (2004) explained the statement. The concept behind the model was the 
dependency of antimicrobial killing with the growth rate of cells inside the biofilm, 
where the cellular growth inside the biofilm was measured by calculating the con-
fined concentration of the growth-limiting substrate coupled with Monod kinetics. 
The model predicted that when the biofilm was challenged by an antimicrobial agent, 
the cellular growth inside the biofilms was stratified with no growth zones in the deep 
interiors. The cellular killing rate of the compound was slow as it could not penetrate 
much due to increased biofilm thickness initially upon the antimicrobial compound 
exposure. Even if it penetrated, the killing rate was decreased nonlinearly when the 
concentration of the growth-limiting substrate fueling the biofilm was decreased; at 
that time, tolerance was maximum due to mass transfer resistance. This tolerance 
also developed due to the formation of “dormant” or “damaged” cell, which contin-
ued to consume substrate without growth. These dormant cells further retarded anti-
microbial killing (Roberts and Stewart 2004). Various modeling techniques could 
explain the mechanism behind persister or dormant cell formation in biofilms. 
Formation of these dormant or persister cells required reduced metabolism. This 
scenario in biofilms was captured by various models. Hybrid agent- based meta-
bolic model, a multiscale model was built using a novel tool called Mat Net, which 
captured metabolic states of P. aeruginosa cells in terms of cellular growth and 
revealed aerobic metabolic reactions. It was confined to the topmost layers of cells at 
biofilm surface and reduced at lower layers, while addition of nitrate in the in silico 
media restored and enhanced cellular growth anaerobically via; denitrification where 
nitrate was the terminal electron acceptor (Biggs and Papin 2013).

Coarse-grained model described bacterial growth and substrate uptake in both 
biofilm and planktonic state in the box. In the diffusion of the substrate in each box, 
it diffused horizontally. Bacteria in each box use substrate one after another which 
increased their mass. It has a mass higher than the divisional threshold (mdfv) it 
divided into two. The utilization of substrate by bacteria which has its own mass 
“m” followed Monod’s kinetics, where bacterial growth was directly proportional to 
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this amount of substrate consumed, multiplied by conversion yield factor ƴ, at time 
t box i the increase in mass dm followed this equation (Deygout et al. 2013).

 

dm =
+

γµ j t

j t

s i

k S i

,

,  

where

μj = maximum growth rate for either attached or planktonic bacteria
Kj= half saturation constant for either attached or planktonic bacteria

Houry et al. (2012) proposed that some planktonic bacteria moved deep inside 
irrigating the biofilm, resulting in pore formation, hence increased the transfer of 
nutrients, but it also allowed toxic entrance thereby killing biofilm cells. Cellular 
activity in mono- and multispecies community altered surrounding microenviron-
ment which in turn affected cellular behavior. To explain cellular activity scenario, a 
3D model was developed by Watrous et al. (2013). These models were reported to be 
produced by MALDI-TOF followed by IMS analysis of cross sections of bacterial 
colonies growing in deep agar and entering the data sets into MATLAB for a model 
generation and then matched with the photographs of colonies itself. Results pointed 
out that this model could capture metabolic states deep beneath the agar surface. 
Metabolic exchange factors regulated interspecies interactions between C. albicans 
and P. aeruginosa. Three-dimensional fitness model built by Momeni et al. (2013) 
envisaged ecological rules, viz., competition and cooperation in a microbial com-
munity. The model revealed the ecological interactions between two distinct obliga-
tory cooperative systems such as yeast and methane-producing community which 
affected patterning and strong cooperation via redox coupling. It rendered fitness 
benefits to both of the communities which lead to partner intermixing, and the two 
appeared stacked over each other. In multispecies communities, strong cooperation 
was the major patterning force which led to intermixing (Momeni et al. 2013).

Transport and BIO_PORE models were developed by using COMSOL 
Multiphysics™ platform to describe the functioning of constructed wetlands (CW), 
which were used as an alternative wastewater treatment, where a pilot horizontal 
CW was planted with Phragmites australis and fed with granular media consisting 
of fine gravel fed with urban wastewater. It is comprised of four sub-models such as 
hydraulic (which described abundant flow through an anisotropic porous environ-
ment), reactive transport (described the fates and transport of components, like 
dissolved oxygen), biofilm (described the growth and development of cells), and 
plant (release and uptake of nutrients by plant roots).This model could predict the 
functioning of constructed wetlands for longer time scale by limiting space and cel-
lular growth in a biofilm. The granular media contained pores which were regarded 
as micro-reactor, where space and substrate limited bacterial growth.

Bacteria formed biofilms in pores which have its own space and growth limita-
tions when microbial biomass concentration attained certain value. Substrate avail-
ability was limited due to external boundary diffusivity of biofilm. So bacteria 
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harboring at film-water interface get more substrate and grow faster than bacteria at 
the interior of the granular media particles (Samso and Garcia 2013).

15.3.4  Models for Dispersal of Cells from Biofilm

After fully matured biofilms were formed and when the concentrations of cells 
inside was increased, they need to disperse to colonize new surfaces. To understand 
this process, a hybrid model was proposed, which was based on individual and 
microscopic approach as it combined three scales approach such as microscopic 
approach which described individual bacterial growth in the biofilm which fol-
lowed Monod’s law, a macroscopic approach which represented advection and 
diffusion of a substrate inside the exopolysaccharide as a continuous concentration 
in the whole biofilm, and a mesoscopic approach which represented discrete boxes 
which described coincident environment of individual bacteria in each box. It 
related attachment and detachment of the planktonic bacteria with the confined con-
centration of attached biomass. It takes concentrations of substrate (t, z), planktonic 
bacteria Cp (t, z), and attached bacteria Ca(t, z) into account. The attached bacteria 
were measured in terms of weight per surface unit. To convert the concentration of 
attached bacteria Ca(t, z) to planktonic ones Cp(t, z), a coefficient ∂ is used,

 
∂ =

Ratio of tube surface

Ratio of tube volume  
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The partial differential equation used as follows:
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where G(Ca) is the fraction of daughter cells of the attached bacteria finding 
spaces to attach on the wall, which further depends on the free surface sites avail-
able for attachment cA,∞ with CA = cA/cA, ∞. So it should decrease in order to get 
attached on the surface until G(Ca) becomes O as soon as it finds its appropriate 
surface CA becomes infinite (Deygout et  al. 2013). Detachment of bacteria from 
clusters leads to cluster size variation in the leaf surface revealed by an individual- 
based model PHYLLOSIM, which consisted of a 2-D grid having 1 mm2 area into 
which virtual cells were inoculated. A range of detachment probabilities 2.5%, 5%, 
and 10% were simulated, which revealed an increase in cluster size ranges. 
Calculations with F, a measure of fit of simulated versus observed cluster sizes of 
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different modeled conditions, were done, which resulted in low F values for those 
conditions having no detachment (VanderWal et al. 2013).

15.4  Future Variables for Complex Biofilm Network Models: 
“OMICS”

“Omics” is a modern approach to understanding cellular processes in biofilms and 
modify the metabolism of the individual living cell/microcolonies to exploit in 
industrial applications via metabolic engineering (Zarraonaindia et  al. 2013). 
“Omics” tools range from the sequencing of genomes (genomics) (Kapley and 
Purohit 2009; Piubeli et al. 2015), measurement of gene transcription (transcrip-
tomics), protein abundance (proteomics) to the product of substrate concentration 
(metabolomics), and metabolic flux analysis (fluxomics) (Winter and Kromer 
2013). All such multilevel omics tools could be exploited in future for harnessing 
complex and functional genetic network of biofilm microbial communities as input 
variables for upcoming and future developmental biofilm models.

15.5  Perspectives

Biofilm microenvironment complexity was elaborated using modeling approaches 
and derived simulation models predicted the behavior of biofilm bacteria in terms of 
their cooperation and competition, stress tolerance, etc. Related mathematical and 
computational models derived from biological and physical parameters such as 
motions for aggregation, fluid flow dynamics, regulation in cellular behavior, 
growth, the interaction between the community members, pattern formation, altera-
tion of surrounding and finally equations for dispersal could enlighten the under-
standing of biofilm microenvironment. It could be recommended in the future to add 
variables for modelling using OMICS. Omics could uncover new genes, function-
ally and industrially important enzymes, as well as microbial community diversified 
in different environments.
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16Microbial CO2 Fixation Bioprocesses 
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Abstract
Increasing levels of carbon dioxide (CO2) in the atmosphere are causing serious 
effect on climatic changes. Thereby the most concerned environmental issue is 
global warming these days. The same culprit carbon dioxide is also involved in 
the most important process called autotrophy, which supports life on earth. 
Autotrophy could be one of the probable answers for the management of atmo-
spheric CO2 in an eco-friendly manner. Plants contribute a major part in CO2 
fixation but often ignored microbes are also involved in CO2 fixation by different 
CO2 fixation pathways. Since desert represents sparse green cover, we cannot 
ignore the microbes present in such soil, which would be contributing for carbon 
fixation. Oligotrophic soil like desert harbours microbes that are capable of sur-
viving in low-carbon conditions, thus opening an area of research for the study 
of CO2 fixation by oligotrophs. Since microbes require carbon for their growth, 
and hence under carbon starvation, they might have the mechanism for autotro-
phy. By exploring CO2 fixation through oligotrophs of desert, we could probably 
enrich the desert soil by carbon in near future. Such microbe-based CO2 fixation 
studies could help us to channelize CO2 for the synthesis of some important 
bioproducts.
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16.1  Introduction

Climate change is a universal question associated with an increase in CO2 levels. 
This question is now of scientific interest since increased CO2 poses serious climate 
change effects. Climate change is a global environmental challenge that needs tar-
geted research and development. Gaining a greater knowledge of how carbon cycles 
operate in ecosystems and potential change that might occur due to increase in 
anthropogenic greenhouse gases will help us to develop solutions to reduce the 
future increase in CO2 and other greenhouse gases. Increased atmospheric CO2 has 
crossed its safety limit of 350 ppm since early 1988 (Fig. 16.1). The world’s atmo-
spheric CO2 measurements are reported by the National Oceanic and Atmospheric 
Administration (NOAA) and Scripps Institution of Oceanography situated at the 
Mauna Loa Observatory (MLO) in Hawaii. Being CO2 a gas, it gets uniformly 
mixed in the atmosphere, so observations of its concentrations from a single site like 
the MLO represent world atmospheric CO2 trends. The average annual atmospheric 
CO2 concentration (reported by Mauna Loa Observatory) was 407.57 ppm in 2016 
and 403.45 ppm in 2015 (https://www.co2.earth/ data as on 22.05.16) (Table 16.1).

16.2  Biological CO2 Fixation

CO2 fixation is one of the most important bioprocesses since all ecosystems depend 
directly or indirectly on the organic carbon made available by autotrophic CO2 fixa-
tion either by plants or by microbes. In addition to photosynthetic CO2 fixation by 
green plants, algae and cyanobacteria, chemolithoautotrophs and Archaea also con-
tribute to CO2 fixation. Chemolithoautotrophy is distributed amongst both archaea 
and bacteria with highly diverse phylogeny, metabolic activities and ecological 

Fig. 16.1 Global status of atmospheric CO2 (in ppm) since 1958–2016 (https://www.co2.earth/)

L. Agarwal et al.
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variants (Hügler and Sievert 2011). Bacterial chemolithotrophs have been investi-
gated in diverse environments (Campbell et al. 2003; Ferrera et al. 2007; Hügler and 
Sievert 2011). In plants, CO2 fixation occurs by Calvin-Benson-Bassham (CBB) 
cycle, while in prokaryotes other than CBB cycle, there are five alternative path-
ways for CO2 fixation, viz. (a) reductive acetyl CoA (rACA) pathway, (b) reductive 
tricarboxylic acid (rTCA) cycle, (c) 3-hydroxypropionate (3-HP) bicycle, (d) 
3-hydroxypropionate/4-hydroxybutyrate (3-HP/4-HB) cycle and (e) dicarboxylate/4- 
hydroxybutyrate cycle (Berg et al. 2010; Hügler and Sievert 2011).

16.2.1  Microbial Autotrophy

Microbial autotrophy annually accounts for roughly 4% of the total CO2 fixed by 
terrestrial ecosystem and desert are the substantial compartment of the terrestrial 
ecosystem, which is often ignored in microbial ecology. The skill of using CO2 as a 
carbon source for survival is called as autotrophy, which exists in many groups of 
prokaryotes. Based on energy sources used for CO2 assimilation, growth is of two 
types – photosynthetic and chemosynthetic. Chemosynthetic growth refers to the 
oxidation of simple inorganic substances, whilephotosynthetic growth refers to 
light. For chemoautotrophic growth, the electron donor could be H2, reduced nitro-
gen as NH4+ and NO2

−, sulphur as S2O3
2− and H2S, metals as Fe2+ and Mn2+ and 

carbon as CO, CH4 and CH3OH compounds. Microorganisms fix CO2 through the 
six known CO2 fixation pathways. The ecological distribution of CO2 fixation path-
ways within different groups of organisms (Fig. 16.2) depends on phylogeny, energy 
source, available reducing compounds, type of metals, coenzymes and the enzyme 
sensitivity to oxygen (Berg 2011).

The six known microbial CO2 fixation pathways with their marker genes are 
described below.

16.2.1.1  Calvin-Benson-Bassham cycle
This is the most widespread and well-studied pathway for CO2 fixation (Fig. 16.2), 
found in aerobic or aerotolerant bacteria (Shively et al. 1998; Berg 2011). Globally 
significant CBB cycle is limited to organisms with high-energy yield requiring nine 
ATP molecules and six NADH to synthesize one molecule of triose phosphate by 
using three molecules of CO2. Besides many photosynthetic eukaryotes (plants and 
algae), numerous prokaryotes have also been found to rely on the CBB cycle for 
CO2 fixation. The CBB cycle is restricted to few thermophiles since its upper tem-
perature limit for operation is ~70 to 75 °C. It is also reported in purple sulphur and 
non-sulphur bacteria, cyanobacteria, hydrogen-oxidizing and other chemoautotro-
phic bacteria. The two unique enzymes of the cycle are ribulose 1,5-bisphosphate 
carboxylase (rubisco) and phosphoribulokinase, while other enzymes of the cycle 
are shared with gluconeogenesis and pentose phosphate pathway (Shively et  al. 
1998). In the cycle, carboxylation reaction is catalysed only by enzyme rubisco. 
Microbial autotrophs are difficult to culture, and very few studies reported for 
rubisco activity in soil (Yuan et al. 2012).
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 (a) Ribulose 1.5-bisphosphate carboxylase (Rubisco)

Rubisco is a copious protein (enzyme) on the planet and is the major entryway for 
inorganic carbon (CO2) to enter biosphere. Two molecules of 3- phosphoglycerate 
(3-PGA) are produced from a single molecule of ribulose 1,5-bisphosphate (RuBP), 
CO2 and H2O, while the rest 12 reactions of the cycle regenerate RuBP. The cycle 
fixes three molecules of CO2 to form three molecules of RuBP and six molecules of 
3-PGA. Out of six PGA molecules, only one is used for the biosynthesis of cell 
material, and the remaining five are used to regenerate three molecules of 
RuBP. There are four types of rubisco (I–IV). Forms I, II and III are known for car-
boxylation reaction in different groups of bacteria, while rubisco-like protein or 
Form IV does not catalyse carboxylation reactions due to lack of amino acid resi-
dues required for the reaction but is found in Archaeoglobus fulgidus, Bacillus sub-
tilis and Chlorobium tepidum (Hanson and Tabita 2001; Selesi et al. 2005). Rubisco 
Form I is composed of large octamer and small octamer and is encoded by cbb gene 
(Badger and Bek 2008). This form is present in photosynthetic and aerobic chemo-
lithotrophs. Based on phylogenetic analysis of cbbL gene, there exist green-like and 
red-like rubisco protein groups. Green-like protein sequences are observed in algae; 
α-, β- and γ-proteobacteria; and plants, while red-like proteins sequences are pres-
ent in α- and β-proteobacteria and nongreen algae (Selesi et al. 2005).

Fig. 16.2 Calvin-Benson-Bassham cycle represents fixation of three molecules of CO2 and the 
key enzymes of the cycle

16 Microbial CO2 Fixation Bioprocesses and Desert as Future Carbon Sink



332

16.2.1.2  Reductive Tricarboxylic Acid cycle (rTCA or Arnon- 
Buchanan cycle)

The cycle (Fig. 16.3) was first proposed by Evans et al. (1966), supported by the 
discovery of ferredoxin-dependent pyruvate synthase and 2-oxoglutarate synthase; 
later the presence of ATP citrate lyase was also confirmed, thus allowing a reverse 
flux of the well-known TCA (Sintsov et al. 1980). The cycle fixes two molecules of 
CO2 to synthesize single acetyl CoA molecule. The acetyl CoA can be converted to 
pyruvate and phosphoenolpyruvate, which are involved in anaplerotic reactions of 
the cycle catalysed by pyruvate synthase and phosphoenolpyruvate carboxylase. The 
cycle consumes ATP and reducing agents (such as NADH and FADH2) and brings 
CO2 from the environment into metabolism. It operates in an environment where 
plenty of CO2 is available, but there is very little organic carbon. Also plenty of 
reducing agents are available (such as dissolved H2 gas) for making reduced cofac-
tors (such as NADH). This cycle requires lesser energy comparable to Calvin cycle. 
It is found in anaerobic or microaerophilic bacteria and archaea. The photoautotro-
phic growth of green sulphur bacteria including Chlorobium limicola (earlier  

Fig. 16.3 Reductive tricarboxylic acid cycle representing fixation of two molecules of CO2 and 
the key enzymes and CO2-fixing enzymes of the cycle
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C. thiosulfatophilum) and Chlorobaculum tepidum fixes CO2 by rTCA (Sintsov et al. 
1980; Tang and Blankenship 2010). Members of ε-proteobacteria also demonstrate 
the abundance of rTCA genes (Hügler et al. 2005). The key enzymes of the cycle are 
2-oxoglutarate synthase (2-oxoglutarate: ferredoxin oxidoreductase) and the citrate-
breaking enzymes, viz. ATP citrate lyase or citryl-CoA lyase (CCL), whereas other 
enzymes of the cycle are common for both oxidative and reductive TCAs.

 (a) ATP Citrate lyase (ACL)

It is an enzyme of rTCA that makes the cycle to run in reverse direction in con-
trast to oxidative TCA, by cleaving citrate into oxaloacetate (Fig. 16.4) and acetyl 
CoA. ACL is dependent on CoA and MgATP. It is encoded by aclBA gene which is 
composed of two subunits. In some bacteria, this breakdown reaction is catalysed 
by joint action of citryl-CoA lyase (CCL) and citryl-CoA synthetase (CCS) 
(Fig. 16.5).

 (b) 2-Oxoglutarate: Ferredoxin Oxidoreductase

It catalysis the carboxylation of succinyl CoA to synthesize 2-oxoglutarate and 
is encoded by oorDABC gene consisting of four subunits (Kanao et al. 2001).

Fig. 16.5 Genetic organization of citrate cleavage gene in different organisms. (a) Citryl-CoA 
synthetase (ccsA and ccsB) and citryl-CoA lyase (ccl) found in Aquificaceae and Leptospirillum 
spp.; (b) ATP citrate lyase type I found in Chlorobiales, Epsilonproteobacteria, 
Hydrogenothermaceae, Desulfurobacteriaceae and Nitrospira; (c) ATP citrate lyase type II found 
in Magnetococcus sp. MC-1 and Riftia pachyptila endosymbiont (CCS citryl-CoA synthetase, 
CCL citryl-CoA lyase, ACL ATP citrate lyase)

Fig. 16.4 Schematic representation of citrate cleavage reactions within rTCA cycle
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16.2.1.3  3-Hydroxypropionate (3-HP) cycle
It is a very old pathway of CO2 fixation (Fig. 16.6) discovered in a facultative aero-
bic phototrophic bacterium Chloroflexus aurantiacus (Holo 1989). The pathway 
fixes two molecules of CO2 to synthesize glyoxylate by the action of acetyl CoA and 
propionyl-CoA carboxylases and regenerates acetyl CoA. The glyoxylate assimila-
tion into cell material occurs by glyoxylate pathway. The cycle differs in different 
members of archaea and evolves as 3-HB bicycle in members of the family 
Chloroflexaceae, hydroxypropionate/hydroxybutyrate cycle in aerobic Crenarchaeota 
and dicarboxylate-hydroxybutyrate cycle in anaerobic members of Crenarchaeota 
(Berg et al. 2010).

 (a) Acetyl CoA Carboxylase

In bacteria and eukaryotes, it serves as a carboxylation enzyme for acetyl CoA to 
form malonyl-CoA (Fig. 16.7). This reaction serves as the first step of fatty acid 
synthesis in most of the organisms, while it is a marker gene for CO2 fixation in 
archaea (Auguet et  al. 2008). It fixes inorganic CO2 (or bicarbonate) in 
3- hydroxypropionate (3-HP) bicycle and 3-hydroxypropionate/4-hydroxybutyrate 
cycles by acc gene. The enzyme is composed of three subunits, viz. biotin carbox-
ylase (accC gene), biotin carboxyl carrier protein (accB gene) and carboxytransfer-
ase (pccB gene) (Auguet et al. 2008; Berg et al. 2010).

Fig. 16.6 3-hydroxypropionate pathway

L. Agarwal et al.



335

16.2.2  Reductive Acetyl CoA Pathway

It a noncyclic pathway of CO2 fixation (Fig. 16.8), which is restricted to the strict 
anaerobes, acetogenic bacteria and methanogens (Hügler and Sievert 2011). The 
CO2-fixing enzyme of the pathway is carbon monoxide dehydrogenase (CODH)/ 
acetyl CoA synthase. The pathway reduces CO2 by methyl and carbonyl branch 
both in bacteria and archaea; the only difference is bacteria produce acetate and 
archaea produce methane (Borrel et al. 2016). It is also found in Euryarchaeota, viz. 
denitrifying Ferroglobus placidus and sulphate-reducing Archaeoglobus lithotro-
phicus (Berg 2011).

Fig. 16.7 Partial reaction 
catalysed by acetyl CoA 
carboxylase gene

Fig. 16.8 Reductive acetyl CoA (rACo) pathway
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16.3  Carboxylases

About 98% of the biological CO2 fixation occurs by the action of carboxylases 
(Thauer et  al. 2008), thus playing a critical role in controlling atmospheric CO2 
levels. Carboxylases catalyse the incorporation of CO2 molecules into an organic 
substrate. Erb (2011) has defined five different types of carboxylases, viz. (a) auto-
trophic carboxylases, (b) assimilatory carboxylases, (c) anaplerotic carboxylases, 
(d) biosynthetic carboxylases and (e) redox-balancing carboxylases. The enzyme 
phosphoenolpyruvate carboxylase (PEPC) and other carboxylases are major routes 
of anaplerotic reaction in bacteria. Phosphoenolpyruvate carboxylase is widely dis-
tributed amongst plants and bacteria, required for the replenishment of TCA inter-
mediates (Erb 2011). It is a carboxylating enzyme in rTCA and 
dicarboxylate/4-hydroxybutyrate cycle (Berg et al. 2010). It catalyses the carboxyl-
ation of phosphoenolpyruvate to fix one molecule of CO2. PEPC is a homotetramer 
with a molecular mass 100 kDa of each subunit. The enzyme phosphoenolpyruvate 
(PEP) carboxylase is faster than rubisco and has lower Km for bicarbonate.

16.4  Dissecting Microbial Community Existing in Carbon- 
Starved Environment Like Desert

Desert represent extreme environment for microorganisms due to extreme tempera-
ture, water stress, high salinity, nutritional scarcity and elevated UV radiation. These 
factors contribute to soil sterility as per earlier studies due to the observation of a 
low number of cultivable or viable microorganisms. But with the advent of molecu-
lar tools, the picture was very contrasting. The application of various molecular 
tools to study microbial community in desert showed a broader range of diversity in 
desert soil like of Atacama and Antarctica also (Smith et al. 2006; Warren-Rhodes 
et al. 2006; Pointing et al. 2009; Yergeau et al. 2009; Köberl et al. 2011; Ambardar 
et al. 2016). Since desert soils are a substantial part of the terrestrial ecosystem and 
could act as a sink for CO2. The ecosystems with lesser plant cover like desert favour 
the existence of diverse photoautotrophic microbes that obtain carbon from the 
atmosphere (Wood et al. 2008; Lacap et al. 2011). Microbial autotrophy in desert 
could increase the organic content of the soil thereby supporting life in the near 
future (Agarwal et al. 2014). However, it is unknown how these microbes obtain 
carbon and energy required to maintain their life in such an oligotrophic surround-
ing. Earlier attempts had been made by various researchers to untie indigenous 
microbial community of cold deserts, viz. Atacama and Antarctica, extensively, 
while hot desert microbial population still is less explored; also the community 
knowledge is not correlated with carbon fixation. Here in the following sections, 
this community knowledge of desert microbes is linked with a functional aspect for 
CO2 fixation.
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16.5  Microbial Community in Cold Desert

16.5.1  Atacama Desert

Atacama Desert is the most arid regions on earth located in South America. Due to 
scarcity of liquid water, it represents dry limits for life on earth where Yungay is the 
hyperarid region at Atacama Desert (Warren-Rhodes et  al. 2006). Earlier it was 
considered as Mars-like lifeless due to the failure of soil DNA isolation from this 
site (Navarro-González et al. 2003). To challenge these observations, Lester et al. 
(2007) analysed total organic carbon, phospholipid fatty acids and culturable bacte-
ria count of the soil samples of this region. They have isolated α-proteobacteria and 
firmicute. Both hot and cold deserts represent the occurrence of lithic microbial 
colonization that principally supports autotrophic microbial communities. Quartz 
stone in Atacama Desert (Fig. 16.9) was reported to be colonized both red and green 
hypolithic microbial community (Lacap et al. 2011).

The bacterial diversity of Atacama Desert is unearthed based on 168 nucleotide 
sequences of 16S rDNA gene retrieved from the finding of the work carried out by 
Warren-Rhodes et al. (2006), Lester et al. (2007), Dong et al. (2007), Connon et al. 

Fig. 16.9 Hypolithic colonization by cyanobacteria in deserts
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(2007) and Lacap et al. (2011). This suggests the dominance of cyanobacteria, acti-
nobacteria and proteobacteria, while (Fig.  16.10) alphaproteobacteria dominates 
proteobacteria. Atacama being the water-limited habitat that showed the presence of 
lithic photoautotrophic microbial communities provides an example of very simple 
structure deprived of plants and higher forms.

The investigation of Connon et al. (2007) reported Actinobacteria as a dominant 
group accounting 94% from the total 16S rRNA gene sequences, and most of them 
belonged to Frankia genus or are representatives of new genera. They showed fewer 
representatives of group firmicute and proteobacteria. In contrast, the study of 
Warren-Rhodes et al. (2006) on hypolithic community in Atacama Desert demon-
strated the dominance of cyanobacteria members since the rock provides micro-
habitat which provides comparatively enhanced water availability for phototrophic 
life forms. In another study, to untie the microbial hypolithic community conducted 
by Lacap et al. (2011) showed different lithic microbes dominate in different types 
of hypoliths and give them a visual colour distinction. They reported that the red 
hypolithic community was populated by diverse group of chloroflexi member, while 
the green was colonized by cyanobacteria, to reflect the photoautotrophic compo-
nent (Lacap et  al. 2011). The phylotypes of nitrogen-fixing alphaproteobacteria 
were found to be associated with green hypoliths only, while Gemmatimonadetes 
phylotypes occurred only on red hypoliths. The desiccation-resistant group 
Actinobacteria was found equally distributed in both hypoliths. This study was 
based on clone library, while DGGE-based analysis was performed by 
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Fig. 16.10 Pictorial representation for bacterial community composition of Atacama Desert, 168 
clone data adapted from the published 16S rDNA sequences affiliated to Atacama Desert
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Warren- Rhodes et al. (2006) to analyse microbial diversity at Atacama. The clone 
library data increased the information by double or more thus allowing accurate 
phylogenetic assignment of rRNA gene than the fingerprinting approach (Lacap 
et al. 2011). This has overcome the restrictions of short sequence data generated by 
DGGE technique. Another metagenomic study of Atacama Desert from Death 
Valley showed predominance of microbial community affiliated to the genus 
Oceanobacillus, reflecting the alkaline nature of the habitat (Piubeli et al. 2015). In 
contrast to other studies from Atacama, authors observed less diverse population; 
moreover the phylum Firmicute is overrepresented.

16.5.2  Antarctica Desert

Antarctica desert is a hyperarid polar cold desert characterized by extreme cold and 
dry conditions, also elevated soil salinity, nutrient deprived and physical instability 
due to katabatic winds, all contributing to sterile environment at this niche. Despite 
this limiting environment, life does exist here. The culture-independent analysis 
reveals the occurrence of lithic communities and displayed diversity. The microbial 
community analysis of Antarctica desert is based on 215 nucleotide sequences of 
16S rDNA gene retrieved from the studies of Smith et al. (2006) and Pointing et al. 
(2009). The data of Antarctic dry valley suggests the dominance of photoautotro-
phic member Cyanobacteria (~25%) followed by Actinobacteria (~20%) 
(Fig.  16.11). The 13% of population was affiliated with unclassified bacteria 
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Fig. 16.11 Pictorial representation for bacterial community composition of Antarctica desert 
based on the 16SrDNA sequence data of 215 clones adapted from the published sequences affili-
ated with Antarctica desert
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suggesting the existence of unreported polar bacteria. The members of group alpha-
proteobacteria (~6%) represent nitrogen fixers affiliated to Sphingomonadales, 
Rhizobiales and Rhodospirillales. The dominant autotroph member in Antarctica is 
cyanobacteria, but few representative of Bacteroidetes, Planctomycetes and 
Chloroflexi were also reported but in very few numbers.

16.6  Microbial Community in Hot Desert

In contrast to cold desert, hot desert represents other extreme conditions for the 
survival of microbes and plants. The microbial community distribution in hot desert 
like Thar is governed by climatic drivers (rainfall and temperature) and substrate 
drivers (conductance, pH and salts) (Rao et al. 2016). The presence of hypolithic 
community is also observed in hot deserts (Dong et al. 2007).

To account the microbial community of hot desert, we included different hot 
deserts since microbial community in hot desert is not explored extensively. 
Therefore, the combined data of Jordan desert, Mojave Desert, Sahara desert, 
Chihuahuan Desert and Thar Desert were included from the reports of Kuhlman 
et  al. (2006), Souza et  al. (2006), Chowdhury et  al. (2007), Dong et  al. (2007), 
Suárez et al. (2008) and Yousuf et al. (2012) that account for total 344 nucleotide 
sequences of 16S rDNA gene.

At 97% similarity level, 309 OTUs were identified from the 344 rDNA sequences, 
which (Fig.  16.12) suggest dominance of proteobacteria (~42.2% classified and 
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Fig. 16.12 Pictorial representation for bacterial community composition of hot desert, 344 clone 
data adapted from the published 16S rDNA sequences affiliated to hot desert (Mojave, Sahara, 
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~2.6% unclassified proteobacteria); amongst them alphaproteobacteria was domi-
nant followed by gammaproteobacteria (~12%), betaproteobacteria (~8%) and del-
taproteobacteria (~5%). The next most abundant members were affiliated to 
Actinobacteria (~12%) and Firmicute (~10%), known for their survival in stress. 
Besides the cyanobacteria and proteobacteria, other members which belonged to 
chemolithoautotroph were bacteroidetes (~9%) and chloroflexi (~6%). There were 
~7% unclassified bacteria representing novel representatives that have not been 
studied yet. The photoautotrophic member, cyanobacteria, was present in few num-
ber (~1%) demonstrating dry conditions in hot desert but also indicating that the 
lithic communities of hot desert are still unexplored.

The rarefaction curve for Atacama and Antarctica desert reached saturation while 
of hot desert does not reach asymptote at 20% (phylum level) dissimilarity indicat-
ing more species richness in hot desert comparable to cold desert (Fig.  16.13). 
Hence the surveying effort of cold desert has covered almost complete taxonomic 
diversity at 80% similarity cut-off, while the microbial community related to hot 
deserts requires more attention and exploration. The calculated Shannon diversity 
indices (H′) for hot desert were higher than cold desert, which reflects higher bacte-
rial diversity in hot desert soil (Table 16.2).

Fig. 16.13 Rarefaction analysis of Atacama (red triangle), Antarctica (blue diamond) and hot 
desert (black diamond). It indicates that bacterial diversity is higher in hot desert compared to 
Antarctica and Atacama Desert. The data was calculated employing tools of mothur package, and 
the OTUs are shown at genetic distance of 3%

Table 16.2 Species richness estimated at 20% genetic dissimilarity of 16S rDNA sequences from 
different desert types

Desert type Shannon index (H′) No. of OTUs Total no. of 16S rDNA sequences
Antarctica desert 4.7 149 215
Atacama Desert 4.5 117 168
Hot desert 5.6 309 344

The sequence data was retrieved from public database, NCBI
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The overall analysis of 727 nucleotide sequences of 16S rDNA gene from micro-
bial community of the three desert type demonstrates the abundance of action bac-
teria followed by cyanobacteria and alphaproteobacteria (Fig. 16.14). Cyanobacteria 
were primary photoautotroph in cold desert, while microlithic community in hot 
desert has not been paid much attention for the photoautotrophs, while chemolitho-
autotrophs were identified by the occurrence of chloroflexi, bacteroidetes and pro-
teobacteria members in hot desert. The bacteria affiliated with chloroflexi and 
bacteroidetes/chlorobi and some proteobacteria are known to show autotrophy 
(Atomi 2002; Yousuf et al. 2012; Yuan et al. 2012). This demonstrates the suprem-
acy of photoautotrophy in cold desert and chemolithoautotrophy in hot desert. 
Firmicutes were more common to hot desert than cold desert. Also the identification 
of many unclassified proteobacteria in hot desert and unclassified bacteria in all 
desert type indicates that desert harbours many bacteria; those were yet not 
identified.

Desert is considered as one of the unfriendly environments for microbial popula-
tion due to less precipitation and low organic content. In this study, microbial diversity 
analysis data revealed ample diversity that could be explored for the isolation of CO2-
fixing bacteria. Eubacterial diversity analysed using culture-independent approach 
indicates the presence of Cyanobacteria, α-proteobacteria, β-proteobacteria, 
ϒ-proteobacteria, δ-proteobacteria, Planctomycetes, Chloroflexi, Bacteroides, 
Firmicute, Enterobacter, Verrucomicrobia, Acidobacteria and Actinobacteria. The 
microbial community of the two cold deserts (Atacama and Antarctica) was explored 
comparatively more than a particular type of hot desert. The analysis based on 344 
sequences of 16S rDNA clones from different hot desert showed comparatively higher 
diversity, and the rarefaction curve indicates scope for more extensive study to unravel 
the microbial diversity in hot deserts. Hot deserts were overlooked for its microbial 
photolithoautotrophic and chemolithoautotrophic community analysis. In desert the 
endolithic community develops a microhabitat for life, irrespective of hot and cold 
desert environment. The study reported the association of various microbes in 

Fig. 16.14 Microbial community dominance (%), representing number of clones phylogeneti-
cally assigned to each group in different deserts. Metagenomic data retrieved from the published 
reports. The taxonomy of 16S rDNA sequences was identified by SILVA database using cut-off 
80%
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endolithic sample of Kutch that was not reported earlier. The oxygenic phototroph 
(Cyanobacteria) and anoxygenic phototroph (Chloroflexi) were found together with 
many chemolithotrophic bacteria affiliated with purple sulphur and purple non-sul-
phur bacteria (PSB and PNSB) and green sulphur and green non-sulphur bacteria 
(GSB and GNSB). The phylogenetic analysis of cyanobacteria from all the desert type 
revealed that there were some novel cyanobacteria members that were not reported 
earlier in desert. Therefore, the niche needs more attention to untie the microbial com-
munity with advanced molecular tools.

16.7  Oligotrophs: Prospect for CO2 Fixation

Oligotrophs are the organisms usually present in an environment with a low level of 
nutrients and are not found in conditions of more plentiful nutrients (Yoshida et al. 
2007). There exsists microbes that can grow under extremely low concentrations of 
carbon and in distilled water also, which were referred as oligotrophs. They have 
been isolated from various environmental niches, but the mode of nourishment is 
still an issue. As oligotrophs grow in extremely low nutrient conditions, they are 
supposed to exclusively use CO2 as a carbon source for their growth, but their 
genetic studies with respect to CO2 fixation are lacking. They might fix CO2 from 
the atmosphere following some unreported pathways other than the known path-
ways involved in autotrophic growth (Yoshida et al. 2011; Agarwal et al. 2014; Yano 
et  al. 2015). Many oligotrophic bacteria require CO2 for their normal growth at 
varying concentrations (Ueda et al. 2008) besides the normal nutrient requirement. 
Rhodococcus erythropolis N9T-4 from oil store (Japan) and Streptomyces spp. from 
soil (Japan) were isolated as CO2-requiring extreme oligotrophs which grow on 
basal salt medium under CO2 atmosphere (Yoshida et al. 2007). The mode of CO2 
fixation in these bacteria was unknown, but the proteomic analysis revealed the high 
activity of NAD-dependent formaldehyde dehydrogenase and N,N′-dimethyl-4-
nitrosoaniline-dependent methanol dehydrogenase under oligotrophic growth con-
ditions (Ohhata et al. 2007; Yoshida et al. 2011). The prerequisite of CO2 atmosphere 
for the survival of bacteria is known to be a marker for the presence of carbonic 
anhydrase, an enzyme involved in CO2 and bicarbonate interconversion and also the 
acquisition of bicarbonate in non-phototrophic microorganisms. All the bacteria 
having carbonic anhydrase can produce sufficient bicarbonate from atmospheric 
CO2 to support growth and supply it to bicarbonate-dependent enzymes, viz. acetyl-
coenzyme A carboxylase, pyruvate carboxylase and phosphoenolpyruvate carbox-
ylase, and hence allow the organism to grow under ambient CO2 levels (0.035%). 
Under the absence of carbonic anhydrase, the bacteria can grow when they are 
either supplied with a high concentration of bicarbonate or under high levels of CO2. 
The growth under high levels of CO2 is actually due to the consumption of bicarbon-
ate that is produced as a consequence to maintain natural equilibrium in the cell.

Desert is a natural oligotrophic environment where microbial activity is expected 
to govern the soil carbon and nitrogen. Due to alkaline pH of desert soil, CO2 gets 
more solubilized. The bacteria inhabiting under oligotrophic conditions are expected 
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to use some CO2 fixation mechanism by virtue of which they survive (Agarwal and 
Purohit 2013). The oligotrophic bacteria could be autotrophic but the experimental 
evidence of such mechanism in oligotrophs has not been elucidated. The terms 
“autotrophic” and “oligotrophic” are sometimes controversial and to a certain extent 
confusing; an autotrophic growth is always indicated by the operation of any of the 
six known CO2 fixation pathway (Berg 2011), while oligotrophic growth could be 
any of the pathways other than CO2 fixation pathways (Yoshida et al. 2011). It has 
been reported that some bacteria require CO2 for their growth and those strictly 
grow under high levels of CO2 are known as capnophiles. Such bacteria occur 
widely in nature, but they remain uncharacterized or uncultured since CO2 is not 
normally supplied for culturing such isolates from environmental samples. The 
understanding of growth conditions of autotrophs and oligotrophs requires more 
attention since CO2 fixation occurs through several CO2 fixation pathways and 
anaplerotic pathways. Some of them are known (six CO2 fixation pathways), and 
new pathways could be deciphered through detailed genome studies on such micro-
organisms. Since facultative chemolithotrophs exhibit mixotrophy, the dependency 
on CO2 for growth in such bacteria should be properly investigated. The growth of 
bacteria supplied with organic carbon source in the presence of CO2 could yield 
more biomass, but the absence of CO2 reduced it significantly. Since the mode of 
CO2 fixation and requirement of CO2 for oligotrophic growth of bacteria are 
unknown (Yoshida et al. 2007), this could also enable us to find new pathway of 
CO2 fixation.

Despite being nutritionally compromised, the microbial community of desert is 
associated with diverse photoautotrophs and chemolithoautotrophs. It was observed 
that phototrophic microbial community is generally associated with microlithic 
population than the bare soil, while chemolithoautotrophic community is present in 
bare soil too. Exploring the microbial community intelligence of desert microbes 
linked with autotrophy could enrich soil fertility to maintain green cover (Agarwal 
et al. 2014). Such knowledge-based studies could be used further to develop strate-
gies and protocols to use CO2-fixing microbes for sinking carbon in an efficient 
manner.
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Abstract
The anaerobic digestion process is a well-known and still growing technology. It 
has been implemented in full scale in several waste and wastewater treatment 
plants.

The key issue is the treatment, stabilization, and waste reduction in order to 
obtain benefits, especially energy and bioproducts. Efficient separate collection, 
first of all, is the key for anaerobic digestion success. Separate collection is the 
prerequisite to have waste streams of good quality at the source for further treat-
ments, and it can be implemented at reasonable costs. We have to change the 
paradigm in plant pretreatment configuration, thus passing from complicated 
pretreatment lines to simplified systems. Moreover, urban waste treatment pro-
cesses should be considered as real productive industries. The future vision of 
biowaste management leads to consider it as a raw material to produce not only 
energy but also products (e.g., bioplastics). The new aerobic/anaerobic biorefin-
ery comes from the integration of the cycles that take advantage of the wastewa-
ter treatment and the urban organic waste management as a valuable source for 
the production of products and energy resources. The integrated approach for 
waste stream treatment gives considerable advantages, which lead this option in 
the field of the “smart” opportunities for the urban service management.
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17.1  Introduction

The intense demographic (urban) growth results in greater organic waste production 
which assigns a crucial importance to improve waste management in a more appro-
priate way.

Before addressing the specific waste management topic, it is advisable to focus 
on the substrate: the municipal solid waste (MSW).

It represents one of the most significant solid streams to be disposed, from both 
the quantitative and qualitative standpoints.

In the European context, the definition of MSW is not univocal among all coun-
tries. In fact, it differs according to the management strategies adopted in each 
member state. Eurostat (http://ec.europa.eu/eurostat) defines municipal waste, the 
waste produced from domestic and commercial activities, offices, and public places. 
Waste collection is the primary responsibility and duty of municipal authorities, 
who should furthermore ensure its appropriate disposal in accordance with their 
own waste management program. The total municipal solid waste production in EU 
state members earned 252 million tons in 2011 (Eurostat 2011) with an average per 
capita generation of 541 kg per year, almost 1.5 kg of MSW per day.

Almost 40% of 252 million tons waste/year produced in EU arise as high-quality 
organic material (high biodegradability and low inert material content) as a conse-
quence of an outstanding separate collection program successfully set up in the 
municipalities (Bernstad and la Cour Jansen 2011; Cecchi and Cavinato 2015), and 
in a global perspective, the amount of food wasted is definitely expected to increase 
(about 44% between 2005 and 2025).

MSW landfilling can enlarge world methane emissions from 31 to 43 million tons.
Figure 17.1 shows the per capita production of waste in EU.
Figure 17.1 highlights the total and per capita decreasing trend of waste produc-

tion in Europe. Interesting is to determine whether that reduction is related either to 
international economic crisis that inevitably affects consumption or to prevention 
and regulation of urban waste in line with EU policies.

In this concern, the yearly edition of Urban Wastes Report (ISPRA 2014a, b) 
revealed in 2014 an interesting analysis carried out between 2007 and 2012. The 
relation among data from waste production and spending household consumption 
was examined. A dissociation tendency of both parameters was noticed, reduction 
of 0.7% on household consumption, evidently generated by the international eco-
nomic crisis, in contrast to reductions over 6.5% of waste production. Concerning 
municipal waste management in the European context (Eurostat 2014), about 33% 
of all MSW has been landfilled, while 24% has been incinerated. In addition, 28% 
of this residue has been recycled, whereas over 15% has been treated through bio-
logical processes (composting and anaerobic digestion).

F. Micolucci et al.
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It is essential to underline such a great variability between different approaches 
to achieve MSW management among the different countries in EU.

Figure 17.2 expresses the most impressive waste management programs are 
located in countries like Belgium, Denmark, Germany, the Netherlands, Austria, 
and Sweden. Inter alia, Austria, the Netherlands, Belgium, and Luxembourg are the 
EU countries that adopted biological treatments to improve waste management, 

Fig. 17.1 Per capita EU waste production

Fig. 17.2 MSW management percentage in Europe (2012).  Top left: landfilling. Top right: incin-
eration. Bottom left: recycling. Bottom right: biological treatments
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followed by Germany, the United Kingdom, France, and Sweden. A closer analysis, 
however, should also consider the organic fraction content in the solid waste which 
arises quite uneven among EU countries as shown in Table 17.1 (EEA 2013).

Both Fig. 17.2 and Table 17.1 reveal a tendency regarding the large quantity of 
organic fraction of MSW (OFMSW); the higher OFMSW is managed by biological 
treatments. In 2010 the percentage of OFMSW sent to biological treatments was 32% 
(Austria), 24% (the Netherlands), 22% (Belgium), and 20% (Luxembourg), nations 
that showed an organic fraction percentage on the waste among 40% and 50%. On the 
other hand, countries with lower percentage of OFMSW biologically treated were 
Bulgaria (0%), Lithuania (1%), Latvia (1%), Slovenia (2%), Ireland (4%), and Hungary 
(4%), wherein nations whose organic fraction is less than 30% of the total MSW.

Germany and France, whose organic fraction of the produced MSW arises 30% 
and 40%, respectively, send treat over 17% of the MSW using biological treatments, 
followed by the United Kingdom (15%), Sweden (14%), and Italy (13%). Denmark 
emerges the only exception since 19% of the overall organic fraction of MSW with 
a low organic fraction content (20–30%) is sent to biological treatment (2010).

By contrast, less than 10% of the MSW is sent to biological treatment in Romania, 
the Czech Republic, Estonia, and Poland where the OFMSW is about 40% and 
50%. Greece, Portugal, and Slovakia have a worse condition; only 7% of the MSW, 
at least 50% organic, is sent to biological management. Malta has the worst sce-
nario; more than 50% of the total MSW is organic, but the country does not have 
biological treatments included on its mainstream solid waste management.

In 2014 the Italian Institute for Environmental Protection and Research (ISPRA) 
published a report that pointed the national urban waste production in 2013 was 
about 30 million ton, 400 ton less than the year before (−1.3%).

The next graph shows the Italian waste management between 2009 and 2013 
(Fig. 17.3).

Landfilling appears still the main alternative for waste disposal, although in 
2013, 800,000 tons less of MSW were landfilled in comparison with the previous 
year. This is explained by the waste generation decreasing and recycling program 
improvements and the use of mechanical treatment (MT) to benefit mixed waste 
handling. MT consists in applying mechanical pretreatment for mixed wastes in 
order to separate different wastes which are individually disposed of, such the bio-
stabilization of the organic fraction while the dry fraction for incineration or 
assigned for fuels producing either. Regarding biological treatments, approximately 

Table 17.1 Organic fraction of the MSW in Europe (2008–2010)

% of biowaste in total municipal 
waste Countries
<20% Lithuania, Slovenia
Between 20% and 30% Bulgaria, Denmark, Ireland, Hungary, Latvia
Between 30% and 40% Italy, Germany, France, Sweden, the United Kingdom
Between 40% and 50% Austria, Belgium, the Czech Republic, Estonia, Finland, 

Luxembourg, the Netherlands, Poland, Romania, Spain
Between 50% and 60% Greece, Portugal, Slovakia
Between 60% and 80% Malta
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14% of the MSW produced in 2013 was referred for composting treatment and 
anaerobic digestion. Considering only the fully operating anaerobic treatment 
plants, at least 1043 million tons of total waste were treated in 2013. Additionally, 
over 50% (526,000 tons) consisted of OFMSW, and the remaining part consisted of 
biological sludges and wastes from agro-industrial activities (Fig. 17.4).

Fig. 17.3 Italian management of MSW in percentage of different treatment and disposal

Fig. 17.4 Different organic waste treated by anaerobic digestion (Italy, 2011–2013)
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Before moving to the next section, an important aspect to discuss as regards the 
fate of a poor amount of MSW derived from mechanical selection of undifferentiated 
waste. The next section will depict the low purity of this fraction coming from MT, 
which does not make it ideally suited for biotreatment, i.e., the methanation process.

17.2  Pretreatment Process for OFMSW in Bioprocesses

Waste collection can be contemplated as the primarily pretreatment step for a proper 
municipal solid waste management: different collection strategies may bring about 
quite different organic streams which might require different pretreatment technolo-
gies consequently (Pavan et  al. 2000). In the past, the unsorted MSW has been 
mechanically treated, while the sorted OFMSW has been sent to biological treat-
ments. Recently, the yields obtained from both separately and source-sorted 
OFMSW collection have proven that these approaches arise the most promising 
way to obtain valuable substrates (Cecchi et al. 2005).

Therefore, two types of organic fraction of MSW are the core of interest, each 
one presenting different characteristics according to the collection system:

• Undifferentiated collection, supported by mechanical separation as a pretreat-
ment step

• Differentiated collection from large utilities (canteens, markets, etc.) and domes-
tic sources (curbside collection)

These two substrates are discussed below, highlighting their main physical, 
chemical, and biological differences.

The Organic Fraction from Mechanic Selection
The organic waste, before being sent to biological treatment, either aerobic or 
anaerobic ones, must be pretreated in order to ensure them adequate for these bio-
processes. Several authors in scientific literature reported the collection as the first 
and foremost pretreatment for the organic fraction derived from municipal solid 
waste. Separate collection efficiency determines the complexity of the subsequent 
waste processing, and the main substrate characteristics influence the choice of 
waste treatment.

The MT of the organic fraction has been used in a rather extensive way in Europe 
during the last 30 years, with the dual purpose to obtain an organic fraction with 
great putrescibility and high calorific material well known as fuel, refuse-derived 
fuel (RDF) or solid recovered fuel/specified recovered fuel (SRF), which represents 
a kind of fuel obtained when urban solid waste goes through shredding and dehy-
drating stages. Meanwhile, RDF is substantially constituted by combustible compo-
nents reclaimed from some plastics and biodegradable waste found in MSW.

Currently there are different types of mechanical separation plants: simplified- 
type plants, medium-complex plants, and complex plants.
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Complex system presents a complete selection line, comprised of waste size 
reduction, iron removal machines, multistep sieving, dry fraction shredders, and 
pelletizing to produce RDF pellets thereafter. Byproducts are far refined that even fit 
better into biological energy recovering processes. Nowadays, the limited use of the 
OFMSW-MT processed majority regards its insufficient quality of the end product 
(waste) compared to differentiated waste.

The following table shows total solid (TS) and volatile solid amounts (VS) deter-
mined on different MT-OFMSW samples, coming from undifferentiated waste, 
curbside collected waste from canteen (Cecchi et al. 1997) and fruit and vegetable 
shops (Pavan et al. 2000) (Tables 17.2 and 17.3).

Table 17.4 present end product mechanically selected has high solid content than 
ordinary putrescible pure fractions of urban solid waste. This outcome may be 
related to the inertial fraction presented in the undifferentiated substrate, neither 
entirely self-separable in the MT step nor during the compost refining. This aspect 
is more evident when we consider the percentage of volatile solids (VS): it hardly 
reaches 50% of total solids (TS). Undifferentiated waste which majority composi-
tion is TS (over 40%) is practically not suitable for anaerobic digestion processes. 
This is checked by Table 17.3 where the maximum potential conversion achieved as 
methane product per kg of VS fed (B0) and as biogas produced per kg VS fed (G0) 
for three different types of OFMSW is displayed.

Table 17.2 Organic fraction characteristics of different OFMSW samples

Parameters Units Average St. dev. Organic fraction from mechanical 
treatment (Cecchi et al. 2005)TS g/kg 763 81.3

VS % TS 43.9 5.4
Parameters Units Range Typical 

value
Organic fraction collection from canteen 
(Cecchi et al. 1997)

TS % 21.4–27.4 25.6
VS % TS 91.3–99.7 96.5
Parameters Units Average St. dev. Organic fraction collection from fruit and 

vegetable market (Pavan et al. 2000)TS g/kg 81.8 15.7
VS % TS 81.9 11.3

Table 17.3 Conversion yields at infinite time for the three types of organic fraction (Cecchi et al. 
2005)

Parameters Units

Organic fraction 
from mechanical 
treatment

Organic fraction 
from source-
sorted collection 
large users

Organic fraction 
from source-sorted 
household collection 
(door-to-door)

B0 m3CH4/kgVS 0.16–0.37 0.45–0.49 0.37–0.40
G0 m3biogas/kgVS 0.29–0.66 0.81–0.89 0.67–0.72
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On the other hand, the organic waste removed from the door-to-door waste col-
lection brings more quality for biological treatments than that one derived from 
unsorted material. This is assigned by the existence of high organic fraction and few 
inert aggregates.

In any case, it can be mechanically pretreated in order to remove iron and plastics 
and to accomplish size reduction. The main characteristics of raw differentiated 
organic material are reported in Table 17.5.

The results show a dry matter content of 284 gTS/kg w.w. (wet weight), from 
which 86% are total volatile solid (VS). These values, together with nitrogen (TKN) 
and phosphorus (P) contents, are similar with those widely reported in literature 
(Zhang et al. 2014; Bernstad and la Cour Jansen 2011; Cecchi and Cavinato 2015).

Regarding the nutrient content, Table 17.4 highlights the positive influence of 
curbside collection on the quality of OFMSW since it gathered high biodegradabil-
ity and an adequate nutrients ratio, particularly COD:N ratio (mean value of 40), 
more adequate for anaerobic digestion.

From the analysis of waste composition, it is clear how the food fraction accounts 
for 82% of the entire wet weight food waste, while the rest is made up mainly of 
paper (10%), still anaerobically biodegradable, and inert material (8%) Table 17.6.

Fruit and vegetable make up 60% of the overall organic waste. Comparing these 
values with those from Cavinato et al. (2012), in the study of Micolucci et al.(2016), 
the fraction related to fruit and vegetable was lower; the fraction consisted of other 
organic waste (e.g., bread, meals, dairy, etc.) was higher instead. According to these 
differences in the composition, the total solid content found in the OFMSW used in 
this study (Table 17.3) was higher compared to that used by Cavinato (2012).

Another feature regards the comparison with the municipal organic waste 
obtained from a Greek study (Malamis et al. 2015), whose organic fraction (fruits, 
vegetable, and other organic waste) consisted of 86.2%, whereas vegetable and 
fruits corresponded to about 60.6%. These values are perfectly comparable with 
other studies. The amount of inert material reported in the Greek study (2.5%) was 
about 4% less than that revealed in Treviso fraction (Micolucci et al. 2017).

Table 17.4 Organic MSW from kerbside collection of Treviso (Italy 2015)

Substrate
TS g/kg 
w.w.

VS g/kg 
w.w.

VS/TS 
%

COD g/kg 
TS

TKN g/
kgTS

P g/
kgTS

Organic 
MSW

298 ± 44 267 ± 32 85 ± 3 1100 ± 454 27 ± 4 4.0 ± 0.2

Table 17.5 Composition of separately collected biowaste in Veneto region, Italy, on wet, dry, and 
volatile basis (Micolucci et al. 2016)

Fractions
Wet weight Dry weight Volatile
% % %

Paper 10.75 11.25 12.87
Plastic  0.85  1.20  1.31
Inert  6.88 11.33  8.16
Organic 81.52 76.22 77.66
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The maximum biogas potential conversion on the OFMSW from undifferenti-
ated collection is considerably lower than the one coming from recycling.

Concerning the organic fraction of solid urban waste coming from separate col-
lection prior to the biological treatment, it must be pretreated in order to remove the 
presence of extra inert fractions (plastics, metals, etc.) and to downsize the organic 
material.

The most cost-effective and straightforward OFMSW pretreatment is the Soft 
Wet Refine (SWR), recognized as a power-save technology usually applied both in 
small and medium installations. This technology can process up to 10,000 tons of 
OFMSW per year. It is set by a bunch of automatic operations, like primary crusher-
ing, bag-breaking machines, designed to effectively open the bags and release the 
inside materials and reduce the residue size afterward. Following, the iron removal 
step takes place, in order to remove the magnetic material. Subsequently, a sieving 
system separates plastics and inert. The final product is finely sieved in a second 
shredding operation, which ensures a downsized material and a more homogeneous 
final product.

A variant of the SWR considers the use of a hydropulper, namely, Hard Wet 
Refine (HWR) Technology. The hydropulper provides the wet processing and pulp-
ing of the organic fraction and benefits also the undesirable material removing.

Nowadays, a third alternative approach has included a squeezing step of 
OFMSW. It can be performed by two different technologies, namely, the extrusion 
press (EP) and the screw press (SP).

When the organic fraction is subjected to EP process, a high pressure inside a 
perforated extrusion chamber is set in order to fluidificate the organic fraction (food 
waste and other putrescible fractions), which thrusts the internal and external cham-
ber pressure difference. This condition benefits the fluidized organic fraction isola-
tion from that fraction more resistant (plastics, glass, rubbers, etc.).

SP is characterized by a perforated metal chamber in which organic waste is 
forced pressed through a bunch of slits. In this way, the softest and moist part of the 
fed substrate is withdrawn through the slits, while the hard and dry ones are directed 
to discharge (paper, lignocellulosic materials, animal bones) (Fig. 17.5) (Hansen 
et al. 2007).

SP proves beneficial due to its low energy requirement and its applicability for 
high-purity substrate demands.

Micolucci et  al. (2016) carried out the treatment of leachate retrieved from 
pressed biowaste using mesophilic and thermophilic anaerobic digestion as a 

Table 17.6 Composition of 
the organic fraction 
municipal solid waste 
(Treviso, Italy)

Fractions
Wet weight
%

Fruit and vegetable 52.3
Other organic waste 31.3
Paper and hardboard  9.6
Inerts and unclassified 
materials

 6.8

17 Bioprocess Network for Solid Waste Management



358

treatment to enhance the biogas production and revamp composting plants. Besides, 
this study underlined how important is a well-established separate collection of the 
urban organic waste at the source, in order to obtain as a pretreatment pure waste 
streams with high biodegradability and less inert content. Therefore, the application 
of a screw press can divide the waste flow into two fractions, one liquid and one 
solid. Through the liquid fraction of pressed biowaste, energy and byproducts can 
be obtained. Solid fraction is instead sent to composting.

The research group treated as substrate the pressed organic fraction of MSW 
from curbside residential pickup services and door-to-door collection. The results 
after continuous operation periods depicted this leachate was properly treated 
through AD process under all working conditions, whereas the largest biogas pro-
duction 0.92  m3/kgVSfed was obtained under thermophilic temperature when the 
digester was fed with a biowaste loading rate of 4.7 kgVS/m3d.

Thus, the study demonstrated that biowaste pressing is a new alternative for 
mechanical treatment plants that needs to be constructed or restored.

“Compositional analysis of food waste from study sites in geographically dis-
tinct regions of Europe” of the FP7, EU project “Valorisation of food waste to bio-
gas reported the concept of handling waste streams with a reduced amount of inert 
material improve the efficiencies avoiding next treatment step failure.

17.3  Process Network for OFMSW

The rapid global population growth associated with the intensive urbanization is 
rising every year. An inevitable expansion in waste production arises as a conse-
quence as well as increases in the quantity of sludge from wastewater treatment and 
energy demand.

For this reason, a proper and “smart” management of the waste streams must be 
accomplished. The key issue is the treatment, stabilization, and waste reduction in 
order to obtain benefits, especially energy and bioproducts. Despite waste flow 
management arises as an evident problem, effective ways to produce energy from 
renewable sources must become a priority and remain in one’s mind. Nowadays, 
energy or other bioproduct recovery from substrates without an economic value 
added at first glance, such as organic waste or sewage sludge, is quite challenging.

Soft and wet waste
(mainly organic waste)

Waste in

Biomass

Screw press

Reject

Hard and dry waste items
(plastic, paper, metal, stones)

Fig. 17.5 Screw press (Hansen et al. 2007)

F. Micolucci et al.



359

In recent decades, international and scientific communities have shown great 
interest in renewable energy sources: biomass is certainly the most promising and 
the most widely studied. Biomass belongs to organic waste and wastewater (sewage 
sludge) but also agricultural and industrial waste, energy crops, etc.

The OFMSW, the active sludge discharged from the municipal sewage treatment 
(WAS, waste activated sludge), their main uses and options for treatment, and their 
energy yield and reuse will be discussed in this paragraph.

In order to integrate the water and waste cycles, the organic fraction of MSW 
separately collected may be treated in wastewater treatment plants (WWTP) in 
association with the sludge produced in the waterline. Both substrates may be sent 
to anaerobic digestion process, which provides stabilization and produces biogas.

The anaerobic digestion process has been widely studied, and it has been imple-
mented in full scale in several waste and wastewater treatment plants. Through this 
biological process, which occurs in the absence of oxygen, organic substance is 
degraded by the action of different microbial groups interacting among them: 
hydrolytic bacteria, acidifying bacteria, and methanogenic Archaea. Starting from 
heterogeneous and complex substrates composed of proteins, fats, and carbohydrate 
substances, sugars and amino acids can be obtained by a simple metabolic pathway 
which ends in the biogas production.

Anaerobic codigestion means the simultaneous anaerobic digestion of two or 
more organic substrates (Sosnowski et al. 2008), specifically OFMSW and sewage 
sludge. The use of the OFMSW-WAS codigestion process is a very widely used 
technique in Europe due to uncountable advantages from both the environmental 
and economic perspectives.

The disposal of sewage sludge is a hard and actual problem especially because of 
large mass flows and consequently the economic costs involved. Anaerobic diges-
tion is a valid way to solve these issues since it provides sludge stabilization and a 
small amount of stabilized solids to be disposed of. Besides, anaerobic digestion 
benefits energy recovery through the use of biogas. In fact, the biogas obtained can 
be converted into heat and electricity through cogeneration units (CHP). The waste 
activated sludge (WAS), however, shows a modest energy yield (250–350 m3 bio-
gas/tonVS). During the 1980s, Cecchi et  al. (1988) had the idea to improve the 
anaerobic digestion of waste activated sludge with different types of residues (bio-
waste) as cosubstrates such as the organic residue retrieved from municipal solid 
waste (OFMSW).

The codigestion WAS-OFMSW is far suitable for WWTP as it provides condi-
tions to treat both the organic fraction of MSW and sewage sludge, gathering greater 
biogas production which may improve the overall WWTP energy balance.

Several studies (Battistoni et al. 1998; Bolzonella et al. 2006; Astals et al. 2014) 
have shown several advantages performing codigestion of different organic sub-
strates, besides the incentive for developing integrated cycles among wastewater 
treatment and organic waste. This strategy permits taking advantages of the syner-
gies available among the two substrates.

The simultaneous WAS-OFMSW processing may also balance nutrient ratio: in 
general, sewage sludges are characterized by low carbon/nitrogen ratios (COD/
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TKN about 11) (Metcalf and Eddy 2006), whereas the OFMSW presents high bio-
degradability (COD/TKN about 35) and may provide an extra contribution of car-
bon readily convertible into biogas. Further studies (Pavan et al. 2000; Bolzonella 
et al. 2006) have also demonstrated how the joint sludge and OFMSW processing 
enhances biogas yields.

It is important to state the codigestion process can be easily implemented in 
existing wastewater treatment plants (WWTP), in order to promote the overall oper-
ation of existing digester (mud line) and also to improve nutrient removal 
(waterline).

Summarizing, anaerobic codigestion stands as a well-known process used to sta-
bilize activated sludge and convert the putrescible matter from organic substrates 
into methane and carbon dioxide, supported by the right nutrient balance present in 
the feeding mixture.

Another AD technique could be also adopted: the use of a fermenter reactor. The 
two-stage anaerobic digestion approach physically divides the biochemical step, 
namely, hydrolysis-acidogenesis in the first reactor (dark fermentation), while 
acetogenesis- methanogenesis reactions take place in the second reactor. The stages 
separation gives the optimal growth rates and pH requirements for acidogenic bacteria 
and methanogens at the same time (5.5–6.5 and 7, respectively). Considering that, 
diverse working conditions must be assigned in each reactor (De la Rubia et al. 2009). 
The first fermentation stage in fact constitutes a valuable external carbon source (sol-
uble COD, volatile fatty acids) that can be used as a carrier to further denitrification 
and biological phosphorous removal (Bolzonella et al. 2001; Leite et al. 2016).

In sum, the codigestion WAS-OFMSW once considered an integrated approach 
between the water treatment and waste cycles supports harnessing the benefits from 
a well-known anaerobic digestion process. Proceeding the separated stage, anaero-
bic digestion process can make feasible the possibility to produce biogas and also 
improve the waterline nutrient removal capacity in the WWTp.

17.3.1  Biogas Upgrading

The current trend in Europe is to promote the anaerobic digestion as the base to 
produce a real biofuel optimized through upgrading techniques, useful not only in 
situ demands but also in the automotive sector.

Natural gas, compressed natural gas, biomethane, and biogas are all sources of 
thermal energy for combustion, since their mixture with air represents a flammable 
substance.

The natural gas (NG) is constituted by a mixture composed of about 90% meth-
ane (CH4) and about 10% ethane (C2H6), propane (C3H8), butane (C4H10), and sev-
eral other minor constituents, such as water vapor (H2O (g)), hydrogen sulfide 
(H2S), helium, molecular nitrogen (N2), and petroleum gas. The latter compounds 
and molecules are usually removed before the natural gas is sent to the distribution 
grid. It is possible to distinguish a natural gas with high energy content (H-gas) from 
a natural gas with lower energy content (L-gas) (Table 17.7).

F. Micolucci et al.



361

The compressed natural gas (CNG) consists of natural gas which undergoes a 
compression treatment at 220 bar. Compression reduces the volume to below 1% at 
standard conditions (1 atm). The CNG is then stored and distributed in a rigid con-
tainer, usually in a spherical or cylindrical shape, at a normal pressure of 200–
248  bar, and it can be used in vehicles equipped with a conventional internal 
combustion engine, like the bi-fuel vehicles (gasoline/CNG).

Biogas consists of a mixture of gases produced during the anaerobic digestion 
process applied to treat different organic substrates. Biogas main composition 
includes methane, CH4 (55–65%); carbon dioxide, CO2 (35 to 45%); 0.02–0.2% 
hydrogen sulfide (H2S); and water vapor (saturation). Other trace constituents: 
ammonia (NH3), siloxanes, mercaptans.

Biomethane (BM) is instead a gas containing predominantly methane (CH4) pro-
duced from a renewable source. BM can be obtained from biogas previously sub-
mitted to a purification process (dehydration, desulfurization, removal of gaseous 
ammonia, siloxanes, powders) and upgraded (removal of carbon dioxide, CO2) in 
order to accomplish standard qualities of natural gas.

Biogas purification starts removing undesirable elements (trace), using gravel 
filters for dust and drops and through activated carbon filters for siloxanes. Scrubber 
washing is usually applied to cause ammonia stripping.

Next, water vapor removal can be performed using cooling systems (e.g., under-
ground piping, water traps, appropriate refrigeration machines), compression, 
absorption in solutions with gycols or resorting to hygroscopic salts, and adsorption 
on oxide silica (SiO2) or activated charcoal.

H2S is typically the most problematic impurity present in biogas, because it is 
corrosive, it is toxic, and once burned, it turns into SO2, whose emissions contribute 
to acid rain formation. Hydrogen sulfide can be removed by dry or liquid 
technologies.

All trapping processes to dry H2S usually present an absorbent medium located 
in a tank, across which the gas stream passes from the bottom upward or vice versa.

The absorbing medium may become saturated with H2S and inactive in the end. 
In these cases, a regeneration step must be provided; in general plants are equipped 
with two towers that work in parallel. Dry technologies to remove sulfuric acid are 
those historically most used and are able to remove about 200–250 kgS/day. These 
technologies differ among each other depending on the medium used. For instance, 
one of the oldest dry technologies to remove H2S and mercaptans uses iron oxide 
(e.g. Iron Sponges) in according to the following chemical reaction:

Table 17.7 Gas 
compositions

Composition in vol-%
Natural gas L Natural gas H

Methane 82,0 85,4
Ethane  3,3  8,0
Propane  0,6  2,9
Butane  0,3  1,0
Nitrogen 12,6  0,7
Carbon dioxide  1,2  2,0
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 Fe O H S Fe S H O2 3 2 2 3 23 3+ → +  

One kilogram of Fe2O3 stoichiometrically removes about 0.64 kg of H2S.

 

2 3 2 6

6 2 3
2 3 2 2 3

2 3 3 2

Fe S O Fe O S

Fe O RSH Fe RS H O

+ → +
+ → ( ) +  

In addition, the iron sponge regeneration step may undergo separately since it 
can be set up in batch; this approach permits to obtain a removal efficiency of 85% 
(0.56 kg H2S per kg Fe2O3). Advantages: simplicity and efficiency. Disadvantages: 
the process is extremely expensive.

Another dry technology utilizes insoluble zinc oxide in according to the follow-
ing chemical reaction.

 ZnO H S ZS H O+ → +2 2  

The processes with zinc oxide are highly temperature proceeded, between 200 
and 400 °C, and the top sulfur load is generally equal to 30–40 kg sulfide per 100 kg 
of absorbent.

The Puraspec®, patented and commercially sold by the IC Industry (Great 
Britain), regards the mixing of diverse zinc oxides whose best working efficiency is 
assigned within the temperature range of 40–200 °C. The zinc sulfide formation is 
irreversible.

Adsorbents are used to physically absorb a gas phase on a solid surface, instead 
of being chemically transformed. Molecular sieves (zeolite) are crystalline materi-
als, highly porous, which belong to the class of aluminates.

Polar compounds, such as water, H2S, SO2, NH3, COS, and organosulfur com-
pounds, have been effectively absorbed, and nonpolar substances such as methane 
can be used to easily remove them.

Not all of the mercaptans are adsorbed by molecular 4A or 5A sieve type due to 
the limited pore sizing; accordingly, the 13× (10A) molecular sieves are preferred to 
completely remove sulfur gas.

Either activated carbon adsorbents impregnated with alkaline oxides or solution 
have been designed to improve the adsorption properties; several ionic compounds 
(sodium hydroxide, sodium carbonate, potassium hydroxide, potassium iodide) and 
some metal oxides have been also applied onto absorbents’ surface.

Liquid H2S process removal has partially replaced dry solid technologies because 
they require less space, lower labor costs, and increase the recovery of elemental 
sulfur.

Some examples are iron and zinc oxide slurries, quinone process, chelated iron 
solutions.

The chemical reaction between slurry oxide and H2S is reported in the following 
equations:

 

Na CO H S NaHS NaHCO

Fe O H O NaHS NaHCO Fe S H O
2 3 2 3

2 3 2 3 2 2 23 3 3 3

+ → +
⋅ + + → ⋅ + 33 32 3 2Na CO H O+  
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The regeneration is obtained by aeration, which converts the sulfide into elemen-
tal sulfur according to the equation:

 2 3 3 2 3 62 2 2 2 2 3 2Fe S H O O Fe O H O S⋅ + → ⋅ +  

The patented product Chemsweet ® (Natco, Inc) has been successfully used as an 
absorbent in recent years. Once added to water, this substance, made of zinc oxide, 
zinc acetate, and dispersant, starts to build up some chemical reactions as described 
below:

 

ZnAc H S HAc ZnS

ZnO HAc ZnAc H O

ZnO H S ZnS H O

2 2

2 2

2 2

2

2

+ → +
+ → +
+ → +  

Since the involved reagents cannot be regenerated, this approach results in high 
maintenance costs.

The redox cycle in the figure shows how the H2S is converted to elemental sulfur 
using quinones (Fig. 17.6).

Due to the high operating costs and the formation of thiosulfate as a byproduct, 
the technologies based on the use of quinone to remove H2S are generally not 
advantageous when small gas flow is supposed to be purified.

Technologies that use iron chelate solution (chelated iron) are gaining attention 
for the H2S removal. Adsorption and regeneration steps are chemically represented 
as follows:

 

2 2 2
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The LO-CAT® is a very relevant biogas designed process since it has H2S removal 
efficiency of 99%; the catalyst is nontoxic and operates at room temperature, with-
out the need for heating or cooling for the adsorbent purpose.

Energy for pumps and ventilators, chemical products and the replacement of the 
catalyst due to the formation of thiosulfate and bicarbonate are the main operating 
costs.

After the purification of biogas, to obtain BioMethane is necessary to remove the 
carbon dioxide from biogas by processes named Upgrading Techniques. One of the 
most used upgrading techniques is Pressure Swing Adsorption (PSA).The PSA- 
type plant operates the CO2 for CH4 separation using packed columns with adsor-
bent material (generally activated carbon or zeolites), which varied pressures are 
applied along the process.

0 S
Reduction

+ +H2S0 0HH0

Oxidation
H2O++O20HH0 00

Fig. 17.6 H2S converted 
to elemental S using 
quinones
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The main advantages of this technique consist of the simplicity of construction 
and compact-sized structure that benefits the small-sized plant adoption (up to 
250 Nm3 of raw gas treated per hour).

However, this technology requires a pretreatment step applied in the raw biogas 
in order to eliminate both H2S, which may bind irreversibly to the adsorbent mate-
rial, and H2O (g), which may damage the structure.

Another common technique is washing with Under Pressure Water (PSW). The 
basis principle concerns the higher solubility of CO2 compared with CH4, in particu-
lar at low temperatures (Table 17.8).

H2S has a higher solubility compared to CO2, but the costs associated with the 
selective removal of H2S that uses the washing water have not still shown sufficient 
competitiveness with other methods.

In the case of the PWS plants, raw gas is forced through a plastic-packed bed 
column to increase the surface contact between the gaseous and liquid phase. Inside 
the column, the gas meets a countercurrent liquid flow. The output liquid is CO2 
“enriched,” while the output gas is predominantly constituted of CH4.

Finally, other upgrading techniques are based on chemical washing with ammine 
solution (monoethanolamine or dimethylethanolamine) or physical washing with 
organic solvents.

The liquid processes with amine are the largest used alternative for water purifi-
cation in order to remove acid gases. Amines arise an interesting scrubber since they 
can reach high efficiency, and it can regenerate and be designed for either single 
CO2 removal or for simultaneous CO2 and H2S removal.

 

H S HS H

CO H O HCO H
2

2 2 3

→ +
+ → +

− +

− +  

 RNH H RNH2 3+ →+ +  

 RNH CO RNHCOO H2 2+ → +− +  

The plant that operates the physical washing with organic solvents is similar to 
the PWS plants, with the fundamental difference the CO2 absorbed by an organic 
solvent (glycol as polyethylene, the family of polyethylene glycols, PEG), namely, 
SelexolTM or Genosorb®.

The advantage of an organic solvent instead of H2O resides in the fact that the 
CO2 is more soluble in PEG than in water.

Table 17.8 Henry constant 
of biogas constituents

Henry constant at 25 °C e 1 atm
H (M/atm)

Methane 1.5 · 10−4

Carbon dioxide 3.6 · 10−2

Hydrogen sulfide 8.7 · 10−2
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At equal upgradeability capacity to upgrade biogas, the liquid phase flow may be 
lower, and the upgrade installation plant may be lower compared with the PWS 
plant structure. Even whether physical washing with organic solvents is supposed to 
be used, the PEG solution should be heated or depressurized to get regenerated. 
Finally, even though contaminants such as H2S, H2O (g), O2, and N are removed 
during the upgrading process, they are usually removed in the beginning of the 
upgrading process.

17.4  Thermophilic Process in OFMSW Treatment (Evolution 
of the AD Processes)

Anaerobic digestion is a widespread and well-known technology to treat organic 
waste of diverse stocks (Micolucci et al. 2016). In the past, it was considered a pro-
cess applied to deal with the organic waste and consequently a management of 
organic waste flows such as food waste and organic fraction of MSW. Nowadays the 
energy demands have evolved the AD process that considers the organic waste as a 
raw material, therefore aimed at a production process (Yoo et al. 2004). Considered 
this approach as a production process (Gottardo et al. 2017), AD requires its man-
agement with new and solid perspectives in order to enhance not only the biogas 
production and the energy recovery but also the production of raw resources such as 
volatile fatty acids so as to further obtain, for instance, bioproducts like linear poly-
esters produced by bacterial fermentation (e.g., fermented organic waste substrate), 
polyhydroxyalkanoates. PHA-storing bacteria are mainly volatile fatty acid- 
consuming bacteria. Additionally, AD involves different microorganisms that 
through synergic way allow not only the production of methane but also other valu-
able products, hydrogen, and volatile fatty acids (Bolzonella et al. 2005). The ability 
to extract from the anaerobic process these different products is to divide the anaer-
obic process itself into two main stages.

Fermentation is the first stage, which mainly includes the step of hydrolysis, 
acidogenesis, and acetogenesis, and the second stage that substantially optimizes 
the last step, the methanogenesis (De Falco and Basile 2015). Therefore, through 
the optimization of the fermentation, hydrogen (gas), volatile fatty acid (liquid), and 
other low-weight organic compounds such as alcohols and lactic acid (Viturtia et al. 
1992) can be obtained.

VFAs, for example, can be then used as external carbon source for biopolymer 
production, like polyhydroxyalkanoates, altering the conditions of carbon source 
availability and unavailability (Chua et al. 1997; Dionisi et al. 2004).

Nowadays AD comprises 244 treatment plants in the whole EU, with a handling 
almost 8 million tons of organic waste capacity (De Baere and Mattheeuws 2015).

Mesophilic digestion is the most adopted, a developed process adopted predomi-
nantly to minimize treatment cost due to heating. De Baere and Mattheeuws (2015) 
highlights the cumulative percentage of mesophilic plants in EU, 67% of the 
installed plant in 2014. These digesters operate at temperatures between 35 and 
40 °C. Only the 33% operate in thermophilic conditions (temperatures between 50 
and 55 °C).
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The large difference is due to the fact the most of the applications are associated 
with wastewater treatment plants, with sewage sludge digestion. Mesophilic diges-
tion has been considered as a more stable process and compared to thermophilic 
with a smaller need for heating. Currently, thermophilic digestion needs to be 
encouraged. It has been proven at full scale its stability over many years of studies 
and of plant operation. Treating organic fraction of MSW, biogas production rates 
can be 30–50% higher than mesophilic digestion; hence, in fact, the issue for further 
digester heating is a problem absolutely bridgeable. Thermophilic digestion allows 
also to operate through a digestion process in two separate stages.

Between environmental damage and pick oil, there is not only energy recovery 
but also the recovery of the waste material as a source for the production of bio- 
products. Waste has to be considered from a mere treatment product to a raw pre-
cious material for a production system of marketable products, products that may be 
required in different sectors. In this transition, there is the evolution of the anaerobic 
digestion processes.

Operate to thermophilic separate stages rather than single stage, so as to obtain a 
commercial product. Low-cost volatile fatty acid (VFA) production from organic 
waste by fermentation is an approach that leads to further obtain biodegradable 
plastics and bioenergy or is utilized in biological nutrient removal processes.

VFAs are short-chain fatty acids usually made up of six carbon atoms at most. 
Several are the applications related to VFA as substrate, mainly bioenergy produc-
tion, bioplastic, and biological sewage nutrient depletion. This is why it has 
increased in the last few years the interest for their production. The VFA production 
can be chemical or biological routes. Nowadays chemical routes are the main 
approaches for commercial VFA production; however, in the next year, a growth of 
interest in the biological production is expected. In this context, the use of organic- 
rich waste is more indicated than pure sugar for economical and ethical reasons. 
Particularly, organic fraction of municipal solid waste, with high total COD (150–
347 gCOD/kg), is an important source of VFA production.

In general, VFA production from biowaste is an anaerobic process, namely, 
anaerobic fermentation or dark fermentation: firstly (hydrolysis process), where 
complex organic substances are broken down into simpler compounds (acidogene-
sis process), which are fermented into VFAs. The processes involve a complex con-
sortium of anaerobic microorganism, such as Clostridia, Bacteroides, and 
Enterobacteriaceae, and these processes are conducted concurrently in a mono- 
stage reactor. Acidic condition supports the production of VFAs from food waste 
(Lee et al. 2014).

The weak link in the digestion chain is the hydrolysis, in the fermentation step. 
One of the approaches that help the rate-limiting hydrolysis step is anaerobic diges-
tion at high temperatures, the thermophilic. Thermophilic temperature compared to 
psychrophilic or mesophilic increases the concentration and the production of VFA 
(hydrolysis is enhanced at higher temperatures) (Lu and Ahring 2005). Acidogenesis 
is favorite to thermophilic temperature; hence, it leads to higher VFA yields (Lee 
et al. 2014) even though some studies are contradictory. However, it is necessary to 
improve the hydrolysis and acidogenesis process since dark fermentation allows, 
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depending on the process parameters, to produce high value-added products, vola-
tile fatty acids, and/or hydrogen.

17.5  Biohydrogen Production from OFMSW

Hydrogen mixed with biogas can be considered as a substitute fuel to conventional 
fossil fuels only if the production of hydrogen using renewable energy resources. 
Currently, more than 95% of the hydrogen produced comes from thermochemical 
processes, energetically expensive and moreover employing fossil fuels. An exam-
ple is the “steam-reforming” natural gas (Levin et  al. 2004), or the use of high- 
temperature steam and appropriate catalysts to operate the alkane cleavage to 
hydrogen and carbon dioxide. Water hydrolysis, after the thermochemical pro-
cesses, is the most voyaged way for the production of hydrogen (Levin et al. 2004). 
It could be an optimum hydrogen production process as the necessary electric 
energy to its use can be derived from renewable energy sources (about 460 kJ/mol 
bond dissociation energy of the water molecule). Examples are wind, solar, and 
hydropower (Adamson 2004). However, even now, this technology presents sub-
stantial obstacles in terms of cost and low efficiency. Hydrogen can also be pro-
duced by biological pathways, through the action of enzyme complexes, the 
hydrogenase and nitrogenase (Kótay and Das, 2008). These enzyme complexes are 
produced by some prokaryotic microorganisms, photosynthetic bacteria and fer-
mentative bacteria, eukaryotic bacteria, and some types of microalgae. Specifically, 
biohydrogen can be produced from three biological processes: the water biopho-
tolysis, the photo-fermentation, and finally the dark fermentation. Photolysis in the 
production of hydrogen from water is performed by microalgae. During a normal 
process of oxygenic photosynthesis, the reduced ferredoxin, the result of the flow of 
electrons along the thylakoid membrane, is oxidized by a nicotinamide adenine 
dinucleotide phosphate (NADP+), and NADPH thus formed, together with adenos-
ine triphosphate (ATP), will be used to fix the carbon dioxide.

Since the industrial revolution, fossil fuels were essential elements for the devel-
opment of human civilization. After about two centuries of exploitation of fossil 
fuel reserves and increasing air pollution, the evidence of global climate change and 
the prospect of an imminent achieving of peak oil have become pressing issues for 
the international community, which must develop systems able to produce energy in 
an environmentally responsible way, including the exploitation of renewable energy 
sources. A proposed approach concerns the production of hydrogen as a renewable 
fuel, looking at the forthcoming “hydrogen economy” which has been widely dis-
cussed recently. Nowadays, this approach still has many unsolved issues such as 
hydrogen storage technologies and its application descriptions to fuel engines. 
Indeed, there are some advisable procedures regarding hydrogen handling: high- 
pressure demands, special container materials in order to minimize diffusion and 
prevent leaks, and huge security precautions. Moreover, it is important to state liq-
uid hydrogen has low volumetric power density (1/3 of compressed natural gas, 
CNG). Considering the aforementioned and the necessity of developing new infra-
structure slow down the realization of this approach. 
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At present, a feasible scenario is the hydrogen fuel injection (HFI). HFI means to 
mix a gaseous fuel with hydrogen to obtain a mixture with improved combustion 
characteristics. Compared to other conventional fuels, hydrogen presents lower 
minimum ignition energy amount and also greater laminar flame speed than con-
ventional fuels; therefore, it is necessary that just a slight quantity of H2 be added to 
the main fuel in order to boost up its combustion propriety. Finally, hydrogen acts 
as a catalyst for combustion and only secondarily as an energy carrier. In the early 
1990s, the Hydrogen Components Inc. (HCI) conducted several studies concerning 
the feasibility to use a blend of compressed natural gas (CNG) and hydrogen as an 
improved fuel for internal combustion chamber engines, and they showed that the 
lean burn of mixture of hydrogen (7% by energy or 20% by volume) and CNG can 
reduce pollutant emissions (mainly NOx) into the atmosphere, without causing dam-
ages in the CNG usage efficiency. The use of this mixture does not require storage 
system nor particular changes both in the CNG engines and infrastructure. As a 
result, HCI patented this mixture and the commercial name of this fuel was 
Hythane®. Several studies (i.e., in Italy performed by ENEA) were carried out on 
this fuel confirming the results shown above.

Beyond the benefits, nonrenewable energy sources are used to produce methane 
and hydrogen, by reforming processes of fossil fuels with the production of syngas, 
a gaseous mixture of CO and hydrogen, an intermediate in creating the synthetic 
natural gas (SNG). To cope with this problem, the attention has recently moved 
toward the biological H2 production to mix with biogas: a very well-known mixture, 
namely, biohythane. Many studies have shown that adding a little hydrogen amount 
(nearly 10% v/v) strongly increases the biogas ignition efficiency of both automo-
tive internal combustion engines (Graham et al. 2008) and also in internal cogenera-
tion mode engines. These results are ascribed to the valuable CO2 removal during 
the prior biogas upgrading step.

This paragraph will point out the feasibility of biological hydrogen and biogas 
production process using biowaste as substrate.

Dark Fermentation
Hydrogen production by dark fermentation (DF) is operated by hydrogenase 
enzyme, which catalyzes the reduction of protons by electrons provided by a 
reduced ferredoxin.

Ferredoxin is reduced mainly in the pyruvate conversion to acetyl-coA. It can be 
also reduced by the reduced nicotinamide adenine dinucleotide, NADH, obtained 
by glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate conversion. The reduc-
tion of ferredoxin by NADH occurs exclusively when the hydrogen partial pressure 
is very low, below 60 Pa (Kraemer and Bagley, 2007; Mathews and Wang 2009; 
Valdez-Vazquez and  Poggi-Varaldo, 2009).

Fermentation’s final byproducts are the acetic acid and hydrogen, presenting a 
maximum yield of 4  moles of H2 (expressed as consumed moles of glucose) 
(Angenet et al. 2004; Levin et al. 2004).
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17.5.1  Biohydrogen Production by Dark Fermentation 
and Biohythane: Basic Concepts

The biological production of hydrogen (biohydrogen) is enhanced microbiological 
conversion of water and organic substrates in hydrogen fuel, in the case of dark 
fermentation. This process takes place through the action of hydrogenase and nitro-
genase enzymes (Kotay and Das, 2008). The main biological role of hydrogen- 
producing microorganisms concerns biophotolysis of water, photo-fermentation, 
and dark fermentation (through heterotrophic bacteria).

Bacteria which carry out dark fermentation transform sugars, starches, and other 
carbohydrates and organic substrates into H2 and CO2, together with organic acids, 
alcohols, and other byproducts. Particularly these bacteria are Clostridium spp., 
Thermoanaerobacterium spp., Enterobacter, and Bacillus (Reith et  al. 2003). 
Presently, the dark fermentation is the process that arouses greater interest because 
biohydrogen and renewable biogas (biohythane) can be produced at the same time 
in consortium with anaerobic digestion.

Biohydrogen generation comes from the action of hydrogenase enzymes. These 
enzymes reduce the protons present in the water to H2(g), by the oxidation of a 
strong reducing agent. In nature, the reducing agent is a reduced electron carrier, 
such as ferredoxin, the flavodoxin (this is produced by several bacteria as an iron- 
free alternative to the ferredoxin, where the iron is a limiting factor), or the NADPH 
(reduced).

The production of molecular hydrogen in the dark fermentation is carried out by 
the enzyme hydrogenase which catalyzes the reduction of protons by electrons pro-
vided by a reduced ferredoxin; the latter is reduced mainly in the conversion reac-
tion of pyruvate to acetyl-CoA, but it can also be reduced by the reduced nicotinamide 
adenine dinucleotide, NADH, obtained during the conversion of glyceraldehyde- 3-
phosphate to 1,3-diphosphoglycerate. The reduction of ferredoxin by NADH occurs 
exclusively when the hydrogen partial pressure is very low, below 60 Pa (Kraemer 
and  Bagley, 2007; Mathews and Wang, 2009; Valdez-Vazquez and  Poggi-Varaldo, 
2009); in this condition the acetic acid is the final product of the fermentation, and 
a maximum production of molecular hydrogen is obtained, 4 moles of H2 per mole 
of glucose consumed (Fig. 17.7) (Angenet et al. 2004; Levin et al. 2004).

However, this condition is difficult to maintain, particularly at a full-scale pro-
duction system (Valdez – Vazquez and  Poggi-Varaldo, 2009); most of the NADH 
will be oxidized through reactions that lead to the formation of smaller products 
with a consequent decrease of the molecular hydrogen production. In fact, when the 
products that are formed at the end of fermentation are more reduced than acetic 
acid, fewer electrons are available to reduce the protons and thus generate molecular 
hydrogen (Fig. 17.8).

Lactic acid, however, is another glucose’s fermentation byproduct produced 
through three metabolic pathways (known as solvatogenic fermentation) which do 
not lead to the production of hydrogen: the homofermentative way (a), heterofer-
mentative way (b), and the bifidum pathway (c).
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 C H O CH CHOHCOOH6 12 6 32→  (a)

 C H O CH CHOHCOOH CH CH OH CO6 12 6 3 3 2 2→ + +  (b)

 2 2 36 12 6 3 3C H O CH CHOHCOOH CH COOH→ +  (c)

Literature studies have shown that the highest yields of hydrogen production are 
obtained when the end product of the fermentation is a mixture of acetic acid and 
butyric acid, while the lowest hydrogen yields have been related to other reduced 
by-products, such as alcohols and lactic acid (Levin et al. 2004; Mathews and  Wang, 
2009).

The modest hydrogen productivity can also be associated with the presence of 
propionic acid as a final fermentation product (Levin et  al. 2004); this can be 
explained by the action of Clostridium propionicum (Cardon and Barker 1947), a 
bacterium capable of producing propionic acid consuming molecular hydrogen 
(Hawkes et al. 2002).

Fig. 17.7 Hydrogenogenic metabolic fermentation with production of acetic acid (Angenet et al. 
2004)

Fig. 17.8 Hydrogenogenic metabolic fermentation with production of butyric acid (Angenet et al. 
2004)
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 C H O H CH CH COOH H O6 12 6 2 3 2 22 2 2+ → +  

It has to be considered also that not necessarily an increase of acetic acid as an 
end product of fermentation is indicative of an improvement in the production yield 
of molecular hydrogen; some species of Clostridium, such as Clostridium aceticum 
(Braun and Gottschalk, 1981), can lower the hydrogen production yield by convert-
ing carbon dioxide and molecular hydrogen to acetic acid (Hawkes et al. 2007); and 
acetic acid with propionic acid can also be a result of the lactic acid fermentation 
(Antonopoulou et al. 2008).

 4 2 22 2 3 2H CO CH COOH H O+ → +  

 3 23 3 2 3 2 2CH CHOHCOOH CH CH COOH CH COOH CO H O→ + + +  

The advantages of dark fermentation compared to other biological techniques for 
hydrogen production are in fact related to the use of waste substrates such as the 
organic fraction of MSW; in the dark fermentation, in fact, carbohydrates are the 
preferential substrates for hydrogen production (Okamoto et al. 2000), which con-
stitute, together with protein, the main components of household organic waste 
(Chong et al. 2009). A greater hydrogen production is provided from the conversion 
of each substrate mole containing both carbohydrate and organic acids (Reith et al. 
2003).

A second advantage is the possible use of the effluent coming from the process 
to produce biogas completing the process of anaerobic digestion; in this way, it is 
therefore possible to obtain a mixture biohydrogen-biogas which in effect consti-
tutes a valid alternative to traditional fossil fuels: the biohythane.

Several studies have shown that pH condition and, in a minor way, temperature 
condition can influence the hydrogenase enzyme activity along the H2 production 
(Hallenbeck et  al. 2009; Reith. et  al. 2003; Valdez-Vazques and Poggi-Varaldo, 
2009). Authors emphasized the greatest enzyme activity occurred in thermophilic 
temperature conditions (55 °C) in the pH range of 5.0–6.0 (optimum value at 5.5). 
On the other hand, potential inhibitors of the hydrogenase enzyme are the hydrogen 
partial pressure that causes a metabolic pathway shift to solvatogenic fermentation 
and free ammonia inhibition.

The obstacle regarding the continuous biohydrogen production via dark fermen-
tation is on one hand how to keep the optimal pH value since the accumulation of 
organic acids (produced during fermentative metabolism) can decrease the pH value 
in another hand. In order to accomplish a better pH control, some chemical methods 
have already been tested (Valdez-Vazques and  Poggi-Varaldo, 2009). Recently 
some authors proposed an interesting strategy for pH control, dark fermentation 
(first stage) coupled with anaerobic digestion (second stage) process using the 
enriched buffer compound digestate recirculation to control the pH of the first stage.

Moreover, in this way, it is possible to produce biohythane, an alternative fuel to 
traditional fossil fuels (Fig. 17.9).
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17.5.2  State of the Art of Biohydrogen and Biohythane 
Production from Biowaste: Process Applications

Biohydrogen production by DF can be executed at mesophilic (35 °C–37 °C) or 
thermophilic (55 °C) conditions, although the thermophilic biohydrogen production 
is generally applied at laboratory and pilot-scale systems. Biowastes are abundant 
organic materials recovered by separate collection of municipal wastes or by food 
industry, and it is a material with a large energy content that must be exploited. 
These two aspects (temperature and substrates), together with other process param-
eters, are reported in Table 17.9 with the aim of reviewing the two-stage process for 
biowaste exploitation.

From the data shown in Table 17.9, some important guidelines can be pointed 
out:

• Hydraulic retention time (HRT): hydrogen production increases with HRT 
decreasing; in fact the application of low HRT (from 2 to 5 days) in CSTR sys-
tems allows the washout of methanogens (Hawkes et  al. 2007), favoring the 
development of fermentative producing hydrogen bacteria. The HRT, however, 
must be greater than the specific growth rate of the microorganisms producing 
hydrogen to prevent their washout (Kongjan and Angelidaki 2010).

• Organic loading rate (OLR): OLR applied varies considerably among 14 and 
38.5 kgVS/(m3

rd). Basically, hydrogen production decreases by increasing the 
organic load applied. This may be due to the accumulation of hydrolyzed sub-
stances that became toxic to the microorganism cells. In fact, high-VFA concen-
trations can damage H2 fermentation just like pH does, since molecular acids are 

Fig. 17.9 Two-stage anaerobic digestion, process scheme (Micolucci et al. 2014)
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analog uncoupler agents that benefit protons to penetrate the cell, while causing 
injury in the natural membrane pH stability. Thus, it has been reported bacteria 
undergo major metabolic shift from acidogenesis to solventogenesis whenever 
they need to provide a natural cell detoxification mechanism in order to prevent 
VFA inhibition effects (Valdez-Vazquez and Poggi-Varaldo 2009).

• Inhibition of hydrogenotrophic activity: most experiments aimed to optimize the 
fermentation phase and often applied pH monitoring/control (Shin and Youn 
2005; Gomez et al. 2006; Lee et al. 2010) and/or substrate pretreatment (Han 
et al. 2005; Chou et al. 2008; Lee et al. 2010) such as heat treatment (100 °C – 
10 min). The newly proposed approach in opposite to the conventional use of 
chemicals for pH controlling in the DF stage consists of recirculating the diges-
tate coming from the methanogenic reactor to the hydrogen-producing reactor, in 
order to take advantage from its remained buffer capacity (such as ammonium 
and bicarbonate compounds) (Cecchi et al. 2005) and also to provide both nutri-
ent recycling and the feedstock dilution just in case (Kataoka et al. 2005; Chu 
et al. 2008; Lee et al. 2010).

• Biohydrogen and biomethane yields: taking into account the gas yields obtained 
by pilot-scale CSTR plant, a full-scale simulation of the process could be done. 
Researches of Cavinato et al. (2011, 2012) and Giuliano et al. (2014) using 200 l 
pilot-scale reactors have reported hydrogen and methane amounts around 51.0–
66.7 LH2/kgVSfed and 350–483 LCH4/kgVSfeed, respectively. Considering the 
best yields, it is possible to obtain 16 m3 of hydrogen per ton of biowaste and 
110 m3 of methane per ton of biowaste, which means about 166 m3 biohythane 
per ton of biowaste (0.8 m3/kgVSadded). The specific energy production that could 
be obtained is 404 kWh per ton of waste, greater than all the energy demands 
estimated in 20–40 kWh per ton of waste treated (Cecchi et al. 2005).

17.5.3  Research Trends and Challenges: Automatic Control 
and Full-Scale Implementation of the Two-Stage Process

Biohydrogen and biohythane processes at a full scale are presently under assess-
ment, both in economic and long-term feasibility viewpoints. In fact, the continuous 
recirculation can lead to an increase of alkalinity in the system favoring the prolif-
eration of hydrogenotrophic microorganisms with a consequent low hydrogen 
yields and also cause ammonia accumulation in the system. As previously stated, 
the digestate recirculation benefits the process control preventing also ammonia 
inhibition in the system. However, this approach might be feasible because com-
mercial ammonia probes applied in such a heterogeneous media would scarcely 
provide and register accurate data with high confidential level over time. Micolucci 
et al. (2014) have modelled and predicted the undissociated ammonia in a two stage 
anaerobic digestion system through chemical (volatile fatty acids) and physical- 
chemical parameters (alkalinity and electrical conductivity) carried out during 
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1 year. In fact, addressing reference set points to those parameters, which could 
indicate a safe range for the system operation, was a crucial step in order to deliver 
a precisely defined amount of recycled digestate considering the demands and the 
reactors’ evolution on time. For this reason, among the monitored parameter was 
also inserted the conductivity, which allows to use simple, resilient, and cheaper 
online probes. Finally, the real semiautomatic statistical model was a completed 
setup and validated, being useful to predict ammonia concentration in such biologi-
cal processes.

A further advantage of a logical controlling based on set point regards the pos-
sibility to provide itself the best environmental conditions to microorganisms. As a 
consequence, more biohydrogen and biomethane can be easily achieved (Micolucci 
et al. 2014). This implementation is one of the most innovative, bringing pilot plant 
research to market.

The main results obtained from the aforementioned research can be briefly sum-
marized as follows (Micolucci et al. 2014):

• In steady-state condition, the specific hydrogen production was 66.7 LH2/kgVS 
added, while the biogas produced in the methanogenic phase was some 0.72 m3/
kgVS added. In these conditions, a 1 m3H2/m3 reactor can be obtained as HPR 
(hydrogen production rate).

• The finale biohythane composition characteristics were CH4 58%, H2 7%, and 
CO2 36%. Hydrogen content in the biohythane mixture was always more than 
5% in all the conditions studied being ideal suitability for engine employment.

• The global biogas production obtained was 0.80 m3/kgVS added, while gas pro-
duction rate (GPR) was some 2.75 m3/m3d.

• Power conversion reaches the amount of 404 kWh per ton of pretreated waste.

It is noticeable that, if we compare the energy spent for the OFMSW treatment 
(20–40 kWh per ton of waste treated), we can obtain ten times the energy we use to 
treat it.

An important part of the research carried out concerns the possibility to imple-
ment an automatic expert system to control the dark fermentation (DF) pro-
cess  (Gottardo et  al. 2017). In fact, the maximum hydrogen and volatile fatty 
acids productions arise in the first stage reactor, as a result of the effluent recircula-
tion coming from the second stage (methanogenic stage) with no need of external 
chemicals for this purpose. Such approach, however, does not entirely prevent the 
methanogenic activity inhibition. Previous studies reported the use of variable recir-
culation flow as the most recommended approach in order to control the entire sys-
tem, decreasing the opportunities of ammonia inhibition to occur. The approach 
used is based on a low-cost, robust probe as the system condition detector. The 
research demonstrates that, using conductivity, VFA, and alkalinity, ammonia con-
centration was estimated by means of a multiple linear regression model with statis-
tical software (Fig. 17.10).
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As a final conclusion of the work carried out, conductivity alone (thus using a 
low-cost system) can be considered as the most representative parameter to describe 
the process conditions and so its automatic control. These results clearly show the 
possibility to implement an automatic control to improve process operation and 
monitoring based on some statistics and math concepts (Gottardo et al. 2017).

17.6  Perspectives

Nowadays, energy demands have evolved the anaerobic digestion process that con-
siders the organic waste as a raw material, therefore a production process. 
Considering this approach as a production process, the biorefinery should require its 
management and process analysis through analytical multivariate statistical meth-
ods. Biological process gets improved when monitoring and fault detection 
approaches are implemented since they intend to boost benefits on planned opera-
tions and on productivity levels.

Today the knowledge level of AD processes is well established, but the technol-
ogy to control the anaerobic systems is still growing in order to cope the difficulties 
of process stability and enhance energy and bioproduct production (Leite et  al. 
2016). A very important target for the current technology will be the overall remote 
process control of biorefinery plants. The aim of process control in the further cycle 
integration will be not only to ensure its stability but also to enhance process 
performances.
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18The Application of Computer Image 
Analysis in Water Toxicity Tests
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Abstract
Laboratory bioassay belongs to very important tools in environmental monitor-
ing; biological assessment of water quality plays a fundamental role in whole 
system of water monitoring. The WFD requires the use of bioassay in assessing 
the threat of aquatic ecosystems from certain pollutants runoff into the aquatic 
environment. Classical methods of acute and chronic toxicity biotests are based 
on classical visual evaluation and observation of the negative effects of the 
selected toxicants impact. The usage of image analysis tool such as computer in 
water biomonitoring increases their sensitivity both in qualitative and quantita-
tive assessment of negative effects from the selected toxicants. They make new 
bioassay very useful for the optimisation bioprocesses involved in the protection 
and control of aquatic ecosystems.
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18.1  Introduction

The methods of water bioassays play a very important role in water monitoring 
systems, being necessary for efficient protection of biodiversity and ecological bal-
ance of aquatic ecosystems. Introduction of more sensitive embryological criteria 
for the assessment of impact of various pollutants on reproduction of different spe-
cies of invertebrates and vertebrates was a starting point for experimental study in 
different countries. Juvenile stages were recommended as especially useful for the 
optimisation bioprocesses involved in the protection of water environment 
(Dobrowolski 1976). Comparison of efficiency of different biotests to various pol-
lutants of water is very useful for the selection of adequate and economical tests in 
the assessment of different methods of wastewater treatment and in ecotoxicologi-
cal survey of the quality of lakes and rivers in different countries (Pardos et  al. 
1999). Many authors publish results of their studies based on classical methods of 
biotests (Kirsanov et al. 2014; Gophen 2016). Nevertheless, classical methods of 
bioassays depended on traditional visual assessment, requiring the investigator’s 
attention, which can contribute to a risk of making wrong conclusions. Many of 
these methods are time-consuming and introduce the errors due to researchers’ sub-
jective assessment.

Critical evaluation of classical biotest methods indicates the need to develop 
innovative methods based on the application of computer image analyses for water 
bioassays. Methods of computer imaging and data analysis are very popular in 
numerous fields of science and industry, but in ecotoxicology there is still much to 
be done in this field.

The main aim of this experimental study was the creation of new tools allowing 
a very fast, highly precise quantitative and qualitative assessment in the field of 
water bioassay methods. The authors attempted the automation of the toxicity test 
with the application of computer image analysis methods (Mazur and Lewicki 
2008). Four bioassays, crucial for ecotoxicology, were modified using automatic 
image analysis method.

In the first stage, the bioassays were selected and analysed in detail to select the 
most appropriate algorithms for the analysis of morphometric parameters (fixed and 
variable).

The following bioassays were selected:

 1. Hydra attenuata assay
 2. Lemna minor growth inhibition test
 3. Determination of the inhibition of the mobility of Daphnia magna Straus 

(Cladocera, Crustacea) – acute toxicity test
 4. Tubifex tubifex, Lymnaea stagnalis, Xenopus laevis  – toxicity embryo test 

(Dobrowolski 1976)

All of these bioassays play an important role in biomonitoring of water quality 
and can be used both separately and in a battery of bioassays in toxicological assess-
ment of water samples (water pollution, chemical substances, various water 
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stressors and eco-toxins). There are many reports in literature of study results with 
the application of the above-mentioned methods, and they are included in interna-
tional standards (protocols) (Trottier et al. 1997; OECD 2004; Bandow and Weltje 
2012; Gopalapillai et al. 2014; Agathokleous et al. 2016). Classical methods in these 
and many other tests are very labour-consuming and burdened with the possibility of 
errors resulting from subjective perceptions. The application suitable algorithm of 
image analysis made these bioassays more accurate, eliminated the above-mentioned 
errors, accelerated the process of assessment and fully automated them. These new 
possibilities made bioassays easy to operate by technical service, without the required 
continuous presence of scientists (Sozzani et al. 2014; Rahaman et al. 2015).

The use of computer image analysis as a tool in bioassays was introduced by 
Mazur and Lewicki (2008), who applied the macro-programmes in Aphelion 3.02 
software. It allowed the researchers to track the changes in shrinking of tentacles in 
Hydra vulgaris (Mazur and Lewicki 2008), to measure the frond area for a bioassay 
on duckweed Lemna minor and to detect the motion in embryos of Lymnaea stag-
nalis in cocoons exposed to specific toxins (Mazur and Lewicki 2008).

18.2  Traditional Methods vs Computer Image Analysis 
Application, Focus on Hydra sp. Bioassay

18.2.1  Hydra attenuata Assay

To eliminate any other effects such as impact of bacteria and pathogenic microor-
ganisms for bioassay, cultural stock of any Hydra species should be selected from 
axenic cultures and maintained in sterile conditions. Rahat and Reich established 
the proper techniques for preparation of Hydra culture stock for metabolic, cell and 
developmental study (Muscatine and Lenhoff 1965; Rahat and Reich 1983). Other 
researchers also developed the method of Hydra colonies maintenance, feeding and 
care for bioassay purposes (Trottier et al. 1997; Pollino and Holdway 1999) (Tables 
18.1 and 18.2).

Standard methods of Hydra sp. bioassay, based on the very time-consuming pro-
cedure described in detail by many authors (Trottier et al. 1997), were adopted by 
other authors to various species of Hydra (Pardos et al. 1999; Pollino and Holdway 
1999; Arkhipchuk et al. 2006; Brown et al. 2014).

Table 18.1 Hydra medium according to Trottier et  al. (1997) (for axenic culture Hydra 
attenuata)

Chemical substances Sample weight/volume
Calcium chloride (CaCl2) 2.94 g
N-tris (hydroxyl-methyl) methyl 1-2-aminoethanesulfonic acid 
(TES buffer)

0.08 g

Ethylene-di-amine-tetra-acetic acid (EDTA) 2.2 g
Ultrapure water 20 dm3
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There were studies on the application of Hydra attenuata according to Trottier’s 
procedure (Trottier et al. 1997) and Hydra vulgaris according to Trottier’s proce-
dure with Muscatine and Lenhoff (1965) medium.

The invertebrates were maintained at room temperature (20–24 °C) under 16–8 h 
of light and dark photoperiod. The feeding procedure was based on early hatched 
sterilised brain shrimps Artemia salina. The organisms were not fed in 96 h prior to 
the acute toxicity test.

18.2.1.1  Classical Method
Observation of changes in Hydra morphology is provided by microscope at six to 
ten times magnification (in periods 0, 24, 48, 72 and 96 h) of toxic exposure. The 
control group should maintain right shape of tentacles for the duration of bioassay.

18.2.1.1.1 Assessment Endpoints
Experimental organisms undergo deep changes in morphology with the increase in 
the concentration of toxins. The toxic effect can manifest as in Fig. 18.1 (Lewicki 
2006).

• Normal shape of Hydra body (Fig. 18.2a)
• Slight changes – clubbed tentacles (Fig. 18.2b)
• Deeper changes – short-ended tentacles (Fig. 18.2c)
• Deep severe intoxication – tulip phase (which leads directly to the death of the 

tested organism) (Fig. 18.2d)
• Last stage – post-tulip phase finally leads to disintegration of Hydra body (which 

is identical with the lethal effect) (Fig. 18.2e)

The following elements belong to the measurement of the endpoints: EC50 and 
LC50, threshold concentrations (TC) from NOEC and LOEC – which are essential 
to calculate TC = (NOEC × LOEC).

According to Wilby’s scale, the toxic effect can be divided into ten possible 
stages (Table 18.3), which are quite difficult to determine precisely.

Table 18.2 Hydra medium according to Muscatine and Lenhoff (1965) (for culture Hydra sp.)

Chemical substances Sample weight/volume
Sodium chloride (NaCl) 1 mM
Calcium chloride (CaCl2) 1 mM
Potassium chloride (KCl) 0.1 mM
Magnesium sulphur dioxide 0.1 mM
Tris pH 7.6 (pH correction – with concentrated hydrochloric acid 
HCl)

1 mM

Ultrapure water 1 dm3
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18.2.2  Application of Computer Image Analysis: New Challenges

Lewicki studied the possibility of using computer analysis methods in the chronic 
toxicity for Hydra vulgaris Pallas, on the basis of the morphological changes analy-
sis caused by water stressors. He created a new tool for more advanced bioassays, 
characterised by higher precision in the detection of changes and leading to a very 
objective assessment in relation to the adopted criteria of morphometric changes.

In classical assays, the morphological changes in Hydra bodies (five levels of patho-
logical changes, Fig.  18.2) were visually (i.e. subjectively) assessed by the experi-
menter. The proposed new macro-programme for image analysis was applied due to 
better assessment parameter of the changes in the morphometry of Hydra’s body 
exposed on various water toxins. Analysed features are determined in automatic mode, 
and such an assessment is much more objective compared to the traditional method.

Fig. 18.1 Hydra sp. bioassay in chambers of microplates

Fig. 18.2 The changes in Hydra sp. body morphology exposed to waterborne eco-toxins (Lewicki 
2006)

18 The Application of Computer Image Analysis in Water Toxicity Tests
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Tested groups of Hydra during the exposure on eco-toxins show the same patho-
genic changes as in the five stages mentioned above (Fig. 18.2). In a final step of 
intoxication process, body shapes take spherical form (view from the top) converg-
ing to the circle (Fig. 18.3).

The algorithm detection used shape factor – (mathematical operator) “compact-
ness”, as a digital determinant of these features. This factor takes the value 1 for 
ideal circle shape and decreases to 0 for irregular and elongated shapes (in plain 
view) (Fig. 18.4).

Fig. 18.3 The computer image analysis of Hydra vulgaris body exposed to water pollutants 
(Lewicki 2006)

Table 18.3 The key 
assessment criteria for 
manifesting of progressive 
toxicity effects. Introduced 
by Wilby (1988)

Score Morphological changes
10 Extended tentacles and body reactive 

(normal metabolism)
9 Partially contracted, slow reactions 

(first sing of intoxication)
8 Clubbed tentacles, body slightly 

contracted
7 Shortened tentacles, body slightly 

contracted
6 Tentacles and body shortened
5 Totally contracted, tentacles visible
4 Totally contracted, no visible tentacles
3 Expanded, tentacles visible
2 Expanded, no visible tentacles
1 Dead but intact
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Mathematical formula for this factor:

 
COMPACTENE S

S

L
=
16

2  

L – the circuit of the object in the image points
S – the number of points belonging to the object

This macro-programme seems to be crucial in online biomonitoring. It is charac-
terised by a statistically acceptable repeatability. Classic methods were developed 
into an innovative tool, allowing us to determine toxic levels of tested water 
stressors.

The assay results (based on image analysis) can be easily plotted and assigned to 
the compactness value to define five stages of morphological changes. The newly 
developed method can be used as an automated system for early detection of poten-
tial toxicity of pollutants in the water environment.

Fig. 18.4 The algorithm of image analysis in Aphelion software for Hydra sp. assay (Lewicki 
2006)

18 The Application of Computer Image Analysis in Water Toxicity Tests
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18.3  Lemna minor Growth Inhibition Test

Many authors report about advanced imaging techniques used in research of plant 
growth and development (Nowakowski et  al. 2011; Sozzani et  al. 2014). 
Morphometric studies in plant physiology are based on the use of a variety of tools, 
from the microscope, by laser scanners, CT scanners and high-resolution cameras 
(using variable spectra of light, etc.) (Mazur and Lewicki 2008). In order to increase 
the precision of the measurements, the researchers have been adopting technologies 
making it possible to create 3D models that allow further advanced research of 
structure. Taking into account the changes between 3D models, i.e. the growth rate, 
increase in volume, direction and character of development changes of the investi-
gated plants, etc. (Sozzani et al. 2014), it is possible to obtain 4D model in final 
results (dynamic model) (Sozzani et al. 2014). Computer programmes enable auto-
mation of measurement methods and their father statistical analysis (Rahaman et al. 
2015; Agathokleous et al. 2016).

Morphometric analysis of Lemna minor is based on 2D, due to the nature of the 
growth of duckweed and flat shape of frond area. The increase in surface area, 
referred to the biomass of tested organisms, allows the assessment of the dynamics 
of growth under certain boundary conditions.

18.3.1  Classical Lemna minor and Spirodela polyrhiza Bioassays

Lemna minor organisms have been applied in toxicity bioassay since the 1930s and, 
with other plant species, have been used to investigate the effects of the phenoxy 
herbicides in plants (Moody and Miller 2005). Nowadays duckweed is recom-
mended by various authorities in phytotoxicity testing as a part of biomonitoring 
methods in water quality assessment (Moody and Miller 2005).

Most of water ecotoxicological studies are based on classical Lemna minor 
bioassays:

 1. ISO 20079: 2005: Water quality – determination of the toxic effect of water con-
stituents and waste water on duckweed (Lemna minor) – duckweed growth inhi-
bition test

 2. ISO/DIS 20227: Water quality – determination of the growth inhibition effects of 
waste waters, natural waters and chemicals on the duckweed Spirodela 
polyrhiza – the method using a stock culture independent microbiotest

 3. OCSPP 850.4400: Aquatic Plant Toxicity Test using Lemna spp. [EPA 
712-C-008]

Bioassay protocols include very specific procedures for the preparation of test 
and culturing conditions:

• Culturing procedures
• Preparation of stock solution and solvents (nutrient media and diluents)
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• Guidelines for the exposure technique with treatment levels
• Laboratory facilities and whole monitoring equipment
• Environmental conditions (and necessary boundary conditions)
• Methods of observation and measurement endpoints and statistical analysis

In classical methods of Lemna minor (Fig.  18.5) and Spirodela polyrhiza, in 
toxicity assessment, investigators based on measures of effects such as:

 1. Frond number
The number of fronds in each container during the bioassay time is calculated 

at least every 3 days.
 2. Dry weight

Destructive method based on classical weighing of dry matter after drying in 
60 °C in 24 h.

 3. Frond area
It is determined by the application of classical planimetric methods or com-

puter image analysis.
 4. Determination of crowding:

 
w

w

nfrond
total=

 

where

wtotal = total dry weight plant mass in the container (after test period)
n = the number of frond the test group (after test period)

 5. Changes in fronds view (appearance or condition)
Phytostatic and phytocidal effects recorded during test period, necrosis and 

other negative visual changes on the frond area.
 6. Yield calculations:

Fig. 18.5 Lemna minor 
toxicity bioassay (classical 
methods)
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 Y b b= 1 0–  

where

Y = yield of tested population duckweed biomass (given as frond number, dry 
weight or the average frond area)

b0 = biomass (dry weight, average frond area and Lemna leaves number) at the 
beginning of test

b1 = biomass (dry weight, average frond area and Lemna leaves number) at the end 
of test

 7. Average growth rate calculations:

 
r

b b

ti j

j i

− =
( ) − ( )ln ln

∆  

where

ri j−  = mean specific growth rate per day (given as: biomass, frond number, dry 
weight or average frond area)

b0 = observed (biomass, frond number, dry weight or average frond area) at the 
beginning of test (in time “j”)

b1 = observed (biomass, frond number, dry weight or average frond area) at the end 
of test (in time “i”)

Δt = time period from i to j in days

 8. Percentage of inhibition:
Based on yield or specific growth rate, for each response variable, the percent 

of inhibition – I % can be calculated.

 
%I

C X

C
=

−( ) ⋅100
 

where

C = the value of control response
X = the treatment average response (given as biomass, frond number, dry weight or 

average frond area) et the end of test

 9. Toxicity measure:
• LOEC, NOEC, LC50, LC100, other statistical analyses, regression curve, SD, 

AVG, 95% confidence interval, etc.
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In classical method of bioassay, all of these endpoints are time-consuming and 
need to engage the full attention of the researcher.

In the above-mentioned biotest, the increase of mass is measured comparing the 
duckweed mass after drying it in the control and experimental sample, which is 
invasive method and does not allow the continuation of the experiment. More reli-
able and more accurate method of defining the specific growth rate of tested organ-
isms is the measurement of the area of fronds in the control and experimental 
samples by application of computer image analysis. This is a non-invasive method 
allowing the continuation of the experiment (Mazur and Lewicki 2008; Janczak 
et al. 2013).

18.3.2  Computer Image Analysis in Lemna sp. Bioassay

Owing to the application of computer image analysis methods, our research can be 
more reliable and accurate. The prices of electronic devices for digital data acquisi-
tion have been dropping down, therefore construction of laboratory stand for auto-
matic image analysis in toxicological bioassay is available for each ecological or 
ecotoxicological research department.

Based on the digital data, the process of image analysis can be carried out in a 
very advanced way with high precision.

Authors presented an example of algorithm for automatic image analysis in 
Aphelion software.

The procedure of toxicity test preparing is following standard guidelines, but the 
endpoint response to toxic effects is based on frond surface area of Lemna or 
Spirodela. For this purpose, advanced mathematical formula of image analysis was 
employed in Aphelion programme.

The algorithm scheme (Fig. 18.6):
The analysis begins with the opening of the picture to be analysed (Fig. 18.7). 

The next stage contains a median filter to reduce “noise” from the background. In 
the next operation, the colour of picture is converted to monochrome. After that, the 
image is broken down into RGB components, and the blue component is used in the 
further analysis because it provides the best contrasts of duckweed objects. The 
Black Top Hat filter is used in the next step for better mining of the objects. The 
most important stage is the binarisation process (corrected by Entropy Threshold), 
with removing of unwanted small objects (erosion filter + picture reconstruction). 
Now the areas with Lemna objects are marked (image acquisition filter). The beaker 
top view with duckweed is outlined in black, and in this defined region, frond sur-
face area is measured. The last stage is marking the analysed objects by the pro-
gramme, and the results of measurement are shown in the Excel or other programmes 
(Lewicki 2006) (Fig. 18.6).

On the Fig. 18.8 are presented main stages of computer image analysis, with final 
frond area measurements.
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18.3.2.1  An Example of Lemna Bioassay (Toxicity Test on Non-ionic 
Detergent Brij 72)

Table 18.4 presents the results of chronic toxicity test, based on the duckweed frond 
area. The values in each record were presented as the sum of all the frond area (aver-
age area for the whole tested population – based on three repetitions) (Fig. 18.9).

Changes in average frond area of Lemna minor can be used for later calculations 
of specific growth rate in time. Acute toxicity effect or chronic toxicity effect can be 
estimated.

Fig. 18.6 The algorithm of the duckweed detection and surface area measurement

Fig. 18.7 The Lemna minor fronds area analysis process in Aphelion

P. Lewicki et al.
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Fig. 18.8 Main stages in computer image analysis of duckweed frond area

Table 18.4 The bioassay results for the mean surface area of test populations (from three repeti-
tions) of Lemna minor exposed to different concentrations of Brij 72 (average number of pixels 
±SD)

Surfactants con. mg∙dm−3 1 week 2 weeks 3 weeks 4 weeks
Control 19.5 ± 0.2 22.5 ± 0.3 25.7 ± 0.1 28.2 ± 0.6
262.5 22.9 ± 0.9 27.1 ± 1.2 30.6 ± 1.5 30.7 ± 2.0
327.5 22.3 ± 1.0 23.5 ± 1.6 25.7 ± 1.7 25.2 ± 1.9
410 21.2 ± 0.9 21.0 ± 2.6 24.0 ± 3.9 24.1 ± 3.0
512.5 21.1 ± 1.5 19.0 ± 1.3 21.1 ± 2.8 21.0 ± 3.1
640 22.7 ± 0.9 21.6 ± 0.6 22.4 ± 4.6 21.4 ± 4.0
800 18.9 ± 2.2 16.8 ± 0.7 15.9 ± 1.3 14.2 ± 2.6
1000 20.3 ± 2.5 20.8 ± 2.2 18.3 ± 4.7 14.4 ± 2.2
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Fig. 18.9 The growth dynamics of Lemna minor exposed to Brij 35 solutions in each test group 
after 4 weeks of experiment
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Detailed statistical analysis proved that the measurement error did not exceed 
4.4% of the measured value.

18.4  The Acute Toxicity Biotests on Daphnia magna Straus 
(Cladocera, Crustacea)

18.4.1  Classical Daphnia sp. Bioassays

Daphnia sp. toxicity bioassay – the main standard protocols accepted by profes-
sional laboratories:

• ISO 6341: 2012 Water quality – determination of the inhibition of the mobility 
of Daphnia magna Straus (Cladocera, Crustacea) – acute toxicity test

• OECD (2004), Test No. 202: Daphnia sp. Acute Immobilisation Test, OECD 
Guidelines for the Testing of Chemicals, Section 2, OECD Publishing, Paris.

• OECD 211, Reg. (EG) Nr. 440/2008, C.20, ISO 10706 Daphnia magna 
Reproduction Test

• OECD (2012), Test No. 211: Daphnia magna Reproduction Test, OECD 
Guidelines for the Testing of Chemicals, Section 2, OECD Publishing, Paris.

• U.S. EPA (United States Environmental Protection Agency) (2002a) Short-term 
Methods for Estimating the Chronic Toxicity of Effluents and Receiving Waters 
to Freshwater Organisms. Fourth Edition. Office of Water (4303 T), Washington, 
DC 20460, Doc. EPA-821-R-02-013.

• Environment Canada (EC) (2000) Biological Test Method: Reference Method 
for Determining Acute Lethality of Effluents to Daphnia magna, Environmental 
Technology Centre, Ottawa, Report EPS/RM/14 Second Edition.

• PN-EN ISO 6341: 2002, Water quality – determination of the inhibition of the 
mobility of Daphnia magna S. (Cladocera, Crustacea) – acute toxicity test (ISO 
6341:1996). Warsaw, PKN.

Daphnia sp. (Fig. 18.10) belongs to the most recognised bioindicators, regarding 
various toxic substances (Jonczyk and Gilron 2005).There is an enormous number 
of literature reports based on the biomonitoring results with application bioassay on 
Daphnia sp. (Dominik et al. 2000; Bernot et al. 2005; Toropov and Benfenati 2006; 
Fulton and Meyer 2014; Roy et al. 2015; Beasley et al. 2015). Different versions of 

Fig. 18.10 Daphnia sp. during acute toxicity bioassay (type: Fluo-tox)
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the bioassay have the protocols and guidelines for researchers (ISO 2012; OECD 
2004, 2012; U.S. EPA 2002). The standard methods have been developed due to the 
toxicity assessment and were implemented by national and international institution 
and agency for environmental protection and conducting toxicity research. The 
main standards are available in the ISO, OECD and EPA database and must be fol-
lowed by professional toxicology laboratories during toxicity bioassay with appli-
cation of Daphnia sp. (Jonczyk and Gilron 2005).

In standard procedures of bioassay, fundamental states are preserved:

 1. Conditions for culturing and feeding of Daphnia sp. (temperature, pH, light, 
nutrients, water hardness and quality, dissolved oxygen, etc.)

 2. Organism selection and acclimation for laboratory conditions
 3. Reagents, test organisms and media
 4. Assessment criteria for mass culture
 5. Applied equipment and laboratory glassware, culture vessel and other 

materials
 6. Testing procedures and conditions
 7. Procedure of samples preparation and dilution
 8. Monitoring of physico-chemical parameters and endpoints
 9. Test validity criteria and interpretation
 10. Statistical analysis and presentation of results

The most popular toxicity test endpoints:

• Immobilisation (mortality) (24–48 h)
• Inhibition of reproduction (7–20 days)
• Inhibition of fluorescence using (MUG: 4-Methylumbelliferyl β-D- 

Galactopyranoside) (Fluo-tox), (45 min)

Mobility of Daphnia organisms strongly depends on water quality, and the 
changes in average velocities of tested water fleas movement can be used as the 
toxicity endpoint. Classical observation of speed of tested organism is out of quan-
tity evaluation. Application of computer image analysis brings new opportunities in 
more objective quantity assessment of these parameters.

18.4.2  Computer Image Analysis in Daphnia sp. Bioassay

Kinetic disturbances by xenobiotic and other water pollutants can be precisely pre-
sented on the velocities plots and subjected to advanced statistical analysis. Authors 
presented an advanced algorithm and procedure of image analysis in Aphelion soft-
ware. The standard bioassay procedure must be adopted to make available good 
condition for automatic image acquisitions.

The tests were conducted in the Petri dishes. In order to obtain flat and wide 
surface area, camera settings must be strictly defined (Fig. 18.11).
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Relevant measurements were performed from the sequences of images that had 
been recorded in sequence of certain specified fixed intervals. It does not really mat-
ter whether they were registered in the form of video film, which was subdivided 
into film frames, or as a series of separate images. The only important parameter is 
the speed of acquisition and therefore the interval at which the individual images 
were recorded. The most important parameter was resolution of recorded images; 
the authors chose scale factor for such settings k = 0.0714 mm/pix 1 mm, which 
means that the object presented on the Petri dish with a length of 1 mm had a length 
14 pix in the recorded image. The minimum time of video recording is 30 frames 
per second. The average length of the Daphnia selected for test was in the range 
from 0.6 to 1.2 mm and a surface area from 0.15 to 0.65 mm2 (Kawa 2008).

Authors developed a suitable algorithm for Daphnia detection and determining 
their movement trajectory. Based on this data, proper measurement can be calcu-
lated such as velocities of Daphnias and other dependent variables (Mazur et al. 
2006; Kawa 2008).

There are two versions of algorithm. The first one is based on the detection of 
gravity centre in all analysed objects and calculates the vectors of displacements of 
these points (Fig. 18.12). The results are the basis for further calculations of deriva-
tives of kinetic parameters. The second algorithm uses the method of determining 
the motion trajectory of objects along with a curve of displacement traces, which 
gives the velocity value and all derivatives (Fig. 18.13). The scheme of second algo-
rithm is very similar to the first one, but the differences are in the stages of the 
objects measurements (Fig. 18.14).

Authors applied a developed tool in Daphnia bioassay; the results present differ-
ences in kinetic parameters of tested population of daphnia in water toxins such 
KCl. This new tool can be easily adopted to laboratory practice of toxicity tests, 
based on Daphnia sp. The new version of the biotest will be available for very sensi-
tive and quantitative assessment of water quality.

Fig. 18.11 Daphnia magna bioassay with application of computer image analysis in movement 
detection (laboratory experimental stand)
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18.5  Lymnaea stagnalis: Toxicity Embryo Test

18.5.1  Lymnaea stagnalis: Bioassay

With its shell height of up to 7 cm, Lymnaea stagnalis L.(the great pond snail) is the 
largest aquatic snail in temperate zones of Europe and Northern America. The great 
pond snail feeds on fragments of plants, carrion, algae and other microorganisms.

Lymnaea stagnalis is one of the snail species being a good candidate for chronic 
toxicity test. The Lymnaea stagnalis is a widely spread species, living in many types of 
freshwater reservoirs (Jura 2005). Moreover, L. stagnalis is halotolerant (up to 0.7%). 
Thus it is also common in the waters of the Baltic Sea (Bandow and Weltje 2012).

Full cycle of embryonic development of this snail takes place in eggs laid in 
cocoons. The cocoons are usually attached to frond areas of hydrophytes. Embryo 
capsule of eggs is transparent, which is helpful during the observation of develop-
mental stages.

In the process of eggs development, four different stages can be distinguished 
(Lalah et al. 2007):

• Morula: 0–3 days, yellowish appearance, slow movements.
• Trochophora: 3–5 days, grainy appearance, uninterrupted movement.

Fig. 18.12 The algorithm of the Daphnia detection with velocity measurement of their move-
ments based on Kawa’s research (Kawa 2008)
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• Veliger: 5–7  days, the embryo loses its round shape, foot and shell can be 
distinguished.

• Hippo: 7 days and above, the embryo is fully developed; shell, foot and eyes are 
differentiated; heart beat is visible.

Lymnaea stagnalis is very sensitive for changes in water chemical parameters. 
Especially developing embryos are particularly relevant as model organism for 
describing of adverse effects of tested contamination on critical developmental pro-
cesses stages (Bandow and Weltje 2012).

Embryo toxicity bioassay based on snail eggs is very well known (Grosel et al. 
2006; Lewicki 2006; Lalah et al. 2007; Mazur et al. 2013). Eggs should be collected 
with cocoon envelopes, and then the envelopes should be macerated for better pen-
etration of waterborne toxicants mixture to the inside. Then the embryos were put 
in the toxicants for 24 h. Not only snail eggs but also young individuals after hatch-
ing are useful to toxicity assessment bioassay (Mazur et al. 2013).

Fig. 18.13 Image analysis in Aphelion, object detection and determining the trajectory movement 
after binarisation process (Lewicki 2006)
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In traditional toxicity bioassay tests, the response of the species during 24 h is 
conducted. In the research by Lewicki (2006), acidification and ammonia were 
measured. Sensitivity of the great pond snail to the stress of all the tested water toxi-
cants was observed. The most toxic of the three was ammonia, followed by sulph-
uric acid and nitric acid.

Mortality is one of the most popular factors to assess toxicity of substances in 
traditional tests. Stress can result in disorders in functioning of exposed organism 
and consequently their death.

Fig. 18.14 Daphnia movement detection in Aphelion (Kawa 2008)
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The LC50 level confirmed that ammonia belongs to the most dangerous ecotoxi-
cants for great pond snails; the LC50/24 h was 24.27 mg·dm−3 for embryos and 
24.72 for juveniles. Embryonic forms were more sensitive than juvenile ones. The 
acute toxicity bioassay results reviled that LC50/24  h for Lymnaea stagnalis 
embryos was on level 81.17  mg·dm−3 for the sulphuric acid test solution and 
105.19 mg·dm−3 for the nitric acid test solution.

The bigger differences are recorded in acute toxicity results for juvenile Lymnaea 
stagnalis. The organisms after hatching are characterised by LC50/24  h levels, 
respectively, 126.49 mg·dm−3 in the sulphuric acid and 170.47 mg·dm−3 in the nitric 
acid test solutions (Mazur et al. 2010).

The Lymnaea stagnalis belongs to model organism for actuate and chronic bio-
assay purposes especially in toxicity evaluation of samples from water reservoirs 
contaminated by acidification and alkalinisation.

The classical protocol of Lymnaea stagnalis embryo test is still at the stage of 
development; there are no accepted standard protocols as in the matter of Daphnia 
magna, Hydra sp. and Lemna sp. Different ecotoxicological laboratories work on 
the environmental condition for toxicity bioassay. The same as in the case of other 
bioindicators applied in toxicity test, the main issues of protocols that need stan-
dardising and specifying to the international standards for this species are the 
following:

• Culturing procedures still differ between laboratories.
• Preparation of stock solution and solvents (nutrient media and diluents).
• Guidelines for exposure technique with treatment levels.
• Laboratory facilities and whole monitoring equipment.
• Environmental conditions (and necessary boundary conditions).

As many authors reported widespread occurrence of this species, its sensitivity 
and susceptibility to a wide range of environmental stress factors make it an excel-
lent bioindicator for laboratory tests and environmental investigations (in situ) 
(Coeurdassier et al. 2003; Grosell et al. 2006; Mazur et al. 2013; Ducrot et al. 2014; 
Tufi et al. 2016).

18.5.2  Computer Image Analysis in the Development of Lymnaea 
Embryo Bioassay

Mazur and Lewicki (2008) have already made an attempt to apply computer image 
analysis in toxicity bioassay with embryos of great pond snails. Image analysis is a 
novelty in this bioassay. Toxicity symptoms can be recognised as the morphological 
and physiological changes in the tested snail body. The image analysis allows us to 
not only detect the fact of disorders or damages but also distinguish between differ-
ent effects of pollutants (e.g. acids, ammonia, detergents, etc.). Laboratory studies 
(Mazur et al. 2013) reviled that the great pond snail can be used as a proper and 
sensitive bioindicator for bioassay purposes. Biotests with embryonic and juvenile 
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forms are especially desired because this young stage of organisms is fulfilling all 
the 5R criterion stated by Walker et al. (2002).

Detection algorithm (Fig. 18.15) requires the image series from the movie time- 
lapse of Lymnaea stagnalis embryos (Fig.  18.16). The final picture (Fig.  18.17) 
presents results of the analysis, and these results are implemented to excel work-
sheet for further calculations and statistical analyses.

Precision of image analysis is very high, and the measurement error is 0.044. The 
macro-programme can detect all embryos and specify those with the movements. 
Based on this analysis, we can obtain toxicity endpoint and subject them to further 
statistical analysis.

18.6  Conclusions

Many advantages were brought owing to the usage of image analysis by sophisti-
cated computer programmes in the field of water bioassay (Sozzani et  al. 2014; 
Agathokleous et al. 2016).

We obtained new very advanced tools for water biomonitoring, with possibility 
of their use as an early warning system against the negative impact of different toxi-
cants in fresh water systems in online monitoring of surface waters.

Fig. 18.15 The scheme of image analysis algorithm of investigated embryos during toxicity test
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Fig. 18.16 A series of images from the movie time-lapse of Lymnaea stagnalis embryos in a 
cocoon exposed on water toxins
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New bioassay can be applied in the automated mode; the time of operation is 
accelerated. The use of bioassay automation is very promising in the area of envi-
ronmental engineering and nature protection.
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Abstract
Biological systems operate efficiently under defined set of conditions to ensure 
their survival. In order to ensure maximum benefit to human beings, bioprocess 
optimization is necessary. At present, the emphasis is on exploiting natural 
resources without causing any damage to the environment and ecosystem. 
Naturally occurring biological systems are quite efficient; however, in compari-
son to chemical processes, they are slow and vulnerable. Hence, the focus of 
research is on optimization of these bioprocesses, with emphasis on efficient 
microbial communities by understanding biological pathways and their specific 
requirements. This needs development of efficient and innovative reactor sys-
tems accompanied by efficient downstream processing.
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19.1  Introduction

Under defined conditions, biological systems for their survival carry out a series of 
biochemical steps. Biotechnological solutions device the rules where without com-
promising with basic physiological processes spins out a desired expected outcome. 
To achieve the maximum output, balancing of overall physiology is bioprocess opti-
mization (Purohit et al. 2016). In the current scenario of increasing energy demand, 
depleting natural resources, and ever-increasing environmental awareness, biopro-
cesses occupy a unique position as sole means of converting hitherto untapped 
resources into energy and useful chemicals in an environmentally sound manner 
(Arasu et al. 2015; Balakrishnan et al. 2015; Bandyopadhyay et al. 2015; Go et al. 
2015; Park et al. 2015; Yin et al. 2015; Ambardar et al. 2016; Hernández-Saldaña 
et al. 2016; Peña-Yam et al. 2016; Parmar et al. 2017; Sanchart et al. 2017; Sharma 
and Lal 2017). One of the most addressed areas is depleting fossil fuels and surge of 
biomass-based bioprocesses. They are befitting examples underlining the inevitabil-
ity of application of bioprocesses (Patel et al. 2017). Bioprocesses are mostly eco- 
friendly, efficient, and targeted. Bioprocesses are abundantly operative in nature, 
and there is a need to critically observe them, study them, and mimic them. All the 
naturally occurring bioprocesses are the most energy-efficient and are associated 
with minimal entropy increase. However, bioprocesses have certain disadvantages 
when compared to competing chemical processes, major ones being slower rates 
and vulnerability to climatic conditions. Therefore, all the research efforts are to be 
directed towards optimization of bioprocesses (Kumar and Prasad 2011). Employing 
bioprocesses for practical and large-scale applications need:

• Efficient microbial community
• Thorough understanding of microbial pathways and specific requirements
• Efficient and innovative reactor systems
• Efficient downstream processing

19.2  Prerequisites for Practical and Large-Scale Applications 
of Bioprocesses

19.2.1  Role of Microbial Community

Microbial products and microbial process-driven outcome are different scenarios. 
In controlled condition using pure culture, atypical output can be envisaged and for 
which designing the bioprocess rules is rather simple. However, in the environmen-
tal conditions with so-called mix population, the understanding of bioprocesses is 
very difficult. Depending upon the availability of resources, a typical community 
emerges with defined ratio of key microbes (Pandit et al. 2016; Gulhane et al. 2017). 
Still there are no absolute tools available to understand this consortium and associ-
ated bioprocesses. Development of efficient microbial communities needs continual 
research in isolation and identification of useful species, their enrichment, genetic 
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modifications, and developing protocol for maintenance (He et al. 2016). For this 
purpose, many modern tools, particularly omic tools, are available. In addition, 
many modern equipments are developed for extremely precise studies in molecular 
biology. Among the various tools, application of laser stimulation stands out as the 
most innovative approach which could find application in optimization of natural 
processes such as in sewage and wastewater treatment, bioremediation of pollut-
ants, and in improving the growth rate, biomass productivity, and adaptability of 
plants to pollutants such as heavy metals (Jakubiak and Gdowska 2013; Tursunov 
and Dobrowolski 2015).

In the environmental processes, the composition of the microbial community is 
decided by the availability of resources and overall stress in terms of oxidizing/
reducing agents. After dissecting such association and understanding, the possible 
roles of each member are always different than the acquired physiology under the 
influence of community organization. If a defined community is perturbed by intro-
ducing an “invader” strain, the overall performance changes due to additional intel-
ligence provided by new genetic information to that system (De Roy et al. 2013). 
However, this assembled new intelligence is also prone to environmental effectors 
and will shift if a new variable is introduced to the system. The thermodynamic 
phenomenon could be difficult to comprehend using even a single-bacterium sys-
tem with either change in redox or complication with nutrients (Puranik and Purohit 
2015). In environmental scenarios such as contaminated sites or wastewater treat-
ment facilities, there is a selection of microbial population over a period of time 
with the available pollutant as nutrients (Khardenavis et  al. 2008; Kapley et  al. 
2007). This community with their dominating player and key biotransforming func-
tions survives with stress shocks. However, to understand the community evolution, 
an approach of the community by design could provide more insight into this phe-
nomenon (Fredrickson 2015). As the process condition changes, the same commu-
nity can acquire new architecture of sharing nutrient, and with the topology of the 
organization in space, they symbiotically survive with acquired flow of metabolites, 
such as shift in granulation of community from aerobic to the anaerobic environ-
ment (Sarma et  al. 2017). With this background, research efforts needed for the 
improvement in the bioprocess applications could be delineated and implemented. 
For example, bioremediation of contaminated sites offers a great potential for the 
bioprocesses; however, we need to develop communities that would efficiently 
work in the environmental matrix available at the specific site (Sharma et al. 2014; 
Rao et al. 2017). Secondly we need efficient means to spread and proliferate desired 
communities in the nonhomogeneous soil mass. In case of remediation of water 
bodies, problems envisaged are retention of the microbial species in flowing sys-
tems and exposure to dissolved organics and metals.

19.2.2  Microbial Pathways

The discoveries in microbial pathway will find a mega shift due to interventions 
from metagenomics (Jadeja et al. 2014; More et al. 2014). Research should focus on 
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isolation and identification of microbial communities having abilities to perform 
multiple tasks, rather than working in association with other species. The species 
should be robust and efficient and sustain natural variations in the systems 
(Deshmukh et al. 2016). With the intervention of omics tool, the understanding of 
microbial community requires a holistic approach. Thorough understanding of the 
microbial pathways is necessary to understand the possibilities and opportunities 
for the production of value-added chemicals from abundant natural substrates 
(Azman et al. 2017). This would create a spectrum of chemicals that would replace 
synthetically produced commercial chemicals (Ray and Kalia 2017). Understanding 
of pathway should lead to identification of precursors, cofactors, nutritional require-
ments, process conditions, etc. Modern tools could be used along with tracer tech-
niques to establish unknown pathways (Antoniewicz 2015). This would also lead to 
identification of useful enzymes. The new pathway discoveries will lead to new 
enzymatic options (Jadeja et al. 2014; Ghosh et al. 2017).

The performance of a community has to be analysed with possible metabolic 
plasticity required for symbiotic survival of the different bacteria (Gulhane et al. 
2017). In most of the design microbial community with given pollutant load and 
with possible intermediates and/or product, the overall pathway could be predicted, 
and rules driving such pathway could be validated (Tikariha et al. 2016). There is a 
need for exploration of understanding new unexplored biotransformation pathways. 
Metagenomics approach would yield information of such biochemical events which 
could be the basis of new strategies for controlled biotransformation of molecules 
(Comolli 2014). The new drug discovery strategies and new molecule synthesis/
precursors for various intermediates will be identified through the exploration of 
metagenomics (Kalia and Purohit 2011; Kapley et al. 2015).

New options are emerging for metabolomic engineering where functional pro-
tein chips are being used (Jung and Stephanopoulos 2004), which is now getting 
extended to controlled enzymatic reaction on chip (Mahler 2014). The systems are 
further extended to design microelectronic devices, where the electrical signals are 
generated via biochemical reactions. The system relies on natural redox system to 
generate signals (Gordonov et al. 2014). The new models are developed for in silico 
prediction of the metabolic pathways to design the desired product; software such 
as COBRA is applied for simulation generation (King et al. 2015). Alternatively, 
algorithms are designed for the strain to get desired metabolic output (Long et al. 
2015). The flexibilities associated with microbial metabolism have opportunities for 
the future green industry, where the gene will be engineered based on in silico 
design to provide a biochemical pathway for a variety of biotechnological processes 
of industrial importance (Thodey et al. 2014; Santero et al. 2016). Similar options 
of new plant-based products are emerging with Cas-9 nuclease system, where by 
controlling RNA expression, a phenotype can be decided (Raitskin and Patron 
2016; Ehrenworth and Peralta-Yahya 2017).

Metabolic engineering has a lot to learn starting from the biggest limitation of 
interpretation of dynamic system to freeze a desired biochemical pathway for 
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desired output. For a single system, it is still a challenge; therefore in case of envi-
ronmental or mix population system, we are limited by both wet lab and computa-
tional prediction. The DNA/RNA database provides little leads with BLAST and 
another homology-based search algorithm for predicting the closest function asso-
ciated with unknown DNA/RNA fragments (Shim et al. 2017). Similarly, for differ-
ent organic molecules from C1 to most complex ones, an MS/MS database will be 
required. The library of such MS/MS fragments correlated with transcriptome data 
might suggest for that particular condition how a biological system responds or 
could be exploited. This will propose new intermediates and identify the new meta-
bolic options which cells or community acquires. In environmental conditions, 
microbial community intelligence drives the biotransformation pathways that work 
in favour of bioremediation (Yadav et al. 2014, 2015).

19.2.3  Efficient and Innovative Reactor System

Reactors or bioreactors are needed when bioprocesses are put to large-scale applica-
tions. Efficient contact between substrates, appropriate microbial community, and 
electron acceptor are the basic needs of any bioreactor (Cassarini et al. 2015; Zhang 
et al. 2015). Owing to the very nature of microorganisms, suspended culture reactor 
or fixed-film reactors can be developed. Fixed-film reactors are typically plug-flow 
kind of reactors and offer more robust designs that can sustain shock loadings as 
well as adverse conditions (Robles Martinez et al. 2015). Fixed-film reactor systems 
usually adopt multiple microbial communities and as such are better choice for 
waste management systems, wherein many organic pollutants are encountered in 
different concentrations. On the contrary, fixed-film systems may not be a good 
choice when bioprocess is targeted to produce one particular type of product. Here 
suspended growth reactors, which are of CSTR type, are more suitable as we can 
maintain a desired microbial community (Arya et al. 2016). Typical limitations can 
be related to the maximum product concentration attainable. The overall choice of 
reactor system would depend upon the microbial community to be used, targeted 
application, and desired results. Reactor systems should always be looked into with 
possible downstream processing options. Bioprocesses are known to produce the 
desired chemicals in low concentrations as compared to chemical processes. 
Therefore, when these are applied for production of value-added chemicals, down-
stream processing for the purification of product can be very cumbersome and pro-
hibitive (Jungbauer 2013). Therefore, there is a need to develop efficient downstream 
processing using membrane, ion exchange, adsorption, and other advanced physico- 
chemical techniques. Depending upon the option of reactor design which has been 
selected with the same composition of organic loading, the system selects the differ-
ent microbial communities. In biofilm conditions, even the most toxic molecules get 
biotransformed due to the survival options acquired by the community which pro-
tect them (Ghosh et al. 2017).
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19.3  Application Domain for the Bioprocesses

If these idealities are achieved, bioprocesses sure would replace chemical processes. 
Accordingly, bioprocesses would find abundant applications in:

• Conversion of biomass to fuels/value-added chemicals
• Reclamation of waste resources like water and land
• Waste management, typically wastewater and solid waste

Problems envisaged in the biomass to fuel applications are pertaining to drastic 
variations in the biomass type and concentrations thereof, reactor volumes involved, 
and product purification requirements (Kalia et al. 2016). These issues sometimes 
render bioprocesses cost prohibitive. It should be remembered, however, that cost 
benefit is temporal concept and would favour similar bioprocesses cost-effective if 
crude oil prices are dramatically shooting up. Nevertheless, there is a need to make 
waste to fuel bioprocesses more efficient, more precise, and more robust (Kumar 
et al. 2014).

Waste management appears to be the perfect domain for the application of bio-
processes, owing to the fact that chemical processes have limitations while dealing 
with relatively low concentrations of wastes and are therefore cost prohibitive in 
many instances. Wastewater reclamation can resolve water crisis likely to be faced 
in the near future, and bioprocesses would play a key role in this (Goh et al. 2013). 
Of course the research needs delineated earlier are still valid, and we have to develop 
very efficient and robust systems. Emphasis should be laid on the reuse of water 
rather than merely meeting the discharge standards. The innovation in applying dif-
ferent reactors and ensuring possible pretreatment could create a situation where the 
industrial grade water recovery could be achieved (Yadav et al. 2015).

Solid waste management offers a great potential as well as great challenge for 
application of bioprocesses. Solid waste management costs are very high, and any 
resource recovery is always advantageous (Allesch and Brunner 2014). Solid wastes 
comprise many natural resources in scattered and nonhomogeneous structure, which 
pose a great challenge for the application of bioprocesses. Here development of 
multi-tasking microbial communities can give desired breakthrough; however, there 
is an equal need for development of robust reactor system that would take care of 
non-homogeneity of solid waste. Strategies to utilize segregated solid waste as raw 
material will provide a base for bioprocesses where different organic synthesis 
applying microbial capacities will be possible (Gulhane et al. 2016).
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