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The elixir of life, water, the most precious gift of Mother Nature. Its primary role is 

life-sustaining.  This vital quality takes precedence over its any other of the countless roles 

and/or uses. Agriculture, industry, trade, trans-oceanic sailing, aqua sports, tourism, etc., 

though variously important, cannot jeopardise or diminish its primary role as life-

sustaining. 

Water covers 75% of the earth’s surface, in both liquid and frozen forms. Before 

the Neolithic period, humans needed only a water source to survive and settled near lakes, 

streams and any other water body where water is plenty. Pollution happens because of 

indifference, insolence by the common public, civic authorities and, improper governance 

of ecosystem health protection measures. In the Neolithic period when humans began to be 

producers and traders, unfortunately, started producing wastewater.  

Pollutants are any toxic substances harming the ecosystems. When present in 

detrimental concentrations in the air, water or land, pollutants adversely affect the health of 

almost all life forms. In water bodies, their toxicities pose various adverse effects on all 

water-dependent avian, aquatic and terrestrial biota.  Despite such age-old wisdom 

ingrained and, an all-household common knowledge often there is an abuse of this precious 

resource. 

FAO’s AQUASTAT estimates global freshwater withdrawals at 3,928 km3 per 

year. An estimated 56% of this is released into the environment as wastewater in the form 

of municipal and industrial effluent and drainage water (NASA, 2017; Koncagül et al., 

2017). It is predicted that the global demand for water increases significantly over the 

coming decades. On average, the high-income countries treat about 70% and upper-middle-

income countries about 38% of the wastewater they generate, while the ratio drops to 28% 

in lower-middle-income countries. As Sato et al. (2013) noted, only 8% of industrial and 

municipal wastewater undergoes treatment in low-income countries. Thus, close to 80% of 

wastewater is released into the environment without adequate treatment (Koncagül et al. 

2017).  

Wastewater is any type of water that has been negatively affected in quality by 

anthropogenic influence. There are mainly two kinds of wastewater i.e. municipal 
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wastewater and industrial wastewater. Municipal wastewater consists of domestic 

wastewaters originated from households, sewer overflows and storm drains. The nature and 

type of pollutants vary with the kinds of industrial wastewater based on their specific 

combination of pollutants. Indiscriminate disposal of such wastewaters leads to heavy 

pollution of water, threatening all kinds of inhabiting organisms. Indeed, the use of 

wastewater for agricultural fertilization in ancient Greece was recorded. A practice that 

seems to have lost through the eons. 

Discharges of incompetently treated wastewater are contributing to the additional 

degradation of water quality in surface and groundwater. Wastewater needs to be properly 

managed to mitigate the impacts of increasing water scarcity, as water pollution critically 

affects water availability. Severe organic pollution already affects around one-seventh of 

all river stretches in Africa, Asia, and Latin America, and has been steadily increasing for 

years (UNEP, 2016). Population expansion and industrialization have worsened the quality 

of freshwater reservoirs around the world and have caused freshwater shortages all over the 

world. 

The 2013 Census lists around 222120 small-large scale industries in India. These 

industries produce approximately 40 billion liters of wastewater every day. But the current 

treatment facility can handle treat only ~ 23% of the wastewater produced ie. <10 billion 

liters. Wastewater quantity is increasing significantly day by day and with the lack of proper 

treatment and management, the existing freshwater reserves are being polluted rather 

cumulatively. Discharge of wastewater to freshwater bodies pollutes the water and makes 

it unusable.  

The wastewater generated should be treated to mitigate the problems related to the 

discharge and increased freshwater requirement for the emerging population. 

Understanding the characteristics/nature of the wastewater plays a major role in 

determining the treatment technology to be used.   

1.1 Wastewater Characteristics 

The physical characteristics of the wastewater include its solid contents, colour, 

odour, etc.  Similarly, chemical pollutants in the wastewater are mainly organic and 
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inorganic in nature. The organic contaminants are the complex combinations of carbon, 

hydrogen, oxygen and sometimes nitrogen. The suspended solids and filterable solids 

mainly consist of organic pollutants. The inorganic contaminants mainly include the ions 

of nitrate, nitrite, phosphate, sulphate, chloride and trace elements i.e. heavy metals. In 

addition to the aforementioned components, industrial effluents are also contaminated with 

gases. Details of these are included in Chapter 2. 

Industrial wastewater is highly variable in its composition depending upon the type 

of industry, operations and discharge sites (Zeraatkar et al., 2016). Industrial wastewater 

mainly contains suspended, dissolved and colloidal solids, high amounts of inorganic salts 

such as sulphates, chlorides, sodium, etc. and organic toxicants. It is indeed necessary to 

focus on the treatment techniques and ways to remove contaminants (nitrates, phosphates, 

and heavy metals) from wastewater before discharging them into waterways. 

 

1.2 Wastewater Treatment  

 Most of the wastewater treatment plants use conventional methods to reduce the 

pollutant concentration to improve the wastewater quality before discharging to the natural 

water bodies. Conventional treatment method comprises 4 steps 1) Pre-treatment involves 

the removal of coarse solids and large materials with a metal screen; 2) Primary treatment 

involves chemical methods such as flocculation, neutralization, and precipitation; 3) 

Secondary treatment involves the biological method of decomposition of organic matter 

using microbes in aerobic and anaerobic settings; 4) The tertiary treatment step is to 

improve the water quality by removing of nutrients, toxins and managing the BOD and 

suspended solids. Details of these steps are described in Chapter 2. For this study, samples 

from primary, secondary treatment phases and conventionally treated effluent were used.  

 

1.3 Prospects of Microalgae in Wastewater Treatment and Biodiesel Production 

Microalgae are phototrophic unicellular organisms found individually or in groups 

that consume carbon dioxide, nitrogen, and phosphorus, and release oxygen. Algae have an 

affinity for polyvalent metals and are very effective in removing heavy metals, nitrates, and 
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phosphates present in wastewater. Therefore, the use of algae for the bioremediation of 

wastewater offers potential advantages over other techniques in use.  

In recent times, algae have become of great interest since it provides several 

advantages such as biofuel production, carbon dioxide mitigation, wastewater treatment, 

food production and so on. Microalgae are getting global consideration for wastewater 

treatment because of the dual advantage of utilization of both organic and inorganic salts 

in the wastewater as nutrients for growth and transformation of toxic contaminants 

including heavy metals into biologically inert forms by their metabolic conversions. 

Microalgae assimilate a significant amount of phosphorus and nitrogen for the synthesis of 

proteins, nucleic acids and phospholipids thus preventing eutrophication. Notably many 

species of microalgae efficiently absorb and detoxify toxic metals.  

Phycoremediation using microalgae has several advantages over conventional 

wastewater treatment processes. The investments and, operation costs are minimal 

compared to conventional treatment techniques because microalgae can easily be cultivated 

in the open (Handler et al., 2012; Ritchie and Larkum, 2012) or in the raceway pond system 

(Pulz, 2001). The microalgal based bioremediation dispenses off the need for the oxidation 

process by agitating tanks during activated sludge treatment. Contrary to the multi-step 

process in conventional technology, microalgae can reduce TDS, nutrients (N, P), BOD, 

COD levels and colour or odour in a single step. Further, the biomass generated from 

wastewater can subsequently be used in energy production. Thus cost-cutting, as well as 

ecological sustainability, can be achieved through the microalgal bioremediation approach 

(Umamaheshwari and Shantakumar et al., 2016).    

In view of very little work reported/available in the public domain on the evaluation 

of salt-tolerant/marine microalgae, it was aimed in this study to firstly note if such 

advantages can be further enhanced and also to check out the biodiesel prospects through 

growing a select set of microalgae isolated from marine habitats and/or from wastewater 

itself.     Detailed laboratory experimentation and open field bulk trials carried out in this 

study have, apparently, provided some appreciable results of value for bioremediation of 

four very hazardous wastewater using cyanobacteria and a green microalga, in particular in 
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their consortium. Also, the biofuel obtained by raising these microalgae seems promising 

for further trials and upscaled rearing of these strains. 

 

1.4 Objectives of the Study 

1.  Evaluation of bioremediation potential of a select set of cyanobacteria and 

microalgae isolated from industrial effluents (mixed wastewater), and their 

biochemical and molecular characterization 

The rationale behind this objective was to isolate and identify cyanobacteria and 

microalgae from seawater as well as wastewater which are capable of growing in 

wastewaters with high concentrations of nutrients and toxic pollutants. Since all the 

cyanobacteria and microalgae are not capable of growing such conditions, the 

isolation and maintenance of suitable microalgae cultures are inevitable for 

bioremediation studies. Keeping these aspects in view, this objective was planned. 

2. Optimization of culture conditions of cyanobacteria and microalgae with 

bioremediation potential and evaluation of their biofuel potential 

To examine whether these autotrophs bioremediate the wastewaters and help 

achieve better quality and quantity of biofuel, the selection of microalgae growing 

and well and can produce higher biomass within a short period with higher lipid 

content is to be the primary objectives to be ensured. With this principle in mind, 

different cyanobacterial and microalgal isolates were grown individually and in a 

consortium in the mixed industrial effluents collected from various locations. Their 

efficiency of detoxification was measured in terms of reduction in the 

concentration/levels of various toxic pollutants. The biofuel potential of the 

extracted biomass was then evaluated.  

3. Evaluation of biodiesel quality of effluent grown microalgae vis a vis without 

effluents 

The quality and quantity of biodiesel produced by microalgae are subjected to the 

type and variations in nutrient conditions. The purpose of this objective was to 

compare the biofuel potential of cyanobacteria and microalgae grown in effluent 
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and normal culture media. Biofuel properties such as Degree of unsaturation (DU), 

Saponification value (SV), Iodine value (IV), Cetane number (CN),  Long-chain 

saturated fatty acid (LCSF), Cold filter plugging point (CFPP), Cloud point (CP), 

allylic position equivalent (APE),  biss-allylic position equivalent (BAPE),  

Oxidative stability (OS), HHV, Viscosity and Density were analyzed and compared 

to meet up with this preset objective. 
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2.1 Introduction 

The concept of waste and wastewater management co-evolved with the society that 

advanced rather in a haphazard manner, and with many failed trials and errors. The oldest 

known wastewater drainage was discovered in the Neolithic age of around 6500 BC. It was 

in El Kowm, located between the Euphrates River and the city of Palmyra in Syria (Cauvin 

et al., 1990; Lofrano and Brown, 2017). However, that was an exception and most 

civilizations had no system of waste disposal. The Indus Valley civilization had a far 

advanced waste management system with sophisticated and technologically advanced 

urban culture (Pathak, 2001). The Indus civilization, even as early as 2500 BCE, 

implemented a complex and centralized wastewater management system (Jansen, 1989; 

Kenoyer, 1991; Lofrano and Brown, 2017). In this system, the wastewater is allowed to 

flow directly into the street sewers after undergoing some treatment. 

In the earlier stages of civilization with lowly/sparsely populated settlements, the 

deleterious effect of wastewater due to direct discharge/drainage into natural water bodies 

had minimal effect. Wastewater was let into a small sump in which solids settled and the 

liquids overflowed into drainage canals (Wolfe, 1999), most likely was the first attempt at 

treatment on record.   The self-depurative capacity was slowly and surely compromised by 

a prolonged massive discharge of such wastewaters. Even though some ancient civilizations 

did realize the implications of poor waste management, the importance of proper sanitation 

for the protection of public health was not understood by modern cities until the 19th century 

(Cooper, 2001; Lofrano and Brown, 2017).  

Thus, the treatment of wastewater is relatively a modern practice. Rapid 

industrialization and industrialization arose in the 19th to 20th centuries as the human 

population also exploded. As a consequence, wastewater, municipal as well as industrial, 

production increased rapidly. At the end of the 19th century and in the first decade of the 

20th, wastewater was still discharged via sewers into the sea. As noted above, the self-

cleansing capacity of the water declined over time, as more and more wastewater discharges 

to the water bodies. This posed a serious threat to our natural ecosystem. Inadequate 

wastewater management has a direct impact on the ecosystems and services they provide 

(Corcoran et al., 2010; Owusu, 2010).  While the literature on wastewater characteristics 
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and treatment methods adopted in contemporary society is burgeoning, relevant 

information on these aspects as well as the prospects of rising the microalgae for biofuel 

prospecting are documented in this chapter.  

2.2 Wastewater Characteristics 

Physical characteristics of the wastewater include its solid contents, colour, odour, 

etc. Solids can be classified into three categories: 1) settleable, 2) total solids comprising 

soluble and insoluble fractions. The insoluble fraction includes suspended and filterable 

solids, 3) volatile solids constitute organic matter. The colour represents the qualitative 

condition of the wastewater. Nevertheless, the colour is also the representation of industrial 

processing e.g. dyes from the textile industry.  

The chemical pollutants in the wastewater are mainly organic and inorganic. The 

organic contaminants are the complex combinations of carbon, hydrogen, oxygen and 

sometimes nitrogen. The suspended solids and filterable solids mainly consist of organic 

pollutants. The method most commonly employed for the determination of the organic 

matter is biochemical oxygen demand (BOD), chemical oxygen demand (COD) and total 

organic carbon (TOC). The inorganic contaminants mainly include the ions of nitrate, 

nitrite, phosphate, sulphate, chloride and trace elements i.e. heavy metals. Most of the 

industrial effluents are heavily contaminated with heavy metals. Heavy metals mainly the 

Cd, Cr, Pb, Hg are toxic to living organisms even at very low concentrations. These heavy 

metals once accumulated in natural water bodies traverse through the aquatic food chain 

and via bioaccumulation and biomagnification reach humans causing adverse health 

effects. In addition to the aforementioned components, industrial effluents are also 

contaminated with gases. The most commonly found gases in untreated wastewater include 

nitrogen (N2), carbon dioxide (CO2), hydrogen sulfide (H2S), ammonia (NH3) and methane 

(CH4). The later three gases are the result of the decomposition of organic matter.  

 

2.3. Characteristics of Industrial Wastewaters 

Industrial wastewaters are wastewaters produced by industries as an undesirable by-

product which is one of the major sources of aquatic pollution. A wide range of industries 

produces wastewaters with a wide range of pollutants which vary from industry to industry. 
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The electroplating industry generates extensive loads of heavy metals mainly cadmium, 

chromium, lead, copper, zinc, and nickel, cyanides, fluorides, volatile organic compounds, 

oil and grease (Munoz and Guieysse, 2006).  The tannery industry discharges about 90% 

of the water used as effluent which contains a high strength of toxic organic contaminants. 

The tannery effluent, in general, contains a heavy load of organic matter (BOD, COD), 

inorganic matter, dissolved and suspended solids, ammonia, salts mainly of the chromium 

(Cr III) and heavy metals (Chowdhry et al., 2013; Wang et al., 2016). The recalcitrant, non-

biodegradable colouring dyes are the toxic components from the textile industry along with 

the other organic and inorganic contaminants discharged (Chandanshive et al., 2016). 

Contrastingly, the pharmaceutical effluents mostly contain organic pollutants and have very 

high COD values ranging from 100 ppm to 10000 ppm and most harmful are non-

biodegradable pharmaceutical active compounds e.g. antibiotic ciprofloxacin (Wang et al., 

2016). The expanding aquaculture industry poses a critical threat of discharging the heavy 

nutrient loads directly to natural water bodies. The aquaculture discharge contains 50-80% 

of N and 10-50% of P supplied as feed (Milhazes-Cunha and Otero, 2017). On contrary to 

industrial wastewater, the domestic wastes do not exhibit much variability and are mostly 

dominated by inorganic salts (nitrate, phosphate) and high BOD. Organic matter is the 

major constituent of domestic waste thus has very high BOD and COD. 

 

2.4. Importance of Wastewater Treatment  

Discharge of water having high amounts of nitrate and phosphates into the 

environment leads to eutrophication in the receiving water bodies. Excess discharge of 

nitrogen and phosphorus causes eutrophication in freshwater ecosystems (Jia and Yuan, 

2016; Hwang et al., 2016) and results in serious issues like water discoloration and foaming, 

decreased water transparency, increased algal biomass and depletion of dissolved oxygen. 

Coastal eutrophication is caused due to excess nitrogen discharge and can cause excessive 

production of algal biomass, blooms of toxic algal species, increased mortality rate in 

aquatic species and an increase in sedimentation of organic particles (Abinandan et al., 

2018). Hence, eutrophication related to water quality concerns could have very significant 

negative economic effects. Excess nitrate concentration in drinking water is a possible 



 

 

Chapter 2 

12 
 

health risk to human health. Nitrate itself does not pose a health threat; however, nitrate 

reductase readily reduces nitrate to nitrite (NO2
-) which is carcinogenic and can cause 

methemoglobinemia (blue-baby syndrome). Heavy metal contaminants mainly impact the 

environment in two aspects. Firstly, they have an ability to exist in natural ecosystems for 

a long period, secondly, they tend to accumulate in biological chains, thereby causing 

chronic and acute disorders.  

Therefore, it is necessary to focus on the treatment techniques and ways to remove 

contaminants (nitrates, phosphates, and heavy metals) from wastewater before discharging 

them into waterways. 

 

2.5 Wastewater Treatment Current Scenario 

Most of the wastewater treatment plants available in recent times use conventional 

methods for the treatment. As described in chapter 1 conventional treatment methods 

comprise four steps 1) pre-treatment; 2) primary treatment; 3) secondary treatment and 4) 

tertiary treatment (Petra, 2015; Jimenez et al., 2010). Primary treatment involves the 

separation of suspended solids from the wastewater by physical methods of screening, 

sedimentation, and skimming. The chemical methods include flocculation, neutralization, 

and precipitation (USEPA, 2007; Henneberry et al., 2011). The flocculation method 

employs various coagulants such as inorganic electrolytes, natural organic polymers and 

synthetic poly-electrolytes depending upon the characteristics of wastewater. Precipitation 

is carried out for the removal of heavy metals from wastewater and most commonly 

includes hydroxide and sulphide based precipitation. Metal precipitation on filtration 

produces a huge quantity of sludge (Marchioretto et al., 2005; Ghorpade and Ahammed, 

2018). The effluent from primary treatment still contains huge amounts of organic matter 

leading to high BOD accompanied sludge formation.  

Subsequent treatment at the secondary level involves the biological method of 

decomposition of organic matter using microbes in aerobic and anaerobic settings. Sludge 

from the primary treatment is decomposed by aerobic microorganisms in continuous 

aeration tanks (Pal, 2017; Wittmann et al., 1990). The nitrogen removal process comprises 

nitrification followed by denitrification. During nitrification, ammonia is converted to 
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nitrite which in turn is converted to nitrate by autotrophic bacteria Nitrosomonas and 

Nitrobacter, respectively. During denitrification, the nitrate is converted to gaseous 

nitrogen by heterotrophic bacterial species belonging to Flavobacterium, Pseudomonas, etc 

(Castignettii and Hollocher, 1984; Hatayama et al., 2016; Fang et al., 2018). Phosphorus 

removal from wastewaters is performed by chemical precipitation at the tertiary step. The 

tertiary treatment step further improves the water quality by removal of nutrients (N, P), 

toxins and managing the BOD and suspended solids. This step also involves the physical 

and chemical methods of separation such as activated carbon adsorption, 

flocculation/precipitation, de-chlorination (Mareddy, 2017). Phosphate is converted to 

insoluble metal phosphate by the addition of iron or aluminum salt to wastewater. Other 

methods such as crystallization, sludge-based techniques are also employed to strip 

phosphorus from wastewater (Morse et al., 1998). Advanced treatment processes as an 

integral part of tertiary treatment or in separate steps may also be used which includes 

membranes filtration, ion exchange, reverse osmosis and disinfection by ultraviolet 

radiation.  

 

2.6 Limitations of Conventional Wastewater Treatment Technologies  

The major goal of wastewater treatment is to achieve safe or permissible discharge 

of the effluents into open ecosystems. In this regard, the conventional practice of 

wastewater treatment is expected to effectively remove or convert contaminants into inert 

compounds for safe disposal or reuse (Petra, 2015). The currently practiced conventional 

wastewater treatment technologies have the major limitation of direct emission of 

greenhouse gases such as carbon dioxide, methane, and nitrous oxide. Their emission is the 

result of microbe mediated decomposition of organic matter as well as of the operational 

energy dissipation (Campos et al., 2016). Further, the aerobic decomposition in aeration 

tanks also produces CO2 besides the same produced from the plant operations. The N2O is 

generated due to the treatment of sludge which removes nitrogenous compounds by 

nitrification and denitrification processes (Czepiel et al., 1995). The production of methane 

gas is mostly due to the reduction/alteration of COD (Daelman et al., 2012).  
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Conventional treatment methods cost a lot due to high energy consumption and usage 

of various additional chemicals for flocculation, precipitation, neutralization, etc. This not 

only involves the economic burden but also exacerbates the risk of environmental 

vulnerability leading to large quantities of toxic sludge (Hoffman, 1998; Tchobanoglous et 

al. 2004). Also, these techniques may be ineffective when dealing with wastewater 

containing metal concentrations in the range of 10-100 mg/L (Mehta and Gaur, 2005). 

Further, the mandatory membrane-based filtration step in tertiary treatment is costlier and 

poses a risk of bio-fouling. Overall, conventional wastewater treatment is complex and 

requires a huge investment in plant assemblage and operation.  Hence, there is a dire need 

for new economic and energy-efficient treatment technologies. Therefore the importance 

of harnessing the bioremediation potential of microalgae to treat wastewaters is apparently 

an alternative and pragmatic approach to deal with wastewater treatment and management.  

To overcome these problems, there is a need for economic and energy-efficient 

nitrogen, phosphorus and heavy metal removal technology. By introducing an alternative, 

biological method (bioremediation) for the treatment of metal-enriched wastewaters 

containing high amounts of nitrates and phosphates, most of these issues can be mitigated 

and will provide a means for cost-effective removal of contaminants in wastewater 

(Chokshi et al. 2016; Pena et al. 2019; Abdel-Razek et al. 2019). Bioremediation is a 

process in which microorganisms are employed to return water altered by contaminants to 

their original condition. 

 

2.7 Use of microalgae in wastewater treatment 

Oswald and Gotaas (1957) first developed the idea of treating sewage wastewater 

using microalgae.  Since then extensive research has been carried out on identifying the 

algal strains suitable for wastewater treatment (Sheehan et al. 1998). Most of the algal 

strains are photoautotrophs. Some do grow heterotrophically and mixotrophically. Largely, 

microalgae are reported to be employed in tertiary treatment systems (Oswald, 1988; 

Lavoie and De la Noüe, 1985; Martin et al., 1985). Some researchers have also noted their 

use in secondary treatment systems (Tam and Wong, 1995). Many studies have 

demonstrated successful wastewater treatment with microalgae (Li et al. 2011a, 2011b) 
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such as Chlorella, Chlorella vulgaris and Chlorella pyrenoidosa (Tam and Wong, 1989; 

Tam and Wong, 1990; Cheung and Wong, 1981; Lau et al., 1995; Lau et al., 1998), 

Scenedesmus (Shi, 2009), Spirulina (Olguin et al. 2003), Nannochloris sp. (Jiménez-Pérez 

et al. 2004), Botryococcus braunii (An et al. 2003).  

Arbib et al. (2013) studied the growth and nutrient removal rates of Chlorella 

stigmatophor and Scenedesmus obliquus in urban wastewater at different nitrogen and 

phosphorus ratios. Their results suggest that N:P ratios ranging between 9 and 13 are best 

for biomass productivity. Renuka et al. (2013) used Calothrix sp. for treatment of sewage 

wastewater and observed a reduction of 44-91% PO4-P and 57-58% NO3-N. Kim et al. 

(1998) treated piggery wastewater with Chlorella vulgaris and reported 96 and 95.3% 

removal of phosphorus and nitrogen, respectively. Hodaifa et al. (2008) reported the 

removal of 90.2, 84.1 and 85.5% organic nitrogen, ammonia, and total phosphorus, 

respectively from distillery wastewater using an anaerobic fixed-bed reactor.  

Colak and Kaya (1988) demonstrated the removal of nitrogen (50.2%) and 

phosphorus (85.7%) in industrial wastewater and that of phosphorus (97.8%) in domestic 

wastewater after treatment with algae. Ji et al., (2013) found Scenedesmus obiliquus could 

remove 23-58% removal of total nitrogen and 48-69% of total phosphorus from piggery 

wastewater. Bhatnagar et al. (2010) observed that Chlorella minutissima grew 146% times 

higher in municipal wastewater than in standard BG 11 medium. A few studies have also 

investigated the influence of culture conditions on nutrient removal efficiencies and growth 

rates. Lodi et al. (2003), while studying the impact of temperature on nutrient uptake of 

Spirulina platensis, reported maximum removal at 30°C. However, the removal efficiencies 

by this strain were not satisfactory. Algae require organic carbon sources such as glucose, 

glycerol or acetate during heterotrophic growth (Borowitzka, 1998; Kawaguchi, 1980). 

Urea can be used as a nitrogen source. Literature suggests that when the N:P ratio falls 

below 30, algal growth is determined solely by N limitation and when it is above 30, by P 

limitation (Rhee, 1972). 

Limited efforts have been made to use algal biomass for removing toxic heavy metals 

from aqueous solutions. Only a few algal strains possess the ability to remove/transform 

toxic heavy metals from wastewaters. Green algae Chlorella spp., Neochloris 
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oleoabundans, Cladophora spp., Scenedesmus spp., Chlamydomonas reinhardtii and blue 

green algae like Microcystis aeruginosa and Oscillatoria are the commonly used species. 

Biosorption of heavy metals by living or dead algal biomass is considered as the most 

attractive approach for wastewater treatment. The predominant role of dead biomass for 

heavy metal sorption is well established. But the sorption capacity of live biomass is limited 

due to the toxicity of heavy metals. Extracellular polymeric substances on the cell surface 

of dead biomass act as excellent absorbents. In contrast, the living biomass uptake the heavy 

metals during their exponential growth phase impacting their metabolism eventually 

limiting the biomass growth. The toxicity of the metals and their sorption are highly strain-

specific. The selection of algal strains for wastewater treatment is governed by their 

ecological resilience and their ability to assimilate nutrients from wastewater (Olguin, 

2003). 

The industrial effluent, particularly from the tannery, has a salinity in the range of 15-

20 PSU. Similarly, the industrial effluents from textile (Kumar et al., 2015), some 

pharmaceuticals (Sacan et al. 2006), and aquaculture pose high TDS (El-Sheekh et al., 

2016).  The wastewater treatment for such high TDS effluent requires microalgal species 

tolerant to high salt concentrations. Therefore, marine microalgal species are highly 

suitable for such wastewater treatments.  

The continuous maintenance of microalgae monoculture is difficult in an open pond 

system because of the threat of contamination and overgrowth of foreign organisms 

resulting in poor wastewater treatment efficiency (He et al., 2013). Microalgae consortia 

are thereby favoured in which cooperative interactions among photosynthetic organisms 

result in overall biomass productivity and wastewater treatment efficiency (Mendes et al., 

2013). However, the microalgal consortia are threatened by the development of allelopathic 

interactions imparting a negative effect on the growth of the co-cultivating photosynthetic 

organism (Fergola et al., 2007). Thus the selection of consortia members based on their 

cooperative interactions is critical.  
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2.7.1 Nutrient uptake and removal mechanism in microalgae 

Many strains of microalgae seem to have developed very efficient ways of acquiring 

nutrients from wastewater by diffusion, active transport or combination of both as they 

normally do in their natural environments (Whitton et al., 2015; Lage et al., 2018).  

2.7.1.1 Nitrogen removal 

Microalgae utilize inorganic nitrogen viz nitrate, nitrite, ammonium, molecular 

nitrogen, as well as organic nitrogen viz urea, amino acids, peptides and proteins (Li et al., 

2019). Microalgae prefer inorganic nitrogen (NH4, NO3
-, and NO2

-) over organic nitrogen. 

Ammonium can be used directly to synthesize amino acids, and stored inside vacuoles. The 

more highly oxidized form, nitrate, is the most thermodynamically stable and hence is the 

predominant form of nitrogen in the wastewater. Nutrient removal by microalgae involves 

various metabolic pathways of the microalgal cell (Rai, 1997; Singh and Dhar, 2010). The 

conversion of nitrite, nitrate, and ammonia to organic nitrogen is called assimilation. 

Organic nitrogen is a key element in biological substances such as enzymes, peptides, 

proteins, etc.  

The assimilation of NO3
- requires chemical reduction to NH4

+, which is mediated by 

two enzymes, namely, nitrate reductase (NR) and nitrite reductase (NiR). Excess nitrate 

can be stored within vacuoles, while a fraction is being metabolized in the cytoplasm by 

reduction to nitrite. Thus, the nitrogen assimilation pathway is a two-step process, first with 

NO3
- reduction to NO2

- and then to ammonium (NH4
+). 

NR is the rate-limiting enzyme that controls the nitrate assimilatory rate catalysing the 

nitrate reduction by two electron transfer using NADPH:  

NO3
- + NADPH + 2e- + H+       (NR)          NO2

- + NADP+ + H2O 

Nitrite (NO2
-) thus produced is then transported to chloroplasts and reduced to ammonium 

by enzyme NiR, using reduced ferredoxin as an electron source: 

NO2
- + 6Fdred + 6e- + 8H+          (NiR)              NH4

+ + 6Fdox + 2H2O 

The assimilation of ammonia-nitrogen into amino acids primarily takes place through 

the sequential actions of glutamine synthetase (GS) and glutamine 2-oxoglutarate 
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aminotransferase (GOGAT). Both enzymes are localized inside the chloroplasts although 

the isozymes of both may also be found in the cytosol. For ammonium assimilation by GS, 

glutamate (Glu) act as a substrate to form glutamine (Gln) and it is an ATP-dependent 

process (irreversible reaction). Glutamate must be exported from chloroplasts to cytosols 

for the transamination reactions to take place. Following this transamination, the synthesis 

of amino acids is facilitated.  

NH4
+ + Glu + ATP                (GS)                  Gln + ADP + Pi 

The amino nitrogen of glutamine, subsequently transferred to 2-oxoglutarate (2-OXG) 

which is then reduced to glutamate by GOGAT. 

2-oxoglutarate + Gln + NADPH    (GOGAT)     2Glu + NADP+ 

2.7.1.2 Phosphorous removal 

Like nitrogen assimilation, microalgae assimilate phosphorus as inorganic 

orthophosphate, preferably as H2PO4
‐ or HPO4

2-, and the uptake process is active (Becker, 

1994). Microalgae use phosphorous mainly for the production of phosphorus-containing 

compounds such as phospholipids, nucleic acids, proteins and energy transfer molecules 

such as ADP (adenosine diphosphate) and ATP (adenosine-5’-triphosphate). Phosphorous, 

mainly in the form of H2PO4
- and H2PO4

2-, is incorporated into organic compounds through 

a process called phosphorylation. The energy required for phosphorylation comes from the 

oxidation of respiratory substrates, the electron transport system of the mitochondria, or 

light. Microalgal growth depends more directly on the internal rather than external P 

concentration since cells can accumulate and store P in polyphosphate granules beyond 

immediate metabolic needs (Grobbelaar, 2013; Larsdotter, 2006). The growth rate of an 

alga may therefore not respond at once to changes in the external concentration of 

phosphorus unlike the immediate responses to temperature and light. When 

orthophosphates are in short supply, organic phosphates are converted into orthophosphates 

by phosphatases at the cell surface. 
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2.7.2 Mechanism of heavy metal removal 

Unlike organic compounds, heavy metals persist in the environment posing a threat 

to the biota due to their well-known toxicity. Several physicochemical approaches, such as 

membrane filtration, ion-exchange, flocculation, and/or adsorption by organic compounds 

and by adjusting pH, are presently available for their detoxification and removal from 

polluted environments. The lack of a specific method to treat the target metals has led to 

less efficient and high cost bearing complicated operations. These often limit their use in 

large-scale in situ operations as highlighted by Rao et al. (2010) and Fu and Wang (2011). 

Microalgal methods are widely used nowadays to remove and/or detoxify heavy metals 

from wastewaters due to their immense ability to reduce many heavy metals. Microalgal 

growth in the wastewater contributes to the significant removal of heavy metals even if 

present in low concentrations unlike chemical and physical methods (Jais et al., 2017). 

Since heavy metals like Cu, Ni, and Zn, are, required nutrients for microalgae growth 

(Gadd, 1993). Other heavy metals such as Cd, Pb, and Hg are nonessential, yet microalgae 

can sequester and/or biotransform these metals (Perez-Rama et al., 2002). Microalgal 

species isolated from metal-contaminated sites have a higher capacity for accumulating 

heavy metals than their taxonomic analogs from non-contaminated sites (Perales-Vela et 

al., 2006; Seth et al. 2011). During algal growth, metals are removed from the surrounding 

environment and accumulated in the cells by a biphasic process i) non-metabolic-dependent 

processes (adsorption) and ii) metabolic-dependent ones (absorption). 

In the first step (adsorption), microalgae prevent the uptake of heavy metals by 

adsorbing them to cell-associated materials and/or cell wall components (Das et al., 2008; 

De Philippis and Micheletti, 2009; Naja and Volesky, 2011; Mehta and Gaur, 2005; Gupta 

and Rastogi, 2008). This is due to any metal cation that may interact with negatively 

charged residues of the organic compounds e.g. the functional groups of carboxyl, 

hydroxyl, sulfate, and phosphate (Levy et al. 2008; Gasic and Korban, 2006; Worms et al., 

2006).  

The second process is active (adsorption), in which the uptake and accumulation of 

the metal ions inside the cell via micronutrient transporters. Once in the cell, heavy metal 

detoxification may be achieved by binding to specific intracellular compounds and/or 
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transport of the metals to specific cellular compartments (Lefebvre and Edwards, 2010). A 

common mechanism for intracellular metal detoxification in living organisms is the 

production of metal-binding peptides or proteins such as metallothioneins and 

phytochelatins (Robinson, 1989; Lefebvre and Edwards, 2010). Intracellular organic 

compounds such as malate, citrate, and polyphosphate are also reported as chelating agents.  

 

2.8 Wastewater Bioremediation by Marine and Salt Tolerant Microalgae  

As mentioned earlier, microalgae are reported to be employed in tertiary treatment 

systems (Oswald, 1988; Lavoie and De la Noüe, 1985; Martin et al., 1985). Some 

researchers have also noted their use in secondary treatment systems (Tam and Wong, 

1995). Many studies have demonstrated successful wastewater treatment with microalgae 

(Li et al., 2011a, 2011b) such as Chlorella, Chlorella vulgaris and Chlorella pyrenoidosa 

(Tam and Wong, 1989; Tam and Wong, 1990; Cheung and Wong, 1981; Lau et al., 1995; 

Lau et al., 1998), Scenedesmus (Shi, 2009), Spirulina (Olguin et al., 2003), Nannochloris 

sp. (Jiménez-Pérez et al., 2004), Botryococcus brauinii (An et al., 2003).  

Phycoremediation studies on the adoption of salt-tolerant and/or marine microalgae 

for wastewater treatment and other industrial effluents are scarce. Their use would be 

particularly suitable for all types of salt-containing and in particular for tannery effluent 

where salinity is invariably in the range of 15-20 PSU. Similarly, the industrial effluents 

from textile (Kumar et al. 2015), some pharmaceuticals (Sacan et al. 2006), and aquaculture 

possess high salinity and TDS (El-Sheekh et al. 2016).  The wastewater treatment for such 

high TDS effluent requires microalgal species tolerant to high salt concentrations. 

Therefore, marine microalgal species are highly suitable for such wastewater treatments. 

Recent studies by Das et al. (2017) and Kottangodan et al. (2019), marine microalgae 

Chlorella vulgaris and Phormidium sp., were found to be efficient in the treatment of 

wastewater from the tannery and mixed industrial effluents.  Both individually and in a 

consortium efficiently brought down the concentrations of BOD, COD, TN, TP, Cr, and 

TDS from tannery industry discharged wastewater (Das et al. 2018). The concentrations of 

toxicants and nutrients were brought to permissible safe discharge limits by 15-20 days of 

culture duration. The consortium of Chlorella vulgaris and Phormidium sp. remediated the 
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most tested parameters better and faster than both of them individually. The optimum 

reduction in BOD recorded was from 1520±261 mg L-1 to 100.25±8.5 mg L-1 correspond 

to a 93.4% reduction after a culture duration of 20 days in the consortium.  

Abdel-Razek et al. (2019) used a consortium of microalgae and cyanobacteria, 

Chlorella vulgaris, Scenedesmus quadricuda and Spirulina platensis, for the 

bioremediation of pesticides and selected heavy metals in wastewater from various sources 

and succeeded in removing 95% of Ni, 89% 0f lead and 88% Cd. Pena et al. 2019 

demonstrated the ability of the microalgae consortium to bring down the pollutants such as 

COD, N-NH3, TKN, and P-PO4
- to 51.02%, 99.90%, 82.88%, and 91.75%, respectively 

from 50% diluted tannery effluent from raw effluent, after primary 

coagulation/flocculation, effluent after primary and secondary biological treatment. 

According to Lee and Lee, 2002, algal strain such as Chlorella kessleri is capable of 

removing various concentrations of nitrogen up to 1400 mg/L indicating that this algal 

strain has a high tolerance to nitrogen. 

 

2.9 Utilization of Microalgal Biomass 

The most significant product of bioremediation using microalgae in terms of 

production amount and economic value is biomass. Microalgal biomass is a reserve for 

many valuable resources of high commercial value. Microalgae are considered one of the 

most promising feedstocks for sustainable production of commodities such as food, feed, 

chemicals, materials, and biofuels because their productivity is high, and do not require 

arable lands (do not replace food crops). The biomass from treated wastewater can be 

harvested for use as animal feed (Lincoln and Earle, 1990; Metting, 1996) or fuel and 

energy production (Xin et al., 2010).  

Biohydrogen and biodiesel production could be considered a feasible option for 

economic and sustainable energy production from microalgal biomass. In general practices 

of biofuel production, biomass generation is the major cost bearing factor making the whole 

production system either highly viable or economically challenging. Under most optimal 

conditions, microalgal cultivation costs 77% of the total cost and another 12% and 8% for 

harvesting and extraction, respectively (Ge et al., 2018). On the contrary, the utilization of 
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microalgae for wastewater treatment presents dual advantages of biomass generation 

together with waste treatment by stripping nutrients and toxic contaminants.  

The wastewater provides the major elements i.e. nitrogen, phosphorous, macro-, 

micro-nutrients and water required for the growth of microalgae. Thus an integrated 

approach of wastewater treatment and biomass generation at the same time largely reduces 

the cost. Moreover, Das et al. (2017), proposed the recyclability of the treated water to the 

industry or for various other uses like controlled irrigation of forests, lawns, and other 

greeneries. This approach, therefore, describes the water used for the growth of 

photoautotrophs eventually making significant contributions towards CO2 sequestration. 

This also dispenses the need for expensive and use of non-sustainable fertilizers. Most 

importantly, this approach attains obligatory environmental sustainability by reducing the 

burden of waste disposal (Xin et al. 2010). Microalgal biomass proliferated under the 

condition in which it cannot be utilized in food or feed making processes can be used 

directly as a fertilizer. 

 

2.10 Biodiesel from microalgae 

The depletion of fossil-based fuels which contributes 80% of primary energy needs, 

has motivated the global interest in renewable energy sources. A reliable, renewable, 

economical and sustainable source of energy is required to replace fossil-based energy 

needs. Biodiesel is considered an attractive alternative to replace fossil-based fuels since it 

is renewable, bio-degradable, non-toxic and eco-friendly.  Because of their high growth 

rate, biomass production and lipid content (Devi et al., 2012; Francisco et al., 2010), many 

microalgae have become potential candidates for renewable sources of alternative fuels.  

Though, the high cost of operation, energy requirement and an additional supply of 

nutrients are hindering the commercialization of microalgae-based biofuel production.  A 

few recent investigations (Das et al., 2017; Kamarudin et al., 2013) are encouraging to note 

that growing microalgae in wastewater counter many of these disadvantages.   

Biodiesel production from microalgal biomass is the most attractive option which can 

come in handy in sustaining the increasing global demand for liquid fuel under the threat 

of depletion of fossil fuel reserve. Bioethanol and biohydrogen are other energy products 
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extractable from microalgal biomass. The amount of lipid present in microalgae varies from 

10-60% depending on the conditions in which it grows. Microalgae accumulate lipids in 

high concentration under “stress” conditions, caused, for example, by depletion of nutrients 

such as nitrogen. In the absence of these nutrients, growth is hampered, while energy is 

continuously received in the form of light. Microalgae channel the excess of energy into 

large macromolecules, such as lipids or starch. In those cases, the lipid content can be as 

high as 60%. Under stress conditions, these lipids accumulate in lipid bodies as 

triacylglycerides or neutral lipids. The neutral lipids can be used as a feedstock for the 

production of biofuels (Rodolfi et al., 2009). More important than lipid concentration is 

lipid productivity under stress conditions (Griffiths and Harrison, 2009). Under stress 

conditions, algae accumulate lipids but productivity is lowered (Wilhelm and Jakob, 2011).  

Currently, the production of lipids from microalgae is a two-step process. First, the 

microalgae are grown in batch cultures and when a certain biomass concentration is 

obtained, the stress in the form of nitrogen limitation is applied to induce lipid 

accumulation. As a consequence, the growth rate decreases resulting in overall low lipid 

productivity. Further research on strain selection, strain improvement, and process strategy 

is needed to maximize the lipid productivity of the overall process. Under stress conditions, 

it is not only lipids that are accumulated. Usually, simultaneously with lipids, starch is 

accumulated. Processes need to be improved in that respect as well. Li et al. (2010) showed 

that for Chlamydomonas reinhardtii, by blocking the starch biosynthesis pathway, lipid 

accumulation could be enhanced. 

The quality of biodiesel is analyzed by calculating various diesel properties. The 

biodiesel has higher, density, viscosity, cetane number and cloud point; and lower volatility, 

gross calorific value and sulphur content. Degree of unsaturation (DU), saponification 

value (SV), iodine value (IV), cetane number (CN),  long-chain saturated fatty acid (LCSF), 

cold filter plugging point (CFPP), cloud point (CP), allylic position equivalent (APE),  biss-

allylic position equivalent (BAPE),  oxidative stability (OS), HHV, viscosity, and density 

are the important properties of fuels. These properties are calculated using the FAME 

profile of the oil. Estimation of the physical properties of biodiesel is related to the chemical 

structure of individual fatty acid methyl esters (FAMEs). The prediction of the above-



 

 

Chapter 2 

24 
 

mentioned biodiesel properties has widely been studied (Krisnangkura, 1991;  Benjumea 

et al., 2008 and Allen et al., 1999).  

2.10.1 Biodiesel FAMEs characterization 

The fatty-acid composition is used to predict the quality of fatty acid methyl esters of 

oils for use as biodiesel and the biodiesel properties depend on the chemical structure of 

individual FAMEs such as length of the carbon chain, the number of double bonds and 

branching, etc (Knothe, 2012; Ramírez-Verduzco et al., 2012; Giakoumis and Sarakatsanis, 

2019; Folayan et al., 2019).  The inter-relationship between the fatty acid chemical 

structures and biodiesel properties is described below. 

2.10.1.1 Degree of unsaturation 

The degree of unsaturation is a measure of the number of double bonds in the fatty 

acids. A higher degree of unsaturation causes autoxidation (Islam et al., 2013). This is 

directly related to other properties. As DU increases the cold temperature flow property and 

iodine value increases at the same time CN, viscosity and oxidative stability decreases. 

2.10.1.2 Iodine value 

Iodine value (IV) is a measurement of oil unsaturation. Biodiesel with higher IV will 

have better cold properties whereas lower IV has poorer oxidative stability (Islam et al., 

2013; Bagul et al., 2017). Therefore, affecting storage stability over time. Some standards 

propose the iodine value as an indicator of biodiesel susceptibility to oxidation, but it has 

been shown that this index is correlated with low oxidative stability as well as the 

degradation of fatty acids and their products. The maximum allowed value for IV is 120 g 

I2/100 g (EN 14214). 

2.10.1.3 Cetane number 

The CN of diesel fuel (DF) is related to the ignition delay (ID) time, i.e., the time that 

passes between the injection of the fuel into the cylinder and the onset of ignition. The 

shorter the ID time, the higher the CN and vice versa. Fuels with low Cetane Numbers show 

increased emissions due to incomplete combustion. it is a prime indication of biodiesel 

quality. Long unbranched chains with lesser amounts of double bonds give higher CN. 

According to biofuel standards the minimum limit allowed is equal to 51 (Nascimento et 
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al., 2013; Islam et al., 2013; Hellier et al., 2018). CN increases with branching and 

saturation while decreases with decreasing chain length and PUFA content. Long branched 

chains with no double bond give a higher cetane number. 

2.10.1.4 Cold filter plugging point (CFPP) 

When saturated molecules are present, crystallization may occur at temperatures 

within the normal engine operating range. Therefore when temperatures are low enough, 

these crystals grow rapidly and agglomerate, clogging fuel lines and filters and causing 

major operational problems (Reaume and Ellis, 2013; Bharti et al., 2019). Saturated fatty 

acids have a relatively higher melting point compared to unsaturated FA compounds, and 

in a mixture saturated fatty acids crystallize and unsaturated FAs remain liquid. The cold 

filter plugging point (CFPP) is a parameter usually used for the prediction of the flow 

performance of biodiesel at low temperatures. 

Biodiesel rich in Poly Unsaturated Fatty acids (PUFA) has good cold-flow properties, 

however, it is susceptible to oxidation. We should consider the following conditions to 

ensure good cold temperature flow properties. High amounts of saturated long-chain fatty 

acids tend to have relatively poor cold-flow properties.  

2.10.1.5 Cloud point (CP) 

As the biodiesel starts to freeze, it forms small crystals that start clumping together. 

CP is the temperature at which the crystals of solid biodiesel first become visible. They 

become visible as Cloudy biodiesel when they grow to four times larger than the 

wavelength of visible light (Islam et al., 2013; Saxena et al., 2013).  

2.10.1.6 APE and BAPE 

The allylic position equivalent (APE) and biss-allylic position equivalent (BAPE) are 

the indices that relate the structure and amount of alkyl esters present in biodiesel with its 

oxidative stability. The APE and BAPE indices are based on the number of positions 

reactive to oxidation (Bucy, 2011; Islam et al., 2013). For biodiesel, one APE is equivalent 

to one allylic position contained in an alkyl ester of 1% concentration in a mixture. In turn, 

one BAPE is equivalent to one double allylic position in an alkyl ester of 1% concentration 

in a mixture.  
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2.10.1.7 Oxidative stability (OS) 

Oxidative stability affects biodiesel primarily during extended storage. Factors such 

as the presence of air, elevated temperatures or the presence of metals facilitate oxidation. 

The reason for autoxidation is the presence of double bonds in the chains of many fatty acid 

compounds. The reactive oxidative species formed during the oxidation process cause the 

fuel to gradually deteriorate (Bucy, 2011; Nascimento et al., 2013; Kumar, 2017). Small 

amounts of highly unsaturated fatty compounds had an extremely strong effect.  Saturated 

oils give biodiesel with high oxidative stability. Biodiesel with high PUFA gives low 

oxidative stability. According to EN14214 oxidative stability at 1100C with a minimum 

induction time of 6h. We should consider the following conditions to ensure good oxidative 

stability, Linolenic acid content should be less than 12%; Fatty acids with 4 or more double 

bonds  ≤ 1% (Kumar, 2017). 

2.10.1.8 HHV 

Higher heating value is also known as the gross calorific value or gross energy is the 

amount of heat released during the combustion of one gram of fuel to produce CO2 and 

H2O at its initial temperature, this property is usually used to define the energy content of 

fuels and thereby their efficiency (Islam et al., 2013; Bharti et al., 2019). 

2.10.1.9 Viscosity  

 Viscosity affects the atomization of fuel upon injection into the combustion chamber 

and thereby ultimately the formation of engine deposits. The higher the viscosity, the 

greater the tendency of the fuel to cause such problems (Saxena et al., 2013; Batista et al., 

2018). According to European standard EN14214, the viscosity should be between 3.5-5.0 

mm2s-1. Viscosity is directly proportional to the chain length and degree of saturation. 

Saturated fatty acids having a long carbon chain give higher viscosity. Methyl esters with 

a carbon chain of > 18 carbon guarantee a low viscosity for biodiesel. 

In view of such proven advantages, this research work was undertaken to evaluate 

many marine microalgal isolates and a few salt-tolerant ones isolated for this study from 

the wastewater and coastal waters off Goa. Detailed laboratory experimentation and open 

field bulk trials have provided some appreciable results of value for bioremediation of four 
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very hazardous wastewater using cyanobacteria and a green microalga, in particular in their 

consortium. Also, the biofuel obtained by raising these microalgae seems promising for 

further trials and upscaled rearing of these strains (Nascimento et al., 2013; Islam et al., 

2013; Batista et al., 2018; Bharti et al., 2019). 
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3.1. Introduction 

The autotrophic microalgae possess comparable photosynthetic efficiency of higher 

plants, capable of rapid growth rate, and versatile ecological adaptability. Since they are 

efficient in uptake and assimilation of inorganic carbon, nitrogen, and phosphorus 

molecules they effectively use these essential nutrients via different metabolic pathways 

(Cai et al., 2013) for their metabolism and growth. They, therefore, are potentially 

advantageous for the removal of pollutants from wastewater. Exploiting microalgae for 

bioremediation and as feedstock for biofuel production is a growing field of research and 

application (Sitthithanaboon et al., 2013; Nascimento et al., 2013).  A practical solution for 

meeting the water requirements and economic sustainability of industrial-scale biodiesel 

production is the use of wastewater as their growth medium. Considering the variable 

quality and contaminant loads of industrial effluents, algal feedstock would need to have 

broad tolerance and resilience to fluctuating wastewater conditions during growth. 

The success and economic viability of wastewater treatment and subsequent biofuel 

production will depend on the selection of strains that exhibit exceptional growth rates, 

possess ideal biofuel lipid profiles and tolerate a wide range of environmental parameters 

(Griffiths and Harrison, 2009). To design an efficient biological wastewater treatment, it is 

important to identify strains that can detoxify/metabolize/biotransform hazardous 

compounds. Highly diverse specialized microbial communities are present in the 

environment which can efficiently detoxify many pollutants.   

Since all the microalgae are not capable of utilizing the hazardously high 

concentrations of nutrients and/or other toxic pollutants for their growth and development, 

one needs to evaluate the microflora from natural environments. Hence, a practical 

approach is to collect, identify, evaluate the populations of microorganisms capable of 

pollutant reduction/detoxification. This can be achieved by the selection through 

experimental confirmation and addition of exogenous microorganisms in addition to the 

indigenous populations present in the wastewaters.  

The standard determination procedure of microalgae includes morphological 

observations by microscopy. However, even these techniques cannot always discriminate 

between morphologically similar species which require, extensive taxonomic expertise and 
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are time-consuming (Zakrys et al., 2002; Ferroni et al., 2004; Skaloud and Radochova, 

2004; Weatherill et al., 2007). In this respect, phylogenetic analyses based on specific 

molecular markers have become an important tool in the identification of microalgae.  

The first step in screening microalgae for growing in mixed industrial effluent 

(MIE) and biodiesel production is the isolation of microalgae from the wastewater habitat 

to assess growth, biodiesel composition and metal tolerance under standardized conditions. 

Mixed industrial effluent is widely fluctuating in its loads of pollutants and trace metals. 

Therefore, microalgae from this type of environment may have desirable characters for 

growing in wastewater.  

The use of exogenous marine and indigenous salt-tolerant cyanobacteria and 

microalgae for treating mixed industrial effluent offers many advantages for eco-

sustainable bioremediation of polluted environments. Marine microalgae are preferable 

over non-marine origin for evaluating eco-friendly approaches of bioremediation, mainly 

owing to the salt tolerance characteristics of marine microflora besides their resilient 

adaptations to some ever-dynamic marine ecosystems.  Field sampling was carried out for 

this study to isolate and select phycoremediation potential bearing microalgae from marine 

and other habitats. 

 

3.2. Materials and Methods 

3.2.1. Sample collection 

Seawater samples were collected from the Goa coast of Anjuna (15.5736° N, 

73.7407° E) and Dona Paula (15.4612° N, 73.8095° E) (Fig. 3.1). Anjuna coast is quite cut 

off from the main beach and relatively inaccessible to tourists and other anthropogenic 

activities. Whereas, Dona Paula beach accessible to tourists and exposed to anthropogenic 

activities. Samples were collected and stored in polyethylene bottles and transported to the 

laboratory in a cool box with plenty of synthetic ice.  

To prescreen and obtain environmental isolates capable of growing in mixed 

industrial effluent for this study, a bulk volume of wastewaters was collected from the 

CETP (Common Effluent Treatment Plant) Badlapur, Maharashtra Industrial Development 

Corporation, Badlapur, Maharashtra and from open drainage in the city of Kanpur. The 
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CETP at Badlapur treats 8000 m3 day-1 of wastewater from the cluster of various industries 

contains mostly textiles, chemical manufacturing, engineering, and medical industries. This 

CETP receives wastewater from nearly 200-300 nearby small scale-large scale industries. 

Kanpur is one of the leading industrial areas in India and is home to some major industries 

which have large turnover (Das, 2017). Both registered and non-registered types of small 

scale industries operating in Kanpur. The open drainage situated in the city of Kanpur 

receives wastewater from different industries and finally discharges it into River Ganga. 

The characteristics of each MIE, BOD, COD, TDS, nutrients, trace metals etc., are 

described in the following chapters 4, 5, 6 and 7. 

3.2.2. Isolation and screening of cyanobacteria and microalgae  

Fifty mL of effluent was transferred to a 250ml conical flask containing 50 mL 

sterilized algae culture medium (ACM, Himedia, Mumbai). These flasks were incubated at 

a constant temperature of 28 ± 2°C and light, 150-300 µmol photons m2 s-1 (12:12 h dark: 

light photoperiod) illumination using white fluorescent light. The flasks were examined for 

algal growth every four days using an optical microscope. Serial dilutions were made from 

the flasks showing growth. Isolation of single colonies was done by spreading 1 ml of 

culture solution on algae culture agar (ACA) plates prepared in raw MIE. The plates were 

incubated at a constant temperature of 28 ± 2°C and light, 150-300 µmol photons m2 s-1 

(12:12 h dark: light photoperiod) till visible growth was observed. The microalgal colonies 

growing on these plates were restreaked several times onto fresh MIE-ACA plates until 

distinct well-isolated colonies were obtained.  Isolated microalgal colonies were picked and 

inoculated to 100 ml MIE-ACB and grown under the same culture conditions mentioned 

above.  

For the isolation of microalgae from seawater samples filtered through 0.7µ GF/C 

glass fiber filter paper (Whatman, USA).  This filter paper was transferred to 250 ml flasks 

containing 100ml sterilized 1:1 ACB and MIE.  These flasks were incubated at a constant 

temperature of 28 ± 2ºC and light, 150-300 µmol photons m2 s-1 (12:12 h dark: light 

photoperiod) illumination using white fluorescent light till the visible growth of microalgae 

was seen. Single species isolation was done following the same procedures as mentioned 

above. These acclimatized algal cultures were used in all the experiments. 
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The growth of cyanobacteria and microalgae in the culture media was monitored in 

terms of total chlorophyll as described in Chapter 4, section 4.2.4. 

3.2.3. Morphological Identification of Isolates 

  Isolates of cyanobacteria and microalgae were identified by viewing the strains 

under a light microscope (Nikon Eclipse 80i, Japan) and following the key provided by 

Desikachary (1959) and Tomas (1997). Microalgae are identified based on the 

morphological behavior and nature of the filament such as shape and size of the cell, 

heterocysts, and akinetes, etc. 

3.2.4. Molecular identification 

Genomic DNA was extracted from microalgal cells in the late-exponential phase 

using the Tissue and Cells DNA isolation kit (Genaxy, India), according to the 

manufacturer's instructions. Around 2 mL of microalgae culture grown in algae culture 

media (ACM) was pelleted by centrifugation and the culturing medium was discarded. 

Pellets were re-suspended in 200 µL lysozyme and incubated for 30 min at 37°C. This was 

followed by a short incubation at room temperature following the addition of RNase A 

solution. To this suspension, 20 µL Proteinase K solution and 200 µL of Lysis Solution C 

were added, vortexed and incubated at 55°C. To the following lysate, 200 µL of ethanol 

added was homogenized; and transferred in its entirety to an activated Miniprep Binding 

Column. After centrifuging at 1000 rpm for 1 min, the column was washed with wash 

solutions provided, and the collection tube changed at every step. The bound DNA was 

eluted into a fresh collection tube by the addition of the Elution solution and quantified 

using NanoDrop (Thermo Scientific, USA). Amplification of 16S rRNA genes was carried 

out using cyanobacteria-specific primers CYA359F (GGG GAA TYT TCC GCA AT G 

GG) and CYA781R (GAC TAC WGG GGT ATC TAA TCC CWT T) (Kong et al. 2017). 

The 50 µl reaction contained- 25 µl PCR Ready Mix with Taq and MgCl2 (Sigma-Aldrich, 

Germany), 2 µl template DNA, 1.5 µl of 10mM each primer and 20 µl nuclease-free water. 

PCR was performed in a  thermocycler (Applied Biosystems, USA) with an initial 5 min 

denaturation at 94°C, followed by 40 cycles of 45 sec at 94°C, 45 sec at 56°C and 90 sec 

at 72°C, with a final extension of 10 min at 72°C.  The presence of genomic DNA and 
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purity of specific PCR products were examined through electrophoresis (1% agarose) 

alongside 1 kb molecular ladder ranging from 100 to 3000 bp followed by ethidium 

bromide staining. PCR amplicons were purified using UltraClean® PCR Clean-Up Kit 

(Genaxy, India) and nucleotide sequences were determined by capillary sequencing of 

purified PCR products in an ABI 3130XL genetic analyzer (Applied Biosystems, USA). 

Sequences obtained were analysed against the NCBI (USA) database using BLAST 

program packages (https://blast.ncbi.nlm.nih.gov) and matched to known 16S rRNA gene 

sequences. Gene sequences were aligned using ClustalX software package (Thompson et 

al., 1997). MEGA 6 software package was used for distance analysis (using Maximum 

Composite model), bootstrap resampling (1000 times) and phylogenetic tree construction 

from the distance matrix using neighbor-joining (NJ) algorithm (Tamura et al., 2004; 2011). 

The sequences were submitted to NCBI-GenBank and accession numbers were assigned. 

3.2.5 Screening of cyanobacteria and microalgae to select potent isolates 

        Cyanobacteria and microalgae for bioremediation experiments were screened based 

on their ability to grow in different strengths of mixed industrial wastewater. The method 

of Prakasam and Dondero (1967) and Matsunaga et al. (1999) was followed to screen the 

microalgae of bioremediation potential.  For this purpose, mixed industrial effluent is used 

as the sole nutrient source. Microalgal cultures were inoculated at the exponential phase to 

different strengths of MIE (5, 10, 30 and 50%).  Different strength of MIE was made by 

diluting the full strength effluent (100% MIE) with deionized water, ie. 5, 10, 30, 50% of 

MIE was prepared by adding 95, 90, 30 and 50% of deionized water. The cultures were 

incubated at 28 ± 2°C under fluorescent illumination of 150-300 µmol photons m2 s-1 (12:12 

h dark: light photoperiod) for 2-3 weeks. The appearance of green healthy cells confirmed 

the tolerance of the microalgae in the toxic DMIE (diluted mixed industrial effluent), which 

were used further for all the experiments. 

 

3.3. Results 

3.3.1 Screening of cyanobacteria and microalgae to select potent isolates 

        Nine species of microalgae (Phormidium sp., P. corium, Spirulina sp., Chlorella 

vulgaris, Chroococcus sp., Lyngbya sp., Oscillatoria sp., Synechocystis sp. and C. 
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variabilis) were grown in the different strengths of MIE to monitor their viability and 

survivability.  Among them, a filamentous marine cyanobacterium, Phormidium sp., 

collected from the intertidal rocky beach off Anjuna, Goa, India (15.5736° N, 73.7407° E) 

and single-celled cyanobacterium Synechocystis sp. collected from Dona Paula (15.4612° 

N, 73.8095° E) and salt-tolerant microalga Chlorella vulgaris consistently grew luxuriantly 

in the MIE. The other microalgal isolates, except C. vulgaris, Synechocystis sp. and 

Phormidium sp., were not able to survive even in lower concentrations of MIE. Growth of 

microalgae C. vulgaris, Synechocystis sp. and Phormidium sp., found to be declining in a 

higher concentration of the effluent (Fig.3.4). Many microalgal strains maintained in our 

collection were tested for their growth in various strengths of the MIE.  

3.3.2. Characteristics of phycoremediating cyanobacteria and microalgal isolates 

A total of 9 microalgae were isolated altogether from seawater and MIE. Among 

them, three strains of microalgae were selected for the detailed study based on their 

prolonged stability and survivability in MIE. Based on morphological analysis and 

comparison to identification keys (Desikachary 1959, Thomas 1997) as well as molecular 

identification techniques the isolated microalgae identified as Phormidium sp. (NIONP), 

Synchocystis sp. (NIONSY) and Chlorella vulgaris (NIONCV). Light microscope images 

of isolated microalgae are shown in Fig.3.2  

According to taxonomical grouping based on morphology and physiological 

properties NIONCV belongs to the genus Chlorella. Cells were microscopic, unicellular, 

green colour, spherical with 2-10 µm diameter and were similar to Chlorella sp. as 

described by Safi et al. (2014). NIONSY cells are spherical, pale blue-green, single with 5-

6 µm broad or two together after cell division, or rarely in colonies of a few cells, without 

distinguishable envelopes as described by Desikachari, 1959. Based on these 

morphological descriptions this specific strain belongs to Synechocystis sp. NIONP cells 

were filamentous, solitary or formed clusters, straight or slightly coiled. The trichomes 

were cylindrical, long, with rounded ends, 0.5-1.0 µm wide, 2-4 µm long and pale blue-

green colour. The trichomes were benthic and formed sheath-like colonies. The cells were 

classified as belonging to the genus Phormidium based on the morphological characteristics 

and comparison to the algae identification keys (Desikachary, 1959).  
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3.3.3 Molecular identification of cyanobacteria and microalgae 

Molecular identification was done to confirm microalgal species that grew in higher 

strength of MIE and morphologically identified using a light microscope. Determination of 

species was done by comparing obtained nucleotide sequences with known 16S rRNA gene 

sequences retrieved from NCBI GenBank. The phylogenetic tree of the cyanobacteria 

sample constructed using MEGA 6 software (Fig. 3.3) indicated that NIONSY (NCBI Acc. 

No. KY305623) shared the closest similarity with Synechocystis sp. Similarly, the green 

microalga NIONCV (NCBI Acc. No. KY305622) had the closest similarity with Chlorella 

vulgaris and NIONP (NCBI Acc. No. KY778749) closest similarity with Phormidium sp.  
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Fig. 3.1 Collection of seawater sample from Anjuna and Dona Paula, Goa during July 

2013 
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Fig. 3.2 Microphotographs of microalgal isolates a) Chlorella vulgaris;  b) Synechocystis 

sp.; c) Phormidium sp. 
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Fig. 3. 3 Phylogenetic trees showing the relationship of 16S rRNA gene-based 

sequences obtained in this study. a. Chlorella vulgaris (NIONCV); b. Synechocystis 

sp. (NIONSC) and; c. Phormidium sp. (NIONPL very distantly homologous with 

Phormidium lucidum) with those in GenBank database. The bootstrap values are 

shown on the branches. The scale bar indicates percentage nucleotide substitution. 
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Fig. 3.4 Screening of survivability of different microalgal species in different strengths 

of mixed industrial effluent. Strength of MIE (in percent) labelled on the tubes 
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3.4 Discussion   

Isolation of cyanobacteria and microalgae was carried out from mixed industrial 

effluent as well as coastal marine waters. Three isolates comprising Chlorella vulgaris 

Synechocystis sp. and Phormidium sp.  grew at least 30% of the most hazardous effluent 

were selected for the bioremediation experiments. Steady and constant acclimatisation 

helped these strains to thrive in this effluent. MIE is quite variable in nature depending 

upon the number and type of industries from which the wastewater is received. Its 

characteristics include high concentrations of complex and hazardous pollutants, high 

BOD, COD, nutrients, trace metals, TDS, etc. 

Genomic identification was performed in addition to the morphological identification 

to confirm the species of 2-10 µm size. As is well known, microalgae are identified based 

on the shape of their vegetative cells, the position of chloroplasts, characteristics of 

trichome and their ultra-structural characteristics (Safi et al., 2014; Desikachary, 1959; 

Tomaselli, 2004). Most species lack obvious structural features and some of the observable 

characteristics are variable within species makes morphological identification of 

microalgae very tedious.  Since the morphological identification of microalgae requires the 

use of a microscope, sometimes at very high magnification, the taxonomy of it is somewhat 

inaccessible to non-specialists and sometimes rapid identification of some species even by 

microscopy is impossible.  

Molecular discrimination methods are often very effective for identification, 

especially of the pico-nano microalgae as very few morphological features can be 

visualised under a compound microscope (Zou et al., 2016). Genomic identification is 

currently a widely used and effective tool for fast and accurate species identification 

(Chakraborty et al., 2014; Krawczyk et al., 2014; Zou et al., 2012).  

Analyses of partial 16SrRNA sequences revealed, the 3 microalgal species used in 

the study formed a well-differentiated clad for Chlorella vulgaris (Fig. 3.3a), Synechocystis 

sp. (Fig. 3.3b) and Phormidium sp. (Fig. 3.3c). Chlorella vulgaris formed a separate clade 

from Chlorella kessleri and the K2P (Kimura-2-Parameter) genetic distance observed 

between the species was 0.016 (1.6%). Similarly, Synechocystis sp. formed separate clad 

from Synechocystis pevalekii and Synechocystis salina and the K2P genetic distance 



 

 

Chapter 3 

41 
 

observed between was 1.1% and 1.4%, respectively. Phormidium sp. formed a separate 

clad with Phormidium chlorinum and P. irriguum. The K2P genetic distance observed 

between Phormidium sp. and P. chlorinum and P. irriguum were 4.8% and 5.5%, 

respectively. In 2015, Li et al. carried out the phylogenetic analysis of 37 microalgae 

including Scenedesmus, Chlorella, Stichococcus, Nannochloropsis, Tetraselmis, 

Isochrysis, Phaeodactylum and Cylindrotheca based on their total lipid, growth rate and 

biomass production to screen the promising candidate for biodiesel feedstock. 

Sundaramoorthy et al. (2016) studied the phylogenetic relationship of four heavy metal 

tolerant microalgae (Anabaena, Oscillatoria acuminate, Phormidium irriguum and 

Spirogyra maxima) isolated from estuaries receiving tannery effluent.  

The three species, C. vulgaris, Synechocystis sp. and Phormidium sp., out of nine, 

were isolated and characterized in this study as being capable of growing well and reducing 

many pollutants within a short period. The ability of these microalgae to utilize the 

hazardous pollutants individually, as consortium and consortia are detailed in chapters 4, 

5, 6 and 7. Bwapwa et al. (2017) also reported the capacity of Chlorella sp. for heavy metal 

biodetoxification from acid mine drainage. Microalgae C. vulgaris and Phormidium sp. are 

capable of growing in highly hazardous wastewaters with heavy loads of trace metals (Das 

et al., 2017, 2018; Kottangodan et al., 2019). The heavy metal detoxification potential of 

Synechocystis sp. is discussed in many works of literature (Igiri et al., 2018, Xu et al., 2018, 

Huertas et al., 2014).  Overall, such tedious but essential selection steps of bioremediating 

organisms from natural and contaminated effluents would lead to evolving protocol for 

transfer, reliable methods for pollution reduction. 

Microalgae growing in coastal waters are exposed to constant seasonal 

physicochemical and biological changes. This makes the isolates from the wild tolerance 

to a wide range of physicochemical factors. Also, the indigenous microalgae isolated from 

the effluent have the ability to grow in such precarious conditions (Rai et al., 1997). 

Monteiro et al. (2011) reported that microalgal cells isolated from the polluted environment 

possess a higher tolerance and removal capacity than the strain obtained from the culture 

collection.  Studies by Chong et al. (2000) and Dwivedi et al. (2010) suggest that the 

biodetoxification potential of microalgae is enhanced when exposed to contaminated sites. 
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The microalgae have a wide range of tolerance to pollutants and heavy metals since these 

essential nutrients support the growth and development (See chapter 2).  
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4.1 Introduction 

Water pollution is a growing concern. More and more wastes are discharged into 

oceans, rivers and lakes. Such indiscriminate drainage of wastewater and other practices 

destroy biological diversity, imbalance the chemical composition of receiving water bodies 

and, is an aesthetic nuisance. Anthropogenic wastes (domestic sewage and industrial 

effluents) are deleterious to open water bodies including the fluvial ones, with some studies 

claiming as high as 70% of all available water in India to be polluted (Dara and Mishra, 

2014). For instance, the River Ganga, a trans-boundary river of the Indian subcontinent is 

one of the five most polluted rivers in the world (Narain, 2014). This major Indian River is 

polluted due to discharges from over 60 major tanneries plus innumerable cement 

manufacturing units, agricultural and human religious activities. Close to 37% of the 1.2 

billion Indians, living along the 1400 Km river stretch, pollute its flood plains with 

agricultural and human activities as well as discharges from major tanneries and cement 

manufactures (Narain, 2014). Biota in this river and its tributaries are thus under severe 

threat. To improve water quality and render it safe for continued use, remedial steps are 

crucial. Among such practices, bioremediation is a viable, sustainable and pragmatic option 

to consider in the long run.  

Bioremediation using microalgae (phycoremediation) is an effective and economical 

method (Kottangodan et al., 2019; Das et al., 2017; Fawzy and Issa, 2016; Narasimhan, 

2010; Dominic et al., 2009; El-Bestawy, 2008) in a variety of wastewater treatment 

technologies. To circumvent these undesirable effects of pollution, many physical, 

chemical and biological methods, including bioremediation, are employed for the treatment 

of industrial effluents (De la Noüe and Proulx, 1988; Garbisu et al., 1991; Garbisu et. al., 

1993; Siao et. al., 2007). One major drawback of certain conventional treatment 

technologies is the production of large amounts of sludge, high energy consumption and 

high cost of operation. More seriously, the chemicals used for treatment themselves cause 

secondary pollution. Since the 1960s, efforts have been made to employ microalgae in the 

tertiary treatment of secondary effluents due to their ability to assimilate nutrients for their 

growth (Kuyucak and Volesky, 1988; Oswald, 1988; Romero-Gonzalez, 2001; Hu, 2013) 

and these methods include the use of salt-tolerant marine microalgae (Craggs et al., 1997; 
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Rao et al., 2010; Dunn et al., 2013; Dunn and Rose, 2013). All these efforts aim to transform 

some of the contaminants into nonhazardous materials, rendering the treated water safe for 

reuse or disposal (Craggs et al., 1997; Rao et al., 2010). In addition, Yun et al. (1997) 

demonstrated the improved efficiency of CO2 sequestration by growing microalgae in 

wastewater, which is helpful in easing some of the challenges of global warming owing to 

their photoautotrophic nature of fixing and assimilating carbon dioxide. Moreover, many 

microalgae possess the ability to sequester metals by adsorption or absorption and thereby 

reduce metal concentrations in treated wastewater (Munoz and Guieysse, 2006; Kaplan, 

2013).  

Microalgal biomass generated from growing them in the effluents can be variously 

useful (Das et al., 2017). The macronutrients (e.g., nitrates and phosphates and several 

organic compounds) contained in the wastewater, are assimilated during growth, thereby 

improving water quality safe enough for other uses or drain out to the natural environment. 

Compared to other bio-resources, microalgae offer significant advantages, due to their high 

photosynthetic efficiency, their ability to rapidly absorb nutrients, hence, reducing the risk 

of eutrophication, and a less land-area requirement for mass production (Zou et al., 2016),  

while providing a means for contaminant removal from the wastewater (Delgadillo-

Mirquez et al., 2016; Sivakumar et al., 2012), the biomass generated can serve as a raw 

material in the production of high-value byproducts such as biofuels, proteins, pigments, 

carbohydrates, vitamins and/or biogas (D'Este, 2017; Mitra and Mishra, 2019; Araujo et 

al., 2011). As Arbib et al. (2013) highlighted, biological mitigation/ sequestration of CO2, 

can be carried out effectively by microalgae including cyanobacteria which can assimilate 

CO2 and grow much faster than terrestrial plants.  

This study focused on evaluating the reduction of BOD, COD, TDS and a variety of 

nutrients and other toxic pollutants by growing three isolates of microalgae (marine 

cyanobacterium, Phormidium sp. and Synechocystis sp. and a green microalga, Chlorella 

vulgaris) in the of mixed industrial effluent (MIE) collected from a stream of wastewater 

received from different industries (tanneries, sewage, textile industries, etc.). This stream 

flows into River Ganga ~3 Km north of Kanpur City. It also aimed at testing lipid and 

biodiesel production by these microalgae when grown in this full-strength MIE.  
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4.2 Materials and Methods 

4.2.1 Collection and chemical characterization of MIE  

    The sample was collected from open drainage in the city of Kanpur in September 

2014 (Fig. 4.1). This drainage receives wastewater from tanneries, textile mills, chemical 

manufacturing units, and municipal sewage.  At least four million liters of wastewater are 

discharged daily and, directly into River Ganga through this drainage alone. The sample 

was collected from a 500 m upstream point on the banks of Ganga where wastewater from 

different industries mixes together. Bulk samples were transported to the laboratory and 

stored at 4ºC (in the cold room facility available at NIO, Goa) and subjected to different 

chemical analyses and used in the experiments.  

The pH of the MIE was determined using a pH meter (ECPHTUTOR-S, EUTECH, 

India) and salinity using a digital hand-held refractometer (PAL-06S, ATAGO Co. Ltd., 

Japan). Biochemical oxygen demand (BOD) was determined by incubating the MIE at 

room temperature for five days, and DO was measured initially and after incubation 

(APHA, 2005).  Chemical oxygen demand (COD) was determined by the open reflux 

method by boiling diluted effluent in a mixture of chromic and sulfuric acids and then 

titrating against ferrous ammonium sulfate. Total dissolved solids (TDS) were measured 

gravimetrically (APHA, 2005), calculated by measuring the residual weight after drying 

known sample volumes filtered through 0.7µ glass microfiber filters at 180ºC.  

Total dissolved solids (mgL-1) = 
(A−B)×1000

Sample volume (ml)
 ………………………..(1) 

Where A = weight of dried residue and dish; B = weight of the dish 

Nutrients were analysed calorimetrically. Measurements of nitrate-N (measured 

following cadmium reduction method), nitrite-N (azo-dye method), phosphates-PO4
2- 

(ascorbic acid method), ammonia-N (indophenol blue-phenate method) and sulfate-SO4
2- 

(barium chloride method) were determined following standard procedures (APHA, 2005). 

Phenols were analysed using the 4- aminoantipyrine colorimetric method (APHA, 2005). 

For trace metal analysis, from the original effluent and after growing the microalgae 

(see below), 5 ml of supra-pure concentrated HNO3 was added to 100 ml of the well-mixed 

MIE sample and kept for digestion at 120°C. Heating and adding of conc. HNO3 was 
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continued until digestion was complete - as seen by a light-coloured, clear solution (APHA, 

2005). The sample was then filtered through 0.45 µ filter paper (Millipore, USA) and the 

filtrate was transferred to a 100 ml volumetric flask for making up the volume. From the 

experimental setup, culture aliquots were drawn out at regular intervals and centrifuged at 

10000 rpm for 5 min and, the supernatants were used for analyses. Metal concentrations in 

the processed samples were analysed by following the methods described in APHA (2005) 

protocol in an inductively coupled plasma optical emission spectrometry (ICP-OES) 

(Optima 7300DV, PerkinElmer, Singapore). 

4.2.2 Isolation of microalgae 

  Marine cyanobacteria Phormidium sp., Synechocystis sp. used in this study were 

isolated from coastal waters off Goa and salt-tolerant microalga C. vulgaris isolated from 

wastewater itself and maintained in an algal culture medium (ACM, Himedia, Mumbai) at 

a constant temperature of 28±0.5 ºC under fluorescent illumination of 150-300 µmol photos 

m-2 s-1 (with 12:12h light: dark photoperiod). These mono algal cultures, obtained by serial 

dilution and nutrient enrichment method, were identified using the keys by Desikachary 

(1959) and Tomas (1997), and additionally by 16SrRNA sequencing as described in chapter 

3 section 3.2.2. 

4.2.3 Experimental setup 

The initial experiments were conducted on a laboratory scale using 1000 ml 

borosilicate flasks. For this study, C. vulgaris, Synechocystis sp. and Phormidium sp. 

cultures were inoculated in 1000 ml flasks containing 500 ml of MIE. Once it was 

confirmed that the growth of both microalgae was luxuriant in the full strength (100%) 

effluent, all experiments were scaled up to 30L MIE.  Mass culture experiments were 

carried out in triplicate in 50L polypropylene tanks. These tanks were washed with dil. 

HNO3 and rinsed with deionized water until the pH of the eluent is neutral. Thirty liters of 

MIE were transferred to 50L tanks. Three different sets of experiments were set up for three 

different microalgae. Thirty-five gram of wet algal cells suspended in tap water was added 

to each tank on day 0. The cultures were maintained for 14 days at a temperature of 29 ± 

4°C and sunlight intensity of ~1850 µmol photons m–2 s–1. Mixing was done manually five 

to seven times a day to avoid clumping and adherence of the cells to the tank surface. 
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Experimental control of MIE without any microalgae and another of standard algae culture 

medium with algal cells were maintained throughout the experiment to compare the effect 

of MIE on the growth and phycoremediation potential of algae. All experiments were 

carried out in triplicates. Volumes of ~ 500 ml of cultures were drawn out every two days 

(0, 2, 4, 6, 8, 10 and 14) for monitoring the concentrations of various chemical parameters 

as well as concentrations of trace metals.  

4.2.4 Analytical procedures 

Measurements of BOD, COD, NO3-N, PO4-P, SO4-S, trace metals and TDS from the 

experimental setup were done as described above for the MIE characteristics.  Total organic 

carbon (TOC), total solids (TS) and total suspended solids (TSS) were not analysed because 

the algal biomass adds to the total/suspended solids, interfering with accurate 

measurements. To avoid underestimation of filamentous cyanobacterium Phormidium sp., 

measuring chlorophyll was sought as a reliable option. Since C. vulgaris belongs to class 

Chlorophyta, contain chlorophyll a and b, growth analysis of microalgae C. vulgaris, 

Synechocystis sp. and Phormidium sp. were done by using total chlorophyll measurements. 

On each sampling day, three replicates of 10 mL culture from each of the three tanks were 

centrifuged at 10000 rpm for 10 min. Harvested cells were homogenized using 10 mL 90% 

methanol with ≈0.5 mg of MgCO3 to prevent pheophytin formation and/or degradation of 

chlorophylls. Centrifuge tubes were kept overnight at 4°C for the extraction of chlorophyll. 

The tubes were then centrifuged for 10 min at 10000 rpm. Absorption maxima of the 

supernatants were measured using spectrophotometry (UV 1800, Shimadzu, Japan) at 665 

and 650 nm to measure the concentration of Total chlorophyll (Becker, 1994).  

Chlorophyll a = (16.5 x A665) – (8.3 x A650)………………………………. (2) 

Chlorophyll b = (33.8 x A650) – (12.5 x A665)……………………………... (3) 

Chlorophyll a + b = (4.0 x A665) + (25.5 x A650)…………………………... (4) 

  The DCW (dry cell weight) of the microalgae grown in MIE was determined by 

centrifuging 100 ml samples from each at 10000 rpm for 5 minutes and drying the cell 

pellet in an oven at 60°C until a constant weight was observed. Growth performance was 

determined in terms of growth rate by measuring the specific growth rate (µ; Guillard, 

1973).  
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Specific growth rate (µ) was calculated in terms of chlorophyll increase per unit time: 

µ (day-1) = ln(x1/x0)/t1 – t0 ……………………………………………………..... (5) 

Where x0 and x1 are quantitative expressions of total chlorophyll concentration at the initial 

(t0) and final (t1) time during the incubation interval of three days. 

4.2.5 Reduction efficiency  

  The reduction/removal efficiencies (%) of the various parameters were calculated by 

following Ji et al. (2011) 

R= 
𝐶𝑖−𝐶𝑒

𝐶𝑖
 𝑋100 ……………………………….…………………………………. (6) 

Where, 

R = the removal/ reduction percentage at each measurement  

Ci = the initial concentration of a given parameter, and 

Ce = the remainder concentration on a given sampling day 

4.2.6 Statistical analysis 

The growth of microalgae was correlated with the reduction of various pollutant 

concentrations in the wastewater during the experimental period. The strength of the 

correlation was specified as Pearson correlation coefficients (R) of which values of ≥0.4, 

≥0.6 and ≥0.8 are statistically significant with p<0.05, <0.01 and <0.001, respectively.  

Two-way analysis of variance (Two way ANOVA) was applied to the experimental results 

to check statistically significant (at the 5% level) differences if any, between the mean 

values of various parameters in the MIE following the inoculation (and growth) of 

microalgae. The statistical analyses were done using STATISTICA 8.0 software. 

A post-hoc test (Turkey HSD test) was applied to discern the duration (culture days) 

and the microalga in which significant differences were observed.  

 

4.3 Results 

4.3.1 Characteristics of mixed industrial effluent 

The COD of untreated MIE was 3000.00±0.00 mg L-1 and, BOD 853.33±23.09 mg 

L-1. The concentration of nitrate-N was very low (0.0017±0.00 mg L-1); whereas the nitrate-

N concentration was higher than the permissible limit (45.4±0.00 mg L-1). The phosphate 
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concentration was 4.25±0.00 mg L-1 and that TDS, 1088±25.17 mg L-1.  The concentrations 

of TOC, phenols, and ammoniacal-N respectively were 11.53±0.00 mg L-1, 0.286±0.00 mg 

L-1 and 20±0.00 mg L-1. All three microalgae, C. vulgaris, Synechocystis sp. and 

Phormidium sp. were found to be growing very rapidly in the effluent with a significant 

reduction in different pollutants measured in this study (Table 4.1). The nutrients present 

in the effluent found to be enhancing the growth of microalgae. The microalgal cultures 

grew very well and reduced BOD, COD, nitrate, nitrite within 6-14 days of inoculation.  

4.3.2 Growth of the microalgae in mixed industrial effluent  

The total chlorophyll concentration of microalgae strains was compared in the mixed 

effluent with that of grown in algae culture medium (ACM; Fig. 4.2). Maximum 

chlorophyll build-up in MIE observed was 5.57±0.03 mg L-1 for Synechocystis sp. followed 

by 4.8±0.03 mg L-1 for C. vulgaris and 4.7±0.38 mg L-1 for Phormidium sp. by day 14. This 

was 2-3 fold higher compared to the chlorophyll produced in ACM.  The average maximum 

specific growth rate observed for Synechocystis sp. was 0.58±0.02 day-1, for Phormidium 

sp. was 0.54 ± 0.01 and for C. vulgaris, 0.53±0.01 on the 4th day of the culture period (Fig. 

4.3).  The growth rate of these microalgae was lower (a maximum of 0.21±0.03 for C. 

vulgaris, 0.36±0.03 for Synechocystis sp. and 0.29±0.02 for Phormidium sp.) when grown 

in ACM.   

DCW of C. vulgaris, Synechocystis sp. and Phormidium sp. after 14 days cultivation, 

was found to be 632.12±13.66 mg L-1, 657.63±15.33 mg L-1 and 622.01 ±22.09 mg L-1and 

respectively (Fig. 4.4).   The growth rate, chlorophyll, and DCW were found to decrease 

after 14 days of cultivation.  

4.3.3 Reduction of different physicochemical parameters  

The concentrations of physicochemical parameters analysed from the mixed 

industrial effluent before (0 days) and after the treatment (14 days) with Phormidium sp. 

are presented in Table 4.1. There was a significant reduction in all tested parameters in MIE 

after treatment with microalgae.  Percent reduction of all examined parameters was 

significantly higher (p<0.001) in the microalgal sets than in the control set.  Chlorella 

vulgaris, Synechocystis sp. and Phormidium sp. could bring down the BOD to the 
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permissible limit within 8-10 days (Fig.4. 4). The BOD reduced from initial 853.33±23.09 

mg L-1 to 31.82±4.94 mg L-1 and 30.49±3.31 mg L-1 by Chlorella vulgaris and 

Synechocystis sp. respectively. A rapid decrease in BOD, by C. vulgaris (87%) and 

Synechocystis sp. (89%), were recorded on day 6 itself. The maximum reduction of BOD 

was achieved by day 14 in the culture tanks of C. vulgaris (96%) and Synechocystis sp. 

(97%). The BOD level was reduced from 853 to 61 mg L-1 in Phormidium sp. by day 14, 

the reduction was 92.85%. The level of BOD was brought down to near the EPA (1986) 

and BIS (1994) permissible limit of 100 mg L-1 by day 6 in Synechocystis sp., by day 8 in 

C. vulgaris and by day 10 in Phormidium sp. By day 14, C. vulgaris, Synechocystis sp. and 

Phormidium sp. respectively reduced 93%, 95% and 93% (Fig. 4.4b) of the COD from the 

initial concentrations of 3000.00±0.00 mg L-1. C. vulgaris could reduce the COD to 

203.33±5.77 mg L-1, Synechocystis sp. to 146.67±5.77 mg L-1 and Phormidium sp. to 

198±5.77 mg L-1.  

All the microalgae tested were able to remove the nitrate and phosphate quite 

efficiently from the MIE (Fig.4. 5). The initial phosphate concentrations of 4.25 mg L-1 

decreased to undetectable levels by day 14.  Complete removal of phosphate by 

Synechocystis sp. and Phormidium sp. was observed within 14 days culture period, and C. 

vulgaris removed 99% by day 14 (Fig. 4. 4d).  With the maximum reduction in nitrate 

(94.98% by Synechocystis sp., 92.74% by C. vulgaris and 92.74% by Phormidium sp.) by 

day 14, from the initial 45.47±0.00 mg L-1, nitrate concentration decreased respectively to 

3.30 ±0.43 mg L-1, 2.28 ±0.25 mg L-1 and 3.29±1.89 mg L-1 by C. vulgaris, Synechocystis 

sp. and Phormidium sp. (Fig. 4.4c). A similar sulphate removal trend was observed for the 

microalgae. Sulphates removal rates of as much as 89.52%, 90.50% and 87.78% (from the 

initial 1038.54±7.38 mg L-1 to 108.85 ± 0.65 mg L-1, 98.65± 0.65 mg L-1 and 126.98± 11.62 

mg L-1) were achieved by C. vulgaris, Synechocystis sp. and Phormidium sp. respectively 

within 14 days of the culture period (Fig. 4.4e).  The MIE contained high amounts of TDS 

(1088±25.17 mg L-1). The microalgae reduced TDS at a much slower rate compared to 

other parameters. Synechocystis sp., C. vulgaris and Phormidium sp. could remove 80.09% 

(216.66±7.64 mg L-1), 73.05% (293.33±12.58 mg L-1) and 72.43% (300.00±08.66 mg L-1) 

of TDS respectively during the 14 days culture period (Fig. 4.5f). 
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Concentrations of trace metals in the MIE, following treatment with microalgae, are 

presented in Fig. 4.6. Phormidium sp. could remove 79% of chromium (105.4 µg L-1), 89% 

of zinc (80.4 µg L-1) and 28% nickel (9.1 µg L-1) from the effluent during the 14 days of 

growth. Complete removal of chromium was achieved by Synechocystis sp. and, also, 55% 

of zinc and 19% of nickel. Whereas, C. vulgaris could achieve complete removal of 

chromium as well as zinc from the effluent within the culture period.  

A strong correlation between the pollutant removal rate and microalgal growth was 

evidenced. Reduction in the concentrations of BOD, COD, NO3-N, PO4-P, SO4-S and TDS 

in the MIE correlated positively with the growth, measured as the increase in total 

chlorophyll, of Chlorella vulgaris, Synechocystis sp. and Phormidium sp. The positive 

trend in the correlation of Chl a with different parameters during the experimental period 

(Fig, 4.7) can be ascribed to the growth-related reduction of these toxicants. 
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Table 4. 1 Characteristics of raw mixed industrial effluent from Kanpur, India and after 

with C. vulgaris, Synechocystis sp. and Phormidium sp. for 14 days. 

SD, n=3, *= except pH, salinity and TOC all parameters are in mg L-1,  a= this parameter 

was not analysed in the treated wastewater because the algal biomass adds to the organic 

carbon; b= Not analysed, concentrations were within the safe limit; ND= Not detected 

  

Parameters 

(mg L
-1

) 
Untreated 

effluent 14 day  MA treated effluent 
Permissible 

limit  (EPA, 

1986; BIS, 

1994) 
    Chlorella 

vulgaris 
Synechocystis 

sp. 
Phormidium 

sp. 
  

pH* 7.75±0.00 8.56±0.00 8.65±0.00 8.24±0.00 5.5-9.0 

Salinity* 15±0.35 12±0.50 11±0.50 11±0.10 - 

Total Solidsa 1423.33 - - - - 

TDS 1088±25.17 293.33±12.58 216.66±7.64 302±2.65 2100 

BOD 853.33±23.09 31.82±4.94 30.49±3.31 61±3.25 100.00 

COD 3000.00±0.00 203.33±5.77 146.67±5.77 198±5.77 250.00 

TOCa* (%) 11.53±0.00 - - - -
 
 

Nitrite 0.0017±0.00 ND ND ND -
 
 

Nitrate 45.4±0.00 3.30±0.43 2.28±0.25 3.35±0.45 20 

NH
3
 20±0.00 ND ND ND 10 

Phosphates 4.25±0.00 0.03 ± 0.01 ND ND 10 

Sulphates 1038.54±7.38 108.85 ± 0.65 98.65± 0.65 126±0.00 500 

Phenolsb 0.286 - - - 5-50 
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Fig. 4. 1 Collection of mixed industrial effluent from Kanpur industrial area, India during 

September 2014 

 

 

 

 
  



 
 

Chapter 4 

55 
 

 

 

Fig. 4.2 Growth of C. vulgaris, Synechocystis sp. and Phormidium sp. in mixed 

industrial effluent and algae culture medium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 Growth rate of C. vulgaris, Synechocystis sp. and Phormidium sp. in 

mixed industrial effluent and algae culture medium 
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Fig. 4.4 Growth of microalgae, Chlorella vulgaris, Synechocystis sp., and 

Phormidium sp. in terms of dry cell weight (DCW) in algae culture medium 

(ACM) and mixed industrial effluent (MIE) collected from Kanpur, India 
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Fig. 4.5 Percent reduction of (a), biochemical oxygen demand (BOD); (b), chemical 

oxygen demand (COD); (c), nitrate (NO3-N); (d), phosphate (PO4-P); (e), sulphates 

and (f) total dissolved solids (TDS) by Chlorella vulgaris, Synechocystis sp. and 

Phormidium sp. from mixed industrial effluent (MIE) collected from Kanpur, India 
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Fig. 4.6 Heavy metal reduction/binding/transformation by C. vulgaris, 

Phormidium sp. and Synechocystis sp. from mixed industrial effluent collected 

from Kanpur, India 
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Fig. 4.7 Correlation plots of various pollutant removal efficiencies with total 

chlorophyll concentrations of Chlorella vulgaris, Synechocystis sp. and Phormidium 

sp.   
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4.4 Discussion  

To overcome pollution and contribute to the clean-up of the River Ganga, all 

wastewaters should be treated before disposal. Culturing microalgae in nutrient-rich 

wastewater provides an economical and useful way of wastewater treatment and the energy-

rich biomass thus produced can be utilized for extraction of other value-added products 

(McGinn et al., 2012; Devi et al., 2012; Santos et al., 2001).  Many of the advantages of 

rearing microalgae in wastewaters have been discussed by Das et al (2017). 

Effluents used in this study enhanced the growth of microalgae due to the presence 

of nutrients in very high concentrations. They were a complex mixture of organic and 

inorganic constituents with high TDS, BOD, COD and nutrient load sure enough of causing 

eutrophication in the receiving water body. These microalgae were able to reduce the 

pollutants from mixed industrial effluent significantly to the permissible limit by day 8-10. 

An insignificant reduction in all the parameters observed after day 10 may be due to the 

depletion of nutrients in the effluent and subsequent decrease in growth rate. Statistical 

analysis revealed that Synechocystis sp. had a significant reduction efficiency compared to 

C. vulgaris and Phormidium sp. for all pollutants.  

All three microalgae showed similar growth patterns with an initial period for 

physiological adjustment of two days due to the changes in the nutrient and environment. 

This was followed by an exponential growth phase where the cells began to grow and 

multiply after adapting to their new environment.  Day 12 onwards growth began 

decreasing indicating the onset of the stationary phase. 

The nutrient concentrations in the mixed effluent appear to favor the growth of 

microalgae. However, it is important to note that cyanobacterial strain Synechocystis sp. 

grew better in MIE compared to Phormidium sp. and the green microalga C. vulgaris which 

is isolated from the effluent itself. This may be due to the presence of nutrient factors that 

favour the growth of Synechocystis sp. rather than C. vulgaris and Phormidium sp. Arbib 

et al., 2013; Álvarez-Díaz et al., 2014; Ruiz et al., 2011; Wang et al., (2010) also reported 

similar observations.   

A significant reduction in BOD and COD observed from days 2-8 indicates that these 

microalgae are capable of degrading and/or assimilating organic compounds from the 
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effluent. Zhang et al., 2015 reported close to 85% COD reduction in municipal wastewater 

when treated with Scenedesmus obliquus.  El-Bestawy (2008) and Fawzy and Issa (2016) 

reported a reduction in COD and BOD from domestic - industrial wastewater and 

confirmed that microalgae are the best candidates for wastewater remediation. According 

to Shashirekha et al., (2011) cyanobacteria species Spirulina sp., Oscillatoria sp. and 

Synechocystis sp. were able to reduce COD efficiently and BOD to below detectable level 

from the tannery effluent.  

Characteristically, the mixed industrial effluent used in this study had high levels of 

TDS. Irrespective of the concentration, both microalgae reduced TDS levels to the 

permissible level. Shashirekha et al., (2011) reported that Synechocystis sp. can remove a 

large share of TDS from the tannery effluent along with Spirulina sp. and Oscillatoria sp.  

The strains of microalgae, C. vulgaris, Synechocystis sp. and Phormidium sp. were 

able to efficiently reduce nitrates and phosphates from the effluent. This is because of their 

potential to assimilate significant amounts of nutrients. The use of microalgae for the 

removal of nutrients from different wastes is reported in many previous studies (Hena et 

al., 2015; Arbib et al., 2013; Wang et al., 2010; Queiroz et al., 2007; Olguin et al., 2003). 

Nutrients are removed from the wastewater through direct uptake by microalgae. This 

ability offers the possibility to replete these nutrients from wastewater through assimilation 

into algal biomass offsetting treatment costs.  Similar observations of nutrient reduction 

were reported by Fawzy and Issa (2016); Álvarez-Díaz et al., 2014; Singh and Thomas 

(2012); Wu et al., (2012) from domestic, urban, domestic industrial, tannery and industrial 

effluents. Ruiz et al., 2011 reported that Chlorella vulgaris can reduce nitrate and phosphate 

substantially from urban wastewater. Arbib et al. (2013) reported similar results for 

Scenedesmus obliquus, Chlorella vulgaris, and Chlorella kessleri when cultivated in urban 

wastewater (90% reduction in nitrogen and 98% reduction in phosphorous).  

A very high amount of sulphates was one of the characteristics of the mixed industrial 

effluent used in this study. These highly efficient microalgae were able to reduce sulphates 

to the regulated level within 8 days of the culture period. Like phosphorus, sulfur is vital to 

all cells, because it is a constituent of essential amino acids (viz., methionine, cystine and 

cysteine), vitamins and sulpho-lipids (Becker, 1994). In 2013, Sekaran et al., reported about 
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22% sulphates reduction from tannery effluent when cultured with Synechocystis sp. 

Shashirekha et al., (2011) reported approximately 70% reduction in sulphate when treated 

with Synechocystis sp. and Oscillatoria sp. and 90% reduction by Spirulina sp. from the 

tannery wastewater. Results from this study affirm that microalgae are potential 

bioremediators of sulphate containing wastewaters.  

Microalgae used in this study showed a strong correlation between growth and 

pollutant removal efficiency. Saranya and Shanthakumar (2020) also observed a strong 

correlation between microalgal growth and nutrient removal efficiency of microalgae, N. 

oculata, C. vulgaris and C. sorokiniana, when grown in ozone pre-treated tannery effluent. 

In 2018, Das et al. validated the growth-related reduction of a variety of pollutants from the 

tannery effluent by Chlorella sp. and Phormidium sp., individually and their consortium.  

Phycoremediation can be a viable and effective approach to treat wastewater laden 

with hazardous chemicals and nutrients.  Analyses of various physicochemical parameters 

in this study are useful to suggest that these microalgae, C. vulgaris, Synechocystis sp., and 

Phormidium sp. could significantly reduce the contaminants and efficiently improve the 

quality of mixed industrial effluent making it safe for disposal. With the observed 

significantly enhanced growth in the wastewater, our results also denote their efficiency to 

assimilate nutrients and reduction of TDS, nitrate, phosphate, sulphates, COD and BOD 

from MIE within 14 days of the culture period. Statistical analysis provided an insight that 

cyanobacteria Synechocystis sp. is better suited for growing profusely in Kanpur mixed 

industrial effluent than C. vulgaris or Phormidium sp.  The results of this study also indicate 

that these microalgae have a remarkable ability to reduce both inorganic and organic 

pollutants from the effluent and could bring the wastewater to the safely disposable, 

permissible limits. Therefore, all three environmental isolates, despite the superior 

performance of the cyanobacterium tested in this study, can be considered reliable 

candidates for the phycoremediation of wastewaters.   
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5. 1 Introduction 

In the rapidly industrializing and urbanizing world of today, water- a finite natural 

resource that is imperative for life and existence - is used excessively for various day-to-

day anthropogenic activities. Industries around the world produce large amounts of 

wastewaters which are mixtures of hazardous chemicals and high nutrient loads. A variety 

of industries, mainly located on river banks and coasts, pollute the river and marine water 

by discharging their wastes/effluents indiscriminately (Li et al. 2009; Yang et al., 2009; 

Dominic et al., 2009). India alone, for instance, produces and discharges billions of liters 

of wastewater every day (CPCB, 2016). This causes pollution in various ways - surface, 

groundwater, and atmospheric pollution, with the last case involving gaseous and 

particulate pollutants that finally end up in water bodies via precipitation. 

Industrial wastewaters cause increased biochemical oxygen demand (BOD) and 

chemical oxygen demand (COD) in the receiving natural water bodies (Yang et al., 2009; 

Akpor and Muchie, 2011; Abdel-Raouf et al. 2012) and eutrophication, which 

subsequently leads to detrimental unfavorable conditions. As pointed out in Chapter 4, 

phycoremediation offers many advantages over energy-intensive physical or expensive 

and further polluting chemical technologies. 

Since a wide range of toxic and other wastes can be treated with nonpathogenic 

algae (El-Bestawy, 2008; Fawzy and Issa, 2016; Das et al., 2017), treatment of 

wastewater using microalgae is a superior bioremediation process. The use of microalgae 

for the removal of nutrients from different wastes has been described by Beneman et al. 

(1980), De la Noüe and Proulx (1988), De-Bashan et al. (2002), Gantar et al. (1991), 

Queiroz et al. (2007), and Hena et al. (2015). The phycoremediation potential of certain 

marine microalgae was examined by Craggs et al. (1997), Dunn et al. (2013), and Dunn 

and Rose (2013). Present-day approaches in industries favor a common site or a common 

effluent treatment plant (CETP) for a particular area instead of separate treatment plants 

for each industry in that area. Therefore, such industrial units collect all the wastewater 

for treatment at one location. 

In this chapter experiments and the results obtained thereon on the bioremediation 

potential of hazardous mixed industrial effluent (MIE) with several hazardous toxicants, 

high BOD, COD, inorganic nutrients and toxic metallic pollutants, by microalgae, C. 

vulgaris and Phormidium sp. both individually and in a consortium are detailed. This 

MIE, collected from a CETP in Maharashtra, India, is a mixed effluent received from 
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approximately 300 nearby industries (tanneries, paper mills, distilleries, food processing, 

textile industries, etc.). While most previous studies reported the treatment of wastewater 

from a single industry, in this study, this mixture of wastewater was examined (without 

any pretreatment).  

 

5. 2 Materials and methods 

5.2.1. Sample collection 

The MIE was collected in bulk from Badlapur CETP, Maharashtra (latitude 

19º9’6.5232” N, longitude 73º14’28.7988” E) (Fig. 5.1). This CETP receives wastewater 

from various sources from ~300 nearby industries, such as textile, pharmaceutical, 

medical and engineering industries. The sample was collected from the pooled industrial 

waste before being subjected to treatment inside the CETP. To obtain a better 

representation of the MIE, 200 L of the sample was collected in 50 L carboys. The sample 

was then transferred to the microalgal culture laboratory in the CSIR-NIO for further 

studies. Samples were collected randomly in May 2015 and September 2015.  The 

wastewater from the cluster of industries is directly transported from the industrial 

operation sites to this CETP via closed pipelines. Hence, the wastewater quality is not 

subjected to seasonal variation. The wastewater samples were mixed well and processed 

soon after arriving in the lab and analyzed for various physic-chemical purposes.  

5.2.2. Characteristics of MIE 

Physicochemical characteristics of the effluent were analyzed in triplicate following 

standard procedures. The parameters analyzed were COD, BOD, nutrient (nitrate, nitrite, 

and phosphate), sulfate and trace metal levels as described in chapter 4, section 4.2.1. 

5.2.3. Strain selection and maintenance 

  Many marine microalgal strains were tested for their growth in various strengths of 

the MIE. Among them, a filamentous marine cyanobacterium, Phormidium sp., collected 

from an intertidal rocky beach off Anjuna, Goa, India (latitude 15° 35’ 54.4” N, longitude 

73° 44’ 14.6” E), and indigenous salt-tolerant species, C. vulgaris, consistently grew in 

30% MIE. Isolation, screening, identification, and maintenance of these microalgae are 

described in chapter 3. 
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5.2.4. Experimental setup 

  After several trials with many marine microalgae and dilutions of the MIE, a 30% 

dilution of MIE (MIE/tap water, 30:70) was found to permit the growth of Phormidium 

sp. and C. vulgaris in the standard laboratory culture conditions. This marine strain of 

Phormidium sp. and C. vulgaris did not grow in 100% or dilutions of MIE >30%. This 

was the case even with increased light intensity and period, inoculum size and aeration. 

For this study, the culture of these microalgae, individually and as a consortium, were 

initially inoculated and tested in 100 mL of 30% MIE (DMIE). After the growth and 

ability of these microalgae to substantially reduce COD, BOD, nitrate, etc. were 

confirmed, the experiment was scaled up in stages (5, 10, 15 L) in DMIE.  

  For this experiment, 15 L of the DMIE was transferred to 30 L plastic tanks 

(Tarsons, India). Three sets of treatments were set up; the first two were inoculated with 

single alga, C. vulgaris, and Phormidium sp. and one set with these two microalgae 

together, as a consortium. Fifteen grams of wet algal cells suspended in 2% tap water 

were added to the first two sets of the tank on day 0. Both algae were added at 7.5 g to 

the third set of tanks, ie. the consortium set. An experimental control (30% effluent 

without microalgae) and absolute control (100% effluent also without microalgae) were 

maintained throughout the experiments. Chlorophyll, COD, BOD, nutrients (NO2
–, NO3

– 

and PO4
3–), sulfates, TDS and trace metals were monitored at intervals of three days for 

21 days. All experiments were carried out in triplicate. The tanks were kept on an open 

terrace exposed to natural environmental conditions (temperature of 29 ± 4°C and 

sunlight intensity of ~1850 µmol photons m–2 s–1), and mixing was performed manually 

five to seven times a day to avoid clumping and settling of cells.  

5.2.5. Estimation of microalgal growth and growth rate 

  The growth of microalga reared individually and as a consortium of both C. 

vulgaris, and Phormidium sp. was monitored in terms of total chlorophyll as described in 

Chapter 4, section 4.2.4. The specific growth rate (µ) was calculated in terms of the 

chlorophyll concentration increase per unit time as described in chapter 4, section 4.2.4. 

5.2.6. Analyses of other physicochemical parameters and trace elements 

  Analyses were carried out once every three days by following the procedures 

described previous chapter (chapter 4, Section 4.2.1). Samples (n =3) were taken on all 

sampling days for each of the parameters in this study. Trace metal analysis was 
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performed in 10 mL samples, and samples were treated as required before subjecting them 

to ICP-OES analysis. 

5.2.7. Statistical analysis 

The interaction between the microalgal growth and the pollutant reduction was 

assessed by calculating the Pearson correlations. The strength of the correlation was 

specified as Pearson correlation coefficients (R) of which values of ≥0.4, ≥0.6 and ≥0.8 

are statistically significant with p<0.05, <0.01 and <0.001, respectively.  Analysis of 

variance (ANOVA) was performed to test the significant differences between the 

percentage reductions in pollutants from MIE by the microalga during the culture period. 

A post hoc test (Newman-Keuls test) was performed using STATISTICA 8.0 software to 

estimate the duration required for a reduction in physicochemical parameters from the 

DMIE. 

 

5.3 Results 

The original MIE was highly colored and contained high amounts of solids. It had 

high concentrations of COD, BOD, TDS, nutrients and trace metals (Table 5.1). It is 

possible that such high loads of deleterious materials prevented microalgal growth when 

100% MIE was used in the trial experiments. This could be due not only to a reduction in 

light by shade but also to innumerable hazardous and toxic ingredients. Therefore, 

effluent diluted to 30% was used for further studies, as it enabled good microalgal growth. 

This dilution of wastewater is far less than that in studies where <10% MIE was used 

(Dominic et al., 2009; Lizzul et al., 2014; Shashirekha et al., 2011). The microalgal 

cultures, individually and as a consortium, grew very well and reduced BOD, COD, 

nutrients, sulphates and trace metals concentrations within six to 15 days of inoculation. 

Since no lag phase was observed during the study period, both of these microalgae 

individually and as a consortium could grow and adapt well in the DMIE in the open. The 

exponential growth phase was reached by day 9. The growth of the microalgae was 

slower/lower in ACM than in DMIE (Fig. 5. 2). 

The BOD and COD concentrations before treatment were 1944.60±94.85 mg L-1 

and 2970.65±10.77 mg L-1, respectively. The untreated MIE had high concentrations of 

nitrates (73.46±1.37 mg L-1), nitrites (4.29±0.16 mg L-1), phosphates (8.93± 0.00 mg L-

1), sulphates (15.63±0.11 mg L-1) and TDS (22.57±0.00). The trace metals Ni, Cr, Mn, 

Cu and Al concentrations in the untreated DMIE,  was 258 to 259 µ L-1, 189 to 277 µ L-
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1), 311 to 370 µ L-1, 260 to 382.5 µ L-1 and 2000 to 4900 µ L-1, respectively.  

5. 3.1. Growth of algae in mixed industrial effluent 

Growth of the microalgae individually and as a consortium, in the MIE was about 

1.5 times higher than in algal culture media. The total chlorophyll concentration in the 

MIE was observed to be highest in the C. vulgaris (4.19±0.03 mg L-1) followed by the 

consortium (3.98±0.03 mg L-1) by day 21 and Phormidium sp. (3.64 ±0.02 mg L-1) by 

day 18 (Fig 5.2).  A steady and significant increase in chlorophyll a was observed from 

day 3 onwards. Since no lag phase was observed during the study period, these microalgae 

individually and as a consortium could grow and adapt well in the DMIE in the open. The 

exponential growth phase was reached by day 9. The maximum chlorophyll concentration 

observed in the algal culture medium (ACM) was ~2.00 ± 0.00 mg L–1 on day 12 for 

Phormidium sp. Whereas,  maximum growth was observed in C. vulgaris (2.19± 0.04 mg 

L-1) was on day 21 and consortium (2.87± 0.00 mg L-1) on day 15.  

The growth rate of microalgae was slower/lower in ACM than in DMIE (Fig. 5. 3). 

Similar to chlorophyll the maximum growth rate was observed in C. vulgaris on day 3 

both in ACM (0.22±0.01) and DMIE (0.33±0.01). The maximum growth rate observed 

for Phormidium sp. was 0.30±0.00 in DMIE and 0.10±0.01 in ACM on day 6. Whereas 

maximum growth rate for consortium observed on the day when grown in DMIE 

(0.12±0.00) and on day 12 when grown in ACM (0.13±0.00).  

5.3.2. Alteration in different physicochemical parameters following algal growth 

There was a significant reduction in all measured parameters in MIE after treatment 

with algae (Table 5. 1). The microalgae, individually and as a consortium, were able to 

substantially reduce BOD and COD levels in the DMIE within the first 6 days of the 

culture period itself (Fig. 5.4). A rapid decrease in BOD (~94% reduction) from all three 

sets was recorded by day 6 of the culture period. COD reduced to 71%, 64%, and 60%, 

respectively by C. vulgaris, Phormidium sp. and the consortium on day 6 itself.  However, 

the maximum reduction in BOD and COD was observed on day 21 in all the microalgae. 

A maximum reduction in BOD was observed in C. vulgaris (98.21%) followed by the 

consortium (97.83%) and Phormidium sp. (97.69%).  The maximum percent reduction in 

COD on day 21 was 82.83%, 76.81%, and 77.83% respectively in C. vulgaris, 

Phormidium sp. and consortium.  The C. vulgaris brought down the BOD from 1944.60± 

94.85 mg L-1 to 34.72±0.00 mg L-1 and COD from 2970.65±10.77 mg L-1 to 509.69±0.00 
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mg L-1. 

With time, the percent reduction of all examined nutrients increased. These 

microalgae, individually and as a consortium, could reduce nutrient concentration in 

DMIE within 9 to 15 days. A significant reduction in both nitrate and nitrite levels was 

observed (Fig. 5. 4). The nitrate concentration was reduced from 73.5±1.37 to 6.31±3.43 

mg L–1  by the consortium on day 21. Whereas, C. vulgaris brought down the nitrate 

concentration to 6.51±0.25 mg L–1 and Phormidium sp. to  9.04±3.43 mg L–1 on day 21 

which included the maximum reduction in nitrate in the microalga-treated DMIE. A 

maximum nitrate uptake efficiency of ~88-91% was evidenced in all three microalgae. 

From the initial high concentration of 4.3 ± 0.16 mg L–1, the NO2 concentration in the 

DMIE decreased to 0.01 ± 0.49 mg L–1 (98% reduction) by the consortium on day 21, and 

maximum reduction by the consortium (99%) was observed on day 9. C. vulgaris was 

able to reduce nitrite to 0.07±0.08 mg L–1 (98.43%) and Phormidium sp. to 0.85±0.49 mg 

L–1 (~89% reduction) by day 21. In the experimental control, there was a substantial 

reduction in nitrite level by day 18 (4.70±2.16 to 1.08±0.49 mg L-1). 

The maximum phosphate reduction, 83.36% was observed in C. vulgaris (Fig. 5. 

4). Whereas, the phosphate reduction by Phormidium sp. and the consortium were 

considerably low. The reduction in phosphate in wastewater by Phormidium sp. was 48% 

within the first 6-9 days. Even though the Phormidium sp. facilitated a reduction from 

8.93±0.00 to 4.64±0.20 mg L–1 and consortium to 3.59±0.20 mg L–1, there was no further 

reduction in phosphate concentration after day 9.   

The highest and a very significant reduction (P < 0.001) in sulphate concentration 

by the consortium (64.24%) in the 30% MIE was seen by day 21 (Fig. 5. 4). C. vulgaris 

could reduce sulphate concentration by 62%. The sulphate concentration reduced from 

the initial value of 15.6 ± 0.11 mg L-1 to 5.28 ± 0.02 and 5.94±0.85 mg L-1 by consortium 

and C. vulgaris respectively. The sulphate concentration was reduced from the initial 

value of 15.6 ± 0.11 mg L-1 to 6.5 ± 0.02 mg L-1 when Phormidium sp. grown in the 

DMIE. The percentage reduction of sulphates was 58.45 by day 6, and no further 

reduction was seen.  

High TDS concentration was one of the characteristics of this DMIE. C. vulgaris 

brought down the TDS from an initial concentration of 2257.5 mg L-1 to 722.24 mg L-1 

by day 21. At the end of the culture period, Phormidium sp. and the consortium brought 

down TDS to 1038.45 mg L-1.  
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There was a significant reduction in all measured trace metals in MIE after 

treatment with microalgae (Fig. 5. 5). Maximum reduction of nickel from 258.7 µg L-1 to 

37.6 µg L-1 as much 85.47% of nickel was reduced by the algal consortium. Similarly, 

chromium reduction was highest in the consortium (93.48%) followed by C. vulgaris 

(90.56%) and Phormidium sp. (86.10%). Algal consortium effectively brought down the 

levels in the MIE from 274.7 µg L-1 to 39.33 µg L-1. Both the microalgae and their 

consortium were equally efficient in removing the trace metal Mn from the DMIE. 

Consortium and Phormidium sp. could remove 86.63% and 84.48% Mn respectively from 

the effluent. C. vulgaris removed 83.79% Mn from the DMIE within the culture period. 

Maximum Al and Cu reduction were done by C. vulgaris (88% and 94% respectively). 

The consortium and Phormidium sp. could reduce 85.68% and 82.55% of Cu, 

respectively from the CMIE. Phormidium sp. and consortium reduced over 84.64% and 

81.32% of the Al from the DMIE by the end of the culture period. 

  Subjecting the DMIE to microalgae, individually and in consortium brought down 

the levels of BOD, COD, nutrients, trace metals, and TDS within the permissible limits 

of safe discharge within the culture period. The statistical analysis (Fig, 5.6) confirmed 

that the removal/reduction of pollutants/nutrients invariably correlated positively (P< 

0.01) with increasing microalgal growth (individually and in the consortium).  
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Fig. 5. 1 Collection of mixed industrial effluent from CETP, Badlapur, 

Maharashtra, India during May 2015 
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Table 5.1 Physico-chemical characteristics of the Badlapur MIE before and after microalgae 

treatment  

Parameters  Untreated effluent 30% effluent (DMIE) DMIEtreated with microalgae  

 EPA(1986); BIS 

(1994)  permissible 

limits 

   C. vulgaris Phormidium sp. Consortium  

pH 7.72 7.54 8.52 8.62 8.44 5.5-9.0 

Total Solids (mg  L
-1

) 8316.67 - - -- -- - 

TSS (mg L
-1

) 661.67 - - - - 100 

TDS (mg L
-1

) 7655 2257.5 722.24 1038.45 1038.45 2100 

BOD (mg L
-1

) 6349.00±188.52 1944.60±94.85 34.73±0.00 44.81±2.13 42.13±2.13 50 

COD (mg L
-1

) 8533.00±426.65 2970.65±10.77 509.96±1.24 688.74±2.50 658.49±1.24 250 

H
2
S (mg L

-1
) 2.2 - 00±0.00 00±0.00 00±0.00 1 

Sulphates (mg L
-1

) 121.80±1.67 15.63 ± 0.11 5.94±0.85 6.49 ± 0.02 5.28 ± 0.02 500 

Nitrates (mg L
-1

) 234.23±0.91 73.46 ± 1.37 6.51±0.25 9.04± 3.43 6.31± 3.43 20 

Nitrites (mg L
-1

) 16.00±0.35 4.29± 0.16 0.07±0.08 0.84 ± 0.49 0.01 ± 0.49 2 

NH
3 

(mg L
-1

) 25.53 - 00±0.00 00±0.00 00±0.00 10 

Phosphates (mg L
-1

) 18.77±1.24 8.93± 0.00 1.49±0.26 4.64 ± 0.20 3.59 ± 0.20 10 

TOC (%C) 4.3 - - - - - 

Phenols (mg L
-1

) 3.2 - - - - 5-50 
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Fig. 5. 2 Chlorophyll concentration (mg L-1) of microalgae, C. vulgaris, 

Phormidium sp. and their consortium in algae culture media (ACM) and mixed 

industrial effluent (MIE) collected from Badlapur, Maharashtra, India 

 

 

 

 

 

 

 

 

Fig. 5. 3 Growth rate (µ) of microalgae, C. vulgaris, Phormidium sp. and their 

consortium in algae culture medium (ACM; dashed line) and diluted mixed 

industrial effluent (continuous line) collected from Badlapur, Maharashtra, India 
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Fig. 5. 4 Reduction of pollutants from DMIE by C. vulgaris, Phormidium sp. and 

their consortium   
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Fig. 5. 5 Heavy metal reduction/binding/transformation by C. vulgaris, Phormidium sp. 

and their consortium   
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Fig. 5.6 Correlation plots of the various pollutant removal efficiencies with the total 

chlorophyll concentrations of Chlorella vulgaris, Phormidium sp. and their consortium  
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5. 4 Discussion 

The wastewater used in this study was a mixture of highly toxic industrial effluents. 

It is apparent that diluting the MIE to 30% of its original strength resulted in considerable 

growth of both microalgae, C. vulgaris and Phormidium sp., individually and in their 

consortium. Because of the very high loads of toxicants in the undiluted MIE, these 

environmental isolates and perhaps, many other microalgae tested in this study failed to 

grow. The nutrient concentrations in the 30% DMIE seem to favor the growth of these two 

microalgae. Such observations were also reported by Patil et al. (2019); Chokshi et al. 

(2016) and Tam and Wong (1989) with much milder wastewater than the tested DMIE in 

this study. Therefore, it is apparent that by diluting certain MIEs to 30% of their original 

strength, the effluents can be rendered suitable for bioremediation/phycoremediation, 

which in turn leads to substantial biomass build-up. 

Large reductions in the concentrations of both COD and BOD indicate that these 

isolates are capable of degrading and/or assimilating nutrients from the effluent. With its 

growth in DMIE, under open conditions mimicking natural settings, the heterotrophic 

microflora present in the DMIE might have been assisted in their growth and assimilation 

of organic nutrients/substrates. El-Bestawy (2008) and Fawzy and Issa (2016) reported a 

reduction in COD and BOD from domestic-industrial wastewater and confirmed that 

microalgae are the best candidates for wastewater remediation. Shashirekha et al. (2011) 

reported that Spirulina sp. and Oscillatoria sp. were able to reduce BOD to below the 

detectable level from highly diluted effluent with an initial BOD of just 25 mg L–1. The 

BOD was 6349.00±188.52 mg L–1 in the MIE and 1944.60±94.85 mg L–1 in the DMIE 

tested in this study. The reduction in COD from an initial high of 2970 mg L–1 to ~509 - 

689 mg L–1 is a great activity attributable to these strains. In a recent study, Das et al. (2017) 

reported a salt-tolerant strain of C. vulgaris to substantially reduce the COD, BOD and 

phosphates; to completely remove nitrate, and to biotransform chromium from a 50% 

diluted tannery wastewater within 20 days. 

The environmental strain of cyanobacterium, Phormidium sp. reduced nitrates and 

nitrites efficiently from the DMIE. Both Larsdotter (2006) and Grobbelaar (2013) reported 

that nitrogen is the second most important nutrient contributing to biomass production, and 
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phosphate is an important growth-limiting factor. The no/little uptake of phosphate was 

observed in Phormidium sp. and consortium after 6 days of the culture period. This may be 

due to the early exhaustion of nitrogen and uptake of phosphate reduced under nitrogen-

limited conditions. However, the phosphate uptake was lower compared to other nutrients, 

these microalgae, individually and as a consortium, brought down the phosphate to a 

significant level for discharge. Similar observations of nutrient reduction in the domestic, 

domestic-industrial, tannery and industrial effluents were reported by Wu et al. (2012) and 

other researchers (Singh and Thomas 2012; Fawzy and Issa 2016). Dominic et al. (2009) 

reported that C. vulgaris, Synechocystis salina and Gloeocapsa gelatinosa were able to 

substantially reduce all the nutrients, particularly nitrate, to below their detectable levels. 

The luxuriant growth of both microalgae and their consortium in the DMIE induced 

a substantial decrease in the concentrations of metals such as Ni, Cr, Mn, Al and Cu by day 

21. Thus, the results in this study confirm that these microalga and their consortium are 

capable of taking up or removing many metals and rendering wastewater safe for disposal; 

in particular, wastewater with toxicity levels similar to those in the 30% MIE tested in this 

study. The high efficiency of trace metal removal by microalgae was reported earlier by El-

Bestawy (2008) and other researchers (Wang et al., 2010; Das et al., 2017; Abdel-Razek et 

al., 2019). Since MIE is a mixture of many chemical substances, the dilution approach was 

effective in reducing the levels of nutrients, BOD, COD and many trace metals in the 

wastewater. It should be noted that due to the natural light being brighter in the open than 

under controlled (in-house) conditions, the culture grew slightly better in the open. Light 

intensity was found to be a major limiting factor in the growth of the microalga. Under 

laboratory conditions, the light intensity was only 150-200 µmol photons m–2 s–1, whereas 

the natural sunlight, with an elevated intensity of ≈1850 µmol photons m–2 s–1, must have 

enhanced the growth of all cells even when they were in murky wastewater or clumps. 

The algal biomass from large-scale phycoremediation operations can be used as a 

feedstock for a variety of applications, including biofuel production (see chapter 6). 

Through such phycoremediation, the accumulation of sludge is certainly avoided, in 

contrast with chemical treatment methods (Chokshi et al., 2015; Das et al., 2017; 

Kottangodan et al., 2019). Unlike the use of a costly chemical medium (Nanda et al., 2010), 
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our dilution of MIE with tap water is certainly an economically viable option for the 

industry. Thus, microalga-treated DMIE can be efficiently reused. 

Environmental pollution due to the continuous outfall of industrial effluent is 

threatening all forms of life, posing a serious global problem. To overcome the imminent 

water crisis, wastewater should be treated for safe disposal or reuse. Only a few studies 

have focused on culturing microalgae in industrial wastewater that is nutrient-rich and 

favors biomass production (Brar et al., 2017; Chavan and Mutnuri, 2019). The Badlapur 

MIE at its full strength containing several types of hazardous pollutants from a variety of 

industries was unamenable to any microalgae tested in this study. Therefore, its treatment 

is indeed quite a complex process. Upon dilution to 30% strength, only C. vulgaris, 

Phormidium sp. and their consortium, tested in this study, effectively reduced the level of 

many toxic pollutants within 6-9 days of cultivation. The DMIE quality improved due to 

the growth and phycoremediation by the tested these microalgal strains, making it safe for 

disposal or reuse. The results of this study are therefore useful to suggest that the cultivation 

of C. vulgaris and Phormidium sp. and also in the consortium can detoxify MIE. These 

experiments would prove to be effective phycoremediation strategies. As also mentioned 

earlier, water from such treatments can be recycled within the industry or, as an eco-friendly 

approach, for irrigation of urban green spaces, home lawns, public gardens, plantations 

meant for erosion protection, non-food greeneries, etc. Also, fast-growing and ecologically 

versatile microalgal strains, such as Chlorella vulgaris and Phormidium sp., can also be 

considered for biomass generation that could be used in various ways. 
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6. 1 Introduction 

Common effluent treatment plants (CETP) are created and employed to collectively 

treat the hazardous effluents from a cluster of assorted industries. This is because, in many 

small and medium scale industries, the treatment of their effluents at their own unit/s is a 

space taking, expensive and quite a challenging task.  These industries are most often 

constrained by space, resources, and skills to provide effective treatment to meet the safe 

disposal standards. Individual, small and medium scale industries being the backbone of 

many developing and developed countries, it is inevitable that there is this support of 

CETPs to curb environmental pollution as much as possible. 

The contemporary CETPs use conventional treatment methods for treating the 

effluent which involves primary treatment that involves the separation of suspended 

solids from the wastewater by physical (screening, sedimentation, and skimming) and 

chemical methods (flocculation, neutralization, and precipitation). The effluent from 

primary treatment still contains enormous amounts of organic matter leading to high BOD 

accompanied sludge formation. Subsequent treatment at the secondary level involves a 

biological method of decomposition of organic matter using microbes in aerobic and 

anaerobic settings. The tertiary treatment step further improves the water quality by 

removal of nutrients (N, P), toxins and managing the BOD and suspended solids. This 

step also involves the physical and chemical methods of separation such as activated 

carbon adsorption, flocculation/precipitation, de-chlorination.  

One major limitation of the currently practiced conventional wastewater treatment 

technologies is exorbitant cost a lot due to the high energy consumption and usage of 

various additional chemicals for flocculation, precipitation, neutralization, etc. This not 

only involves the economic burden but also exacerbates the risk of environmental 

vulnerability leading to large quantities of toxic sludge (Hoffman, 1998; Tchobanoglous 

et al., 2004). Also, these techniques may be ineffective when dealing with wastewater 

containing metal concentrations in the range of 10 -100 mg/L (Mehta and Gaur 2005). 

Overall, conventional wastewater treatment is complex requiring larger investments in 

plant assemblage, design, supervision, maintenance in addition to ever-rising operation 

costs.   

 Application of marine microalgae gained attention recently for the treatment of 

hazardous wastewater laden with a variety of toxic chemicals and trace metals in very 
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high concentrations (Afkar et al., 2010; Parameswari et al., 2010; Chen et al., 2012; Onalo 

et al., 2014). This is due to their dual abilities to utilize both organic and inorganic salts 

in the wastewater as nutrients for the growth and, most notably to their ability to the 

transformation of toxic contaminants including heavy metals (Pandi et al., 2009; Das et 

al., 2017; Jais et al., 2017). Notably, many species of microalgae efficiently absorb and 

detoxify toxic metals (Hammouda et al., 2015; Latiffi et al., 2015; Chandra et al. 2017). 

Phycoremediation using microalgae has several advantages over conventional wastewater 

treatment processes (See chapter 2, section 2.6). The investments and, operation costs are 

minimal compared to conventional treatment techniques because microalgae can easily 

be cultivated in the open (Handler et al., 2012; Ritchie and Larkum, 2012) or in the 

raceway pond system (Pulz, 2001; Chisti, 2016; Kumar et. al., 2015).  

The Badlapur CETP in the state of Maharashtra receives and treats around 8000 m3 

per day of wastewater from the cluster of about 300 industries nearby. Mass culture 

studies were performed at this site for 10 days to check the feasibility of offering 

bioremediation technology using microalgae for the treatment of hazardous mixed 

industrial effluent. The objective of the study was to evaluate the growth of a microalgal 

consortium on wastewater sampled from four different points of the treatment processes 

of a common effluent treatment plant.  

 

6.2 Materials and Methods 

6.2.1 Sample collection  

Experiments were carried out at Common Effluent Treatment Plant (CETP) located 

at Badlapur, Maharashtra (Fig.6.1) during May 2017. Conventional treatment methods 

were following at the treatment plant for treating the effluent. Conventional treatment 

method comprises 4 steps 1) Pre-treatment removal of coarse solids and large materials 

with a metal screen; 2) Primary treatment involves chemical methods include 

flocculation, neutralization, and precipitation; 3) Secondary treatment involves the 

biological method of decomposition of organic matter using microbes in aerobic and 

anaerobic settings; 4) The tertiary treatment step to improves the water quality by 

removing of nutrients, toxins and managing the BOD and suspended solids. The samples 

from primary, secondary treatment phases and conventionally treated effluent were used 

for this experiment.  
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6.2.2 Microalgal cultures 

Monoalgal cultures (obtained by serial dilution and nutrient enrichment) of marine 

cyanobacterium Synechocystis sp. and salt-tolerant microalga C. vulgaris isolated from 

wastewater itself (see Chapter 3 for details) were used in this field experiment. They were 

maintained in an algal culture medium (ACM, Himedia, Mumbai) at a constant 

temperature of 28±0.5 ºC under fluorescent illumination of 150-300 µmol photos m-2 s-1 

(with 12:12h light: dark photoperiod). The cultures were maintained in algae culture 

medium with the composition of 1 g L-1 NaNO3, 0.25 g L-1 K2PO4, 0.513 g L-1 MgSO4, 

0.05 g L-1 NH4Cl, 0.058 g L-1 CaCl2, and 0.033 g L-1 FeCl3. 

6.2.3 Characteristics of wastewater 

Wastewaters were collected from four different points in the common effluent 

treatment plant, Badlapur, Maharashtra. They are wastewaters without any pre-treatment 

(Raw mixed industrial effluent, RMIE), Raw effluent after the addition of 1/10th of alum 

(AlSO4) normally used (Alum treated mixed industrial effluent, AMIE), wastewater from 

the secondary treatment tank (Secondary treated mixed industrial effluent, STMIE) and 

effluent treated using conventional treatment methods (Treated mixed industrial effluent, 

TMIE). The various parameters of the effluent like pH, BOD and trace metals were 

analyzed using standard methods listed in APHA (2005) as previously described in 

chapter 4, section 4.2.4.  

6.2.4 Experimental setup 

Pilot-scale experiments were carried out at Badlapur CETP in 30 - 50 L tanks. The 

tanks were washed with diluted acid and rinsed thoroughly with deionized water. Twenty 

liters of full strength mixed industrial effluent (without any dilution) from each treatment 

phase were dispensed into the respective culture tanks. Three sets of tanks were set up for 

each MIE, the first two inoculated with the consortium of microalgae C. vulgaris and 

Synechocystis sp. and the third one was without any microalgal cells (experimental 

control). To each tank, 20 g of the algal wet cells, 10g of each alga, were added on day 0. 

The experiment was carried out for 10 days and the cultures were maintained under 

natural environmental conditions by exposing to light, wind, etc. during the experimental 

period. The culture tanks were mixed manually five to seven times a day to avoid 

clumping and adherence of the cells to the tank surface. Sub-samples of 200 ml aliquots 

from all experimental tanks were drawn on days 0, 2, 4, 6, 8 and 10 and analyzed for algal 
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growth and BOD and heavy metal reduction. The phycoremediation experiments were 

carried out in duplicates and the average values were recorded. 

6.2.5 Determination of algal growth 

The samples were taken from the experimental tanks on alternate days for the 

measurement of total chlorophyll. The growth rate was calculated in terms of chlorophyll 

increase per unit time as described in chapter 4, section 4.2.4. 

6.2.6 Trace metal analysis 

The trace metal concentrations in all four wastewaters before and after algal 

cultivation were analyzed. A hundred milliliters of samples were acidified with 5 ml 

supra-pure HNO3 and digested by heating at 120 ºC before analysis. A set of 8 elements 

including Al, Cr, Mn, Fe, Co, Ni, Cu, and Zn was analyzed using inductively coupled 

plasma atomic emission spectroscopy (ICP-OES) (Optima 7300DV, PerkinElmer, 

Singapore) as described in chapter 4, section 4.2.1. 

 

6.3 Results 

6.3.1 Characteristics of mixed industrial effluent from different phases of treatment 

The CETP RMIE, ATMIE, STMIE, and TMIE collected from Badlapur had dark 

brown color with pH ranging from 6.2 to 6.5, high BOD and concentrations of toxic trace 

metals such as Al, Cr, Mn, Fe, Co, Cu, Ni, and Zn. The BOD concentrations of RMIE, 

ATMIE, STMIE, and TMIE before the treatment process were 2200 mg L-1, 2120 mg L-

1, 1600 mg L-1and 1280 mg L-1, respectively. The initial concentrations of Al, Cr, Mn, Fe, 

Co, Cu, Ni and Zn in RMIE, ATMIE, STMIE, and TMIE are listed in table 6. 1. 

6.3.2 Growth of algal consortium in MIE 

The growth and specific growth rate of the microalgal consortium in terms of 

chlorophyll in the four wastewaters were plotted in Fig. 6. 2. & 6.3. A lag in growth for 

four days was observed in RMIE and ATMIE and for two days in STMIE and TMIE.  

The effluent found to be enhancing the proficient growth of microalgae especially the 

alum-treated effluent during the initial culture days. However, the highest chlorophyll 

concentration was obtained on day 10 with chlorophyll maxima 7.07±0.00 mg L-1 in the 

conventionally treated effluent (TMIE) followed by STMIE (6.49±0.04 mg L-1), ATMIE 

(4.32±0.11 mg L-1) and RTMIE (4.17±0.17 mg L-1). Maximum growth rate was in 
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ATMIE (1.57± 0.35) on day 6 followed by STMIE (1.33± 0.02) and TMIE (1.19± 0.47) 

on day 4. The growth rate of the microalgal consortium was low in RMIE compared to 

the ones in other effluents. 

6.3.3 Reduction of different physicochemical parameters by the consortium 

The percent reduction of each parameter before and after algal cultivation is listed 

in table 6.1. The percent reduction of the examined parameters was higher in the 

consortium sets than in the control set. Maximum reduction of BOD (84.83%) in RMIE 

was observed on day 10, the BOD reduced 2200 mg L-1 to 333.74±4.67 mg L-1. Complete 

removal of BOD (from 2120 mg L-1) from the ATMIE was achieved by the consortium 

on day 10.  The algal consortium brought down the BOD levels in STMIE from 1600 mg 

L-1 to 44.8±13.35 mg L-1 by day 10, which is within the permissible limit of 100 mg L-1 

for safe discharge. The maximum reduction of BOD in TMIE was observed on day 10, 

BOD was reduced from 1280 mg L-1 to 48.70±10.77 mg L-1. The level of BOD was 

brought down to the permissible limit in ATMIE, STMIE, and TMIE by day 8 by the 

consortium of microalgae (Fig. 6.4).  

The levels of trace metals, Al, Cr, Mn, Fe, Co, Ni, Cu, and Zn were found to be 

removed from all the four wastewaters very efficiently, with removal rates ranging from 

46.7% to 100%. The RMIE used in this was highly hazardous compared other three 

effluents. The microalgal consortium could remove the Al and Fe from RMIE to the 

below detectable level within 2 days of culture period from an initial concentration of 

15190±0.00 µ L-1, 16560±0.00
 
µ L-1, respectively. The microalgal consortium could 

remove 73.39% of Cr, 58.77% of Mn, 50.54% of Co, 35.96% of Ni, 8.32% of Cu and 

92.94% of Zn within day 2 itself. Maximum reduction, 98.18% of Cr (2404±0.00 to 

43.65±52.82 µ L-1), 97.43 % of Mn (1367±0.00 to 35±33.94 µ L-1), 96.26% of Co 

(91±0.00 to 3.4 ±3.25 µ L-1), 93.11% of Ni (146±0.00 to 10.05±4.17 µ L-1), 97.58% of 

Cu (621±0.00 to 15 ±4.24µ L-1) and 99.97% of Zn (1157±0.00 to 0.35±0.49 µ L-1), was 

observed on day 10 (Fig. 6.5). 

As the alum was added, the Al concentration in the ATMIE was too high compared 

to the other three MIEs. Metal removal efficiency in the ATMIE followed the same 

pattern as RMIE. The microalgal consortium brought down the Al and Fe to the non-

detectable level by 2 and Zn by day 10 from the initial concentration of 151900 µ L-1, 

16560 µ L-1, and 337 µ L-1, respectively. This microalgal consortium removed 87.54% of 
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Zn within 2 days of the culture period. Also, the microalgal consortium could remove 

90.44% of Cr, 24.29% of Mn, 31.63% of Co, 57.82% of Ni and, 87.62% of Cu on day 2 

itself. Maximum reduction, 97.20% of Cr (204±0.00 to 5.7±1.69 µ L-1), 45.32 % of Mn 

(887±0.00 to 485±12.72 µ L-1), 50.00% of Co (49±0.00 to 24.5±0.71 µ L-1), 75.17% of 

Ni (147 ±0.00 to 36.5±0.71 µ L-1), and 92.67% of Cu (634 ±0.00 to 46.5±2.12 µ L-1) was 

observed on day 10 (Fig. 6.6). 

The microalgal consortium removed Al, Cr, Mn, Fe, Co, Ni, Cu, and Zn efficiently 

from STMIE. This microalgal consortium removed 100% of Al, Cr, and Fe on day 2 and 

Zn by day 10 from the initial concentration of 9272 µ L-1, 286 µ L-1, 849 µ L-1, and 1539 

µ L-1, respectively. As much as 69.94% of Zn, 45.74% of Mn, 32.624% of Co, 59.35% 

of Ni and, 64.91% of Cu was reduced by this consortium on day 2. Maximum reduction, 

99.42 % of Mn (1798±0.00 to 10.45±0.64 µ L-1), 53.74% of Co (107±0.00 to 49.5±7.71 

µ L-1), 75% of Ni (358±0.00 to 89.5±0.78 µ L-1), and 94.73% of Cu (342±0.00 to 18±5.66 

µ L-1) was observed on day 10 (Fig. 6.7). 

High concentrations of trace metals were detected even in the conventionally 

treated effluent. This microalgal consortium could bring down most of the toxic trace 

metals within 2 days of the culture period. Like all other three MIE the trace metals Al, 

Cr and Fe in ATMIE brought down to the below detectable level on day 2 from initial 

4885 µ L-1, 57 µ L-1 and 849 µ L-1respectively. Like all other 3 wastewaters maximum 

reduction, 94.90% of Mn (1483±0.00 to 75.5±34.65 µ L-1), 46.76% of Co (91±0.00 to 

48.5±14.84 µ L-1), 56.85% of Ni (175±0.00 to 75.5±21.92 µ L-1), 99.97% of Cu (146±0.00 

to 34.5±2.12 µ L-1) and 96.25% of Zn (321±0.00 to 12±16.97 µ L-1) was observed on day 

10 (Fig. 6.8). 
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Fig. 6. 1 Common effluent treatment plant, Badlapur, Maharashtra, India. The 

unappealing sight of the effluent at the time of sampling during May 2017 
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Table 6.1 Physico-chemical parameters before and after the treatment 

 

Parameter RMIE ATMIE STMIE TMIE 
Permissible 

limit  

 untreated treated untreated treated untreated treated untreated treated  

BOD (mgL-1) 2200±0.00 333.74±4.67 2120±0.00 ND 1600±0.00 44.8±13.35 1280±0.00 48.70±10.77 100 

Al (ppb) 15190±0.00 ND 151900±0.00 ND 9272±0.00 ND 4885±0.00 ND - 

Cr (ppb) 2404±0.00 43.65±52.82 204±0.00 5.7±1.69 286±0.00 ND 57±0.00 ND 2 ppm 

Mn (ppb)  1367±0.00 35±33.94 887±0.00 485±12.72 1798±0.00 10.45±0.64 1483±0.00 75.5±34.65 2 ppm 

Fe (ppb) 16560±0.00 ND 5404±0.00 ND 11710±0.00 ND 849±0.00 ND 1 ppm 

Co (ppb) 91±0.00 3.4±3.25 49±0.00 24.5±0.71 107±0.00 49.5±7.71 91±0.00 48.5±14.84 1 ppm 

Ni (ppb) 146±0.00 10.05±4.17 147±0.00 36.5±0.71 358±0.00 89.5±0.78 175±7.78 75.5±21.92 5 ppm 

Cu (ppb) 621±0.00 15±4.24 634±0.00 46.5±2.12 342±0.00 18±5.66 146±0.00 34.5±2.12 3 ppm 

Zn (ppb) 1127±0.00 0.35±0.49 337±0.00 ND 539±0.00 ND 321±0.00 12±16.97 15 ppm 
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Fig. 6.2 Chlorophyll concentration (mg L-1) of microalgal consortium in four different 

mixed industrial effluents (MIE). (RMIE=Raw mixed industrial effluent; ATMIE=Alum 

treated mixed industrial effluent; STMIE=Secondary treated mixed industrial effluent; 

TMIE=conventionally treated mixed industrial effluent) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3 The growth rate (µ) of microalgal consortium in four different mixed industrial 

effluents (MIE). (RMIE=Raw mixed industrial effluent; ATMIE=Alum treated mixed 

industrial effluent; STMIE=Secondary treated mixed industrial effluent; 

TMIE=conventionally treated mixed industrial effluent) 
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Fig. 6.4 Percent reduction of biochemical oxygen demand (BOD) by the consortium of 

Chlorella vulgaris and Synechocystis sp. from mixed industrial effluent (MIE) at Badlapur 

CETP (RMIE=Raw mixed industrial effluent; ATMIE=Alum treated mixed industrial 

effluent; STMIE=Secondary treated mixed industrial effluent; TMIE=Treated mixed 

industrial effluent) 
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Fig. 6.5 Heavy metal reduction/biotransformation by the consortium of Chlorella 

vulgaris and Synechocystis sp. from raw mixed industrial effluent (RMIE) at 

Badlapur, Maharashtra, India 
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Fig. 6.6 Heavy metal reduction by the consortium of Chlorella vulgaris and 

Synechocystis sp. from alum treated mixed industrial effluent (ATMIE) at 

Badlapur, Maharashtra, India 
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Fig. 6.7 Heavy metal reduction by the consortium of Chlorella vulgaris and 

Synechocystis sp. from secondary treated mixed industrial effluent (STMIE) at 

Badlapur, Maharashtra, India 
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Fig. 6.8 Heavy metal reduction/biotransformation by the consortium of Chlorella 

vulgaris and Synechocystis sp. from treated mixed industrial effluent (TMIE) at 

Badlapur, Maharashtra, India 
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Fig 6.9 Photographs showing the growth of microalgal consortium in the MIE 

sampled from different treatment stages 
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6.4 Discussion 

 The microalgal consortium grew quite well (Fig. 6.9) in all four MIEs with a 

significant reduction in the concentrations of all tested parameters. A lag phase for four 

days was observed in RMIE and ATMIE indicating a high concentration of the hazardous 

pollutants. No prominent lag phase was observed in STMIE and TMIE. It can be found that 

algal growth was significantly enhanced in STMIE and TMIE because of its low organic 

load and trace metal concentrations. A higher growth rate was observed on day 6 in RMIE 

and ATMIE. Algal cells grew better in STMIE and TMIE with a higher growth rate on day 

4 indicating the effect of pollutants on the growth of the microalgae. However, this 

microalgal consortium could bring down the parameters tested in this study to the 

permissible limit in all four effluents. The growth rate of algae grown in the effluent was 

comparable to that found by Pouliot et al., 1989; Orpez et al., 2009 and Wang et al., 2010, 

who used C. vulgaris to treat municipal wastewater from different stages of effluent 

treatment processes. 

 Biochemical oxygen demand is an important parameter for assessing water quality 

and effectiveness any treatment process is judged by the reduction of this parameter (Das 

et al., 2017). These are measures of the amount of oxygen needed by microorganisms to 

oxidize the organics in the wastewater. The BOD levels varied within the wastewaters with 

a higher concentration in the RMIE and lower in TMIE. BOD removal efficiency varied 

much among different wastewaters. The microalgal consortium examined in this study 

brought down the BOD levels to a safe/acceptable discharge limit within 8 days except in 

RMIE. However, the BOD levels in the RMIE were far less compared to the conventionally 

treated effluent.  

Environmental pollution caused by heavy metals has caused serious problems, 

including contaminating water, entering the food chain and posing threats to the growth of 

living organisms in nature in recent years (Dheri et al., 2007; Pandey and Madhuri, 2014; 

Ghosh et al., 2012). Biosorption of heavy metals by living or dead algal biomass is 

considered as the most attractive approach for wastewater treatment (Dwivedi, 2012; 

Bulgariu and Gavrilescu, 2015; El-Sheekh et al., 2016). The predominant role of dead 

biomass for heavy metal sorption is well established. But the sorption capacity of live 
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biomass is limited due to the toxicity of heavy metals. The living biomass uptake the heavy 

metals during their exponential growth phase. The toxicity of the metals and their sorption 

are highly strain-specific. The selection of algal strains for wastewater treatment is 

governed by their ecological resilience and their ability to assimilate nutrients from 

wastewater (Olguin 2003). 

Microalgae were reported to be more efficient in sequestering metal species from the 

wastewater and the mechanism of effect is related to their large surface area and high 

binding affinity (Khoshmanesh et al., 1996; Roy et al. 1993). Several physicochemical 

approaches, such as membrane filtration, ion-exchange, flocculation, and/or adsorption by 

organic compounds and by adjusting pH, are presently available for heavy metal 

detoxification and removal from polluted environments. The lack of a specific method to 

treat the target metals and the high cost bearing complicated operations often limit their use 

in large-scale in situ operations as highlighted by Rao et al. (2010) and Fu and Wang (2011). 

Algae efficiently biotransform/detoxify heavy metal ions usually through the process of 

biosorption, adsorption and bioaccumulation (Gin et al., 2002; Rehman, 2011).  

Complete reduction/removal or transformation of Al, Cr, and Fe within 2 days from 

all four effluent types tested in this study irrespective of the concentration caught the 

attention, which needs further exploration. Unlike physical and chemical treatment method, 

microalgae significantly remove or advantageously biotransform heavy metals such as Cu, 

Ni, and Zn from the wastewater even if present in low concentrations since these are, 

required nutrients for microalgae growth (Gadd, 1993; Gadd and White, 1993; Jais et al., 

2017). Heavy metals such as Cr, Cd, Pb, and Hg are nonessential, yet microalgae can 

sequester and/or biotransform these metals (Perez-Rama et al., 2002). Microalgal species 

isolated from metal-contaminated sites have a higher capacity for accumulating heavy 

metals than their taxonomic analogs from non-contaminated sites (Perales-Vela et al., 2006; 

Seth et al., 2011).  

Biosorption of heavy metals by microalgae is generally by adsorption (non-

metabolic-dependent processes) and absorption (metabolic-dependent ones). The 

adsorption of heavy metals to the organic compounds depends on several parameters such 

as pH, heavy metal species, type of algae, and biomass concentration (Gupta et al. 2015; 
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Zeraatkar et al. 2016). Being quite an active process, absorption involves the uptake and 

accumulation of the metal ions inside the cell via micronutrient transporters. Once in the 

cell, heavy metal detoxification may be achieved by binding to specific intracellular 

compounds and/or transporting the metals to specific cellular compartments (Lefebvre and 

Edwards, 2010). A common mechanism for intracellular metal detoxification in living 

organisms is the production of metal-binding peptides or proteins such as metallothioneins 

and phytochelatins (Robinson, 1989; Lefebvre and Edwards, 2010). Intracellular organic 

compounds such as malate, citrate, and polyphosphate are also reported as chelating agents.  

Limited efforts have been made to use algal biomass for removing toxic heavy metals 

from aqueous solutions. Only a few algal strains possess the ability to remove/transform 

toxic heavy metals from wastewaters. Green algae Chlorella spp, Neochloris 

oleoabundans, Cladophora spp., Scenedesmus spp., Chlamydomonas reinhardtii and blue 

green algae like Microcystis aeruginosa, Synechocystis sp. and Oscillatoria are the 

commonly used species (Yilmaz et al., 2012; Wang et al., 2010; Das et al., 2017; 

Kottangodan et al., 2019). Different microalgal species have different sizes, shapes, and 

cell wall compositions, which affect their metal-binding efficiency, and the cell wall, in 

particular, is the main binding site for metals. This study confirms the removal efficiency 

of a wide spectrum of toxic trace metals by the consortium of C. vulgaris and Synechocystis 

sp. 

The results from this study demonstrate the feasibility of cultivating C. vulgaris-

Synechocystis sp. consortium in four different wastewaters sampled from different 

locations in CETP for toxic heavy metal concentration reduction, removal or growth-

promoting biotransformation within a short period. 
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7. 1 Introduction 

The quick rise of industrial activities and the release of toxic wastes into water bodies 

cause disturbance to the natural bodies and their ecosystems, water pollution leads to 

climate changes, water level reduction, and other negative impacts. Thus, the management 

of water pollution is considered as one of the major challenges for environmentalists. 

CETPs are set up of treating wastewater from a cluster of small, medium and large scale 

industries that collects and treats wastewater from nearly 200-300 industries (Das et al., 

2018, Das et al., 2017; Kottangodan et al., 2019). Conventional treatment technologies have 

technical-economic limitations, mainly caused by their high energy requirement and 

relatively poor nutrient removal (de Godos et al. 2010).  

The CETP at Badlapur receives wastewater from nearly 300 nearby industries which 

make the effluent highly toxic. As detailed previously, microalgae offer low cost, less 

energy requirement and easy maintenance treatment technology for treating such kinds of 

effluents as discussed in previous chapters. However, the screening of the efficient 

microalgae capable of utilizing and/or detoxifying the hazardous pollutants plays an 

important role in evaluating their bioremediation potential. Both microalgae failed to grow 

either individually or in the consortium in 100% or dilutions of MIE >30% even though 

sufficient nutrients were available for their growth. Due to the hazardously high toxicity of 

the Badlapur MIE, the tested cyanobacteria and microalgae were not able to grow in full-

strength effluent or effluent above 30% concentrations. And the MIE collected from 

Badlapur was purely industrial and devoid of tannery industrial wastewater.  

All industrial effluent may not contain enough nutrients to support the growth of the 

microalgae or may contain chelating agents that trap the nutrient and make it unavailable 

to the microalgae. In this case, the addition of some effluents rich in nutrients may help the 

microalgae to grow in a higher percentage of the dilution of the effluent. The addition of 

effluents like tannery and sewage may enhance the growth of the microalgae since there 

many reports on the proficient growth of microalgae in these two wastewaters (Renuka et 

al., 2013; Shashirekha et al., 2011). Sewage effluent is reported to contain high amounts of 

nutrients (particularly N and P), high levels of biodegradable organic matter, fertilizers and 

bad odor (Singh and Dhar, 2010; Mansy and El-Bestawy, 2002). Wastewater generated in 
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tanneries has essential elements for microalgae growth (Pena et al., 2019). Tannery 

wastewaters are characterised mainly by high levels of BOD, COD, suspended solids, 

chromium and sulphides (Leta et al., 2004; Das et al., 2017). However, microalgae able to 

degrade the pollutants and grow in this effluent without any dilution (Das et al., 2017).  

In this chapter, experiments, and results obtained on the evaluation of bioremediation 

potential of consortia of four microalgal species when grown in a concoction of effluents 

prepared by the amalgamating tannery and sewage wastewaters with mixed industrial 

effluent collected from Badlapur CETP.  

 

7. 2 Materials and methods 

7.2. 1 Sample collection 

  Samples for this study were collected from CETP, Badlapur (see chapter 4a); CETP 

at Pallavaram, Chennai, Tamilnadu; Upper India Tannery (UIT) Pvt. Ltd. Kanpur, Uttar 

Pradesh; and sewage drainage, Panjim, Goa (Fig. 7.1).  

  Nearly 200 tanneries are operating in and around the Pallavaram area. This specific 

CETP receives wastewater from about 122 units in the Pallavaram cluster for treatment. 

This has the capacity to treat around 3000 m3 d-1.  

  Tannery in Kanpur has the capacity of producing more than 1.2 million square of 

finished leather annually and is involved in the production of finished leathers, like 

vegetable-tanned sole and harness leathers, safety shoe leather, furniture, and automobile 

upholstery leathers. 

  The wastewaters collected from these locations were mixed in a proportion to create 

a concoction of wastewaters (CW) before subjecting to bioremediation experiments. 

7.2. 2 Characteristics of wastewater 

   Various physical and chemical parameters of the concoction of wastewater like BOD, 

COD, NO3-N, PO4-P, SO4-S, TDS and trace metals were analysed using standard methods 

tested in APHA (2005) as described in chapter 4, section 4.2.1. 
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7.2. 3 Isolation of microalgae 

  Marine cyanobacteria Phormidium sp., Synechocystis sp. used in this study were 

isolated from coastal waters off Goa. Salt-tolerant microalga C. vulgaris isolated from 

wastewater itself and Spirulina sp. was available in the NIO culture collections. These 

mono algal cultures, obtained by serial dilution and nutrient enrichment method, were 

identified using the keys by Desikachary (1959) and Tomas (1997), and additionally by 

16SrRNA sequencing as described in chapter 3 section 3.2.2. 

7.2. 4 Experimental setup 

    For this experiment, the concoction of wastewaters (CW) was prepared by mixing 

effluents collected from CETP, Badlapur, Upper India Tannery, Kanpur, CETP Pallavaram, 

Chennai and sewage effluent from Goa in a ratio of 5:2:1.5:1.5. This mixture of effluents 

was then diluted to 50% with tap water. The experiment was conducted in 50 L plastic tubs 

with 30 L CW. A consortium of microalgae, Phormidium sp., Spirulina sp., Synechocystis 

sp. and C. vulgaris at 2% (v/v) was inoculated into CW. The experiment was carried out 

for 12 days and cultures were maintained under natural environmental conditions by 

exposing to light and wind etc. during the experimental period mentioned in Chapter 4. The 

culture tanks were mixed manually five to seven times a day to avoid clumping and 

adherence of the cells to the tank surface. Sub-samples of 100 ml aliquots from all 

experimental tanks were drawn on days 0, 3, 6, 9 and 12. Physicochemical characteristics, 

such as TDS, COD, BOD, nutrients (nitrate and phosphate), sulphates and trace metals were 

monitored at each sampling day. Biomass extracted was used for the determination of algal 

growth in terms of chlorophyll and Dry weight as described in chapter 4, section 4.2.4. 

7.2. 5 Analytical procedures 

  Measurements of BOD, COD, NO3-N, PO4-P, SO4-S, trace metals and TDS from 

the experimental setup were done as described above for CW characteristics.  The growth 

of microalgae in a consortium in terms of total chlorophyll and DCW and growth 

performance in terms of growth rate was noted as described in chapter 4, section 4.2.4.  

7.2. 6 Reduction efficiencies 

    The reduction/removal efficiencies (%) of the various parameters were calculated 
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by following Ji et al. (2011) as described in chapter 4, section 4.2.5. 

7. 2. 7 Statistical analysis 

      The statistical interaction between the microalgal growth and the pollutant reduction 

was assessed by the Pearson correlations. The strength of the correlation was specified as 

Pearson correlation coefficients (R) of which values of ≥0.4, ≥0.6 and ≥0.8 are statistically 

significant with p<0.05, <0.01 and <0.001, respectively.   

7. 3 Results 

7.3.1 Characteristics of mixed industrial effluent 

 The initial concentrations of physicochemical parameters of the CW are presented 

in table 7.1. This effluent was dark brown with high BOD, COD, nutrients, TDS and trace 

metal concentrations. The BOD and COD of the CW were 1120±69.28 mg L-1, 

2866.67±104.08 mg L-1, respectively. The untreated CW had high concentrations of NO3 

(42.42± 0.86 mg L-1), PO4 (1.93± 0.12 mg L-1), SO4 (596.35±47.91 mg L-1). A high amount 

of TDS (2801±190.65 mg L-1) and concentrations of trace metals, especially Cr (268.7 mg 

L-1) and Ni (23.6 mg L-1), Cu (249.7 mg L-1) and Zn (91.7 mg L-1) were other characteristics 

of this wastewater.  

7.3.2 Growth of the microalgae in mixed industrial effluent  

The growth of consortia in CW is shown in Fig. 7.2. The effluent found to be 

enhancing the proficient growth of microalgae especially single-celled, coccoid microalgae 

C. vulgaris and Synechocystis sp. The highest chlorophyll concentration and growth rate 

were obtained on days 12 and 3 respectively. Higher growth in terms of chlorophyll was 

observed on the 12th day with chlorophyll maxima 15.32 ± 0.58 mg L-1. The average 

maximum specific growth rate observed was 1.59 ±0.23 day-1 on day 3. No lag phase is 

observed during the study period.  

As shown in Fig. 7.2, the DCW of the culture after 12 days of cultivation was found 

to be 1.457 g L-1 suggesting efficient utilization of organic compounds by this microalgae. 

A gradual increase in DCW was observed during the experiment. The DCW of the 

microalgae after 12 days of cultivation was 4.2 fold higher than that of control.  
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7.3.3 Reduction of different physicochemical parameters  

The consortia of microalgae reduced all the tested parameters to the permissible limit 

within the culture period (Table 7.1). Microalgae were able to reduce BOD substantially 

within 12 days of the culture period (Fig. 7. 3). In that, a rapid decrease in BOD (70% 

reduction) was recorded on day 6 itself and maximum reduction in BOD was observed on 

day 12 (98%; from 1120.00±69.282 to 23.33±5.77 mg L-1). The maximum removal of COD 

(88%; from 2866.66±104.08 to 337±9.29 mg L-1) was observed on day 12.  

Similarly, a substantial reduction of nitrates, phosphates, and sulphates occurred 

within 12 days (Fig. 7. 3). The removal of nitrate by the consortia was as high as 72% by 

day 6 and 95.26% (42.42±0.86 to 2.01±0.33 mg L-1) by day 12. The phosphate 

concentration in CW was reduced by 90.39% (1.93±0.12 to 0.06±0.86 mg L-1) by day 12. 

The very high concentration of TDS of 2801±190.65 mg L-1 in the untreated CW reduced 

to 952.73±5.31 mg L-1 by day 12 with a removal efficiency of 65.87% (Fig. 7. 3). The high 

amount of sulphates i.e.  596.35±47.91 mg L-1 was another peculiar character of this 

effluent. This microalgal consortium removed 71.68% of the sulphates by day 12 and 

brought down the concentration to 168.125±1.43 mg L-1 (Fig. 7. 3). And ammoniacal 

nitrogen found to be untraceable from day 3 onwards. 

Complete removal of trace metals, Cr from 268.7 mg L-1 and Zn from 91.7 mg L-1, 

was evidenced on the third day of the culture period. Also, this consortium reduced over 

95% Cu (249.7 mg L-1 to 0.7 mg L-1) and 57% Ni (23.6 mg L-1 to 11.5 mg L-1) from the 

MIE (Fig. 7. 4). The growth of the consortium is positively correlated (correlation was 

significant at the 0.05 level) with the reduction of pollutants indicating the growth-related 

reduction of the pollutants (Fig. 7. 5).  
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Table 7.1 Physico-chemical characteristics of the concoction of wastewaters before and 

after microalgae treatment 

Parameters (mg L
-1

) Untreated effluent Microalgae treated  
Permissible limits 

(EPA, 1986; BIS, 

1994) 
pH* 7.72 8.54 5.5-9.0 

Total Dissolved Solids 2801±190.65 952.73±5.31 2100 
BOD 1120.00±69.282 23.33±5.77 50 
COD 2866.77±104.08 337.67±9.29 250 
H

2
Sa  6.285 - 1 

Sulphates 596.35±47.91 168.125 ± 1.43 500 
Nitrates 42.4±0.08 2.01 ± 0.33 20 
Nitrites 16.00±0.35 4.29± 0.16 2 
NH

3

a

 
 335.98 - 10 

Phosphates  1.93±0.12 0.18± 0.06 10 
Phenolsb 1.937 - 5-50 

Cr 268.7 ND 2.0 
Ni 23.6 11.5 5.0 
Cu 249.7 0.7 3.0 

Zn 91.7 ND 5.0 
*  = except pH all units are in mg L-1; a = untraceable; b = within the permissible limit 
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   Fig. 7. 1 Collection of samples from four different locations 
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Fig. 7.2 Chlorophyll concentration (mg L-1), dry cell weight (g L-1) and growth 

rate (µ) of microalgal consortia in the concoction of wastewaters 
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Fig. 7.3 Reduction of pollutant concentrations from CW by the consortia of C. vulgaris, 

Synechocystis sp., Phormidium sp. and Spirulina sp. 
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Fig. 7. 4 Heavy metal reduction by the microalgal consortia from the concoction 

of wastewaters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. 5 Correlation between the microalgal growth and the various pollutant 

removal efficiency 
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Fig 7.6 Photographs showing the growth of microalgal consortia in the CW 
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7.4 Discussion 

Industrial effluent generation is on the rise in fast-growing economies including 

India. On many levels, any development of algal technology for bioremediation applications 

has the potential to overcome the deleterious effects of wastewaters when they are disposed 

of without subjecting them to treatment. Such constraints are thwarted as microalgae can 

provide a low-cost, energy-saving treatment option. As noted previously the monoculture of 

the microalgae in the consortium was found to remove/reduce high levels of nutrients with 

the capacity to remediate a wide spectrum of nutrients in the wastewater. Thus, this 

environmentally friendly alternative to conventional methods as also noted by many earlier 

studies (Polishchuk et al. 2015; Posadas et al. 2014; Boelee et al. 2011) would be useful. 

 The microalgal consortia made up of four monocultures grew well (Fig. 7.6) in the CW 

and reduced all parameters to the permissible limit of discharge within 12 days of the culture 

period. No lag phase was observed in the growth curve indicating that these microalgal 

consortia could adapt well in the concoction of wastewaters. The addition of TW and sewage 

to the MIE collected from the Badlapur CETP not only increased the growth of the 

microalgae, but also the reduction of parameters within a short period. The number of days 

for the removal of pollutants reduced to 12 days from 21 days, as discussed in chapter 4a. 

The chlorophyll concentration increased 3 fold when grown in CW. 

The major effluent used for dilution of the MIE was tannery effluent. There are many 

reports on microalgal remediation of tannery effluent proving that microalgae can utilize 

well the chemical composition for their growth. The composition of sewage is mainly 

nutrients which enhances the growth of the microalgae. Algae are capable of the uptake and 

elimination of organic pollutants via both biosorption and/or metabolization (Abdel-Razek 

et al., 2019; Rath, 2012). The ammonia concentration too high in CW also must have 

facilitated the higher growth of the microalgae. Cockshi et al., 2016 and Kumar et al., 2010 

reported that among all forms of nitrogen, ammoniacal nitrogen is the preferred source since 

it gets directly metabolized and very little energy is required for its uptake.  

 The major advantage of microalgal-mediated bioremediation is that it can achieve 

various goals of wastewater treatment such as removal of BOD and COD (Sivasubramanian 
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et al., 2012; Park et al., 2011). The BOD and COD are used to indirectly measure the amount 

of biologically degradable and chemically oxidizable organic compounds present in the 

wastewater. The decrease in these parameters suggests that the microalgal cells can 

efficiently utilize organic carbon as a substrate for their growth and source of energy (Ding 

et al., 2015; Chokshi et al., 2016).  

This effluent contains high concentrations of nitrogen and phosphorous and may cause 

environmental problems if discharged without treatment. The reduction of nutrient levels in 

the effluent is required both to avoid environmental and ecological damage on discharge. 

This can be performed by microalgae because of their capacity to use nitrogen and 

phosphorous in their metabolism (Pitmann et al., 2011). Removal of nitrate up to 95% and 

phosphate up to 90% from the CW was very effective using these microalgal consortia.  

The efficiency of the algal bioremediation process primarily depends on the algal 

strains selected or the constituent of the microalgal consortium involved (Silkina et al., 

2017).  The majority of the bioremediation studies have focussed on the use of mono-algal 

cultures (Das et al., 2017; Lizzul et al., 2014; Wang et. al., 2010). However, the use of 

microalgal consortia has been less extensively studied, some recent reports have indicated 

that this approach can out-perform the mono-algal culture applications (Das et al., 2017; 

Silkina et al., 2017, Dalrymple et al., 2013; Samori et al., 2013).  

The algal consortium was effective in detoxifying heavy metals (Shashirekha et al. 

2008). Patil et al. (2019) reported the efficient reduction of Ni and Cr by the Chlorella-

Scenedesmus consortia from the carton box industry wastewater. Rehman and Shakoori 

(2004) reported the efficiency of Chlorella sp. in removing 70-95% of Ni from the growth 

medium under laboratory conditions. The mechanism of removing trace metals from the 

wastewater by microalgae is related to their large surface and binding capacity (Dwivedi et 

al., 2010). The consortia of microalgae significantly reduced the trace metals Cr, Ni, Cu and 

Zn from CW.  

From the present study, it is evident that the microalgal consortia developed and chosen 

through a series of trials could remediate the concoction of wastewaters containing MIE, 

Tannery, and sewage efficiently.  Results from this study are therefore useful to propose that 
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dilution of wastewaters (mixed industrial effluent from Badlapur and Tannery effluent from 

Pallavaram) with milder, nutrient-rich sewage effluent enhances the growth of microalgae as 

well as bioremediates this concoction to achieve safe disposal and/or for a variety of uses 

other than for drinking or other domestic uses 
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8.1 Introduction 

  Microalgae are among the most useful organisms and are widely exploited for 

biotechnological applications. They store reserve-bioorganic molecules and certain 

secondary metabolites which can be used as sources of pigments, lipids, vitamins, proteins 

(Cardozo et al., 2007; Markou et al., 2013;  Koller et al., 2014).  Microalgal protein has drawn 

worldwide attention either as a food supplement or as an alternative source of food. A few 

cyanobacterial species, Spirulina, and the green alga Chlorella species have been grown on 

a large scale as protein sources for human consumption. The first application of algae has 

been reported from China, where, in fact about 2500 years ago, an edible cyanobacterial 

species of Nostoc was said to have been used as food by natives to survive the food scarcities. 

The economic importance of microalgae has increased recently due to their capability 

to turn out to be a source of biodiesel. The focus now is shifting towards the cultivation of 

microalgae for biofuel production such as biodiesel and bioethanol (from fermentable 

carbohydrates). Due to the limited stock of fossil fuels and unfavorable environmental 

consequences caused by burning fossil fuels, algae-based biodiesel has gained attention as 

eco-friendly and sustainable. The ease of culturing to attain enormous biomass makes them 

one of the most potential sources, which can be a better replacement for fossil-based fuels.  

Microalgae have quickly become potential candidates for renewable sources for 

alternative fuel production because of their higher photosynthetic efficiency, lipid and 

carbohydrate content, growth rate and biomass production (Francisco et al., 2010; Devi et 

al., 2012). Studies have shown that algae grown under controlled conditions can produce 

more than 20 times oil per hectare as compared to those terrestrial crops such as soy and 

canola (Sheehan et al., 1998).  This has drawn the attention of researchers around the world 

in recent years for finding inexpensive procedures to produce microalgae on a large scale. 

Biodiesel and bioethanol are commonly used for transportation in many countries. The 

production of biofuel from biomass sources is one of the best alternatives for petroleum-

based fuels. However, the high cost of operation, energy requirement and an additional 

supply of nutrients are the main limitations to the commercialization of microalgal biofuels 

based on land-grown corn, sugarcane, sugar beet, jatropha, etc. In this regard, growing 
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microalgae in wastewater offset many of these disadvantages (Kamarudin et al., 2013; Das 

et al., 2017; Yaakob et al., 2014).   

Studies focused on culturing microalgae in wastewater treatment systems are scarce to 

null. As highlighted in the previous chapters, both domestic and industrial wastewaters 

contain nutrient-rich organic effluents. Nutrients present in the organic effluent provided 

have a great effect on biomass production. They augment the metabolism of microalgae 

which in turn lead to enhanced production of energy-rich compounds such as fatty acids and 

- the most important factor of the biofuel to check its suitability as biofuel - glycerol. In these 

systems, as Jiang et. al (2011) noted, it is possible to reduce the cost by using municipal 

wastewater to replace nutrients in the growth medium and use flue gas to provide CO2 in the 

cultivation of oil-bearing microalgae for biofuel.   

To achieve better quality and quantity of biofuel from these systems, the selection of 

microalgae with higher biomass production within a short period with higher lipid content is 

one of the primary objectives to be ensured. Wastewaters from tanneries, paper mills, 

distilleries, food products, and textile industries are usually rich in total nitrogen, 

phosphorous, cellulose, hemicellulose, starch, carbohydrates, and some toxic metals make 

their treatment inhibitive expensive. In these systems, microalgae are found to be effective 

in accumulating nutrients and metals for their growth (Hoffmann, 1998; Mallick, 2002).  

From the foregoing, it is implicit that culturing microalgae in effluents for biofuel is a 

useful and highly reliable option to treat industrial wastewaters. Thus in this study, it was 

aimed at the screening of microalgae for their biofuel and bioremediation potential. Earlier 

studies on microalgae that produce biofuel or help in bioremediation focused on either of 

these properties using normal water. Experiments were planned and conducted by growing 

the environmental isolates of microalgae (Phormidium sp., Synechocystis sp. and Chlorella 

vulgaris) individually and in a consortium to check whether biofuel prospects can be similar 

to-, inferior to- or better than- those reported in the literature. For comparison, suitable 

controls were also set up by rearing these microalgae in algal culture medium as detailed in 

earlier chapters 4 to 7.    
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8.2 Materials and methods 

  The biomass harvested during each experiment (see chapters 4 to 7) was used for the 

extraction of biochemical compounds such as total lipids, carbohydrates, and proteins. Since 

these microalgae have the potential to generate biomass with a considerable amount of lipids, 

carbohydrates, which can be converted into biodiesel and bioethanol, respectively, sizable 

portions of wet biomass of C.vulgaris, Synechocystis sp. and Phormidium sp. separately 

(inoculated as a monoculture) and as a consortium has grown in large volumes of mixed 

industrial effluents collected from different locations as described in previous chapters 4 to 

7.  

8.2.1 Total carbohydrates  

The carbohydrate content was determined using the total carbohydrate kit (Sigma-

Aldrich). Microalgal biomass was dried at 50ºC in an oven and homogenized in an extraction 

buffer. Then the homogenate was centrifuged at 14000 rpm for 5 minutes. Three hundred 

microliter of H2SO4 was added to the supernatant collected and mixed well. After 15minutes 

of incubation at 90ºC, 60µl of the developer was added to the sample and the absorbance was 

measured at 490 nm. Glucose was used as a standard. 

8.2.2 Proteins 

Representative aliquots of culture were taken and the cells were collected by 

centrifugation. The biomass is then suspended in lysis buffer and kept in ˉ80ºC for freezing. 

The cells were then thawed by keeping in an ice bath and cells were disrupted by sonication. 

The suspension was centrifuged at 10000 rpm for 5 minutes. The Bradford reagent was added 

to the supernatant and the absorbance was measured at 595 nm (Bradford, 1976). Bovine 

Serum Albumin (BSA) was used as standard. 

8.2.3 Lipid extraction  

       Total lipid was extracted from the microalgal biomass using a modified Bligh-Dyer 

method (1959). Lipids were extracted from the oven-dried (at 60ºC) biomass. Approximately 

200 mg of biomass was homogenized at 140 rpm for 30 minutes using CHCl3: MeOH: H2O 

mixture (2:1:0.8, v/v/v).  One part of chloroform and water were added to the homogenate 

giving a final ratio of 2:2:1.8 CHCl3: MeOH: H2O and then the homogenate was shaken at 
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140 rpm for 1 hr 30 minutes. The samples were filtered through Whatman No.1 filter paper 

to remove cell debris. Excess solvents were removed in a rotary evaporator and the total lipid 

content was measured gravimetrically. 

8.2.4 Preparation of Fatty Acid Methyl Esters for Biodiesel Characterization 

Direct extraction of biodiesel was done from extracted lipids. The fatty acid extracted 

was directly transesterified to fatty acid methyl esters (FAMEs) to investigate the suitability 

of microalgal oil as biodiesel as per the protocol (Mitra et al., 2015; Grima et al., 2013). The 

lipid samples were dissolved in hexane, and the fatty acids were then converted to FAMEs 

by transmethylation. The extracted lipids were resuspended in reagent 1 (1% NaOH in 

methanol) and heated for 30 min at 55°C. Subsequently, Reagent 2 (Methanolic HCl) was 

added, and the mixture was heated for a further 30 min at 55°C. FAMEs were extracted with 

hexane. 

8.2.4.1 GC Analysis for the Determination of Fatty Acid Composition 

FAME mixture was dissolved in a minimum amount of hexane and analyzed by GC 

and GC-MS for fatty acid composition. GC was carried out with Agilent 6890 N Series gas 

chromatograph equipped with an FID detector. The GC was performed using DB-225 

capillary column (30 m × 0.25 mm × 0.25 µm) and the oven temperature was programmed 

for 2 min at 160 °C, raised to 230 °C at 5 °C min-1 and finally maintained at 230 °C for 20 

min. The carrier gas, N2 flows at 1.0 mL min-1 and the split ratio is maintained at 50:1. C19:00 

used as standard. 

8.2.4.2 Biodiesel properties 

Biodiesel properties were analyzed using Biodiesel Analyzer v1.1 software (Mitra et 

al. 2015). The properties analyzed were Degree of unsaturation (DU), Saponification value 

(SV), Iodine value (IV), Cetane number (CN),  Long-chain saturated fatty acid (LCSF), Cold 

filter plugging point (CFPP), Cloud point (CP), allylic position equivalent (APE),  biss-

allylic position equivalent (BAPE),  Oxidative stability (OS), HHV, Viscosity and Density 

(see chapter 2). 
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8.3 Results 

8.3.1 Biochemical composition of microalgal biomass 

     Chlorella vulgaris produced maximum carbohydrate (34.08±1.36%) and protein 

(41.69±1.69%) on days 8 and 4 of the culture period, respectively, when grown Kanpur MIE. 

Whereas, Phormidium sp. produced maximum protein (43.55±1.64%) and carbohydrate 

(31.88±1.63%) on day 10. Synechocystis sp. produced maximum carbohydrates 

(39.64±0.50%) on day 6 and protein (41.79±1.35%) on day 10. Lipid productivity was 

highest in C. vulgaris (37.69%, 376.87 µg mg−1) when grown in Kanpur MIE followed by 

Phormidium sp. (31%, 311.93 µg mg−1) and Synechocystis sp. (30%, 301.00 µg mg−1) (Fig. 

8.1). 

    Maximum carbohydrate production was observed in the consortium (37.70±0.68%) 

followed by C. vulgaris (35.11±1.40%) and Phormidium sp. (34.66±0.98%) on day 9 when 

grown in wastewater collected from Badlapur CETP (Fig. 8. 2). However, a further decrease 

in carbohydrate was observed as the culture days increases. The carbohydrate content was 

reduced to 29.42% in the consortium, 30.92% in C. vulgaris and 24.57% in Phormidium sp. 

Maximum protein production was observed in the consortium (41.30±0.65%) followed by 

Phormidium sp. (40.63±0.94%) and C. vulgaris (38.58±1.32%) on day 9. Protein production 

in these microalgae followed the same trend as in carbohydrate production. The protein 

content reduced to 32.53% in consortium followed by 36.37% in Phormidium sp. and 

35.42% in C. vulgaris. Lipid production was maximum in the consortium (30.49%) followed 

by 26.88 % in Phormidium sp. on day 18, whereas maximum lipid production was observed 

in C. vulgaris (28.38%) on day 21.  

      The total carbohydrates, crude protein and total lipids of the microalgal consortium, 

C. vulgaris and Synechocystis sp. grown in effluent collected from different phases of the 

treatment at Badlapur CETP were analysed before inoculation and from the harvested 

biomass grown for 10 days (Fig. 8. 3).  Maximum carbohydrate production was observed in 

ATMIE (28.47%) followed by RMIE (26.39%), TMIE (25.43%) and STMIE (23.34%). 

Biomass grown in ATMIE (48.26%) produced maximum lipid content, followed by RMIE 

(33.92%), STMIE (23.82%). The lowest lipid production was observed in the microalgal 

consortium grown in TMIE (17.83%). Whereas, maximum protein production was observed 
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in microalgae grown TMIE (35.20%), followed by ATMIE (32.65%). The protein 

composition in RMIE (29.92%) and STMIE (29.86%) showed a similar result.  

8.3.2 FAME composition 

      The extracted lipid was then used for the extraction of biodiesel. The fatty acids in 

the form of fatty acids methyl esters were analysed since the fatty acids composition of the 

lipid component directly affects the biodiesel qualities. A total of 12-20 fatty acids 

comprising saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and 

polyunsaturated fatty acids (PUFAs) were extracted and identified from wastewater grown 

microalgae. The fatty acid content in terms of SFA, MUFA and PUFA was found to be 

varying when grown, individually, as a consortium and consortia, in different effluents. 

     The maximum SFA (68%) was found in Synechocystis sp. and MUFA (27%) and 

PUFA (52%) in C. vulgaris on days 0 and 10 respectively (Fig. 8.4) when grown in Kanpur 

MIE. The SFA and PUFA were found to be increasing as the culture days increase and 

MUFA was found to be decreasing in C. vulgaris. While Synechocystis sp. maintained the 

same SFA content throughout the culture period except on day 10. There was no significant 

increase in the MUFA content in Synechocystis sp. and PUFA content increased to 26.75% 

on day 10 and decreased to 19.52% on day 14. Whereas, SFA content in Phormidium sp. 

was found be increasing up to day 10 and decreased at the end of the culture period. While 

the MUFA content increased instead on day 10. MUFA was found to be increasing with a 

decrease in the value on day 10. 

      Like the in Kanpur MIE the SFA content was found to be increasing and MUFA was 

found to be decreasing in C. vulgaris when grown in Badlapur DMIE (Fig. 8.5). Maximum 

SFA produced on day 21 (35.1%), MUFA (27.1%) on day 0 and PUFA (57.7%) on day 9. 

SFA was found to be increasing in Phormidium sp. with maximum production, 47.72%, on 

day 21 and PUFA was found to be decreasing as the culture day increases, 42.7%, on day 0. 

MUFA was found to be decreasing with an initial increase with maximum production, 

20.64%, on day 9. There was no significant difference in SFA, MUFA and PUFA observed 

in the consortium between the culture days. However, maximum SFA (72.6%) was observed 

on day 9, MUFA (12.5%) was observed on day 0 and PUFA (21.3%) on day 15. 
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     Due to the practical difficulties, the biochemical composition and FAME were 

analysed only on day 0 and day 10 (Fig. 8.6). The consortium produced maximum SFA 

(75.49%) when grown in RMIE and MUFA (26.21%) when grown in ATMIE. Maximum 

PUFA (41.66%) production was observed on day 0.  

     The SFA composition of microalgal cells doubled when grown in the concoction of 

effluents. The SFA content increased from 30.59% to 68.17% on day 6 and reduced to 

63.97% and 60.24% on days 9 and 12 respectively (Fig. 8.7). The MUFA content was found 

to be increasing at an insignificant level, the initial 9.64% increased to 11.06% at the end of 

the culture period. In contrast to SFA a decrease from 59.77% on day 0 to 19.52% on day 6 

was observed, however, the PUFA content slightly increased to 24.72% at the end of the 

culture period. 

8.3.3. Biodiesel properties  

    The MIE grown microalgal biomass yielded higher fractions of biodiesel (Fig. 8.8) 

with desirable biofuel-lipid composition than that reared in ACM. Biodiesel properties 

evaluated from the fatty acid profile of the MIE grown microalgal, C. vulgaris, Phormidium 

sp. and Synechocystis sp. biomass is grown in the Kanpur MIE showed in Fig. 8.9. Higher 

oxidative stability of 6-12 hrs (>6hours, EN14214) and Cetane Number (CN) of 54-65 (≥51, 

EN14214) with a low iodine value of 36-96 (<120 g I2/100 g, EN14214) are the desirable 

characteristics of the biodiesel. Also, the Saponification Value (SV) of 159-211, the long-

chain saturation factor (LCSF) (4-9 wt%) and Cold Filter Plugging Point (CFPP) (-3-11°C) 

were met with standard biodiesel properties.  

    The estimated biodiesel properties of biodiesel extracted from microalgal biomass 

grown in Badlapur DMIE are demonstrated in Fig.8.10. The biodiesel properties exhibited 

higher oxidative stability, 5.8-6.0 h for biodiesel extracted from C. vulgaris, 6.3-8.4 h for 

Phormidium p. and 8.4 to 12.4 h for the consortium. All microalgae, individually and as a 

consortium maintained appropriate iodine value (36.17-96.7, <120g I2/100g), density (0.67-

0.87 g/cm3), long-chain saturated factor (4.4 - 8.87) and cold filter plugging point (ˉ2.68 - 

11.58ºC). However, C. vulgaris and Phormidium sp. grown for 15 days was found to a good 

source of biodiesel production.  The consortium, however, showed high viscosity, CN and 

oxidative stability showed poor CP and PP.  
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    Due to practical difficulties, the biodiesel from the consortium of microalgae grown 

in Badlapur CETP at different phases of treatment, extracted and analysed before inoculation 

and from the biomass harvested at the end of the culture period. The biodiesel properties of 

the consortium biomass exhibited higher CN (59.75-67.69), oxidative stability (6.79-45.88 

h) and viscosity (3.00-3.88). Also, maintained appropriate iodine value (23.48-74.04, <120g 

I2/100g), density (0.73-0.84 g/cm3), long-chain saturated factor (6.87-19.14) and cold filter 

plugging point (5.11-43.67 ºC). However, all the biomass extracted, found to be suitable for 

biodiesel extraction, biomass is grown in ATMIE showed best suitable for biodiesel (Fig. 8. 

11). 

    The biodiesel extracted from the consortia of four microalgae showed higher biodiesel 

properties (Fig. 8. 12). The CN ranged from 56.33 to 60.47, IV form 52.59 to 102.66 I2/100g, 

DU from 49.86 to 87.78, LCSF from 5.83 to 8.261 (wt%), CFPP from 1.849 to 9.47 ºC, OS 

from 5.61 to 8.63 h, density from 0.699 to0.859 g/cm3 and viscosity to 2.63 to 3.61. However, 

the microalgae grown for day 9 was found to be most apt for biodiesel extraction.  
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Fig. 8.1 Biochemical composition (total lipids, total carbohydrates and crude protein) 

of C. vulgaris, Synechocystis sp. and Phormidium sp. biomass grown in Kanpur MIE 
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Fig. 8.2 Biochemical composition (total lipids, total carbohydrates and crude 

protein) of Chlorella vulgaris, Phormidium sp. and consortium biomass grown in 

Badlapur DMIE 
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Fig. 8.3 Biochemical composition (total lipids, total carbohydrates and crude 

protein) consortium-biomass of Chlorella vulgaris - Synechocystis sp. grown 

in Badlapur MIE  



 

 

Chapter 8 

126 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.4 Fatty acid composition of Chlorella vulgaris, Synechocystis sp. and 

Phormidium sp. biomass grown in Kanpur MIE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.5 Fatty acid composition of Chlorella vulgaris, Phormidium sp. and 

consortium biomass grown in Badlapur DMIE 
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Fig. 8.6 Fatty acid composition of Chlorella vulgaris- Synechocystis sp. 

consortium biomass grown in different phases of Badlapur MIE 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.7 Fatty acid composition of microalgal consortia biomass grown in the 

concoction of different effluents 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.8 Biodiesel extracted from biomass (L to R) of Chlorella vulgaris, 

Synechocystis sp. and Phormidium sp. reared in the Kanpur MIE.  
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Fig. 8.9 Biodiesel properties of Chlorella vulgaris, Synechocystis sp. and 

Phormidium sp. biomass grown in Kanpur MIE. DU: Degree of Unsaturation; 

SV: Saponification Value; IV: Iodine Value; CN: Cetane Number; LCSF: Long 

Chain Saturated Factor; CFPP: Cold Filter Plugging Point; OS: Oxidation 

Stability; CP: Cloud point; APE: allylic position equivalent; BAPE: biss-allylic 

position equivalent; OS: Oxidative stability; HHV: High heating value.  
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Fig. 8.10 Biodiesel properties of Chlorella vulgaris, Phormidium sp. and consortium 

biomass grown in Badlapur DMIE. DU: Degree of Unsaturation; SV: Saponification 

Value; IV: Iodine Value; CN: Cetane Number; LCSF: Long Chain Saturated Factor; 

CFPP: Cold Filter Plugging Point; OS: Oxidation Stability; CP: Cloud point; APE: 

allylic position equivalent; BAPE: biss-allylic position equivalent; OS: Oxidative 

stability; HHV: High heating value.  
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Fig. 8.11 Biodiesel properties of Chlorella vulgaris- Synechocystis sp. 

consortium biomass grown in Badlapur MIE. DU: Degree of Unsaturation; 

SV: Saponification Value; IV: Iodine Value; CN: Cetane Number; LCSF: 

Long Chain Saturated Factor; CFPP: Cold Filter Plugging Point; OS: 

Oxidation Stability; CP: Cloud point; APE: allylic position equivalent; BAPE: 

biss-allylic position equivalent; OS: Oxidative stability; HHV: High heating 

value.  

 

 

 

 

 

 

 

 

 

Fig. 8.12 Biodiesel properties of consortia (Phormidium sp., Spirulina sp., 

Synechocystis sp. and C. vulgaris) biomass grown in the concoction of different 

effluents. DU: Degree of Unsaturation; SV: Saponification Value; IV: Iodine 

Value; CN: Cetane Number; LCSF: Long Chain Saturated Factor; CFPP: Cold 

Filter Plugging Point; OS: Oxidation Stability; CP: Cloud point; APE: allylic 

position equivalent; BAPE: biss-allylic position equivalent; OS: Oxidative 

stability; HHV: High heating value.  
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8.4 Discussion 

  First-generation biofuels (biodiesel and bioethanol), produced from crops like sugar 

beet, maize/corn, or wheat require arable land. This results in conflicts of interest since 

there is competition for land for growing crops for food purposes and biofuel.  On the other 

hand, second-generation biofuels feedstocks are generally not food crops (eg: jatropha) but 

require sophisticated technologies and their production has not yet been profitable.  

Therefore, researches are focused on third-generation biofuels which are derived from 

microalgae. Rapid growth rate, CO2 sequestration ability, waste nutrient use and high 

production capacity of storage compounds (lipids and carbohydrates) and non-competence 

with food and feed crops (non-requirement of arable land for cultivation) and have the 

potential to overcome the drawbacks of first and second-generation biofuel production.  

 McGinn et al. (2012) and Chokshi et al. (2016) proposed that the nutrients in the 

wastewater augment the metabolism of microalgae, which in turn leads to enhanced 

production of energy-rich microalgal biomass and compounds. Microalgae have the 

potential to generate biomass with a considerable amount of lipid and carbohydrate, which 

can further be converted to biodiesel and bioethanol, respectively. Reports on the growth 

of the microalgae in various wastewater have indicated the potential of these resources as 

suitable growth media for biofuel-feed-stock.  

 In this study, protein content increased in the microalgae, when cultivated 

individually or in a consortium in all different types of effluents screened. Apparently, in 

the initials days, this increase may be due to the high availability of nutrients. This - in the 

early stages of the culture period - may be especially due to catabolizable nitrogenous 

substances as Piorreck et al. (1984); Kothari et al (2012) and El-Kassas (2013) affirm.  High 

production of carbohydrates in the initial days of the culture period can be ascribed to the 

presence of organic moieties which might have enhanced the carbohydrate pathway in the 

initial days of the culture period. In contrast to protein and carbohydrate, lipid production 

was maximum at the end of the culture period. This indicates that the exhaustion of 

nutrients made these microalgae to shift their metabolic pathway, as variously noted 

(Adenan et al., 2016; Thompson, 1996; Hu, 2013; El-Kassas, 2013), from protein and 

carbohydrate synthesis to lipid synthesis.  
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  In all likelihood, nutrient availability and composition appear to bear a significant 

favourable effect on the lipid and fatty acid composition of the microalgae when grown 

individually ad in the consortium. The composition of SFA, MUFA, and PUFA and their 

concentrations further have a significant effect on the biodiesel properties extracted from 

different microalgae grown in different types of effluent. The degree of unsaturation along 

with carbon chain length and number of branching is a key factor in determining biodiesel 

qualities such as CN, OS, CFPP, CP, PP, density and viscosity, etc.  The higher degree of 

unsaturation causes low CN, OS but high CFPP as discussed in chapter 2.  

  The SFA content was found to be increasing as the culture days increase, in all 

microalgae even in consortium or consortia, sometimes in a lesser amount, when cultivated 

in different types of effluent. A similar observation was made by Chen et al. (2011) when 

cultivated Dunaliella tertiolecta. Studies by Lynn et al. (2000) and Dou et al. (2013) 

showed that heavy metals such as Fe, Mn, and Zn have a strong effect on the SFA 

composition of microalgae. The major difference was observed in MUFA and PUFA 

content. Even if the higher PUFA content negatively affects the biodiesel properties it’s 

one of the most nutritionally important and essential fatty acids because they are key 

nutrients in animal nutrition (Darki et al., 2017; Brown et al., 1997). The increase in PUFA 

content related to nitrogen and phosphorus depletion since the starvation of these nutrients 

increases the unsaturation of the cellular lipids (Becker, 1994; Grobbelaar, 2013).  There 

are reports that the amount of MUFAs goes up due to the reduction of nitrogen in the 

effluent (Lynn et al., 2000). A decrease in MUFA may due to the decrease in nitrogen 

content in the wastewater as the microalgae grew. Studies by Siron et al., (1989) on 

Phaeodactylum tricornutum and Dunaliella tertiolecta and by Khozin-Goldberg and Cohen 

(2006) on Monodus subterraneus revealed that reduced phosphorous had an impact on 

MUFAs.  

This study derived biodiesel quality parameters from FAME profiles and showed 

that the microalgae, C. vulgaris, Synechocystis sp. and Phormidium sp., individually and as 

a consortium and consortia, is a good source of value-added products such as proteins and 

carbohydrates, and alternative feedstock for the extraction of bioethanol and biodiesel. As 

an example, biodiesel properties observed in microalgal rearing experiments using 30% 
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diluted mixed industrial effluent collected from Badlapur CETP are listed in Table 8.1 and 

compared with the biodiesel standards of EN14214. 

Biodiesel extracted from microalgae grown in diluted mixed industrial effluent 

meets most of the desirable biodiesel qualities (Table 8.1). The parameter CN is the prime 

indicator of biodiesel quality since it determines the combustion behavior of biodiesel as 

described in chapter 2. According to EN14214 standards, the CN should be ≥51. Even the 

lowest CN observed in C. vulgaris (54.26) and Phormidium sp. (55.75) grown in the ACM, 

was higher than the required value. In all the biodiesel extracts from DMIE grown 

microalgal cultures, the CN increased and it was as much as 73.47 in Phormidium sp.  

The OS is another important biodiesel quality (determines the shelf life of the 

biodiesel), which was slightly lower than the EN14214 standard for biodiesel (>6hrs) in the 

C. vulgaris (<6hrs) in the initial days. However, the OS increased in the extracts made 

towards the end in all cultures grown in DMIE. The CFPP is the ability of the biodiesel to 

remain liquid even at lower temperatures, hence, the lower the CFPP higher the biodiesel 

quality. The CFPP of the biodiesel extracts from the ACM grown cultures was higher than 

that observed in the extracts from the cultures grown in DMIE although there were 

fluctuations in the ensuing experimental period.  As such, there is no fixed value for CFPP 

and standard changes with the country depending on the regional climate and temperature. 

The biodiesel extracted from the microalgal biomass is suitable for Indian conditions where 

annual temperatures are around 15ºC throughout the year. Viscosity and density of 

biodiesel extracts of both C. vulgaris and Phormidium sp. are lower than desirable 

compared to many other good/ideal/compliant parameters.  Notably, however, the extract 

from the consortium was found to meet the preferable/desirable viscosity and density 

values.  

   Islam et al. (2013) compared the qualities of biodiesel extracted from 12 microalgal 

species including C. vulgaris, Botryococcus braunii, and Botryococcus terribilis, 

Ankistrodesmus falcatus, A. fusiformis, Kirchneriella lunaris, Chlamydomonas sp., 

Chalmydocapsa bacillus, Coelastrum microporum, Desmodesmus brasiliensis, 

Scenedesmus obliquus, and Paseudokirchneriella subcapitata.  Most of the biodiesel 
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quality parameters for C. vulgaris were within the range in their study. However, the 

difference in the biodiesel properties of C. vulgaris observed in this study may be due to 

the difference in the nutrient conditions of the wastewater it grew.   

Mitra et al (2015) studied the biodiesel properties of Nannochlopsis sp. after the 

selective removal of the EPA from the crude biodiesel and found that the biodiesel obtained 

could meet the European biodiesel standards. Siqueria et al. (2015) evaluated the biodiesel 

properties of Phormidium autumnale using sucrose as an exogenous carbon source. This 

microalga produced biodiesel with CN of 58.5, IV of 67.2 gI2/100g, DU of 71.3% and 

CFPP of 6.7ºC. A similar study was done by Bharti et al. (2017) in Chlorella sorokiniana. 

The biodiesel extracted exhibited higher CN, density and viscosity and lower DU, IV and 

CFPP which was within the permissible limit of EN 14214 standards. However, all these 

above-mentioned studies were done based on microalgal growth in the normal culture 

media. In contrast to this, Kothari et al. (2012) cultivated Chlorella pyrenoidosa in dairy 

wastewater and extracted biodiesel from the biomass through biodiesel properties were not 

analysed and/or reported by these authors.  

In this first time study conducted using marine/salt-tolerant microalgae, which used 

a mixed industrial effluent as a culture medium for rearing and subsequent biofuel 

production, Biodiesel extracted from microalgae grown in diluted mixed industrial effluent 

meets most of the desirable biodiesel qualities. Even the lowest CN observed in C. vulgaris 

(54.26) and Phormidium sp. (55.75) grown in the ACM, was higher than the suggested 

value of 51. In all the biodiesel extracts from DMIE grown microalgal cultures, the CN 

increased with the increase in the culture period.  Also, the OS increased in the extracts 

made towards the end in all cultures grown in DMIE.  This comprehensive analysis of 

extracting fatty acids and looking for biodiesel properties was to showcase how these 

microalgal species selected based on extensive screening steps are not only capable of 

achieving better growth than they did in algal culture medium but inherently possess and 

elaborate fatty acids containing many acceptable characteristics of biodiesel vis a vis a 

biodiesel standard. It can also be suggested that the biodiesel extracted from microalgal 

biomass is suitable for Indian conditions where annual temperatures are around 15ºC 



 

 

Chapter 8 

135 
 

throughout the year. Also, the extracts from the consortium of Chlorella vulgaris and 

Phormidium sp. apparently, meet desirable viscosity and density values. 

 

 

Table 8. 1 Concentration/values of different biofuel parameters on day 15@ for microalgae 

reared in 30% diluted Badlapur mixed industrial effluent (DMIE)  

@: Data for day 15 are shown (see Figs 8.10, 8.11 and 8.12 for more details); DU: Degree of 

Unsaturation; SV: Saponification Value; IV: Iodine Value; CN: Cetane Number; LCSF: Long 

Chain Saturated Factor; CFPP: Cold Filter Plugging Point; OS: Oxidation Stability; CP: Cloud 

point; APE: allylic position equivalent; BAPE: biss-allylic position equivalent; OS: Oxidative 

stability; HHV: High heating value. 

 #: No specification; **: Country specific 

Biofuel 

Parameter 

Concentrations/values from microalga grown in 

DMIE 
EN14214 

Standards 
Chlorella vulgaris Phormidium sp. Consortium 

DU 82.44 57.84 53.02 # 

SV 162.351 178.752 208.58 # 

IV 86.952 60.554 56.329 <120g I2/100g 

CN 60.354 63.209 59.793 ≥51 

APE 50.31 78.42 49.6 # 

BAPE 32.34 49.63 29.24 # 

HHV 33.369 30.604 38.478 # 

LCSF 4.393 8.098 7.505 # 

CFPP ˉ2.676 8.964 7.101 ** 

Viscosity 2.641 3.016 3.571 3.5-5.0 mm2s-1 

Density 0.685 0.742 0.855 0.86-0.90 g/cm3 

OS 5.802 8.377 8.354 >6hrs 

CP 14.486 9.173 27.094 # 
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Rapid population growth, unplanned and unregulated installation and expansion of 

industrial units, wastages of natural resources injudiciously and/or unnecessarily have been 

the bane of recent times. These have led to the fast-paced depletion of clean water and 

petroleum resources in the 21st century. While there are guidelines, laws, rules and 

regulations to protect, conserve and harness the natural resources including the precious 

water it is apparent from the prevailing situations that this precious resource is highly 

contaminated.  

Among many options available for treating the wastewaters, the cultivation of 

microalgae in wastewater could be the best solution to sort out the major issues related to 

energy and the environment (Hena et al. 2015). The integration of wastewater treatment 

through microalgal cultivation and production of biodiesel from harvested biomass so 

grown offers an economically feasible and environmentally friendly solution to address the 

environmental issues. Use of municipal and industrial wastewaters as culture media for the 

cultivation of microalgae reduce the cost of water and nutrient which required in large 

amount for algae-based fuel production (Chinnasamy et al. 2010; Zou et al. 2016; Pittman 

et al. 2011).  

From recent literature on wastewater treatment, it is evident that most studies either 

focused on a single type of industrial wastewater or examining reduction physicochemical 

parameters only. Moreover, the evaluation of marine and/or salt-tolerant microalgal strains 

for examining their bioremediation and biofuel potential was hardly explored. The use of 

salt-tolerant microalgal strains for the removal of toxicants from the mixed industrial waters 

offers many advantages for ecologically sustainable bioremediation of effluents to avoid 

polluted marine environments and to rear biomass for sustainable biofuel production.  

The present work presented in this thesis was focused on identifying potent marine 

and salt-tolerant environmental isolates of microalgae capable of detoxifying hazardous 

mixed industrial effluents collected from different locations having different 

physicochemical characteristics either individually or in a consortium. This was aimed for 

eventual, safe discharge into the environment or reuse for other processes besides 

subjecting the raised biomass for evaluating its biodiesel potential. The outcome of this 

research can be summarized as a lab-scale to the pilot-scale demonstration of an effective 
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method for treating diluted, full-strength hazardous raw mixed industrial effluent and 

effluents at different stages in a conventional treatment method. Also, from the results 

obtained, it can be pointed out that a method that is cost-effective, renewable and 

sustainable biofuel production.  

 

The following are the major findings from this study. 

 Nine marine, salt-tolerant microalgal strains including cyanobacteria were isolated 

from seawater and mixed industrial effluent. On further screening based on 

survivability in the hazardous mixed industrial effluent, 3 microalgal isolates- 

Chlorella vulgaris, Phormidium sp. and Synechocystis sp. were selected for 

bioremediation studies. Salt-tolerant microalga C. vulgaris isolated from the 

effluent and marine cyanobacteria, Phormidium sp. and Synechocystis sp. isolated 

from seawater.  

 

 These microalgal isolates, C. vulgaris, Phormidium sp. and Synechocystis sp. 

effectively brought down the biochemical oxygen demand (BOD), chemical oxygen 

demand (COD), nutrients, sulphates, total dissolved solids (TDS) and trace metals 

from mixed industrial effluent collected from the open drainage in the city of 

Kanpur. Most notably, Synechocystis sp. found to be more effective in the reduction 

of various pollutants to the permissible, safe discharge limit within 14 days of the 

culture period.   

 

 The microalgae C. vulgaris and Phormidium sp. both individually and as a 

consortium effectively reduced the concentrations of most measured parameters 

from the diluted mixed industrial effluent collected from Badlapur CETP. The 

levels of BOD, COD, TDS, nutrients, and trace metals were reduced to permissible 

safe discharge limits by ≈ 15-18 days. The consortium of C. vulgaris and 

Phormidium sp. brought down the concentrations of a number of hazardous 

pollutants faster than both of them individually did.  
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 The microalgal consortium C. vulgaris and Synechocystis sp. could bring down the 

measured parameters from the mixed industrial effluent from different treatment 

phases at Badlapur CETP the permissible limit within 10 days of the culture period. 

This consortium grew well in the conventionally treated effluent compared to the 

raw effluent, alum treated effluent, secondary treated effluent. This consortium 

could reduce BOD and 8 different toxic trace metals, more effectively from alum 

treated mixed industrial effluent (ATMIE), to the permissible limits within 6-10 

days. 

 

 The treatment of concoction of effluents (MIE from Badlapur, Tannery effluent 

from Chrompet Pallvaram, Chennai, MIE from Upper India Tannery (UIT) Pvt. Ltd. 

Kanpur and Urban sewage effluent from Panaji, Goa) with cyanobacterial and 

microalgal consortium remarkably improved the quality of the wastewater. The 

consortia brought down the concentrations of a number of hazardous parameters 

within 12 days of the culture period. In addition, this approach reduced the duration 

required to achieve safe discharge limits substantially. 

 

 The high lipid content and biomass productivity by the utilization of mixed 

industrial effluent as growth media exhibited an opportunity to utilize C. vulgaris, 

Phormidium sp. and Synechocystis sp. individually and as in consortium and 

consortia for bioremediation and energy feedstock. The effluent-grown microalgal 

biomass produced the biodiesel with desired characteristics.  

 

 The results of this study are useful to highlight that employing a set of carefully 

developed/screened microalgae is an advantageous strategy to treat hazardous 

mixed industrial effluents and can be a great prospect for biodiesel production.  
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Future prospects  

Higher concentrations of pollutants and salt content in the industrial effluents impart 

salinity to wastewater to an extent. It can be so much that this effluent is rendered hard-to- 

deal-with by native or freshwater microflora including microalgae. Some marine or salt-

tolerant microalgae not all, as is proven during this study, owing to their ability to grow in 

high salt concentration, can certainly be potential candidates for bioremediation such kind 

of effluents.  

Apart from biodiesel production, the biomass generated from the microalgae while 

cultivating in the wastewater could be used as an ingredient if cattle or poultry feed, fodder 

for thermal units, or as agriculture manure/fertilizer. And the treated water generated can 

be recycled in the industry itself or for controlled irrigation of lawns and other greeneries.  

To evaluate the efficiency of the microalgae for commercial-scale biofuel 

production from the wastewater-grown microalgal biomass, much larger mass culture 

studies be done under outdoor conditions. As noted in this study, the fatty acid composition 

of MIE reared algal biomass renders all those isolates with resiliency to grow in such 

hazardous MIE as potential ones for developing biorefinery for extracting valuable biofuel 

products without losing their integrity or other beneficial properties. Also, a biorefinery 

approach for the microalgal biomass in the spectrum of value-added products needs to be 

developed from microalgal biomass. This approach may further improve biomass value 

economics and also provide economic sustainability to biofuel production which otherwise 

is considered to be economically unviable.  
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Phycoremediation of Hazardous Mixed Industrial
Effluent by a Marine Strain of Phormidium sp.
Naseera Kottangodan, Cindrella Das, Anirudh Ram, Ram Murti Meena,
and Nagappa Ramaiah*
The potential of the marine microalgal isolate Phormidium sp. to detoxify/
reduce various pollutants from a highly hazardous mixed industrial effluent
(MIE) is evaluated. The microalgae are grown in the MIE at 30% (v/v%)
strength for 21 days under controlled environmental conditions. The
reductions/changes in concentrations of biochemical oxygen demand (BOD),
chemical oxygen demand (COD), nitrate, nitrite, total phosphate, and toxic
metals (chromium, nickel, manganese, copper) are monitored. Notably, the
isolate grew quite well, reducing the levels of BOD by 93% and those of
COD by 71% in 6 to 9 days. Concentrations of other measured contaminants
are also reduced to within the permissible limits of discharge. Higher rates of
hatchability in Artemia salina cysts and survivability of its hatchlings are
observed in the algae-treated wastewater than in the untreated wastewater,
indicating safe discharge of the wastewater. These observations are valuable,
as they indicate that many environmental strains of microalgae possess the
potential to detoxify certain hazardous MIEs and can adequately improve the
quality of water for reuse/discharge, thereby safeguarding our natural
environments from the detrimental effects of direct disposal.
1. Introduction

In the present world of rapid industrialization and urbanization,
water, a finite natural resource that is imperative for life and
existence, is used exorbitantly for various day-to-day anthropo-
genic activities. Industries around the world produce large
amounts of wastewater. India alone, for instance, produces and
discharges billions of liters of wastewater every day.[1] A variety of
industries, mainly located on river banks and coasts, pollute the
river and marine water by discharging their wastes/effluents
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indiscriminately.[2,3] This causes pollution
in various ways � surface, ground water
and atmospheric pollution, with the last
case involving gaseous and particulate
pollutants that finally end up in water
bodies via precipitation.

Industrial effluents are mixtures of
hazardous chemicals and high nutrient
loads. They cause increased biochemical
oxygendemand (BOD)andchemical oxygen
demand (COD) in the receiving natural
water bodies[2,4,5] and eutrophication, which
subsequently leads to detrimental unfavor-
able conditions. To circumvent these unde-
sirable effects of pollution, many physical,
chemical and biological methods, including
bioremediation, are employed for the treat-
ment of industrial effluents.[6,7,8,9] One
major drawback of certain conventional
treatment technologies is the production
of large amounts of sludge, high energy
consumption and high cost of operation.
More seriously, the chemicals used for
treatment themselves cause secondary pol-
lution. Since the 1960s, efforts have been made to employ
microalgae in the tertiary treatment of secondary effluents due to
their ability to assimilate nutrients for their growth,[10,11,12,13] and
these methods include the use of salt-tolerant marine micro-
algae.[14,15,16,17] All these efforts aim to transform some of the
contaminants into nonhazardousmaterials, rendering the treated
water safe for reuse or disposal.[15,14] In addition, Yun et al.[18]

demonstrated the improved efficiency of CO2 sequestration by
growingmicroalgae inwastewater,which ishelpful ineasing some
of the challenges of global warming owing to their photoautotro-
phic nature of fixing and assimilating carbon dioxide. Moreover,
many microalgae possess the ability to sequester metals by
adsorption or absorption and thereby reducemetal concentrations
in treated wastewater.[19,20]

Since a wide range of toxic and other wastes can be treated
with nonpathogenic algae,[21,3,22,23] treatment of wastewater
using microalgae is apparently a superior bioremediation
process. The use of microalgae for the removal of nutrients
from different wastes has been described by Beneman et al.,[24]

De la Nou ̈e and Proulx,[6] De-Bashan et al.,[25] Gantar et al.,[26]

Queiroz et al.,[27] and Hena et al.[28] The phycoremediation
potential of certain marine microalgae was examined by Craggs
et al.,[14] Dunn et al.,[16] and Dunn and Rose.[17] Present-day
approaches in industries favor a common site or a common
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effluent treatment plant (CETP) for a particular area instead of
separate treatment plants for each industry in that area.
Therefore, such industrial units collect all the wastewater for
treatment at one location.

This study evaluated the potential of a marine isolate of the
cyanobacterium, Phormidium sp., to remediate hazardous mixed
industrial effluent (MIE) with several hazardous toxicants, high
BOD and COD. ThisMIE, collected from a CETP inMaharashtra,
India, is amixed effluent received from approximately 300 nearby
industries (tanneries, paper mills, distilleries, food processing,
textile industries, etc.). While most previous studies reported the
treatment of wastewater from a single industry, in this study, this
mixture of wastewater was examined (without any pretreatment).
The specific objective of the study was to evaluate the potential of
thePhormidium sp. to reduce BOD, COD, inorganic nutrients and
toxic metallic pollutants in the MIE.
2. Materials and methods

2.1. Sample Collection

The MIE was collected in bulk from Badlapur CETP,
Maharashtra (latitude 19�906.523200N, longitude
73�14028.798800E). This CETP receives wastewater from various
sources from �300 nearby industries, such as textile, pharma-
ceutical, medical and engineering industries. The sample was
collected from the pooled industrial waste before being subjected
to treatment inside the CETP. To obtain a better representation
of the MIE, 200 L of the sample was collected in 50-L carboys.
The sample was then transferred to the microalgal culture
laboratory in the CSIR-NIO for further studies.
2.2. Characteristics of MIE

Physicochemical characteristics of the effluent were analyzed in
triplicate following standard procedures.[29,30] The parameters
analyzedwereCOD,BOD,nutrient (nitrate,nitrite andphosphate)
and sulfate levels. BODwas determined by incubating the MIE at
room temperature for five days, and DO was measured initially
and after incubation.[29] COD was determined by the open reflux
method by boiling diluted effluent in a mixture of chromic and
sulfuric acids and then titrating against ferrous ammonium
sulfate.[29] Total inorganic phosphates were detected as per the
method of theAPHA[29] at 880nmas phospho-molybdenumblue.
Nitrite was detected at 540nm as the azo-dye produced under
acidic conditions by coupling diazotized sulfanilamide with N-(1-
naphthyl)-ethylenediamine dihydrochloride.[29] Sulfate ions
(SO4

2�) were precipitated in an acetic acid medium with barium
chloride (BaCl2), forming barium sulfate (BaSO4) crystals of
uniform size.[29]
2.3. Metal Analysis

For metal analysis, 1mL of supra-pure concentrated HNO3 was
added to 10mL of the well-mixed effluent sample, which
was digested at 105 �C. Heating and the addition of conc. HNO3
Clean – Soil, Air, Water 2019, 47, 1800264 1800264 (
was continued until digestion was complete, as shown by a light-
colored, clear solution.[29] The sample was then filtered through
0.45 μm filter paper (Millipore, USA), and the filtrate was
transferred to a 10mL volumetric flask to make up the volume.
Metal concentrations in the processed samples were analyzed by
following the APHA[29] protocol by inductively coupled plasma
optical emission spectrometry (ICP-OES) (Optima 7300DV,
Perkin Elmer, Singapore).
2.4. Strain Selection and Maintenance

Many marine microalgal strains were tested for their growth in
various strengths of theMIE. Among them, a filamentousmarine
cyanobacterium, Phormidium sp., collected from an intertidal
rocky beach off Anjuna, Goa, India (latitude 15� 350 54.400 N,
longitude 73� 440 14.600 E), consistently grew in 30% MIE. The
single algal culture from themixed culture was prepared by serial
dilution method and subsequent streaking on algal culture agar
(HiMedia, Mumbai, India) plates. A single colony was picked out
and transferred to liquid media. This mono-strain of the
cyanobacterium was identified as a Phormidium sp. following
the standard literature.[31] This mono-strain was then maintained
as a unialgal culture in 0.7-μm filter-sterilized algae culture broth
(HiMedia, Mumbai, India) under standard laboratory culture
conditions (28� 2�C, 10/14h, L/D, 150–200 μmol photons m�2

s�1). The composition of the algae culture broth was 1 g L�1

NaNO3, 0.25 g L
�1 K2PO4, 0.513g L

�1 MgSO4, 0.05 g L
�1 NH4Cl,

0.058 g L�1 CaCl2, and 0.033g L�1 FeCl3.
2.5. Experimental Setup

After several trials with many marine microalgae and dilutions
of the MIE, a 30% dilution of MIE (MIE/tap water, 30:70) was
found to permit the growth of Phormidium sp. and a few other
algal isolates in the standard laboratory culture conditions. This
marine strain of Phormidium sp. did not grow in 100% or in
dilutions of MIE >30%. This was the case even with increased
light intensity and period, inoculum size and aeration. For this
study, the culture of this cyanobacterium was initially inoculated
and tested in 100mL of 30% MIE (DMIE). After the growth and
ability of this cyanobacterium to substantially reduce COD,
BOD, nitrate, etc. were confirmed, the experiment was scaled up
in stages (5, 10, 15 L) in DMIE. An experimental control (30%
effluent without microalgae) and absolute control (100% effluent
also without microalgae) were maintained throughout
the experiments. Chlorophyll, COD, BOD, nutrients (NO2

�,
NO3

�, and PO4
3�) and sulfates were monitored at intervals of

three days for a period of 21 days. All experiments were carried
out in triplicate. Initially, all experiments with 15 L volumes of
DMIE were conducted at 28� 2 �C with a light intensity of
150–200 μmol photons m�2 s�1 using white fluorescent illumi-
nation for a period of 21 days.

This experiment was also performed in 30 L culture tanks
containing 15 L of DMIE. The tanks were kept on an open terrace
exposed to natural environmental conditions (temperature
of 29� 4 �C and sunlight intensity of �1850 μmol photons
m�2 s�1), and mixing was performed manually five to seven
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 9)
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times a day to avoid clumping and settling of cells. The analyzed
parameters and the incubation period were the same as above.
2.6. Estimation of Chlorophyll

Oneach sampling day, 10mLcultures fromeach of the three tanks
were centrifuged at 10 000 rpm for 10min in triplicate. Harvested
cells were homogenized using 10mL of 90% methanol with
�0.5mg of MgCO3 to prevent pheophytin formation and/or
degradation of chlorophylls. Centrifuge tubes were kept overnight
at 4 �C for the extraction of chlorophyll. The tubes were then
centrifuged for 10min at 10 000 rpm. The intensities of the
absorption maxima of the supernatants (at 665 and 650nm) were
determined using spectrophotometry (UV 1800, Shimadzu,
Japan) to measure the concentration of chlorophyll a.[32]

Chlorophyll a ¼ 16:5 A655ð Þ � 8:3 A650ð Þ ð1Þ
2.7. Growth Rate

The specific growth rate (μ) was calculated in terms of the
chlorophyll concentration increase per unit time:

μ day�1
� � ¼ ln x1=x0ð Þ=t1 � t0 ð2Þ

where x0 and x1 are quantitative expressions of chlorophyll a
concentration at the initial (t0) and final (t1) time during three-
day incubation intervals.
2.8. Analyses of Other Physicochemical Parameters and
Trace Elements

Analyses were carried out once every three days by following the
proceduresdescribedearlier (Section2.5).Samples (n¼ 3)were taken
on all sampling days for each of the parameters in this study. Trace
metal analysis was performed in 10mL samples, and samples were
treated as required before subjecting them to ICP-OES analysis.
2.9. Statistical Analysis

Analysis of variance (ANOVA) was performed to test the
significant differences between the percentage reductions in
pollutants fromMIE by the microalga during the culture period.
A post hoc test (Newman-Keuls test) was performed using
STATISTICA 8.0 to estimate the duration required for reduction
in physico-chemical parameters from the DMIE.
2.10. Hatchability of Artemia Cysts in Microalga-Treated
Effluents (Toxicity Test)

To check if the growth of Phormidium sp. in DMIE detoxified the
DMIE, a series of tests was carried out to examine the
hatchability of Artemia cysts and subsequent survival of Artemia
Clean – Soil, Air, Water 2019, 47, 1800264 1800264 (
nauplii in the treated MIE. Fifty Artemia cysts in five replicates
were taken into 1mL of microalgal-treated DMIE in 24-well
plates. The plates were incubated at 28� 2 �C for 96 h under
static conditions. At regular time intervals, the plates were
observed under a stereomicroscope (Olympus SZ-4045,
Singapore) to determine the percentage of hatching and
subsequent survival of hatchlings. The experiments were
repeated three times to confirm the results. Suitable trials were
also run using untreated MIE and seawater controls.
3. Results

The originalMIEwas highly colored and contained high amounts
of solids. It had high concentrations of COD, BOD, nutrients, and
trace metals (Table 1). It is possible that such high loads of
deleterious materials prevented microalgal growth when 100%
MIEwasusedin the trial experiments.Thiscouldbeduenotonly to
a reduction in light by shade but also to innumerable hazardous
and toxic ingredients. Therefore, effluent diluted to 30%was used
for further studies, as it enabled good microalgal growth. This
dilution of wastewater is far less than that in studies where<10%
MIE was used.[3,33,34] The microalgal culture grew very well,
particularly under open terrace conditions, and reduced BOD,
COD, nitrate, and nitrite concentrations within six to 15 days of
inoculation; the phosphate level was not reduced. Therefore, the
results reported here are fromexperiments conducted under open
conditions.
3.1. Growth

The chlorophyll a concentration in the 15 L volumes of DMIE
kept on an open terrace peaked on day 18, with a maximum of
3.64� 0.03mgL�1 (Fig. 1a.). A steady and significant increase in
chlorophyll a was observed from day 3 onwards. Since no lag
phase was observed during the study period, this cyanobacte-
rium could grow and adapt well in the DMIE in the open. The
exponential growth phase was reached by day 9. The maximum
chlorophyll a concentration observed in algal culture broth
(ACB) was �2.00� 0.00mgL�1 on day 12, and the specific
growth rate was 0.10� 0.01 day�1 on day 6.

In fact, the growth rate of microalgae was slower/lower in ACB
than in DMIE (Fig. 1b.). From the steady increase in chlorophyll
until day 18, it is discernible that after the initial adaptation phase,
the culture grew quite well in the DMIE. The chlorophyll a
concentration on day 12 was 3.57� 0.01mgL�1 in the DMIE and
�2.00� 0.00mgL�1 in the ACB. The highest growth rate of this
strainofPhormidium sp.was seenonday6 inbothACBandDMIE.
While therewas anegative growth rate in the culture inACB, there
was a slower but steady growth rate in the DMIE.
3.2. Biochemical Oxygen and Chemical Oxygen Demand

Within thefirst sixdaysof the cultureperiod itself, thePhormidium
sp. was able to substantially reduce BOD (Figure 2a.) and COD
(Fig. 2b.) levels in the DMIE. In fact, a rapid decrease in BOD
(�94% reduction) and COD (�71% reduction) was recorded by
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 9)
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Table 1. Characteristics of raw mixed industrial effluent (100%) and diluted effluent (30%) before and after treatment with the marine
cyanobacterium Phormidium sp. (SD, n¼ 3).

Parameter (mg L�1) Untreated effluent 30% Diluted effluent Treated effluent Safe limit[48,49]

BOD 6349.00� 188.52 1944.60� 94.85 44.81� 2.1 s 100.00

COD 8533.00� 426.65 2970.65� 10.77 688.74� 2.50 250.00

TOC (%C)a 4.3 – – –

Nitrite 16.00� 0.35 4.29� 0.16 0.84� 0.49 –d

Nitrate 234.23� 0.91 73.46� 1.37 9.04� 3.43 –d

NH3
b 25.53 – – 10

Phosphate 18.77� 1.24 8.93� 0.00 4.64� 0.20 –d

Sulfater 121.80� 1.67 15.63� 0.11 6.49� 0.02 1000

Nickelr 0.46 0.13 0.08s 5.00

Chromiumr 0.83 0.14 0.04s 2.00

Manganeser 1.00 0.13 0.05s 2.00

Copperr 0.62 0.27 0.10s 3.00

Phenolsc 3.2 – – 5–50

s Within the permissible safe discharge limit rWithin the permissible limit in the raw effluent.
a This parameter was not analyzed in the treated wastewater because the algal biomass adds to organic carbon level b Not traceable in either untreated or treated effluent cNot
analyzed; d No set safe limit.
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day6of thecultureperiod.The reduction inBODondays3,6,9,12,
15,18,and21, respectively,was37.9,93.8,94.3, 96, 97, 97, and98%.
Similarly, the reduction in COD on these sampling days was 35.6,
70.8, 74.5, 75, 75.6, 76.4, and 76.8%.
3.3. Nutrient Reduction

With time, the percent reduction of all examined nutrients
increased. This microalga could reduce nutrient concentration
Fig. 1. a) Concentration of chlorophyll a (mg L�1) and b) growth rate (μ)
of Phormidium sp. in algal culture broth (ACB) and 30% mixed industrial
effluent (DMIE) under laboratory conditions and under open terrace
conditions.

Clean – Soil, Air, Water 2019, 47, 1800264 1800264 (
in DMIE within 9 to 15 days. A significant reduction in both
nitrate and nitrite levels was observed (Figure 3a and b.). The
nitrate concentration was reduced from 73.5� 1.37 to
9.04� 3.43mgL�1 by day 9, which included the maximum
reduction in nitrate in the microalga-treated DMIE. Amaximum
nitrate uptake efficiency of �91% (Figure 3a.) was evidenced.
From the initial high concentration of 4.3� 0.16mgL�1, the
NO2 concentration in the DMIE decreased to 0.85� 0.49mgL�1

(�89% reduction) by day 18 (Figure 3b.). In the experimental
Fig. 2. Percent reduction in a) biochemical oxygen demand (BOD) and
b) chemical oxygen demand (COD) by Phormidium sp. from 30% mixed
industrial effluent (DMIE) from the Badlapur common effluent treatment
plant.
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Fig. 3. Percent reduction in different nutrients from 30%mixed industrial
effluent (DMIE) from Badlapur common effluent treatment plant during
the 21-day culture period. a) Nitrate (NO3-N), b) nitrite (NO2-N), and c)
phosphate (PO4-P).

Fig. 4. Percent reduction in sulfate levels by Phormidium sp. from 30%
mixed industrial effluent (DMIE) from the Badlapur common effluent
treatment plant during the 21-day culture period.
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control, there was a substantial reduction in nitrite level by
day 18 (4.70� 2.16 to 1.08� 0.49mg L�1).

The reduction in phosphate in wastewater was 48%within the
first six to nine days. The percent reduction in PO4 was 28.4,
48.04, 48.3, 45.9, 46.4, 47.8, and 44.9 on days 3, 6, 9, 12, 15, 18,
and 21%, respectively. Even though the microalga apparently
facilitated a reduction from 8.93� 0.00 to 4.64� 0.20mg L�1,
there was no further reduction in phosphate concentration after
day 9 (Figure 3c).
3.4. Removal of Sulfates

The highest and a very significant reduction (P< 0.001) in
sulfate concentration (58%) in the 30% MIE was seen by day 6
(Figure 4.). At the end of the experiment, the sulfate
concentration was reduced from the initial value of
15.6� 0.11 to 6.5� 0.02mg L�1. The percentage reduction
of sulfates was 58.45 by day 6, and no further reduction was
seen.
Fig. 5. Toxic metal reduction/binding by Phormidium sp. from 30%mixed
industrial effluent from the Badlapur common effluent treatment plant.
Toxic metal concentrations (μg L�1) are after 21 days of culture.
3.5. Reduction in Trace Metal Concentration

Maximum removal/binding of toxic metals was observed on
day 18 (Figure 5.) in the microalga-treated DMIE. The microalga
was able to remove/reduce 62% of Cu, 64% of Mn, 73% of Cr,
and 44% of Ni within this period. The concentration of total
chromium was reduced from 142.3 to 38.5 μg L�1, and total Ni
concentration was reduced to 76.8 μg L�1 from an initial
Clean – Soil, Air, Water 2019, 47, 1800264 1800264 (
concentration of 137.1 μg L�1 in the DMIE. The concentration
of Cu was reduced from 266.1 to 100.9 μg L�1 by day 18, and that
of Mn was reduced from 134.1 to 48.34 μg L�1 over the same
period.
3.6. Hatchability of Artemia Cyst in Treated DMIE

Maximum hatchability was observed in MIE treated for 15 days.
Notably, 90% of the cysts hatched within 48 h (Table 2), and the
least hatchability was in the untreated effluent of 30% strength.
After just 48 h of growth of microalgae in the DMIE, the percent
hatchability increased. There was no further increase in cyst
hatching after 48 h of exposure.

One-way ANOVA suggested that the concentration of
pollutants was significantly reduced in the treated effluent
compared to untreated effluent (Supporting Information
Table S1).
4. Discussion

Environmental pollution due to the continuous outfall of
industrial effluent is threatening all forms of life, posing a
serious global problem. To overcome the imminent water crisis,
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 9)
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Table 2. Hatchability (%) of Artemia cysts in the 30% mixed industrial
effluent treated with a marine strain of cyanobacteria, Phormidium sp.

Hatchability (%)

Culture period (days) 24 h 48 h 72 h 96 h

0 72� 8 82� 15 84� 13 86� 15

3 76� 23 82� 16 82� 16 82� 15

6 72� 11 78� 24 74� 9 72� 11

9 72� 25 78� 24 78� 24 78� 24

12 86� 5 84� 15 84� 11 70� 27

15 84� 11 90� 07 90� 07 90� 07

18 80� 10 80� 10 82� 13 80� 12

21 78� 11 78� 11 80� 12 82� 13

Untreated effluent 62� 08 58� 8 54� 15 46� 11

Normal seawater 76� 06 88� 04 88� 04 88� 08
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wastewater should be treated for safe disposal or reuse. Only a
few studies have focused on culturing microalgae in industrial
wastewater that is nutrient-rich and favors biomass produc-
tion.[35,21,22] Such wastewater� asMcGinn et al.,[36] and Chokshi
et al.,[37] suggested � augments the metabolism of microalgae,
which in turn leads to enhanced production of energy-rich
microalgal biomass and compounds.

The wastewater used for this study is a mixture of highly toxic
industrial effluents. It is apparent that diluting theMIE to 30% of
its original strength resulted in the quite considerable growth of
Phormidium sp. in this study. Because of the very high loads of
toxicants in the undiluted MIE, this isolate and many other
microalgae tested in this study failed to grow. However, in the
30% MIE samples evaluated in this study, the Phormidium sp.
growth was better than that in algal culture medium and
comparable to that found by Wang et al.,[35] who used Chlorella
vulgaris to treat municipal wastewater from different stages of
effluent treatment processes. The nutrient concentrations in the
30% DMIE seem to favor Phormidium sp. growth. Such
observations were also reported by Chokshi et al.,[37] and Tam
and Wong[38] with a much milder wastewater than the tested
DMIE in this study. Therefore, it is apparent that by diluting
certain MIEs to 30% of their original strength, the effluents can
be rendered suitable for bioremediation/phycoremediation,
which in turn leads to substantial biomass build up.

A comparative account of the phycoremediation efficiency of
different microalgal species for various mixed/toxic wastewaters
reported in the literature and that of the cyanobacterium
examined in this study is provided in Table 3. The significant
reduction in both COD and BOD indicates that this isolate is
capable of degrading and/or assimilating nutrients from the
effluent. With its growth in DMIE, under open conditions
mimicking natural settings, the heterotrophic microflora
present in the DMIE might have been assisted in their growth
and assimilation of organic nutrients/substrates. El-Bestawy[21]

and Fawzy and Issa[22] reported a reduction in COD and BOD
from domestic-industrial wastewater and confirmed that micro-
algae are the best candidates for wastewater remediation.
Shashirekha et al.,[34] reported that Spirulina sp. and Oscillatoria
sp. were able to reduce BOD to below the detectable level from
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highly diluted effluent with an initial BOD of 25mgL�1. In fact,
the reduction in COD from an initial high of 2970 to
�689mgL�1 is a great activity attributable to this strain. In a
recent study, Das et al.[23] reported a salt-tolerant strain of
Chlorella vulgaris to substantially reduce the COD, BOD, and
phosphates; to completely remove nitrate; and to biotransform
chromium from a 50% diluted tannery wastewater within
21 days.

On a comparative basis, there are no studies that have
examined any effluent with an initial COD of �3000mg L�1.
Indeed, the ability of the strain this study to grow in 15 L of
DMIE under both laboratory and open conditions is incentive
enough for developing large-scale phycoremediation efforts
with it.

This strain of cyanobacterium reduced nitrates and nitrites
efficiently from the DMIE. Both Larsdotter[39] and Grobbe-
laar[40] reported that nitrogen is the second most important
nutrient contributing to biomass production, and phosphate is
an important growth-limiting factor. The increased concen-
tration of phosphate found in this study after 21 days of
treatment may be due to early exhaustion of nitrogen and
no/little uptake of phosphate under nitrogen-limited con-
ditions. This effect can be seen from the N/P ratio decreasing
drastically from the initial value of 8.27� 0.15 to 0.41� 0.21 as
the microalga grew in the effluent (Supporting Information
Table S2). According to Hu,[41] it is also likely that phosphate is
bound to other ions, such as CO3

2�, resulting in its
precipitation and consequent non-availability for algal uptake,
even when NO3

� and/or NO2
� were in sufficient concen-

trations in the DMIE. Similar observations of nutrient
reduction in domestic, domestic-industrial, tannery and
industrial effluents were reported by Wu et al.,[42] and other
researchers.[42,43,22] Dominic et al.,[3] reported that C. vulgaris,
Synechocystis salina, and Gloeocapsa gelatinosa were able to
substantially reduce all the nutrients, particularly nitrite, to
below their detectable levels.

The luxuriant growth of the Phormidium sp. in the DMIE
induced a substantial decrease in the concentrations of metals
such as Ni, Cr, Mn, and Cu by day 18. Thus, the results in this
study confirm that this microalga is capable of taking up or
removing many metals and rendering wastewater safe for
disposal; in particular, wastewater with toxicity levels similar to
those in the 30%MIE tested in this study. The high efficiency of
trace metal removal by microalgae was reported earlier by El-
Bestawy and other researchers.[21,37,22] Since MIE is a mixture
of many chemical substances, the dilution approach was
effective in reducing the levels of nutrients, BOD, COD and
many trace metals in the wastewater. It should be noted that
due to the natural light being brighter in the open than under
controlled (in-house) conditions, the culture grew slightly
better in the open. Light intensity was found to be a major
limiting factor in the growth of the microalga. Under laboratory
conditions, the light intensity was only 150–200 μmol photons
m�2 s�1, whereas the natural sunlight, with an elevated
intensity of �1850 μmol photons m�2 s�1, must have enhanced
the growth of all cells even when they were in murky
wastewater or in clumps.

The algal biomass from large-scale phycoremediation oper-
ations can be used as a feedstock for a variety of applications,
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Table 3. A comparative evaluation of microalgal bioremediation potential of different wastewaters by microalgae reported in the literature and vis
a vis the results of this study.

Microalga used for treating different types of wastewater

1 2 3 4 5 6 7 8 9 10 11 12 13 Present
study�

Microalga
type of
wastewater

Mixed
domestic-industrial

wastewatera

Domestic-industrial
wastewaterb

Domestic
wastewaterc

Industrial
wastewaterd

Tannery wastewatere Industrially polluted
riverf

MIE

COD IC 519.00 519.00 519.00 330.60 330.60 – – 320.00 320.00 320.00 – – – 2970.65

PR 65.30 73.70 65.30 39.30 54.60 – – 63.00 80.00 71.00 – – – 76.81

BOD IC 280.00 280.00 280.00 – – – – 12.00 12.00 12.00 – – – 1944.60

PR 89.30 80.70 87.10 – – – – BDL BDL 86.00 – – – 97.69

NO3-

N

IC – – – 8.80 8.80 50.00–80.00 16.2 – – – 0.00 0.00 0.00 73.46

PR – – – 84.10 83.10 34.96 100.00 – – – 84.00 82.50 80.00 90.84

NO2-

N

IC – – – – – 18.00–25.00 – – – – 0.00 0.00 0.00 4.29

PR – – – – – 74.98 – – – – BDL 96.2 BDL 89.00

PO4-P IC – – – 6.70 6.70 10.00–20.00 44.70 – – – 0.00 0.00 0.00 8.93

PR – – – 90.70 89.80 59.80 33.00 – – – 69.23 64.25 74.19 48.29

SO4
2� IC – – – – – – 1680.00 1680.00 1680.00 – – – 15.63

PR – – – – – – – 90.00 70.00 59.00 – – – 58.45

Cr IC – – – – – – – – – – 0.14

PR – – – – – – – 84.00 90.00 81.00 – – – 72.94

Mn IC – – – 0.07 0.07 – – – – – – – – 0.13

PR – – – 48.49 38.19 – – – – – – – – 63.95

Cu IC 0.05 0.05 0.05 0.07 0.80 – – – – – – – – 0.27

PR 91.00 90.60 94.60 62.51 63.90 – – – – – – – – 62.08

BDL, below detectable level; IC, initial concentration (mg L�1); PR, percentage reduction.
a El-Bestawy[21]; b Fawzy and Issa[22]; c Singh and Thomas[43]; d Wu et al.[42]; e Shashirekha et al.[34];f Dominic et al.[3];
1.Anabaena variabilis, 2.Anabaena oryzae, 3. Tolypothrix ceytonica, 4.Cyanosarcina fontana, 5.Anabaena oryzae, 6. Chlorella vulgaris1, 7. Chlamidomonas sp., 8. Spirulina sp. 9.
Oscillatoria sp., 10. Synechocystis sp., 11. Chlorella vulgaris2, 12. Synechicystis salina, 13. Gleocapsa gelatinosa; � Phormidium sp.
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including biofuel production.[44,35] Furthermore, the Phormi-
dium sp.-treated MIE was nontoxic to Artemia hatching and/or
survival. Through such phycoremediation, the accumulation of
sludge is certainly avoided, in contrast with chemical treatment
methods.[23] Unlike the use of a costly chemical medium,[45] the
dilution of MIE used here with tap water is certainly an
economically viable option for the industry. Thus, the microalga-
treated DMIE can be efficiently reused.

Artemia cysts have been used to test for general toxicity,
cytotoxicity and in various eco-toxicological analyses for over four
decades.[46,47] From the Artemia cyst hatchability assays, that
there was a maximum Artemia hatchability of 90� 7% within
48 h in the DMIE being treated with Phormidium sp. for 15 days
indicates that the toxicity of MIE was substantially reduced by
this cyanobacterial strain. The improved effluent quality and
elevated oxygen levels in the treated effluent due to the growth of
the microalga might have facilitated cyst hatchability and the
survivability of hatchlings. The reduction in hatchability and
naupliar survivability after 15 days of treatment could be due to
the reduced growth of the microalga by day 15 of the culture
period. Additionally, the entry of the microalga into stationary
phase might have affected these parameters.
Clean – Soil, Air, Water 2019, 47, 1800264 1800264 (
5. Conclusion

Mixed industrial effluent contains several types of hazardous
pollutants from a variety of industries. Therefore, its treatment is
quite a complex process. The isolate ofPhormidium sp. tested in this
study effectively reduced the level ofmany toxic pollutantswithin six
to nine days of cultivation. The wastewater quality improved due to
thegrowthandphycoremediationbythetestedstrainofPhormidium
sp., making the DMIE safe for disposal or reuse. The results of this
study are useful in suggesting that cultivation of Phormidium sp. or
other microalgae with the potential to detoxify MIE would be an
effective phycoremediation strategy. The higher hatchability of
Artemia cysts and the survivability of its hatchlings reveal that the
detrimental effects of various pollutants were reduced, rendering
the alga-treated effluent quite safe for open disposal. The improved
water fromsuch treatment can be recycledwithin the industry or, as
an eco-friendly approach, used for irrigation of urban green spaces,
home lawns, public gardens, plantations meant for erosion
protection, nonfood greeneries, etc. In addition, fast-growing and
ecologically versatilemicroalgal strains, suchasPhormidiumsp., can
also be considered for biomass generation that could be used in
various ways.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim7 of 9)
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