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Abstract 

The increasing pollution of water bodies in India, is leading not only to severe scarcity of potable water, but also 

damaging the ecosystem and its sustainability. Conventional technologies including chemical precipitation, ultrafiltration, 

chemical oxidation and reduction, electrochemical treatment, reverse osmosis, coagulation-flocculation and ion exchange etc. 

have certain benefits and limitations; however, none has proved economically viable.  Bioremediation is emerging as an effective 

innovative technology for treatment of a wide variety of pollutants and represents an invaluable tool box for wider applications in 

the realm of environmental protection. These approaches are applicable to contaminants in soil, groundwater, surface water, and 

sediments including air. In recent years, the development of molecular tools and advances in nanotechnology has opened up 

novel approaches to remediation. The inclusion of such technologies has made bioremediation an attractive alternative 

to conventional clean-up technologies due to relatively low capital costs and their inherently aesthetic nature.  
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Introduction 

Water is indispensable for the sustenance of 

mankind. The rapid pace of industrialization, urbanization 

and burgeoning population in the last few decades have 

added huge loads of pollutants in the water resources 

(Central Pollution Control Board, 2008). The increasing 

awareness about the environment, especially aquatic 

ecosystems has attracted the attention of researchers 

worldwide, especially in the developing countries like 

India. India has around 14,500 km of inland navigable 

waterways. There are twelve rivers which are classified as 

major rivers, with the total catchment area exceeding 

2,528,000 km2 (976,000 sq mi). It is well known that a 

large number of textile, paper and pulp, printing, 

electroplating, coal and petroleum, pharmaceutical 

industries, besides agricultural operations consume large 

volumes of water and chemicals which differ in their 

composition and toxicity. But, the major problem lies in the 

improper manner of discharge of effluents from these 

industrial units to various water bodies (rivers, canals, lakes 

etc.) leading to water pollution, which is a matter of great 

concern. Additionally, mining industries release a variety 

of waste, including metals and fluids of fossil fuel 

exploration. All these constitute as hazardous wastes and 

pose potential public health or environmental risk.  

 

A definite need exists to develop a low cost and 

eco-friendly technology to remove pollutants, so as to 

provide potable water. Conventional technologies (Figure 

1) have specific benefits and limitations (EPA, 1997), but in 

general, none of them is cost-effective (Volesky, 2001).  

Also, the lack of technical knowhow, weak implementation 

of environmental policies and limited financial resources to 

combat with water pollution in developing countries, has 

made this a serious challenge. The field of Bioremediation 

has also advanced greatly over the past decade and several 

new techniques (King et al., 1997; Thembela and Mbhuti, 

1997; Wilmes and Bond, 2004) have been developed for 

this purpose through applications of metagenomics and 

nanotechnology. Our focus in this article would be on 
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providing an overview of the utility of such tools as a 

means of environmental remediation. 

Conventional wastewater treatments 

Wastewater treatment can be organized or 

categorized by the nature of the treatment process operation 

being used i.e. physical, chemical or biological. Physical 

methods include processes where no gross chemical or 

biological changes are carried out and strictly physical 

phenomena are used to improve or treat the wastewater. 

Methods include coarse screening to remove larger 

entrained objects and sedimentation (or clarification), 

aeration, filtration, flotation and skimming, 

degasification and equalization. Chemical treatment 

consists of using some chemical reaction or reactions to 

improve the water quality. Chlorination is the most 

commonly used chemical process, which is based on its 

strong oxidizing properties, which can kill bacteria and 

slow down the rate of decomposition of the wastewater.  

Another strong oxidizing agent that has also been used as 

an oxidizing disinfectant is ozone. Neutralization is another 

process, which consists of the addition of acid or base to 

adjust pH levels back to neutrality.  Since lime is a base it 

is sometimes used in the neutralization of acid wastes. 

Coagulation consists of the addition of a chemical which 

forms an insoluble end product that serves to remove 

substances from the wastewater. Polyvalent metals are 

commonly used as coagulating chemicals in wastewater 

treatment and typical coagulants include lime, certain iron 

containing compounds (such as ferric chloride or ferric 

sulfate) and alum (aluminum sulfate).  The use of activated 

carbon to ‘adsorb’ or remove organics involves both 

chemical and physical processes.  Processes such as ion 

exchange, which involves exchanging certain ions for 

others, are not used to any great extent in wastewater 

treatment; however they have proved valuable in water 

purification. However, none of these methods have 

provided economically viable and effective. The major 

disadvantages of these techniques are: Use of highly 

concentrated reagents harms the ecosystem when let off 

with the waste water and many of the breakdown products 

are toxic 

1. Physical methods require basic  technical 

knowhow in order to be performed properly 

2. Also, puts a strain on the financial resources, as 

most of the chemicals required for the treatment are 

very costly 

Fig. 1. Conventional methods for waste water treatment 

Bioremediation 

Bioremediation is a relatively new field, with the 

first patent issued in the 1970s to stimulate subsurface 

microbial activity to cleanup gas pollution. The field 

greatly expanded with the advancement of molecular 

technologies during the 1980s and 1990s. It can be defined 

as the use of microorganisms or other biological systems to 

degrade pollutants and includes a number of processes such 

phytoremediation and rhizoremediation and can have a 

complementary role in several biological processes (Figure 

2). Conventional biological treatment methods can be 

divided into aerobic and anaerobic methods, based on 

availability of dissolved oxygen. However, in the last few 

decades, our understanding of bioremediation processes has 

improved because of the advances in instrumentation and 

availability of advanced tools such as metagenomics and 

biosensors. The major functioning mechanisms include 

phytosequestration,     rhizodegradation,    phytohydraulics,  
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phytoextraction, phytodegradation, and phytovolatilization 

(Sood et al., 2011). Different techniques are employed 

depending on the degree of saturation and aeration of an 

area. In situ techniques are defined as those that are applied 

to soil and groundwater at the site with minimal 

disturbance. Ex situ techniques are those that are applied to 

soil and groundwater at the site which has been removed 

from the site via excavation (soil) or pumping (water). 

Bioaugmentation techniques involve the addition of 

microorganisms with the ability to degrade pollutants. 

Fig. 2. Bioremediation-Synergies and practical applications 

 

 

 

Constructed wetlands are an early example of 

human skill and technology integrating geology, hydrology 

and biology. People have built and operated constructed 

wetlands to treat wastewater since ancient times. An 

example is Loktak lake (Ramsar site) in Manipur in which 

characteristic Phumdis (floating islands) are present and 

this water body serves as a receptacle for sewage and 

agrochemicals and utilises the processes 

of phytoremediation (plants) and rhizoremediation (plant 

and microbe interaction). Rhizoremediation, which is the 

most evolved process of bioremediation, involves the 

removal of specific contaminants from contaminated sites 

by mutual interaction of plant roots and suitable microbial 

flora. Bioremediation processes can also be assessed 

through a multifaceted approach such as: Natural 

attenuation, sensing environmental pollution, metabolic 

pathway engineering, applying phyto and microbial 

diversity to problematic sites, plant-endophyte partnerships, 

molecular techniques, nanotechnology and systems biology 

(King et al., 1997). Some of the modern tools (Table 1) 

which can play a major role in the improvement and 

refinement of the existing technologies are:  

Metagenomics 

Metagenomics (also referred to as environmental 

and community genomics) is the genomic analysis of 

microorganisms by direct extraction and cloning of DNA 

from an assemblage of microorganisms. The development 

of metagenomics stemmed from the inescapable evidence 

that as-yet-uncultured microorganisms represent the vast 

majority of organisms in most environments on earth. 

Reassembly of multiple genomes has provided insight into: 

 energy and nutrient cycling within the community 

 genome structure 

 gene function 

 population genetics and micro heterogeneity, and 

 Lateral gene transfer among members of an 

uncultured community  

The application of metagenomic sequence 

information will facilitate the design of better culturing 

strategies to link genomic analysis with pure culture 

studies, besides enhancing our understanding of the 

complexities of the microbial world. Metagenomics can 

improve strategies for monitoring the impact of pollutants 

on ecosystems and for cleaning up contaminated 

environments. Increased understanding of how microbial 

communities cope with pollutants is helping assess the 

potential of contaminated sites to recover from pollution 

and increase the chances of bioaugmentation or 

biostimulation trials to succeed. Bioaugmentation refers to 

the process of introduction of a group of natural microbial 

strains or a genetically engineered variant to treat 

contaminated soil or water. This method is routinely used 

in municipal wastewater treatment to restart activated 

sludge reactors. On the other hand, Biostimulation refers to 

the process of process of modifying the environment so as 

to make it more suitable for the growth of useful bacteria. 
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This can be done by the variation of factors classified either 

as rate limiting nutrients or electron acceptors, examples 

such as phosphorus, nitrogen or carbon content (in the form 

of molasses). 

Table 1.  Advanced bioremediation options 

 

Method Advantages Disadvantages 

Metagenomics Ease of identification of pollutants 

Applicable for pre-treatment of diverse 

streams 

Has to be coupled with more 

methods in order to apply the 

metagenomic data obtained 

Nanofibres and 

Nanobiocides 

Applicable to most wastewater streams 

High antimicrobial activity 

Very effective at removing pathogens 

Synthesis is time consuming and 

costly 

Requires a lot of instrumentation 

Threat to health due to presence 

of nanometals 

Biofilm 

Removal 

High percentage removal of particulate matter 

High degradability 

Low toxicity 

Can be strengthened using nanoparticles to 

accommodate heavier flow patterns 

Loses activity at high 

temperatures due to denaturation 

Costly to prepare for streams 

having complex pollutants 

Selective action of biofilm  

Nanofiltration Ease of application 

Direct generation of potable water 

Can be applied over Microfilters and Reverse 

Osmosis devices 

Costly to synthesize 

Unable to handle heavier flow 

Verification of results not yet 

scientifically done 

Silica Coated 

Nanoparticles 

Biodegradable 

Produces diatomaceous earth which can be 

used for other industries 

Ability to remove heavy metal oxides 

Pre-requisite of hydrocarbon 

nanoparticle synthesis 

Costly to create surface active 

coatings on nanoparticles 

Rice Husk Ash 

(RHA) 

Treatment 

BOD COD levels easily reduced 

Removal of color and odor also possible 

Environmentally safe 

Residue can be used as fertilizer 

Not tested yet on all water types 

Difficulty in measurement of 

effectivity 

 

 

George et al. (2010) gave a detailed description 

of the various advantages of applying metagenomics to 

wastewater treatment. The appraisal of all the methods was 

done as compared to the previously used techniques to 

identify the pollutants. They proposed the formation of a 

metagenomic library to make the treatment of wastewater 

more definitive and easier to apply. They suggested the 

method of Stable Isotope Probing Labeling technology to 

selectively enrich the DNA, RNA of the active bacteria 

thereby making them easier to trace and hence treat. They 

also concluded that in the coming years the world shall see 

a ‘data storm’ with respect to the amount of metagenomics 

advancement and that shall be the time when that 

knowledge should be coupled with biochemical processes 

to make the treatment process more effective. This method 

of metagenomics is proving to be a very effective pre-
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treatment procedure to analyze the streams to be treated 

and then carefully apply the appropriate method to make 

the water potable or safe enough to seep back into the 

groundwater tables. Thus, the use of metagenomics makes 

the entire wastewater treatment process a psuedo-feedback 

control rather than a complete Feed Forward or Feedback 

process, both of which could result in wastage of time and 

equipment. As we all know one of the basic requirements 

of any process control is to require the minimum amount of 

instrumentation to give the same results in the least amount 

of time possible. It is at such a time that we need to 

understand how to achieve it. Feed forward control refers to 

the method by which the wastewater would be made to 

flow through the treatment process, which would include 

all the separation and purification processes, regardless of 

the presence of the specific pollutants- thereby resulting in 

overload of unnecessary data and time wastage. On the 

other hand, a Feedback process would entail the wastewater 

being made to flow through the system with minimum 

treatment and upon analyzing and identifying the 

damage/pollution caused the specific treatment procedures 

would be incorporated. This, however, would result in 

damage to the ecosystem for however short be the duration 

of exposure. 

Nanoparticles for bioremediation 

Nanoparticles due to their unique reactivity 

towards metallic ions present in hard or brackish water are 

a common tool for wastewater treatment. In the book 

‘Nanotechnology in Water Treatment’ by Cloete et al. 

(2010), the different methods of application of 

nanoparticles such as nanofibres, nanobiocides, 

nanofiltration (which is a cross between ultra filtration and 

reverse osmosis) and electrospinning technique are 

explained in detail. The work done by Prof. Thembela of 

South Africa (Thembela and Mbhuti, 1997) is also worth 

mentioning here as he analyzes very succinctly the 

challenges facing the application of nanotechnology in 

waste water treatment. His opinions about the process for 

nanoparticle application are very insightful about the pros 

and cons of nanoparticles treatment in bioremediation.  

Nanofibres and nanobiocides 

Nanofibres and nanobiocides are used to improve 

the quality of drinking water as a part of water filtration 

membranes. Engineered polymer nanocomposites have 

been known to show reduced levels of microbial activity 

combined with high stability in water, making it a very 

suitable method for most treatment processes. Nanofibres 

are created with the help of the method known as, electro-

spinning. Electrospinning is a highly versatile technique 

that can be used to create ultrafine fibers of various 

polymers and other materials, with diameters ranging from 

a few micrometers down to tens of nanometers. The 

nonwoven webs of fibers formed through this process 

typically have high specific surface areas, nanoscale pore 

sizes, high and controllable porosity and extreme flexibility 

with regard to the materials used and modification of the 

surface chemistry of the fibers. A combination of these 

features is utilized in the application of electrospun 

nanofibres to a variety of water treatment applications 

including filtration, solid phase extraction and reactive 

membranes. Haghi from the University of Iran conducted 

research on the application of electrospun nanofibres for 

biotechnological applications and published a book on the 

various methods by which this could be possible (Haghi, 

2010). 

As the use of engineered nanoparticles continues 

to expand rapidly; so does the environmental risk posed 

due to the potential toxicity by some of these nanoparticles, 

if they are released into the environment. The potential of 

microbes to capture such toxic nanoparticles has yet to be 

examined. As nanoparticles are believed to act as 

nucleation sites for the precipitating calcite, batch 

experiments (Warren et al., 2010) using ureolysis-driven 

calcium carbonate precipitation by the urease positive 

bacterium Sporosarcina pasteurii was undertaken. First 

order reaction kinetics were calculated to determine 

reaction rate constants, and in particular, Scrit, the critical 

saturation required for nucleation which revealed the 

successful removal of highly stable organo-metallic 

nanoparticles at concentrations up to 10 mg/l. from aquatic 
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systems. This technology is now being up scaled for the 

solid phase capture of radionuclide and trace element 

contaminants in groundwater systems. This technology has 

the potential for application in contaminated groundwater 

and soils as an in situ remediation technique for 

nanoparticle pollutants (Haghi, 2010). 

Nanobiocides are the solution to many of the 

specific bioactive nanoparticles synthesized with the help 

of conjugation of antibodies or treatment agents on to 

nanopolymer surfaces (Bei Xiang et al., 2007). The 

nanobiocides are also one of the latest frontiers of research 

which are being closely in tandem with target medicine to 

tackle pharmaceutical wastes being let off into natural 

water reservoirs all over the world (Venugopal et al., 2010). 

Target Medicine is the multi disciplinary area of research 

for chemical engineers and pharmaceutical researchers in 

which all ailments of the human body are to be treated by 

nano-dosages of the medicine needed i.e. just the quantity 

that is required for the mitigation of the ailment and no 

excess at all. So target medicine is one of the latest research 

topics that have garnered a lot of interest especially for 

treating patients with very strong medicine which have 

debilitating side effects due to unavoidable overdoses. It 

shall also ensure that the wastes produced during the 

production of such medicines will be least polluting and 

greatly reduce the runoff from pharmaceutical plants. 

Biofilm removal using enzymes (Zbigniew and 

Beyenal, 2007) that can be stabilized by producing single-

enzyme nanoparticles, consisting of single-enzyme 

molecules surrounded by a porous organic-inorganic 

network of less than a few nanometers thick is increasingly 

being explored as a bioremediation option. This method is a 

viable option, as compared to most other tools for anti-

microbial action on wastewater, as it can effectively 

remove the pollutants and produce clean water. This 

method has been widely appreciated, as unlike mechanical 

methods, it does not require any labor or produce any 

pollution. The enzymatic action of the biofilms is 

particularly useful in removing sessile or stagnant bacterial 

colonies which over time have got encased in a polymeric 

shell are together called as an Extracellular Polymeric 

Substance (EPS). Due to the specific activity of the 

enzyme, these EPS are more efficiently removed or greatly 

reduced. This major factor coupled with the low toxicity 

and high biodegradability make it an excellent tool overall 

to use for wastewater treatment. Kriklavova and Lederer 

(2010) studied Biofilm reactors by immobilizing of special 

xenobiotic biodegraders in the form of natural biofilm on a 

fluidized bed. The term xenobiotic here refers to the foreign 

agent introduced into the biofilm which are neither 

produced by it nor naturally present inside it. The 

evaluation of this technology was performed through 

laboratory research with real wastewater containing aniline, 

di-phenyl-guanidine, cyanides, accompanying organic 

compounds and extremely high salinity. The very reason 

for extensive research on this tool was to eliminate the use 

of polymer carriers for the nanotreatment, thereby 

increasing greatly the resistance to toxic components and 

any other physic-chemical parameters that may be present 

in the sample. Kriklavova and Lederer tested their created 

biofilm against water from pharmaceutical industries in 

Czech Republic, and were able to calculate the optimal 

thickness of the nanofibre layers with its relation to the 

adhesiveness of the biofilm which is essential to remove 

the pollutants which included were aniline, di-phenyl-

guanidine and some cyanides. They were also able to 

compare their results to the commercially available biofilm 

layer techniques and give suitable suggestions for the same. 

Nanofiltration 

Nanofiltration is the technique by which we 

subject the wastewater through filtration equipment where 

the pores on the filter have been modified to be of 

nanoscale such that most of the impurities are separated on 

the membrane and the clean potable water is allowed to 

flow through. This technique like any other filtration can be 

subjected to a measured external pressure so as to observe 

the phenomenon of reverse osmosis (Moon et al., 2009). 

From the 1970s, membrane technology showed significant 

development with the creation of ultra thin films composite 

membranes. These types of membranes had an ultrathin 
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film support membrane on which a polyamide layer film 

was placed (of extremely less thickness). Over time this 

design was improved by modifying the polyamide so as to 

withstand different kinds of samples and by mid 1980s the 

field of nanofiltration was firmly established (Haghi, 2010). 

Recent advances in the field of nanotechnology are opening 

a range of possibilities in membrane technologies. These 

include: new membrane preparation and cleaning methods, 

new surface and interior modification possibilities and the 

use of new nanostructured materials. New characterization 

techniques such as specifically designed pores for the waste 

water coming from different regions taking into account the 

natural ground / potable water compositions, help to make 

the process a direct and viable solution to some of the areas 

having low ground water tables and water shortages in 

general. The typical molecular weight cutoff for a 

nanofiltration membrane (where in almost all of certain 

molecule is rejected) is in the region of 200-250 Dalton. In 

Japan, they applied this process specifically for saline 

samples in particular for the surimi industry. ‘Surimi’ is a 

popular food type industry which includes processed 

ground meat or fish meat slurry. The findings of Yeong     

et al. (2002) showed that the nitrocellulose transfer 

membrane used in nanofiltration was effective in removing 

a high percentage of the pollutants.  

Use of silica nanoparticles for wastewater treatment 

The Earth’s crust upon which the biosphere exists 

comprises majorly of silica (SiO2). Thus any process 

having silica as the main product would be highly 

beneficial and environmentally safe as well. In the vast 

majority of silicates, the Si atom shows tetrahedral 

coordination with 4 oxygen atoms surrounding a central Si 

atom. The most common example is seen in the quartz 

crystalline form of silica SiO2. In each of the 

most thermodynamically stable crystalline forms of silica, 

on an average, all 4 of the vertices (or oxygen atoms) of the 

SiO4 tetrahedral structure are shared with others, yielding 

the net chemical formula: SiO2. Majewski and Chan (2008) 

showed   that   a   very   thin layer of surface active material  

such as silica coated over any hydrocarbon nanoparticles 

can act as a potent treating agent. Most importantly, the 

process of creating such compounds is self-assembling and 

it would not require extensive instrumentation as well. 

Overall, the greatest advantage of this method would be the 

fact that silica is environment friendly, so treatment with it 

would have no damage to the ecology to which the treated 

water is introduced. In India, the ash produced after the 

burning of rice husk called, Rice husk ash or RHA which is 

very high in silica content is used for multiple purposes 

since centuries ago as a: 

 economical substitute for microsilica / silica fumes 

 absorbents for oils and chemicals 

 soil ameliorants 

 as a source of silicon 

 as insulation powder in steel mills 

 as repellents in the form of ‘vinegar-tar’ 

 as a release agent in the ceramics industry 

 as an insulation material for homes and refrigerants 

 as a toothpaste in Kerala where they call it Umkari 

 

Of late, a lot of interest has been generated in the use 

of this RHA for the treatment of waste water. RHA has 

been used as a filter (Oidde et al., 2009) for removing 

difficult to filter particles from water and other solvents in 

solid-liquid systems such as colloidal solutions or hard to 

be liquored materials. Further tests on RHA as filters 

revealed that it is a great adsorbing medium for removing 

iron, copper and arsenic from certain wastewater streams. It 

is also very efficient at removing color and odor in most 

cases (De Angeli, 2010), as it possesses high physical 

adsorption for organic compounds removal and good 

chemical adsorption to remove certain oxides (Aggarwal 

and Bansal, 1997) and metals. These properties are due to 

RHA having high surface area and similar porous structure 

as that of activated carbon particles. Thus RHA can be used 

for the removal of impurities which cause turbidity and 

high BOD, COD levels. In areas such as Thailand and 

Philippines, RHA method to treat saline water has already 
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been applied with good results, prompting further data to be 

collected to verify all the conditions under which this 

method can be applied.   

Apart from the more commercially viable method 

of using silica nanoparticles for treating wastewater using 

RHA, some research has also been done by using 

diatomaceous earth directly. As we all know the mining for 

diatomaceous earth is common in countries having coastal 

areas, but of late there have been reports of incessant 

mining for it causing ecological damage. In such cases, it 

becomes prerogative of the researchers to judiciously use 

this mineral. However, the advantage of this method is that 

the used material can be safely discarded back into the 

coasts, after making sure that the heavy / toxic metal 

impurities are not present. In most cases, it is used to 

remove the excess organic matter present which would 

cause high chemical oxygen demand, if discarded as such 

into natural water bodies leading to eutrophication. This 

high COD level leads to insufficient oxygen dissolved in 

the water body to sustain life, hence, causes the 

asphyxiation of the aquatic flora and fauna. 

Legislation for water 

The water act was enacted by Parliament Act in 

1974 to provide for the prevention of water pollution and 

maintaining or restoring of wholesomeness of water and led 

to the establishment of  the Pollution Control Boards at the 

central and state level. The water cess act in 1977, provided 

the Pollution Control Boards with a funding tool, enabling 

them to charge the water user with a cess designed as a 

financial support for the board's activities. The environment 

protection act 1986, is an umbrella legislation providing a 

single focus in the country for the protection of 

environment and seeks to plug the loopholes of earlier 

legislation relating to environment. The law prohibits the 

pollution of water bodies and requires any potentially 

polluting activity to get the consent of the local SPCB 

before being started and is applicable in all the states of 

India. The CPCB has set up several network or river quality 

monitoring stations. In 1999, there were 507  such  stations,  

 

of which 430 were set up under the Monitoring of Indian 

National Aquatic Resources (MINARS) program, 50 

stations under Global Environmental Monitoring Systems 

(GEMS), and 27 stations under the Yamuna Action Plan 

(YAP), the major sources of pollution identified are 

domestic pollution from large cities, an industrial pollution 

from industries such as sugar industry, distilleries, 

tanneries, or fertilizers. However, more stringent laws and 

their enforcement are required to keep our waterways clean 

and ensure potable water for the burgeoning populations. 

Conclusions 

Bioremediation is cost effective, solar driven, 

faster than natural attenuation, high public acceptance 

including enhancement of aesthetics, and generates less 

secondary wastes with fewer air and water emissions. With 

the dwindling potable water resources and lack of 

freshwater all over the world especially in the developing 

countries, it has been hypothesized by researchers who 

predict a future where water would become so precious, 

that it would become the new global currency. Countries in 

North Africa such as Egypt and Sudan face economic and 

communal strife over this issue as does the whole of 

Central Asia. Hence, importance of wastewater treatment, 

especially bioremediation holds in itself the hopes of many 

that we shall never have to see the depletion of Earth’s 

freshwater resources due to mankind’s ignorance and 

misunderstanding.  
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