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Preface

In the recent years, importance of biotechnology has been

realised worldwide. Biotechnology has a tremendous

potential in terms of educational, scientific and industrial

implementation. A lot of further studies are needed to be

done in these areas to identify organisms, optimise and

develop processes for industrial applications. The emphasis

on increasing the efficiency of energy utilization and

decreasing environment pollution from process will

continue. Technical innovations, in the form of new

methods and procedures based on engineering and specific

principles, gave new impetus to the biotechnology. As the

non-renewable resources are on the verge or almost

exhausted with several increasing environmental problems,

there is an invitation for global efforts to develop cleaner

technologies based on renewable natural resources. Articles

were invited from scientists and academicians working in

the various fields of  microbiology, biotechnology,

environmentalists,  chemists and related areas; were

compiled and presented in the present book as an edited

volume. It is our proud privileged to be associated with

experts in the field whose significant contributions have

taken environment related biotechnology related to greater

height. The main advantages of biotechnology processes

lie in their economic viability and environmental
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friendliness. In all these processes microorganisms play a

key role with physiological characters, growth, development

and  efficiency  contributing to the activity like isolation,

development or strains, process optimisation, scale up

studies, pilot studies,  designing of plants are equally

important. The book also contains a set of review papers

mainly on topics which are new application for bioleaching,

bio remediation, bio surfactants,   bio fuels  from

lignocelluloses  biomass, different aspects of environmental

biotechnology that are already practised by industries,

chemical industries in particular, GIS based mapping, and

common scientific principles etc.

The book is coincidentally being published on the 'World

Environment Day' 2015 and is our immense pleasure to

release the book on this momentous occasion.

Lala Behari Sukla

Sandeep Panda

Jacintha Esther
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ENVIRONMENTAL BIOTECHNOLOGY:
INDUSTRIAL PRACTICES & PROSPECTS
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Abstract
Sustainability is the most recent buzz-word and sustainable growth is
the model followed by modern industries. In this model, major thrust
is given on growth without disturbing the natural biotic systems. The
general perception of the common people is that the industrial growth
wil l always be  coupled wi th environmental  degradation. The
indiscriminate industrial growth ignoring the environment in last few
decades added fuel to this argument. However, as the environment
protection agencies are becoming more and more stringent and as
industries are looking towards sustainable growth, optimum utilization
of natural resources, less emission/generation of wastes have become
major objectives for all types of industries. Biotechnology has emerged
as a key tool for achieving these targets for many industries and this
can be judiciously utilized for economic, social and environmental
benefits. Starting from traditional fermentation technologies for food
industries to most recent recombinant DNA technology or cellular and
molecular biology, biotechnology has established itself as a versatile
technique. Biotechnology can also be used to develop processes that
will significantly reduce the generation of contaminants, enzymatic
degumming of rice bran oil may be one example for the same. This tool
can also be utilized to degrade and remove the contaminants already
generated by industries. This review will try to outline different aspects
of environmental biotechnology that are already practised by
industries, chemical industries in particular. This review will also
highlight some of the emerging applications of biotechnology that
may provide new solutions in otherwise highly polluting industries.

Keywords: Indu.strial Biotechnology, Pollution Prevention,
Wastewater, Microorganism, Enzymes, Bioremediation
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1. Introduction

Biotechnology involves processing of mater ials using
biological agents. The application of biotechnology could be traced
even in 6000 B.C. as the people of Neolithic era were found to
have the knowledge to prepare wine by fermentation of grapes
and the Babylonians were found to have the technique for
preparation of beer using yeasts. Though the processes were
known, the science behind these processes was explored much
later. In the early nineteenth century, Louis Pasteur discovered
that the fermentation processes are initiated and controlled by
microorganisms that are not visible with naked eyes. In 1897,
Eduard Buchner discovered enzyme that converts sugars to
alcohol. Later, in early twentieth century, Sir Alexander Flemming
extracted penicillin from mold and thereafter, large scale
fermenters were developed to produce this drug. Since then,
biotechnology has developed many folds and the modern
biotechnology include genetic engineering, recombinant techniques,
protein engineering, genomics in one side and bioelectronics,
nanobiotechnology, bioseparation and bioreactor technologies on
the other. The application of biotechnology, however, was not
that widespread in industries barring a few sectors until few
years back. The benefits and economics are yet to be judged
completely by industry, policy makers and consumers.

In recent years, industries have focussed on sustainable
developments. According to the World Commission on Environment
and Development, the definition of sustainable development is
"... a process of change in which the exploitation of resources,
the direction of investments, the orientation of technological
developments and institutional change are all in harmony and
enhance both current and future potential to meet human needs
and aspirations.." (Brundtland, 1987). The main aim is to prepare
products that have all desirable properties and have more
durability, less toxicity and more biodegradability compared to
the conventional products. For the production of such items,
processing technologies are to be developed that require optimum
use of materials and energy, less emission of pollutants and
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efficient use of renewable resources (Gavrilescu and Nicu, 2004;
Gavrilescu and Chisti, 2005). Biotechnology has become an
important tool to achieve all these aspects and chemical and
environmental scientists, design engineers, biotechnologists and
biologists are trying hard to bridge the gap between the basic
knowledge of biotechnology to industrial scale operations for many
emerging areas. Industrial biotechnology, also known as white
biotechnology, is the application of modern biotechnology to the
sustainable production of chemicals, materials, and fuels from
renewable sources, using living cells and/or enzymes. This field
is widely regarded as the third wave of biotechnology, following
the first two; healthcare (red) biotechnology and agricultural
(green) biotechnology. Industrial biotechnology is often associated
with reduced energy consumption, greenhouse gas emissions, and
waste generation, and also may enable the paradigm shift from
fossil fuel-based to bio-based production of value-added
chemicals. The reasons behind the rapid development/progress
on Industrial biotechnology are as follows: (a) highly efficient
processes at lower operating and capital expenditures, (b) political
and societal demands for sustainability and environment-friendly
industrial production systems, (c) depletion of crude oil reserves,
(d) growing world demand for raw materials and energy (Soetaert
and Vandamme, 2006; Tang and Zhao H. 2009).

Environmental biotechnology is comparatively a new domain
that deals with the application of biotechnology for pollution
prevention and handling of wastes already generated by industrial
processes. In this, review, the recent advances of biotechnology
based industrial applications for pollution control and remediation
are discussed with some practical examples. It is shown with the
examples of textiles, polymers, pharmaceuticals and vegetable oil
industr ies how biotechnological interventions can reduce
environmental pollution significantly with efficient and economical
use of energy and renewable resources. It is also discussed how
enzyme based industrial production of many important products
are actually reducing the pollution load. The use of different
types of microorganisms for bioremediation including the role of
different species of microorganisms in bioremediation of specific
pollutants is also discussed. The role of biotechnology of renewable
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resources itself is a vast subject and hence, kept out of the
scope of this review.
2. Applications of Biotechnology for Prevention of Pollution

Environmental pollution can be controlled by two means.
Processes for manufacturing the desired products can be chosen
in such a way that less amount of pollutants are generated. On
the other hand, pollutants can be treated to convert into some
less toxic or  safe components before discharging to the
environment. Industry has already adopted biotechnological
processes for various production units. These processes are
economic, produce better quality of products, and more importantly
reduces the environmental pollution quite significantly compared
to the conventional processes. In this section, some of these
case studies are presented in short to show how biotechnological
intervention plays an important role in protection of the
environment. Moreover, these processes primarily use renewable
resources and can be easily commercialised in different climatic
areas. In a report prepared by Biotechnology Industry Organization
(BIO), detailed case studies in different industrial sectors were
presented where biotechnological application were used for
pollution prevention, resource conservations and cost reductions
(Erickson et al., 2004).
2.1. Pharmaceutical Industries

After the discovery of penicillin, biotechnology was used
successfu lly for  the production of many products in
pharmaceuticals and health care industries. In some cases, the
conventional processes were replaced by biotechnology based
processes due to economic benefits, ease of operation, relatively
less complications of technologies and primarily, due to huge
reduction in environmental pollution. The benefits of implementing
biotechnological approaches in manufacturing pharmaceutical
products are described here with two examples.

2.1.1. Vitamin Production

In the conventional process Riboflavin (Vitamin B2) is
manufactured from glucose following six chemical steps using
hazardous reactants and the process generates harmful wastes.
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This process was replaced by biotechnological process where
crude Riboflavin is obtained from glucose with the help of
genetically modified strain of a gram-positive bacterium Basillus
subtilies. This process is based on a renewable material glucose
and significantly reduces generation of hazardous waste. This
also reduces wastewater discharge by 66%, air emission by 50%
and cost by 50% (OECD, 2001). After the switching over to this
process, in hardly twelve years of time the market share of
biotechnologically processed Vitamin B2 increased from 5% to
75%.

2.1.2. Cephalosporin C Production
A complex ten step chemical route of production

Cephalosporin C, an antibiotic against some gram-negative bacteria
was replaced by a single fermentation process. It eliminated the
use of various highly toxic chemical and reduce the audity of the
wastewater produced (OCED, 2001). The emission of carbon
dioxide was reduced to 50%, energy requirement was reduced to
20% and water usage was reduced to 75% compared to that of
the conventional chemical process.

2.2. Food Processing Industry

Food technology is the sector where biotechnology has been
used traditionally. Fermentation processes were immensely
developed to produce food products like cheese, yogurt, vinegar
etc. using different types of microorganisms and units with very
high capacities were established for manufacturing of these
products throughout the world. With the advent of commercial
enzymes, biotechnology based approaches were attempted for
other food items also. Food processing industries require huge
amount of water and in some of the processes significant amount
of organic waste is generated. The shift to biotechnology in some
of these processes may result in considerable reduction in both
water and waste.

2.2.1. Enzymatic Degumming of Vegetable Oils

Vegetable oil is one of the largest producing commodities.
The benefit of biotechnology was successfully implemented for
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enzymatic degumming of vegetable oils. In the conventional
process, degumming is done by using phosphoric acid, citric acid
and this is followed by caustic soda treatment and requires large
quantity of water for the whole process, partially for washing of
oil after acid degumming. This process cannot remove the gums
completely from the vegetable oil. This process were replaced
by a biotechnology based process where Phospholipase A1 or
Phospholipase A2 enzymes were used that can remove gums
completely irrespective of gums nature, whether hydratable or
non-hydratable.  The degummed oil thus produced, can be
subjected to physical refining route without the addition of caustic
soda, thus without producing any soapstock. As no soapstock is
generated the pollution load is enormously reduced and a much
better quality of nutritionally rich vegetable oil is produced. A
Germany based company, Cereol Deutschland implemented the
enzyme based degumming process and reported to reduce the
water usage by 92%, waste sludge generation by 88% and overall
cost by 43% (OECD, 2001). CSIR- Indian Institute of Chemical
Technology,  Hyderabad has developed a  process using
commercially available Phopholipase A1 enzyme (Chakrabarti
et.al. 2009) for the degumming of rice bran oil. If the total
production of rice bran oil in India is processed by CSIR-IICT
process, the following advantages will be achieved (Chakrabarti,
2015) (Table 1).

Table 1 : Advantages of CSIR-IICT

Extra Oil Recovery @ 1 to 1.5% 9,500 to 14,250 tons p.a. (Rs 48 to 70 Crores) 

Extra Fatty Acid Recovery@ 0.3 to 0.6% 2,850 to 5,700 tons p.a. (Rs 8 to 16 Crores) 

Minimum Water Savings  More than 200,000 KL p.a. (compared to caustic 

refining)  

Waste Sludge Generation Negligible compared to conventional process 

Quality of Oil Most of the anti-oxidants like oryzanol, 

phytosterols, tocols, squalene etc. are retained 

whereas in conventional process of caustic 

refining considerable amount of these anti-

oxidants are removed  
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2.3. Plastic and Chemical Production

The plastic manufacturing sector has tremendous scope for
utilization of biotechnological processes for a variety of products.
Bioprocesses where raw materials are primarily the agrochemicals
from the renewable resources, and can replace petroleum as
feedstock. Biotechnology has potential to reduce energy required
to produce plastic and has huge potential to reduce the waste. In
the estimate made in 2001, it was projected that USA produced
around 80 billion pounds of plastics, out of which 1 billion pounds
were bio-based (BRDB, 2001). Cargill-Dow was pioneer to
establish world's first commercial biorefinery to produce bio based
plastics. Composting of food items into food service items were
used in Utah winter Olympic in 2002 at Utah and the rough
estimation showed that the cost of food waste management could
be reduced to 35% (Energetics, 2003).

DuPont had developed along with Genecor International, a
biotechnology based process to create polymer from renewable
resource. A micro-organism that can generate tri-methylene glycol,
a precursor of a 1, 3 propane diol was used in the process.
Similarly industrial biotechnology was used to produce ethylene,
one of the versatile chemical feedstock for production of plastic,
solvent, anti-freeze agents etc. Replacing petrochemical feedstock
by the raw materials obtained from renewable resources like
corn and other agro products, 80% demand of petrochemicals
can be reduced (Erickson et al., 2004). Products prepared from
Bioplastics like polylactic acid (PLA) can be composted and are
recyclable. As the plastic made from PLA are biodegradable,
they can eliminate the solid waste landfills and incinerations
otherwise performed for plastics produced from petroleum based
products. There are many such examples where biotechnology
has proven to have key roles to develop greener technologies for
prevention of environmental pollution.

2.4. Pulp and Paper Industry

Conversion of wood and recycled paper to pulp and freshly
prepared paper is an energy, water and chemical intensive process.
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The chemical process involves treatment of wood chips in sulphide
and sulphate solution at around 170°C under high pressure
(Erickson et al., 2004). In the next step, the pulp is bleached
using chlorine or chlorine di-oxide to remove the lignin. Large
amount of pollutants are produced during the pulping and bleaching
stages (EPA, 2002). Methanol, chlorinated compounds and
sulphuric acid are the major contaminants. In the biotechnological
process Xylanase enzyme is employed to reduce chlor ine
chemicals necessary for bleaching by 10 to 15%. In an estimate
it was projected that potential energy savings in European paper
industries by shifting to biotechnological processes would lead to
CO2 savings in between 155,000 and 270,000 tons per annum
(Vigsoe et.al., 2002). In another biotechnological process white
rot fungus was used to breakdown the lignin present in wood cell
wall. This eases the bleaching operation with the reduced amount
of bleaching agent. This process may further improve the
bleaching related energy savings to another 40% and thus would
reduce additional pollution pressure (Erickson et al., 2004).

2.5. Textile Industry
Biotechnology has many industrial applications in this sector.

Industrial enzymes found many applications in textile processing
industry. Hydrogen peroxide is generally used for bleaching of
textiles and this is followed by repeated hot water washing at
around 95°C (OECD, 2001). This process is energy and water
intensive. Stone-washed jeans require the crushing of the fabric
with acid or pumice stones. Hence, this process requires huge
energy, produces highly contaminated wastewater and requires
open pit mining of pumice. Another highly polluting step in textile
processing is the traditional method of preparing cotton fibre,
yarns and fabrics. This is performed by treating the cotton with
hot alkali and subsequent water washing steps. This process
generates huge amount of wastewater polluted with salts, acids,
alkali, starch, surfactants, biocides, chelants, lubricants, metals,
dyes, formaldyde based resins, metal catalysts, softeners, etc.
depending on the process. This highly contaminated wastewater
required elaborate and expensive treatment before disposal
pressure (Erickson et al., 2004).
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With the advent of biotechnology, the textile processing
became more simpler (OCED, 2001). An enzyme is used to
degrade residual peroxide into water and oxygen and thus reduces
the temperature of second wash. Industry-wide use in USA would
save 3 trillion BTU of energy per year. Cellulase enzyme can be
used for softening and fading of jeans in place of pumic stone/
acid washing. This would reduce the environmental cost of stone
washing up to 50%. The intervention of biotechnology would
reduce energy demand by 10-14% and water usage by around
20%. Using a trademark enzyme Bioprep 3000L cotton fibre can
be treated under mild conditions, thus, cutting the effluent load
significantly and can reduce water usage by 30-50% pressure
(Erickson et al., 2004).

There are many other industrial processes where intervention
of biotechnology could reduce energy requirement, cost of
production and the pollution load. Because of paucity of space
those examples are not cited in this review.

3. Biotechnology in Waste Management

The last few decades have witnessed rapid and unplanned
urbanization, indiscriminate industrialization and as a result, huge
quantities of industrial pollutants have been released into the
environment. There were paradigm shifts in human activities also,
particularly in transport sector and agricultural practices. These
factors also contributed into increased soil, air and water pollution.
In this chapter, it has already been discussed how biotechnology
can be used to intervene the production process and can prevent
generation of pollutants. However, in many industrial processes,
pollutants are bound to get generated. CO2, NOx, green house
gases are generated that pollute the air; disposal of hazardous
wastes, spraying pesticides, insecticides etc., use of non-
biodegradable materials that pollute soil and chemical and biological
contaminants, oil spillages create water pollution. The major
pollutants generated by industry are shown in Figure 1 (Gavrilescu,
2010). Once these pollutants are formed, these are to be treated
to minimize the health hazards - both for human being and other
living organisms including the aquatic animals. The conventional
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methods of treating these contaminants result in production of
other hazardous contaminants - the landfills and incinerators have
their own demerits and many a times the conventional processes
are not efficient for complete removal of the pollutants and are
not economically feasible.

Figure 1: Sources of environmental pollution (Adapted from EIBE 2000 and
Gavrilescu, 2010)

Environmental biotechnology - a combination of biochemistry,
microbiology, molecular biology and chemical and environmental
engineering has significantly emerged as a tool to remove/reduce
the environmental pollution caused by these contaminants (Hashim
and Uijang, 2004). Environmental biotechnology refers the use of
microorganisms for  safeguarding the environment.  Natural
microorganisms collectively can degrade a very wide range of
chemicals and they have significant evolutionary capabilities to
adapt to a wide variety of chemicals. In fact, the use of activated
sludge and the anaerobic digestion was started in early 20 th

century using a consortium of naturally occurring microorganisms.
However, introduction of modern microbiology and molecular
biology has given the scientists more options in handling
contemporary environmental problems through bioremediation
(Chen et al., 2005). According to the definition given by the
Environmental Protection Agency of United States of America
(USEPA), bioremediation means "A managed or spontaneous
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practice in which microbiological processes are used to degrade
or transform contaminants to less toxic or non-toxic forms, thereby
remediating or eliminating environmental contaminations" (USEPA,
1994). The major factors that control the bioremediation process
include, firstly, the prevailing conditions - moisture content,
temperature, pH, presence of nutrients etc., secondly, the nature
of the contaminants - toxicity, solubility in water, amount of
contaminants present etc.  and thirdly,  the nature of the
microorganisms that are capable of degrading the contaminants
(Beaudette et al. , 2002; Bitton,  2005 and Sasikumar and
Papinazath, 2003).

There are mainly four strategies to consider for the treatment
of the wastes: (i) Removal of contaminants where the pollutants
are physically removed from the place without separating from
the host media, (ii) Separation of contaminants from the medium
(soil or water), (iii) Degradation of contaminants either by
chemical or by biological methods to lesser toxic/non-toxic
compounds and (iv) Containment or Immobilization of the
contaminants to prevent their migration from the site (Gavrilescu,
2010; Gavrilescu, 2006; Doble and Kumar 2005; Khan et al.
2004 and Asante-Duah, 1996). In this chapter, primarily the third
aspect, the degradation of contaminants by using biological means
in different industries will be discussed. The degradation in this
process is generally carried out using individual microorganisms
and/or their consortia.  The microorganisms may be either
eukaryotes like yeasts, fungi, protozoa, unicellular plants and
rotifars or these may be prokaryotes like bacteria and arcaea.
Most of these microbes are isolated from hostile environments
(e.g. from hot springs) and have the capability to degrade even
most hazardous chemicals. These microbes can be utilized for
biotreatment of soil, air and water.

3.1. Biological Treatment of Soil

Microorganisms can be used to degrade the soil contaminants
either adopting an in situ process or using a process where the
treatment is done in another place. Microorganisms generally
react on the contaminants by enzymatic activity and degrade
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them to less harmful or safe products. In soil composting process,
in a very controlled manner, decomposition is done by the bacteria
and fungi and produces humus-like products (Gavrilescu, 2010).
This can be done in ex situ system. On the other hand, a carbon
source or manure can be added for the in situ biological treatment
of soil. Both the processes are practised by the industry for soil
treatment (Langwaldt and Puhakka, 2000). The success of both
of these processes depends on proper monitoring of the reaction
conditions and availability of food source for the microorganisms
(Saval, 1999). The major limitation of these processes are time
dependence, environmental constraints and space requirements
and in some cases lack of bioavailability (Gavrilescu, 2010).

3.2. Biological Treatment of Gaseous Stream

Biotechnology is being utilized for the treatment of mal-
odourous emissions from the industries (Le Cloirec et al., 2005;
Penciu and Gavrilescu,  2003).  The emission of gaseous
components having pungent and obnoxious smell coming out of
the industries poses serious threat to the near-by locality and it
becomes more evident for the composting plants where waste
materials are treated. The weather and the topography of the
region play an important role and the smell may be carried over
to a long distance and industries have to treat the gaseous stream
to avoid any complaint (Heroux et al., 2004). Herold and his co-
workers had analyzed the exhaust gas of a composting plant and
found that the major composition is alcohols, esters, ketones,
aldehydes and terpenes (Herold et al. , 2002). In another
communication, similar composition was reported mentioning these
components as the major contaminants (Schlegelmilch et al., 2005).
These contaminants are captured in industrial practises by using
biofilters and trickling filters and using biosorption techniques
(Gadd, 2008; Andres et al., 2006). There are many matured
technologies using this principle (Cohen, 2001; Penciu et al., 2004;
Cox et al., 2001). Consortia of many microorganisms are used in
the trickling biofilters and these microbes generally degrade the
pollutants to a safe product before discharge to air (Penciu and
Gavrilescu, 2004; Kennes and Thallasso, 1998).
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3.3. Biological Treatment of Wastewater Stream

In every habitat of mankind fresh drinking water is constantly
required and on the other hand, wastewater is continuously
generated. Providing fresh drinking water is a major challenge
and starting from ancient Roman aqueducts to modern dams,
tremendous efforts are being made by the authorities to supply
drinking water to the people. Despite the efforts made, one billion
people in the world are not getting proper drinking water. Barring
a few, in all chemical or other major industry, fresh water is
required and most of these industries generate huge amount of
wastewater. In majority of the cases, the contaminated water can't
be even discharged to the environment without any treatment. The
mother nature supply the fresh water for the mankind, whereas,
for treatment of wastewater human beings are dependent on
different types of microorganisms. These microbes can degrade a
variety of chemicals to harmless products and can help in cycling
the nitrogen, phosphorus and other elements. This particular nature
of some microorganisms is being exploited by the industry as one
of the most important application of biotechnology in industry
(Rittmann, 2006; Rittmann et al., 2006). One of the primary criteria
for biological treatment is that the wastewater stream should have
more amount of such compounds that can be degraded to stable
compounds like CO, CO2, NH3, CH4, H2S etc (Cheremsinoff,
1996; Dun et al., 2003).

The biological treatment can be achieved by either aerobic or
anaerobic or combination of both aerobic and non aerobic oxidation
processes. Aerobic processes are generally used for waste streams
that can be easily biodegradable, municipal wastewater may be
the ideal target (Doble and Kumar, 2005; Roussel, 2006). This is
also suitable for low biomass concentration - an example being the
domestic wastewater where the contaminants are primarily proteins,
oils and fats, carbohydrates,, urea, pesticides, surfactants etc (Bitton,
2005). Wastewater streams with higher amounts of contaminants
are generally subjected to anaerobic oxidation. This process may
generate lesser amount of sludge and the biogas generated in this
process can be recovered for free energy (Gallert and Winter,
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1999). The development work in the engineering aspects is also
huge in volume and the monitoring and control systems and the
operating parameters also play a key role for the success of these
processes. However, these aspects are not considered in the scope
of this review. A detailed list of the microorganisms used for waste
management systems are given in Table 2 (Gavrilescu, 2010).

Table 2: Microbial groups involved in environmental remediation (adapted
from Gavrilescu M. (2010)
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3.3.1. Recent Developments in Wastewater Treatment

In the conventional process of biological treatment of
wastewater, microorganisms obtained by isolation of pure cultures
from natural resources are used. At present around 7000 bacterial
species are known (DSMZ, 2005; http://www.dsmz.de). However,
the real number may be much higher than this and are yet to be
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explored. Molecular biology has contributed significantly by
revealing the key microbes that degrade contaminants present in
different types of wastewater. Recent developments of some
techniques like cloning, creation of gene library, DGGE, FISH
etc. has contributed a lot in microbial ecology research (Sanz
and Kochling, 2007). Modern molecular techniques including the
environmental genomics could identify otherwise unexplored
microorganisms for nutrient removal and sludge bulking and
foaming (Daims et al., 2006). It was understood from molecular
biology studies that for direct combination of ammonia and nitrite
into nitrogen gas can be performed with chemolithoautotrophic
bacteria of phylum Planctomycetes (Storus M, et al., 1999).
These anammox bacteria can be used more effectively in large
scale wastewater treatment plants for nitrogen removal in place
of conventional nitrogen removing Nitrobacter species (Daims
et al., 2006). Using designer microorganisms with enhanced
biodegradation ability is another trend of research. A hybrid strain
was made by redesigning the metabolic pathway of Pseudomonas
putida for demineralization of benzene, toluene and p-xylene (Lee
et al., 1994). Another strategy is to use metal-binding peptides
for enhanced biosorption. Scientists are also working on enzyme
engineering for improved biodegradation of recalcitrant pollutants
(Chen et al., 2005). Combination of all these biotechnological
approaches would lead to more efficient industrial wastewater
treatment processes.

4. Microorganisms for Treatment of Specific Pollutants

Environmental biotechnology has already worked on series
of microorganisms and found some specific microbes that act on
specific contaminants. Both soil and water sometimes get
contaminated with pollutants of petroleum origin containing
hydrocarbons due to accidental spillages. A large number of
microorganisms like bacteria, yeasts, filamentous fungi etc. have
already been identified for biodegradation of hydrocarbons. A list
of microorganisms that can biodegrade hydrocarbons is tabulated
in Table 3 (Adapted from Gavrilescu, 2010 and Van Hamme et
al., 2003). However, this is not a comprehensive list and many
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more new microorganisms, particularly genetically engineered ones
are being studied. As discussed earlier, there are specific
microorganisms that can remove/recover heavy metals from the
wastewater streams coming out from various industries. These
microbes are helping the industry to avoid heavy metal
contamination and protecting the aquatic life from high level of
toxicity. In Table 4, common organisms used for treatment of
metal-contaminated wastewater  are listed (Adapted from
Gavrilescu, 2010). Apart from these two major areas, scientists
are also working on genome sequencing of microorganisms like
Nitrosomonus europaea, Nitrosomonas eutropha, Nitrobacter
hamburgensis, Nitrospira marina etc. for nitrogen removal or
Gemmatimonas aurantiaca,  Candida Accumulibacter
phosphatis for phosphorus removal and Acidovorax temperans
and Herpetosiphon aurantiacus for floc/biofilm formation or
bulking in wastewater treatment (Daims et al., 2006). There are
many more examples of microorganisms for treating specific
contaminants and the ambit of microorganisms either new or
genetically engineered are increasing for specific uses.

Table 3: Petroleum compounds and fuel components degrading
microorganism (adapted from Gavrilescu, 2010 and Van Hamme,
2003) Please check this table carefully for the names of
microorganisms against their domain name (ex-bacteria, yeast,
algae). (Checked and found OK)
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Table 4:  Organism involved in treatment of metal contaminated wastewater
(adapted from Gavrilescu, 2010)
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5. Role of Enzymes in Protection of Environment

Enzymes are proteins produced from living organisms and
acts as catalyst for various biochemical reactions. The last few
decades have witnessed application of enzymatic processes in
many industries. The major advantages being these enzymes are
specific to certain reactions, the rate of reactions are fast and
can be controlled very easily. The enzymatic reactions save raw
materials, energy and chemicals and also require less water.
Enzymes r eact  under  milder  conditions compared to the
conventional chemical processes and they are easily biodegradable
and do not pose any environmental problem once they reach the
environment after industrial use (Kirk-Othmer, 2005; Soetaert
and Vandamme, 2010). Enzymes are used in a large number of
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industrial processes like in paper and pulp industry (Nguyen et
al., 2008) where cellulase, laccase, xylynase, lipase, esterase
enzymes are used. In leather industry (Kandaswami et al., 2012)
proteases and lipases are used. Similarly,, in textiles industry
(Zhou et al., 2008) pectate lyase, catalase, arylstearases etc. are
used. Enzymes are used in detergent production (Saeki et al.,
2007) where lipases and proteases are the predominant enzymes.
In food and beverage production (Ramos and Malcata, 2011;
Okamura-Matsui, 2003) enzymes like lipases, phospholipases,
amylase, protease pectinases etc. are used whereas, in animal
feed industries (Gado et al., 2009; Zhu et al., 2011) the uses of
xylenase, phytase are well known. Pharmaceuticals industries
(Woodley, 2008) also use enzymes like peniciline amidase, glutaryl
acylase etc for production of different medicines. In fine chemicals
and cosmetics industries (Gavrelescu and Chisti, 2005; Lods et
al., 2001), enzymes like tolune ortho monooxygenase are used.
Biodiesel industries also use lipase catalysed trans-esterification
reactions (Harnandez-Martin and Otero, 2008). All these reactions
result in various advantages including the benefit of less use of
raw materials, energy and less generation of pollutants. In a
recent report, all these environmental benefits were described
(Jegannathan and Nielsen, 2013). The main features of that report
are given in Table 5.

Table 5:  Environmental assessments of enzymatic and
conventional processes in various industries. Greenhouse gas
(GHG) savings reported in the table refer to the specific
production conditions addressed in the actual studies and specific
figures cannot necessarily be generalized. (Jegannathan and
Nielson 2013)
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Conclusions

Even in recent past, it was generally accepted by common
men that industrial growth will always be accompanied with
deterioration of environment. The aggressive expansion of
industrial activities had worsened the environmental conditions
and the Environment Protection Agencies throughout the world
had to take corrective measures by issuing stringent regulations.
Reviewing the situations, industries decided to go for sustainable
growth where not only the present needs of the society but also
the needs of the future generations are prioritized. The economic
and environmental benefits offered by different biotechnological
processes attracted the attention of many industr ies and
conventional processes were gradually replaced by bio based
processes. This review described various aspects of commercial
biological processes, particularly, the role in pollution prevention,
waste management and applications of microorganisms and
enzymes for pollution control and remediation. It is quite evident
from the discussions presented in this review that  the
environmental biotechnology that deals with application of
biotechnology in pollution prevention/remediation has emerged as
a matured area of science and its areas are continuously
expanding. The role of microorganisms and also the uses of
enzymes for bioremediation, greener production and profit
generation are being explored by industries. This review has
presented some of the case studies and thrown light on some
emerging industria l applications by cit ing some examples.
Undoubtedly,  there are far  more areas where industr ia l
applications of environmental biotechnology are in practice or at
final stages of implementations.

The data  available on these industr ial processes are
insufficient and more systematic studies are to be performed to
assess the potential economic benefits of biotechnology in specific
industries. New initiatives should also be taken to understand and
quantify the health benefits that can be achieved by the industry
if traditional processes are replaced by biotechnological processes.
Some of the industries possess the data required for these studies.
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However, these are not available in the public domain and refrains
one from having better understanding of the problem. The research
on engineering aspects for the development of the processes is
also important and initiatives like reaction in membrane bioreactors
are also to be studied with economic benefits keeping in mind.
The advances in research on microbial ecology, the genetically
modified microorganisms and modified biosorbents also should be
explored carefully to extract the maximum benefits.
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Abstract
The abilities of microorganisms to accelerate the oxidative dissolution
of minerals have been exploited in the progress and application of
biotechnology for extract ing metals from mining e ff luents.
Biometallurgy process is presently used mostly to leach copper
sulphides and as an oxidative pre-treatment method for refractory
gold ores, though it is also used to recover other base metals, such
as manganese, cobalt, nickel and zinc. Modern developments for the
selective recovery of heavy metals from waste water treated with
minerals or to extract metals from oxidized low grade ores and
electronic waste includes use of acidophilic microorganisms. This
encapsulation signifies a physical recovery of the metal ion via
conventional methods for recovery of heavy metals. On contrast, the
biometallurgy research look for to add a better scope in framing
environmental friendly development with regards to hydrometallurgical
process in future and create a certified technology for the benefit
human beings. However this technology has developed over the past
50 years, and relates the challenges and opportunities for mineral
biotechnological industries for economic recovery on a large scale.
This review illustrates the involvement of commercial biometallurgical
operations concerning diverse group of microorganism and mechanism
of mineral solubilisation.

Keywords: Biometallurgy, Bioleaching, Microbe interaction,
Extraction, Reuse
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1. Introduction

Biometallurgy is a more general term that is used to refer
technologies utilizing biological systems mainly to the application
of microbial process in the mining industry to facilitate the
extraction and recovery of metals from ores and waste materials
(Brierley & Brierley, 2012; Rawlings, 2002; Das & Mishra, 2010;
Rawlings et al., 2007). The term biometallurgy ideologically relates
with bioleaching, biomining processes which refers to situations
where the target metals are solubilized during bio-processing.
Researchers in diverse countryside have explored the application
of biotechnology in mining over the last 40 years, in some
commercial engineered systems that can be considered under the
term 'biometallurgy'. Biometallurgy or bioleaching is the interaction
between metals ions and cultivable microbes with specific aim of
converting insoluble metal sulphides to soluble metal sulphates.

Biomining is considered as a generalized term that relates
both bioleaching and biooxidation to metal ores and compounds
in functioning essential application of microbial process in the
mining industry. Bio-oxidation technique is another closely related
method to bioleaching/ biomining that explains the microbial
oxidation of metals which include recovery of metal of interest
(Das et al., 2012). Microorganisms are used to remove minerals
targeting valuable metals which are being solubilized by extracting
with cyanide or thiosulphate as in the case of gold recovery from
arsenopyrite ores (Rawlings & Johnson, 2007).An estimated 15%
of copper, 5% of gold, 20% of Mn and some other Cr heavy
metal (Mohanty et al., 2014) by biometallurgy recovering process
and smaller amounts of other metals (such as nickel and zinc)
are presently produced using biometallurgy technology (Brierley
et al., 2013).

In mining industries, pyrometallurgical technologies (roasting
or smelting ore) have been precisely used as often major
investments though others use it by non-biological innovations
technique or by pressure leaching (Berezowsky et al., 1991).The
mentioned characteristics describe by biometallurgy process to
attain economic height of metal extraction depend on time period
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which ranges from days, in the case of stirred tanks concerning
with the biological system.  The recovery of metals by
biometallurgy is supposed to be much more environmentally benign
involving less energy supplying a detailed analysis of major
proposed processes using various applied techniques. On the other
hand,  the la t ter  sta tement is justified in tha t  the main
microorganisms involved in mineral oxidation processes are
autotrophs, which distinguish with smelting procedure emitting
huge amounts of CO2. Bioprocessing also work at atmospheric
pressure and at moderately low temperatures (200C-800C). Though
it is an exothermal process, it doesn't need external heat, indeed
it generates excess of heat increasing the rate of oxidation
intensity as operated in stirred tank and technical systems need
to be cooled maintaining appropriate temperatures (400C -450C)
for the mineral degradation via microorganisms (Rawlings et al.,
2003; Olsonet et al., 2003).

However, present procedure of biometallurgy still depends
on the blasting and grinding of ore particles, which is considered
to consume about 5% of total global energy production.It was
thus highly desirable to develop a novel process so-called bio-
processing which has advantage in containing major quantities of
arsenic released during smelting emissions but retained in liquid
and solid phases in bio-hydrometallurgical processing and for
processing low-grade or polymetallic ores (Brierley, 2008).
Biometallurgy also permits metal by-products to the readily
recover metals from processed ores with waste slags generated
by pyrometallurgy (Johnson & Hallberg 2009).  The first
documented biometallurgy operation which was set up within 20
years of the discovery of biometallurgy technologies (Temple et
al., 1951) observed the first demonstrated bacterial species to
oxidise the pyrite and other base metal containing sulphide raw
materials in acidic medium (Bryner et al., 1958). The same
procedure had been used to extract metals at mine sites in China,
Spain, and United Kingdom for several years using in situ
bioleaching (Wang et al., 2011; Rawlings 2002; Johnson et al.,
2010). Targeted biomineralization process is used in some active
and abandoned mine sites to isolate microbial diversity for
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recovering valuable metals from processed waste water sludge.

Low grade manganese ore deposits are usually of
sedimentary origin, with oxide ore layers interbedded with iron-
rich formations. The manganese ores are mostly low to medium
grade type with low phosphorous content in contrast to the other
manganese deposits in Odisha. Over the last few decades,
selective mining of better grade manganese ores from this area
has generated a huge quantity of low grade ores which is
considered as mining waste as deposited in Sanindipur Manganese
mines of National enterprises of Bonai Tahasil in Sundargh district
of Barbil in Odisha, India (Figure 1).

Fig. 1: Low grade ore deposits at mining sites.

The recent biotechnology with new applica tion was
established in the 1960s by the Kennecott Copper Corporation to
extract copper from waste rock dumps at the Bingham Canyon
mine in Utah, and later at the Chino mine in New Mexico (Olson
et al., 2003; Johnson et al., 2010). Related species of Thiobacillus
ferrooxidans, and Thiobacillus ferridurans grow autotrophically
by oxidizing ferrous iron, elemental sulphur and various reduced
forms of sulphur, or hydrogen (Johnson and Hallberg 2009). The

II 47 II

CHAPTER-2 BIOMETALLURGY: GREENER TECHNOLOGY FOR MINERAL RECOVERY....



capability of the iron-oxidizing Acidithiobacilli species to produce
both ferric ion, oxidative sulphide mineral and sulphuric acid
creates an acidic tolerating environment and accelerate mineral
dissolution. The excessive acidity environment causes the majority
of metals released from the degraded sulphide minerals to be
retained in solution (Das et al., 2015a). The traditionally bioleaching
operations, which have been replicated in many other 'dump
leaching' operations (Wu et al., 2008), involved stacking waste
rock into huge mounds. Bioleaching recommends various attractive
characteristics, being cost efficient, and more environmentally
friendly compared to their chemical counterparts, which may
involve the utilization of tough chemicals under  elevated
temperature conditions (Das et al., 2011).

Fig. 2: Schematic diagram of waste recycling by biometallurgy process.

Electronic waste Metallic waste Waste water sludge Industrial waste

Biometallur gy

Extr act ion

Recycle/Reuse
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2. The Microbiology of Biometallurgy

The biomining relevant for oxidizing bacteria and archaea
with high efficiency of recovering metals are mostly extremophiles
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(can survive in extremes of temperature, salinity or acidity). Some
species of mesophilic bacteria also survive with temperature
ranging from 20-50°C. However most hyperthermophilic species
of biomining organisms tend to be achaea (Mikkelsen et al., 2006),
which can live at temperatures up to 90°C.These microbial species
present some advantages over enhanced reaction speeds, with
apparent cost benefits to companies increasingly looking for to
develop yields from low grade ores. Utilization of leaching
additives and assistance to extreme physico-chemical nature of
bioleach liquors at low pH, elevates the concentration of toxic
heavy metals, metalloids and other solutes, and highly positive
redox potential (Eh values exceeding +900 mV) concluding that
they are extremely toxic to the majority of life forms, including
microorganisms. However pure cultures of bacteria or archaea
are supposed to degrade sulphide elements, the method of
bioleaching and bio-oxidation is highly conventional in
biometallurgy operations mediated by acidophilic prokaryotes
(Rawlings et al., 2007).

Biomining organisms have been categorized as first ferric
iron generating autotrophs (primary prokaryotes) producing mineral
oxidant and sulphuric acid-generating autotrophs (secondary
prokaryotes), which maintain the low pH environment required
for degrading organic compounds. Biometallurgy can function
over a wide range of temperature as acidophilic mineral-degrading
prokaryotes differ  significantly in the range of optimised
temperature at which they grow and survive (Dopson et al.,
2006; Norris et al., 2013). It is known that the formation of
extracellular polymeric substances plays an important role in the
attachment of thiobacilli to mineral surfaces e.g., sulphur, pyrite,
or covellite. Extraction or loss of these exo-polymers prevents
cell attachment resulting in decreased metal leaching efficiencies
(Escobar et al., 1997; Gehrke et al., 1998). It was concluded that
a direct contact between bacterial cells and solid surfaces is
needed and represents an important prerequisite for an effective
metal mobilization (Ostrowski&Sklodowska, 1993). Interactions
between microorganisms and the mineral surface occur on two
levels (Barrett et al.,1993).
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Metal recovery from aqueous stream by the process of
biosorption and bioaccumulation has gained attention recently and
is a very economic process for  removal of metals. These
processes involve ion exchange method where the metal ion is
exchanged for a counter-ion attached to biomass. The ability to
suitably transform Mn (II) to either Mn (III) or Mn (IV) has
been found in a various isolated groups of bacteria including
Proteobacteria, Actinobacteria, and Firmicutes (Tebo et al., 2008)
and from diverse environments (Templeton et al., 2005). Bacteria
capable of oxidizing Mn (II) have been isolated from diverse
phylum, the physiological role of Mn oxidation is still unclear.
The pathway for biotic manganese oxidation is an aerobic process
demanding presence of oxygen. Among the prokaryotes, the ability
to oxidize Mn is also quite widespread including members of
many phylogenetic and physiological groups, e.g., cyanobacteria
strains related to Pseudomonas species.

Bioleaching or biometallurgy has been investigated for the
extraction of valuable metals from various solid industrial wastes
including fly ash, water sewage sludge, spent batteries, tannery
and electronic scrap materials, which can provide as derived raw
materials for important metals(Bogdanor et al., 1986; Aung et al.,
2005). (Table 1) lists some previous reports microbial species for
bioleaching.

Table 1. Microbial Diversity of leaching species.
Domain Organism Site Leaching 

Agent 
Reference 

Bacteria Stilbellaaciculosa 
Pithomyceschartarum 

Coal Mine Drainage Manganese Santelli et al., 2010 

 Staphylococcus epidermidis Low grade ore Mn Das et al., 2012 
 Leptospirillumferrooxidans 

Acidithiobacillusferrooxidans 
Polymetallic 
Sulphide Ore 

Gold Spasova et al., 2008 

 Acidithiobacillusthiooxidans 
Thiobacillusprosperu 

Waste water sludge Copper Donati& Sand 2007 

 Bacillus megaterium Wetlands Chromium Basu et al., 2014 
 Enterobacteragglomerans Low grade ore Iron Rossi 1990 
Fungi Aspergillusniger 

Aspergillusterreus 
Uraniferous 

sedimentary rocks 
Uranium Amin et al., 2013 

 Bacillus subtilis 
Cladosporiumresinae 

Sewage sludge. Copper and 
Zinc 

Narasimhulu et al., 
2012 

 Paraphaeosphaeria sp. 
Coniothyriumsp. 

Aquatic 
environments 

Manganese Takano et al., 2006 

 Penicilliumsimplicissimum Spenthydrocracking 
catalyst 

Tungsten Amiri et al., 2011 
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3. Mechanism of Bacterial Oxidation

An indiscriminate reaction of the biological oxidation involved
in leaching of a mineral sulphide is two major mechanisms involved
in microbial metal solubilization of sulphide minerals. One is a
direct mechanism that involves physical contact of the organism
with the insoluble sulphide. Microorganisms oxidize the metal
sulphides obtaining electrons directly from the reduced minerals.
Another mechanism, involves the ferric-ferrous cycle.  The
oxidation of reduced metals is mediated by the ferric (III) ion
and this is formed by microbial oxidation of ferrous (II) ion present
in the minerals. Ferric (III) ion acts as an oxidant and oxidizes
metal sulphides and is reduced to ferrous (II) ion that, in turn,
can be microbially oxidized. Both direct and indirect mechanisms
of bacterial leaching are shown schematically in Figure 3.

Fig. 3: Schematic digram presenting direct and indirect mechanism of
 pyrite biometallurgy.
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The significance of the occurrence and attachment of
microbial species and their dynamic involvement has been
confirmed for the leaching of heavy metals (Das et al., 2014). In
many cases it was concluded that the direct mechanism dominates
over the indirect due to the fact that direct is equated with direct
physical contact. The oxidation of pyrite in studies utilizing
mesophilic and thermophilic bacteria such as T. ferrooxidans
and Acidianus brierleyi  in bioreactors which consisted of
chambers separated with dialysis membranes to avoid physical
contact (Tian et al., 2010).In most cases, bio- leaching witnessed
nearly about 89% for extraction of Mn. Acidic leaching could
significantly recover extraction of Mn by addition of inorganic
compounds such as H2O2, SO2 or organic compound such as
glucose, sucrose, lactose, oxalic acid, citric acid, tartaric acid,
formic acid and triethanolamine (Sayilgan et al., 2009).

Research in the field of biometallurgy is still continuing to
solve the inhibitory effect of copper recovery in a heap leaching
by biological methods. Use of extreme thermophiles in bioleaching
is making a leading progress to solve the mystery behind the
scaling up technique, which could be possible to be solved in
future. Bioleaching with other sulphide minerals together with
Acid Mine Drainage (AMD), which is a serious concern today,
is taking figure to perform the inadequate needs of the mankind.

Conclusions

Biometallurgy is well established as a novel technology for
extracting metals from low-grade and polymetallic metal ores by
most widely used acidophilic iron-oxidizing bacteria were utilized
for bioleaching. In order to further demonstrate the role of
acidophilic organisms in biometallurgy process the and
environmental constraints become more demanding to recover
and recycle metals from electronic and other metallic wastes
while in situ biometallurgy could permit metal compounds to be
economically exploited in recent years.  Although several
unresolved challenges in recovering precious metals conventionally
by biometallurgy process, such as bioleaching chalcopyrite and
using brackish and saline water for bio-processing minerals suggest
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that new opportunities for developing biotechnological techniques
in the mining and mineral sectors will emerge in the near future.
Thus biometallurgy or biomining could be significantly beneficial
for them use of synthetic consortia (of naturally occurring species)
for economic recovery of metals on a big scale.
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Abstract
Gold nanopartic les because of their intriguing optical  and
electrochemical properties have been of paramount interest in sensing
and detection applications. During the last decade researchers have
greatly focused on the fabrication and functionalization of gold
nanoparticles so as to enable target specific detection of toxic
contaminants and metal ions. Compared to traditional used detection
techniques, nanotechnology, specifically the use of gold nanoparticles
as sensors presents a rapid and cost-effective solution towards the
detection of toxic heavy metal ions. Additionally, it overcomes the use
of costly instrumentation and lengthy protocols making on-site analysis
feasible. The review discusses the synthesis and functionalization of
gold nanoparticles and the current state of applicability of gold
nanoparticles as sensors for detection of metal ions in aqueous system.

Keywords: Toxic metal ions, Gold nanoparticles, Colorimetric,
Biosensors, Detection

1. Introduction

With rapid globalization, industrialization has been of prime
focus as it significantly contributes to the financial backbone of
the country.  One of the major  problems associated with
industrialization is environmental pollution, contributed by the
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improper disposal and dumping of industrial effluents in nearby
water bodies that posses a significant threat to human health. A
major issue being faced today is the scarcity of pure drinking
water and contaminated water supply that is responsible for the
widespread infectious diseases thereby impeding sustainable
development of society. Hence, there is an immense need to
monitor the presence of toxic chemical compounds and heavy
metals in water bodies and uphold the supply of clean drinking
water. Recently, numerous physical, chemical and biological
approaches have been used to facilitate sensitive detection of
toxic metal ions in water bodies. Nanotechnology has also
significantly contributed in the field of environmental monitoring,
wherein metal nanoparticles have emerged as sensing probes for
detecting metal ions (Wang et al., 2010; Wang and Ma 2009;
Wang and Yu, 2013). Since then, nanotechnology based sensing
approach is gaining attention and has provided promising
advancements in the detection of various types of pollutants
present in water. Nanoparticles possess intriguing properties
compared to their bulk counterparts, owing to the physical
confinement of electrons and large surface to volume ratio of
particles at nanoscale (Eustis and El-Sayed, 2000).

Amongst metal nanoparticles, gold nanoparticles (GNP) have
gained tremendous interest in the area of sensing and detection
because of its  unique optical proper ties and molecular
recognization potential. The fascinating optical property of GNPs
arises because of the phenomenon termed as Surface Plasmon
Resonance (SPR). At nanoscale, the surface electrons undergo
a coherent and collective oscillation when irradiated with light of
a particular wavelength, the frequency of which resonant with
the visible region of electromagnetic radiation (Atwater, 2007;
Ozbay 2006). Any alteration in the size, shape, aggregation state
or dielectric constant of the medium leads to alteration of the
electron charge density and change in the resonant of a particular
light wavelength. This is responsible for the variation in colour of
GNPs colloidal solution and corresponding shift in SPR peak
position (Wang and Yu, 2012; Wang et al., 2010). This phenomenon
form the basis of colorimetric sensing systems, wherein binding
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of the target molecule/compound to functionalized GNP induces
a change in colour of the colloidal GNP solution and corresponding
SPR peak shift. Additionally, GNPs offer the advantages of high
stability and easy surface functionalization enabling conjugation
to target specific-ligands molecules. Researchers are gaining
renewed interest towards utilizing GNPs as effective probes for
detection of various chemicals, toxic compounds and metal ions.
These advantages of GNPs have made them emerge as excellent
detection probes, in form of biosensors.

In this review we discuss the potential applicability of
functionalized GNPs as nanosensors. More specifically, we focus
on the use of GNPs as sensing agents to detect toxic metal ions
and contaminants in water bodies. The unique optical properties
of GNPs favour their exploration as colorimetric detection agents.
Briefly,  the init ia l sections discuss the synthesis and
functionalization of GNPs focusing on the need of conjugating
target specific ligand molecules prior to detection. The latter
section focuses on the use of the functionalized GNPs as sensors
to detect toxic metal ions.

2. Synthesis and Functionalization of Gold Nanoparticles
(GNPs)

During the last  decade,  synthesis and fabr ication of
nanoparticles has been an important area of interest amongst
researchers because of their diverse application in electronics,
photonics, detection, imaging, catalysis and biomedicines (Satuby
and Orenstein, 2007; Herderick et al., 2007; Huang et al., 2006;
Wang and Yu, 2013; Durr et al., 2007). The special properties
and resultant use exhibited by nanoparticles has led to the
exploration of every possible aspect for nanoparticle synthesis
giving way to a limitless number of synthesis methods. Numerous
methods have been developed to synthesize both isotropic and
anisotropic particles focusing on controlled size and shape (Melosh
et al., 2003; Zhao et al., 2004; Ahmadi et al., 1996). Basically
three different approaches a re used to synthes ize metal
nanoparticles, namely physical, chemical and biological methods.
While physical and chemical methods are the traditional and
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popularly used methods, biological method represents an eco-
fr iendly and green technological method of synthesis
(Priyadarshini et al., 2014). These methods generally follow a
bottom-up approach of synthesis wherein the metal salt is reduced
to form metal atoms, which then form small nuclei particles.
Subsequent growth of these nuclei particles by the deposition of
reduced metals ions result in production of metal nanoparticles
which thereby are capped by stabilizing agents leading to
production of nanoparticles of defined size and shape (Wang and
Yu, 2013). Nanoparticles synthesized by physical and chemical
methods require supplementation of additional stabilizing molecules
that stably cap the synthesized particles, preventing aggregation
of particles among themselves and assist in efficient synthesis of
colloidal nanoparticle solution. However, biological synthesis does
not require supplementation of additional capping molecules since
the biological/microbial (fungus, bacteria, algae, yeast) extracts
contain both reducing and stabilizing agents. Certain biomolecules
also serve the dual purpose of reduction and stabilization, thereby
helping in synthesis of ready to use nanoparticles in a single
step. Hence, the application of biologically synthesized metal
nanoparticles as sensors or detecting agents eliminates the
requirement of conjugating an additional ligand molecule specific
for the target molecule of interest. However, nanoparticles
synthesized by physico-chemical means are generally tagged with
a molecule, specific for the target. The process of conjugating
the surface of synthesized nanoparticles with an additional ligand
molecule is termed as functionalization and is a basic requirement
when nanoparticles are used for detection/sensing applications.

Various functionalized GNPs have been used for targeting
biomolecules as DNA, RNA, protein, metal ions and small organic
molecules. Basically GNPs are functionalized with thiolated
compounds because of the strong affinity of Au-S bond with the
free end of the compound available for binding with the target
molecule of interest. Allylmercaptan modified GNPs have been
used for high sensitive detection of dopamine (Matusi et al.,
2005). GNPs modified with mercaptoal-kyloligonucleotide
molecules were also observed to increase the detection sensitivity
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of oligonucleotide up to fmols (Elghanian et al., 1997). GNPs self
assembled on thiol terminated silicate networks were found
potential of oxidising NADH and also showed a high sensitivity
and minimized the limit of detection to 5 nM (Jena et al., 2006).
Gold nanorods conjugated with 11-mercaptoundecanoic acid
(MUDA) have been reported to be used for binding of specific
antibodies (Yu et al., 2007). Other than thiol compounds, many
other functionalizing molecules have been used. For example,
primary amines have been used for the preparation of amine
capped GNPs. Gold- amine precursors have been reported to
study the decomposition of tetrahydrofuran (THF) (Gomez et al.,
2000; Heath et al., 1997). Sulfur containing ligands as disulfides,
di and trithiols, thioethers and xanthates (Shelley et al., 2002;
Resch et al., 1999; Li et al., 2002; Li et al., 2001; Tzhayik et al.,
2002) have been reported to be used as GNP functionalizing
agents. Maleic acid functionalized GNPs have been used for
high selective detection of lead (Ratnarathorn et al., 2014). A
disulfide, phenylboronic acid functionalized GNPs have been used
for high sensit ive colorimetric detection of the bacteria ,
Staphylococcus aureus (Wang et al., 2012).

3. Optical Properties of Gold Nanoparticles (GNPs)

The fascinating optical properties of GNPs has favoured its
use as nanosensors in detection and sensing applications. Colloidal
metal nanoparticle solution feature surface plasmon resonance
(SPR) activity when light of a particular wavelength resonates
with the collective oscillation of conduction band electrons. In
case of GNPs this resonance condition occurs at the visible region
and thus is responsible for the blue, green, violet or pink colour
of colloidal solution (Halas et al., 2011). SPR in nanometer-sized
structures is called localized surface plasmon resonance (LSPR).
The SPR of nanoparticles greatly depends on its size, shape,
aggregation state and local refractive index. Any change in size,
shape or aggregation results in alteration of surface geometry of
nanoparticles leading to a shift in electric field density which is
reflected by a change in colour of solution and corresponding
shift in absorption maxima (Jain et al., 2006). The binding of
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nanoparticles to target molecule induces aggregation among
themselves thereby inducing inter-particle surface plasmon
coupling and consequent red shift and broadening of SPR peak
and change in colour of solution (Su et al., 2003; Srivastava et
al., 2005). This forms the basis of colorimetric based sensing and
therein nanoparticles have evolved as excellent nanosensor
candidates. The use of nanosensors for detection provides a cost-
effective, rapid and promising alternative compared to the
conventionally used detection techniques.

4. Application of Gold Nanoparticles in Detection of Metal
Ions

Heavy metal ions as Pb, Hg, Cd, etc. hold deleterious effect
on human health and welfare. Hence, researchers have focused
on a rapid and high sensitive detection of these heavy metal ions
using GNPs as colorimetric sensors. Lin et al., 2006 reported the
use a mixed monolayer-protected GNPs functionalized with
carboxylate and 15-crown-5 for colorimetric detection of Pb2+.
The system is based on generation of GNPs aggregates by
formation of hydrogen bonds between carboxylic acid residues in
methanol/water system, which disrupts on addition of Pb2+ ions.
This results in an electrostatic repulsion between GNPs resulting
in a change in colour from blue to red. Recently, Ratnarathorn et
al., 2014 reported a simple and high sensitive detection method
for Pb2+ ions using maleic acid functionalized GNPs. The
colorimetric detection method was based on the binding of the
free -COOH group of maleic acid to Pb2+ inducing aggregation
and resultant change in colour from red to blue. Mao et al., 2011
reported the use of L-glutathione conjugated GNPs as sensors
for detection of Pb2+ ions.

Colorimetric detection of Hg2+ ions has been achieved using
GNPs functionalized with a peptide moiety (Si et al., 2007). Rex
et al., 2005 reported the use of gold nanorods for detection of
Hg2+ ions in water. Nanorods enhance the lower detection limit
as the longitudinal SPR peak is more sensitive to any change in
refractive index. On addition of Hg2+ they observed distinct shifts
in longitudinal peak, attributed to changes in aspect ratio of gold
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nanorods. An innovative column detection approach was developed
by Lisha et al., 2009, wherein GNPs with aluminium was used
for adsorption of Hg2+. However, the method suffered from a
major disadvantage of reducing Hg2+ to Hg0 state prior to
adsorption. Simple colorimetric sensor using GNPs functionalized
with quaternary ammonium has been utilized to detect Hg2+, based
on induction of aggregation of GNPs on addition of Hg2+ (Xue
et al., 2010). DNA-functionalized GNPs were used by Mirkin et
al., 2007 for high selective and sensitive detection of Hg2+. The
method relies on Hg2+- thymidine coordination and melting
temperature (Tm) of the nano aggregates. They conjugated GNPs
with two different thiolated DNA sequences (probe 1 and 2),
which when mixed formed aggregates with lower Tm value due
to T–T mismatches in their base sequence. On adding Hg2+, it
forms stable T–Hg2+–T base pairs by selectively coordinating
with the T–T mismatches. Thus the presence of Hg increases
the Tm of GNPs thereby providing low sensitive detection down
to 100 nM. As the method relies on electronic heating coupled
with sensing, latter Liu et al., 2008 reported a method, wherein
they optimized the number of thymidine units in DNA thereby
overcoming the need for heating and allowed ambient temperature
sensing of Hg2+ ions.

A simple colorimetric method has been reported to detect
Cu2+ ions using citrate capped GNPs of 12.2±1.65 nm size.
Treatment with Cu2+ ions lead to a red shift of SPR peak from
520 nm to 650 nm which was due to aggregation of GNPs
confirmed from TEM analysis (Salcedo and Sevilla III, 2013).
Similarly, Yang et al., 2007 reported the use of cysteine stabilized
GNPs as colorimetric sensors for detection of Cu2+ ions.
Biologically synthesized GNPs using the extracts of Solanum
lycopersicums have also been used for detection of Cu2+ ions
(Bindhu et al., 2014). The use of biologically synthesized GNPs
provides the advantages of eliminating the need of conjugation of
additional functional groups as the biological extract itself contains
biomolecules that naturally stabilize and cap the synthesized
nanoparticles.
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Neeley et al., 2011 used a two-photon lightscattering (TPS)
assay method to detect  As3+ in waste water  using GNPs
conjugated with glutathione (GSH) and dithiothreitol (DTT). As3+

is known to show a high affinity for sulphur compounds and
hence was detectable by the functionalized GNPs. Electrochemical
detection of As3+ was investigated using a nano gold-CRV
(Crystal violet) film with glassy carbon electrode (GCE). Rajkumar
and co-wokers reported that they successfully detected As3+ down
to micro molar concentration in drinking water samples (Rajkumar
et al. 2011). Kalluri et al. (2009) reported a simple colorimetric
method for the selective detection of As3+ in contaminated water
samples. They used GNPs functionalized with thiol compounds,
glutathione (GSH), dithiothreitol (DTT), and cysteine (Cys). The
detection principle was based on aggregation of As3+ with the
modified GNPs leading to a change in colour and corresponding
red shift in SPR peak. While GNP-DTT binds to As3+ by means
of As-S linkage, Cys and GSH modified GNPs bind by means of
As-O bonds. The MDL was observed to be 5 ppb, 20 ppb, and
25 ppb for DTT, GSH, and Cys-conjugated GNPs respectively.
MDL further decreased to 10 ppt by using Dynamic light
Scattering (DLS) analysis, suggesting DLS to be more sensitive
towards detection. Citrate synthesized GNPs were also used for
As3+ detection after conjugating with DTT and DTT-Cys-PDCA.
PDCA was used to avoid interference from mercury ions. Addition
of As3+ induces aggregation of GNPs leading to red shift of SPR
peak and corresponding change in colour. DTT assists in the
transformation of As(V) to As(III) thereby helping in determination
of arsenic concentration in water. GNPs functionalized with GSH-
DTT-Cys-PDCA were observed to be comparatively better in
detection than the GNP-DTT. The former showed a MDL of
2.5µg/l with a minimum quantification limit of 8.4 µg/l (Dominguez-
Gonzalez et al., 2014).

GNPs have also been reported to detect alkaline earth metals.
Selective detection of alkaline earth metals calcium, stronium
and barium was reported for the first time by Zhang et al., 2011
using 2-mercaptosuccinic acid conjugated GNPs.
Mercaptosuccinic acid (MSA) binds to the surface of citrate
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capped GNPs by means of thiol group and on interaction with
these metals induces a bathochromic sift in peak and change in
colour of the colloidal solution. Aggregation was because of the
interaction of the divalent cations with the carboxylic groups of
MSA and interaction of calcium with carbohydrate. This was
confirmed by addition of EDTA, a chelating agent, in whose
presence no such aggregation or change in colour of assay solution
was observed. Minimum visible detection limit of the assay solution
was 20, 8 and 2.5 mM for Ca2+ , Sr2+ and Ba2+ respectively,
suggesting the affinity of the functionalized GNPs in the order of
Ca< Sr< Ba. They thus inferred that the sensitivity of the system
is dependent on the cation size. Tiopronin functionalised GNPs
was also reported to detect barium ions. Tiopronin conjugates
with GNPs by means of sulphur atoms and upon addition of
barium resulted in its aggregation leading to red shift of SPR
peak (Bai et al., 2011).

Tetramethylmalonamide (TMMA) functionalized GNPs were
reported by Lisowski and Hutchison, 2009 to serve as selective
sensors for trivalent lanthanide (Ln3+) ions. Treating with Ln3+

ions results in the formation of TMMA-Ln3+ chelating complex
inducing aggregation of GNPs and concomitant red to blue colour
change of assay solution. The system showed a MDL of ~50 nM
for Eu3+ and Sm3+. Ali et al., 2014 reported the use of a highly
selective ligand 1,  4-bis-(8-mercaptooctyloxy)-benzene (I)
conjugated to GNPs for the detection of Ce3+. Recently, biogenic
GNPs synthesized using a fungal extract was reported for high
specific detection of Ce3+ ions. The method overcome the two-
step procedure of functionalization as it makes use of as-
synthesized GNPs and was based on the reversible cross linking
of GNPs on treatment with Ce3+ (Priyadarshini et al., 2015)

5. Conclusions and Future perspective

The fascinating optical properties, high stability and easy
surface modification ability of GNP has made them evolve as
useful candidates over the traditionally used detection and sensing
techniques. These fundamental advantages of GNPs has made
them emerge as promising nanosensor probes in the recent past

II 65 II

CHAPTER-3 A REVIEW ON USE OF GOLD NANOPARTICLES FOR DETECTION OF TOXIC...



and will continue to revolutionize and dominate the area of sensing
and detection study in near future. We envision that in forthcoming
years, there will be a tremendous growth in the applicability of
GNPs in environmental monitoring. Manufacturing of stable,
multifunctional and reproducible GNP sensors will favour high
throughput, sensitive detection and quantification of potential toxic
agents and industrial effluents. The technology would thus help
in minimizing environmental toxicity and safeguard human health
and welfare.
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Abstract
India accounted 30% of the global share for ginger production with
7.453 lakh tons from an area of 1.578 lakh hectares during 2012-13.
Odisha is the largest producer of ginger in the country in terms of
area of cultivation but lagging much behind in productivity and
marketability, probably because of lack of information on land
suitability and suitability of prevailing agro climatic conditions for
the crop. It shows from statistical analysis of last two decades of
ginger production in Odisha that the increase in area is not having
significant effect over the ginger production rate. In the present paper
the suitability maps and area productivity graphs are given to show
the position of ginger in the important ginger growing districts. It was
found that site suitability is an important factor to determine the
productivity of the crop. A highly suitable location may not result in
larger yields than suitable or marginally suitable areas. Suitability
maps are useful to determine areas which will have the greatest success
for growing a particular crop like ginger in a region.

Keywords: Ginger, Zingiber officinale, Suitability of crops, GIS
mapping, Agro climatic zone.

1. Introduction

Ginger (Zingiber officinale Rosc) is a great herb having a
pan-tropical distribution with abundant diversity in Southeast Asia.
Ginger is not known to occur in truly wild state and is believed
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to have originated in South East Asia but has been under
cultivation from ancient times in India as well as in China (Bailey,
1949; Purseglove, 1972). Because of the easiness with which
ginger rhizomes can be transported to long distances, it has spread
throughout the tropical and sub-tropical regions in both
hemispheres. In India, ginger is produced in Kerala, Orissa,
Karnataka, Arunachal Pradesh, West Bengal, Sikkim and Madhya
Pradesh (Chhetri & Gudade, 2013). In India, about 75 named
varieties of ginger are under cultivation in various parts besides
large number of local varieties (500) and two exotic cultivars viz;
Rio-de-Janeiro and China (Rattan, 1994).

Rhizome of ginger has extraordinary medicinal properties as
well as got popular use in food preparation which creates a very
good national and international market for India. India accounted
30% of the global share for ginger production with 7.453 lakh ton
from an area of 1.578 lakh hectares during 2012-13 (Das et al.,
2014). Ginger essential oil is valued for its pleasant aroma and
pungency which also decides its quality and industrial usage (Gupta
et al., 2011). Ginger oil is used primarily as food flavouring agent
in soft drinks, as spice and preservative in bakery products,
confectionary items, pickles and sauces etc. It is used for treating
nausea, morning sickness (Sultan et al., 2005; Raja et al., 2011)
and chemotherapy supplement (Liu et al.,2013).

India, although a leader in ginger production, occupies 17th
position world-wide in terms of productivity (Das et al., 2014).
Similarly, Odisha is the largest producer of ginger in the country
in terms of cultivation area but lagging much behind in productivity
and marketability, probably because of lack of information on
land suitability and suitability of prevailing agro climatic conditions
for the crop. It has been realised that the increase in area of
ginger cultivation is not having a significant effect on the
production rate. As ginger is an important crop of the country
and state as well, it is essential to study the distribution of the
crop in the state and to find out the areas of suitability for ginger
cultivation at varied climatic condition at block level. Environmental
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suitability is an important aspect which has a direct impact on
the productivity of the crop. Climatic variables are the principle
drivers of geographic distribution. Agricultural crop distribution is
rarely limited to a crop's native range. Increased crop range is
largely the result of the introduction of crops into new areas
which may not provide optimum growing conditions (Walker &
Cocks, 1991; Guisan & Zimmerman, 2011). Ginger is one such
crop which propagated by vegetative means using its rhizomes
are robust and easily transportable to distant places from the
place of origin and thus has been ended up with overall low
productivity rate. Therefore, land suitability analysis is a
prerequisite for sustainable agricultural production. The process
of decision making for selection of suitable land involves a number
of criteria involving the range of factors that influence crop
production. Many factors, such as soil fertility and pH, vary
continuously with space and time, and it is not possible to
incorporate them into a large scale suitability model. The process
of land suitability classification requires the evaluation and
grouping of specific areas of land for a defined use. The main
objective of the land evaluation is the prediction of the inherent
capacity of a land unit to support a specific land use for a long
period of time without deterioration, in order to minimize the
socio-economic and environmental costs. Land  suitability analysis
is an interdisciplinary approach by including the information from
different domains, such as soil science, crop science, meteorology,
social science,  economics and management.  Being
interdisciplinary, land suitability analysis deals with information,
which is measured in different scales including ordinal, nominal
and ratio scales (Parthsarathi et al., 2007).

Geographic information system (GIS) integrates  hardware,
software, and data for capturing, managing, analysing, and
displaying all forms of geographically referenced information.   GIS
can   perform complicated analytical functions and then present
the results visually as maps, tables or graphs, allowing decision
makers to virtually see the issues before them and then select
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the best course of action.GIS is playing an increasing role in
agriculture production throughout the world by helping farmers
increase production, reduce costs, and manage their land more
efficiently. Balancing the inputs and outputs on a farm is
fundamental to its success and profitability. The ability of GIS to
analyse and visualize agricultural environments and workflows
has proven to be very beneficial to those involved in the farming
industry. Making decisions on farming based on geography is
important criteria for crop productivity development initiatives
(Parthasarthy et al., 2007). Before cultivation of any crop including
ginger the geography of the locality should be taken into
consideration so as to find its land suitability aiming at commercial
scale production.

Ginger can be grown best in warm and humid climate in
diverse tropical and sub-tropical conditions at 300-900 m above
mean sea level (MSL) up to 1500 m elevation, within a temperature
range of 20-300C and should not fall below 25°C (77°F) and
temperature of 280 to 350C for about a month before harvesting.
It grows well in areas with annual rainfall between 1250 to
2500mm with an optimum of 1500 mm under natural rainfall or
irrigated conditions. Though it can be grown on different types
of soils, it thrives best in well-drained sandy or clay loam soils.
Odisha has ten identified agro climatic zones covering 30 districts
and 314 blocks basing on variation in temperature, rainfall,
humidity and soil types which probably affects the productivity of
ginger crop of the state.

In this study, more than 19 years of ginger productivity data
across the number of blocks in the state along with the their
respective agro climatic factors like; temperature (min and max),
annual rainfall were used to study the trend of productivity over
the environmentally suitable regions of Odisha, to assess the
impact of climatic suitability of ten agro climatic zones on ginger
production and to categorise each agro climatic zone to four
prevailing types (most suitable, suitable, marginally suitable,
unsuitable) below district or below level.
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2. Materials and Methods

Odisha has ten identified agro climatic zones basing on
variation in temperature, rainfall, humidity and soil types which
decides probably the productivity of cultivation of a crop including
ginger. The area and production of ginger with respect to its agro
climatic condition is given along with the climatic conditions of
each zone in table 1. Data on area and production of different
ginger growing sites of Odisha for 19 years were collected from
the Directorate of Horticulture, Odisha, Centre for environmental
studies, Odisha and Meteorological department, Bhubaneswar.
Area and production curves for all these districts were prepared
using 19 years of data to understand the dissimilarity of compound
growth rate of area and production.

2.1 Site Suitability Criteria

Optimum climatic conditions for ginger cultivation were
determined from a literature search. The most variable climatic
factors prevailing in the state as considered as suitable criteria
to categorise the blocks of each zone into four types in this
model are temperature and rainfall; i) Most suitable: average
temperature and rainfall at which ginger grows at higher optimum
level, ii) Suitable: average temperature and rainfall at which ginger
grows at lower optimum level, iii) Marginally suitable: average
temperature and rainfall at which ginger grows, and iv) Unsuitable:
average temperature and rainfall at which ginger ceases to grows.

2.2 Suitability Maps for Agro Climatic Zones

Site suitability maps of the state and individual agro climatic
zone were prepared on the maximum diversity of the climatic
factors such as temperature and rainfall using EcoCrop predictions
of ArcGIS, release 10 (ESRI, 2011), putting the values of minimum
and maximum temperature and rainfall.
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3. Result and Discussions

Optimum utilisation of the available natural resources for
efficient crop production leads to sustainable farming which in
turn results in production of quality products in an eco-friendly
and economically efficient method. Growing crop at its best
suitable locality is another complementary principle in sustainable
agriculture as it involves the local need of the crop and depends
on local ago-climatic conditions.

Thirty districts with 314 blocks of Odisha is classified into
ten zones basing on varying range climatic and agronomic factors
across the state viz; temperature (average minimum12.8°C to
average maximum 40.6 °C), rainfall (1195.5mm to 1795.9mm),
humidity (72 to 86%) and various soil types which decides
productivity of a crop. Table-1 represents the agro climatic zones,
the districts and blocks included in it, respective annual agro
climatic conditions, area of ginger cultivated and the average
productivity of the zone.

Maximum diversity of climatic factors is represented by
temperature and rainfall and thus further these two parameters
are taken into account while evaluating the site suitability for
ginger basing on four criteria designed from the literature. All
314 blocks of Odisha are classified into four major suitability
types of locations with 90 blocks showing most suitable sites, 89
blocks showing suitable, 77 marginally suitable blocks and 58
unsuitable blocks accounting 25.6%, 26.4%, 25.5% and 21.6%
respectively of the total sites (Table 2).
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Zone 1:  North western plateau (Sundergarh and Deogarh
districts) has got 8 most suitable (30.77%), 8 suitable (30.77%),
7 (26.92%) marginally suitable and 3 (11.54%) not suitable out of
total 26 blocks and over all taken 5th best zone for ginger
cultivation from GIS study (Table 2). However very poor average
ginger productivity 2.7 tons/hectare (6th in position) is recorded
from 19 years statistics, from area of 1.6 thousand hectares and
the average production recorded to be 5.2 thousand tons of ginger.
The prevalent performance can be explained due to the lack
awareness of poor tribal people about good cultivation practises
and small land holding capacity (Fig. 1(A) and 1(B)).

Zone 2: North central plateau covering Mayurbhanj and Keonjhar
districts stands third best suitable site as analysed for climatic
condition by GIS study having 15 most suitable block (41.67%),
10 suitable block (27.78%), 6 marginally suitable blocks (20%)
and 7non-sutable blocks (19.44%) out of total 36 blocks of the
zone (Table 2). From 19 years secondary ginger cultivation data
it is found to occupy 5th position in terms of productivity (3.1
tons/hectares) from an area of (1.6 thousand hectares) with
average annual production of 4.9 thousand tons. Relatively poor
performance is probably due to the lack awareness on use of
elite high yielding cultivars and good cultivation practises by the
farmers (Fig. 2(A) and 2(B)).

Fig. 1(A): Average ginger production,
productivity and area for 19 years of
Zone 1.

Fig. 1(B): Site suitability of ginger
cultivation at block level of Zone 1.
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Zone 3: (Northern eastern coastal plain covering districts
Bhadrak, Balasore and Jajpur districts) stands fourth best suitable
site as analysed from climatic condition by GIS study but it
occupies 7th position in terms of productivity (2.7 tons/hectare)
from area of (5 thousand hectares) with average annual
production of 16.6 tons/hectares. This zone has been classified
to have 10 (33.33%) most suitable, 7 (23.33%) suitable, 6 (20%)
marginally suitable and 7 (23.33%) not suitable from our analysis
(Table 2, Fig. 3(A) and 3(B)).

Fig. 2(A): Average ginger production,
productivity and area for 19 years of
Zone 2.

Fig. 2(B): Site suitability of ginger
cultivation at block level of Zone 2.

Fig. 3(A): Average ginger production,
productivity and area for 19 years of
Zone 3.

Fig. 3(B): Site suitability of ginger
cultivation at block level of Zone 3.

Zone 4: East & south eastern coastal plain having in it
Jagatsinghpur, Kendrapada, Cuttack, Khorda, Puri districts stands
eighth in position in suitable site as analysed for climatic condition
by GIS study having 14 most suitable block (20.59%), 19 suitable
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block (27.94%), 27 marginally suitable blocks (39.71%) and 8
non-suitable blocks (11.76%) out of total 68 blocks of the zone
(Table 2). From 19 years secondary ginger cultivation data it is
found to occupies 8th position in terms of productivity (2.8 tons/
hectares) from an area of (1.7 thousand hectares) with average
annual production of 5.0 thousand tons. Poor performance is
justified because of non-suitability of the zone from the
agroclimatic conditions prevailing in the zone in spite it covers
largest area (Fig. 4(A) and 4(B)).

Zone 5: North eastern ghat covering districts of Phulbani,
Rayagada, Gajapati, part of Ganjam & small patches of Koraput
ranks highest suitable for ginger production with 20 blocks under
most suitable conditions (47.62%), 17 blocks under suitable
(40.48%),3 blocks (7.14%) as marginally suitable and 2
blocks as not suitable (4.76%) out of total 42 blocks of the zone
(Table 2). From 19 years of ginger cultivation data it was found
that zone 5 stands highest in the state in terms of ginger production
with an average of 5.2 tons from highest area of cultivation 11.2
thousands hectares with the second highest production rate 3.1
thousand tons per hectare (Fig. 5(A) and 5(B)).

Fig. 4(A): Average ginger production,
productivity and area for 19 years of
Zone 4.

Fig. 4(B): Site suitability of ginger
cultivation at block level of Zone 4.
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Fig. 5(A): Average ginger production,
productivity and area for 19 years of
Zone 5.

Fig. 5(B): Site suitability of ginger
cultivation at block level of Zone 5.

Fig. 6(A): Average ginger production,
productivity and area for 19 years of
Zone 6.

Fig. 6(B): Site suitability of ginger
cultivation at block level of Zone 6.

Zone 6: Eastern ghat high land encompassing Nabarangpur and
Malkangiri district ranks second highest suitable for ginger
production with 8 blocks under most suitable conditions (44.44%),
6 blocks under suitable (33.33%), 2 blocks (11.11%) as marginally
suitable and 2 blocks as not suitable (11.11%) out of total 18
blocks of the zone (Table 2). From 19 years of ginger cultivation
data it was found that zone 6 stands second highest in the state
in terms of ginger production with an average of 10.7 tons from
area of cultivation 2.1 thousands hectares with the highest average
production rate 3.9 thousand tons per hectare (Fig. 6(A) and
6(B)).
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Zone7: GIS analysed site suitable for ginger keeps zone 7 at 7th
position because it has 2 most suitable, 3 suitable, 3 marginally
suitable and 2 not suitable blocks but from the 19 years secondary
data collection from Department of Horticulture, Odisha it is
found that productivity is relatively high 8.9 tons/hectare from
small area of 3.6000 hectares with a production of 10.3 tons of
ginger. The reason may be due to awareness created by the
nearest research station HARS, Potttangi on good cultivation
practises for ginger and providing suitable seed material from
high yielding varieties of ginger Suruchi, Suprabha and Surabhi
etc. released and maintained by them for cultivation (Fig. 7(A)
and 7(B)).

Fig. 7(A): Average ginger production,
productivity and area for 19 years of
Zone 7.

Fig. 7(B): Site suitability of ginger
cultivation at block level of Zone 7.

Zone 8: Western undulating zone covering Kalahandi & Nuapada
was found to be the least suitable for ginger production having
no most suitable block (0.0%), 1suitable block (5.56%), 6
marginally suitable blocks (33.33%) and 11non-sutable
blocks(61.11%) out of total 18 blocks of the zone (Table 2).19
years of ginger cultivation shown zone 8 as lowest in the state
in terms of ginger production with lowest average of 0.6 tons
from an area of cultivation 0.2 thousands hectares only with the
average production rate of 2.8 tons per hectare (Fig. 8(A) and
8(B)).
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Fig. 8(A): Average ginger production,
productivity and area for 19 years of
Zone 8.

Fig. 8(B): Site suitability of ginger
cultivation at block level of Zone 8.

Zone 9: Western central table land covers districts like, Bolangir
Boudh, Sonepur, Deogarh. GIS analysed site suitable for ginger
keeps zone 9 at 6th position because it has 11 most suitable,
12suitable, 10 marginally suitable and 10 not suitable blocks but
from the 19 years secondary data collection from Department of
Horticulture, Odisha it is found that productivity is relatively
moderate2.7 tons/hectare from small area of 1.3 thousand hectares
with a production of 3.9 tons of ginger (Fig. 9(A) and 9(B)).

Fig. 9(A): Average ginger production,
productivity and area for 19 years of
Zone 9.

Fig. 9(B): Site suitability of ginger
cultivation at block level of Zone 9.

Zone 10: Mid central table land encompassing Angul, Cuttack
and Denkanal district ranks second least suitable for ginger
production with 2 blocks under most suitable conditions (8.7%),
6 blocks under suitable (26.09%), 9 blocks (39.13%) as marginally
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suitable and 6 blocks as not suitable (26.09%) out of total 23
blocks of the zone (Table 2). From 19 years of ginger cultivation
data it was found that zone 9 stands second least in the state in
terms of ginger production with an average of 2.6 tons from area
of cultivation 1.0 thousands hectares with the least average
production rate 2.4 thousand tons per hectare (Fig. 10(A) and
10(B)).

Conclusions

GIS study of crop production and site suitability study based
on climate and soil conditions gives sufficient indication of
suitability of a location for specific crops and provides information
on the area that will have the greatest likelihood of success of
growing a particular crop in a region. However final identification
of a site requires an in depth study of other environmental factors
and infrastructure like irrigation, modern technology, marketing
and storage facility that may limit crop growth and production. A
personal small scale or single state survey may provide much
more information. Precision farming involves the use of most
advanced technologies like GPS, GIS, Remote Sensing and VRT
(Variable Rate Technologies). Such systems are designed to
monitor, analyse and control plant production parameters with
the aim to optimize expense and ecological effects and to increase
the income. To fulfil such contrasting aims the first prerequisite

Fig.10(A): Average ginger production,
productivity and area for 19 years of
Zone 10.

Fig. 10(B): Site suitability of ginger
cultivation at block level of Zone 10.
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is to select the best suitable crop for the area. The land suitability
analysis will best suffice such a basic need.

Present study indicates that most of the zones/blocks which
are naturally suitable for ginger cultivation are otherwise cultivating
high quality varieties and having good production. But the zones/
block having better condition but where good quality varieties are
not cultivating, hence productivity level is low. The reasons may
be many including lack of awareness on good cultivation practices
and use of elite cultivars, small land holding capacity of poor
farmers.
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Abstract
The progressive depletion of non-renewable energy sources worldwide
has resulted in environmental deterioration and has led to the
development of renewable energy harvesting technologies. It is a great
challenge for finding different alternative resources, which can replace
fossil fuels. Lignocellulosic biomasses have been considered as the
major or the sole components in different sectors from various
industries, agriculture, forestry, and municipalities and acts as the
better alternative resource to conventional petroleum fuels. It contains
various untapped source of fermentable sugars for significant
industrial use for the production of dif ferent  biofuels.  Many
physicochemical, structural and compositional factors hinder the
hydrolysis of components present in the biomass to sugars and other
organic  compounds that  can later be converted to biofuels.
Lignocellulosic biomass has been investigated for the implementation
of economic conversion processes producing different biofuels such as
bioethanol, biobutanol, biohydrogen, biogas, and other valuable co-
products. A cost-effective and energy efficient method is required with
low energy input for an economic process development in comparison
to others. Therefore, in the present chapter, the recent findings and
advance developments in lignocellulosic biomass for improved biofuel
production have been explored. Further, this chapter discusses about
the importance of the biomass pretreatment, different strategies for
product formation through various conversion technologies, and its
future scope as an energy security.

Keywords:Biofuels,  b ioenergy,  bioethanol,  biobutanol,
biohydrogen, biogas
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1. Introduction

The global energy requirement through the use of fossil fuels
creates an urgency to search for  a  cost  effective and
environmentally benign alternative energy resources. Today, there
is an interest in producing certain fuels using microorganisms by
fermentation focusing on the environmental aspects and renewable
nature of this mode of production (Rankovic et al., 2009; Behera
et al., 2014). Bioenergy is defined as one of the most important
components which can provide the final solution for emission
control and energy supply by continually developing four
generations biofuels: first generation- food crops for grain ethanol;
second generation- residues of food crops/non-food plants for
cellulosic ethanol; third generation- algal/cyanobacteria for ethanol
and biodiesel and fourth generation- photosynthetic machinery
into artificial systems for biohydrogen and others (Peng &
Gutterson, 2011). Further, selection of energy crops offers
promising solutions for large-scale biofuel production. Currently,
a new manufacturing concept has been raised from the leading
advances of microbial, biotechnology, and genetic engineering for
converting renewable biomass to valuable products. The integration
of these manufacturing technologies will provide the possibility
for the development of sustainable model for the production of
commodity products from biomasses (Damisha et al., 2008). In
this respect, lignocellulosic biomass has contributed to the recently
renewed interest  as an alternative to petroleum-based
transportation fuel (Taherzadeh & Karimi, 2007).

Various liquid transport  fuels der ived from renewable
lignocellulosic resources offer unique and desirable features: lower
fossil fuel inputs, contribute little net CO2 accumulation to the
atmosphere, decreased urban air pollution, improved energy
security, reduced trade deficits, limited conflict with land use for
food and feed production. Lignocellulosic wastes (LCW) refer to
the agricultural biomass wastes that are composed of mainly
cellulose, hemicellulose and lignin (Dashtban et al., 2009).
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Pretreatment is necessary to make these carbohydrates available
for enzymatic hydrolysis and fermentation due to the close
association of cellulose and hemicellulose with lignin in the plant
cell wall (Radeva et al., 2012; Behera et al., 2014). Also, small
amounts of other materials such as ash, proteins and pectin are
also present in the lignocellulosic residues, in different degrees
based on the source. They may be grouped into different
categories such as agricultural residues (including straw, stover,
peelings, cobs, stalks, nutshells, non-food seeds, bagasse), domestic
wastes (lignocelluloses garbage and sewage), wood residues
(including sawdust and paper mill discards), grasses, waste papers,
municipal solid wastes and food industry residues (Kalogo et al.,
2007; Chang, 2007; Rodriguez et al., 2008; Talebnia et al., 2010;
Kumar et al., 2009). Moreover, the biomass is renewable,
inexpensive, environment friendly and is widely available.
Extensive research has been carried out on biofuel production
from lignocellulosics in the past two decades (Binod et al., 2010).
Production of biofuels from lignocellulosic biomass, improvement
in fermentation strain through genetic engineering for better
conversion of biomasses and development of consolidated
bioprocessing for process development is a major focus; with
additional biotechnological paths towards energy production are
the highlights of current research (Roberts et al., 2010; Argyros
et al., 2011; Hasunuma & Kondo, 2012).

Therefore, this book chapter is based on various biofuel
types, use of technologies for conversion of various lignocellulosic
biomasses for the industrial applications in terms of the
mechanisms involved, advantages and disadvantages and economic
assessment.

2. Lignocellulose: Source of Biofuels

Lignocellulosic biomass serves as the cheap and abundant
feedstock required to produce certain fuels at reasonable costs.
Based on the type of resource, these materials can be classified
into four groups: (1) forest residues, (2) municipal solid waste,
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(3) waste paper, and (4) crop residue resources. Rice straw is
one of the abundant lignocellulosic waste materials in the world.
About 731 million tons are produced annually which is distributed
in Africa (20.9 million tons), Asia (667.6 million tons), Europe
(3.9 million tons), America (37.2 million tons) and Oceania (1.7
million tons) (Bohlmann, 2006; Balat et al., 2011). Chemical
composition of lignocellulosic materials is a key factor affecting
efficiency of biofuel production during conversion processes. It
mainly consists of cellulose, hemicellulose and lignin; these
components constitute approximately 90% of the dry matter in
lignocelluloses, and the rest is composed of extract and ash
(Dehkhoda, 2008).

The major component of the plant biomass is cellulose
containing 30-60% of total feedstock dry matter which is a
homopolysaccharide composed of â-D-glucopyranose units, linked
by â-(1-4)-glycosidic bonds. Cellobiose is the smallest repetitive
unit of cellulose and can be converted into glucose residues. The
orientation of the linkages and additional hydrogen bonding make
the polymer rigid and difficult to break. Hence, the polysaccharide
is broken down to free sugar molecules during hydrolysis by the
addition of water (Hamelinck et al., 2005).

Hemicellulose, consisting 20-40% of total feedstock dry
matter is a short, highly branched polymer of both five-carbon
(pentoses) and six-carbon (hexoses) sugars.  Specifically,
hemicellulose contains xylose and arabinose (five-carbon sugars)
and galactose,  glucose, and mannose (six-carbon sugars).
Hemicellulose is more readily hydrolyzed compared to cellulose
because of its branched, amorphous nature (Lee et al., 2007).
The dominant sugars in hemicelluloses are mannose in softwoods
and xylose in hardwoods and agriculture residues.

Lignin is an aromatic polymer consisting 15-25% of total
feedstock dry matter which is one of the drawbacks of using
lignocellulosic-biomass materials in fermentation, as it makes
lignocellulose resistant to chemical and biological degradation
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(Demirbas, 2008). It consists of phenylpropane units joined
together by different types of linkages. The polymer is synthesized
by the generation of free radicals, which are released in the
peroxidase-mediated dehydrogenation of three phenyl propionic
alcohols (ligols): trans-p-coniferyl alcohol (guaiacy1 propano1),
trans-p-coumary1 alcohol (p-hydroxypheny1 propano1), and trans-
p-sinapy1 alcohol (syringy1 propano1), derived from p-cinnamic
acid. The final result of this polymerization is a heterogenous
structure whose basic units are linked by C-C and ary1-ether
linkages, with ary1-glycero1 â-ary1 ether being the predominant
structure.

3. Necessity for Pretreatment

Pretreatment process is required to break the lignin structure
and disrupt the crystalline structure of cellulose in lignocellulosic
biomass which enhances the accessibility of acids or enzymes to
hydrolyze into monomers (Harmsen et al., 2010; Brodeur et al.
2011).  This process allows change in the structure of
lignocelluloses through increase in surface area and improved
porosity of biomass which modifies and removes the lignin; partially
polymerizes and removes the hemicelluloses and reduces the
crystallinity of cellulose (Zhang et al., 2009). The pretreatment
processes solely or in combination with other pretreatment
methods can enhance the bio-digestibility of the wastes for biofuel
production, and increase accessibility to the enzymes (Taherzadeh
& Karimi, 2008; Mirahmadi et al., 2010). It results in increase in
digestibility of the difficult biodegradable materials, and improves
the product yield from the wastes. Pretreatment methods can be
divided into different categories: physical (milling and grinding),
physico-chemical (steam explosion, hydrothermolysis, wet
oxidation, etc.), chemical (alkali, dilute acid, oxidizing agents and
organic solvents), biological, electrical, or a combination of these
(Alvira & Tomas-Pejo, 2010; Chiaramonti et al., 2012). The
schematic configuration of pretreatment is shown in the Figure 1.
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Pretreatment is a most expensive process in biomass-to-
fuels conversion.  However,  there is great  potential for
improvement in the efficiency of the process and lowering the
cost through further investigations (Hendriks & Zeeman, 2009).
Recent investigations have clearly proven that there is a direct
correlation between the removal of lignin and hemicelluloses and
the digestibility of cellulose. Theoretically, fractionation of any
biomass species allows to solubilize the major ity of the
hemicelluloses into the solution, and leaves the cellulose fraction
intact (Amidon et al., 2011).

4. Bioethanol Production

Cellulose and hemicellulose, which typically make up two
thirds of cell wall dry matter, are polysaccharides that can be
hydrolyzed to sugars and then fermented to bioethanol. Process
performance, i.e. Bioethanol yield from biomass, is directly related
to cellulose, hemicellulose, and individual sugar concentration in
the feedstock (Karunanithy et al., 2008). Glucose is the primary
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abundant sugar in lignocelluloses which can be easily metabolized
for the production of ethanol. Saccharomyces cerevisiae is the
most famous glucose fermenting yeast with highest ethanol yield
and tolerance. The second most abundant sugar xylose is not
easily fermentable by industrial strains (Olofsson et al., 2008).
There are different specific xylose fermenting yeast such as
Candida shehatae, C. tenuis, C. lyxosophila, C. intermedia,
C. prachuapensis, C. jeffriesii, Pichia segobiensis, P. stipitis,
Scheffersomyces st ipitis,  etc. which has been reported by
different researchers (Lorliam et al., 2013). But the rate of xylose
consumption is reported to be very low in these strains.

The biological process for converting lignocellulose to fuel
ethanol requires: (1) delignification to liberate cellulose and
hemicellulose; (2) depolymerization of carbohydrate polymers to
produce free sugars; and (3) fermentation of mixed hexose and
pentose sugars to produce ethanol (Kumar et al., 2009). Hydrolysis
of these polysaccharides (cellulose and hemicellulose) is usually
accomplished by acid and/or enzymatic treatment. There are
cellulose-hydrolyzing enzymes (i.e. cellulases) which are divided
into three major groups: endoglucanases, cellobiohydrolases
(exoglucanases), and â-glucosidases. The endoglucanases catalyze
random cleavage of internal bonds of the cellulose chain, while
cellobiohydrolases attack the chain ends, releasing cellobiose. â-
glucosidases are only active on cello-oligosaccharides and
cellobiose, and release glucose monomer units from the cellobiose.
There are various enzymes responsible for the degradation of
hemicellulose. In xylan degradation, for instance, endo-1,4-â-
xylanase, â-xylosidase, â-glucuronidase, â-L-arabinofuranosidase
and acetylxylan esterase act on the divergent heteropolymers
available in nature. In glucomannan degradation, â-mannanase,
and â-mannosidase cleave the polymer backbone. The figure
describing enzymatic hydrolysis of cellulose has been shown in
the Figure 2.
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Like cellulose, hemicellulose is also an important source of
fermentable sugar for biorefining applications (Kumar et al., 2008).
The utilization of both cellulose and hemicellulosic sugars like
hexose, pentose etc. present in a typical biomass hydrolysate is
essential for the economical production of ethanol. Therefore,
microorganisms which are able to ferment both glucose and xylose
are required for an efficient bioconversion of biomass to ethanol
production (Han & Chen, 2007; Lu et al., 2007; Hou et al.,
2007). Lignin contains no sugar, and therefore does not undergo
any breakdown. Lignin is therefore a residue in ethanol production,
and it represents a big challenge to convert it into a value-added
product. The schematic configuration of ethanol production has
been shown in the Figure 3.

II 97 II

CHAPTER-5 BIOFUELS FROM LIGNOCELLULOSIC BIOMASS



Fig. 3:  Schematic representation of the ethanol production process from
lignocellulosic biomass.

5. Biobutanol Production

Biobutanol has many better properties than bioethanol when
used as fuel, such as higher octane number, higher energy content,
higher blending rate with gasoline without engine modification,
less corrosive and lower solubility in water (Durre, 2007; Lee et
al., 2008). Therefore, demand on biological butanol production
has increased considerably in recent years which has certain
applications as a solvent for the production of antibiotics, vitamins,
hormones, inorganic synthesis, chemical intermediate, processing
of paint thinner and hydraulic and brake fluids (Lee et al., 2008;
Zheng et al., 2015).

Butanol can be produced either from fossil fuel by chemical
synthesis (as petro-butanol) or from biomass by microbial
fermentation (as biobutanol). However, butanol through chemical
synthesis requires many fossil oil-derived raw mater ials.
Therefore, butanol production through ABE fermentation using
some microbial species has regained much attention recently
(Garcia, 2011; Lehmann & Lutke-Eversloh, 2011; Abd-Alla &
El-Enany, 2012). Butanol is a superior fuel to ethanol and an
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industrial solvent that can be produced from renewable resources
(mentioned above) employing a number of organisms including
Clostridium acetobutylicum and/or Clostridium beijerinckii
which are classified as gram-positive, strictly anaerobic and spore
forming bacteria (Qureshi et al., 2006). Lignocellulosic biomasses
need to be hydrolyzed prior to fermentation using a combination
of pretreatment (acid, alkali, or ammonia explosion) and hydrolysis
(enzymes: cellulase, â-glucosidase, and xylanase) techniques. It
should be noted that in contrast to ethanol production by yeasts;
hexose and pentose sugars obtained as a result of pretreatment
and hydrolysis of these residues can be used by butanol-producing
cultures. Developing co-culture systems and improving cellulolytic
and xylanolytic activities might be alternative approaches to utilize
cellulose and hemicelluloses more effectively. Pretreatment and
hydrolysis are generally performed in two separate reactors due
to different and/or adverse conditions. Following pretreatment
and hydrolysis, fermentation is carried out (Qureshi & Blaschek,
2005; Qureshi et al., 2007).

The high accumulations of butanol in the fermentor have the
inhibition effect on the microbial cell which further inhibits
fermentation process. Therefore, various alternative techniques
to recover butanol from the fermentation broth have been
investigated. These techniques include adsorption, liquid-liquid
extraction, perstraction, pervaporation, reverse osmosis, and gas
stripping. The application of these techniques helps in the use of
a concentrated sugar solution in the fermentor and further
reduction in the butanol inhibition. Butanol inhibition decreases
with the recovery of the product (butanol). Therefore, more
concentration of sugar could be used in the fermentor. Gas
stripping is one of the techniques, which can be used to remove
liquid fuels such as butanol which is simple and does not require
expensive apparatus. Gas can be sparged through the fermentor/
bioreactor and volatile butanol can be condensed and recovered
from the condenser (Qureshi & Blaschek, 2001). The schematic
configuration of butanol production has been shown in the Figure 4.
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Fig. 4: Schematic representation of the butanol production process from
lignocellulosic biomass.

6. Biohydrogen Production

Lignocellulosic waste biomass from forestry, agriculture, and
municipal sources is a potential feedstock for the synthesis of
biofuels like hydrogen (H2), which could replace fossil fuels and
reduce greenhouse gas emissions. The selection of feedstocks is
mainly influenced by the feedstock availability. Moreover, each
feedstock has different characteristics ;(composition and texture)
thus handling of each feedstock in anaerobic digestion process
varies. In addition to the aforementioned feedstock, lignocellulosic
biomass has lately gained more attention as a suitable substrate
for  anaerobic digestion.  Pretreatment methods,  feedstock
composition (lignin, lignocellulose and extractive), particle size,
harvesting season substantially affect the methane production.
The reactor system configurations, amount and type of inoculum,
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pH adjustment, nutrients (macronutrients and micronutrients)
supplementation and digestion duration (ranged from 20 to 150
days) are the operating parameters affecting the performance of
anaerobic digestion (Hallenbeck, 2005; Levin et al., 2007).

Lignocellulosic material can be efficiently utilized during
fermentation processes which require breaking of cellulose and
hemicellulose to their corresponding monomers. This can be done
with several different methods, including mechanical pretreatment
such as grinding, milling, chipping, shredding, extrusion and
combinations of these. Although the complex structures of
lignocellulosic biomasses are not ideal for fermentative hydrogen
production, some pretreatment methods allow this biomass to be
easily used by hydrogen-producing bacteria (Wang et al., 2009;
Wang & Zhao, 2009; Lakaniemi et al., 2011; Nazlina et al., 2011).
Also, some pretreatments such as hot liquid water treatment,
steam explosion, ammonia fiber explosion and carbon dioxide
explosion and chemical methods such as acid hydrolysis, alkaline
hydrolysis, hydrogen peroxide and organosolv process, as well as
biological pretreatment and enzymatic pretreatment have been
used to break the lignin seal and disrupt the crystalline structure
of cellulose,  increase the porosity and surface area of
lignocelluloses (Taniguchi et al., 2005; Hongzhang & Liying, 2007;
Silverstein et al., 2007).

Hydrolysis can be used after pretreatment to increase the
sugar yield from cellulose and hemicellulose. For example, steam
explosion and hydrothermal treatments result in cellulose-rich solid
fraction that can be further hydrolyzed into sugars (Nissila et al.,
2014). Dark fermentative hydrogen production from lignocellulosic
hydrolyzates containing sugars is an appealing method for
renewable energy. Hydrogen production via fermentation involves
either facultative or strict anaerobic bacteria. In anaerobic
digestion, organic carbon is degraded in the absence of oxygen,
into the most reduced state (methane) and the most oxidized
state (carbon dioxide) (Chong et al., 2009). Fig. 5 shows a
schematic diagram of possible hydrogen production route from
lignocellulosic materials.
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7. Biogas Production

Biogas can be produced by anaerobic digestion of
lignocellulosic biomass which includes agricultural wastes, energy
crops, wood residues and municipal paper. These bio-wastes also
contain lignin rendering its anaerobic digestion slow with
conventional digestion methods. As a result these bio-wastes
cannot be directly used for  biogas production.  Another
disadvantage of lignocellulosic substrates for anaerobic digestion
is their poor nutrients content, which is necessary for microbial
growth with a supplementing co-substrate (Nkemka & Murto,
2013). This has to be compensated by co-fermentation to break
the lignin content. Various pretreatment methods can be applied
which includes mechanical/physical, chemical and biological
pretreatment (Sims & Kristen, 2013). The ratio between carbon
and nitrogen (C:N) has an important in biogas production. Ghatak
& Mahanta (2013) also characterized lignocellulosic biomass such
as bamboo dust, sugarcane bagasse, saw dust and rice straw and
found that the C:N ratio of the biomasses varied widely from 32
to 82:1.

Biogas is formed naturally in different natural environments,
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such as swamps, the rumen of ruminants, rice fields, landfills,
and other anaerobic environments. In anaerobic digestion, organic
carbon is degraded in the absence of oxygen, into the most reduced
state (methane) and the most oxidized state (carbon dioxide).
Trace gases such as hydrogen sulfide, nitrogen, ammonia, and
hydrogen are also formed in the same process. The process can
be divided into four phases: hydrolysis, acidogenesis, acetogenesis
and methanogenesis (Fig. 6); in each individual phase, different
groups of facultative or obligatory anaerobic microorganisms work
together. The microorganisms use their substrate for a source of
energy as well as a carbon source for growth (Angelidaki et al.,
2009; Gerardi, 2003).

Fig. 6: Schematic representation of the biogas production process from
lignocellulosic biomass.
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Hydrolysis is the first step in the anaerobic digestion. During
this phase, undissolved compounds, such as polysaccharides,
proteins, and fats get degraded into their monomers, such as
sugars, amino acids, and fatty acids. This is performed by
extracellular  hydrolytic enzymes including cellulases,
hemicellulases, amylases, lipases, and proteases. Many cellulose-
degrading organisms have their enzymes in exoenzymecomplexes,
called cellulosomes. These complexes are attached to the cellular
wall and simultaneously they attach to the substrate for a more
effective degradation (Bayer et al., 2008; Parawira et al., 2008).
In acidogenesis, monomers produced in the hydrolysis phase are
further degraded by fermentative bacteria into short-chain organic
acids, with one to five carbons (valeric acid, butyric acid, propionic
acid, acetic acid, and formic acid), alcohols, hydrogen, ammonia,
and carbon dioxide. The fatty acids longer than two carbon atoms,
alcohols longer than one carbon atom, and branched chained and
aromatic fatty acids are degraded further into acetic acid,
hydrogen, and carbon dioxide in the acetogenic phase. The last
step in the anaerobic digestion is the methanogenesis. The
methanogenic microorganisms, work under strictly anaerobic
conditions. The methanogens mainly use acetate, carbon dioxide,
and hydrogen, but also methylamines, alcohols, and formate for
the production of methane. The methanogens have the longest
generation times (2-25 days) of the microorganisms in the reactor,
which makes this step the most time-limiting step for easily
hydrolyzed materials (Chen et al., 2008).

Conclusions and Future Perspectives

Development of multiple biofuels based biorefinery from
lignocellulose is seen as an important possibility to increase the
efficiency for materials and energy, and reduce the costs of
biomass options to mitigate green house gas emissions. Sugars
released from lignocellulosic biomass by various pretreatment
and hydrolysis steps could be used for biofuels (bioethanol,
biobutanol, biohydrogen and biogas) production based biorefinery
successfully. Although pretreatment systems and the concomitant
release of bio-products from lignocellulose have been greatly
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improved by new technologies, there are still challenges that
need further investigations. These challenges include development
of more efficient pretreatment and production technologies,
bioprospecting and development of stable genetically engineered
microorganisms,  improved gene cloning and sequencing
technologies and enhancement of productions based on economies
of scale for more efficient and cost effective conversions of
lignocellulosic biomass into value-added products.
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Abstract
"We cannot fathom the marvellous complexity of an organic being; but
on the hypothesis here advanced this complexity is much increased.
Each living creature must be looked at as a microcosm--a little
universe, formed of a host of self-propagating organisms, inconceivably
minute and as numerous as the stars in heaven". Charles Darwin

1. Introduction

Planet Earth is four-and-a-half-billion-years-old. Life exists
on it for nearly, 3.8 billion years ago. Life begins from a single
cell, from where the multicellular life evolves giving rise to
complex creatures in the sea and on the land. As time passes,
the great sweeping ages of animals, the amphibians, the dinosaurs,
at last the mammals, each one enduring millions of years,. The
great dynasties of creatures rising, flourishing, dying away - all
this is occurring due to continuous and violent upheaval. Mountain
ranges thrust up, erodd away, cometary impacts, volcanic
eruptions, oceans rising and falling, whole continents moving, an
endless, constant, violent change, colliding and buckling to make
mountains over millions of years.

This is the Earth- Our mother planet, a unique planet, restless
and dynamic where life born, prosperous and flourish-!! Holding
the colours of life in her arms and spreading its rays for our
growth and survival. A long yet amusing journey of a single cell
to the most complicated organism- 'human beings'. The terminology
"cell" needs no more introductions leading to the ultimate creation
on Earth. Human threaten the Mother Nature by damaging
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habitats, producing wastes and as a consequence too many species
diminishes without giving the nature a chance to regenerate.
However, this so called ultimate creation 'Human' and its activities
have made this planet excruciating for survival. In this era of
rejuvenation and invention, the human race have forgotten the
most crucial role played by our mother nature and its creatures
leading to several queries in mind- what will happen if everything
comes to an end? Will life still exist/continue? And so on and so
forth.........

These imperative questions are worthwhile to consider and
the answers lies in it.

Beautifully explained by Michael Crichton -"Earth has
survived everything in its time. Even if all the plants, the
animals are died and the earth remains blistering hot for a
hundred thousand years, life would survive, somewhere: under
the soil, frozen in Arctic ice. Sooner or later, when the planet
was no longer inhospitable, life would spread again" . The
evolutionary process would begin again. It might take a few
billion years for life to regain its present variety. Of course, it
would be very different from what it is now, but the earth would
survive. To this he added-What if the ozone layer gets thinner,
ultraviolet  radiation sears the earth? He says-"Ultraviolet
radiation is good for life. It's powerful energy and it will
bring mutations/changes". Many forms of life will thrive with
more UV radiation while many others will die out. Further he
added-Do you think this is the first time that's happened ? Think
about oxygen!! Necessary for life, but oxygen is actually a
metabolic poison, a corrosive gas, like fluorine. When oxygen
was first produced as a waste product by certain plant cells
some three billion years ago, it created a crisis for all other lives
on earth. Those plants were polluting the environment, exhaling
a lethal gas. Hence, Earth eventually had an atmosphere
incompatible for life. Nevertheless, life on earth took care of
itself. According to the human being a hundred years is a long
time but for earth even a million years are nothing."This planet
lives and breathes on a much wider scale. We can't imagine
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i ts  slow and powerful  rhythms, and we haven't  got the
humbleness to try". We've been residents here for the blink of
an eye. If we're gone tomorrow, the earth will not miss us."

Life originated from single cells archaea and bacteria which
thrive in extreme environmental conditions like- lack of oxygen,
ozone layer, UV radiation, heavy rain, lighting and volcanic
activities. Over a million years of evolution different forms of
living organisms originated and their presence changed the earth
dramatically. These tiny, minuscule life supporters super singly
play the crucial role and helped in establishing a stable atmosphere
and produced enough oxygen that eventually helped in evolution
of different life forms. This new atmospheric condition calmed
the weather and helped other life forms to flourish. This process
is one of the greatest wonders of nature. In due course, they
grew and function in colonies generally referred as microbial
communities. Moreover, they have a huge impact on humans
which is hard to envisage. Humans depends on microbes in many
ways such as - microbes:

 Make air breathable  Keep us healthy

 Provide sources of new drugs  Helps us digest food

 Clean up hazardous chemicals  Support and protect
   crops

Most of the things microbes do for our world could never be
done by a single type of microbe alone, but require a complex
community working together. These communities are like a "bucket
brigade"-each individual does just one part to help the functioning
of whole group. With evolution, microorganisms have developed
effective mechanism that helps them to perform the cellular
functions in response to change of their microenvironment. Once
these survival strategies get implemented they become the perfect
tool for maintaining a balance between nature and mankind.
Microbes, being the pioneer colonizers on earth, underpin all the
life processes and an essential component in biogeochemical
processes and element cycling, maintaining the functioning of the
global ecosystem by physiological and functional diversity.
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Although these tiny bugs are the gifts given to us by our mother
nature and they can do wonders unless their importance are
genuinely considered and implemented. Nonetheless, it's a vast
subject area encompassing several fields but here in this chapter
we emphasize on discussing the "Role of microbes in keeping
our planet clean" although other roles are also discussed briefly.

a) Microbes foster life on earth

The vast majority of microbes, which inhabit in nearly every
corner of Earth, are no threat to human life. Many actually benefit
human health directly by defending us against pathogens, by
providing sources of new drugs, and even by helping us to digest
food. Amazingly, only about 1 out of 10 cells in the human body
is actually a human cell: most of the cells that make up our
bodies are microbes! Is it strange to know!!!! Think about it.

In fact, humans couldn't have evolved without microbes.
Billions of years ago, microbes converted the Earth's entire
atmosphere from nitrogen-based to oxygen-based, making it
possible for larger forms of life to evolve. Human evolution has
been inextricably linked with the microbes that have surrounded
us from the very beginning.

Being a microbiologist, the microbial world is nothing new to
me but it's hard for the layman to understand & be aware of the
facts, figures and the need to utilize these wonder bugs for the
betterment of society & human kind. In 2005, at the National
Institutes of Health lead up to the landmark, Human Microbiome
Project by David Relman, a microbiologist at Stanford, grabed
the attention by quoting  "humans were made up of
communities." By peering deep into what he called "inner
space," scientists discovered that we were never alone: Our
bodies have 10 trillion cells, but we are host to 100 trillion
microbes. "In other words," Relman said, "we are ten parts
microbe, and one part human. We are clearly outnumbered." The
figure has been repeated by researchers in scientific journals,
books, and TED talks. Earlier this year, Judah L. Rosner, a
researcher at the National Institutes of Health, suggests that the
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human gut contains between 30 tr illion and 400 tr illion
microorganisms, whereas the human body has an estimated 37
trillion cells-with a considerable range that goes from 5 to 724
trillion. Based on these approximations, the human body could
have nearly the same number of cells as microbes or, at the
more extreme end; nonhuman cells might outnumber our own
almost 100 to 1. Luckey, a biochemist who spent much of his
career at the University of Missouri, did far more in his unusual
life than set this fact in motion. `He explained that he'd been a
farm boy, an expert milker of rattlesnakes, a doll collector, and
the first scientist ever to demonstrate that farm animals grew
faster when given low doses of antibiotics-a practice that has
since become widespread in agr iculture.  He did some of
extraordinary work which were least mentioned but he predicted
-ten parts microbe, one part man-nonetheless persevered. Peter
Turnbaugh, a microbiologist at the University of California San
Francisco says "The most important thing is that much of what
makes us human-many of important aspects of health and the
predisposition to disease and recovery-depends on metabolic
activity of these microbes."

b) Microbes keeps us 'hale and hearty'

Our interactions with microbes actually do a lot more good
for human health than harm. Some of the microbes living in our
bodies actually help us to fight against pathogens by competing
against them for space. Both of them get mutually benefited by
protecting the humans from diseases at the same time giving the
microbes a place to live. An article was published by the National
Academies-National Academy of Sciences, National Academy
of Engineering, Institute of Medicine and National Research
council for awareness says -'From the moment we were born,
microbes began living in and on our bodies. These early colonizers
helped to "educate" our immune systems to differentiate good
microbial partners from pathogenic microbes'. Many of the foods
we eat would be indigestible without the 10-100 trillion microbes
living within our guts. Microbes also play a major role in creating
many of the foods we love, such as cheese, yogurt and bread.
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Microbes used in food and brewing industries are very well known
and are established processes. Many microbes living within our
intestines actually help us to keep us healthy. Bacteroides
thetaiotaomicron, for example, helps process complex sugars in
our bodies.

Hundreds of drugs available today were derived from
chemicals that were first found in microbes. Scientists can use
the amazing variety of chemicals microbes naturally produce to
create new medicines. Major scientific advances are opening
new doors to explore how microbes can benefit human health
and the environment. The emerging field of metagenomics allows
scientists to study how whole communities of microbes function
without any need to separately culture individual species, thus
making more microbes accessible to science than ever before.

c) Microbes keeps environment clean

Industrialization along with its benefits brought up pollution
issues and environmental awareness.  Its  str ict  rules and
regulations imposed several norms and conditions prior to its safe
disposal. Microbes being the bioremediator, makes the task easier
and safer which otherwise would have not been possible for us
to deal with it. All the conventional processes do come with
some consequences that drastically change the scenario of the
environment. Without microbes, we wouldn't have oxygen to
breathe. Plants aren't the only things that carry out photosynthesis:
photosynthetic microbes are responsible for about half of the
photosynthesis on Earth, simultaneously increasing the amount of
oxygen and decreasing the amount of carbon dioxide in the air.
Through this process, microbes are helping to mitigate some of
the greenhouse gasses that cause global warming. These microbial
processes are often regarded as inexpensive or economic, safe,
efficient and eco-friendly. The ubiquitous nature and their
physiological and metabolic capabilities are unique which helps
them to use this contaminant as a carbon and energy source.

Another aspect is- they reside in the soil providing the plants
with natural protection from pests and diseases. Eventually
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essential for converting nitrogen and other nutrients into more
soluble forms that the plants can utilize for growth. Their
extraordinary and distinctive adaptation strategies makes them
'wonder bugs' that can degrade-and there by render harmless-
chemicals that  are extremely dangerous to humans. These
microbes can help clean up gasoline leaks, oil spills, sewage,
nuclear waste, and many other types of pollution.

Several bioprocesses in recent years have emerged out which
could otherwise poise ecological threats causing carcinogenic,
mutagenic and teratogenic effects to human and environment.
Serious pollutions such as nitro-toluenes, perchlorates, PAH's,
heavy metals, organic pollutants, dyes, oil spill, petroleum
catalysts etc….can be efficiently degraded or utilized by these
microbes. However, several emerging remediation technologies
underlying bioremediations are available and employed worldwide.

Humans aren't the only ones that depend on microbes for
digesting our food, fighting disease, and maintaining a liveable
planet-no plants or animals could live without microbes. A growing
number of researchers are looking at bacteria that can remediate
inorganic substances, especially heavy metals. A special issue
was published in The Scientist magazine entitled 'Today's
Microbiologists Put Microbes to Work in Cleanup' where Derek
Lovley, a senior microbiologist of the United States Geological
Survey in Reston, Va., talks about an anaerobic bacterium that
survives in a high uranium environment. The bacterium oxidizes
the soluble form of uranium into an insoluble form that precipitates
out of solution. Lovley and his co-workers have designed special
bioreactors containing the bacterium to specifically precipitate
and concentrated uranium into a compact solid from contaminated
water and soil. He also confirmed that by using this approach
other radioactive metals, like plutonium and technetium can be
precipitaed. Brian Klubek and David Clark, microbiologists at
Southern Illinois University in Carbondale, showed that by altering
nutrients and temperature conditions, bacterial growth and
metabolism boost up while Clark characterizes the genes that
degrade thiophene--an organic sulfur-containing compound.
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In 2014,  a  new aler t  was published by Science for
Environment Policy by European Commission- 'Some
microorganisms are equipped with enzymes that allow them to
degrade, and even live on chemicals that are found toxic by
other  species.  For  example, many bacter ia  in the genus
Rhodococcus are able to break down polychlorinated biphenyl
(PCB), an industrial chemical and environmental pollutant linked
to cancer in humans. In a process called 'bioremediation', humans
can use these micro-organisms to break down hazardous chemicals
and clean up contaminated environments' says Dellagnezze et
al.(year).

In August 29, 2011, Environment magazine published an article
where they reported that deploying microbes to the purge sites
of contaminants such as PCBs, oil, radioactive waste, gasoline
and mercury appears as a breakthrough in scientific research. It
was Oscar Ruiz, researchers at the Inter American University of
Puerto Rico showed that the transgenic E. coli bacterial strain
(a common lab bacteria) with a gene that produces proteins called
metallothionein and polyphosphate kinase allow the microorganisms
to not only survive in presence of mercury but to remove it from
waste sites. Later on it was published in the journal BMC
Biotechnology.  Kenneth Lee,  a  researcher  with Canada 's
Department of Fisher ies and Oceans who has extensive
experience researching bioremediation of oils spills  says-
"Bioaugmentation in the open environment really isn't effective,"
'microbes that aren't adapted to the environment die quickly, simply
providing more nutrients for the indigenous bacteria to feed on
can help to grow their populations'- also says Terry Hazen, the
head of the Center for Environmental Biotechnology at UC
Berkeley.

31 August 2013, Jen Wiltshire, a Doctorial Research Scientist
in the Department of Microbiology at La Trobe University in an
interview on The Science Show, ABC Radio National spoke about
the microbial processes that could significantly improve
phytoremediation as a technology and established methods to
detect these microbial plant growth promoting activities and
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determine the contribution of each process to the plants metal
uptake ability. March 16th, 2010, Tina Casey wrote an article in
Clean Technica on "Billions of Tiny Bugs Have Green Jobs
Cleaning Up Polluted Sites" saying 90% of all domestically
produced perchlorate are used by US military as a rocket fuel
additive, explosive etc. causing severe pollution as perchlorate is
highly mobile in nature and can enter into groundwater, which
means that cleanup can be extremely difficult and expensive.
They applied a pilot-test plant called 'microbe-based green
remediation system' for perchlorate at a defence industry site in
California.

The Chemical technology news from across RSC published
a new article on 1st July 2010 'Cleaning up organic pollutants' by
Sara Bilmes and colleagues at the University of Bunenos Aires,
developed a material called 'hydrogel-fungi system' that could
help break up organic pollu tants without releasing the
microorganisms. Bilmes also added this system could be tailored
to a wide range of organic pollutants if the right kind of
microorganism is chosen. Recently after 7 years of hard labour
and patience, in 18th, May 2015, the researchers from the NUS
Environmental Research Institute (NERI) and the Singapore
Centre for Environmental Life Sciences Engineering (SCELSE)
at Nanyang Technological University (NTU Singapore) have
discovered that  the untapped natural ability of microbial
communities could be harnessed to treat raw water even before
undergoing treatment. However, the generations of wastes are
not limited for the human beings. We hardly learn any lesson
from our past experiences which were indeed devastating. We
have conceptualized the necessities but haven't customized the
crucial role of the minuscule in making us and our nature safe
and sound for future generation. The xenophobia blinds us to a
more fundamental insight: the health of our environment, and our
bodies, depends on bacterial communities. Indeed, they are
responsible, as ancestors, for our very existence.

2. My Thinking

There is no end if we go on discussing the pros and cons;
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being a civilized animal, we have to have an immediate and
stringent action to protect our mother nature. The roles of
microbes are evitable and incomparable, the only thing which we
need is to choose the right kind of microbes at right place and
exploring their unmatched competence for the fostering the planet
to its original form- "a form where all can equally survive and
prosperous". Their existence, need and significance in the survival
of human life are commendable. The problems might be big but
solutions dwells in a very small thing-'The microbes'. This is the
world of microbe where nothing expire rather regenerates!! Lynn
Margulis and Emily Case have beautifully written -"Humans have
nonetheless found no shortage of ways to foul communities, cause
extinctions, and threaten our own existence in the process. But
bacteria wouldn't miss us. They have run the planet for most of
its history, and our rush to indiscriminately kill them only reveals
our own naïveté. The bacteria, with their complex history and
virtuoso performances in energy and food recycling, will easily
endure our assault. But our own survival depends on a revolution
in human attitudes toward - and ability to learn from - our microbial
ancestors" - Orion Magazine.

The sole motto of writing this chapter was to share some of
the breakthrough scientific research which can really brings
revolution in human thinking that - it would be difficult even to
envisage life without tiny bugs. Although lots of other examples
are available and well known but few things written above can
be consider as major vital problem which the entire world is
facing now-a-days.
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Abstract
Biosurfactants are gaining widespread importance in the industrial
sector owing to their diversified applications and superior surfactant
activ i t ies.  Their compatibi l ity  with the  environment ,  high
biodegradability and low toxicity allow them to be a suitable candidate
in the race for becoming a better surfactant. This literature presents
a short description on the importance of biosurfactants, their
applications in industrial scale, various types available, their
limitations and recent development in technologies to modify them for
their up-gradation and effective utilisation.

1. Introduction

Biosurfactants are surface active substances synthesized by
the living cells to reduce the surface tension between two liquids
or between a liquid and a solid. They are usually organic
compounds and amphiphilic in nature with both hydrophilic and
hydrophobic moieties where their hydrophobic groups are made
up of long aliphatic tails. They show a preferential partition in
the interfaces of the fluid phases owing to their presence of both
the hydrophilic and hydrophobic domain that  a llow the
biosurfactants to acquire different degrees of polarity and
formation of H-bonds (Cameotra and Makkar,1998). They diffuse
in between air and water very easily and are potential substitutes
for various synthetic surfactants used in industrial processes for
wetting, lubrication, fixing dyes, softening, making emulsions,
stabilizing dispersions, foaming, and preventing foaming. They
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also find their application in food, biomedical and pharmaceutical
industries and also in the bioremediation of organic- or inorganic-
contaminated sites (Mulligan and Gibbs,2004).

It is a matter of great importance to achieve dispersion of
colloidal particles to foster their use in cosmetics, pharmaceutical,
paint and ceramic industries. The desired stability of dispersion
depends on the surface chemistry of the particles. Biosurfactants
provide the desired properties to these dispersed media prior to the
tasks like slip casting, gel casting, etc (Mulligan and Gibbs, 2004;
Urum and Turgay, 2004). The problem is the aggregation of colloidal
particles due to strong inter-atomic attractive forces which is
overcome with the addition of biosurfactants that lower this
attraction. A good dispersion is obtained when the particles are
separated from each other in suspension and are stable for long
periods of time.

2. Types of Biosurfactants

Although the biosurfactants can be categorized into non-ionic
or anionic, organic and inorganic, they are specifically grouped as
glycolipids,  phospholipids, polysaccharide-lipid complexes,
lipoproteins-lipopetides, hydroxylated and cross-linked fatty acids.
The best-studied microbial surfactants are glycolipids (Mulligan,
2005; Kitamoto et al., 2009). Among these, the best-known
compounds are rhamnolipids, trehalolipids, sophorolipids and
mannosylerythritol lipids (MELs) which contain mono- or
disaccharides, combined with long-chain aliphatic acids or
hydroxyaliphatic acids.

(a) Mannosylerythritol lipid: This type of glycolipidic biosurfactants
occurs in two forms of MEL-A and MEL-B. Although their
hydrophobic parts contain medium chain fatty acids, these still
exhibit exceptional surface and interfacial tension-lowering actions
and low critical aggregate concentrations (CAC). Recently MEL-
C has been discovered that possesses a different fatty acid profile
compared to MEL-A or -B. MEL-C displays a higher CAC and
hydrophilicity compared to conventional MELs, with excellent
surface-tension lowering activity (Kitamoto et al., 2009).
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Mannosylerythritol lipid

(b) Sophorolipids: Mostly, Candida bombicola is related to the
production of sophorolipids. Although sophorolipids lower the
aqueous surface tension, these are not much effective for
stabilizing oil in water. The modified form of sophoroplipds
possesses hydrophilic-hydrophobic balance. Their derivatives show
a wide range of surface activities such as emulsifying, wetting,
cleaning, and solubilising. Adducts like propyleneglycol shows
excellent hygroscopic activities and is commercialized as a skin
moisturizer and softener in cosmetics (Kitamoto et al., 2009).
Interestingly, these surfactants absorb strongly on alumina but
weakly on silica. They reduce the surface tension of water. These
lipids have an excellent packing property despite their bulky and
complicated structure.

Sophorolipids

II 126 II

CHAPTER-7 IMPORTANCE OF BIOSURFACTANTS FOR INDUSTRIAL APPLICATIONS: A....



(c) Trehalose lipids: Trehalose lipids are chemically stable
compounds with their  surface activit ies not varying with
temperature, pH values and salt concentration. The presence of
carboxyl and hydroxyl groups in the molecule facilitates in desired
surface phenomenon like dispersing and dispersion-stabilizing
activities towards solid particles such as red iron oxide (-Fe2O3),
carbon black and -copper phthalocyanine blue. Currently, "sugar-
based surfactants" such as alky(poly)glycosides and sucrose fatty
acid esters are being manufactured, and play important roles in
the surfactant & detergent industry (Kitamoto et al., 2009). The
industrial preference to these surfactants is due to the fact that
they can be synthesized using renewable resources like glucose
and fatty alcohol.  In addit ion to their  functionality and
environmental compatibility, glycolipid biosurfactants are directly
produced by microbial processes from renewable resources
(Karanth et al., 1999). Thus, they hold great potential for
"environmentally advanced surfactants" as well as sugar-based
surfactants.

Trehalose lipids

(d) Surfactin:  Surfactin refers to a cyclic lipopeptide. These
biosurfactants are known for their exceptional surfactant power,
since it lowers the surface tension of water from 72 to 27 mN/
m at a very low concentration (Kitamoto et al., 2009). This was
discovered about 30 years ago, as a biologically active compound
in the culture broth of the Bacillus subtilis strain (Karanth et al.,
1999; Banat et al., 2000). Due to the rising demands for effective
biosurfactants to deal with various ecological problems, the study
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of this chemical compound has been invoked. The presence of
two charges due to glutamic and aspartic amino acids as part of
its peptide structure imparts extra benefits to its functionality and
biodegradability.

(e). Lichenysin: This lipopeptidic biosurfactant has been isolated
recently from Bacillus licheniformis. Lychenysin A is a mixture
of lipopeptides with the major components ranging between 1006
and 1034 Da. Lichensysin is capable in reducing the surface
tension of water from 72 to 28 mN/m with Critical Micelle
Concentration (CMC) as little as 12 lM (Mulligan, 2005; Kitamoto
et al., 2009). Lichenysin A consists of a heterogeneous lipophilic
chain, represented by one of the 14 C12-C17 linear and branched
b-hydroxy fatty acids linked to a peptide sequence similar to that
of surfactin.

Surfactin

Lichenysin A
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These var ieties of biosurfactants provide them with
widespread applications in specific industrial fields. Their
optimisation and characterization are essential prior to their use.
This would help determine the various physic-chemical properties
of the biosurfactants. In the below tabulation, the types and
methods of characterisations of biosurfactants are lined out.

Table 1: Characterisation of biosurfactants

3. Biosurfactants in Industries

The major use of biosurfactants in industrial sector is the
extraction of oil and its further processing. A further application
comes in breaking emulsions owing to the de-emulsifying property
of the biosurfactants. Bioremediation is a process that aims the
detoxification and degradation of toxic pollutants, through microbial
assimilation or enzymatic transformation, to less toxic compounds.
This process is incorporated with soil washes, in situ flushing and
using biosurfactants as dispersants (Urum and Turgay, 2004).
The solubility factor plays a crucial role in soil washing when
dealing with poorly soluble hazards. Hydrophobic contaminants
generally require detergents or dispersants, both in soil or aquatic
environment,  and the process is often followed by their
biodegradation. Some metals including heavy metals cannot be
degraded and they are just transformed into less toxic forms
(Mulligan et al., 2001; Zouboulis et al., 2003). The microbial
production of biosurfactants leads to the enhancement of potential

Types Method 

Thin-Layer Chromatography Use of chemicals 

Fourier Transform Infrared Spectroscopy Infrared spectral analysis 

Calcein Dye Assay Use of Calcein dye on bacterial culture with glass 
surface 

Crystal Violet Dye Assay Use of Calcein dye on bacterial culture with 
plastic surface 

Nuclear Magnetic Resonance Analysis Use of proton NMR and carbon NMR 
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biodegradable nutrients and the success of microbes in colonizing
a nutrient-restricted environment is often related to their capacity
of producing polymers with high surfactant activity (Banat et al.,
2010).

Dispersion of metal particles like alpha alumina are useful in
numerous applications like anti-static materials, surface coatings,
wall coatings, formation of aqueous pseudoplastic system, etc.
(Manjula et al., 2005). The aqueous dispersion of alpha alumina
particles is obtained from the alpha alumina monohydrate. The
preparation method of alpha alumina monohydrate is immaterial
with respect to their ability to form an aqueous dispersion. One
method consists in homogeneously precipita ting the basic
aluminium sulphate from an aluminium sulphate solution by the in
situ decomposition of an ammonia yielding compound contained
in the solution. After precipitation, a basic solution is added to
convert the basic aluminium sulphate in to the desired alpha
alumina monohydrate. Another procedure is the hydrolysis of
aluminium alcoholates that also yields aluminium monohydrates.
Aluminium alkoxides are hydrolyzed to yield an alcohol-solvent
stream and an alumina-water stream. The alumina-water segment
is then treated to remove organic impurities that might remain in
the stream. These may be completely crystalline or may be a
mixture of crystalline and amorphous materials. The formation of
colloidal dispersion is easily accomplished using alumina of crystal
sizes less than 35Å while alumina with sizes greater than 90Å
give unsatisfactory results. Also, the variations in surface area,
particle size and pore volumes of alumina affect their dispersion
(Manjula et al., 2005).

The settling rate of alumina dispersion varies with the type
and concentration of biosurfactants. Due to the soapy nature of
the dispersant, foaming occurs during stirring. The sedimentation
tests demonstrated that the biosurfactant stabilizes the dispersion
to a very large extent (Manjula et al., 2005). Also, a minimum
amount of dispersant is required to achieve stable dispersion.
Beyond the point of optimum dosage, increase in the concentration
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of dispersant have no significant effects on the dispersion stability.

Chemical dispersants like Darvan, ammonium polycarboxylate
Tiron, dibasic ammonium citrate, albumin, organic dispersants,
citric acid, and ammonium polyacrylate are used in dispersing
alumina quite effectively (Raichur, 2007). Copolymers, polar
organic solvents, polyelectrolytes are also used for the dispersion.
Polyelect rolytes are the most widely used dispersants.
Rhamnolip ids containing biosurfactant has been used in
bioremedia tion treating contaminated soils.  There these
biosurfactants make a complex to remove the heavy metals from
water.  With recent raise in environmental concerns,  new
dispersants are being developed which are biodegradable as well
as meets the environmental regulations (Mulligan, 2005). Any
ideal dispersant will be able to carry out degradation naturally
without yielding any harmful by-products.

4. Limitations of using Biosurfactants

Biosurfactants have become the backbone of var ious
industries owing to their delivery of several benefits. However,
there are still some aspects that are to be considered like their
production costs which are quite high for  task specific
biosurfactants. Problems related to safety and yields are also a
major concern (Langer et al., 2006). The use of biosurfactant
also affects the immune system. The producer organism can be
a pathogen and may give rise to several diseases. The ambient
conditions for proper functioning of biosurfactants are not universal
and vary with respect to the system (Pradhan et al., 2014). The
different conditions for the production of biosurfactants cause
them to produce different yields and their applications vary
accordingly. The carbon source and the water-immiscible
substrates give in for an induced biosurfactant production. Even
the nitrogen content affects its production. Studies have showed
that limiting the nitrogen concentration not only alleviated the
production yield but also changed the composition of bio
surfactants for the better efficacy. Ammonium is more preferred
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to nitrogen now a days; even using urea results in the production
of a good biosurfactants (Cameotra and Makkar, 1998). Large
scale production is achieved by fermentation that improves the
efficiency of the biosurfactants and overcomes most of the
economic limitations.

Conclusions

According to a recent data, global biosurfactant market was
worth USD 1.7 billion in 2011 and it is expected to reach USD
2.2 billion in 2018, based on a growth rate of 3.5% per annum.
The global biosurfactant market volume is expected to reach
476,512.2 tons by 2018, due to increasing demand from the Asia,
Africa and Latin America, which should account for 21% of it.
The production of biosurfactants is linked to several regulatory
factors that respond to environmental inputs such as population
density, nutrient availability and diverse stresses. They enhance
biodegradation by influencing the bioavailability of the contaminant.
Their biodegradability and low toxicity make them very attractive
resources for industrial applications. The development of more
sophisticated genetically modified microorganisms producing
required biosurfactants is  hoped to solve or  lessen their
drawbacks. New techniques are to be employed with innovative
ideas to make these biosurfactants available for common use.

References
Cameotra, S. S., and R. S. Makkar. "Synthesis of biosurfactants

in extreme conditions." Applied Microbiology and
Biotechnology 50.5 (1998): 520-529.

Mulligan, Catherine N., and BERNARD F. Gibbs. "Types, production
and applications of biosurfactants." Proceedings-Indian
National Science Academy Part B 70.1 (2004): 31-56.

Urum, Kingsley,  and Turgay Pekdemir.  "Evaluation of
biosurfactants for crude oil contaminated soil washing."
Chemosphere 57.9 (2004): 1139-1150.

Mulligan, Cather ine N. "Environmental applications for
biosurfactants."Environmental pollution 133.2 (2005): 183-198.

II 132 II

CHAPTER-7 IMPORTANCE OF BIOSURFACTANTS FOR INDUSTRIAL APPLICATIONS: A....



Kitamoto, Dai, et al. "Self-assembling properties of glycolipid
biosurfactants and their potential applications." Current
Opinion in Colloid & Interface Science 14.5 (2009): 315-
328.

Karanth, N. G. K., P. G. Deo, and N. K. Veenanadig. "Microbial
production of biosurfactants and their importance." Current
Science 77.1 (1999): 116-126.

Banat, Ibrahim M., Ravinder S. Makkar, and S. S. Cameotra. "Potential
commercial applications of microbial surfactants." Applied
Microbiology and Biotechnology 53.5 (2000): 495-508.

Mulligan, Catherine N., Raymond N. Yong, and Bernard F. Gibbs.
"Heavy metal removal from sediments by biosurfactants."
Journal of Hazardous Materials 85.1 (2001): 111-125.

Zouboulis, A. I., et al. "The use of biosurfactants in flotation:
application for the removal of metal ions." Minerals
Engineering 16.11 (2003): 1231-1236.

Banat, Ibrahim M., et al. "Microbial biosurfactants production,
applications and future potential." Applied Microbiology and
Biotechnology 87.2 (2010): 427-444.

Manjula, S., et al. "A sedimentation study to optimize the dispersion
of alumina nanoparticles in water." Cerâmica 51.318 (2005):
121-127.

Raichur, Ashok M. "Dispersion of colloidal alumina using a
rhamnolipid biosurfactant." Journal of Dispersion Science
and Technology 28.8 (2007): 1272-1277.

Langer, Olaf, et al. "Production and modification of bioactive
biosurfactants." Process Biochemistry 41.10 (2006): 2138-
2145.

Pradhan, Sukla, et al. "Inhibition of pathogenic bacterial biofilm by
biosurfactants produced by Lysinibacillus fusiformis S9."
Bioprocess and Biosystems Engineering 37.2 (2014): 139-149.



II 133 II

CHAPTER-7 IMPORTANCE OF BIOSURFACTANTS FOR INDUSTRIAL APPLICATIONS: A....



WETLANDS FOR REHABILITATION OF
METAL MINE WASTES

Gobinda Nanda Pujari
Institute for Applied Environmental Biotechnology  Innovation (IAEBI)

Bhubaneswar, Pin-751016, Odisha, India
*Corresponding Author: gnpujari@gmail.com

Abstract
Wastes from mining activities generally contain high concentrations of
heavy metals which is toxic to natural ecosystem as they bioaccumulate.
Reclamation methods to treat these wastes include the use of wetlands,
for revegetation of mine tailings under flooded conditions and for the
treatment of tailings water. Both natural and constructed wetlands
are frequently employed for the treatment of mine wastes. The metal
removal mechanisms in wetland waters are adsorption to fine grained
sediments and organic matters, precipitation as insoluble salts and
adsorption and induced changes by plants and bacteria. Through a
complex array of plant, soil and microbial interactions, contaminants,
such as heavy metals and sulfates, can be successfully removed from
wastewater. Suitable vegetation can stabilize the tailings sediment,
thereby preventing it from being dust-blown or leached into the
surrounding environment. A review of acid-mine drainage and their
treatment using both natural and constructed wetland has been
discussed in this chapter.

1. Introduction

Wetlands are defined as having (1) a water table above or
at the soil surface for a significant proportion of the year, which
is a determining factor in their make-up of the ecosystem, (2) an
emergent vegetation character ist ic of wet biotopes (often
containing a large proportion of helophytes), and (3) a soil
characteristic of wet biotopes (anoxic, chemically reduced) (Mitch
and Gosselink, 1986).
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Wetlands are attractive as an endpoint in the rehabilitation
of mine wastes, such as tailings and tailings water, for two
reasons. First, pollutants originating from mining activities, such
as metals and sulphur, are relatively immobile when present under
waterlogged conditions (Gambrell, 1994). Second, pollutants are
retained by the wetlands from water passing through it (Hammer,
1989; Keita et al., 2009). Both characteristics are largely due to
the same process. Permanently waterlogged wetland soils are
generally anaerobic, because of the relatively low diffusion rate
of oxygen through water compared to air. Constructed wetland
have been used successfully to improve the quality of
contaminated waters and waste waters for at least two decades
and half (Murray-Gulde et al., 2005a; Maine et al., 2009; Zhang
et al., 2010) while 'natural volunteer' wetland have been improving
water over million of years.

Some macrophytes have accumulator phenotypes for one or
several metals (Kamal et al., 2004). These plants can accumulate
metals in concentrations 100,000 times greater than the associated
water, and therefore have been used for metal removal from a
var iety of sources (Mishra and Tripathy,  2008).
Hyperaccumulators can tolerate, take up and translocate high
levels of certain metals. They are defined as plants that complete
their life cycle with foliar metal concentrations exceeding (mgL1

Dry Weight) Cd>100, Ni and Cu>1000 and Mn>10,000 (Zavoda
et al., 2001). However most of works on metal hyperaccumulators
has been done on dryland plants. To date no emergent wetland
plants have been identified as hyperaccumulators. Only submerged
elodeids wetland plant like Hydrilla verticillata which is invasive
and distributed widely in Europe, Asia, Australia, New Zealand,
the Pacific islands, Africa, South and North America shows faster
growth and potential to accumulate various metals (Lee et al,
1991 and Gupta et al., 1998). Wetland plants provide organic
matter needed to perpetuate the biogeochemical processes in the
substrate through die-back, and to provide organic compounds
via exudation from the roots (Jenssen et al., 1993). Thus the
functions of macrophytes include production of organic matter,
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pollution uptake and bioengineering of the rhizosphere, e.g.
maintenance of habitats for micro-organisms.

Micro-organisms present in wetland soils respire using
terminal electron acceptors other than oxygen. For example, many
members of Protobacteria utilize nitrate (NO3-) as terminal
electron accepter in denitrification process. Nitrate, like oxygen,
has a high reduction potential. This process is widespread in
nature. Many denitrifying bacteria can also use ferric iron (Fe3+)
and different organic electron accepters. Sulfate reduction uses
sulfate (SO2

-4) as the electron accepter, producing hydrogen
sulfide (H2S) as a metabolic end product. Sulfate reduction
requires the use of electron donors, such as carbon compound
lactate and pyruvate (organotrophic reducers), or hydrogen gas
(lithotropic reducers). Some unusual species use phosphate (HPO3-)
as electron donor. Others such as certain Desulfovibrio species,
are capable of sulphur disproportionation (splitting one compound
into an electron donor and electron accepter) using elemental
sulfur (S0), sulfite (SO3

-2), and thiosulfate (S2O3
2-) to produce

both hydrogen sulfide (H2S) and sulphate (SO2-). Ferric iron
(Fe3

+) is a widespread anaerobic terminal electron accepter used
by both autotrophic and heterotrophic organisms. Electron flow
in these organisms is similar to those in electron transport, ending
in oxygen or nitrate, except that in ferric iron-reducing organisms
the final enzyme in this system is a ferric iron reductase. Since
some ferric iron-reducing bacteria (e.g. G. metallireducens) can
use toxic hydrocarbons (e.g. toluene) as a carbon source, there
is significant interest in using these organisms as bioremediation
agent in ferric iron contaminated aquifers. Other inorganic electron
accepters include the reduction of Manganic ion (Mn4

+) to
manganous (Mn2

+), Selenate (SeO4
2-) to selenite (SeO3

2-) to
selenium (Se), Arsenate (AsO4

3-) to arsenite (AsO3
3-), and Uranyl

(UO2
2+) to uranium dioxide (UO2). The formation of highly

insoluble sulphide from soluble sulfate in particular is important.
Not only does that process lead to the precipitation of sulphur,
but also co-precipitation of metals, including iron, zinc, lead and
cadmium. Once metal sulphides have precipitated, they are stable
and insoluble provided the soil remains anaerobic (McIntire and
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Edenborn 1990; Dvorak et al., 1992). Wetlands can therefore be
used in several aspects of rehabilitation of mine wastes. First,
mine tailings can be rehabilitated under wetland conditions, using
wetland plants, and second, the quality of water originating from
mining operations can be improved by passing it through wetlands,
whether they are naturally-occurring or constructed specifically
for  that purpose (Hammer, 1989).Wetland soil processes,
interactions with the vegetation, and the application of wetlands
for the rehabilitation of metal mine tailings are among the subjects
discussed in this chapter.

Wetland vegetation has been successfully established on mine
tailings (Nawrot, 1994; Beckett et al., 1997). Characteristically,
mine tailings have a low nutrient content and high concentrations
of potentially toxic metals and sulphur compounds, both of which
can be problematic for the successful establishment of plants.
Nutrient supply to the plants can be improved by adding fertilizer.
Alternatively, plants that have low nutrient requirements can be
used. The latter solution is more attractive as it reduces the cost
of the reclamation process. In addition, plants that are used for
rehabilitation purposes can survive higher metal concentrations
than plants that are not accustomed to such conditions.

Beining and Otte (1996) observed that the amphibious
floating sweetgrass (Glyceria fluitans) was growing very well
on tailings in a pond near the abandoned lead-zinc mine at
Glendalough, Co. Wicklow, Ireland. This was the first time that
this species was reported to grow under such conditions and a
study was initiated to investigate whether the species was suitable
for revegetation purposes (McCabe, 1998).

In a short-term (five weeks) greenhouse experiment and a
longer term (fourteen months) field experiment, G. fluitans (R.
Br.) from a metal-contaminated site (Glendalough tailings pond)
and a non-metal contaminated site (Lough Dan) grew equally
well on metal mine tailings from Glendalough under flooded
conditions (McCabe and Otte, 1997). However, growth of both
populations was significantly reduced under non-flooded conditions
compared to flooded conditions.
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Glyceria fluitans from Lough Dan also grew successfully
on lead-zinc tailings from the active tailings pond at Outokumpu
Zinc-Tara Mines in an outdoor microcosm experiment in Ireland.
Findings of the short-term (five weeks) experiment (McCabe
and Otte, 1997) suggested that treatment of G. fluitans with
NPK fertilizer was of no measurable benefit to the plants.
However, the long-term (thirteen months) experiment indicated
that treatment of tailings with NPK fertilizer (700kg ha-1)
significantly improved growth and biomass production of G.
fluitans. It appears that growth of G. fluitans responds slowly
(after a period of three-four months) to treatment with fertilizer.

The minimal fertilizer requirements of G. fluitans and the
ability to grow vigorously on mine tailings of elevated metal
concentrations (220-360mmol g-1 Zn; 10-120mmol g-1 Pb; 310-
410mmol g-1  Fe) favor the use of this wetland plant for
revegetation purposes. It is essential, however, that a cover of
standing water is maintained over the tailings in order to ensure
that G. fluitans is continually grown under flooded conditions.

2. Filtering of Metals from Contaminated Water Passing
through a 'Volunteer' Wetland

Wetlands can also be used for quality improvement of
contaminated water (Brix and Schierup, 1989; Hammer, 1989).
Biogeochemical and physical processes, as well as uptake by
plants, lead to reduced concentrations of contaminants, including
nitrogen, phosphorus and metals, as the water passes through the
wetlands. Naturally occurring, so-called 'volunteer' wetlands, as
well as constructed wetlands, can be used for the treatment of
polluted water. Many studies have shown the effectiveness of
such systems in reducing concentrations of contaminants in water
(Walski, 1993). For example, in Glendalough, Co. Wicklow, a
marsh adjacent to an abandoned lead-zinc mine, which had its
peak activity during the 1880s and finally closed in the 1950s,
still receives metal contaminated water. This water, having passed
through the marsh, enters the Upper Lake.
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3. Sulfate Retention by a Constructed Wetland
Retention of substances in wetlands, including metals and

sulphur, from water passing through them is accommodated by
the physico-chemical characteristics of the wetland components
(Dvorak et al.,  1992). In theory, the prevailing anaerobic,
chemically-reduced conditions in wetland soils lead to the reduction
of sulfate to sulphide, which may precipitate with metals to form
insoluble metal sulphides, or may evolve as hydrogen sulphide.
Therefore, levels of sulfate and metals tend to be reduced in
water after passage through wetlands. These processes are
mediated by interactions between micro-organisms, soil and plants
(Hammack and Hedin, 1991; Ledin and Pederson, 1996; Roane
et al., 1996).

The design of wetland for treatment of the sulfate-rich tailings
water originating from Outukumpu Zinc-Tara Mines Ltd, Meath,
Ireland is described in this chapter. Typically the untreated tailing
water contains 300-2200mg SO4

2- L-1, compared to background
levels of 70mg SO4

2- L-1 in the nearby Yellow River (Knight
Piesold, 1996). The two separate systems each comprise of a
pond receiving untreated ta i lings water  (P1),  a  wetland
compartment (W) and a pond containing treated (i.e. after passage
through the wetland compartment) water (P2) (Fig.1). All three
compartments in each system measure 4m×4m×1m (l×w×d) with
a 30° slope in each. Header tank 1 (HT1) receives water pumped
from the interceptor ditch, while HT2 receives run-off from a
vegetated tailings pond (Fig. 1).

The wetland compartment of each system is filled with
approximately 50cm depth of a mixture of Spent Mushroom
Compost (25%) and fine grit (75%). This mixture was chosen
because pilot experiments had shown that it combined good
permeability with optimal growth of plants. Mushroom compost
is also regarded as one of the best organic substrates for sulfate-
reducing micro-organisms (Ledin and Pederson, 1996). At the
bottom of the inflow and outflow ponds in each system, a layer
of about 25cm of a 1:6 mixture of Spent Mushroom Compost and
fine grit was deposited to provide a substrate for the invertebrate
species that spontaneously inhabit the systems.
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The planting density chosen was based on similar research
on constructed wetlands (Szczepanska and Szczepanska, 1982;
Kadlec and Alvord, 1989). The wetland compartments of each
system were planted with Typha latifolia (four plants per m2)
and Phragmites australis (nine plants per m2). Glyceria fluitans
(seven plants per m2) was added a year later. Flow rates were
set at 300-500mL min-1. These rates were adapted to fit the size
of the systems based on the values given for other operational
systems as described by Crites (1994).

Parameters measured were volunteer species (invaders),
pH, redox potential, conductivity and sulfate concentrations in
water. The plant species introduced to the systems-Phragmites
australis, Typha latifolia and Glyceria fluitans-were rapidly
established. Some P. australis flowered, but T. latifolia was
particularly successful, growing to 164cm tall in some cases and
with at  least  ten inflorescences in each of the wetland
compartments.

The pH of the water passing through the systems remained
in the neutral to alkaline range, with values varying from 6.8 to
9.1. Observations of redox potential indicated that the wetland
soil environment is chemically reduced, with values generally
lower than 100mV. Average concentrations of sulphate varied
between 1300mg L-1 in the interceptor ditch in September, 1998
and 250mg L-1 in the outflow in November 1998.
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Fig. 1. Design of the experimental set-up at the Randalstown
tailings facility of Outukumpu Zinc-Tara Mines Ltd, Co. Meath.
MV, manual valve; OV, overflow. Waterproof baffles in each
wetland compartment serve to increase the flow path of the
water, thereby increasing the potential for sulfate retention.

The data illustrate that between the interceptor ditch and
the outflow, sulfate concentrations were reduced by 64% in
September, 14% in October, and 62% in November of 1998.
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1. Introduction

Lignocellulosic wastes (LW) are plant biomass origin; bio-
chemically these are composed of cellulose, hemicellulose, and
lignin. The plant biomass based LW are generated from wood
residues (including sawdust and paper mill discards), grasses,
waste paper, agricultural residues (including straw, peelings, cobs,
stalks, nutshells, non food seeds, bagasse), domestic wastes
(lignocellulose garbage and sewage), food industry residues,
municipal solid wastes and the like (Qi et al., 2005; Roig et al.,
2006; Rodríguez et al., 2008). The lignocellulosic biomass wastes
represent the largest renewable reservoir of potentially fermentable
carbohydrates on earth which are mostly generated during pre-
harvest and post-harvest agricultural losses and wastes in food
processing industries (Mtui and Nakamura, 2005). Due to the
abundance and renewability potential of lignocellulosic wastes it
draw attention for their exploitation in the production and recovery
of many value-added products (Das and Singh, 2004; Foyle et al.,
2007). The prominent value added products recovered from LW
include enzymes, reducing sugars, furfural, ethanol, protein and
amino acids, carbohydrates, lipids, organic acids, phenols, activated
carbon, degradable plastic composites, cosmetics, bio-sorbent,
resins, medicines, foods and feeds, methane, bio-pesticides, bio-

II 145 II

CHAPTER-9 PRETREATMENT: AN INEVITABLE STEP FOR UTILIZATION OF...



promoters, secondary metabolites, surfactants, fertilizer and other
miscellaneous products (Tengerdy and Szakacs, 2003; Mtui, 2007;
Swain and Ray, 2007; Demirbas, 2008; Swain and Ray, 2008).

Recently biofuel is gaining momentum as an alternative to
conventional petroleum fuel. Large scale biofuel production started
with the first generation biofuels i.e. fuel production from food
crops. For example ethanol production from sugarcane in Brazil,
corn ethanol in US and palm oil biodiesel in Malaysia were popular
biofuels. Though the first generation biofuels could reduce the
greenhouse gas emissions and was beneficial in energy balance,
st ill some drawbacks were observed.  The most important
hindrance to the first generation biofuel was food security, as it
was a competitor with food crops. Hence the focus of biofuel
production shifted to second generation biofuels, known as
advanced biofuels. The second generation biofuel does not depend
on agricultural/horticultural crops rather depends on lignocellulosic
biomass, woody crops, agricultural and horticultural residues etc.
regarded as waste. However the large scale production of biofuel
is becoming a threat for food security in society. The existing
techniques used for bioconversion of LW to value added products
has long been considered to be very expensive. But recent
increase in grain prices have influenceding the biofuel producing
industries to utilize LW instead of food grains for production of
biofuel. As a consequence the production of second generation
bio-products such as biofuels from LW will reduce influx of food
grains for biofuel production. Technologies that will allow cost
effective conversion of biomass into fuels and chemicals consider
economy of scale, low-cost pretreatment systems and highly
effective and efficient biocatalysts (Schneider and McCar, 2003;
Gray et al., 2006).This chapter represents the recent developments
in LW pretreatment, value addit ion and techno-economic
considerations.

2. Pretreatment Technologies for Lignocellulosic Wastes

Pretreatment of LW is the most essential and major steps in
bioconversion process for development of value added products.
Because, the lignocellulose present in LW chemically consist of
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cross linking linked between the polysaccharides (cellulose and
hemicellulose) and the lignin via ester and ether linkages, form
strong bonds and thus they create barr ier  for  enzymatic
degradation (Xiao et al., 2007). Cellulose, hemicellulose and lignin
are organized into micro fibrils that provide structural stability to
the plant cell (Rubin,  2008). The main objective for any
pretreatment process is to alter or remove structural and
compositional impediments by hydrolysis and subsequent
degradation processes in order to enhance digestibility, improve
the rate of enzyme hydrolysis and increase yields of intended
products (Mosier et al., 2005; Hendriks and Zeeman, 2009). These
pretreatment processes cause mechanical, physical chemical or
biological alterations in the plant biomass in order to achieve the
desired products.

2.1 Mechanical Pretreatment

Mechanically based pretreatment technologies are aimed at
reducing the size of LW to facilitate subsequent treatments.
Reduction of biomass size below ~20 sieves shows the best
mechanical performance (de Sousa et al., 2004). Mechanical
pretreatment technologies increase the digestibility of cellulose
and hemicellulose in the lignocellulosic biomass. The use of
mechanical chopping (de Sousa et al., 2004); hammer milling
(Mani et al., 2004); grind milling (Mtui and Nakamura, 2005); roll
milling (Qi et al., 2005); vibratory milling (Guerra et al., 2006)
and ball milling (Inoue et al., 2008) have been adopted as low
cost pretreatment strategies. The mechanically treated pulverized
LW materials (corn stover, barley straw, sugar cane baggage,
wheat straw, wood waste and municipal solid waste) have
increased surface area and further these are effectively processed
by physicochemical and biochemical pretreatments routes. The
mechanicallly pretreatment improves the cellulose and hemi-
cellulose enzymatic digestibility with lower enzyme loads.
Mechanical pretreatment also result into substantial lignin de-
polymerization via the cleavage of uncondensed-aryl ether linkages
(Inoeu et al., 2008). Solubility and fermentation efficiency of the
natural lignocellulosic residues is also substantially improved by
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mechano-physicochemical pretreatment, leading to value-added
utilization of these residues (Qi et al., 2005). However the need
for high capital investment for mechanical pretreatment setup
makes it difficult for medium and small enterprises.

2.2 Physical Pretreatment

Thermal pretreatment and radiation exposure are the most
successful physical treatments steps in the processing of LW.
Thermogravimetric treatment of wood waste under both inert
and oxidant atmospheres from room temperature up to 1100 K
leads to dehydration and decomposition of hemicellulose, cellulose
and lignin (Lapuerta et al., 2004). On the other hand, pyrolysis
of nutshells, straws, sawdust and municipal solid wastes at
temperatures of 600 - 1200 K results in to yields of char, liquid
and gaseous products of up to 55% of the original LW (Demirbas,
2002; Bonelli, 2003; Álvarez et al., 2005; Phan et al., 2008).
Irradiation can cause significant breakdown of the structure of
LW. Microwave irradiation at a power of up to 700 W at various
exposure times resulted to weight loss due to degradation of
cellulose, hemicellulose and lignin, and the degradation rates are
significantly enhanced by the presence of alkali (Zhu et al., 2005,
2006). Also it has been reported that, the gamma radiation cause
significant breakdown of the structure in the powdered (140 mesh)
wheat straw, leading to weight loss and glucose yield of 13.40%
at 500 kGy (Yang et al., 2008). Although the process is proved
successful environmental issues raised during the scaling up of
the thermal pretreatment is a matter of concern.

2.3 Physicochemical Pretreatment

Hemicellulose dissolution and alteration in lignin structure
induced by the combined effor t of chemical and physical
pretreatment systems providing an improved accessibility for the
cellulose for hydrolytic enzymes (Hendriks and Zeeman, 2009).
The most successful physicochemical pretreatments include
thermochemical treatments such as steam explosion or (steam
disruption), liquid hot water (LHW), ammonia fiber explosion
(AFEX) and CO2 explosion (Sun and Cheng, 2002). In these
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processes, chipped biomass is treated with high-pressure saturated
steam, liquid ammonia or CO2 and then the pressure is swiftly
reduced,  making the mater ia ls to undergo an explosive
decompression. Steam explosion is typically initiated at a
temperature of 160 - 260°C (corresponding pressure of 0.69 -
4.83 MPa) for several seconds to a few minutes before the
material is exposed to atmospheric pressure. The processes favors
degradation of hemicellulose and lignin transformation due to high
temperature, thus it enhance the pace of cellulose hydrolysis.
Supplement of H2SO4 (or SO2) or CO2 in steam explosion of LW
can effectively improve enzymatic hydrolysis, decreasinge the
production of inhibitory compounds, and lead to more complete
liquefaction of hemicellulose, glucan, xylan, mannan, galactan,
and arabinan (Jeoh and Agblevor, 2001; Sun and Cheng, 2002).
Such pretreatments also lead to higher digestion efficiencies during
production of monosaccharides, oligosaccharides, lactic acid,
antibacterial violet pigments and methane gas (Asada et al., 2005;
Wang and Chen, 2007; Öhgren et al., 2007)). Wet oxidation
pretreatment at 200 - 210°C in the presence of alkali or Na2CO3
leads to LW solubilization and better enzymatic convertibility to
value-added products (Lissens et al., 2004; Martín et al., 2008).
Liquid hot water (LHW) pretreatment utilizes pressurized hot
water at pressure less than 5 MPpa and temperature range of
170 - 230°C for several minutes followed by decompression up
to atmospheric pressure. Bagasse, corn stalk and straws of wheat,
rice and barley pretreated by LHW have been reported to effect
80 - 100% hemicellulose hydrolysis, resulting to 45-65% of xylose
release (Sun and Cheng, 2002; Sánchez and Cardona, 2008). On
the other hand, in AFEX treatment, the dosage of liquid ammonia
ranging from 1-2 kg ammonia/kg dry biomass, temperature 90°C,
and residence time of 30 min can significantly improve the
saccharification rates (Thomsen and Belinda, 2007). On CO2
explosion, 75% of the theoretical glucose released during 24 h of
the enzymatic hydrolysis has been reported (Sun and Cheng,
2002). Ethanol yield of up to 83% of the theoretical value has
been obtained when LW were subjected to physicochemical
treatment (Jeoh and Agblevor, 2001).
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2.4 Chemical Pretreatment

Various chemicals reagents such as oxidizing agents, alkali,
acids and salts can be used to degrade lignin, hemicellulose and
cellulose from LW. Use of powerful oxidizing agents such as
ozone and H2O2 have been reported to effectively removed lignin.
Also they do not produce toxic residues for the downstream
processes; and the reactions need only ambient temperature and
pressure (Sun and Cheng, 2002). Alkali (NaOH, Ca(OH)2, NaOH-
urea, Na2CO3) hydrolyses of rice straw (Carrillo et al., 2005);
spruce wood waste (Zhao et al., 2007); sugarcane, cassava and
peanuts wastes (Thomsen and Belinda, 2007); corn cob (Torre et
al., 2008); organic fraction of municipal solid waste (Torres and
Lloréns, 2008) have been investigated. When these pretreatments
are performed by using 0.5 - 2 M alkali at 120 - 200°C, they
substantially facilitate saccharification and improve enzymatic
hydrolysis of LW. Dilute and concentrated acids at high
temperature are suited for hydrolysis of LW. Studies by del
Campo et al. (2006) and Karimi et al. (2006) have established
that 0.5% H2SO4 is optimal for treatment of wastes from
vegetables and rice straw, respectively. More concentrated H2SO4
(up to 2.5 M) has been shown to be able not only to hydrolyse
cellulose and hemicellulose, but also in separating lignin and other
organic components from LW (Alma and Acemioglu, 2004;
Okafoagu and Nzelibe, 2006; Rahman et al., 2007). SO2 and fly
ash in flare gas; HNO3, HCl and polyhydric alcohol in the presence
of sulfuric acid are also useful in LW pretreatment (Herrera et
al., 2004; Hassan and Shukry, 2008): Recent studies have shown
that when acids are combined with alkali, they play a more
effective role in LW pretreatment than acids and alkalis alone
(Damisa et al., 2008). Organic acids such as oxalic, acetylsalicylic
and salicylic acid can be used as catalysts in the organosolv
process whereby an organic or aqueous organic solvent mixture
with inorganic acids (HCI or H2SO4) are used to break the internal
lignin and hemicellulose bonds. The organic solvents used in the
process include methanol, ethanol, acetone, ethylene glycol,
triethylene glycol and tetrahydrofurfuryl alcohol (Sun and Cheng,
2002). The use of a dicarboxylic acid catalyst, maleic acid, for
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hemicellulose hydrolysis in corn stover overcomes the technical
and economic hurdle of hemicellulose hydrolysis (Lu and Mosier,
2007). Excessive use of acids and hazardous chemical reagents
makes the process more complicated as exposure to chemical
reagents have ill effects on the workers as well as on the
environment.

In addition to the description of each pre-treatment methods,
the advantages and dis-advantages of each method will help readers
conclude the better treatment method.

2.5 Ionic liquids as a Tool for Lignocellulosic Biomass
Fractionation

Lignocellulosic biomass is highly recalcitrant and various
pretreatment techniques are needed to facilitate its conversion to
value added products. Ionic liquids (ILs) are of interest in
pretreatment because of their potential to dissolve lignocellulosic
materials including crystalline cellulose (John et al., 2014).
Deconstruction and fractionation of lignocellulosic biomass, in
ionic liquids focuses on the solubility of lignocellulosic biomass
along with the other biopolymers present within it (Brandt,
Agnieszka et al., 2013).

The deconstruction of the lignocellulosic biomass makes these
fractions susceptible for easier transformation to large number of
commodities including energy, chemicals and material within the
concept of bio refinery. Generally, the biomass pre-treatment
depends on the final goal in the biomass processing. The
recalcitrance of lignocellulose materials is the main limitation in
their processing. Furthermore, none of the currently known
processes is highly selective and efficient for the satisfactory
and versatile use,  thus, there is inevitable need for  new
methodologies. The ionic liquid technology on biomass processing
is relatively recent and first studies were focused on the
lignocellulosic biomass dissolution in different ionic liquids (ILs).
The dissolution in IL drives to the structural changes in the
regenerated biomass by reduction of cellulose crystallinity and
lignin content contrasting to the original biomass. These findings

II 151 II

CHAPTER-9 PRETREATMENT: AN INEVITABLE STEP FOR UTILIZATION OF...



provided ILs as tools to perform biomass pre-treatment and the
advantageous use of their specific properties over the conventional
pre-treatment processes. (da Costa Lopes, 2013).

2.6 Biological Pretreatment

Biological treatment refers to the use of microorganisms or
enzymes derived from microbes in pretreatment of LW. A wide
range of microbes belong to fungi and bacteria have been used
for pretreatment of LW. Biological pretreatment is considered as
"green technology" as it does not have any harmful effects on
the environment and has no toxic emission. Fungal pretreatment
of agro-industrial residues is a new method for improvement of
digestibility (Sinegani et al., 2005). White-, brown- and soft-rot
fungi are used to degrade lignin and hemicellulose in waste
materials whereby brown rots mainly attack cellulose, while white
and soft rots attack both cellulose and lignin. White-rot fungi are
the most effective basidiomycetes for biological pretreatment of
lignocellulosic materials (Sun and Cheng, 2002). Recent studies
have shown that Aspergillus terreus (Emtiazi et al., 2001);
Trichoderma spp (Pérez et al., 2002); Cyathus stercoreus (Keller
et al., 2003); Lentinus squarrosulus (Shide et al., 2004); Lentinus
edodes (Brienzo et al., 2007); Trametes pubescens (Melamane
et a l. ,  2007);  Penicil l ium camemberti  (Taeli,  2008),
Phanerochaete chrysosporium (Shi et al., 2008) grown at 25 -
35°C for 3 - 22 days resulted to 45 - 75% and 65 - 80%
hemicellulose and lignin degradation, respectively. The post-
treatment by anaerobic bioprocesses of LW effluents that have
been pretreated with fungi can lead to higher biogas than the
original effluents (Coulibaly et al., 2003). Recombinant strains of
Saccharomyces cerevisiae have been genetically engineered to
carry out simultaneous saccharification and fermentation (SSF)
to produce extracellular endoglucanase and _-glucosidase that
are able to ferment cellulose and hemicellulose to 6-carbon and
5-carbon sugars and subsequent fermentation to ethanol (Sedlak
and Ho, 2004; Wisselink et al., 2007). In bioorganosolv process,
fungal (Ceriporiopsis subvermispora)  pretreatment of wood
waste for 2 - 8 weeks followed by organic solvent treatment at
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140-200°C for 2 h has achieved considerable energy efficient
delignification and hemicellulose hydrolysis (Itoh et al., 2003;
Sánchez and Cardona, 2008). Bacterial pretreatment of LW
involves both anaerobic and aerobic systems.  Anaerobic
degradation utilizes mainly mesophillic, rumen derived bacteria
(Han and Shin, 2002; Neves et al., 2006; Yue et al., 2008).
Aerobic-anaerobic systems have an upper hand when it comes
to degradation of LW richer in lignin content (Ammary, 2004;
Mshandete et  a l. ,  2008) while in aerobic system alone,
actinomycete Streptomyces griseus is able to produce high levels
of extracellular hydrolytic enzyme that degrade lignocellulose
(Arora et al., 2005). Escherichia coli and Klebsiella oxytoca
strains have been genetically engineered to produce microbial
biocatalysts that produce bioethanol from lignocellulosic materials
(Jarboe et al., 2007; Peterson and Ingram, 2008). Enzymatic
pretreatment of LW utilize hydrolytic and oxidative enzymes which
are mainly derived from fungi and bacteria. Cellulases are usually
a mixture of several enzymes. At least three major groups of
cellulases are involved in the hydrolysis process: (1) endoglucanase
(endo-1,4-glucanohydrolase) which attacks regions of low
crystallinity in the cellulose fiber, creating free chainends; (2)
exoglucanase or  cellobiohydrolase (CBH) (1 ,4-glucan
cellobiohydrolase) which degrades the molecule further by
removing cellobiose units from the free chainends and (3)
glucosidase which hydrolyzes cellobiose to produce glucose (Sun
and Cheng, 2002). In addition, there are also a number of ancillary
enzymes that  attack hemicellulose, such as glucuronidase,
acetylesterase,  feruloylesterase,  xylanase,  xylosidase,
galactomannanase and glucomannanase (Mtui and Nakamura,
2005, Roman et al., 2006; Georgieva et al., 2008). During the
enzymatic hydrolysis, cellulose is degraded by cellulases to
reducing sugars that can be fermented by yeasts or bacteria to
ethanol. Ligninolytic enzymes are primarily involved in lignin
degradation in oxidative reactions that are mainly free radical
driven in the presence (or sometimes absence) of mediators. The
main enzymes involved are lignin peroxidase,  manganese
peroxidase and laccase (Mtui and Masalu, 2008). The hydrolytic
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and oxidative enzymatic reactions are mainly carried out at 30 -
45°C with low enzyme loading rate at reaction time of 6 - 26 h.

3. Processes of Lignocellulosic Wastes into Value added
Product Production

Advances in industr ia l biotechnology offer  potential
opportunities for economic utilization of agro-industrial residues.
Keeping in view the demand of the biological products, researchers
are interested to develop them from renewable resource like LW
(Howard et al., 2003).

3.1 Enzymes

Enzymes are bio-catalysts responsible for various metabolic
activities that maintain life. Knowledge is established to produce
important enzymes from cheaper substrates such as LW.

Lignocellulosic enzymes, mainly derived from fungi and
bacteria, are important commercial products of LW bioprocessing
used in many industrial applications including chemicals, fuel,
food, brewery and wine, animal feed, textile and laundry, pulp
and paper and agriculture (Howard et al., 2003). Overall,
extracellular enzymes are secondary metabolic products released
in the presence of inducers at N-limited media (Mtui and
Nakamura, 2007). They include hydrolytic enzymes such as
cellulases; hemicellulases and pectinases; degradative enzymes
like amylases, proteases; and ligninolytic enzymes like laccases,
peroxidases and oxidases. Cellulases production from LW has
been extensively studied (Ojumu et al., 2003; Wen et al., 2005;
Muthuvelayudham and Viruthagiri, 2006; Gao et al., 2008, Fujii et
al., 2015). Phytases, mannanases and amylases are also produced
by microorganisms using LW as the main feedstock (Bhavsar et
al., 2008; Mabrouk et al., 2008). On the other hand, hemicellulolytic
enzymes, mainly xylanases, are produced from a wide range of
LW biomass (Abdel-Sater and El-Said 2001; Dobrev et al., 2007;
Mohana et al., 2008). Pectinases such as endopolygalacturonase
(endo-PG), exo-polygalacturonase (exo-PG) and pectinliase are
mainly produced from solid state fermentation processes utilizing
agricultural residues (Silva et al., 2005; Botella et al., 2007),
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while protease has been produced by Penicillium janthinellum
in submerged cultures (Oliveira et al., 2006). Among the ligninases
produced from LW, laccases are the mostly studied (Nazareth
and Sampy, 2003; Couto et al., 2006, Majumdar et al., 2014),
followed by Manganese peroxidase and lignin peroxidase (Couto
and Sanromána, 2005; Songulashvili et al., 2007; Elisashvili et al.,
2008). Very high enzyme activities (31,786 U/L) have been
reported when the experiments are carried out under optimal
conditions (pH 5.5-6: temperature 30-45°C) (Rosales et al., 2007).
Recovery of pure enzymes is achieved through 50 - 80%
(NH4)2SO4 saturation followed by chromatographical purification
techniques (Mtui and Nakamura, 2008). Several efforts have been
made to increase the production of enzymes through strain
improvement by mutagenesis and recombinant DNA technology.
Cloning and sequencing of the various genes of interest could
economize the enzymes production processes (Kumar et al.,
2008).

3.2 Biofuels

Worldwide, fossil oil prices increase dramatically and it
induces negative impact on the environment,  par ticularly
greenhouse gas emissions, for which there is a growing concern
over for  use of fossil fuel (Hahn-Hägerdal et al. , 2006).
Conversion of LW to biofuels provides the best economically
feasible and conflict-free second generation renewable alternatives
(Rubin, 2008, Gong et al., 2014). Significant advances have been
made towards bioconversion of plant biomass wastes into
bioethanol, biodiesel, biohydrogen, biogas (methane). Production
of ethanol from sugars or starch from sugarcane and cereals,
respectively, impacts negatively on the economics of the process,
thus making ethanol more expensive compared with fossil fuels.
Hence, the technology development focus for the production of
ethanol has shifted towards the utilization of residual lignocellulosic
materials to lower production costs (Howard et al., 2003).
Currently, research and development of saccharification and
fermentation technologies that convert LW to reducing sugars
and ethanol, respectively, in eco-friendly and profitable manner
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have picked tempo with breakthrough results (Lin and Tanaka,
2006; Prasad et al., 2007; Sánchez and Cardona, 2008). Ethanol
yield of 6-21% has been obtained through fermentation of
agricultural and municipal residues (Sjöde et al., 2007; Cara et
al., 2008). While microaeration enhances productivity of bioethanol
from LW using ethanologenic E. coli (Okuda et al., 2007),
simultaneous saccharification and fermentation (SSF) using
recombinant Saccharomyces cereviasiae result to as high as
62% of the theoretical value (Itoha et al., 2003). The principal
benefits of performing the enzymatic hydrolysis together with the
fermentation, instead of in a separate step after the hydrolysis,
are the co-fermentation of both hexoses and pentoses during
SSF which resulted in reduced end-product inhibition of the
enzymatic hydrolysis and the reduced investment costs (Olofsson
et al., 2008). Life cycle assessment (LCA) shows that bio-ethanol
from LW results to reductions in resource use and global warming
(von Blottnitz and Curran, 2007). The long-term benefits of using
waste residues as lignocellulosic feedstocks will be to introduce
a sustainable solid waste management strategy for a number of
lignocellulosic waste materials; contribute to the mitigation in
greenhouse gases through sustained carbon and nutrient recycling;
reduce the potential for water, air, and soil contamination
associated with the land application of organic waste materials;
and to broaden the feedstock source of raw materials for the
bio-ethanol production industry (Champagne, 2007). Bio-diesel is
a renewable fuel conventionally prepared by transesterification
of pre-extracted vegetable oils and Mtui 1403 animal fats of all
resources with methanol, catalyzed by strong acids or bases (Liu
and Zhao, 2007). They are fatty acid methyl or ethyl esters used
as fuel in diesel engines and heating systems (Ito et al., 2005).
Production of biodiesel from lignocellulosic residues such as olive
oil wastes has been a subject of research towards improving the
thermal waste treatment systems and cleaner energy production.
Since the current supplies from LW based oil crops and animal
fats account for only approximately 0.3%, biodiesel from algae is
widely regarded as one of the most efficient ways of generating
biofuels and also appears to represent the only current renewable
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source of oil that could meet the global demand for transport
fuels (Schenk et al., 2008). Hydrogen has been considered a
potential fuel for the future since it is carbon-free and oxidized
to water as a combustion product (Najafpour et al., 2004). While
conventional burning or composting seem to be the most cost-
effective hydrogen production methods,  bacter ia  such as
Enterobacter aerogenes and Clostridium sp isolates can convert
saccharified LW biomass into biohydrogen (Ito et al., 2003).
Biohydrogen production from agricultural residues such as olive
husk pyrolysis (Çalar and Demirba, 2002); conversion of wheat
straw wastes into biohydrogen gas by cow dung compost (Fan et
al., 2006); bagasse fermentation for hydrogen production (Singh
et al., 2007) generate up to 70.6% gas yields. System optimization
for accessibility of polysaccharides in LW and the use of
genetically efficient bacterial strains for agro waste-based
hydrogen production seem to be the ideal option for clean energy
generation. Hydrogen generation from inexpensive abundant
renewable biomass can produce cheaper hydrogen and achieve
zero net greenhouse emissions (Zhang et al., 2007). Biogas
production from lignocellulosic materials is a steady anaerobic
process where methane r ich biogas comes mostly from
hemicellulose and cellulose. Anaerobic biomethane production is
an effective process for conversion of a broad variety of
agricultural residues to methane to substitute natural gas and
medium calorific value gases (Demirbas and Ozturk, 2005).

Biogas containing 55 - 65% methane can be produced from
jute caddis - a lignocellulosic waste of jute mills by anaerobic
fermentation, using cattle dung as sole source of inoculum (Banik,
2004). Anaerobic digestion of poultry droppings, cow dung and
corn stalk can give up to 137.16 L of biogas from 0.28 m3
digester (Anozie et al., 2005). Mesophilic aerobic pretreatment
to delignify sisal pulp waste prior to its anaerobic digestion has
been shown to improve methane yields (Mshandete et al., 2008).
Overall, the success of biofuels production from LW is dependent
on the optimal performance and cost effectiveness of pretreatment
and product generation processes.
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3.3 Organic Acids

Organic acids are some of the products of ligninolytic
residues fermentations via environmentally friendly integrated
processes. Volatile fatty acids including acetic acid, propionic
acids and butyric acid are produced from a wide range of LW
such as cereal hulls (Jin et al., 2006); bagasse residues (Henrique
et al., 2005); food wastes (Lim et al., 2008) and sisal leaf
decortications residues (Mshandete et al., 2008). In addition, lactic
acid is produced from waste sisal stems (Muruke et al., 2006),
sugarcane bagasse (Adsul et al., 2007) and kitchen waste
(Ohkouchi and Inoue, 2007) by using Lactobacillus isolates.
Furthermore, formic acid, levulinic acid, citric acid, valeric acid,
caproic acid and vanillinic acid are obtainable from bioprocessing
of LW (Chaudhary and Sharma, 2005; Mshandete et al., 2008).
Overall, organic acids production requires batch or continuous
incubation conditions, the average reaction parameters being 35°C,
pH 6.0, hydraulic retention time (HRT) of up to 8 days and
organic loading rates of 9 g/l d. Product yields of up to 39.5 g/
l have been reported (Lim et al., 2008).

3.4 Compost

Compost, a nutrient-rich, organic fertilizer and soil conditioner,
is a product of humification of organic matter. This process is
aided by a combination of living organisms including bacteria,
fungi and worms which transform and enhance lignocellulosic
waste into humic-like substances (Eyheraguibel et al., 2008).
Vermicomposting is the bio-oxidation and stabilization of organic
matter  involving the joint  action of ear thworms and
microorganisms, thereby turning wastes into a valuable soil
amendment called vermicompost (Benitez et al., 2005). Substrates
suitable for making humus-rich compost include cereal straw and
bran (Hart et al., 2003); urban wastes (Taiwo and Oso, 2004);
water hyacinth (Chatterjee et al., 2005); lemon tree prunings,
cotton waste and brewery waste (García-Gómez et al., 2005);
horticultural wastes (Lopez et al., 2006); olive, palm and grape
wastes (Alburquerque et al., 2006). While bacteria inoculants
such as Bacillus shackletonni, Streptomyces thermovulgaris

II 158 II

CHAPTER-9 PRETREATMENT: AN INEVITABLE STEP FOR UTILIZATION OF...



and Ureibacillus thermosphaericus are used to improve the
composting process (Vargas-Garci et al., 2007), ligno-cellulolytic
fungi inocula (e.g. Trichurus spiralis) may also be used in a
pretreatment process before composting in order to reduce the
resistance of the substrate to biodegradation (Vargas-García et
al., 2007). A new earthworm strain of Perionyx sansibaricus is
able to humify a substrate combination of guar gum industrial
waste, cow dung and saw dust (Suthar, 2007). Composting can,
therefore, be considered as a low-cost technology to convert
agro industrial LW into value-added biofertilizers.

3.5 Biosorbents

Adsorbents obtained from plant wastes are feasible
replacements for  costly conventional methods of removing
pollutants such as heavy metals ions, dyes, ammonia and nitrates
from the environment. The use of lignocellulosic agrowastes is a
very useful approach because of their high adsorption properties,
which results from their ion-exchange capabilities. Agricultural
wastes can be made into good sorbents for the removal of many
metals, which would add to their value, help reduce the cost of
waste disposal, and provide a potentially cheap alternative to
existing commercial carbons (Krishnani and Ayyappan, 2006).
Chemically modified plant wastes such as rice husks/rice hulls,
spent grain, sugarcane bagasse/fly ash, sawdust, wheat bran,
corncobs, wheat and soybean straws, corn stalks, weeds, fruit/
vegetable wastes, cassava waste fibres, tree barks, azolla (water
fern), alfalfa biomass, coirpith carbon, cotton seed hulls, citrus
waste and soybean hulls show good adsorption capacities for Cd,
Cu, Pb, Zn and Ni (Dupont et al., 2005; Harman et al., 2007;
Siban et al., 2008). They are usually modified with formaldehyde
in acidic medium, NaOH, KOH/K2CO3 and CO2, or acid solution
or just washed with warm water (Siban et al., 2008). Scanning
electron micrographs with energy spectra shows that heavy metals
are immobilized via two possible routes: adsorption and cation
exchange on hypha, and the chelation by fungal metabolite (Huang
et al., 2008). LW have also been shown to be able to adsorb
dyes from aqueous solutions. Adsorption of reactive dyes by
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sawdust char and activated carbon (Gan et al., 2004); ethylene
blue by waste Rosa canina sp. seeds (Gurses et al., 2006);
anionic dyes by hexadecyltrimethylammonium modified coir pith
(Namasivayam and Sureshkumar, 2006); and methylene red by
acid-hydrolysed beech sawdust (Batzias and Sidiras, 2007) have
been reported. Ammonia and nitrate removal by using agricultural
waste materials as adsorbents or ion exchangers have also been
studied (Orlando et al., 2002; Kishore et al., 2006). Prehydrolysis
enhances the adsorption properties of the original LW material
due to the removal of the hemicelluloses during sulphuric acid
treatment, resulting in the 'opening' of the lignocellulosic matrix's
structure, the increasing of the surface area and the activation of
the material's surface owing to an increase in the number of dye
binding sites (Batzias and Sidiras, 2007).

4. Future Prospects

Pretreatment of LW is a committed step to produce superior
products of demand. Improved technology has also added one
further step. With the increase in population and demand of
biological products such as enzymes, organic acids, polymers etc.
are increasing day by day. Furthermore, the limited resource of
fossil fuel on the planet has compelled the researchers to plan
for alternative fuels from cheaper substrate like LW. Abuse of
plastic is alarming on environmental point of view, hence
biodegradable plastic from LW is gaining momentum. It is
envisaged that LW will be one of the prime substrates for
production of value added biological products in future.

Conclusions

Application of modern knowledge of biotechnology in LW
utilization can produce alternatives of fossil fuel, thereby reducing
the greenhouse gas emission. The LW are abundant for processing
into value added products without affecting the food chain.
Improvement in pretreatment conditions can produce simple sugars
from the LW to be processed further. The advent of modern
genetic engineer ing along with the knowledge of waste
management can be useful tools for over expression of superior
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products from LW. Use of ionic liquids to yield fermentable sugars
from lignocellulose is a new development in this field of biofuel
production.

Although pretreatment systems and the concomitant release
of bio-products from LW have been greatly improved by new
technologies,  there are st ill challenges that  need fur ther
investigations. These challenges include development of more
efficient pretreatment and production technologies, bioprospecting
and development of stable genetically engineered microorganisms,
improved gene cloning and sequencing technologies and
enhancement of productions based on economies of scale for
more efficient and cost effective conversions of LW into value-
added products. So far, lignocellulosic biomass has been the most
promising economically viable and renewable source of
biohydrogen and biofuel. Therefore, extensive research is now
being directed toward that end. Plant fibers as fillers and
reinforcements for polymers are currently the fastest-growing
type of polymer additives. Nanobiotechnology seems to take
charge as far as the use of LW nanofibres in plastic composites
is concerned. (Alemdar and Sain, 2008, Iwamoto et al., 2014). It
is envisaged that nano materials from renewable biowastes will
be the main focus of future research.
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Abstract
The reserves of high grade ore are getting diminished throughout the
world at an alarming rate on the other hand a huge amount of low
grade ore, slimes and fines are wasted in form of discards. The basic
impurities present in the low grade iron ore are  in form of
aluminosilicates. The ratio of alumina and silica present in low grade
Indian iron ore is about 1.5:3 and in case of fines it is 3:4. The ratio
is detrimental for smooth blast furnace operation . To deal with this
problem the presently available physico-chemical methods are neither
cost nor environmental efficient. Microbial beneficiation can provide
eco friendly, promising and revolutionary solution to these problems.

Some heterotrophic fungi like Aspergillus sp. and Penicillium sp. have
shown the potential of metal solubilization. Metal dissolution occurs
mainly due to the enzymatic reduction of the highly oxidized metal
compounds or by the production of organic acids (oxalic, citric, lactic,
gluconic acids etc.). Hence the fungal metabolites have dual effect on
the process, they lower the pH of the system by production of acids
and decrease the concentration of free metal ions by formation of
complexes thus allowing more solid to go into the solution. In the
present chapter we will discuss the efficiency of fungal strains with
emphasis on Aspergillus niger for beneficiation of iron ore, the
mechanism behind the process and the future possibilities.

Keywords: Aspergillus niger, alumina , silica, organic acids.
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1. I ntr oduction

As a consequence of technological advancement,  the
depletion rate of valuable mineral is increasing. It is becoming
difficult to get minerals in free form. As the high grade ores are
getting exhausted at a rapid rate it is high time to think about the
extraction of required metals from low grade ores and wastes
generated during mining or processing of high grade ores. In the
current chapter, we will discuss about the problems with Indian
iron ore and how to overcome it  with the help of
biohydrometallurgical techniques.

In India within last few decades the iron and steel industry
has grown in an exponential rate. On the basis of this growth the
National Steel Policy has revised the domestic steel production
to 180 million tons by the year 2019-20 (Iron and steel vision
2020, Indian bureau of mines). India is very rich in iron ore
reserves. Hematite and magnetite are the most prominent ores
found in India. Hematite is most used ore due to its high grade
and lumpy nature. The total resources of iron ore in the country
is estimated to be 285 billion tons (UNFC) out of which hematite
accounts for 62.7%and magnetite for 37.3%.

The route of iron production mainly used in India is through
blast furnace. The raw materials used in the process are lumpy
iron ore, agglomerates, metallurgical coke and fluxes (limestone
and dolomite). By using high quality iron ore the productivity of
blast furnace increases and energy consumption decreases. Thus
higher the iron content in the ore, the lower the amount of slag
produced. 1% increase in the iron content of ore improves the
productivity by 2% and reduces the coke rate by 1% ( Iron and
steel vision 2020, Indian bureau of mines). Therefore usually an
ore containing more than 60% iron is considered for extraction
of pig iron in blast furnace.

Indian iron ore is high in iron content but also have high
alumina and silica ratio which affects the grade of ore. The
adverse alumina to silica ratio is detrimental for blast furnace
and sinter plant productivity. It should be preferably below 1%

II 178 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



for smooth blast furnace operation. High alumina content in the
iron ore generates highly viscous slag. It needs higher amount of
fluxes and coke. Thereby producing huge volumes of slag hence
that productivity of the blast furnace is adversely affected.
Increase in content of alumina by 1%, increases the coke rate by
2.2% which eventually decreases the productivity by 4%. It also
increases the consumption of flux by 30kg/t of hot metal production
(Iron and steel vision 2020, Indian bureau of mines). In Indian
iron ore alumina is present in form of kaolinite, gibbsite, laterite
and silica in form of quartz. In regard of the above aspects
beneficiation of the ore is highly essential.

Now a days there is a greater interest in technologies that
use microorganisms .to mobilize or remove unwanted contaminants
from valuable minerals. Such technologies, collectively referred
to as biohydrometallurgy, are positively acknowledged for their
environmental and economic advantages (Jain et al.,  2004,
Rawlings, 2005) and could be utilised in extraction and purification
of different minerals during and after mining operations. (Yusfin
et al., 1999; Davis et al., 1978; Elkasabgy, 1984). Several types
of autotrophic and heterotrophic bacteria, fungi, yeast and algae
are implicated in mineral beneficiation processes. Selective
leaching, flotation and flocculation are some of the process
involved in mineral bioprocessing (Natrajan and deo, 2001).
Microbial metal extraction from non sulphidic minerals has
received little attention to date. Non sulphidic ores such as oxides,
carbonates and silicates contain no energy source for the
chemolithoautotrophs to utilize, so alternatively can be leached or
beneficiated by using heterotrophic microbes, which require
organic carbon as a source of energy and for their growth.

Almost all knowledge of biohydrometallurgy developed up to
now deals with the use of chemolithoautotrophic bacteria for
leaching of sulfidic minerals and ores. Leaching mechanisms of
nonsulfidic minerals (carbonates, oxides and silicates) using
heterotrophs have received less attention from microbiologists
(Kiel and Schwartz, 1980). Among the heterotrophic bacteria,
members of the genus Bacillus have been found effective in the
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leaching and bio beneficiation of bauxite (Karavaiko et al., 1989).
Fungi from the genera Penicillium and Aspergillus have also
been used in mineral leaching (Ehrlich and Rossi,  1990).
Heterotrophic microorganisms require organic carbon as a source
of energy and carbon. They produce metabolic by-products from
the organic carbon they consume for energy production that may
interact with a mineral surface. In addition to forming several
organic acids such as acetic, citric, oxalic, and keto-gluconic
acid (Agatzini and Tzeferis, 1997; Castro et al., 2000; Natarajan
and Deo, 2001) heterotrophic microorganisms also produce
exopolysaccharides (Malinovskaya et al., 1990; Welch et al.,
1999), amino acids and proteins that can solubilize the metals via
a variety, of mechanisms. However, organic acids occupy a central
position in the overall process supplying both protons and a metal
complexing organic acid anion (Gadd, 1999).

2. M icr obe-metal  I nter act ion

Interaction of microbes with metals and minerals alter their
physical and chemical characters and metals also affect the growth
and metabolism of the related microbes. The way microbes
interact with metals depends in part on whether the organisms
are prokaryotic or eukaryotic. Both types of microbes have the
ability to bind metal ions present in the external environment at
the cell surface or to transport them into the cell for various
intracellular functions (Ehrlich, 1997). Metals are directly and/or
indirectly involved in all aspects of microbial growth, metabolism
and differentiation (Gadd, 1992a). Metals and their compounds
interact with microbes in various ways depending on the metal
species, organism and environment, while structural components
and metabolic activity also influence metal speciation and therefore
solubility, mobility, bioavailability and toxicity (Gadd, 1992a, 1993a,
2004, 2005, 2007). Many metals are essential for life, e.g. Na, K,
Cu, Zn, Co, Ca, Mg, Mn and Fe, but all can exert toxicity when
present above certain threshold concentrations. Other metals,
e.g. Cs, Al, Cd, Hg and Pb, have no known essential metabolic
functions but all can be accumulated (Gadd, 2010).
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3. Fungal  I nter act ion with M iner als

Fungi have significant roles in mineral dissolution and
secondary mineral formation (Hughes and Lawley, 2003; Burford
et al., 2003a,2003b, 2006; Fomina et al., 2005a, 2005b, Gadd,
2007). There is even some evidence that several fungi can
dissolve minerals and mobilize metals at higher pH values, and
over a wider redox range, faster and more efficiently than bacteria
(Gu et al., 1998; Castro et al., 2000; Burford et al., 2003a, Gadd,
2007). Many activities of fungi influence their interaction with
metals (Fig.1). They utilize different metals for the purpose of
growth and metabolism and they satisfy their need for trace
metals and associated nutrients by interacting with minerals.

Many fungal sps. can dissolute minerals and metals by
heterotrphic leaching mode through different processes such as
acidolysis, complexolysis, redoxolysis and metal accumulation by
biomass (Burgstaller & Schinner, 1993, Gadd, 2007). The primary
fungal impact on mineral dissolution appears to result from
acidolysis and complexolysis, and occurs as a result of several
processes including proton efflux via the plasma membrane Hþ-
ATPase and/or maintenance of charge balance during nutrient
uptake, the production of siderophores [for iron(III) mobilization],
or respiratory CO2 production (Gadd, 2007). However, in many
fungi an important leaching mechanism occurs through the
production of organic acids (e.g. oxalic acid, citric acid) (Adams
et al. 1992; Francis et al., 1992; Devevre et al., 1996; Sayer et
al., 1997). Organic acid excretion by fungi is inter- and
intraspecific, and can be strongly influenced by the presence of
toxic metal minerals (Sayer et al., 1995; Fomina et al., 2004,
2005c; Sayer & Gadd, 2001). Fungal derived carboxylic acids
with strong chelating properties (e.g. oxalic acid, citric acid) can
aggressively attack mineral surfaces (Sayer et al., 1997; Gharieb
et al. 1998; Gadd, 1999; Gharieb & Gadd, 1999; Fomina et al.,
2004). Oxalic acid can leach those metals that form soluble oxalate
complexes, including aluminium and Fe (Strasser et al., 1994;
Devevre et al., 1996). Moreover, the production of organic acids
provides another source of protons. The significance of proton
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versus ligand promoted dissolution may depend on the mineral,
metabolic activity, and conditions of growth, including nutrient.
Insoluble Metal Mineral Phosphate other anions trace organics
Metal(s) (Gadd, 2007).

The metabolites act on the ores in various ways

  Bior eduction

Minerals such as limonite, goethite, or hematite can be
solubilized by certain microorganisms through reduction (Ehrlich
1986; Ferris et.al., 1989). Production of oxalic acid by a fungus
can effect the reduction of Fe (III) to Fe (II) thus increasing
iron solubility (Ghiorse, 1988).

Bennet et al.(1997) observed a relation between microbial
colonization, iron reduction and silicate weathering. They explained
the reductive dissolution of iron oxide minerals and linked the
silicate minerals weathering to microbial iron reduction through
the production of extra cellular ligands.

 Acidi ficat ion

Welch and Ullman (1993) showed that the lowering of pH

Fig. 1: Model of fungal action on naturally-occurring and/or anthropogenically-
derived organic and inorganic substrates (Gadd, 2007).
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to less than 5 results in an increased dissolution rate of many
silicate and aluminium silicate minerals. Acid production is due to
the formation of an acidic metabolite or from a preferential
utilization of alkaline substrate.

Microbial oxidation of organic compounds may produce non-
complexing or weak complexing acids (carbonic, nitric, sulphuric,
formic, acetic, butyric, lactic, succinic, gluconic acid etc.). Among
the organic acids, 2-ketogluconic acid produced by some bacteria
and citric acid and oxalic acid produced by some fungi have been
shown to be very active in the dissolution of silicates (Drever
and Stillings, 1997; Vandevivere et al., 1994; Welch and Ullman,
1993). They furnish protons that help in breaking Si-O and Al-O
bonds, through protonation and catalysis. Table 1 shows the main
leaching agents produced by different fungal strains.

Table 1: Organic acids produced as leaching agents by different fungal strains.

FUNGI MAIN LEACHING AGENT REFERENCE 

Alternaria sp citrate,  Oxalate,Citrate  KOVALENKO and 
MALAKHOVA (1990)  

Aspergillus niger  Oxalate, Citrate, Gluconate, 
Malate,Tartarate, Succinate  

DAVE et al. (1981), 
BOSECKER (1987) 

Aspergillus ochraceus Citrate  OGURTSOVA et al. (1989)  

Aspergillus sp.  Citrate, Oxalate TZEFERIS (1994)  

Coriolus versicolor  Oxalate  SAYER et al. (1999)  

Fusarium sp.  Oxalate, Malate, Pyruvate, 
Oxalacetate  

BOSECKER (1989) 

Mucor racemosus  Citrate , Succinate  MÜLLER and FÖRSTER 
(1964)  

Paecilomyces variotii  Citrate, Oxalate DAVE et al. (1981)  

Penicillium funiculosum Citrate BOSECKER (1989) 

Penicillium  
simplicissimum  

Citrate, Oxalate, Gluconate  TARASOVA et al. (1993), 
SILVERMAN and MUNOZ 
(1971)  
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 L igand Pr oduction/ Complexolysis

Complexolysis is a process that utilizes microbially formed
complexing and chelating agents that mobilize mineral constituents
(Fe, Al, Cu, Zn, Ni, Mn, Ca, Mg, etc.) (Beveridge, 1989).

Fermentation and degradation of organic macromolecules by
microbial results in the production and excretion of organic ligands
(Berthelin, 1983; Gadd, 1999; Paris et al., 1996; Tzeferis and
Agatzini, 1994; Welch and Ullman, 1999).

These ligands can increase the rates of mineral (Amerhein
and Surez, 1988; Wieland et al., 1988). Microbial extra cellular
polysaccharides are also produced by microbes, that can enhance
mineral dissolution by complexing with ions in solution, or they
can inhibit dissolution by irreversible binding to reactive sites on
the mineral surface (Welch and Ullman, 1999; Welch and
Vandevivere, 1995). Metal solubilzation is also caused by low
molecular weight, iron chelating siderophores which specifically
solubilize Fe (III) (Liermann et al., 2000). Siderophores produced
by bacteria not only mobilize iron for cellular metabolism but also
chelate and mobilize other metals (Bennett et al., 1997). As
reported, microorganisms are able to mobilize metals by (i)
formation of organic acid, (ii) oxidation- reduction reactions, (iii)
extraction by complexity agents, (iv) chelate formation. Organic
acids however occupy a central position in the overall process
and supply both proton and metal complexing organic acid anion.
The solubilisation of nickel cobalt, and iron from laterites by
means of organic chelating acid of low pH.

  Alkal inizat ion

Biosolubilization of silicates is also possible via alkalinization
of the media. The silicon-oxygen bond is disrupted under this
condition. Avakyan (1985) demonstrated the release of silicon
from nepheline, plagioclase or quartz by utilizing the bacteria
Sarcina ureae, S. ureae grows in the presence of urea and
produces ammonia resulting in the high alkalization of the medium.
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4. Biological Removal of Alumina and Si l ica

Impurities present in iron ores comprise both metallic and
non-metallic components. Usually, siliceous gangue consists of
larger proportion of alumina in the form of clay and laterite along
with varying amounts of undesirable constituents such as
phosphorous, sulphur,  titanium, copper and arsenic. Many
microorganisms have been reported to solubilise different alumino-
silicate compounds found in nature. In silicates, silicon is usually
surrounded by four oxygen atoms in tetrahedral fashion (Kretz,
1972) whereas aluminium in aluminosilicates is coordinated with
oxygen in tetrahedral or octahedral fashion, depending upon the
mineral (Tan, 1986). In minerals, these units are arranged in bi-
or tri-layers separated by water layers of variable thickness into
which other polar molecules, including some organic molecules
can enter. This type of structure makes them susceptible for
weathering by microorganisms. Si-O bonds of silloxanes linkages
(Si-O-Si) in silicates and aluminosilicates are very strong, whereas
Al-O bonds are somewhat weaker. Thus Si-O bonds are relatively
resistant to acid hydrolysis (Karavaiko et al., 1985), unlike Al-O
bonds. Some bacteria and fungi are known to solubilise silica and
silicates. They accomplish this by forming chelators, acids or
bases, which react with silicates and exo-polysaccharides, which
react with silica and silicates.

In the next section we will discuss some experiments carried
out with Aspergillus niger to beneficiate guali iron ore.

5. Exper imental  Studies

5.1 Sample Col lect ion

Iron ore sample was obtained from Guali iron ore mines,
Keonjhar, Odisha, India. The sample was analyzed by wet
chemical and instrumental techniques (XRF). The sample was
collected, ground, dried in a hot air oven (105°C) and analyzed
by standard methods.

5.2 M iner alogical  Analysis of Ore

The samples were analyzed with X-ray fluorescence (XRF).
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The XRF study was carried out against the calibrated samples of
similar values (Table 2). The size fraction of the iron ore used
in these experiments is 75 to 60 microns.Mineralogical analysis
of the original and microbially treated ore was done using high-
resolution synchrotronbased X-ray diffractometer (XRD) (X'pert
Pro MPD, Model No. 3040/60, P-Analytical, Netherland), which
is a Philips model diffractometer with CuK radiation.

5.3 M icr oor ganisms

Aspergillus fumigatus, Aspergillus niger, and Aspergillus
flavus were used for the beneficiation study. The fungal strains
were maintained on potato dextrose agar medium and bacterial
strains were maintained on nutrient agar medium.Bromfield
medium was used for beneficiation studies which contains (g/L)
sucrose-20, Yeast extract-1, K2HPO4-0.25, NH4SO4-0.27, MgSO4
-0.75, Sodium biphosphate-0.30, pH-6.8.

5.4 Shake Flask Beneficiation Studies

Microbial strains used in the shake flask experiment are, A.
fumigatus, A. niger and, A. flavus. Experiments were carried
out with 90 ml of Bromfield medium and 10% (v/v) inoculum in
250ml Erlenmeyer flask under sterile conditions. Each flask was
inoculated with 106 spores/ml of each fungus. The experiments
were conducted at 20% pulp density, 350C and 150 rpm for 30
days. Solid samples were taken out at regular intervals of time
to study the gradual decrease in the alumina and silica
concentration in the ore. pH and the carbohydrate concentration
of the solution was monitored regularly. At the end of each of
the experiment, solid residue was separated by filtration, dried in
hot air oven and analyzed for Al, Si and Fe by XRF. The XRF
analyses were carried out against standard calibrated samples of
similar nature.

6. Resul ts

6.1 M iner alogical  Analysis

X ray diffraction pattern of the iron ore sample show that
the major minerals present in the sample are hematite, magnetite,
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quartz and goethite (Figure.2). Goethite is a very important iron
bearing mineral in these samples. It is of two types i.e. vitreous
and ochreous. Vitreous goethite is hard and compact whereas
ochreous is fine grained and friable. Kaolinite and gibbsite
constitute the major volume of aluminous gangue minerals in
hematite bearing iron ore sample. These minerals are fine grained
and intimately associated with ochreous goethite. The Kaolinite
peaks disappear at some places in the XRD results of the
microbially treated samples. This shows that the organic acids
produced by the microbes selectively attack the alumino silicate
bonds of Kaolinite and help in releasing alumina and silica to the
solution. The XRD studies also support the removal of quartz
from the iron ore. Table 2 shows the initial constituents and their
percentage in the guali ore.

Fig. 2:  XRD pattern of original and microbially treated iron ore.

H: Hematite, M: Magnetite, Gi: Gibbsite, Go: Goethite, K: Kaolinite, Q:
Quartz
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Table 2. XRF analysis of Guali iron ore.

Constituents Percentage 

Fe(Total) 53.57  

Al 3.18 

Si 3.54 

Na 0.05 

Mg 0.13 

K 0.04 

Ca 0.06 

Mn 0.12 

S 0.16 

P 0.07 

Ti 0.04 

6.2 Shake Flask Studies

It is clearly indicated by Figure 3&4 that among the fungal
strains, Aspergillus niger dominated the beneficiation process
by removing 44.2% alumina and 48.7% silica. Aspergillus
fumigatus and Aspergillus flavus removed 40.8%, 28.3% of
alumina and 45.9%, 35.9% silica  respectively at  similar
experimental conditions. Fig.5 shows the decrease in pH of the
medium during the growth of the organisms. This decrease was
due to the production of organic acids via incomplete oxidation
of carbohydrate source.
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Fig. 3: Alumina removal by different fungal strains.

Fig. 4: Silica removal by different fungal strains.
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Fig. 5: Change in pH during the beneficiation study.

Conclusions

Results of the above investigation clearly established that
fungal strains can effectively remove part of alumina and silica
from high alumina and silica containing iron ore. The effectiveness
of the procedure is greatly influenced by utilization of sugar and
production of organic acids. The mineralogical studies supported
the above findings that the Kaolinite structure is getting disrupted
due to the attack of organic acid. Among the fungal strains
Aspergillus niger  dominated the beneficiation process by
removing 44.2% alumina and 48.7% silica. Aspergillus fumigatus
and Aspergillus flavus removed 40.8%, 28.3% of alumina and
45.9%, 35.9% silica respectively at 150rpm rotation, 10% pulp
density and 350C.

Acknowledgments

The authors are genuinely grateful to the Institute of Minerals
and Materials Technology (Council of Scientific and Industrial
Research) for its constant support.

II 190 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



Refer ences

Adams JB, Palmer F, Staley JT, (1992). Rock weathering in
deserts mobilization and concentration of ferric iron by
microorganisms. Geomicrobiology Journal 10: 99-114.

Agatzini S, Tzeferis P. (1997). Bioleaching of nickel- cobalt oxide
ores. Aus IMM Proc, 1: 9-15.

Amerhein C, Surez DL. 1988. The use of a surface complexation
model to describe the kinetics of ligand promoted dissolution
of anorthite. Geochim Cosmochim Acta 52:2785-2793.

Avakyan ZA. 1985. Microflora of rock and its role in the leaching
of silicate minerals. In: Karavaiko GI, Groudev SN, editors.
Biogeotechnology of metals.  Moscow: Centre of
International Projects, GKNT. p 175-194.

Bennett PC, Choi WJ, Roberts JA, Hiebert FK, Ullman WJ.
(1997). Microbial metabolism, iron reduction and silicate
dissolution: coupled processes in mineral weathering. In:
Seventh Annual V.M. Goldschmidt Conference. Lunar and
Planetary Institute, Houston, Texas.

Berthelin J. (1983). Microbial weathering processes. In: Krumbein
WE, editor. Microb Geochem Oxford: Blackwell. 223-262.

Beveridge TJ. (1989). The structure of bacteria. In: Poindexter
JS, Leadbetter ER, editors. Bacteria in nature. New York:
Plenum Press. 1-65.

Burford EP, Fomina M, Gadd GM, (2003b). Fungal involvement
in bioweathering and biotransformation of rocks and
minerals. Mineralogical Magazine 67: 1127-1155.

Burford EP, Hillier S, Gadd GM, (2006). Biomineralization of
fungal hyphae with calcite (CaCO3) and calcium oxalate
mono- and dihydrate in Carboniferous limestone microcosms.
Geomicrobiology Journal 23: 599-611.

Burford EP, Kierans M, Gadd GM, (2003a). Geomycology: fungal
growth in mineral substrata. Mycologist 17: 98-107.

Burgstaller W, Schinner F, (1993). Leaching of metals with fungi.
Journal of Biotechnology 27: 91-116.

II 191 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



Castro, I.M., Fietto, J.L.R., Vieira, R.X., Tropia, M.J.M., Campos,
L.M.M., Paniago, E.B., Brandao, R.L., (2000). Bioleaching
of zinc and nickel from silicates using Aspergillus niger
cultures, Hydrometallurgy, 57, 39-49.

Davies J, Moon JT, Traice FB. (1978) Alkalis in the blast furnace.
Ironmaking Steelmaking.; 5(4): 151-161.

Devevre O, Garbaye J, Botton B, (1996). Release of complexing
organic acids by rhizosphere fungi as a factor in Norway
spruce yellowing in acidic soils. Mycological Research 100.

Drever JI, Stilling LL. 1997. The role of organic acids in mineral
weathering. Coll Surf 120:167-181.

Ehrlich HL, Rossi G. (1990). Other bioleaching processes. In:
Ehrlich HL, Brierley CL, editors. Microbial Mineral
Recovery. New York: McGraw-Hill. 149-170.

Ehrlich HL. (1986). What type of microorganisms are effective
in bioleaching, bioaccumulation of metals; ore beneficiation
and desulfurization of fossil fuels. Biotechnol Bioengr Symp
16:227-237.

Ehrlich, H. L. (1997). Microbes and metals. Appl Microbiol
Biotechnol, 48, 687-692.

Elkasabgy T. (1984), Effect of alkalis on reduction behavior of
acid iron ore pellets. Transactions ISIJ.;24:612-621.

Fomina M, Burford EP, Gadd GM, (2005b). Toxic metals and
fungal communities. In: Dighton J, White JF, Oudemans P
(eds), The Fungal Community: Its Organization and Role in
the Ecosystem, 3rd edn. CRC Press, Boca Raton, pp. 733-
758.

Fomina M, Hillier S, Charnock JM, Melville K, Alexander IJ,
Gadd GM, (2005a). Role of oxalic acid over-excretion in
toxic metal mineral transformations by Beauveria caledonica.
Applied and Environmental Microbiology 71: 371-381.

Fomina MA, Alexander IJ, Colpaert JV, Gadd GM, (2005c).
Solubilization of toxic metal minerals and metal tolerance
of mycorrhizal fungi. Soil Biology and Biochemistry 37:
851-866.

II 192 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



Fomina MA, Alexander IJ, Hillier S, Gadd GM, (2004). Zinc
phosphate and pyromorphite solubilization by soil plant-
symbiotic fungi. Geomicrobiology Journal 21: 351-366.

Francis AJ, Dodge CJ, Gillow JB, (1992). Biodegradation of metal
citrate complexes and implications for toxic metal mobility.
Nature 356: 140-142.

Gadd GM. (1999). Fungal production of citric and oxalic acid:
importance in metal speciation,  physiology and
biogeochemical processes. Adv Microb Physiol, 41: 47-92.

Gadd, G. M. (1992a). Metals and microorganisms: a problem of
definition. FEMS Microbiol Lett 100, 197-204.

Gadd, G. M. (1993a). Interactions of fungi with toxic metals.
New Phytol 124, 25-60.

Gadd, G. M. (1999). Fungal production of citric and oxalic acid:
importance in metal speciation,  physiology and
biogeochemical processes. Adv Microb Physiol 41, 47-92.

Gadd, G. M. (2004). Microbial influence on metal mobility and
application for bioremediation. Geoderma 122, 109-119.

Gadd, G. M. (2005). Microorganisms in toxic metal polluted soils.
In Microorganisms in Soils: Roles in Genesis and Functions.
325-356. Edited by F. Buscot & A. Varma. Berlin: Springer-
Verlag.

Gadd, G. M. (2007). Geomycology: biogeochemical transformations
of rocks, minerals, metals and radionuclides by fungi,
bioweathering and bioremediation. Mycol Res 111, 3-49.

Gadd,  G.M. (2010),  Metals ,  minerals and microbes:
geomicrobiology and bioremediation, Microbiology, 156, 609-
643.

Gharieb MM, Gadd GM, (1998). Evidence for the involvement of
vacuolar activity in metal(loid) tolerance: vacuolar-lacking
and -defective mutants of Saccharomyces cerevisiae display
higher  sensit ivity to chromate,  tellur ite and selenite.
BioMetals 11: 101-106.

II 193 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



Gharieb MM, Gadd GM, (1999). Influence of nitrogen source on
the solubilization of natural gypsum (CaSO4$2H2O) and
the formation of calcium oxalate by different oxalic and
citric acidproducing fungi. Mycological Research 103: 473-
481.

Ghiorse WC. (1988). Microbial reduction of manganese and iron.
In: Zehnder  AJB, editor.  Biology of anaerobic
microorganisms. New York:Wiley.178-210.

Gu JD, Ford TE, Berke NS, Mitchell R, (1998). Biodeterioration
of concrete by the fungus  Fusar ium. International
Bioterioration and Biodegradation 41: 101-109.

Hughes KA, Lawley B, (2003). A novel Antarctic microbial
endolithic community within gypsum crusts. Environmental
Microbiology5: 555-565.

Jain N, Sharma D., (2004) Biohydrometallurgy for nonsulfidic
minerals ? a review. Geomicrobiol J.;21:135-144.

Karavaiko G.I., Belkanova, N.P., Eroshchev-Shak, V.A., Avakyan,
Z.A.,  (1985).  Role of microorganisms and some
physicochemical  factors  of the medium in quar tz
destruction. Mikrobiologiya., 53, 795-800.

Karavaiko, G. I., Avakyan, Z. A., Ogurtsova, L. V., and Safonnova,
O. F., (1989), Microbiological processing of bauxite." In
Biohydrometallurgy, (J. Salley, R. G. L. McGready, and L.
Wichlacz, Eds.), Ottawa, Canada: CANMET,. 93-103.

Kiel H., W. Schwartz, (1980). Leaching of a silicate and carbonate
copper ore with heterotrophic fungi and bacteria producing
organic acids, Z. Allg. Mikrobiol, 20:627-636.

Kretz, R., (1972). Silicon: Elements and geochemistry,. In R.W.
Fairbr idge.  The encyclopedia of geochemistry and
environmental sciences. Encyclopedia of earth sciences
series, Vol.IVA. Van Norstrand Reinhold, New York. 1091-
1092.

Liermann LJ, Kalinowski BE, Ferry BJ. 2000. Role of bacterial
siderophores in dissolution of hornblende.  Geochim
Cosmochim Acta 64(4):587-602.

II 194 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



Malinovskaya IM, Kosenko LV, Votseko SK, Podgorskii VS.
(1990). Role of Bacillus mucilaginosus polysaccharide in
degradation of silicate minerals. Mikrobiologiya, 59: 70-78
(Engl. Transl. pp 49-55).Mycological Research 105: 1261-
1267.

Natarajan KA, Deo N. (2001). Role of bacterial interaction and
bioreagents in iron ore flotation. Int J Miner Process, 62:
143-157.

Paris F, Botton B, Lapeyrie F. (1996). In-vitro weathering of
phlogopite by ectomycorrhizal fungi. II. Effect of K+ and
Mg2+ deficiency and N sources on accumulation of oxalate
and H+. Plant Soil, 179: 141-150.

Rawlings D.(2005) Characteristics and adaptability of iron- and
sulfur-oxidizing microorganisms used for the recovery of
metals from minerals and their concentrates. Microb Cell
Fact.;4(1):13.

Sayer JA, Gadd GM, (2001). Binding of cobalt and zinc by organic
acids and culture filtrates of Aspergillus niger grown in the
absence or presence of insoluble cobalt or zinc phosphate.
Mycological Research 105: 1261-1267.

Sayer JA, Kierans M, Gadd GM, (1997). Solubilization of some
naturally occurring metal-bearing minerals, limescale and
lead phosphate by Aspergillus niger. FEMS Microbiology
Letters 154:29-35.

Sayer JA, Raggett SL, Gadd GM, (1995). Solubilization of insoluble
compounds by soil fungi: development of a screening method
for solubilizing ability and metal tolerance. Mycological
Research 99: 987-993.

Strasser H, Burgstaller W, Schinner F, (1994). High yield
production of oxalic acid for metal leaching purposes by
Aspergillus niger. FEMS Microbiology Letters 119: 365-
370.

Tan, K.H., (1986). Degradation of soil minerals by organic acids
pp 1-27. In: P.M.Haung and M.Schnitzer, Eds. Interaction

II 195 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



of soil minerals with natural organics and microbes. SSSA
Special publication Number 17. Soil Science Society of
America Madison, WI.

Tzeferis PG, Agatzini-Leonardou S. (1994). Leaching of nickel
and iron from Greek nonsulfide nickeliferous ores by organic
acids. Hydrometallurgy 36:345-360.

Vandevivere P, Welch SA, Ullman WJ, Kirchman DL. (1994).
Enhanced dissolution of silicate minerals by bacteria at near
neutral pH. Microb Ecol 27:241-251.

Welch SA, Ullman WJ. (1993). The effect of organic acids on
plagioclase dissolution rates and stoichiometry. Geochim
Cosmochim Acta, 57: 2725-2736.

Welch SA, Ullman WJ. (1999). The effect of microbial glucose
metabolism on bytownite feldspar dissolution rates between
5 and 350C. Geochim Cosmochim Acta, 63(19/20): 3247-
3259.

Welch SA,Vandevivere P. (1995). Effect of microbial and other
naturally occurring polymers on mineral dissolution.
Geomicrobiol J 12:227-238.

Wieland E, Wehrli B, Stumm W. (1988). The coordination
chemistry of weathering, III. A generalization on the
dissolution rates of minerals. Geochim  Cosmochim Acta
52:1969-1981.

Yusfin Y, Chernousov P, Garten V, Karpov Y, Petelin A,( 1999).
The role of alkalis and conserving resources in blast-furnace
smelting. Metallurgist.;43(2):54-58.



II 196 II

CHAPTER-10 MICROBIAL BENEFICIATION: AN EFFECTIVE ALTERNATIVE FOR...



MICROBES IN ACIDIC ENVIRONMENTS -
POTENTIAL BIOTECHNOLOGICAL
TOOLS APPLIED FOR INDUSTRIAL

LEACHING OF METALS
Sandeep Panda1,3*, Srabani Mishra1,2, Nilotpala

Pradhan1,2, Lala Behari Sukla3

1Department of Bioresources Engineering, CSIR - Institute of Minerals and
Materials Technology (IMMT), Bhubaneswar-751013, Odisha, India

2Academy of Council of Scientific and Innovative Research (AcSIR), CSIR -
Institute of Minerals and Materials Technology (IMMT), Bhubaneswar-

751013, Odisha, India
3Institute of Applied Environmental Biotechnology Innovation (IAEBI),

Bhubaneswar -751016, Odisha, India
*Corresponding Author: panda.sandeep84@gmail.com

Abstract
Acidophi lic microorganisms inhabit  i ron and/or sulphur rich
environments.  Certain group of special ized acidophil ic
chemolithotrophic bacteria grow in acidic environments such as those
of the mine sites. These microorganisms have been widely used for
recovery of metal values from low grade ores, industrial wastes etc.
Bacterial assisted leaching of metals has gained a lot of popularity
over the years and is now widely accepted as the potential tool for
recovery of metal values. This particular review discusses the diversity
and features of few bioleaching microorganisms with their inherent
property towards leaching of metals.

Keywords:  Bioleaching; Acidophilic microorganisms;
Chemolithotrophic; Low grade ores; Industrial wastes.

1. Introduction

There exist a specialized group of microorganisms that are
especially suitable for leaching or dissolution of metals from low
grade ore and other industrial wastes (Schippers, 2007; 2014).
Such microbes have a number of features in common that enable
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metal dissolution. These microorganisms more appropriately
referred to as the chemolithotrophs produce the ferric iron and
sulphuric acid which is very much essential for the leaching of
metals (Sand et al., 2001). In general, the process of bioleaching
involves microorganisms able to oxidize ferrous sulphate (FeSO4)
and sulphur (S) to produce ferric sulphate (Fe3 (SO4)2) and
H2SO4. Ferric sulphate is a strong oxidising agent that gives an
oxidative attack to the mineral or metal sulphide along with
dissolution metals by the sulphuric acid. Another important
characteristic feature of leaching microbes is there higher
tolerance to heavy metals, which makes them more efficient for
leaching process (Panda et al., 2013a,b; 2014). Adaptation to
heavy metals is a unique biotechnological property of these
microorganisms. More interestingly, such microbes are usually
subjected to contamination which makes them especially important
in biomining operations (Panda et al., 2012a, b, c, 2015a, b).
These microbes grow autotrophically by fixation of atmospheric
CO2 (Das et al., 1999). The microorganism derives their energy
by iron and sulphur oxidation with modest nutritional requirement
being provided by aeration. Such, chemolithotrophic metabolism
as seen in these microbes makes them industrially important. The
underlying mechanisms of metal sulphide oxidation by acidphilic
microorganisms are now very well known and have been
reviewed by many researchers (Rohwerder et al., 2003; Schippers
and Sand, 1999; Sand et al., 2001). Therefore, the present mini
review will only highlight some of the important microorganisms
used in the bioleaching process.

2.  Acidophilic Microorganisms and their Bioleaching
Capability

Generally, the microorganisms driving the mineral oxidation
processes are autotrophic in nature and obtain their carbon for
cell/biomass synthesis from atmospheric carbon dioxide. Certain
bacteria belonging to the genera such as the Acidithiobacillus
and Leptospirillium, fix CO2 by Calvin reductive pentose
phosphate cycle using the enzyme ribulose 1, 5-biphosphate
carboxylase. It is believed that the CO2 concentration present in
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the atmosphere is generally sufficient to avoid carbon limitation
where the bacteria such as Acidithiobacillus ferrooxidans grow
on ferrous iron.  The species belonging to the genus
Acidithiobacillus and Leptospirillum are generally considered
as the most suitable or industrially important microorganisms and
also represent a very versatile group of the chemolithoautotrophic
organisms. The diversity of the microorganisms in the bioleaching
community is very vast. These microorganisms are generally
isolated from acidic mine drainage sites (AMD), soil and water
samples inside the pyrite rich mines such as coal deposits etc.
The bioleaching community comprises of a vast majority of
acidophilies that can be grouped into two major groups based on
temperature optimum i.e. the meso-acidophiles and the thermo-
acidophilies. The meso-acidophilies can grow up to temperatures
of 40oC. The thermo-acidophiles is further grouped into two groups
such as the (1) moderate thermo-acidophilies that can grow up
to 40oC to 55oC and the (2) extreme thermo-acidophilies that
can grow up to 80oC. In addition to the meso and the thermo-
acidophilic microorganism certain heterotrophs are also seen to
play a significant role in the bioleaching process. The following
sections will describe briefly describe certain aspects related to
some of the microorganisms capable of metal sulphide oxidation
or involved in bioleaching.

2.1.1. Acidithiobacillus ferrooxidans

Acidithiobacillus ferrooxidans or A. ferrooxidans (earlier
known as Thiobacillus ferrooxidans) is a rod-shaped bacterium
that occurs usually single or in pairs. The microbe is non-spore
forming, gram-negative, motile and single-pole flagellated. A.
ferrooxidans is considered to be obligate autotrophy and can
grow only chemolithoautotrophically. The microorganism also
poses a very unique property to grow under anoxic conditions,
although it has been characterized as being strictly aerobic.
Interestingly, A. ferrooxidans is endowed with a remarkably broad
metabolic capacity. This species lives on the oxidation of reduced
sulfur compounds and, in addition, is able to oxidize molecular
hydrogen, formic acid, iron (II) ions and other metal ions.
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Anaerobic growth of this microbe is possible by oxidation of
sulfur compounds or hydrogen coupled with iron (III) ion reduction
(Osorio et al., 2013). Under such circumstances, it can grow on
elemental sulfur or metal sulfides using ferric iron as electron
acceptor. This microbe is seen to oxidize a number of metal
sulfides such as arsenopyrite, bornite, chalcocite, chalcopyrite,
covellite, enargite, galena, millerite, orpiment, pyrite, marcasite,
sphalerite, wurtzite, stibnite, pyrrhotite, tetrahedrite, gallium sulfide
and the synthetic metal sulfides such as CdS, CoS, CuS, Cu2S,
FeS, MnS, MoS2, NiS, PbS, SnS and ZnS (Schippers et al., 2007
and references therein). As a result of metal sulphide oxidation,
Acidithiobacillus contributes to increased acidification of leaching
systems as a result of generation of sulphuric acid. As a result
of combined action of sulphuric acid and ferric iron as oxidant,
metal sulphide oxidation is possible along with release of metals.

2.1.2.  Leptospiri l lum ferrooxidans and  Leptospiri l lum
ferriphilum

Microorganisms belonging to genus Leptospirillum are
obligately chemolithotrophic acidophilic organism that can grow
optimally in inorganic media within pH range of 1.0 to 2.0. These
are meso-acidophilic, small, gram negative, vibrio or spiral shaped
cells. Leptospirillum ferrooxidans (L. ferrooxidans)  has quite
a different biochemistry than A. ferrooxidans. This is because;
the microorganism is known to be one of the most metabolically
restricted organisms since it uses only ferrous as an electron
donor. It oxidizes Fe (II) iron under high redox potentials. This
microbe is reported to tolerate metals such as Al, Co, Cu, Mn,
Ni and Zn. Leptospirillum ferriphilum (L. ferriphilum)  can grow
up to 45oC and is referred to as a thermotolerant mesophilic Fe (II)
oxidizer. The microbe is generally found in tank leaching operations
where temperatures of operation are around is 35-50 oC. It is very
interesting to note that, L. ferriphilum rapidly oxidizes Fe (II)
iron at pH < 1 (Schippers, 2007 and references therein).

2.1.3. Acidanus brierley

Acidanus brierley (A. brierley)  is an extremely thermophilic
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metal sulfide oxidizing bacteria under the phylum Crenarchaeota.
The microorganism (type strain DSM 1651) was at first isolated
from a sulfatric spring at the Yellow Stone National park in USA
to which it was earlier described as Sulfolobus brierley. Later
on the type stain was reclassified as A. brierley by Segerer et
al. (1986) and has been described as a facultative anaerobic,
chemolithoautotrophic microorgainsm that uses metal sulfides, H2,
organic substances, elemental sulfur as substrates for growth
(Schippers, 2007 and references therein).

2.1.4. Acidithiobacillus thiooxidans and Acidithiobacillus
caldus

In addit ion to A. ferroxidans  and L. ferrooxidans,
Acidithiobacillus thiooxidans (A. thiooxidans)  plays a very
important role in metal sulphide oxidation. Unlike, A. ferrooxidans
that can oxidize Fe (II) iron and sulphur, A. thiooxidans can only
oxidize sulphur. It is an obligate autotroph that can grow on a
number  of sulphur compounds such as elemental sulphur,
thiosulphate and tetrathionate. This microbe can oxidize covellite,
galena, sphalerite, wurtzite but cannot oxidize pyrite. In addition
to A. thiooxidans, A. caldus can also grow on a variety of
sulphur compounds such as the elemental sulphur, thiosulphate
and tetrathionate but cannot grow on Fe (II) iron. It is describes
as a mixotrophic microorganism that can grow with yeast extract
or glucose (Schippers, 2007 and references therein).

2.1.5. Ferroplasma sp.

Features of the species belonging to the genus Ferroplasma
are that they are acidophilic archaea, able to oxidize Fe (II) iron,
pyrite and other metal sulfides; their cells lacks cell wall and
have irregular pleomorphic cells. They can grow mixotrophically
and faculatively under anaerobic conditions via Fe (III) iron
reduction. In case of Ferroplasma acidiphillum (F. acidiphillum) ,
growth may be lithotrophically aerobic  (Fe (II)+CO 2),
organoheterotophic (on yeast extract), or mixotrophic (Fe (II) +

II 201 II

CHAPTER-11 MICROBES IN ACIDIC ENVIRONMENTS - POTENTIAL BIOTECHNOLOGICAL...



organic carbon source). In case of anaerobic growth for F.
acidiphil lum,  yeast  extr act  is  used as elect ron donor.
Ferroplasma acidarmanus (F. acidarmanus)  also grows as in
the same way as F. acidiphillum. F. acidarmanus possess the
capability to grow under As, Cu, Cd metal stress (Schippers,
2007 and references therein).

2.1.6. Metallosphera sp.

The metallosphera group belongs to the genera Sulflobales
and are capable of metal sulfide oxidation. Metallosphaera
hakonensis (M. hakonensis)  and M. prunae  are aerobic,
facultative chemolithoautotrophic microorganisms that can use
metal sulfides, elemental sulfur, tetrathionate, H2S, and organic
compounds as substrates. M. sedula is also a aerobic, facultative
chemolithoautotrophic microorganism but can oxidise pyrite,
chalcopyrite, sphalerite and the synthetic sulfides CdS, SnS, ZnS
in addition to elemental sulfur, tetrathionate, H2S, and organic
compounds as substrates (Schippers, 2007 and references therein).

Conclusions and Future Dimensions

The role of acidophilic microorganisms towards leaching of
metal values is believed to provide a new dimension to the area
of bio-hydrometallurgy. As the diversity of metal leaching microbes
is very vast, it is also believed that many new species with better
leaching capabilities will be discovered in the near future. A
recent web server/tool designed by Parida et al. (2014), provides
a platform to directly predict the isolated microorganisms from
potential mining sites based on the input of their 16s rRNA
sequences that further scans and matches the output and the
database of the tool to predict acidophilies involved in bioleaching.
Many such advanced studies for identification of microbes will
tremendously help in improving our existing knowledge. It is thus
very pertinent to say that the coming years will see a more
advanced mineral biotechnology using acidophilies for recovery
of various precious metal values form industrial wastes.
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