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ABSTRACT

This paper describes the state-of-the-art and possibilities of environmental biotechnology and reviews its various areas together with their
related issues and implications. Considering the number of problems that define and concretize the field of environmental biotechnology,
the role of some bioprocesses and biosystems for environmental protection, control and health based on the utilization of living organisms
are analyzed. Environmental remediation, pollution prevention, detection and monitoring are evaluated considering the achievements, as
well as the perspectives in the development of biotechnology. Various relevant topics have been chosen to illustrate each of the main areas
of environmental biotechnology: wastewater treatment, soil treatment, solid waste treatment, and waste gas treatment, dealing with both
the microbiological and process engineering aspects. The distinct role of environmental biotechnology in the future is emphasized
considering the opportunities to contribute with new solutions and directions in remediation of contaminated environments, minimizing
future waste release and creating pollution prevention alternatives. To take advantage of these opportunities, innovative new strategies,
which advance the use of molecular biological methods and genetic engineering technology, are examined. These methods would improve
the understanding of existing biological processes in order to increase their efficiency, productivity, and flexibility. Examples of the
development and implementation of such strategies are included. Also, the contribution of environmental biotechnology to the progress of
a more sustainable society is revealed.

Keywords: biological treatment, bioremediation, contaminated soil, environmental biotechnology, heavy metal, natural attenuation,
organic compound, phytoremediation, recalcitrant organic, remediation
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INTRODUCTION and services” (van Beuzekom and Arundel 2006). Biotech-

nology is versatile and has been assessed a key area which
Biotechnology “is the integration of natural sciences and  has greatly impacted various technologies based on the
engineering in order to achieve the application of organisms, application of biological processes in manufacturing, agri-
cells, parts thereof and molecular analogues for products  culture, food processing, medicine, environmental protec-
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Fig. 1 Application of biotechnology in anthropogenic activities (industry, agriculture, medicine, health, environment). (Adapted from Sukumaran

Nair 2006).

tion, resource conservation (Fig. 1) (Chisti and Moo-Young
1999; EC 2002; Evans and Furlong 2003; Gavrilescu
2004a; Gavrilescu and Chisti 2005). This new wave of tech-
nological changes has determined dramatic improvements
in various sectors (production of drugs, vitamins, steroids,
interferon, products of fermentation used as food or drink,
energy from renewable resources and waste, as well as
genetic engineering applied on plants, animals, humans)
since it can provide entirely novel opportunities for sus-
tainable production of existing and new products and ser-
vices (Johnston 2003; Das 2005; Gavrilescu and Chisti
2005). In addition, environmental concerns help drive the
use of biotechnology not only for pollution control (decon-
tamination of water, air, soil), but prevent pollution and
minimize waste in the first place, as well as for environ-
mentally friendly production of chemicals, biomonitoring.

ROLE OF BIOTECHNOLOGY IN DEVELOPMENT
AND SUSTAINABILITY

The responsible use of biotechnology to get economic, soci-
al and environmental benefits is inherently attractive and
determines a spectacular evolution of research from tradi-
tional fermentation technologies (cheese, bread, beer making,
animal and plant breeding), to modern techniques (gene
technology, recombinant DNA technologies, biochemistry,
immunology, molecular and cellular biology) to provide
efficient synthesis of low toxicity products, renewable bio-
energy and yielding new methods for environmental moni-
toring. The start of the 21* century has found biotechnology
emerging as a key enabling technology for sustainable envi-
ronmental protection and stewardship (Cantor 2000; Gavri-
lescu 2004b; Arai 2006). The requirement for alternative
chemicals, feedstocks for fuels, and a variety of commercial
products has grown dramatically in the early years of the
21% Century, driven by the high price of petroleum, policies
to promote alternatives and reduce dependence on foreign
oil, and increasing efforts to reduce net emissions of carbon
dioxide and other greenhouse gases (Hettenhaus 2006). The
social, environmental and economic benefits of environ-
mental biotechnology go hand-in-hand to contribute to the
development of a more sustainable society, a principle
which was promoted in the Brundtland Report in 1987, in

Agenda 21 of the Earth Summit in Rio de Janeiro in 1992,
the Report of the World Summit on Sustainable Develop-
ment held in Johannesburg in 2002 and which has been
widely accepted in the environmental policies (EIBE 2000;
OECD 2001).

Regarding these domains of application, four main sub-
fields of biotechnology are usually talked about:

- green biotechnology, the oldest use of biotechnology

by humans, deals with plants and growing;

- red biotechnology, applied to create chemical com-

pounds for medical use or to help the body in fighting

diseases or illnesses;

- white biotechnology (often green biotech), focusing

on using biological organisms to produce or manipulate

products in a beneficial way for the industry;

- blue biotechnology — aquatic use of biological tech-

nology.

The main action areas for biotechnology as important in
research and development activities can be seen as falling
into three main categories (Kryl 2001; Johnston 2003;
Gavrilescu and Chisti 2005):

- industrial supplies (biochemicals, enzymes and rea-

gents for industrial and food processing);

- energy (fuels from renewable resources);

- environment (pollution diagnostics, products for pol-

lution prevention, bioremediation).

These are successfully assisted by various disciplines,
such as biochemical bioprocesses and biotechnology engi-
neering, genetic engineering, protein engineering, metabolic
engineering, required for commercial production of biotech-
nology products and delivery of its services (OECD 1994;
EFB 1995; OECD 1998; Evans and Furlong 2003; Gavri-
lescu and Chisti 2005).

This review focuses on the achievements of biotechno-
logical applications for environmental protection and con-
trol and future prospects and new developments in the field,
considering the opportunities of environmental biotechno-
logy to contribute with new solutions and directions in
remediation and monitoring of contaminated environments,
minimizing future waste release and creating pollution pre-
vention alternatives.
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ENVIRONMENTAL BIOTECHNOLOGY - ISSUES
AND IMPLICATIONS

As a recognition of the strategic value of biotechnology, in-
tegrated plans are formulating and implementing in many
countries for using biotechnology for industrial regenera-
tion, job creation and social progress (Rijaux 1977; Gavri-
lescu and Chisti 2005).

With the implementation of legislation for environmen-
tal protection in a number of countries together with setting
of standards for industry and enforcements of compliance,
environmental biotechnology gained in importance and
broadness in the 1980s.

Environmental biotechnology is concerned with the ap-
plication of biotechnology as an emerging technology in the
context of environmental protection, since rapid industriali-
zation, urbanization and other developments have resulted
in a threatened clean environment and depleted natural
resources. It is not a new area of interest, because some of
the issues of concern are familiar examples of “old” techno-
logies, such as: composting, wastewater treatment etc. In its
early stage, environmental biotechnology has evolved from
chemical engineering, but later, other disciplines (bioche-
mistry, environmental engineering, environmental micro-
biology, molecular biology, ecology) also contribute to en-
vironmental biotechnology development (Hasim and Ujang
2004).

The development of multiple human activities (in indus-
try, transport, agriculture, domestic space), the increase in
the standard of living and higher consumer demand have
amplified pollution of air (with CO,, NO, SO,, greenhouse
gasses, particulate matters), water (with chemical and bio-
logical pollutants, nutrients, leachate, oil spills), soil (due to
the disposal of hazardous waste, spreading of pesticides),
the use of disposable goods or non-biodegradable materials,
and the lack of proper facilities for waste (Fig. 2).

Studies and researches demonstrated that some of these

pollutants can be readily degraded or removed thanks to
biotechnological solutions, which involve the action of mic-
robes, plants, animals under certain conditions that envisage
abiotic and biotic factors, leading to non-aggressive pro-
ducts through compounds mineralization, transformation or
immobilization (Fig. 3).

Advanced techniques or technologies are now possible
to treat waste and degrade pollutants assisted by living org-
anisms or to develop products and processes that generate
less waste and preserve the natural non-renewable resources
and energy as a result of (Olguin 1999; EIBE 2000; Gavri-
lescu and Chisti 2005; Chisti 2007):

- improved treatments for solid waste and wastewater;

- bioremediation: cleaning up contamination and
phytoremediation;

- ensuring the health of the environment through bio-
monitoring;

- cleaner production: manufacturing with less pollution

or less raw materials;

- energy from biomass;

- genetic engineering for environmental protection and

control.

Unfortunately, some environmental contaminants are
refractory with a certain degree of toxicity and can accumu-
late in the environment. Furthermore, the treatment of some
pollutants by conventional methods, such as chemical deg-
radation, incineration or landfilling, can generate other con-
taminants, which superimposed on the large variety of noxi-
ous waste present in the environment and determine increa-
sing consideration to be placed on the development of com-
bination with alternative, economical and reliable biological
treatments (OECD 1994; EFB 1995; Krieg 1998; OECD
1998; Futrell 2000; Evans and Furlong 2003; Kuhn et al.
2003; Chen et al. 2005; Gavrilescu 2005; Betianu and
Gavrilescu 2006a, 2006b).

At least four key points are considered for environmen-
tal biotechnology interventions to detect (using biosensors
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Fig. 2 The spider of environmental pollution due to anthropogenic activities. (Adapted from EIBE 2000).
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Fig. 4 Key intervention points of environmental biotechnology.

and biomonitoring), prevent in the manufacturing process
(by substitution of traditional processes, single process
steps and products with the use of modern bio- and gene
technology in various industries: food, pharmaceutical, tex-
tiles, production of diagnostic products and textiles), control
and remediate the emission of pollutants into the environ-
ment (Fig. 4) (by degradation of harmful substances during
water/wastewater treatment, soil decontamination, treat-
ment and management of solid waste) (Olguin 1999; Chen
et al. 2005; Das 2005; Gavrilescu 2005; Gavrilescu and
Nicu 2005). Other significant areas where environmental
biotechnology can contribute to pollution reduction are pro-
duction of biomolecules (proteins, fats, carbohydrates,
lipids, vitamins, aminoacids), yield improvement in original
plant products. The production processes themselves can
assist in the reduction of waste and minimization of pol-
lution within the so-called clean technologies based on bio-
technological issues involved in reuse or recycle waste
streams, generate energy sources, or produce new, viable
products (Evans and Furlong 2003; Gavrilescu and Chisti
2005; Gavrilescu et al. 2008).

By considering all these issues, biotechnology may be
regarded as a driving force for integrated environmental
protection by environmental bioremediation, waste minimi-
zation, environmental biomonitoring, biomaintenance.

ENVIRONMENTAL REMEDIATION BY
BIOTREATMENT/ BIOREMEDIATION

Environmental hazards and risks that occur as a result of
accumulated toxic chemicals or other waste and pollutants
could be reduced or eliminated through the application of
biotechnology in the form of (bio)treatment/(bio)remedia-
ting historic pollution as well as addressing pollution resul-

ting from current industrial practices through pollution pre-
vention and control practices. Bioremediation is defined by
US Environmental Protection Agency (USEPA) as “a man-
aged or spontaneous practice in which microbiological pro-
cesses are used to degrade or transform contaminants to less
toxic or nontoxic forms, thereby remediating or eliminating
environmental contamination” (USEPA 1994; Talley 2005).

Biotreatment/bioremediation methods are almost typical
“end-of-pipe processes” applied to remove, degrade, or
detoxify pollution in environmental media, including water,
air, soil, and solid waste. Four processes can be considered
as acting on the contaminant (Asante-Duah 1996; FRTR
1999; Khan et al. 2004; Doble and Kumar 2005; Gavrilescu
2006):

1. removal: a process that physically removes the conta-

minant or contaminated medium from the site without

the need for separation from the host medium;

2. separation: a process that removes the contaminant

from the host medium (soil or water);

3. destruction/degradation: a process that chemically or

biologically destroys or neutralizes the contaminant to

produce less toxic compounds;

4. containment/immobilization: a process that impedes

or immobilizes the surface and subsurface migration of

the contaminant;

Removal, separation, and destruction are processes that
reduce the concentration or remove the contaminant. Con-
tainment, on the other hand, controls the migration of a con-
taminant to sensitive receptors without reducing or re-
moving the contaminant (Watson 1999; Khan et al. 2004,
Gavrilescu 2006).

Removal of any pollutant from the environment can
take place on following two routes: degradation and im-
mobilization by a process which causes it to be biologically
unavailable for degradation and so is effectively removed
(Evans and Furlong 2003). A summary of processes in-
volved in bioremediation as a generic process is presented
in Fig. 5 (Gavrilescu 2004).

Immobilization can be carried out by chemicals released
by organisms or added in the adjoining environment, which
catch or chelate the contaminant, making it insoluble, thus
unavailable in the environment as an entity. Sometimes,
immobilization can be a major problem in remediation
because it can lead to aged contamination and a lot of re-
search effort needs to be applied to find methods to turn
over the process.

Destruction (biodegradation and biotransformation) is
carried out by an organism or a combination of organisms
(consortia) and is the core of environmental biotechnology,
since it forms the major part of applied processes for envi-
ronmental cleanup. Biotransformation processes use natural
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Bioremediation

Definition:

Requirements:

anaerobic: nitrate, sulphate, etc.)

complete mineralization of contaminants through biological activity

microorganisms, plants, substrate (food) and nutrients (nitrogen,
phosphorous, potassium), electron acceptors (aerobic: O,;

Methods of microbial bioremediation

in situ:

type: biosparging, bioventing, bioaugumentation, in situ biodegradation

benefits: most cost efficient, noninvasive, relatively passive, natural attenuation
process, treats soil and water

limitations: environmental constraints, extended treatment time, monitoring difficulties
factors to consider: biodegradative abilities of indigenous microorganisms, presence
of metals and other inorganics, environmental parameters, biodegradability of

type: landfarming, composting, biopiles

benefits: cost efficient, low cost, can be done on site

limitations: space requirements, extended treatment time, need to control abiotic loss,
mass transfer problem, bioavailability limitations

bioreactors:

type: slurry reactors, aqueous reactors

benefits: rapid degradation kinetic, optimized environmental parameters, enhanced
mass transfer, effective use of inoculants and surfactants

limitations: soil requires excavation, relatively high cost capital, relatively high
operating costs

factors to consider: bioaugumentation, toxicity of amendaments, toxic concentration of
contaminants

pollutants, chemical solubility, geological factors, distribution of pollutants — -it is a faster process
ex-situ: —t— Anaerobic:

Microorganisms and processes

Aerobic:

-(requires sufficient oxygen: Pseudomonas, Alcaligenes, Sphingomonas,
Rhodococcus, Mycobacterium)

-degrade pesticides and hydrocarbons, both alkanes and polyaromatic
compounds

-bacteria use the contaminant as the sole source of carbon and energy
-no generation of methane

-(in the absence of oxygen, thus the energy input is slow)

-anaerobic bacteria are not as frequently used as aerobic bacteria
-anaerobic bacteria are used for bioremediation of polychlorinated biphenyls
(PCBs) in river sediments, dechlorination of the solvent trichloroethylene
(TCE), chloroform

-it may generate methane

Ligninolytic fungi:

-have the ability to degrade an extremely diverse range of persistent or toxic
environmental pollutants (as white rot fungus Phanaerochaete chrysosporium)
-common substrates used include straw, saw dust, or corn cobs
Methylotrophs

-grow utilizing methane for carbon and energy

-are active against a wide range of compounds, including the chlorinated
aliphatics trichloroethylene and 1,2-dichloroethane

Methods of phytoremediation

Phytoextraction or phytoaccumulation

Phytotransformation or phytodegradation

Phytostabilization
-plants reduce the mobility and migration of contaminated soil

reenter the environment
Phytodegradation or rhizodegradation

by soil organisms such as bacteria, yeast, and fungi

microbes provide a healthier soil environment
Rhizofiltration

-is used to reduce contamination in natural wetlands and estuary area
Phytovolatilization

Vegetative cap

-the plants accumulate contaminants into the roots and aboveground shoots or leaves
-saves tremendous remediation cost by accumulating low levels of contaminants from a widespread area
-produces a mass of plants and contaminants (usually metals) that can be transported for disposal or recycling

-uptake of organic contaminants from soil, sediments, or water and, subsequently, their transformation to more stable, less toxic, or less mobile form

-leachable constituents are adsorbed and bound into the plant structure so that they form a stable mass of plant from which the contaminants will not

-breakdown of contaminants through the activity existing in the rhizosphere, due to the presence of proteins and enzymes produced by the plants or

-is a symbiotic relationship that has evolved between plants and microbes: plants provide nutrients necessary for the microbes to thrive, while

-is a water remediation technique that involves the uptake of contaminants by plant roots

-plants evaportranspirate selenium, mercury, and volatile hydrocarbons from soils and groundwater

-rainwater from soil is evaportranspirated by plants to prevent leaching contaminants from disposal sites

A

Advantages

Limitations

-most hydrocarbons and organic compounds will be
mineralized

-intrinsic microbes (those already found in the soil)
will mostly be able to acclimatize to the contaminants
-instead of transferring contaminants from one
environmental medium to another, the complete
destruction of target pollutants is possible

-it usually does not produce toxic by-products

-is usually less expensive than other technologies

-it can be used where the problem is located, often
without causing a major disruption of normal activities

-is limited to those compounds that are biodegradable

-short supply of substrate, electron acceptors, or nutrients will hinder
bioactivity

-high levels of organic contaminants may be toxic to the microbes
-heavy metals may inhibit the microbial activity

-the contaminant must be provided in an aqueous environment

-the lower the temperature, the slower the degradation

-the process must be carefully monitored to ensure the effectiveness
-it is difficult to extrapolate from bench and pilot-scale studies to full-
scale field operations

-often takes longer than other actions

Fig. 5 Characteristics and particularities of bioremediation. (Adapted from Vidali 2001; Gavrilescu 2004a).

and recombinant microorganisms (yeasts, fungi, bacteria),
enzymes, whole cells. Biotransformation plays a key role in
the area of foodstuff, pharmaceutical industry, vitamins,
specialty chemicals, animal feed stock (Fig. 6) (Trejo and
Quintero 1999; Doble ef al. 2004; Singhal and Shrivastava
2004; Chen et al. 2005; Dale and Kim 2006; Willke et al.
2006). Metabolic pathways operate within the cells or by
enzymes either provided by the cell or added to the system

after they are isolated and often immobilized.

Biological processes rely on useful microbial reactions
including degradation and detoxification of hazardous orga-
nics, inorganic nutrients, metal transformations, applied to
gaseous, aqueous and solid waste (Eglit 2002; Evans and
Furlong 2003; Gavrilescu 2004a).

A complete biodegradation results in detoxification by
mineralizing pollutants to carbon dioxide, water and harm-
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Biotransformation

Fig. 6 Applications of biotransformations.

less inorganic salts.

Incomplete biodegradation will yield breakdown pro-
ducts which may or may not be less toxic than the original
pollutant and combined alternatives have to be considered,
such as: dispersion, dilution, biosorption, volatilization and/
or the chemical or biochemical stabilization of contami-
nants (Lloyd 2002; Gavrilescu 2004a).

In addition, bioaugmentation involves the deliberate
addition of microorganisms that have been cultured, adap-
ted, and enhanced for specific contaminants and conditions
at the site.

Biorefining entails the use of microbes in mineral pro-
cessing systems. It is an environmentally friendly process
and, in some cases, enables the recovery of minerals and
use of resources that otherwise would not be possible.

Current research on bioleaching of oxide and sulfide
ores addresses the treatment of manganese, nickel, cobalt,
and precious metal ores (Sukla and Panchanadikar 1993;
Smith et al. 1994).

Fig. 7 provides some bioprocess alternatives for heavy
metals removal from the environment (Lloyd 2002; Gavri-
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lescu 2004a).

Biological treatment processes are commonly applied to
contaminants that can be used by organisms as carbon or
energy sources, but also for some refractory pollutants, such
as:

e organics (petroleum products and other carbon-based

chemicals);

e metals (arsenic, cadmium, chromium, copper, lead,

mercury, nickel, zinc);

o radioactive materials.

Microbes and plants in environmental remediation

All forms of life can be considered as having a potential
function in environmental biotechnology. However, mic-
robes and certain plants are of interest even as normally
present in their natural environment or by deliberate intro-
duction (Evans and Furlong, 2003).

The generic term “microbe” includes prokaryotes (bac-
teria or arcaea) and eukariotes (yeasts, fungi, protozoa, and
unicellular plants, rotifers).

HPO,> + M?* —» MHPO,

Biomineralization

H,S + M* —» MS

Fig. 7 Mechanisms of metal-microbe interactions during bioremediation applications. (Lloyd 2002; Gavrilescu 2004a).
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Fig. 8 Structure of microbial community in activated sludge. (Adapted from Wagner et al. 2002; Bitton 2005).

Some of these organisms have the ability to degrade
some of the most hazardous and recalcitrant chemicals,
since they have been discovered in unfriendly environments
where the needs for survival affect their structure and
metabolic capability.

Microorganisms may live as free individuals or as com-
munities in mixed cultures (consortia), which are of particu-
lar interest in many relevant environmental technologies,
like activated sludge or biofilm in wastewater treatment
(Gavrilescu and Macoveanu 1999; Gavrilescu and Maco-
veanu 2000; Metcalf and Eddy 1999). One of the most sig-
nificant key aspects in the design of biological wastewater
treatment systems is the microbial community structures in
activated sludges, constituted from activated sludge flocs,
which enclose various microorganism types (Fig. 8, Table
1) (Wagner and Amann 1997; Wagner ef al. 2002).

The role of plants in environmental cleanup is exerted
during the oxygenation of a microbe-rich environment, fil-
tration, solid-to-gas conversion or extraction of contami-
nants.

The use of organisms for the removal of contamination
is based on the concept that all organisms could remove
substances from the environment for their own growth and
metabolism (Hamer 1997; Saval 1999; Wagner et al. 2002;
Doble et al. 2004; Gavrilescu 2004; Gavrilescu 2005):

- bacteria and fungi are very good at degrading com-

plex molecules, and the resultant wastes are generally

safe (fungi can digest complex organic compounds that
are normally not degraded by other organisms);

- protozoa

- algae and plants proved to be suitable to absorb

nitrogen, phosphorus, sulphur, and many minerals and

metals from the environments.

Microorganisms used in bioremediation include aerobic
(which use free oxygen) and anaerobic (which live only in
the absence of free oxygen) (Fig. 5) (Timmis et al. 1994;
Hamer 1997; Cohen 2001; Wagner et al. 2002; Gray 2004;
Brinza et al. 2005a, 2005b; Moharikar et al. 2005). Some
have been isolated, selected, mutated and genetically engi-
neered for effective bioremediation capabilities, including
the ability to degrade recalcitrant pollutants, guarantee bet-
ter survival and colonization and achieve enhanced rates of
degradation in target polluted niches (Gavrilescu and Chisti
2005).

They are functional in activated sludge processes, lag-
oons and ponds, wetlands, anaerobic wastewater treatment
and digestion, bioleaching, phytoremediation, land-farming,
slurry reactors, trickling filters (Burton et al. 2002; Mul-
ligan 2002). Table 1 proposes a short survey of microbial
groups involved in environmental remediation (Rigaux
1997; Pandey 2004; Wang et al. 2004; Bitton 2005).

Factors affecting bioremediation

Two groups of factors can be identified that determine the

success of bioremediation processes (Saval 1999; Nazaroff
and Alvarez-Cohen 2001; Beaudette ef al. 2002; Wagner et
al. 2002; Sasikumar and Papinazath 2003; Bitton 2005;
Gavrilescu 2005):

- nature and character of contaminant/contamination,
which refers to the chemical nature of contaminants and
their physical state (concentration, aggregation state:
solid, liquid, gaseous, environmental component that
contains it, oxido-reduction potential, presence of halo-
gens, bonds type in the structure etc.);

- environmental conditions (temperature, pH, water/

air/soil characteristics, presence of toxic or inhibiting

substances to the microorganism, sources of energy,
sources of carbon, nitrogen, trace compounds, tempera-
ture, pH, moisture content.

Also, bioremediation tends to rely on the natural abili-
ties of microorganisms to develop their metabolism and to
optimize enzymes activity (Fig. 9).

The prime controlling factors are air (oxygen) availabi-
lity, moisture content, nutrient levels, matrix pH, and am-
bient temperature (Table 2) (Vidali 2001).

Usually, for ensuring the greatest efficiency, the ideal
range of temperature is 20-30°C, a pH of 6.5-7.5 or 5.9-9.0
(dependent on the microbial species involved). Other cir-
cumstances, such as nutrient availability, oxygenation and
the presence of other inhibitory contaminants are of great
importance for bioremediation suitability, for a certain type
of contaminat and environmental compartment, the required
remediation targets and how much time is available. The
selection of a certain remediation method entails non-engi-
neered solutions (natural attenuation/intrinsic remediation)
or an engineered one, based on a good initial survey and
risk assessment.

A number of interconnected factors affect this choice
(as is also illustrated in Figs. 5, 10):

e contaminant concentration
contaminant/contamination characteristics and type
scale and extent of contamination
the risk level posed to human health or environment
the possibility to be applied in situ or ex situ
the subsequent use of the site

e available resources

Bioremediation technologies offer a number of advan-
tages even when bioremediation processes have been estab-
lished for both in situ and ex situ treatment (Fig. 10), such
as (EIBE 2000; Sasikumar and Papinazath 2003; Gavrilescu
2005; Gavrilescu and Chisti 2005):

- operational cost savings comparative to other tech-

nologies

- minimal site disturbance

- low capital costs

- destruction of pollutants, and not transferring the

problem elsewhere

- exploitation of interactions with other technologies

These advantages are counterbalanced by some dis-
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treatment

- other technologies should be necessary

- may have long time-scale

The biotreatment is applied above all in wastewater
treatment, soil bioremediation, solid waste treatment, bio-
treatment of gaseous streams.

(Bio)treatment of municipal wastewater by activated

advantages (Boopathy 2000; Sasikumar and Papinazath
2003):
- influence of pollutant characteristics and local condi-
tions on process implementation
- viability needs to be improved (time consuming and
expensive)
- community distress for safety of large-scale on-site

Table 1 Survey of microbial groups involved in environmental remediation.

Microorganisms Type Shape Example Abilities References
Bacteria cocci spherical shape Streptococcus hydrocarbon-degrading bacteria Atlas 1981
heavy oil Leahy and Colwell 1990
degrade dairy industry waste (whey) Ince 1998
Donkin 1997
Grady et al. 1999
Marques-Rocha et al. 2000
Blonskaya and Vaalu 2006
Kumar et al. 2007
Mohana et al. 2007
Xu et al. 2009
bacilli rods Bacillius subtilis degrade crude oil Gallert and Winter 1999
bioremediation of chlorpyrifos- Eglit 2002
contaminated soil Das and Mukherjee 2007
Lakshmi ez al. 2009
spiral forms Vibrio cholera heavy metals Bitton 2005
Spirillum volutans
sheated bacteria  filamentous Sphaeratilus reduce iron to ferric hydroxide Sukla and Panchanadikar 1993
(gram-negative Leptothrix (Sphaeratilus natans, Crenothrix) Smith et al. 1994
rods that Crenothrix reduce manganese to manganese oxide Sasaki ef al. 2001
become (Leptothrix) Gray 2004
flagellated) found in polluted streams and wastewater Bitton 2005
treatment plants Fitzgiblon et al. 2007
ptalked bacteria  flagellated Caulobacter aerobic, aquatic environments with low Poindexter et al. 2000
organic content Bitton 2005
Gallionella G. ferruginea, present in iron rich waters  Benz ez al. 1998
and oxidizes Fe** to Fe**. Blanco 2000
can be formed in water distribution Smith et al. 2004
systems Bitton 2005
budding bacteria filaments or Hyphomicrobium soil and aquatic environments requires Trejo and Quintero 1999
hyphae one-carbon compounds to grow (e.g. Gallert and Winter 2001
methanol) Burton et al. 2002
Duncan and Horan 2003
Rhodomicrobium phototrophic Bitton 2005
gliding bacteria  filamentous Beggiatoa oxidize H,S to S° Droste 1997
(gram- Thiothrix Guest and Smith 2002
negative) Reddy et al. 2003
bdellovibrio flagellated B. bacteriovorus grow independently on complex organic Bitton 2005
(predatory) media Saratale et al. 2009
actinomycetes filamentous Micromonospora e most are strict acrobes Grady et al. 1999
(gram-positive) Streptomyces o found in water, wastewater treatment ~ Lema ef al. 1999
mycelial Nocordia (Gordonia)  plants, soils (neutral and alkaline) Olguin 1999
growth o degrade polysaccharides (starch, Saval 1999
cellulose), hydrocarbons, lignin Duncan and Horan 2003
e can produce antibiotics (streptomycin,  Gavrilescu 2004
tetracycline, chloramphenicol) Bitton 2005
e Gordonia is a significant constituent Dash et al. 2008
of foams in activated sludge units Joshi et al. 2008
cyanobacteria unicellular, Anabaena e prokaryotic organisms Blanco 2000
(blue-green colonial or e able to fix nitrogen Burton et al. 2002
algae) filamentous e have a high resistance to extreme Bitton 2005
organisms environmental conditions (temperature, Brinza ef al. 2005a
dessication) so that are found in desert El-Sheekh et al. 2009
soil and hot springs
o responsible for algal blooms in lakes
and other aquatic environments
e some are quite toxic
Archea crenarchaeotes extremophyles thermophiles e prokaryotic cells Eglit 2000
euryarchaeotes hyperthermophiles e use organic compounds as a source of  Burton et al. 2002
korarchaeotes psychrophiles carbon and energy (organotrophs) Gavrilescu 2002
(more closely acidophiles e use CO,as a carbon source Dunn et al. 2003
related to alkaliphiles (chemoautothrophs) Bitton 2005
eukaryotes than halophiles Doble and Kumar 2005

to bacteria)
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Microorganisms Type Shape Example Abilities References
Eukaryotes fungi long filaments e use organic compounds as carbon Hamer 1997
(hiphae) source and energy, and play an important Burton et al. 2002
which form a role in nutrient recycling in aquatic and ~ Brinza and Gavrilescu 2003
mass called soil environments Gupta et al. 2004
mycellium o some form traps that capture protozoa  Bitton 2005
and nematodes
e grow under acidic conditions in foods,
water or wastewater (pH 5)
e implicated in several industrial
application (fermentation processes and
antibiotic production)
Phycomycetes (water e occur on the surface of plants and Duncan and Horan 2003
molds) animals in aquatic environments Bitton 2005
some are terrestrial (common bread
mold, Rhizopus)
Ascomycetes some yeasts are important industrial Bitton 2005
(Neurospora crassa, microorganisms involved in bread, wine,
Saccharomyces beer making
cerevisiae)
Basidiomycetes wood-rotting fungi play a significant role Hernandez-Luna et al. 2007
(mushrooms - in the decomposition of cellulose and Bitton 2005
Agaricus, Amanita lignin
(poisonous))
Fungii imperfecti (ex.  can cause plant diseases Gadd 2007
Penicillium)
algae floating phyloplankton e play the role of primary producers in Chavan and Mukherji 2010
unicellular aquatic environments (oxidation ponds
microorganis for wastewater treatment)
ms e carry out oxygenic photosynthesis and
filamentous Uhlothrix grow in mineral media with vitamin Tuzen et al. 2009
colonial Volvox supplements (provide by some bacteria)  Duncan and Horan 2003
and with CO, as the carbon source Feng and Aldrich 2004
e some are heterotrophic and use organic
compounds (simple sugars and organic
acids) as source of carbon and energy
Phylum Chlorophyta Bitton 2005
(green algae) Gadd 2007
Phylum Chrysophyta
(golden-brown algae)
Phylum Euglenophyta
Phylum Pyrrophyta
(dinoflagellates)
Phylum Rhodophyta
(red algae)
Phylum Phaeophyta
(brown algae)
Protozoa unicellular important for public health and process
organisms microbiology in water and wastewater
treatment
Sarcodina (amoeba) e resistant to desiccation, starvation, Bitton 2005
Mastigophora high temperature, lack of oxygen,
(flagellates) disinfection in waters and wastewaters
Ciliophora (ciliates) o found in soils and aquatic
Sporozoa environments
e some are parasitic to animals and
humans
Viruses Belong neither to Animal viruses e some are indicators of contamination Duncan and Horan 2003

prokaryotes nor
to eukaryotes
(carry out no
catabolic or
anabolic
functions)

Algal viruses
Bacterial phages

o distruct host cells
o infect a wide range of organisms
(animals, algae, bacteria)

sludge method was perhaps the first major use of biotech-
nology in bioremediation applications. Municipal sewage
treatment plants and filters to treat contaminated gases were
developed around the turn of the century. They proved very
effective although at the time, the cause for their action was
unknown. Similarly, aerobic stabilization of solid waste
through composting has a long history of use. In addition,

bioremediation was mainly used in cleanup operations, in-
cluding the decomposition of spill oil or slag loads con-
taining radioactive waste. Then, bioremediation was found
as the method of choice when solvents, plastics or heavy
metals and toxic substances like DDT, dioxins or TNT need
to be removed (EIBE 2000; Betianu and Gavrilescu 2006a).

General advantages associated with the use of biologi-
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Environment
Temperature
Moisture content

pH

Electron acceptors

Nutrients

Fig. 9 Main factors of influence in bioremediation processes. (Adapted from Beaudette ef a/. 2002; Bitton 2005).

Technology
transition

relatively unrestricted less than a year free
widespread localized

low to medium medium to high

deep within site relatively near surface

In situ techniques Ex situ techniques

Fig. 10 Factors involved in the choice of a remediation technology.

Table 2 Environmental factors affecting biodegradation.

Parameters Condition required for microbial activity Optimum value for an oil degradation
Soil moisture 25-28% of water holding capacity 30-90%

Soil pH 5.5-8.8 6.5-8.0

Oxygen content Aerobic, minimum air-filled pore space of 10% 10-40%

Nutrient content N and p for microbial growth C:N:P=100:10:1

Temperature (°C) 15-45 20-30

Contaminants Not too toxic Hydrocarbon 5-10% of dry weight of soil
Heavy metals Total content 2000 ppm 700 ppm

Type of soil Low clay or silt content

cal processes for the treatment of hazardous wastes refer to ~ Wastewater biotreatment
the relatively low costs, simple and well-known technolo-

gies, potential for complete contaminant destruction (Naza-  The use of microorganisms to remove contaminants from
roff and Alvarez-Cohen 2001; Sasikumar and Papinazath  wastewater is largely dependent on wastewater source and
2003; Gavrilescu 2005). characteristics.



Environmental biotechnology. Maria Gavrilescu

Wastewater is typically categorized into one of the fol-
lowing groups (Wiesmann et al. 2007):

e municipal wastewater (domestic wastewater mixed

with effluents from commercial and industrial works,

pre-treated or not pre-treated)

e commercial and industrial wastewater (pre-treated or

not pre-treated)

e agricultural wastewaters

The effluent components may be of chemical, physical
or biological nature and they can induce an environmental
impact, which includes changes in aquatic habitats and spe-
cies structure as well as in biodiversity and water quality.
Some characteristics of municipal and industrial waste-
waters are presented in Tables 3 and 4.

It is evident that the quality parameters are very diverse,
so that the biological wastewater treatment has to be ade-
quate to pollution loading. Therefore, it is a difficult task to

Table 3 Typical characteristics of wastewater from various industries.

find the most appropriate microorganism consortia and
treatment scheme for a certain type of wastewater, in order
to remove the non-settleable colloidal solids and to degrade
specific pollutants such as organic, nitrogen and phosphorus
compounds, heavy metals and chlorinated compounds con-
tained in wastewater (Fig. 11) (Metcalf and Eddy 1991;
Bitton 2005).

Since many of these compounds are toxic to microor-
ganisms, pretreatment may be required (Burton ez al. 2002).
Biological treatment requires that the effluents be rich in
unstable organic matter, so that microbes break up these un-
stable organic pollutants into stable products like CO,, CO,
NH;, CH,, H,S, etc. (Cheremisinoff 1996; Guest and Smith
2002; Dunn et al. 2003).

To an increasing extent, wastewater treatment plants
have changed from “end-of-pipe” units toward module sys-
tems, most of them fully integrated into the production

Process/source Parameters (mg/L) References
pH TSS BODs COD N P S Carbo- Acetic Metha- CI’ Na* Ca¥ K'
hydrate acid nol
Pulp and paper industry
Thermo 42 810 2800 5600 12 2.3 72 2700 235 25 Pokhrel and
mechanical Viraghavan
pulping (TMP) 2004
Chemi- - 500  3000-  6000- - - 167 1000 1500 - Bajpai 2000
thermomecha- 4000 9000
nical pulping
Kraft bleaching 10.1 37-  128-184 1124- - - - - - 40-76 Bajpai 2000;
74 1738 Pokhrel and
Viraghavan
2004
Spent liguor - 253 13,300 39,800 86 36 315 6210 3200 90 Bajpai 2000;
Das and Jain
2001
Chip wash - 6095 12,000 20,600 86 36 315 3210 820 70 Bajpai 2000
Paper mill - 800 1600 5020 11 0.6 97 610 54 9 Bajpai 2000;
Pokhrel and
Viraghavan
2004
Pharmaceutical industry
3.98 407 3420 10 as 160 as 1,900 2800 2000 20 Sirtari et al.
PO~ SO 2009
Synthetic drug  2.3-  11-  2980-  5480-  262- 7.95- 2900- Murthy et al.
plant (1) 11.1 126 3780 7465 512 45.8 4500 1984
Chemical 7-8  800- 40,000- 3-6 Oktem et al.
synthesis-based 900 60,000 PO,-P 2007
pharmaceutical
Synthetic drug  7-8 7130 5900 12370 3200 as - 9000 as - - - 1150 - -
plant (2) NO;* S0.*
Dairy industry
5.5-  250- 350-600 1500- Sarkar et al.
7.5 600 3000 2006
Cheese industry 6.2-  326- 565- 785- 29-181 263- 1.4- Danalevich et
11.3 3560 5722 7619 1265 58.5 al. 1998;
Hwang and
Hansen 1998
Milk processing 8-11 350- 1200-  2000- 20-50 170-  35-  35-  Ince 1998;
plant 1100 1400 6000 PO4-P 200 40 40 Samkutti and
Gough 2002
Butter/milk 5-7 1500 1908 35 560 8 13 Donkui 1997;
powder plant Strydom et al.
1997
Textile industry
Textile 8.6- 250- 150-170 1700  5-45 14-30  525- 1650- Eremektar et
finishing 88 750 N-NH4 590 1750 al. 2007
industry SO>
Cotton textile 9.12- 500-900 800- 7-21 1.95- 15-32 17750- Kapdan and
wastewater 9.60 1200 NHs;-N 249 34000 Alparslan
2005
Textile 10 150 170 1150 680 1820 Selcuk 2005
wastewater SO~
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Table 4 Typical loading of municipal wastewater (Bitton 2005).
Wastewater characteristics Concentration (mg/L)

Strong Medium Weak
Suspended solids 350 220 100
Total solids 1200 720 350
Biochemical Oxygen Demand (BODs) 400 220 110
Chemical Oxygen Demand (COD) 1000 500 250
NH;-N 50 25 12
Total N 85 40 20
Organic N 35 15 8
Total P 15 8 4
Suspgnded Nutrients
L. solids
Priority Refractory
pollutants organics
WASTEWATER
Biodegradable CONTAMINANTS Pathogens and
organic parasites
ESBEL= Dissolved Heavy
inorganics metals

Fig. 11 Categories of contaminants in wastewater. (Adapted from Met-
calf and Eddy 1991; Bitton 2005).

process (production integrate environmental protection)
(Rosenwinkel et al. 1999).

The three major groups of biological processes: aerobic,
anaerobic, combination of aerobic and anaerobic can be run
in combination or in sequence to offer greater levels of
treatment (Grady et al. 1999; Burton ef al. 2002; Gavrilescu
2004a). The main objectives of wastewater treatment pro-
cesses can be summarized as:

¢ reduction of biodegradable organics content (BODs)

¢ reduction/removal of recalcitrant organics

¢ removal of heavy/toxic metals

e removal/reduction of compounds containing p and n

(nutrients)

e removal and inactivation of pathogenic microorga-
nisms and parasites

1. Aerobic biotreatment

Aerobic processes are often used for municipal and indus-
trial wastewater treatment.

Easily biodegradable organic matter can be treated by
this system (Wagner ef al. 2002; Doble and Kumar 2005;
Gallert and Winter 2005; Russell 2006).

The basic reaction in aerobic treatment plant is repre-
sented by the reactions (1, 2):

cells

Organic material + O, — CO, + H,O+newcells (1)

other nutrients
Microbial cells undergo progressive auto-oxidation of
the cell mass:

@)

Lagoons and low rate biological filters have only limi-
ted industrial applications.

The processes can be exploited as suspended (activate
sludge) or attached growth (fixed film) systems (Gavrilescu
and Macoveanu 1999; Grady et al. 1999; Gavrilescu et al.
2002a; Lupasteanu et al. 2004; Pavel et al. 2004) (Fig. 12).
Aeration tanks used for the activated sludge process allows
suspended growth of bacterial biomass to occur during bio-
logical (secondary) wastewater treatment, while trickling
filters support attached growth of biomass (Burton et al.
2002; Gavrilescu and Macoveanu 2000; Gavrilescu et al.
2002b; Gavrilescu and Ungureanu 2002; Gallert and Winter
2005) (Fig. 12). Advanced types of activated sludge systems
use pure oxygen instead of air and can operate at higher
biomass concentration.

Biofilm reactors are applied for wastewater treatment in
variants such as: trickle filters, rotating disk reactors, airlift
reactors. Domestic wastewaters are usually treated by aero-
bic activated sludge process, since they are composed mainly
of proteins (40-60%), carbohydrates (25-50%), fats and oils
(10%), urea, a large number of trace refractory organics
(pesticides, surfactants, phenols (Bitton 2005) (Table 4).

Cells+0, — CO, + H,0+ NH,

Fig. 12 Processes and equipment involved in biological wastewater treatment.

BIOLOGICAL WASTEWATER TREATMENT
ACTIVATED SLUDGE PROCESS BIOFILM PROCESS
Activated Single
sludge tank Combined Submerged Sprayed
treatment technique process biofilm biofilm
plant
Continuous Trickling Trickling
feed filter filter
. . Fixed bed Soil filter
Discontinuous
reactors
feed
(Sequencing
batch reactors) Fluidized bed Snady/gravel
reactors filter
Constructed
wetland
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CO,, H,0
Inlet Aerobic Outlet
100 kg COD treatment 10 kg COD
Energy ﬁ Sludge
100 kWh 60 kg COD
Methane, CO,
Inlet Anaerobic Outlet
100 kg COD
g treatment 10 kg COD

Sludge
10 kg COD

Fig. 13 Comparison of aerobic and anaerobic biological treatment.
(Blonskaya and Vaalu 2006).

2. Anaerobic biotreatment

Anaerobic treatment of wastewater does not generally lead
to low pollution standards, and it is often considered a pre-
treatment process, devoted to minimization of oxygen
demand and excessive formation of sludge. Highly concen-
trated wastewaters should be treated anaerobically due to
the possibility to recover energy as biogas and low quantity
of sludge (Gallert and Winter 1999).

Research and practices have demonstrated that high
loads of wastewater treated by anaerobic technologies gene-
rates low quantities of biological excess sludge with a high
treatment efficiency, low capital costs, no oxygen require-
ments, methane production, low nutrient requirements (Fig.
13) (Blonskaya and Vaalu 2006).

New developments in anaerobic wastewater treatment

High rate anaerobic wastewater treatment technologies can

- Conventional Wastewater Treatment

be applied to treat dilute concentrated liquid organic waste-
waters which are discharged from distilleries, breweries,
paper mills, petrochemical plants etc. Even municipal waste-
water can be treated using high rate anaerobic technologies.
There are also a number of established and emerging tech-
nologies with various applications, such as:

- sulphate reduction for removal and recovery of heavy

metals and sulphate denitrification for the removal of

nitrates

- bioremediation for breakdown of toxic priority pol-

lutants to harmless products.

Sulphate reducing process

The characteristics of some sulphur-rich wastewaters (tem-
perature, pH, salinity) are determined by discharging pro-
cess. Often, they have to meet constraints imposed by res-
trictive environmental regulations so that a growing interest
to extend the application of sulphate reducing anaerobic re-
actions in conditions far from the optimal growth conditions
of most bacteria is obvious (Droste 1997; Guest and Smith
2002).

The mechanism of the sulphate reduction for removal of
organics, heavy metals and sulphur is illustrated by reac-
tions (3 — 5):

3)

SO;” +COD HS™ +CO,

sulfate reducing bacteria

disulfide carbon

dioxide

sulphate organic

substrate

ST+ M —— s MS

“4)

sulfide metal sulfide

[insoluble]

heavy metal
[soluble]

)

HS +0, »S'\ +H,0

chemotropic bacteria
(eg. Thilobacillus )

disulfide elemental water
sulfur

[insoluble]

oxygen

Greenhouse Gas (CO,)

; ﬁ Energy

Organic
substances in
wastewater

Greenhouse Gas (CH,)

ﬁ

Disposal

Organic
substances in
wastewater

Wastewater Treatment by Photosynthetic Bacteria

Green-house Gas (CO,)

Biomass

—— Reuse

Fig. 14 Comparison of carbon conversion pathways during conventional wastewater treatment and wastewater treatment by photosynthetic

bacteria (Nakajima ef al. 2001).
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Upflow anaerobic sludge blanket (UASB) reactors can
be used to treat sulphur-rich wastewaters (Tuppurainen et al.
2002; Lens et al. 2004).

Wastewater treatment using purple nonsulphur bacteria,
a sort of photosynthetic bacteria under light and anaerobic
conditions is applied to produce a large amount of useful
biomass with little carbon dioxide, one of the major green-
house gases (Fig. 14) (Nakajima et al. 2001). The biomass
of these bacteria can be utilized for agricultural and indus-
trial purposes, such as a feed for fish and animals, fertilizers,
polyhydroxyalkanoates.

3. Advanced biotreatment

Advanced wastewater biotreatment must be considered in
accordance with various beneficial reuse purposes as well
as the aspect of human and environmental health. This is
especially important when the treated wastewater is aimed
to use for the rehabilitation of urban creak and creation of
water environment along it.

Membrane technology is considered one of the innova-
tive and advanced technologies which rationally and effec-
tively satisfy the above mentioned needs in water and
wastewater treatment and reuse, since it combines biologi-
cal with physical processes (Yamamoto 2001; Bitton 2005).

In combination with biological treatment, it is reason-
ably applied to organic wastewaters, a large part of which is
biodegradable. In fact, this is the combination of a mem-
brane process like microfiltration or ultrafiltration with a
suspended growth bioreactor (Ben Aim and Semmens 2003;
Bitton 2005) (Fig. 15).

It is widely and successfully applied in an ever increa-
sing number of locations around the world for municipal
and industrial wastewater treatment with plant sizes up to
80,000 population equivalent (Membrane Separation Acti-
vated Sludge Process, MSAS). The process efficiency is de-
pendent on several factors, such as membrane characteris-
tics, sludge characteristics, operating conditions (Bitton
2005; Judd 2006).

A new generation of MSAS is the submerged type
where membrane modules are directly immersed in an aera-
tion tank (Fig. 15). This aims to significantly reduce the
energy consumption by eliminating a big circulation pump
typically installed in a conventional MSAS (Judd 2006).

Membrane bioreactors (MBR) can be applied for remo-
val of dissolved organic substances with low molecular
weights, which cannot be eliminated by membrane separa-
tion alone, can be taken up, broken down and gasified by
microorganisms or converted into polymers as constituents
of bacterial cells, thereby raising the quality of treated water.
Also, polymeric substances retained by the membranes can
be broken down if they are still biodegradable, which
means that there will be no endless accumulation of the
substances within the treatment process. This, however, re-
quires the balance between the production and degradation
rates, because the accumulation of intermediate metabolites
may decrease the microbial activities in the reactor (Yama-

Table 5 Expected performance of MBR for wastewater treatment.

A. External Membrane Module

Membrane
Module

Aeration tank

—

Permeate

Concentrate

return
Waste

sludge

B. Submerged Membrane Module

Membrane
Module
. \
: \
Aeration tank | '\ M Permeate
\
\
Waste
sludge

Fig. 15 Membrane bioreactors with (a) external module and (b) inter-
nal (submerged) module. (Bitton 2005; Ben Aim and Semmens 2003).

Table 6 Sustainability criteria for MBR technology (Balkema et al. 2002;
Fane 2007).
Criteria

Indicators Improvement Applied
needed now with

good results

Economic
Environmental

Cost and affordability X

Effluent water quality
Microorganism
Suspended solids
Biodegradable organics

Nutrient removal

Chemical usage

Energy

Land use

Reliability

Ease of use X

Flexible and adaptable X

Small-scale systems X

Institutional requirements

Acceptance

Epertise

I

ol
ol

Technical

Socio-cultural

el

Wastewater loading Expected performance

Suspended solids (SS) Complete removal

No influence of sludge settle ability on effluent quality
Removal of particle-bound micropollutants

Virus, bacteria, protozoa
Nitrogen

Reliable removal by size exclusion, retention by dynamic membrane, a high removal along with SS retention
Stable nitrification due to high retention of nitrifying bacteria

Low temperature nitrification is attained
A high effectiveness factor in terms of nitrification due to relatively small size floc
Endogenous denitrification is highly expected due to high concentration of biomass

Sludge stabilization

Minimize excess sludge production due to long SRT

Sludge treatment is possible together with wastewater treatment
Use of higher tropic level of organism is expected to control sludge

Degradation of hazardous substances

Selective growth of specific microorganisms is expected for hardly degradable hazardous substances

Almost pure culture system is easily operated
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moto 2001).

MBRs can be operated aerobically or anaerobically for
organic compounds and nutrients removal.

Due to its hybrid nature, MBRs offer advantages and
gain merits (Table 5) (Yamamoto 2001).

The technology meets water sustainability criteria, dis-
cusses by Bitton (2005) and shown in Table 6 (Balkema et
al. 2002; Fane 2007).

The main advantages of biological processes in compa-
rison with chemical oxidation are: no need to separate col-
loids and dispersed solid particles before treatment, lower
energy consumption, the use of open reactors, resulting in
lower costs, and no need for waste gas treatment (Lang-
waldt and Puhakka 2000; Wiesmann et al. 2007).

4. Molecular techniques in wastewater treatment

Although molecular technique applications in wastewater
biotreatment are quite new, being developed during the
1990s and not appearing to be more economically than the
established technologies, major applications may include
the enhancement of xenobiotics removal in wastewater
treatment plants and the use of nucleic acid probes to detect
pathogens and parasites (COST 624 2001; Khan et al. 2004;
Bitton 2005; Sanz and Kochlung 2007). Among these tech-
niques, the most interesting proved to be cloning and crea-
tion of gene library, denaturant gradient cell electrophoresis
(DGGE), fluorescent in situ hybridization with DNA probes
(FISH) (Sanz and Kochlung 2007).

Wastewater treatment processes can be improved by
selection of novel microorganisms in order to perform a cer-
tain action. However, the use of DNA technology in pol-
lution control showed to have some disadvantages and
limitations (Timmis et al. 1994; Bitton 2005), such as:
multistep pathways in xenobiotics biodegradation, limited
degradation, instability of the recombinant strains of inter-
est in the environment, public concern about deliberate or
accidental release of genetic modified microorganisms etc.

5. Metals removal by microorganisms from wastewaters

Heavy metals come in wastewater treatment plants from
industrial discharges, stormwater etc. Toxic metals may
damage the biological treatment process, being usually in-
hibitory to both areobic and anaerobic processes. However,
there are microorganisms with metabolic activity resulting
in solubilization, precipitation, chelation, biomethylation,
volatilization of heavy metals (Bremer and Geesey 1991;
Bitton 2005; Gerardi 2006).

Metals from wastewater such as iron, copper, cadmium,
nickel, uranium can be mostly complexed by extracellular
polymers produced by several types of bacteria (B. licheni-
formis, Zooglea ramigera). Subsequently, metals can be ac-
cumulated and then released from biomass by acidic treat-
ment. Nonliving immobilized bacteria, fungi, algae are able
to remove heavy metals from wastewater (Eccles and Hunt
1986; Bitton 2005) (Table 7).

The mechanisms involved in metal removal from waste-
water include (Kulbat e al. 2003; Bitton 2005; Gerardi
2006): adsorption to cell surface, complexation and solubi-
lization of metals, precipitation, volatilization, intracellular
accumulation of metals, redox transformation of metals, use
of recombinant bacteria. For example, Cd*" can be accumu-
lated by bacteria, such as E. coli, B. cereus, fungl (Asper-
gillus niger). The hexavalent chromlum (Cr*") can be re-
duced to trivalent chromium (Cr’") by the Enterobacter clo-
acae strain; subsequently Cr’" precipitates as a metal hydro-
xide (Ohtake and Hardoyo 1992). Some microorganisms
can also transform Hg”" and several of its organic com-
pounds (methyl mercury, ethyl mercuric phosphate) to the
volatile form Hg”, which is in fact a detoxification mecha-
nism (Silver and Misra 1988).

The metabolic activity of some bacteria (4deromonas,
Flavobacterium) can be exploited to transform Selenium to
volatile alkylselenides as a result of methylation (Bitton

2005).

Table 7 Organisms involved in metal removal/recovery from waste-

waters.

Metal

Organism

Yeasts
Cd(I)

Cr(VI)
Pb(I)
Ni(ID)
Cr(VI)
Cr(V])
Cr(IIT)

Saccharomyces cerevisiae

A. pullulans

Cr. laurentii

Cy. capitatum

H. anomala

P. fermentans

R. rubra

S. cerevisiae

Sp. roseus

S. cerevisiae entrapped in polyurethane foam
S. cerevisiae modified by crosslinking cystine with
glutaraldehyde

S. cerevisiae

Candida utilis
S. cerevisiae
S. cerevisiae

Living microalgae free in solution

cd()

Pb(I)

Zn(1I)

Au(l)
u(n

Cu()

Ni(I)
Co(ID)

Mn(TI)

Mo(I)

To(IT)

Zx(IT)

Hg(IT)
AI(TIT)

Chlorella vulgaris
Chlorella salina
Chlorella homosphaera
Scenedesmus obliquus
Chlamydomonas reinhardtii
Asterionella formosa
Fragilaria crotonensis
Thalassiosira rotula
Cricosphaere elongate
Chlorella vulgaris
Euglena sp.

Chlorella vulgaris
Chlorella regularis
Chlorella salina
Chlorella homosphaera
Euglena sp.

Chlorella vulgaris
Chlorella regularis
Chlorella sp.
Scenedesmus obliquus
Scenedesmus sp.
Chlamydomonas sp.
Dunaliella tertiolecta
Ankiistrodesmus sp., Selenastrum sp.
Chlorella regularis
Euglena sp.
Cricosphaere elongate
Chlorella regularis
Thalassiosira rotula
Chlorella regularis
Chlorella salina
Chlorella regularis
Chlorella salina
Euglena sp.

Chlorella regularis
Scenedesmus sp.
Chlamydomonas reinhardtii
Chlorella emersonii
Scenedesmus obliquus
Chlamydomonas reinhardtii
Chlorella emersonii
Scenedesmus obliquus
Chlamydomonas sp.
Chlorella sp.

Euglena sp.
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Table 7 (Cont.)
Metal Organism
Macroalgal biomass

Cd(I) Sargassum natans
Ascophyllum nodosum
Halimeda opuntia
Fucus vesiculosus
Sargassum natans
Sargassum fluitans
Sargassum vulgaris
Ascophyllum nodosum
Palmaria palmate
Chondrus Crispus
Fucus vesiculosus
Padina gymnospora
Codium taylori
Sargassum natans
Ascophyllum nodosum
Palmaria palmate
Chondrus Crispus
Porphyra palmata
Sargassum natans
Sargassum natans
Sargassum natans
Sargassum natans
Vaucheria
Sargassum natans
Ascophyllum nodosum
Chondrus Crispus
Porphyra palmata
Halimeda opuntia
Vaucheria

Pb(TI)

Au(l)

Ag(D
u(n
Zn(1I)
Cu(l)

Co(II)

Sr(II)

Soil bioremediation

Soil biotreatment technologies use living organisms to deg-
rade soil contaminants, either ex situ (i.e., above ground, in
another place) or in situ (i.e., in place, in ground), and in-
clude biotreatment cells, soil piles, and prepared treatment
beds (Trejo and Quintero 1999; Khan et al. 2004; Gavri-
lescu 2006).

For bioremediation to be effective, microorganisms
must enzymatically attack the pollutants and convert them
to harmless products. Since bioremediation can be effective

Table 8 Summary of some bioremediation strategies.

only where environmental conditions permit microbial
growth and activity, its application often involves the mani-
pulation of environmental parameters to allow microbial
growth and degradation to proceed at a faster rate. Table 2
reviews some environmental conditions for degradation of
contaminants (Vidali 2001).

Oil bioremediation is typically based on the principles
of soil composting that means controlled decomposition of
matter by bacteria and fungi into a humus-like product. This
process can be performed in an ex situ system, when con-
taminated soils are excavated, mixed with additional soil
and/or bacteria to enhance the rate of degradation, and
placed in aboveground areas or treatment compartments.
Another type of soil biotreatment consists of an in situ
process, when a carbon source such as manure is added, in
an active or passive procedure depending upon whether the
carbon source is applied directly to the undisturbed soil sur-
face (i.e., passive) or physically mixed into the soil surface
layer (i.e., active).

Table 8 summarizes some of the advantages and disad-
vantages of soil bioremediation techniques (Vidali 2001;
Gavrilescu 2006; Gavrilescu ef al. 2008; Pavel and Gavri-
lescu 2008).

Both in situ and ex situ methods are commercially ex-
ploited for the cleanup of soil and the associated ground-
water (Langwaldt and Puhakka 2000). The effectiveness of
both alternatives is dependent upon careful monitoring and
control of environmental factors such as moisture, tempera-
ture, oxygen, and pH, and the availability of a food source
for the bacteria to consume (Saval 1999).

Bioremediation of land (biorestoration) is often cheaper
than physical methods and its products are harmless if com-
plete mineralization takes place. Its action can, however, be
time-consuming, tying up capital and land.

Bioremediation using plants, identified as phytoreme-
diation (Fig. 5) is presently used to remove metals from
contaminated soils and groundwater and is being further
explored for the remediation of other pollutants. Certain
plants have also been found to absorb toxic metals such as
mercury, lead and arsenic from polluted soils and water, and
scientists are hopeful that they can be used to treat indus-
trial waste.

Vidali (2001) described five types of phytoremediation
techniques, classified based on the contaminant fate: phyto-
extraction, phytotransformation, phytostabilization, phyto-

Technology Examples Benefits Limitations Factors to consider
In situ In situ bioremediation Most cost efficient Environmental constrains Biodegradative abilities of
Biosparging Noninvasive Extended treatment time indigenous microorganisms
Bioventing Relatively passive Monitoring difficulties Presence of metals amd other
Bioaugmentation Natural attenuation processes inorganics
Treats soil and water Environmental parameters
Biodegradability of pollutants
Chemical solubility
Geological factors
Distribution of pollutants
Ex situ Landfarming Cost efficient Space requirements See above
Composting Low cost Extended treatment time
Biopiles Can be done on site Need to control abiotic loss
Mass transfer problem
Bioavailability limitation
Bioreactors  Slurry reactors Rapid degradation kinetic Soil requires excavation See above
Aqueous reactors Optimized environmental parameters Relatively high cost capital Bioaugmentation
Enhances mass transfer Relatively high operating cost ~ Toxicity of amendments
Effective use of inoculants and surfactants Toxic concentration of contaminants
Biopiles ex-situ method sited under covered structures, bunded to  the physical characteristics of ~ using various methods to enhance the
manage leachate generation biopiles are difficult to engineer growth and viability of the microbes
Windrows ex-situ method piles of contaminated solids, fashioned to  the method is often preferred moisture content, nutrient levels, pH

maximise oxygen availability, covered
with readily-removable structures, and

bunded to manage leachate generation

adjustment, and biological material
maintenance is facilitated by
recirculation of generated leachate,
with any necessary supplements

since ease of engineering
ensures the microorganisms are
in direct contact with
contaminants
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Table 9 Overview of phytoremediation applications.

Technique Plant mechanism

Surface medium

Phytoextraction
subsequent removal of the plants
Phytotransformation
Phytostabilization
Phytodegradation
Rhizofiltration
Phytovolatilization
Vegetative cap

Enhances microbial degradation in rhizosphere
Uptake of metals into plant roots

disposal sites

Uptake and concentration of metal via direct uptake into the plant tissue with
Plant uptake and degradation of organic compounds

Root exudates cause metal to precipitate and become less available

Plants evapotranspirate selenium, mercury, and volatile hydrocarbons
Rainwater is evapotranspirated by plants to prevent leaching contaminants from

Soils

Surface water, groundwater

Soils, groundwater, mine tailing
Soils, groundwater within rhizosphere
Surface water and water pumped
Soils and groundwater

Soils

degradation, rhizofiltration, and summarizes some phyto-
remediation mechanisms and applications (Table 9).

Together with other near-natural processes and the
monitored natural attenuation procedures, sustainable stra-
tegies have to be developed to overcome the complex prob-
lems of contaminated sites (Gallert and Winter 2005).

Solid waste biotreatment

The implementation of increasingly stringent standards for
the discharge of wastes into the environment, as well as the
increase in cost of habitual disposal or treatment options,
has motivated the development of different processes for
the production of goods and for the treatment and disposal
of wastes (Nicell 2003; Hamer ef al. 2007; Mazzanti and
Zoboli 2008). These processes are developed to meet one or
more of the following objectives (Evans and Furlong 2003;
Gavrilescu et al. 2005, Banks and Stentiford 2007): (1) to
improve the efficiency of utilization of raw materials, there-
by conserving resources and reducing costs; (2) to recycle
waste streams within a given facility and to minimize the
need for effluent disposal; (3) to reduce the quantity and
maximize the quality of effluent waste streams that are cre-
ated during production of goods; and (4) to transform
wastes into marketable products.

The multitudes of ways in which the transformation of
wastes and pollutants can be carried out can be classified as
being chemical or biological in nature. Biotreatment can be
used to detoxify process waste strecams at the source —
before they contaminate the environment — rather than at
the point of disposal. In fact, waste represents one of the
key intervention points of the potential use of environmen-
tal biotechnology (Evans and Furlong 2003).

Biowaste is generated from various anthropogenic acti-
vities (households, agriculture, horticulture, forestry, waste-
water treatment plants), and can be categorized as: manures,
raw plant matter, process waste. For example, in Europe,
40—60% of municipal solid wastes (MSW) consist of bio-
waste, most of it collected separately and used for many ap-
plications such as aerobic degradation or composting,
which can provide (through anaerobic degradation or fer-
mentation) nutrients and humus compounds for improving
the soil structure and compost quality for agriculture uses
provides nutrients in soil and compost for agriculture uses.
The energy output is biogas, which can be used as energy
source e.g. to generate electricity and heat (Fischer 2008).
The potential for nutrient and humus recycling from bio-
waste back into the soil, via composted, digested or other-
wise biologically treated material was often mentioned.

This approach involves carefully selecting organisms,
known as biocatalysts, which are enzymes that degrade spe-
cific compounds, and define the conditions that accelerate
the degradation process.

Biological waste treatment aims to the decomposition of
biowaste by organisms in more stable, bulk-reduced mate-
rial, which contributes to:

- reducing the potential for adverse effects to the envi-

ronment or human health

- reclaiming valuable minerals for reuse

- generating a useful end product

Advantages of the biological treatment include: stabili-

zation of the waste, reduced volume in the waste material,
destruction of pathogens in the waste material, and produc-
tion of biogas for energy use. The end products of the biolo-
gical treatment can, depending on its quality, be recycled as
fertilizer and soil amendment, or be disposed.

Solid waste can be treated by biochemical means, either
in situ or ex situ (Doble et al. 2004). The treatments could
be performed as aerobic or anaerobic depending on whe-
ther the process requires oxygen or not.

1. Anaerobic digestion

Anaerobic digestion of organic waste accelerates the natu-
ral decomposition of organic material without oxygen by
maintaining the temperature, moisture content and pH close
to their optimum values. Generated CH,4 can be used to pro-
duce heat and/or electricity (Mata-Alvarez et al. 2000; Sal-
minen and Rintala 2002).

The most common applications solid-waste biotreat-
ment include (TBV GmbH 2000):

e the anaerobic treatment of biogenic waste from

human settlements

e the co-fermentation of separately collected biode-

gradable waste with agricultural and/or industrial solid

and liquid waste

e co-fermentation of separately collected biodegrade-

ble waste in the digesting towers of municipal waste

treatment facilities

e fermentation of the residual mixed waste fraction

within the scope of a mechanical-biological waste-treat-

ment concept

Anaerobic processes consume less energy, produce low
excess sludge, and maintain enclosure of odor over conven-
tional aerobic process. This technique is also suitable when
the organic content of the liquid effluent is high. The acti-
vity of anaerobic microbes can be technologically exploited
under different sets of conditions and in different kinds of
processes, all of which, however, rely on the exclusion of
oxygen (TBV GmbH 2000).

Important characteristics and requisite specifications for
classifying the various fermentation processes and essential
steps in the treatment of organic waste were presented in
Table 10 (TBV GmbH 2000).

2. Composting

The biological decomposition of the organic compounds of
wastes under controlled aerobic conditions by composting
is largely applied for waste biotreatment.

The effective recycling of biowaste through composting
or digestion can transform a potentially problematic ‘waste’
into a valuable ‘product’: compost. Almost any organic
waste can be treated by this method (Haug 1993; Krogmann
and Korner 2000; Kutzner 2000; Schuchardt 2005), which
results in end products as biologically stable humus-like
product for use as a soil conditioner, fertilizer, biofilter
material, or fuel. Degradation of the organic compounds in
waste during composting is initiated predominately by a
very dissimilar community of microorganisms: bacteria,
actinomyctes, and fungi.

An additional inoculum for the composting process is
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Table 10 Systematic overview of fermentation processes and essential steps in the treatment of organic waste (TBV GmbH 2000).

1. Requirements concerning the composition of the input material(s)

i.e.: limits, e.g., TS content, fiber content and length, particle size, viscosity, foreign-substance content

2. Pretreatment for reducing the pollutant and inert-material contents
e.g.: manual sorting, mechanical/magnetic separation, wet processing
3. Pretreatment required for the process

e.g.: size reduction and substance exclusion: mechanical, chemical, enzymatic, thermal, bacteriological [methods, employed process additives]

TS-content range: admixture of process water

[dry/wet fermentation processes], monocharges requiring admixture of other fermentable starting materials

4. Processes
al) Single-phase fermentation

a2) Two-phase fermentation

Single-stage Multiple-stage
process process

b) Fermentation temperature range(s) (mesophilic/thermophilic)
¢) Stirring/mixing- stirring/mixing system

d) Interstage conveyance [e.g., pump, gravimetric|

e) In-process separation of sediments/floating matter

f) Retention time(s)

g) Equipment for controlling the process milieu

h) Phase separation at the end of fermentation

5. Post-treatment processes

Stationary solid

Mobile solid phase/
phase/mobile liquid phase  Stationary liquid phase

Upgrading
(concentration)

Downgrading
(deconcentration)

Secondary fermentation (e.g., time span for degree of fermentation V, time history of temperature during secondary fermentation), drying, disinfection,

reduction of (nutrient) salinity, wastewater treatment

6. End product(s)

i.e.: specification according to recognized criteria

e.g., degree of fermentation, degree of hygienization, nitrate/salt content

not generally necessary, because of the high number of
microorganisms in the waste itself and their short genera-
tion time. A large fraction of the degradable organic carbon
(DOC) in the waste material is converted into carbon
dioxide (CO,). CHy is formed in anaerobic sections of the
compost, but it is oxidized to a large extent in the aerobic
sections of the compost. The estimated CH, released into
the atmosphere ranges from less than 1% to a few per cent
of the initial carbon content in the material (Beck-Friis
2001).

Composting can lead to waste stabilization, volume and
mass reduction, drying, elimination of phytotoxic substan-
ces and undesired seeds and plant parts, and sanitation.
Composting is also a method for restoration of contami-
nated soils.

Source separated bio-wastes can be converted to a valu-
able resource by composting or anaerobic digestion. In re-
cent years, both processes have seen remarkable develop-
ments in terms of process design and control. In many res-
pects, composting and digestion differ from other waste
management processes in that they can be carried out at
varying scales of size and complexity. Therefore, this en-
ables regions to implement a range of different solutions:
large and small-scale systems, a centralized or decentralized
approach (Gilbert et a/ 2006).

3. Mechanical-biological treatment

Mechanical-biological (MB) treatment of waste is becoming
popular in Europe (Steiner 2005). In MB treatment, the
waste material undergoes a series of mechanical and biolo-
gical operations that aim to reduce the volume of the waste
as well as stabilize it to reduce emissions from final dispo-
sal.

Biotreatment of gaseous streams

In the waste gas treatments (odours and volatile organic
compounds, VOC) biotechnology has been applied to find
green and low cost environmental processes (Devinny et al.
1999; Penciu and Gavrilescu 2003; Le Cloirec et al. 2005).

Odorous emissions represent a serious problem related
to biowaste treatment facilities as they may be a trouble to
the local residents since they may result in complaints and a
lack of acceptance of the facility because odours may be
carried away several kilometers, depending on weather and
topographical conditions (Héroux et al. 2004).

Table 11 shows the substances analyzed in the exhaust
air of an enclosed composting facility. As can be seen from
Table 11 the exhaust air mainly contains alcohols, esters,
ketones and aldehydes, as well as terpenes (Schlegelmilch
et al. 2005). Most of them are products of biological degra-
dation, with alcohols, esters, ketones, holding the main por-

Table 11 Chemical composition of waste gas of composting plant (Herold et al. 2002).

Alcohols Esters Ketones/aldehydes Terpenes Others
Ethanol Ethylacetate Acetone a-Pinene Acetic acid
Butanol(2) Ethylpropionate Butanone Camphene 2-Ethylfurane
2-Me-propanol Propylacetate 3-Me-butanal B-Phellandrene Toulene
n-Butanol Ethylbutyrate 3-Me-butanone(2) B-Pinene Xylene
Cyclopentanol i-Butylacetate Pentanone(2) B-Myrcene Dibutylphthalate
3-Me-butanol(1) Methylbutyrate Me-isobutylketone 3-Carene Bis-2-Ethylhexyl-adipinate
2-Me-butanol(1) Propylpropionate Hexanone(2) Limonene
n-Pentanol Methylpentoate 5-Me-Hexanone(2) Thujone
n-Hexanol Et-2-Me-butyrate Benzaldehyde Camphor

Propylbutyrate Nonanal Thymol

Ethylpentanoate Decanal Thujoprene

Methylhexanoate Bornylacetate

Ethylhexanoate

Propylhexaonate

Ethylheptanoate
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tion (Herold ef al. 2002; Schlegelmilch et al. 2005).

Biofilters are one of the main biological systems used,
which work at normal operating conditions of temperature
and pressure. Therefore they are relatively cheap, with high
efficiencies when the waste gas is characterized by high
flow and low pollutant concentration (Gavrilescu et al.
2005; Andres et al. 2006). Biological waste air treatment
using biofilters and biotrickling filters was developed as a
reliable and cost-effective technology for treatment of pol-
luted air streams (Cohen 2001; Cox et al. 2001; Iranpour et
al. 2002; Penciu et al. 2004). The biodegradation of pol-
lutants by microorganisms leads to harmless end-products
(Kennes and Thalasso 1998; Penciu and Gavrilescu 2004).
Because microbial populations in biofilters and biotrickling
filters generally are very diverse, these types of reactors can
simultaneously remove complex mixtures of pollutants,
which would otherwise require a series of alternative tech-
nologies (Deshusses 1997; Cox and Deshusses 1998; Cox
and Deshusses 2001; Kennes and Veiga 2001; Shareefdeen
et al. 2005).

Bioscrubber/biofilter combinations also proved to be an
efficient system to treat odorous off-gases from composting
processes. Results revealed that the main part of the odour
load was degraded within the biofilter (Schlegelmilch et al.
2005).

Biodegradation of hydrocarbons

Hydrocarbons can generate significant pollution because
they are among the most common contaminants of ground-
water, soil and sea when oil is spilled (Mohn 1997; Staple-
ton et al. 1998). The damage caused by oil spills in marine
or freshwater systems is usually caused by the water-in-oil
emulsion.

Various types of microorganisms can degrade hydrocar-
bons: bacteria, yeasts, filamentous fungi, but none of them
degrade all of the possible hydrocarbon molecules at the
same rate. Each organism may have a different spectrum of
activity and a definite preferential use of certain chain
lengths hydrocarbon structures.

Almost all petroleum hydrocarbons can be oxidized to
mainly water and carbon dioxide, but the rate at which the
process takes place is dependent on their nature, amount
and the physical and chemical properties that influence their
persistence and biodegradability (Atlas 1981; Leahy and
Colwell 1990; EIBE 2000; Baheri and Meysami 2002; Tor-
kian et al. 2003). Hydrocarbons are subject to both aerobic
and anaerobic oxidation. Usually, the first stage of biodeg-
radation of insoluble hydrocarbons is predominantly aero-
bic, while the organic carbon content is reduced by the ac-

tion of anaerobic organisms. Table 12 presents some groups
of microorganisms that can degrade various hydrocarbons,
while in Table 13 the adequacy of aerobic or anaerobic deg-
radation is done according to various types of contaminants
from petroleum derivatives.

The prevailing environmental factors and the types,
numbers and capabilities of the microorganisms present af-
fect the biodegradation occurrence and rate. Factors affec-
ting hydrocarbon biodegradation in contaminated soils can
be: the occurrence of optimal environmental conditions to
stimulate biodegradative activity; the predominant hydro-
carbon types in the contaminated matrix; the bioavailability
of the contaminants to microorganisms; dispersion and
emulsification enhancing rates in aquatic systems and ab-
sorption by soil particulates (Leahy and Colwell 1990;
Kastner et al. 1998; Marques-Rocha et al. 2000).

Hydrocarbons have different solubility in water where
they are only degraded. Due to different hydrophobicity and
low solubility in water of the hydrocarbons, the process
should be intensified by enhancing physical contact between
microorganisms and oil by adding adjuvants to improve the
contact areas or by injecting of mixtures of microorganisms,
during the so-called bioaugmentation (Baheri and Meysami
2002; Baptista et al. 2006; Malina and Zawierucha 2007).

It is also known that the activity of bacteria and fungi
able to oxidize hydrocarbons could be improved by sup-
plementation with various nutrients (sources of nitrogen and
phosphorous). Different organisms need different types of
nutrients. Bioenhancement is applied to stimulate the acti-
vity of bacteria already present in the soil at a waste site by
adding different nutrients (Baheri and Meysami 2002;
Gupta and Seagren 2005).

Biosorption

Biosorption is a fast and reversible process for the removal
of toxic metal ions from wastewater by live or dried bio-
mass, which resembles adsorption and in some cases ion
exchange (Volesky 1990; Volesky er al. 1993; Seidel et al.
2002; Gavrilescu 2004a). The biosorption offers an alterna-
tive to the remediation of industrial effluents as well as the
recovery of metals contained in other media.

Biosorbents are prepared from naturally abundant and/
or waste biomass. Due to the high uptake capacity and very
cost-effective source of the raw material, biosorption is a
progression towards a perspective method. It has been
demonstrated that both living and non-living biomass may
be utilized in biosorptive processes, as they often exhibit a
marked tolerance towards metals and other adverse condi-
tions (Brinza and Gavrilescu 2003; Gavrilescu 2004a, 2005;

Table 12 Degradation of petroleum compounds and fuel components by different groups of microorganisms (Riser-Roberts 1998).

Microorganism

Compound

Yeasts

Thrichosporon, Pichia rhodosporidium, Rhodotorula, Debraryomyces, Endomycopsis,
Candida parapsilasis, C. tropicalis, C. guilliermondii, C. lipolytica, C. maltosa,

Debaramyces hansenii, Trichosporon sp., Rhodosporium taruloidles

Hexadecane and kerosene
(naphthalene, biphenyl, benzo(a)pyrene)

Actinomycetes

Nocardia spp. n-Paraffins: pentane, hexane, heptane, octane, 2-
methylbutane, 2-methylpentane, 3-methylpentane, 2,2,4-
trimethylpentane, ethylbenzene, hexadecane, kerosene

Algae

Selanastrum capricornatum
Cyanobacteria (blue-green algae)
Microcystis aeruginosa

Mixed cultures (yeasts, molds, protozoa, bacteria; activated sludge)
Activated sludge

Sewage sludge

Acinetobacter calcoaceticus
Strains of Pseudomonas putida
Trichosporon pullulans
Aeromonium sp.

Mycobacterium sp.

Benzene, toluene, naphthalene, phenanthrene, pyrene
Benzene, toluene, naphthalene, phenanthrene, pyrene

Acrylonitrile
Dibenzanthracene
Fluoranthene

Petroleum derivates

Phenol cresols

Paraffins

Total petroleum hydrocarbons
n-Undecane
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Table 13 Some contaminants as petroleum derivatives removable through bioremediation (Vidali 2001).

Contaminants Biotreatment Potential sources
Class Examples Aerobic Anaerobic
Chlorinated solvents ~ Trichloroethylene in situ bioremediation - reductive Drycleaners
Perchloroethylene dechloration with fresh cheese whey — Chemical manufacture

as a substrate

Polychlorinated 4-Chlorobiphenyl yes Electrical manufacturing
biphenyls 4,4-Dichlorobiphenyl Power station
Railway yards
Chlorinated phenols  Pentachlorophenol yes Timber treatment
Trichlorophenol Landfills
Tetrachlorophenol
BTEX Benzene in situ aerobic biodegradation - yes Oil production and storage
Toluene indigenous soil bacteria respiration Gas work sites
Ethylbenzene activity stimulated with air input Airports
Xylene (venting, air sparging) and nutirent Paint manufacture
solution delivery Port facilities
in-situ bioremediation (i.e. aerobic Railway yards
enhancement by fertilizer and nutrient Chemical manufacture
addition plus application of chosen
allochthonous bacterial strains)
Polyaromatic Naphthalene yes Oil production and storage
hydrocarbons Antracene Gas work sites
(PAHs) Fluorene Coke plants
Pyrene Engine works
Benzo(a)pyrene Landfills

Tar production and storage
Boiler ash dump sites
Power stations

Kicsi et al. 2006a, 2006b; Brinza et al. 2007).

Metal ions can bind to cells by different physiochemical
mechanisms, depending on the bacterial strain and environ-
mental conditions (Fig. 7). Because of this variability, cur-
rent knowledge of these processes is incomplete. In general,
bacterial cell walls are polyelectrolytes and interact with
ions in solution so as to maintain electroneutrality. The
mechanisms by which metal ions bind onto the cell surface
most likely include electrostatic interactions, van der Waals
forces, covalent bonding, redox interactions, and extracel-
lular precipitation, or some combination of these processes
(Blanco 2000; Gavrilescu 2004a).

Biosorption of heavy metals by algal biomass is an
advantageous alternative, an appropriate and economically
feasible method used for wastewater and waste clean up,
because it uses algal biomass sometimes considered waste
from some biotechnological processes (Sandau et al. 1996;
Feng and Aldrich, 2004; Vilar et al. 2007) or simply its high
availability in costal areas makes it suitable for developing
new by-products for wastewater treatment plants (Sandau et
al. 1996; Brinza et al. 2005a, 2005b; Brinza et al. 2007).

Biodegradation of refractory pollutants and waste

The biodegradability of refractory pollutants was investi-
gated and applied by numerous researchers, since this
becomes more and more a stringent problem of the environ-
ment because of previous or current pollution.

1. Cyanide removal

Effluents containing cyanide from various industries must
be treated before discharging into the environment. The
conventional physico-chemical processes for removal of
cyanides from wastewater proved to present advantages, but
also disadvantages burdened with high reagent and liability
costs. Bioremoval/biotreatment was seen as an environmen-
tally friendly alternative treatment process able to achieve
high degradation efficiency at low costs (Campos et al.
2006; Dash et al. 2008; Chen et al. 2008; Dash et al. 2009).
In biological treatment of cyanide, bacteria convert free and
metal-complex cyanides to bicarbonate and ammonia. The
free metals are further adsorbed or precipitated from solu-
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tion. The microorganisms responsible for cyanide degrada-
tion could be bacteria or fungi, which use cyanide as a
source of nitrogen and carbon (Table 14).

2. Distillery spent wash

This is a liquid waste generated during alcohol production,
which confers unpleasant odors for wastewater, posing a
serious threat to water quality. Disposal of distillery spent
wash on land is moreover hazardous to the vegetation, since
it reduces soil alkalinity and manganese availability, thus
inhibiting seed regeneration (Kumar et al. 1997; Mohana et
al. 2009).

A number of cleanup technologies are used to process
this effluent efficiently and economically and novel biore-
mediation approaches for treatment of distillery spent wash
are being worked out (Table 14).

3. Radionuclides

Radionuclide like uranium or thorium are of particular con-
cern in environmental impact and remediation researches
due to their high toxicity and long half-lives, thus they are
considered severe ecological and public health hazards
(Gavrilescu et al. 2008; Kazi et al. 2008) (Table 14).

Biosorptive accumulation of uranium and other radio-
nuclides is of great interest for the development of microbe-
based bioremediation strategies (Kazi ef al. 2008).

4. Heavy metals

The application of biotechnological processes for the effec-
tive removal of heavy metals from contaminated waste-
waters has emerged as an alternative to conventional reme-
diation techniques. Heavy metal pollution is usually gene-
rated from electroplating, plastics manufacturing, fertilizers,
pigments, mining, and metalurgical processes (Gavrilescu
2004b; Zamboulis et al. 2004).

The application of conventional treatments is some-
times restricted due to technological and economical con-
straints.

Metal accumulation on biomass can be passive (bio-
sorptive), when non-living biomass is used as biosorbent, or
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Table 14 Removal methods for some refractory pollutants and waste.

Compounds Removal method Advantages Disadvantages References
Cyanide Biological oxidation/ biodegradation ~ Natural approach, received well ~ Innovative technology not well Patil and Pakniar 2000
- hydrolytic reactions by public and by regulators established Campos et al. 2006
- oxidative reactions Use heaps as reactors, reducing Tends to be very site specific with Chen et al. 2008
- reductive reactions total washed volume, and specific evaluation and study Dash et al. 2008
- substitution/transfer reactions possible reach low flow areas of  required for each type of Dash et al. 2009
the heap more effectively compound and site
Relatively inexpensive Cannot treat high concentration
No chemical handling equipment
or expensive control needed
Biomass can be activated by
aeration
No toxic by-products
Can treat cyanides without
generating another waste stream
Distillery spent ~ Biodegradation: Biomethanation of distillery spent Research on advanced anaerobic ~ Kumar ez al. 1997
wash - Anaerobic systems wash is a well established treatment technologies are further Fitzgibbon et al. 2007
e single phase, biphasic system technology necessary to bring into practice Kumar et al. 2007
e anaerobic lagoons Biological aerobic treatment outstanding technologies for Mohana et al. 2009
o high rate anaerobic reactors employing fungi and bacteriais  ecological restoration Satyawali and
- Aerobic systems very effective for the Aerobic treatment needs to be Balakrishanan 2008
(may follow the anaerobic treatment)  decolorization of distillery spent  implemented with additional Mohana et al. 2009
o fungal systems wash nutrients as well as diluting the
e bacterial systems effluent for obtaining optimal
o cyanobacterial/algal systems microbial activity
¢ phytoremediation/constructed Needs to be sometimes
wetlands combined sequentially with
physico-chemical treatment
Radionuclides Biosorption/microbe based Innovative/emerging technology, Gavrilescu et al. 2008
(Uranium, immobilization-sequestration still to be studied in more details
Thorium)
Heavy metals Biosorption using biomaterials, Cost-effective biotechnology for ~ Biosorption is basically at lab Beolcini 1977

Gasoline, ethers,
benzene, toluene,
n-hexane,
methyl-
cyclopentane,
mtthyl tert-butyl
ether (MTBE)

Polychlorinated
biphenyls

Trichloroethylene
(TCE)

Textile azodyes

bacteria, fungi, yeasts, algae, natural
materials, industrial and agricultural
waste

Anaerobic biodegradation using
electron acceptors (nitrate, Felll,
sulfate, bicarbonate)

Aerobic biodegradation of MTBE
combined with another carbon source
(tertiary buthanol, buthyl formate,

isopropanol, acetone, pyruvate) (mixed

and pure cultures)

Aerobic biofilm developed using
mixed microbial culture isolated from
PCB-contaminated soil, acclimatized
to PCBs by feeding the reactor
alternately with biphenyl and PCBs

Anaerobically (TCE acts as an electron

acceptor in reductive dehalogenation
by methanotropic organisms)

Aerobic biodegradation using inducers
for cometabolism and enzyme
production (as toluene) and electron
acceptors (hydrogen peroxide)

Anaerobic treatment (white rot fungi,
due to extracellular enzymes they
produce)

Aerobically, by using bacterial
consortia, actinomycetes, fungi, algae

the treatment of high volume and
low concentration complex
wastewaters (1-100 mg/L)
Microorganisms provide a large
contact area that can interact with

metal

Cost effective and feasible
Environmentally friendly process

Simpler, less expensive

alternative to chemical and
physical processes

Anaerobic bioremediation where
electron acceptors, others than
oxygen are needed to be used is a
potential advantage
Degradation efficiency higher
than 80% for TCE concentrations

up to 700 mg/L

Mixed cultures are generally
preferred

Inexpensive, eco-friendly,
produces less amount of sludge
comparative to physico-chemical

methods

Aerobic treatment is safer
because toxic intermediates do

not appear

scale in spite of its development

for years

The mechanism is not fully
understood and shortcomings of
biosorption technology limit

application

Aerobic biodegradation of MTBE
is still a rare occurrence because
pf the difficulty of organisms to

biodegrade MTBE

Culture composition and reactor
configuration are key factors

Accumulation of chlorobenzoic

acids

and chlorophenylglyoxylic acid

in the environment

The rates of TCE removal depend
on the conditions, reactors,

electron acceptors

The effect of biostimulation of
multiple groups of bacteria on
TCE metabolism not entirely

known

The effectiveness of microbial
decolorization depends on the
adaptability and the activity of

selected microorganisms

Individual bacteria strain usually

cannot degrade azo dyes

completely and the intermediate
products are often carcinogenic
and mutagenic aromate amines

The decolorization rate depends
on the oxidation potential of the

azo dyes

Gavrilescu 2004
Zouboulis et al. 2004
Wang and Chen 2006

Fayolle et al. 2003
Lin et al. 2007
Raynal and Pruden
2008

Waul et al. 2009

Sayler et al. 1982
Borja et al. 2006

Wilson and Wilson
1985

Lee et al. 1998

Lyew and Guiot 2003
Cutright and Meza
2007

Shukla et al. 2009

Lopez et al. 2004
Senan and Abraham
2004

Steffan et al. 2005
Joshi et al. 2008
Saratale et al. 2009
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bioaccumulative, by applying living cells (Veglio et al.
1996; Zamboulis et al. 2002; Zamboulis et al. 2004) (Table
14).

5. Gasoline ethers, methyl tert-butyl ether (MTBE)

The contamination of methyl tert-butyl ether (MTBE) in
water and especially in underground water has become a
problem of great concern all over the world (Fiorenza and
Rifai 2003; Lin ef al. 2007; Zhong et al. 2007). The massive
production of MTBE, a primary constituent of reformulated
gasoline, combined with its mobility, persistence and toxi-
city, makes it an important pollutant.

Some studies of MTBE natural attenuation have attrib-
uted mass loss to biodegradation, while others attributed
mass loss to dilution and dispersion (Fiorenza and Rifai
2003). MTBE degradation is known to be difficult in natu-
ral environments (Martienssen ef al. 2006). Currently, there
are few reports in the literature which have documented
anaerobic degradation of gasoline oxygenates (Fiorenza and
Rifai 2003; Waul ef al. 2009). In parallel, aerobic degrada-
tion of MTBE and similar compunds was also demonstrated
with both mixed and pure cultures (Zanardini et al. 2002;
Fiorenze and Rifai 2003; Zhong et al. 2007) (Table 14). It
was demonstrated that mixed cultures are generally more
effective than pure cultures. Supplements with readily meta-
bolizable organic substrates were investigated to increase
the biomass and enhance degradation of MTBE (Martien-
ssen et al. 2006; Zhong et al. 2007) (Table 14).

6. Trichloroethylene (TCE)

Pollutants including haloalkenes (as trichloroethylene) enter
into the biosphere and contaminate the soil and ground-
waters. Trichloroethylene is one of the most important vola-
tile chlorinated organic compounds used as solvent in vari-
ous industries (Lyew and Goniat 2003; Shukla et al. 2009).

It is generally resistant to biodegradation, as microorga-
nisms do not use it as a carbon and energy source (Wilson
and Wilson 1985; Shukla et al. 2009).

Aerobic bacterial cultures that utilize various carbon
and energy sources can be used (Ferhan 2003). Also, anae-
robic bioremediation can be applied for TCE biodegrade-
tion at higher TCE metabolic rates under mixed electron
acceptor conditions (Boopathy and Peters 2001). The mixed
population of microorganisms with the ability to degrade
various organic compounds such as TCE may follow
diverse metabolic ways and physiological characteristics
depending on working conditions (Cutrught and Meza
2007).

7. Textile azo dyes

Azo dyes are used for numerous textile dyestuff, produced
because of their cost-effective synthesis and their stability
and variety of colors compared to natural dyes. Also, azo
dyes are used in paper, food, leather, cosmetics, pharmaceu-
tical industries (Chang et al. 2001; Saratale et al. 2009).

Bacteria, fungi, yeasts, actinomycetes, algae are able to
degrade azo dyes, by a mechanism which involves the re-
ductive breaking of azo bonds. The process can be carried
out in anaerobic conditions with the help of azoreductaze.
The resulting intermediate metabolites can be further deg-
raded aerobically or anaerobically (Chang et al. 2000; Rar-
shetti ef al. 2007; Saratale et al. 2009). Microbial degrada-
tion of azo dyes usually starts in anaerobic conditions with
a reductive cleavage of the azo bond, followed by an aero-
bic step necessary for the degradation of the aromatic
amines formed (Steffan et al. 2005; Joshi et al. 2008; Sara-
tale et al. 2009) (Table 14).
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ENVIRONMENTAL BIOTECHNOLOGY IN
POLLUTION DETECTION AND MONITORING

Environmental monitoring deals with the assessment of
environmental quality, essentially by measuring a set of
selected parameters on a regular basis. In general, two
methods — physicochemical and biological — are available
for measuring and quantifying the extent of pollution (Jamil
2001; Lam and Gray 2003; Hagger et al. 2006; Hart and
Martinez 2006; Conti 2007).

In the past decades environmental monitoring prog-
rammes concentrated on the measurement of physical and
chemical variables, while biological variables were oc-
casionally incorporated. Physicochemical methods involve
the use of analytical equipment, having as limitations their
cost (because of the complexity of the samples and the ex-
pertise of the operators needed to conduct the analysis) and
the lack of hazard and toxicological information (Cannons
and Harwood 2004; Gu et al. 2004).

Environmental monitoring is of great importance for its
protection. The harmful effect of toxic chemicals on natural
ecosystems has led to an increasing demand for early-war-
ning systems to detect those toxicants at very low concen-
trations levels (Durrieu et al. 2006).

Typically contaminant monitoring involves the regular
and frequent measurement of various chemicals in water,
soil, sediment and air over a fixed time period, e.g., a year.

Integration of environmental biotechnology with infor-
mation technology has revolutioned the capacity to monitor
and control processes at molecular levels “in order to
achieve real-time information and computational analysis in
complex environmental systems” (Hasim and Ujang 2004).

Bioindicators/biomarkers

More recently, environmental monitoring programmes have,
apart from chemical measurements in physical compart-
ments, included the determination of contaminant levels in
biota, as well as the assessment of various responses/para-
meters of biological/ecological systems. Nowadays, tempo-
ral and spatial changes in selected biological systems/para-
meters can and are used to reflect changes in environmental
quality/conditions through biomonitoring (Market et al.
2003; Conti 2007; Lam 2009).

In this context, some organisms or communities may
react to an environmental effect by changing a measurable
biological function and/or their chemical composition. This
way it is possible to infer significant environmental change
and their responses are referred to as bioindicators/bio-
markers (NRC 1987; Jamil 2001; Market et al. 2003; Conti
2007). Biomarkers are thus used in biomonitoring prog-
rammes to give biological information, i.e. the effects of
pollutants on living organisms. Three main types of indi-
cations can be obtained: on exposure, effect, and suscepti-
bility.

Biomarkers that have potential for use in biomonitoring
are:

- molecular (gene expression, DNA integrity)

- biochemical (enzymatic, specific proteins or indica-

tor compounds)

- histo-cytopathological (cytological, histopathologi-

cal)

- physiological

- behavioural

Unfortunately, field application of biomarkers is subject
to various constraints (e.g., the availability of living mate-
rial) that can limit data acquisition and prevent the use of
multivariate methods during statistical analysis. Besides,
they should have the following attributes: be sensitive (so
that it can act as an early-warning), specific (either to a sin-
gle compound or a class of compounds), broad applicable,
easy to use, reliable and robust, good for quality control,
able to be readily taught to the personnel, provide the data
and information necessary (Beliaeff and Burgeot 2002; Lam
2009).
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Biosensors for environmental monitoring

Research on biosensing techniques and devices for environ-
ment, together with that in genetic engineering for sensor
cell development have expanded in the latest time.

Environmental biosensors are analytical devices com-
posed of a biological sensing element or biomarker (en-
zyme, receptor antibody or DNA) in intimate contact with a
physical transducer (optical, mass or electrochemical),
which together relate the concentration of an analyte to a
measurable electrical signal (Reis and Hartmeier 1999;
Rodriguez-Mozaz et al. 2004).

The biosensors exploit biological specificity to produce
signals that can be used to measure pollution levels. Gene-
rally speaking, biosensor is a broad term that refers to any
system that detects the presence of a substrate by use of a
biological component which then provides a signal that can
be quantified. The signal may be electrical (Fig. 16), or in
the form of a dye that changes colour. They comprise a bio-
logical recognition element such as an enzyme, antibody or
cell that will react with the material to be detected.

Biosensors based on a combination of a biological
sensing element and an electronic signal-transducing ele-
ment that offer high selectivity, high sensitivity, short-res-
ponse time, portability and low cost, are ideal for moni-
toring pollutants in environment (Lam and Gray 2003; Rod-
riguez-Mozaz et al. 2006). As it can be seen from Table 15,
various biological reactions can be used for pollutant detec-
tion. Biosensors use both protein (enzyme, metal-binding
protein and antibody)-based and whole-cell (natural and
genetically engineered microorganisms)-based approaches
Table 15, In fact, biosensors represent a synergistic combi-
nation of biotechnology and microelectronics (Verma and
Singh 2005).

They have found a place in monitoring for evaluation of
a sample and its ecological toxicity. The sensing element
can be enzymes, antibodies (as in immunosensors), DNA,
or microorganisms; and the transducer may be electroche-
mical, optical, or acoustic (Biotech, 2000) (Fig. 17).

Use of biosensors enables repeated measurements with
the same recognition element and can be applied to a wide
range of environmental pollutants as well as biological pro-
ducts (Fig. 16). The biocatalyst (3) converts the substrate to
product. This reaction is determined by the transducer (5)
which converts it to an electrical signal. The output from

Table 15 Some biosensors for detection of environmental pollution.

S
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Fig. 16 Detection chain for a biosensor (a biological sensing element
and an electronical signal-transducing element). 1 — substrate; 2 —
membrane; 3 — immobilized biodetector for recognition of a system of
biological origin like enzymes, antibodies, microorganisms; 4 — product
resulted from the reaction of substrate with the biodetector; 5 — transducer
(detects the product and converts it in an electrical signal); 6 — amplifier; 7
— interface for signal processing; 8 — displayer of output signal. (Adapted
from Mulchandani and Rogers 1998).

the transducer is amplified (6), processed (7) and displayed
(8).

Whole-cell biosensors based either on chlorophyll fluo-
rescence or enzyme (phosphatase and esterase) inhibition
are constructed for real-time detection and on-line moni-
toring.

A genetically modified yeast was used as biosensor to
detect endocrine disruptors such as oestrogen or 173-oestra-
diol. Although it was initially developed for use in human
therapeutics, there is the potential use in pollution detection
(Tucker and Fields 2001; Evans and Furlong 2003).

A variety of whole-cell-based biosensors has been deve-
loped using numerous native and recombinant biosensing
cells. These biosensors utilizing microorganisms address
and overcome many of the concerns which arose with other
conventional methods, because they are usually cheap and

Principle mode of detection Pollutants detected

References

Hydrothermally grown ZnO nanorod/nanotube Heavy metals
and metal binding peptide

Protein based: Synthetic phytochelatins
Chloroplast D1 protein

Enzymes immobilized by electropolymerization

Herbicide

Heavy metals (Hg*", Cd*", Pb*", Cu*", Zn*")

Heavy metals (Hg>": an established glucose biosensor based on

Jia et al. 2007

Bontidean et al. 2003
Piletska et al. 2006
Maliteste and Guasceto 2005

glucose oxidase immobilized in poly-o-phenylendiamine)

Enzymatic reaction or microbial metabolism

Recombinant bioluminescent bacteria

Enzyme inhibition

Photosynthetic activity Herbicides

Pesticides

Molecularly imprinted membranes

Immunochemistry

Pesticides, phenols, halogenated hydrocarbons

Organic compounds (in air, water, soil), heavy metals

Pesticides, heavy metals, herbicides

Organic compounds, pesticides, herbicides, PCBs

Riedel et al. 1991

Rogers 1995

Hyun et al. 1993
Tescione and Belfort 1993
Gu 2005

Marti et al. 1993

Botré et al. 2000
Kuswandi and Mascini 2005
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Wang et al. 2007

Campas et al. 2008
Scheller et al. 1997
Haupt and Mosbach 2000
Uludag et al. 2007
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MICROORGANISMS
ENZYMES

= catalytic transformation of
pollutants

= modification of enzymatic
activity by pollutants

= specific inhibition of enzymatic
activity by pollutant

catalytic activity

sensor method

= inhibition of cellular respiration by pollutant
= promotor recognition by specific pollutant
followed by gene expression, enzyme synthesis,

= identification and enumeration of microorganisms
by immunocapture or DNA sequence hybridization

ANTIBODIES
= compound or class specific
affinity toward the pollutant

4

|

Biological recognition
Environmental element

biosensors

Physical transducer

1
1 i

1 1

ELECTROCHEMICAL OPTICAL ELECTRONIC
= potentiometric = light-addressable

= amperometric potentiometric sensor
= potentiometric stripping = surface plasmon
analysis resonance

OPTICAL

= absorbance

= luminescence

= fluorescence

= total reflectance
fluorescence

ACOUSTIC

= quartz crystal
microbalance

= surface acoustic wave

= surface transverse wave

Fig. 17 Structure of environmental biosensors. (Adapted from Mulchandani and Rogers 1998; Rodriguez-Mozaz et al. 2004, 2006).

easy to maintain while offering a sensitive response to the
toxicity of a sample (Gu ef al. 2004). Results show that
these devices are sensitive to heavy metals and pesticides
(Durrieu et al. 2006; Mauritz et al. 2006).

A very high selective and sensitive sensor was deve-
loped as a “microchip” by combining biological activity
with nanowire electronics (Cui et al. 2001), which is able to
detect an electric current equivalent to the binding of a sin-
gle molecule (Evans and Furlong 2003).

Plants are also used as biological indicators, namely
sensitive and resistant white clover (Trifolium repens)
clones (as descriptors of biomass reduction in crops spe-
cies) and Centaurea jacea (brown knapweed) as a model
species, the leaves of Brassica oleracea var. acephala, used
as biosampler, common species of trees (wild olive, holm
oak, white poplar) (Bargagli 1998; Mertens et al. 2005;
Madejon et al. 2006; Nali et al. 2006; Zelano et al. 2006).

Invertebrate species (target and non-target insects),
crustaceans can be also used for biomonitoring (Lagadic et
al. 2004; Raeymaekers 2006).

Biosensors can be applied for:

- toxicity screening of samples using bioluminescence

or fluorescence (Rabbow et al. 2002; Weitz et al. 2002;

Gu et al. 2004; Rodriguez-Mozaz et al. 2004)

- water quality monitoring (Ramsden 1999; Ashbolt et

al. 2001; Cannons and Harwood 2004; Starodub et al.

2005; Mauritz et al. 2006; Mwinyihija et al. 2006)

- atmospheric quality biomonitoring (Nali et al. 2006;

Zelano et al. 2006)

- soil-contamination biomonitoring (Doran and Parkin

1994; Tom-Petersen et al. 2003; Gu et al. 2004; Ahn et

al. 2005; Tarazona et al. 2005).

ENVIRONMENTAL BIOTECHNOLOGY FOR
POLLUTION PREVENTION AND CLEANER
PRODUCTION

Role of biotechnology in integrated environmental
protection approach

Biotechnology is regarded as the motor for integrated envi-

ronmental protection. Complementary to pollution control
which struggles for the tail end of the processes and mana-
ges pollution once it has been generated, pollution preven-
tion works to stop pollution at its source by applying a num-
ber of practices, such as:

- using more efficient raw materials

- substituting less harmful substances for hazardous

materials

- eliminating toxic substances from production process

- changing processes

- others

The strengthening of concerns for the global environ-
ment is resulting in increased pressure for economical bran-
ches (industry, agriculture, transport, market) to focus on
pollution prevention rather than end-of-pipe cleanup. From
an overall material consumption perspective, excessive
quantities of waste in society result from inefficient produc-
tion processes (on the industrial side), and unsustainable
consumption patterns combined with low sustainability of
goods (on the consumer side) (Cheremisinoff 2003; Gavri-
lescu 2004b; Gavrilescu and Nicu 2005). Modern environ-
mental protection starts with the prevention of harmful sub-
stances prior to and during industrial production processes.
Doble and Kruthiventi (2007) have characterized an ideal
process as follows: an ideal process is simple, requires one
step, is safe, uses renewable resources, is environmentally
acceptable, has total yield, produces zero waste, is atom-
efficient, and consists of simple separation steps (Fig. 18).

Since biotechnology can contribute to the elimination of
hazardous pollutants at their source before they enter the
environment, industrial and environmental biotechnology -
biotech’s third wave - uses biological processes to make
industrially useful products in a more efficient, environ-
mentally friendly way, by cutting waste byproducts, air
emissions, energy consumption and toxic chemicals in seve-
ral industries (Bull 1995; Olguin 1999; Gavrilescu and
Chisti 2005).

Although environmental biotechnology has primarily
focused on the development of technologies to treat aque-
ous, solid and gaseous wastes at present, the basic informa-
tion on how “biotechnology can handle these wastes has
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Renewable
resources

Environmentally
friendly

Minimum
number of
steps
(one step)

Ideal process

Zero waste

Simple
separation

Fig. 18 Criteria for an ideal production process.

been gained and the focal point is now on the implementa-
tion of these processes as Best Available Technology Not
Entailing Excessive Costs (BATNEEC) in the framework of
strict and transparent environmental legislation” (Grommen
and Verstraete 2002).

The application of biotechnology as an environmentally
friendly alternative in conventional manufacturing proves to
be very useful for pollution prevention through source re-
duction, waste minimization, recycling and reuse. In most
cases, this results in lower production costs, less pollution
and resource conservation and may be considered as task
force of biotechnology for sustainability in industrial deve-
lopment. The main areas in which biotechnology contribu-
tion may be relevant fall into three broad categories (Evans
and Furlong 2003): process changes, biological control, bio-
substitutions.

Because biotechnological processes, once set up are
considered cheaper than traditional methods, changes in
production processes will not only contribute to environ-
mental protection, but also help companies save money and
continuously improve their public image (Olguin 1999;
Evans and Furlong 2003; Gavrilescu and Nicu 2005; Willke
et al. 2006).

In the context of pollution prevention practices, biotech-
nology can contribute to substitute multistep chemical pro-
cesses with a one-step biological process using genetically
modified organisms (GMOs) as well (Reis ef al. 2006). This
action should have other beneficial results because land dis-

Biodegradation «

New pathways
New enzymes

posal of hazardous waste, wastewater loadings, air emis-
sions and production costs are greatly reduced. Also, pre-
vention practices assisted by environmental biotechnology
may prove instrumental in permitting procedural changes.

Process modification and product innovation

The techniques of modern molecular biology are applied in
the industry and environment to improve efficiency and
diminish the environmental impact. Process innovation, the
development of new biological processes, and the modifica-
tion or replacement of existing processes by the introduc-
tion of biological steps based on microbial or enzyme action
are increasingly being used in industrial operations as an
important potential area of primary pollution prevention
(Olguin 1999; Gavrilescu 2004b; Gavrilescu and Nicu
2005) (Table 16). Similarly, the use of new biofuels and
biomaterials that have little or no environmental impact is
expanding rapidly.

Biodegradation, biotransformation and biocatalysis are
three processes that occur as a result of microbial meta-
bolism. A manufacturer using microbial metabolism is said
to be conducting a biotransformation or to be using biocata-
lysis. In some cases, these interests can overlap (Fig. 19).

Biotransformation involves modifications of organic
molecules into products of defined structure, in the presence
of microbe, plant or animal cells or enzymes.

Biotransformations by microbes furnish both regio- and
stereospecific products, the reactions can be run under gen-
tle and controlled conditions and new products can be bio-
synthesized.

A survey carried out by the Fraunhofer Institute for
Systems and Innovation Research in Karlsruhe on behalf of
the Ministry of the Environment in Stuttgart revealed that
the potential of product-integrated environmental biotech-
nology is enormous: reduced environmental pollution
(70%), reduced process costs (64%) and improved product
quality (22%).

In its specific use in production and product processing,
biotechnology helps save energy and raw materials in the
production of textiles, food, washing detergents, pharma-
ceuticals, by means of genetically modified enzymes. They
also help avoid undesired waste products during production.

Biotechnological processes generally operate under
gentle conditions, use biodegradable raw materials and inter-
mediates and water is usually the solvent. As a result of
high enzymatic specificity, biological synthesis can lead to
increased yields and less by-products, thus saving additional

. | Biotransformation

Improved biodegradability

>

Waste minimization
Process development

New reactions

Feasibility of desired
reactions

New targets

Biocatalysis

Modified substrate range
Reaction mechanisms
Mathematical and physical description

Fig. 19 Interdependence of the three main application areas of enzyme catalysis. (Parales e al. 2002).
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Table 16 Industrial processes or products changed by establishing biotechnological steps.

Process or  Conventional manufacturing

product process

New industrial biotech process

Costs and environmental benefits

Detergent Phosphates added as a

brightening and cleaning agents

Bread Potassium bromate, a suspected
cancer-causing agent at certain
levels, added as a preservative
and a dough strengthening agent

Polyester Polyester produced chemically
bedding from petroleum feedstock
Plastics Petroleum is used as feedstock,

cracked in monomers

Polymerization include several
steps, polymers are processed

further into plastics
Antibiotics  Chlorinated solvents and
hazardous chemicals used to
produce antibiotics through
chemical synthesis
Vitamin B2  Production

starts with glucose followed by

six chemical steps using
hazardous

chemicals and generating
hazardous waste

Toxic chemicals, such as aniline,

used in chemical synthesis
process

Textile Textile bleaching by using
finishing hydrogen peroxide

Stonewashe Chemical treatment using hot
d Blue Jeans  sodium hydroxide to remove

impurities
Open-pit mining of pumice
fabric washed with crushed

pumice stone and/or acid to

scuff it

Paper Wood chips boiled in a harsh
bleaching chemical solution then bleached

De-inking with chlorine to yield
recycled pulp for paper making
paper

Fuel based  Food and feed grains fermented
on ethanol  into ethanol (a technology that is

thousands of years old)

Genetically enhanced microbes or fungi engineered to make

enzymes

Addition of biotechnology enzymes as brightening and cleani

ng agents:
Proteases remove protein stains
Lipases remove grease stains
Amylases remove starch stains
Microorganisms genetically
enhanced to produce baking enzymes
(directed evolution and recombinant DNA)
Addition of biotechnology enzymes to:
enhance rising
strengthen dough
prolong freshness

Existing bacillus microbe used to ferment corn sugar to lactic
acid; lactic acid converted to a biodegradable polymer by
heating; polymer made into plastic products and polyester
Biotech polyester (PLA) produced from corn starch feedstock

Use plant sugars, lignocellulosic biomass, straw or corn

residues

The process hamesses carbon stored in plants to create the

PLA polymer

Genetically enhanced organism developed to produce the key
intermediate of certain antibiotics (recombinant DNA)
One-step biological process uses direct fermentation to

produce antibiotic intermediate

Genetically enhanced microbe developed to produce

vitamin B2 (directed evolution)

One-step fermentation process uses vegetable oil and glucose

as a feedstock

Crude riboflavin is produced directly from glucose with a
genetically modified strain of Bacillus subtilis (a gram-

positive bacterium)

A 10-step chemical process was replaced by a single
fermentation process, eliminating the use of numerous toxic
chemicals and reducing the acidity of the wastewater

produced

Textile enzymes produced by genetically enhanced microbe

(extremophiles and recombinant DNA)

Enzymes used in highly specialized textile finishing process
Fabric washed with biotechnology enzyme (cellulase) to fade

and soften jeans or khakis (biostoning)

Wood-bleaching enzymes produced by genetically

enhanced microbes (recombinant DNA)

Enzymes selectively degrade lignin and break down

wood cell walls during pulping

Genetically enhanced organism developed to produce
enzymes that convert agricultural wastes into fermentable

sugars (directed evolution, gene shuffling)

Cellulase enzyme technology can convert cellulose to its
constituent sugars, which are then fermented and distilled to
make bioethanol (and other chemicals and products if

desired)

Cellulase enzyme technology allows conversion of crop
residues (stems, leaves, straw, and hulls) to sugars that are

then converted to ethanol

Cosmetics  Isopropyl myristale production, as Enzyme-based esterification process

moisturing agent; Large energy

requirement process (high

temperature and pressure); The
products needs further refinement

Elimination of water pollution from
phosphates

Brighter, cleaner clothes with lower
temperature wash water

Energy savings

High-quality bread
Longer shelf life
No potassium bromate

PLA polyester does not harbor body
odor like other fibers

Biodegradable

Not made from petroleum

Does not give off toxic smoke if burned
PLA plastics are biodegradable

Up to 80% reduction in petroleum usage

65% reduction in energy consumption
Overall cost savings

Reduced environmental impact
Reduces green house gas emissions
Biologically produced without
chemicals

Less chemically intensive

Based of the use on a renewable raw
material (glucose)

Reduced land disposal of hazardous
waste, waste-to-water discharge

by 66%, air emissions by 50%, and costs
by 50%

Less mining

Softer fabric

Superior products such as more durable
carpeting, lightweight bulletproof
material, stronger silk

Up to 18% reduction of the amount of
bleaching agents and water

Reduced energy consumption

Lower cost

Reduced environmental impact
Reduces use of chlorine bleach and
reduces toxic dioxin in the environment
Up to 15% reduction of chlorine in
wastewater

Up to 40% reduction of energy usage
Cost savings due to lower energy and
chemical costs

Renewable feedstock

Increases domestic energy production
Reduces green house gas emissions
The use of crop residue rather than the
grain crop itself allows for significant
reductions in energy inputs and
pollution related to bioethanol
production

Bioethanol from cellulose generates 8 to
10 times as much net energy

as is required for its production
Reducing the environmental impact by
deriving a cleaner, odorfree product
High yields

Lower energy requirement

Less waste for disposal
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costs for further purification. Biotechnological and genetic
engineering methods are also able to reduce the environ-
mental load in the field of renewable raw materials (“meta-
bolic design”).

The practice has demonstrated that biotechnology can-
not solve all the problems associated with pollution preven-
tion and cleaner production, but it has proven itself to be a
powerful and flexible means in a range of industry sectors
(pulp and paper, fine chemicals, plastics, mining, energy)
(Table 16).

Biotechnological processes can contribute to sustaina-
bility, provided they replace chemical production methods.

Pulp and paper industry

Pulp and paper industry has achieved an impressive record
in becoming an environmentally cleaner industry. A long
term objective refers to the genetic engineering that can ex-
ploit its ability to revolutionize the forests so that trees with
fibers having optimal papermaking properties will grow
(Pullman ef al. 1998). Fungi are used for lignin degradation
during biopulping, the treatment of wood chips and other

lignocellulosic materials prior to thermomechanical pulping.

This is a way to reduce the requirements for chemicals and
energy, which would also decrease the environmental im-
pact of pulping process. In 2004, two industries sponsored
consortia and 22 pulp and paper and related companies of
U.S.A have reported the technical and economic feasibility
of biopulping (Shukla et al. 2004). Also, the biobleaching
of pulp with enzymes (laccase/mediator, xylanases, manga-
nese peroxidase, lignolytic enzymes) has gained significant
interest because of its selectivity and the possibility to save
up to 25% of chlorine containing bleaching chemicals or to
establish a chlorine-free bleaching process (Lema et al.
1999; Balakshin et al. 2001; Sasaki et al. 2001; Chakar and
Ragauskas 2004; Shukla et al. 2004). Also, paper recycling
tries to change from the chemical-based deinking process
that currently uses sodium hydroxide and a variety of floc-
culants, dispersants, and surfactants toward an alternative
which is based on microbial enzymes. Aside from that, the
in-plant wastewater biotreatment could remove dissolved
and colloidal organic material and metal ions in order to
prevent deposit and slime problems (Ah-You et al. 2000;
Gavrilescu et al. 2008).

Enzymes have found wide applications in the textile
industry for improving production methods and fabric fini-
shing, for example to remove lubricants, which are intro-
duced in natural fibers production to prevent snagging and
reduce thread breakage during spinning (Novozymes 2001;
Evans and Furlong 2003). The process of bioscouring for
wool and cotton which uses enzymes tends to replace the
traditional chemical treatment. Technical support was
offered to an Indian textile mill in order to apply a biolo-
gical scouring process for removal of non-cellulosic com-
ponents and other impurities found in native cotton, which
led to a 90% reduction of chemicals (Novozymes 2001).
Biopolishing involves enzymes in shearing off cotton
microfibres to improve material softness.

A current application of biotechnology is the bleaching
of denim fabrics. The use of biotechnological procedures
employing enzymes reduces energy consumption, as well as
wastewater pollution, because enzymes remove the residual
bleach from textiles.

In the leather industry, the use of enzymes not only
leads to more consistent quality, better final color, but also
considerably reduces VOC and surfactants.

Microbial desulphurization of coal and oil is an impor-
tant sector where environmental biotechnology is involved.
The use of microorganisms may increase the sulphur oxida-
tion rate in a certain bioreactor configuration. The develop-
ment of biocatalytic desulphurization process and bioreac-
tors is an important advance in environmental friendly bio-
technological processes (Monticello 2000; Li ez al. 2005;
Killbane 2006).
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Biofuels

Production of bioethanol, biodiesel, biogas using agricultu-
ral substrates, wastes (forestry, landfill, municipal, indus-
trial, farming) vegetable oils (soybean, canola, sunflower)
by enzymatic conversion or digestion is already in force as
a result of excellent research and development capacities in
industry, universities and other laboratories interested in
application of biotechnology for energy saving, resource
conservation, waste management and environmental protec-
tion (Ah-You et al. 2000; Dale and Kim 2006; Willke et al.
2000).

A number of different applications have developed the
idea of anaerobic digestion for methane production, notably
in the waste management, sewage treatment, agricultural
and food processing industries. Biogas is a methane-rich
gas resulting from the activities of anaerobic bacteria, res-
ponsible for the breakdown of complex organic molecules,
as shown in Fig. 20. It is combustible, with an energy value
typically in the range of 21-28MJ/m’ (Doble et al. 2004).

Chemicals

Bulk chemical synthesis from renewable resources is still
limited, but it is confirmed that the bioconversion of renew-
able biomass feedstock such as agricultural and wood
wastes into ethanol or other fuels can lead to major environ-
mental and economic benefits (Gavrilescu and Chisti 2005;
Willke et al. 2006; Chisti 2007). The company DuPont in-
tends to produce an important volume of its products (e.g.
plastics) from renewable resources, starting with 2010
(Willke et al. 2006).

Currently, traditional methods are still used in fine che-
mical industries, which continue to generate severe environ-
mental problems.

An Eco-Efficiency Analysis, performed by Saling
(2005) with the aim to harmonize economical and ecologi-
cal features of vitamin B2 fabrication demonstrated which
vitamin B2 production process (biotechnological and che-
mical) is the most eco-efficient. The biotechnological pro-
cess was more eco-efficient, since it had the lower overall
environmental impact and the lower cost.

Progress in bio- and genetic engineering has shown that
vitamin B2 (riboflavin) can be produced using biotechnolo-
gical tools, at costs reduced by 50%, and also in more envi-
ronmentally-sound ways (BIO-PRO 2008). A one step,
purely fermentative process replaced the traditional method,
in six steps.

The remarkable potential of microbes in the transforma-
tion of steroids through hydroxylation led to the develop-
ment of antiarthritic steroids. Various strains were tested,
such as: Rhizopus arrhizus (Dutta and Samantha 1997),

Biowaste

Hydrolysis
A 4

Hydrolytic bacteria

Acidogenesis

A 4

Acetogens

Acetogenesis

Hydrogenotrophes | | Acetoclasts |

\ Methanogenesis/

| Methane and carbon dioxide |

Fig. 20 Schematic representation of the reaction pathways for
biowaste methanisation. (Adapted form Blonskaja and Vaalu 2006).
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Syncephalastrum racemosum (Sen and Samantha 1981).

New semisynthetic penicillins were produced and used
in chemotherapy, 6-aminopenicillanic acid (6-APA) being
the key intermediate used for the synthesis of these peni-
cillins. The biological synthesis of 6-APA is 20% cheaper
than chemical synthesis. In addition it meets some criteria
for an ideal process shown in Fig. 18.

Detergent enzgymes

Enzymes have been used in detergents since the 1960s. The
use of enzymes in detergents provides consumers with well
proven benefits. Detergent enzymes present no risk to con-
sumers, or to employees in enzyme production.

Enzymes can reduce the environmental load of deter-
gent products since they meet the following criteria (Fig.
18):

e Save energy by enabling a lower wash temperature

o Partly replace other, often less desirable, chemicals in

detergents

e Are biodegradable, leaving no harmful residues

e Have no negative environmental impact on sewage

treatment processes

e Do not present a risk to aquatic life

The use of enzymes, together with developments in
detergents, has reduced washing temperatures to 30-40 deg-
rees, temperatures which are expected to be reduced even
further. Scarcity of water and increasing oil and water
prices are expected to further the development. Calculations
show that in Denmark with five million inhabitants, a re-
duction of wash temperature from 60 to 40°C would lead to
an energy saving equivalent to approx. 40,000 tonnes of
coal a year. By comparison, less than 300 tonnes of coal a
year would be needed to produce the enzymes that enable
lower wash temperature.

Although their biotechnological production is material
and energy consuming, the results in cleanliness obtained
with enzyme-containing detergents are far superior to those
obtained with traditional phosphate-containing washing
detergents. Also, due to their specific cleansing effect, en-
zymes reduce the amount of washing detergents and
additives, the washing temperature and energy consumption.

Some companies used wild-type and natural enzymes,
but also genetically modified enzymes as components of
washing detergents.

Bioplastics

Plastics production from synthetic polymers consumes vast
quantities of non-renewable resources, while they represent
a major environmental problem as they are non-biodegra-
dable (Stevens 2002; Chiellini et al. 2003; Reddy et al.
2003). The production of new biomaterials like bioplastics
based on sugars, oils, proteins, fibers and other natural sub-
stances extracted from plants avoids the use of non-renew-
able resources like fossil fuels, with less energy, fewer
resources, and reducing global greenhouse-gases emissions.
Microbes can be induced to produce enzymes needed to
convert plant and vegetable materials into building blocks
for biodegradable plastics (Luengo ef al. 2003; Reddy et al.
2003; Moldes et al. 2004).

Both bioplastic production from organic waste material
and plastic reduction with the contribution of enzymes have
attained two environmental objectives:

- the release of plastic production from fossil fuels

- biodegradation of the plastic material to reduce waste,

especially in food packaging and field-covering plastic

The report released by OECD (2001) assessed the wide-
spreading of industrial biotechnology based on 21 com-
panies case study data, including pharmaceutical, chemical,
paper, textiles and energy sectors. This report has shown
that industrial biotechnology led to cleaner production and
products, having an environmentally sound profound cha-
racter.

28

Reducing the environmental impact of agricultural
pesticides

The excessive use of chemical herbicides, pesticides, fungi-
cides and fertilizers as an integral part of intensive agri-
culture caused environmental hazards as a result of low bio-
degradability.

The use of genetically modified plant varieties which
are resistant to insects and/or diseases may considerably
diminish the use of pesticides.

Biopesticides (also known as biological pesticides) are
derived from natural materials (animals, plants, bacteria,
minerals) and are considered less toxic than conventional
pesticides. USEPA (2008) indicates that at the end of 2001
there were approximately 195 registered biopesticide active
ingredients and 780 products (Menn and Hall 1999).

They can be classified as (Fraser 2005; USEPA 2008):

- microbial pesticides, containing a microorganism

(bacterium, fungus, virus or protozoa) as active ingre-

dients (Table 17).

- plant-incorporated protectants, which means that the

active pesticide is produced by plants from genetic

materials added to the plant.

- biochemical pesticides, include substances which

Table 17 Organism generating biopesticides and their control targets
(MCD 2008).
Target
Insects

Organism
Bacteria

Example

Bacillus thuringiensis
Bacillus sphaericus
Paenibacillus popillae
Serratia entomophila
nuclear polyhedrosis viruses
granulosis viruses
non-occluded baculoviruses
Beauveria spp.
Metarhizium

Entomophaga

Zoopthora

Paecilomyces fumosoroseus
Nornuraea

Viruses

Fungi

Lecanicillium lecanii
Nosema

Thelohania
Vairimorpha
Steinernema spp.

Protozoa

Entomopathogenic

nematodes Heterorhabditid spp.
Others pheromones
parasitoids
predators
microbial byproducts
Weed control Fungi Colletotrichum gloeosporioides
Chondrostereum purpureum
Cylindrobasidium laeve
Xanthomonas campestris
Plant disease Fungi Ampelomyces quisqualis
control Candida spp.
Clonostachys rosea
Competitive Coniothyrium minitans
innoculants Pseudozyma flocculosa
Trichoderma spp.
Composts, soil Bacillum pumilus
innoculants Bacillus subtilis
Pseudomonas spp.
Streptomyces griseoviridis
Burkholderia cepacia
Nematicides Nematode trapping Myrothecium verrucaria
fungi Paecilomyces lilacinus
Bacteria Bacillus firmus

Pasteruria penetrans
Mollusc panasitic Phasmarhabitis hermaphrodita

nematode
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control pests by nontoxic mechanisms

Biopesticides are often effective in very small quantities
and often decompose quickly, and the exposure is low
(Boyetchko et al. 1999), so that their use could result in
reduced risk to human health and the environment. Bio-
pesticides exhibit one or more of the following characteris-
tics (Fraser 2005): low toxicity to nontarget organisms, low
potential to contaminate environmental components and re-
sources, low risk to human health. Examples of biopesti-
cides and their targets are given in Table 17 (MCD 2008).

The use of genetically modified plant varieties that are
resistant to insects and/or diseases may considerably dimi-
nish the use of pesticides. Insect-protected crops allow for
less potential exposure of farmers and groundwater to che-
mical residues.

Integration of nanotechnology with environmental
biotechnology

The nanoscale bioscience and biotechnology integration
leads to potential and actual breakthroughs in areas such as
materials and manufacturing, medicine, healthcare, energy,
environment, chemicals, agriculture, information techno-
logy etc. (Hasim and Ujiang 2004). The emergence of nano-
biotechnology and the incorporation of living microorga-
nisms in biomicroelectronic devices are revolutionizing
interdisciplinary opportunities for microbiologists and bio-
technologists to participate in understanding microbial
processes in and from the environment. Moreover, it offers
revolutionary perspectives to develop and exploit these pro-
cesses in completely new ways.

“Biomedical and biotechnological applications of nano-
particles have been of special recent research and develop-
ment interest, with potential applications that include use of
nanoparticles as drug (or DNA) delivery vehicles, and as
components in medical diagnostic kits, biosensors and
membranes for bioseparations” (Kohli and Martin 2005).

Carbon nanotubes, another exciting area of research and
development in the nano- world, can be coated with reac-
tion specific biocatalysts and other proteins for specialized
applications, making them even more environmentally
friendly and economically attractive. Scientists have deve-
loped versatile methods for targeting carbon nanotubes to
specific types of cells that could spur the development of
new anticancer agents that rely on the unique physical cha-
racteristics of carbon nanotubes. Such bio-nano-systems
lead to a new generation of integrated systems that combine
unique properties of the carbon nanotube (CNT) with biolo-
gical recognition capabilities (Alivisatos 2004; Gao and
Kong 2004; Wong Shi Kam et al. 2005).

Though, high operative costs, expenditure for research
and development as well as investment still limit the estab-
lishment of biotechnological processes.

Bioenergy from biomass

Using biomass to generate energy has positive environmen-
tal implications and creates a great potential to contribute
considerably more to the renewable energy sector, particu-
larly when converted to modern energy carriers such as
electricity and liquid and gaseous fuels (IBEP 2006; Gavri-
lescu 2008).

By the year 2120, 3.6% of electric power and 6-7% of
the total energy will come from renewable resources (Lako
et al. 2008).

Table 18 Some of the practical benefits of the eco-efficiency by biotechnology.

Biorefining

The biorefining concept is an analogue of today’s petroleum
refineries producing multiple fuels and prodcuts from petro-
leum. By combining chemistry, biotechnology, engineering
and system approach, biorefinery could produce food, ferti-
lizers, industrial chemicals, fuels, power from biomass
(Gravitis ef al. 1998; Kamm and Kamm 2004).

ENVIRONMENTAL BIOTECHNOLOGY AND ECO-
EFFICIENCY

Eco-efficiency analysis can offer comprehensible informa-
tion for a large number of applications concerning multifac-
torial problems within relatively short times and at rela-
tively low cost, since it was discerned as an important
assessment method for research and development, produc-
tion and marketing (Saling 2005).

There is no doubt that environmental biotechnology has
a great potential to be an ecologically beneficial and at the
same time economically profitable in many areas. Environ-
mental challenges increasingly affect the competitiveness,
not only in terms of clean-up and pollution-control costs but
also in the marketplace.

World Business Council for Sustainable Development
(WBCSD) developed eco-efficiency as a way for an opera-
tional sustainable development driving force from a busi-
ness perspective (WBCDS 2000). Eco-efficiency is more
and more becoming the heart of success in the economic
world as a way to maximize efficiency, while minimizing
the impact on the environment. It is achieved in practice by
means of three key objectives that regard increasing product
or service value, optimizing the use of resources, reducing
environmental impact (Gabriel and Braune 2005; Gavri-
lescu and Chisti 2005; Bidoki 2006). Because of the oppor-
tunity for cost savings associated with each of these objec-
tives, eco-efficient technologies and practices demonstrate
that eco-efficiency stimulates productivity and innovation,
increases competitiveness and improves environmental per-
formance that means creating more value with less impact
(Bidoki 2006). Biotechnology — in general, and environ-
mental biotechnology — in particular can be considered one
of the most useful means to attain eco-efficiency and for
decision-making because offers a number of practical bene-
fits, illustrated in (Table 18) (Wall-Markowski et al. 2004;
Saling 2005). For example, minimization of pesticide use is
one of the main practices for sustainable farming, but also a
proactive consideration for the future of an eco-efficient
agriculture, as an illustration for one element of eco-effici-
ency: reduce toxic dispersion. Also, eco-efficiency goes
hand-in-hand with pollution prevention and eco-design
practices that essentially involve reduction in the material
and energy flow intensity, improved recyclability, maxi-
mum use of renewable resources in order to ensure sus-
tainable production and consumption (Olguin 1999;
WBCSD 2000; Gavrilescu 2004b; Gavrilescu and Nicu
2005).

A study of OECD emphasizes that great industrial com-
panies are becoming aware of the importance of sustainable
development and of the great potential of biotechnology
that can help them improve the environmental friendliness
of industrial activities and lower both capital expenditure
and operating costs, operating as an environmentally-sound
basis for economy and society (OECD 2001).

Some case studies presented by EuropaBio as a result of

Eco-efficiency practical benefit

Means to achieve

reduced costs

reduced risk and liability

increased revenue

enhanced brand image

increased productivity and employee confidence
improved environmental performance

through more efficient use of energy and materials

by designing out the need for toxic substances

by developing innovative products and increasing market share

through marketing and communicating the improvement efforts

through closer alignment of company values with the personal values of the employees
by reducing toxic emissions, and increasing the recovery and reuse of waste material




Dynamic Biochemistry, Process Biotechnology and Molecular Biology 4 (1), 1-36 ©2010 Global Science Books

Table 19 Illustration of economic and environmental impacts of various products/processes based on white biotechnology (Saling 2005).

Product/process Environmental impact Economic impact/
Energy efficiency Raw materials consumption CO; emissions Production costs

Vitamin B2 (BASF) + ++ + +

Cephalexin (DSM) ++ ++ + +

Scouring enzyme (Novozymes) + + 0 +

Biopolimers (Cargill Dow) + ++ ++ 0

Biopolymers (Du Pont) + ++ + +

Ethylene from biomass (under research) 0 ++ ++ --
Eco-Efficiency analyses showed that there is some potential ~ACKNOWLEDGEMENTS

for biobased materials and white biotechnology, and that the
greatest impact of white biotechnology may be in the fine
chemicals segment, where up to 60% of products may use
biotechnology (EuropaBio 2004; Saling 2005). In addition,
the economic and environmental impacts are favourable
(Table 19) (Saling 2005).

CONCLUDING REMARKS - ENVIRONMENTAL
BIOTECHNOLOGY CHALLENGES AND
PERSPECTIVES

New environmental challenges continue to evolve and new
technologies for environmental protection and control are
currently under development. Also, new approaches con-
tinue to gain more and more ground in practice, harnessing
the potential of microorganisms and plants as eco-efficient
and robust cleanup agents in a variety of practical situations
such as (Urbain et al. 1996; van Wyk 2001; Grommen and
Verstraete 2002; Cicek 2003; Kohli and Martin 2005):

— enzyme engineering for improved biodegradation

— evolutionary and genomic approaches to biodegrada-

tion

— designing strains for enhanced biodegradation
process engineering for improved biodegradation
re-use of treated wastewater
biomembrane reactor technology
design wastewater treatment based on decentralized

sanitation and reuse

— implementation of anaerobic digestion to treat bio-

waste

— biodevelopment of biowaste as an alternative and

renewable energy resource

— emerging and growing-up technological applications

of soil remediation and cleanup of contaminated sites

Along with a wide group of technologies with the pot-
ential to accomplish the objectives of sustainability, bio-
technology will continue to play an important role in the
fields of food production, renewable raw materials and
energy, pollution prevention, bioremediation.

Since environmental biotechnology proved to have a
large potential to contribute to the prevention, detection and
remediation of environmental pollution and degradation, it
is a sustainable way to develop clean processes and pro-
ducts, less harmful, with reduced environmental impact
than their forerunners, and this role is illustrated with refer-
ence to clean technology options in the industrial, agro for-
estry, food, raw materials, and minerals sectors.

Since some new techniques make use of genetically
modified organisms, regulation to guarantee safe applica-
tion of new or modified organisms in the environment is
important.

A wide range of biological methods are already in use
to detect pollution incidents and for the continuous moni-
toring of pollutants, but new developments are expected.

Environmental and economic benefits that biotechno-
logy can offer in manufacturing, monitoring and waste
management are in balance with technical and economic
problems which still need to be solved. All this is being
achieved with reduced environmental impact and enhanced
sustainability.

An evaluation of the consequences, opportunities and
challenges of modern biotechnology is important both for
policy makers and the industry.
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