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Abstract: Environmental biotechnology (EB) can play a positive and an important role in detoxifying and eliminating pollutants, and
cleaning up the contaminated sites of ecosystems, but the development of any EB is based largely on the scientific knowledge and results
of (micro)biology and chemistry, and then application mainly by engineering and management. Biodegradation and bioremediation by
definition are different in meaning and, as a result, they must be understood and treated differently. On the fundamental basis, the biochemical
reactions and the biochemical degradation pathway of any targeted toxicant concerned are basic information before the degradability of
the selective pollutant by a microorganism can be claimed. Bioremediation becomes feasible for implementation with the knowledge of
the biochemical reactions by the biological agent coupling with the engineering and management to achieve a successful attempt at a site.
Though the degradability by a microorganism can be achieved in laboratory condition, the cleaning up of the pollutant at any site needs
additional information and knowledge of the physical, chemical and ecological characteristics of the site to allow any success to be achieved.
The broad EB can include utilization of pure and selective microorganisms, the biochemical reactions by either pure or mixed culture,
enzymes, and metabolic products of microorganisms. In addition, microorganisms may also work in the form of biofilm to carry out the
function to detoxify the toxic environmental chemicals. In addition to microorganisms, plants can play an important role in phytoremediation.
Overall, EB needs at least three steps to prove its effectiveness from concept testing in laboratory, establishment of the mechanisms involved,
workability in complex system and ecosystems, and lastly the implementation and practice on site. A laboratory success on degradation
cannot be quickly and simply treated as a claim of EB for bioremediation for application.
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Human population increase coupled with promotion of
more consumption in society has put a clearly negative pres-
sure on the natural feedback processes for purification and
nutrient cycling in ecosystems, the current public awareness
of the environmental contamination and pollution as well as
the climate change is mainly a result of the anthropogenic
or industrial activities (Ackerman, 2014; Carson, 1962). Be-
cause of the increasing consumption of natural resources,
especially the non-renewable ones as a driver for today’s
economy in most countries, intensive manufacturing and ex-
traction of natural resources will continue to increase its pace
to meet the demands of the growing population globally. An-
thropogenic synthesis and production are important sources
of the persistent toxic chemicals in the ecosystems detected
today. Both point and non-point sources of pollution are still
ubiquitous. As a result, the trend and intensity of pollution
to natural ecosystem and the living environments will not
likely to be reversed any sooner even though there is appar-
ently an increase in education level and living standard of
the world population as a whole. It is evidently true that
the pristine ecological niches will be diminishing quickly in
number and the current natural ecosystems will be becoming
contaminated with a large quantity of different types of xeno-
biotics produced by industrial manufacturing in an effort to

improving the convenience and also the quality of human
life, e.g., anthropogenic halogenated hydrocarbons (Xu et al.,
2005a, b; Cheung and Gu, 2007; Han and Gu, 2010; Mitchell
and Gu, 2010; Schwarzenbach et al., 2006), a wide range of
biocidal chemicals from agriculture to households, and tiny
plastics invisible to our eye from packaging or products (Gu,
2020, 2021). Today’s earth system has a new entity that has
been added into it through human activities and can be called
anthroposphere, referring to the human-made chemicals in-
cluding persistent and toxic chemicals and also polymeric
materials or the plastics (Gu, 2020).

The heterogeneity of the ecosystems, consisting of litho-
sphere, hydrosphere, atmosphere, biosphere and anthropo-
sphere provide a unique niche for sequestration and persis-
tence of toxic chemicals and materials (Gu, 2018b). Most
of these chemicals are designed to be extremely resistant
to (bio)degradation, especially in sediments or sorbed onto
clays or soot to persist for an extended period of time to
resulting in accumulation to initiate biological and ecological
toxicity (Gu, 2003, 2019a, b, 2020, 2021). The persistent
nature of xenobiotics and polymeric materials has their fun-
damental important and amazing property for applications
because of chemical structure and the composition dominated
by carbon-carbon covalent bond. As soon as a persistent
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and toxic chemical of anthropogenic production is released
into the ecosystem, its physical and chemical states are in dy-
namic changes/modifications and the natural indigenous state
is almost impossible to be captured with the most advanced
analytical techniques available now. This reality, recognized
and reported early (Alexander, 1999), has not been embraced
fully by environmental scientists as a whole for a better un-
derstanding and knowledge of this concept for more than half
a century (Dixon and Weed, 1977; Stotzky, 1986; Stumm and
Morgan, 1996; Alexander, 1999; Schwarzenbach et al., 2006;
Gu, 2019a, b). Because of this, a new way of analyzing and
understanding the free and bioavailable fractions of the total
concentration, effective concentration, of a specific toxicant
is a prerequisite and the major breakthrough step to allow
assessing the environmental quality and ecological safety
more reliably (Gu, 2019a, b).

The Effective Concentration
An accurate measurement of a chemical’s concentration in all
environmental matrices is not an impossible task today with
the scientific and technological advancement made, and the
sophisticated instruments available, but the bioavailable frac-
tion of the total concentration, namely effective concentration
here, over time of chemical aging under any real scenario in
ecosystems is actually not feasible to achieve (Gu, 2018b,
2019a). This fact is mainly due to the complexity and hetero-
geneity of the ecosystem, taking the geosphere as an example,
and the dynamic nature of this fraction of the chemical in
any given environmental constituents is dynamic and very
different from the total concentration. Chemicals, after being
released into any ecosystems, are subject to sequestration
by a number of reactions, including solubilization, sorption,
precipitation, complexation and transformation physically,
chemically and biologically (Stotzky, 1986; Stumm and Mor-
gan, 1996; Schwarzenbach et al., 2006), and these reactions
affect the free and/or bioavailable fraction of the total concen-
tration of a toxicant at any given time spatially. The effective
concentration is rudimentary and necessary using innovative
analytical chemistry or other means so that bioaccumulation
and biomagnification important to the ecotoxicity and en-
vironmental risk assessment of the chemicals can be made
and achieved (Schwarzenbach et al., 2006; 2020). For conve-
nience, the total concentration of toxicants is often reported
most of the time, but such values cannot be used to derive an
accurate account of the ecological toxicity and risk directly
because only a variable fraction of the total concentration is
free and bioavailable to the target organisms in the selected
environment over space and also time (Gu, 2019b).

Quantification of pollutant concentration was initially fo-
cused on the positive detection and quantification of the
chemical so that the total concentration was used. With
the improvement of our knowledge and also the sophistica-
tion of instrument with improved sensitivity, the physical
and chemical states of the pollutants become an important
parameter for an accurate assessment of the toxicity more
realistically. In practice, when dealing with chemical anal-

ysis of metals and metalloids in environmental samples, a
chemical-based sequential extraction procedure is available
to assess the specific concentration of the selective inorganic
element associated with the environmental matrices, e.g.,
mineral oxides, organic matter, mineral structure, exchange-
able or free ions in the aqueous solution (Tessier et al., 1979),
but, surprisingly, a similar approach has not been developed
or reported for organic pollutants (Dixon and Weed, 1977;
Alexander, 1999; Gu, 2019a, b; Schwarzenbach et al., 2006).
Because of the persistence and bioaccumulation nature of
organic toxicants in the ecosystem, and the partition of them
into the environmental matrices and the different phases of
the ecosystems in different physical and chemical forms, the
bioavailable concentration of each of the toxicants is a very
fundamentally important numerical value to be obtained prior
to any meaningful environmental quality and toxicity or risk
analysis can be carried out and made. Because of this, major
effort must be put into this area of fundamental protocol de-
velopment so that the applied toxicology and environmental
quality assessment can be conducted more meaningfully for
the protection of ecosystem and human health. Due to the
dynamic nature and mobility of them into atmosphere and
subsurface as well as into the individual organisms of the
biosphere including Homo sapiens without exception, a more
realistic toxicity and risk analysis of anthropogenic pollutants
to humans upon exposure is still a very important research
topic with greater challenges for a long time to come in the
near future (Gu, 2019a).

Both natural and anthropogenic chemicals can build up
in the ecosystems because of industrial production and con-
sumption in various sectors of the society. A wide spread
of industry-based agricultural chemicals has been positively
detected in different ecological niches far away from the
agricultural areas, the poles where no production of such
chemicals is available due to long range transportation of
them by the ‘grasshopper effect’. On a global basis, anthro-
pogenic chemicals are not restricted by national or ecosys-
tem boundary so a homogenization of them is taking place
constantly for reaching a chemical equilibrium on a global
scale. Different ecosystem can serve as receptor for these
chemicals in some different ways, sediment and soils are far
more effective sink for toxicants than aquatic ecosystem, but
the mobility of chemicals is much higher in aquatic system
upon a chemical spill compared with soils and sediment. Hy-
drophobicity of chemicals has been used to assess and predict
the mobility and sequestration or accumulation of them, but
the biology, especially microbiology, has a very important
role to play in the transformation and mobility of these chem-
icals because microorganisms are capable of degrading and
transforming them (Atlas, 1995; Alexander, 1999; Gu, 2019a,
b; Schwarzenbach et al., 2006). In addition, microorganisms
produce biosurfactant that can enhance the mobility of such
hydrophobic chemicals. In a similar way, less bioavailable
minerals or Fe and Mn oxides can be altered for the physical
and chemical states by biological processes to result in an
improved availability of toxic metals or metalloids. On the
contrary, many plants can accumulate toxic metals and met-
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alloids into different parts of the plant biomass, which can
be used for phytoremediation of contaminated soils (Yu and
Gu, 2006, 2007a, b, 2008).

Biodegradation and Bioremediation

Organisms, large and small, over the time of evolution on
earth have gained genetic traits and certain biochemical ca-
pabilities to deal with the non-favourable conditions or envi-
ronments through adaptation or detoxifaction by enzymes or
(bio)chemical reactions to extract energy from some of them,
so that a co-existence with toxic chemicals has been devel-
oped to resist the toxicity. The mechanisms to deal with high
concentration of toxicity include resistant and active efflux
pump system to against otherwise a negative effect on the
normal life cycle. For example, efflux pump proteins are one
of the most effective ones in dealing with high concentattions
of toxic chemicals in the surrounding environments, in which
antibiotic resistant bacteria use this to gain a major advantage
in survival and competition (Davies and Davies, 2010). Some
organisms, especially microorganisms, may also evlove to
take advanatge of the toxicants in their metabolic processes
to extract energy by biochemical transformation and degrada-
tion of them (Atlas, 1995; Cheung and Gu, 2007; Gu, 2018b;
Schwarzenbach et al., 2006). Selective examples include the
reductive dechlorination of chlorinated solvents and aromatic
compounds to detoxify the extreme hydrophobic and toxic
chemicals by removing the chlorine by a reductive reaction
using electron available from the environment, including hy-
drogen (Atlas, 1995). Other toxic agrochemical Atrazine
can be metabolized by aerobic microorganisms as a source
of carbon and energy as well as nitrogen source due to the
chemical structure, but its degradation under strictly anaero-
bic conditons has not been proven (Atlas, 1995; Alexander,
1999; Gu, 2020; Schwarzenbach et al., 2006).

Biodegradation and bioremediation shall not be treated
the same or equal in their scientific meaning or for applica-
tions. It is possible to prove a concept on the degradability of
chlorinated aliphatics or aromatics by initial reductive dechlo-
rination and then methanogenesis under sulfate-reducing or
methanogenic conditions in laboratory flasks or serum bottles
using mass balance and stoichiometry analysis (Atlas, 1995;
Alexander, 1999; Schwarzenbach et al., 2006). Such results
are fundamental and important on the mechanism level at
the beginning and then useful to advance the science on the
degradation processes of these chemicals, but any bioreme-
diation of sites contaminated with such pollutants is a very
different matter in practice for a cleaning up. Several key fac-
tors are critically important here to make the bridge between
them. First, chemically speaking, the bioavailable fraction
of these chemicals relative to the total concentration must be
known. Does this fraction change over time? Are there any
microorgabisms capable of degrading the pollutants in the
selective environemt? Are they active metabolically? If not
or too fewer, a natural response is to inoculate with the labo-
ratory isolate to the contaminated sites or treatment reactor
systems. There is not a good number of studies on tracing

the inoculated microorganisms for its full expression of the
metabolic capabilities in situ. Most of the time, degradation
of a selective toxicant in laboratory demostration would be
used for a claim for bioremediation or cleaning up the con-
taminated sites, which raises a big questiom because there
is a large gap between biodegradation and bioremediation.
Biodegradation in flask and bioreactior has major implication
for possible bioremedaitiona and cleaning up, but the on site
bioremediation to clean up the pollutant must be assessed
with data and knowledge of the chemicals, bioavailablity,
site characteristics, and the in situ bioactivity of the poten-
tial degradding microorganisms in addition to the climate
conditions. Furthermore, when inoculation of a target mi-
croorganism is anticipated, a proof of the introduced one
and its metabolic activity shall be conducted with labelling
technique of the microorganisms and then close monitoring
to establish the science. Such information is hardly presented
in many papers with claim for bioremediation. Some of the
successful cases on bioremediation are in boreactors (Atlas,
1995) or in field conditions where natural attenuation is an
indispensable contributor to the detoxification observed. It is
misleading when a claim is made after inoculating both the
cultured microorganisms together with the culture medium
into soil plus an amendment of a chemical at the same time,
and then analyze the concentration of the pollutants to draw
conclusion. Similarly, microbial culture is added into reactor
system and then claim the effectiveness on pollutant removal
in terms of the concentration decline is due to the inoculation
boldly.

Hydrocarbons may be utilized by microorganisms during
their metabolism or co-metabolism, but degradation of met-
als and metallioids is a myth except for a few cases and
many of the papers reporting on microbial immobilization
of toxic metals and metalloids has no true implication of
any clean up because microorganisms assimilate and precip-
tate or immobilize the toxic metas and metalloids, but after
death, mineralization of the cellular biomass would release
the previous immobilized metals and metalloids again. Such
cyclic nature of the microbial process is largely ignored to
present the selective effect of them. In addition, phytore-
mediation is not being investigated as it should be because
plants can transpire selective toxic solvents that are too toxic
to microorganisms and can remove them from the soils or
groundwater into the air for photo-detoxification to eliminate
the toxic chemicals or by assimilation and immobilization of
the plants to accumulate them in the biomass of plants as an
example. For this, hydroponic systems can be used to demon-
strate the success of the concept and also the mechanisms
involved when dealing with phytoremediation system for re-
moval of toxic metals and metalloids (McIntyre, 2003; Yu
and Gu, 2006, 2007a, b, 2008; Kuffner et al., 2008). Practical
applications must be based on solid and convincing scien-
tific results. Science and application are separated by the
reality of the characteristics of the physical world because
the former is a pure conceptual assessment while the latter
is solving a specific problem. Each of them has its entity
and shall be treated in different ways to serve the arena of
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science and technological development today. Any further
stretch of the research results for a far fetched speculation is
not going to serve the technological development well. This
is the pitfall facing potential technology.

Environmental Biotechnology
Environmental biotechnology (EB) can be developed based
on the fundamental science, engineering, and applications
to solve the environmental issues in manufacturing sites and
also the ecosystems. EB has its foundation on at least two im-
portant pillars equally, biology and chemistry, and additional
engineering and management, can also be involved (Figure
1). A sound BT shall be proven first with the organisms, bio-
chemical process, and the specific chemical reactions to pave
the way for the concept of the technology for any prototype
trial or scale up to be tested (Liu et al., 2018). This mirrors
the same situation with biodegradation or bioremediation on
different scales, and both fundamental biology and chemistry
are required to build a solid foundation for the mechanism
involved, concept and technology to be developed. There
are some oversights in published papers in which the two
cornerstones of the BT have not been examined closely by
vigorous critical analysis of the biology and chemistry at the
same time to advance the results for a promising BT. One of
the shortcomings is from the fact that no detailed chemistry
is revealed from an organism and the mechanism, but it is
only based on concentration differences between inoculation
of the microorganism or without.

Figure 1. A schematic illustration of the foundation of environmen-
tal biotechnology as a discipline support by mainly both chemistry
and biology

BT can be useful measure to mitigate environmental pollu-
tion, but it cannot be regarded as all purposes for all problems
facing the development and industrialization. The anthropo-
sphere is a real new identity of the ecosystem now (Gu, 2020)
and there is no way that industrial footprints can be erased
with the new BT today or in the future. Our society atti-
tude of consumption and manufacturing for development and
economy will increase the intensity of contamination and
pollution as well as their spread into further afar into the
atmosphere and deeper into the subsurface. The occurrence

of plastics and micro-plastics in the environments, e.g., wa-
ter, sediment, air or organisms, will continue if no drastic
decision from each individual is made to decrease and stop
using such products (Gu, 2021).

EB can be an application with specific microorganisms in-
cluding bacteria, archaea, fungi, insects and plants, enzymes
and biochemical capability of selective organisms, the bio-
chemical transformation products or intermediates to serve
the environmental abatement of pollutants or toxicity (Zyl-
straa and Kukor, 2005). The actual application and operation
can be on multiple scales, from laboratory microtubes and
reactors of variable sizes manageable to full-scale application
on elimination of pollutants (Meng et al., 2016; Yang et al.,
2020a-d), purification of wastewater (Yang et al., 2020a-c),
new energy production from greenhouse gas CO2 in oil reser-
voirs (Ma et al., 2018, 2019; Irfan et al., 2019; Zhou et al.,
2019; Bai et al., 2020; Irfan et al., 2020a, b), full-scale of the
contaminated sites, or a lake, river or wetland of the coastal
environment for restoration or clean up. Treatment technol-
ogy based on specific biochemical process of organisms can
be applied easily in manufacuring facilities to removal toxic
gases or chemicals, activated sludge is a typic example for
implementation of biological processes of active microor-
ganisms to achieve removal and degradation of a range of
organic and inorganic pollutants or toxicants successfully.
For example, the green technology for inorganic N removal
in full-scale wastewater treatment plants can be achieved
through activate the ananaerobic ammonium oxidation bac-
teria (Yang et al., 2020a-d). When examining the available
information closely, the overall environmental technologies
can be for elimination of pollutants and toxic chemicals and
conversion of residual oil in reservoirs (Chen et al., 2020;
Liu et al., 2020a, b; Wang et al., 2020), enhance production
of food and nutrition, protect the substainable environment
from eutrophication, and extract residual conventional energy
from reservoirs or produce new eneregy suplies in variable
forms (Irfan et al., 2019; Irfan et al., 2020a, b; Ji et al., 2020a,
b).

Future Perspectives
It is clear from the above that BT relies on the knowledge
of biology and also chemistry, so equal importance shall be
placed on both of them at the beginning in education, re-
search and product development. Since both fields have been
advanced at their own pace with exciting new discoveries,
continuous and constant examination of new discoveries and
advances made in both fields would fuel new energy and
new opportunities to new BT opportunities. Biology as a
whole is at genome era for the complete blue print of all
life and this bring our current understanding of any organ-
isms large or small to an unprecedented levels in human
history while chemistry is at nanoscale and quantum mechan-
ics for information of finer molecules and their properties.
Dark matter in biology is being deciphered gradually and
the 3-dimension structures of more and more biologically
important proteins are known to not only science but also
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application in medicine and health to save life and cure dis-
ease including early diagnostics. Both biology and chemistry
are also facing new questions and challenges to the future of
humans on this planet and others in the universe to establish
colonization with life supporting systems tested on earth.
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