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Aims and Scope of the Series
Scientists have long researched to understand the environment and man’s place 
in it. The search for this knowledge grows in importance as rapid increases in 
population and economic development intensify humans’ stresses on ecosystems. 
Fortunately, rapid increases in multiple scientific areas are advancing our un-
derstanding of environmental sciences. Breakthroughs in computing, molecular 
biology, ecology, and sustainability science are enhancing our ability to utilize 
environmental sciences to address real-world problems.

The four topics of this book series - Pollution; Environmental Resilience and Man-
agement; Ecosystems and Biodiversity; and Water Science - will address important 
areas of advancement in the environmental sciences. They will represent an excel-
lent initial grouping of published works on these critical topics.
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Preface

The concentration of carbon dioxide (CO2) in the atmosphere has continued to increase 
rapidly in the last hundred years, and the global average temperature is predicted to rise 
by 1.5°C by 2027 and by 3.3–5.7°C by the end of this century. If global average tempera-
tures rise by 5°C or more, many species will not be able to live, as there will be extremely 
high temperatures in the summer as well as natural disasters such as storms, floods, 
and water shortages. Submergence will also occur with unusual frequency because of 
the rise in seawater temperature. These environmental changes would not only cause 
a fatal blow to the world economy but also would likely render some parts of the earth 
uninhabitable.

Furthermore, global warming has also weakened the Atlantic meridional overturning 
circulation (AMOC), an ocean system that flows in the north-south direction of the 
Atlantic Ocean. A team from the University of Copenhagen in Denmark predicts that 
the AMOC will likely cease by as early as 2025 or as late as 2095. If the AMOC stops, 
humans will experience extreme weather events, such as tropical rainforests moving 
south and Europe drying out. Water shortages due to climate change as well as soil 
and groundwater contamination due to environmental pollution are serious issues, 
with reports in 2007 indicating that people in about 30 to 40 countries (660 million 
people) are suffering from extreme water shortages; and the number is rapidly 
increasing. In addition, soil contamination is causing a rapid decrease in farmland 
available for food production, which is likely to be further exacerbated if natural 
disasters caused by global warming intensify, resulting in severe food shortages in 
the near future. It is the urgent task of the world’s scientists to solve these problems 
by the end of the century through the mobilization of science and technology to 
prevent global warming by reducing CO2 emissions, developing alternative energy 
sources to fossil fuels, and securing food and drinking water by remediating soil 
and groundwater contamination. Biotechnology has a major role to play regarding 
the same.

Against this background, this book focuses on the remediation of widespread pollution, 
which is one of the most important issues for maintaining a sustainable society. The 
views of many experts on new strategies for efficient remediation and the material in 
this book provide important information for the rapid cleanup of contaminated soil 
and groundwater.

The authors would like to thank Mr. Dominik Samardzija, Ms. Iva Simcic Mancic, 
and the publishing staff at IntechOpen for their invaluable assistance in writing and 
publishing this book.
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Chapter 1

Introductory Chapter: 
Biodegradation – New Insights
Vasudeo Zambare and Mohd Fadhil Md. Din

1. Introduction

Microbial breakdown of any matter or compound is called biodegradation, which 
is carried out by bacteria, fungi, or yeasts [1]. Though it is a natural process but it is 
somewhat different than a composting process. Composting is a human-interfered 
systematic and safe process where organic matter is a breakdown within a specific 
time, whereas biodegradability is the conversion where it is not necessary that it will 
be beneficial always [2]. All natural organic matters and chemical compounds are 
biodegradable provided with time as a major constraint. Organic materials, including 
food wastes and vegetables, are degraded in few days; however, the plastic degrada-
tion may take several years.

Biodegradation occurs in three stages of biodeterioration, biofragmentation, and 
bioassimilation [3]. Biodeterioration is the superficial but surface-level degradation 
via alteration of all physical, chemical, and mechanical properties of the material. 
This process is generally occurred abiotically where environmental factors, including 
light, temperature, chemical exposure, and mechanical compressions, weakening 
or deteriorate the material. Thus, biodeterioration is the first stage of biodegrada-
tion and is in parallel to the microbial action for the fragmentation of the material. 
Biofragmentation is a very crucial and important stage where high-molecular-weight 
molecules or polymeric structures are disturbed by either bond cleavage by enzy-
matic action or chemical modification. Resultant into a generation of oligomeric or 
monomeric fragments. This biofragmentation is an oxidation-reduction process and 
energy intensive. The biofragmentation process that occurs in the presence of oxygen 
is called aerobic degradation, and if it occurs in the absence of oxygen, then it is called 
anaerobic degradation. Comparatively, each process generates water and CO2; how-
ever, methane and hydrogen are strictly produced by anaerobic process only. Aerobic 
digestion is a rapid process, but anaerobic digestion is more efficient in terms of mass 
reduction by producing natural gas. Hence, the anaerobic process is most widely used 
in waste management and for renewable energy generation. Bioassimilation is the last 
stage of biodegradation where microbes utilize the bio-fragmented material for their 
metabolic activities either for energy generation (adenosine triphosphate, ATP) or as 
precursors of any other biosynthetic pathways.

Factors affecting material biodegradation are water, light, oxygen, and temperature. 
For biodegradation of any organic compound, it is necessary to make that compound 
available for microbial action where the compound is absorbed by the system. 
Biodegradability of solid and liquid is also differing where CO2 and methane gas are 
produced during aerobic and anaerobic digestion processes, respectively. Factorial 
studies in the lab must have their working feasibility in the field and hence sometimes 
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lab results are not workable in a large scale. Considering the biodegradation of landfilled 
solid waste, where physical factors of water, light, and microbial activities are varies and 
are directly affecting the biodegradability efficiencies. And plastic degradation which is 
environmentally dependent is altogether very different and completely unpredictable. It 
is also important to find out the methods of degradability and one such method is DINV 
54900 [4]. Bioremediation is another form of biodegradability where toxic chemicals 
are converted into simpler form and the best examples are the textile dyes. Our earlier 
studies showed decolorization of textile dyes using microbial cultures and contributed 
to environmental protection by remediating the textile dyed effluent [5, 6].

2. Biodegradability

Biodegradability of any compound is measured by the respirometer method which 
measured the gas (CO2), which is a metabolic product from microbes, especially 

Figure 1. 
Timely biodegradability of representative natural and synthetic items in terrestrial environment [9] and marine 
environment [10] (1, food and vegetables; 2, cellulose and paper; 3, cotton cloths; 4, plant leaves; 5, wool products; 
6, fruit peels; 7, plastic coated food boxes; leather products; 9, nylon products; 10, tin and aluminum cans; 11, 
Styrofoam products; 12, plastic bags and items; 13, vehicle tires; 14, glass items; A, tissue paper (toilet); B, daily 
newspaper; C, cardboard; D, fruit wastage; E, wax coated milk carton; F, cotton & woolen gloves; G, plywood; 
H, plastic bags; I, tin cans; J, diapers; K, plastic bottles; L, aluminum cans; M, glass items).



3

Introductory Chapter: Biodegradation – New Insights
DOI: http://dx.doi.org/10.5772/intechopen.112409

aerobic microbes [7]. The present article is discussing the time-wise trend of biode-
gradability of some representative natural and synthetic items under terrestrial and 
marine environment. Biodegradability is depending on light, water, temperature, 
oxygen, and of course microbes, which is widely distributed and differentiated on 
the terrestrial and marine environment [8]. Hence, the degradability period would be 
differently affected. Figure 1 is showing an integration of biodegradability trends in 
both terrestrial and marine environment and looks like marine environment showed 
more efficient biodegradability. That might be due to a lot of shear and stress condi-
tions as well as climatic conditions of availability of light, oxygen tides frequencies, 
and diversified microflora. Though terrestrial environment has some limitations of 
light availability in case of heap or land filing but each environment has its advantages 
and limitations. Biodegradation occurs through various processes such as biotransfor-
mation of toxic to nontoxic compounds [11], volume reduction via biodeterioration 
by microbial and enzymatic action, formation of minerals via biomineralization 
[12], convert waste to another usable or high-value form via recycling or valorization 
[13]. Thus, all forms of material will have biodegradability but it is time-dependent. 
Some might take few weeks to several years. Organic materials like plant-based fruits, 
vegetables, and lignocellulosic materials can be easily degraded and are based on their 
structure and crystallinity [14]. There are some semi-synthetic and metallic materi-
als that took almost 100 years for degradation; however, the toughest and harder to 
degrade in both terrestrial and marine environment are plastic, rubber, and glass 
materials [15]. As long as rubber is a natural material, it is biodegradable but once it 
is converted into a crosslinked tire (as composite), then it takes more than 2000 years 
to degrade it [16]. Glass is a natural and very toughest material where no biodegrad-
ability is predicted. But the most alarming and dangerous is the plastic which is 100% 
synthetic.

3. Challenges and opportunities

High biodegradability of products is always prioritized but products with no 
or low biodegradability are interfering in agriculture, human, animal health, and 
aquatic life. Especially, plastic biodegradability is a major concern. Domestic and 
wildlife animals accidentally eat the plastic as food items and showed entanglement 
in the intestine [17]. Polyhalogenated compounds, pesticides, dyes, hydrocarbons are 
slowly degrading and also interfere in the animal food chain. Indirectly, these chemi-
cals showed very slow but bad impacts on human health by biomagnification and 
bioaccumulation process of food which ended in serious health complications such as 
cancer, neurological disorder, and hormonal dysfunction [18]. Mercury is one of the 
known contaminants and some fish with high mercury affected the human hormonal 
problem when entered in the human food chain [19]. Overall, nonbiodegradable items 
are real challenges for researchers and scientists. Many researchers have initiated 
biodegradation research on plastic [20–23]. These findings showed various bacterial 
and fungal strains for plastic biodegradation by enzymatic as well as photodegrada-
tion and thermo-oxidative activities. Polyethylene (PET) is one of the widely spread 
and a major contaminating plastic present everywhere but with research efforts, its 
degradation has been identified by Ideonella sakaiensis with an enzyme PETase [24]. 
With the advancement and use of genetic engineering, the PETase has been modi-
fied with MHETase for fast degradation of PET as well as polyethylene furan-2,5 
dicarxylate (PEF) [24]. Adaptability of microbial strains might be altering their 
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metabolic pathways and thus resulting into the findings of plastic degrading enzyme 
secretions which is also evidenced by Quartinello et al. [25] from cow gut microbes 
for breakdown of three different types of plastic. Though research is in the direction 
of positive output but more efforts and multilevel research methodologies need to be 
utilized for innovation-based findings related to novel strains, biocatalyst, or genetic 
 modification. One more challenge of formation of microplastic and nanoplastic 
which is ended in the marine environment and acts as major contaminants affecting 
the marine flora [26].

Another opportunity for development of biodegradable alternatives but the major 
limitations are the enough tensile and mechanical strength. With a wider scope, 
cellulose, starch, chitin, based materials, and some polymers such as polyhydroxyal-
kanoates, polyhydroxybutyrate, polylactic acid, and polycaprolactone are some of the 
highly biodegradable polymeric materials obtained from plants and microbes [27]. 
Again, these microbial and plant-based polymers have some limitations in stability, 
mouldability, and consistency. Hence, an opportunity for a composite technology for 
novel material of desirable properties as well as biodegradability is open. A technol-
ogy related to biodegradability of material needs to be developed for packaging, 
production, and medicine using some oxo-biodegradable formulations. Sometimes, 
the biodegradability of material generates greenhouse gases and has an opportunity 
to valorize this polymer to another but more useful and nontoxic precursor. Overall, 
there are several opportunities to develop cutting edge research on existing plastic like 
tough material degradation or investigate a new microbial strain or modification in 
existing strain for more efficient and 100% biodegradable materials having affordable 
economic and industrial feasibilities.

4. Conclusions

Biodegradability “deals with the waste management concept where proper dis-
posal and reduction in volume” is required with the use of completely biodegradable 
products or the need to develop a robust biocatalyst from a microbial system.
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Chapter 2

The Strategy and Future of 
Biotechnology in Protecting the 
Global Environment
Naofumi Shiomi

Abstract

Global warming is accelerating, and the average global temperature is projected to 
rise from 3.5 to 5.7°C by the end of this century. Therefore, there is a strong possibil-
ity that we will soon experience frequent global-scale abnormal weather events and 
severe water and food shortages. To avoid such crises, three issues must be urgently 
addressed: reduction of CO2 emissions, securing of energy sources that can replace 
fossil fuels, and securing of groundwater and food supplies. In this introductory 
chapter, we first discuss the development of new biotechnology processes such as 
CO2 sequestration by algae, biofuels, and biopolymers. Biofuels and biopolymers, 
in particular, will soon play an important role as alternatives to scarce fossil fuels. In 
addition, bioremediation technologies for widespread groundwater and soil contami-
nation are discussed. Novel bioremediation technologies, such as gene editing and the 
use of artificial enzymes, have the potential to dramatically improve bioremediation 
throughput. This new biotechnological approach to the environment will be a decisive 
factor in ensuring food and beverage safety.

Keywords: CO2 capture, biofuel, biopolymer, bioremediation, global warming

1. Introduction

The Earth’s climate has been undergoing significant changes over the past centu-
ries, and the impact of these alterations is becoming increasingly evident. According 
to the Fourth Assessment Report of the United Nations Intergovernmental Panel on 
Climate Change, the concentration of carbon dioxide (CO2) in the atmosphere has 
surged by more than 40% since pre-industrial times (1750). It is estimated to surpass 
the level of 400 parts per million (ppm) by 2013. This rise in CO2 and methane, the 
two primary greenhouse gases, has led to a 1.09°C increase in the average global tem-
perature for over 260 years. Notably, the rate of temperature increase is accelerating 
rapidly, and it is projected that the average global temperature will further increase by 
1.5°C by 2027 and 3.3–5.7°C by the end of this century [1].

With the intensification of global warming, the world is grappling with an increas-
ing frequency of extreme weather events, such as storms and heavy rainfall, and 
the consequences are already taking a toll on the global economy. The expansion of 
seawater, induced by global warming, has led to a 16-cm rise in the world’s average 
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sea level within the last century. This phenomenon has raised concerns about the 
imminent inundation of the South Pacific Islands and the potential submergence of 
the entire landmasses in some regions. Moreover, the regions that rely on glaciers and 
melting snow as their water source, covering one-sixth of the world’s population, will 
face water scarcity as these ice formations continue to vanish due to global warming. 
Mountainous areas, which serve as the origins of major rivers, will also experience 
similar challenges. The impact of global warming on land and marine ecosystems is 
immense, causing extensive damage to plants, animals, and marine life. This destruc-
tion leads to the disruption of ecosystems, exacerbating the problem further. Notably, 
phytoplankton, a crucial CO2 sink responsible for absorbing 31% of CO2 emissions, is 
severely affected, accelerating global warming. Considering the current trajectory, it 
is evident that by the end of this century, the average global temperature will rise by 
3.3–5.7°C, pushing Earth into a critical situation [2].

In addition to the direct impacts of global warming, water shortages have emerged 
as a severe concern, exacerbated by various factors beyond climate change [3]. The 
extensive implementation of large-scale projects that utilize rivers for irrigation in 
agricultural lands, along with population growth and rapid global economic develop-
ment, has significantly increased the demand for water for domestic and industrial 
purposes, resulting in severe shortages in many regions. For instance, Egypt suffers 
from severe water scarcity as countries upstream of the Nile River consume dispro-
portionate amounts of water and contribute to pollution [4]. According to a report 
by the United Nations in 2007, approximately 660 million people in 30–40 countries 
face extreme water shortages, whereas severe water shortages affect about 1.1 bil-
lion people. Tragically, 1.8 million children succumb to diseases caused by drinking 
contaminated water every year. Additionally, the combination of water scarcity and 
pollution in these countries adversely impacts crop growth, leading to water short-
ages and food scarcity, potentially escalating into international conflicts over vital 
resources in the future.

Given these pressing concerns, it is highly probable that humanity may soon 
encounter a time when only specific regions on Earth can sustain life. To ensure a 
sustainable society, the world must mobilize science and technology to address criti-
cal issues, such as reducing CO2 emissions, developing renewable energy sources as 
alternatives to fossil fuels, and remediating pollution to secure safe food and drinking 
water. This chapter outlines the crucial role that biotechnology can play in confront-
ing these challenges and providing potential solutions (Figure 1).

Figure 1. 
Problems facing the earth and strategies for solving them using biotechnology.
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2.  Biotechnology strategies for global warming prevention and renewable 
energy development

2.1 CO2 reduction

To address the urgent challenge of global warming, it is crucial to reduce atmo-
spheric CO2 levels. In this endeavor, countries worldwide have united under the “Paris 
Agreement,” committed to mitigating CO2 emissions. For instance, the Japanese 
government has taken a significant step by announcing the “2050 Carbon Neutral 
Declaration,” setting the ambitious goal of achieving zero carbon emissions. To fur-
ther prevent atmospheric CO2 increase, global CO2 emissions must be reduced to 50% 
by 2050 from 2006 levels, with the ultimate target of achieving a 100% reduction by 
2075. However, despite the critical situation, major contributors to CO2 emissions, 
such as China and the United States, are yet to embrace CO2 capture technologies, 
emphasizing the need for innovative and effective technological advancements.

The most promising method of reducing atmospheric CO2 is the “carbon capture 
and storage (CCS) process,” in which atmospheric CO2 is compressed and stored in 
liquid form at an underground site or the bottom of the deep ocean [5]. Although 
this method can significantly reduce the concentration of CO2 in the atmosphere, its 
high cost is a major problem [6, 7]. Currently, converting CO2 into value-added fuels 
instead of treating it as waste is considered economical, and efforts are being made 
to achieve this. For example, several studies have been conducted to convert CO2 into 
fuels through electrochemical methods, and solar-electric lands have been developed 
to convert CO2 into hydrocarbon fuels using only sunlight [8].

CO2 capture using microorganisms is attracting attention as an environmentally 
friendly method [9]. Microalgae, in particular, are the best CO2 capture sources 
compared with higher plants primarily due to their exceptional solar energy yield 
and year-round cultivability. Because the production cost of microalgae for CO2 
capture must be less than 500 t/ha/year, efforts are being made to reduce this cost. 
For example, there is a lower production cost in conjunction with the production 
of various useful substances. Using genetically modified microalgae, bioconversion 
processes from CO2 to biofuels, polyhydroxybutyrate, fatty acid ethyl esters, and 
other useful substances have been considered [10, 11]. Various novel production 
processes have also been devised, including the direct use of exhaust gas from thermal 
power plants or wastewater treatment facilities as sources of carbon dioxide gas, the 
development of photobioreactors suitable for large-scale outdoor cultivation, and 
microbial mineral carbonization in combination with metal recovery [12], which are 
considered key to success.

2.2 Fossil fuel conservation and substitution

The rapid increase in energy consumption has raised concerns regarding the 
depletion of fossil fuels, such as oil and gas. According to the Hubbert Peak Theory, 
oil resources are expected to be severely depleted within the next 40 years [13]. It is 
also estimated that currently mined oil reserves will be exhausted in 42 years and 
natural gas reserves in 60 years. In reality, fossil fuel depletion is unlikely to occur 
because there are still unexploited fossil fuels on Earth, but the prices of newly mined 
oil and gas will be much higher than those of today. Furthermore, the consumption 
of fossil fuels is a major source of CO2 emissions; thus, fossil fuel consumption must 
be reduced. Therefore, shifting from fossil fuels to sustainable renewable energy is 
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important for securing energy and preventing global warming [14]. Here, we intro-
duce renewable energy initiatives from a biotechnological perspective.

Biofuels are used as renewable alternative fuels [15, 16]. Ethanol and biodiesel, 
produced from food and animal feed such as corn, soybeans, rapeseed, or used 
cooking oil, have been developed as first-generation biofuels. They are already used in 
transportation as substitutes for conventional fuels, and their production continues to 
increase. However, producing these biofuels requires large tracts of farmland, which 
is undesirable because it pressurizes food production. Therefore, second-generation 
biofuels have been designed using inedible lignocellulosic feedstocks accumulated as 
agricultural waste. However, this method has not yet been put to practical use because 
of issues related to the stability of the feedstock supply and its preprocessing.

Third-generation biofuels are currently being developed via transesterification 
and hydrogenation of oil produced by microalgae [17]. As mentioned, microalgae 
are ideal for biofuel production and global warming mitigation because of their high 
CO2 fixation capacity and, at the same time, high lipid content. Microalgae are also 
superior in that they can produce various biofuels, such as hydrogen and biodiesel by 
transesterification, bio-oil, and bioethanol, but their production costs are higher than 
those of fossil fuels and biodiesel. Currently, genetically modified algae and algae 
improved by gene editing using CRISPR/Cas9 have been developed to increase oil 
accumulation. Wastewater treatment and the use of photochemical and electric fuels 
are also being investigated [18, 19].

Cyanobacteria, considered as photosynthetic microorganisms, have been geneti-
cally modified to produce biofuels [20]. Cyanobacteria produce biofuels from the 
carbon produced by photosynthesis using CO2 and water. For example, genetic 
modification has been reported to improve the production of bioethanol, isobutanol, 
isoprene, and fatty acids that are attracting attention as alternatives to gasoline [21], 
and strains that secrete biofuels extracellularly have also been created through genetic 
modification. If the use of genetically modified algae and cyanobacteria is accepted in 
biofuel production, they may be used as renewable alternative fuels.

To reduce CO2 emissions and fossil fuel consumption, gasoline-powered vehicles 
are being replaced by electric vehicles (EVs). The European Union (EU) has effec-
tively banned the sale of gasoline-powered vehicles, including hybrid vehicles, for 
35 years and has decided to shift to EVs and fuel-cell vehicles. However, securing 
sufficient electricity from hydroelectric and wind power generation is difficult and 
replacing all cars with EVs will require generating vast amounts of new electricity. For 
example, Norway has become a leading EV country with revenues generated by its 
abundant oil and natural gas, but as a result, the fossil fuels that Norway exports emit 
CO2, which has not led to a reduction in CO2 emissions. In the future, it will be neces-
sary to face an electricity shortage by generating electricity from solar and fuel cells in 
each household instead of supplying electricity from electric power companies, such 
as in the past.

Hydrogen fuel cell is one of the promising fuel cells [22, 23]. Hydrogen fuel cells 
generate electricity from chemical energy using hydrogen and oxygen and have many 
advantages, such as almost zero emission of CO2 and environmental pollutants, low 
vibration and noise, easy installation inside buildings and in urban areas, and high 
energy efficiency using waste heat. Hydrogen fuel cells can also be used as fuel for 
cars and trucks. Hydrogen-fueled vehicles are being developed in China and Japan. 
Various fuels, such as natural gas and methanol, can be used to extract hydrogen, but 
the challenge is to produce hydrogen at a low cost. Although the production capacity 
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is not yet sufficient, methods using photosynthetic microalgae and cyanobacteria 
have been investigated to produce hydrogen gas [24, 25]. Microalgae that absorb CO2 
while producing hydrogen are attracting particular attention because natural gas 
emits CO2 during hydrogen production.

In contrast, the development of microbial fuel cells (MFCs) is also underway 
[26, 27] MFCs are bioreactors that convert organic compounds into electrical 
energy under anaerobic conditions through microbial catalysis and convert biomass 
into electricity, such as wood and food waste as well as wastewater. It is a desir-
able renewable energy source. Currently, MFCs have not been put to practical use 
because of their high cost, low expression rate, and lack of scaled-up capabilities. 
However, in recent years, with the use of molecular tools and genetic systems 
of microorganisms combined with genetic manipulation and electrochemistry, 
improvements in electric fields and a new style of MFC using wastewater [28, 29], 
the amount and stability of power generation have rapidly improved and future 
developments are expected.

2.3 Substitution of petroleum-based polymers

The CO2 emitted by the production and incineration of plastics was about 850 
million tons in 2019, whereas open-air combustion may emit 1 Gt [30]. In addition, 
newly initiated industrial projects continue to increase the production capacity of 
petrochemical plastics with a potential CO2 emission of 2.8 Gt by 2050 (10–15% of 
the global carbon budget). To reduce petroleum consumption and CO2 emissions 
simultaneously, the consumption of petrochemical products, especially plastics, 
must be reduced; and the recycling and reuse of plastics must be implemented. 
Currently, PET bottles are being actively recycled, and plastic cups and other 
plastic products are being regulated in Japan. The substitution of paper products 
is progressing but not sufficiently. The dependence on paper as a substitute will 
lead to the deforestation of forests including mangroves, and the resulting sharp 
decline in the number of plants worldwide will spur an increase in atmospheric CO2 
emissions.

Bioplastics have attracted attention as alternatives to petroleum-based polymers 
[21, 31, 32]. Bioplastics are bio-based, biodegradable, or a combination of both. In 
addition to synthesizing new polymers, “drop-in polymers,” which are substitutes 
for various petroleum-based polymers, can also be produced from biomass-derived 
carboxylic acids, alcohols, vinyl monomers, and amides. For example, the aliphatic 
homopolymer PLA can be produced by the polycondensation of lactic acid from 
fermentation (or ring-opening polymerization of lactide), with an annual produc-
tion capacity of over 250,000 tons [33]; PHA is a polymer that can be synthesized 
by bacteria and accumulates in high concentrations in the cells, and the production 
of polymers from biomass is a promising alternative to petroleum-based polymers. 
It is expected to be produced at 100,000 t/year within the next few years [34]. 
In addition, PET is produced by polycondensation of the bio-derived monomer 
monoethylene glycol with 2,5-furandicarboxylic acid, and bioPET is obtained 
synthetically or microbially from biomass. PET production is expected to increase 
dramatically in the future, owing to the progress of PET recycling [34]. Although 
biopolymers are used in significantly smaller quantities than petroleum-derived 
polymers, they are expected to play an increasingly important role in reducing fossil 
fuel consumption.
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3. Biotechnology strategies for global environmental restoration

3.1 Soil contamination resulting in severe food and drinking water scarcity

The excessive utilization of persistent organic pollutants (POPs) has severely dam-
aged soil and groundwater. In the 1980s, these pollutants were widely employed as 
pesticides. Because of their prolonged persistence in the environment, they contami-
nated groundwater and have accumulated in birds and fish. To address this issue, the 
2001 Stockholm Convention prohibited the production and use of POPs. Following 
that, organophosphorus pesticides (OPPs), which exhibit a much shorter persistence 
in soil than POPs, were banned in the EU in the 2000s following the reports of con-
tamination in drinking water. Triazine herbicides developed in the 1970s were found 
to have endocrine-disrupting effects on frogs. The EU established an upper limit for 
their field use, whereas the U.S. Environmental Protection Agency legally regulated 
the maximum amount (3 ppm) of atrazine in drinking water. Despite these efforts, 
the excessive use of pesticides to improve crop yields [35] continues, particularly in 
Asia, Africa, and South America, exacerbating food concerns. Additionally, some 
areas still employ the stocks of POPs produced before the implementation of the 
Stockholm Convention.

Soil contamination by toxic metals is also becoming increasingly serious. For 
example, arsenic (As), because of the widespread use of Ga-As and Se-As semi-
conductors in consumer electronics, is produced in the mining industry; and large 
amounts of crude ore, sediments, and wastewater containing As have contaminated 
soil. High concentrations of As have been reported in groundwater in Asian countries, 
such as Vietnam, Thailand, India, and China [36–38]. In the Indian state of West 
Bengal, approximately 8 million people are at risk of arsenic poisoning. Other poison-
ing cases include As and fluorine in low-quality coal fuel and in some areas of China’s 
Sichuan and Guizhou provinces, where coal containing very high concentrations of 
fluorine (500 mg/kg) is used, leading to coal-fueled fluorine poisoning in approxi-
mately 20 million people.

Pollution by toxic heavy metals, such as lead, cadmium, mercury, and hexavalent 
chromium, has also caused health problems [39, 40]. For example, the production 
of lead-acid batteries has increased sharply owing to the increasing demand for 
automobiles; and the direct discharge of exhaust gases and wastewater containing 
high concentrations of lead from many metallurgical and mining operations with 
inadequate pretreatment, low-quality ore, or used sludge left on the soil has caused 
severe lead poisoning in areas surrounding these operations. Cadmium is mainly used 
in Li-Cd batteries in consumer electronics, but because the recycling rate of Li-Cd 
batteries is as low as 20%, cadmium poisoning has been reported in various areas and 
around mining sites.

In 2000, the EU promulgated the waste electrical and electronic equipment 
(WEEE) Directive, which mandated the recycling of end-of-life vehicles and strictly 
limited the use of hazardous metals [41]. The 2011 revised RoHS Directive (RoHS2) 
expanded the number of products subject to it to approximately 20,000 products. 
As a result of this strict directive, the recycling rate of lead-acid batteries exceeded 
90%; and alternatives that did not contain toxic metals, such as lead-free solders, 
were developed. However, nearly 80% of WEEE is still disposed of, and technical 
solutions are required. The most effective measures to halt the progression of soil and 
groundwater contamination are to reduce the discharge of pollutants through strict 
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legal regulations and treaties, but at the same time, the ever-widening contaminated 
soil and groundwater must be remediated as soon as possible. If this is not done, there 
is a certainty that food and drinking water shortages will occur in the future.

3.2 Soil remediation

Bioremediation is a promising technology that uses living organisms to remove 
harmful contaminants through degradation, adsorption, or absorption and has 
the advantages of being cost-effective and widely applicable compared with physi-
cochemical methods [42]. For in situ methods, the bioaugmentation method that 
promotes decomposition by activating indigenous microorganisms with nutrients 
and oxygen has been primarily used rather than the biostimulation method that 
adds highly degradable microorganisms [43, 44]. This is because of concerns about 
the damage to the ecosystem caused by the introduction of nonindigenous micro-
organisms. However, biostimulation methods have limited restorative capabilities. 
Considering the wide variety of substances currently contaminating the soil and the 
wide range of contamination, bioaugmentation methods must be used for remedia-
tion in the future.

Phytoremediation, which involves the use of plants for restoration, is also expected. 
In the case of microorganisms, it is difficult to recover from their spread in the soil. In 
contrast, phytoremediation is a method in which contaminants near the soil surface 
are absorbed or adsorbed by plants; as contaminants can be removed from the soil 
together with the plants, phytoremediation is advantageous for the recovery of heavy 
metals that cannot be decomposed. Plants are susceptible to environmental influences, 
do not necessarily have a high remediation capacity, and are often not economically 
viable. To solve this problem, several plants that can effectively absorb and accumulate 
metal ions, called “hyperaccumulators,” have been discovered [45]. For example, 
Rinorea nicolifera, found in the Philippines, can accumulate 18,000 ppm of nickel [46]. 
Furthermore, attempts have been made to reduce production costs by combining them 
with plants that produce useful substances, such as herb-producing plants.

Recently, enzyme-based bioremediation methods have attracted significant atten-
tion [47, 48]. Enzymes, such as oxidoreductase, laccase, hydrolase, and peroxidase, 
are used in bioremediation. Because they are proteins, they do not require the removal 
of accumulated biomass from the treated area; however, they are not suitable for the 
adsorption of heavy metals because they cannot be removed without immobilization. 
Therefore, various methods for enzyme immobilization have been investigated [48].

3.3 Biotechnological strategies for practical remediation

As mentioned earlier, wild strains of microorganisms and plants have not achieved 
economically viable remediation capabilities. For practical use, it is necessary to use 
strains with tens to hundreds of times higher decomposition capacities and excellent 
operability using the latest technologies, including genetic modifications. Another 
advantage of using recombinant microorganisms and plants is that they can provide 
the ability to decompose and absorb pollutants even under extreme climatic condi-
tions. Widespread pollution occurs mainly in harsh climates, such as acidic, cold, 
and arid climates. However, microbial activity and plant growth are less resistant 
to extreme environments, which is a disadvantage of biological remediation pro-
cesses. Therefore, it would be useful to utilize genetic technology to add the ability 
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to maintain high activity in harsh climates. Many microorganisms that degrade and 
remove pollutants have been discovered [49]. For example, many microorganisms 
with improved degradation ability of triazine pesticides and organophosphorus 
herbicides and microorganisms with high absorption and adsorption ability for heavy 
metals have been discovered; their degradation pathways and absorption mechanisms 
have been clarified, and most degradation genes have been cloned.

Furthermore, new methods are being developed to identify and utilize enzymes 
from unknown organisms and artificial enzymes using new techniques. For example, 
metagenomics is a method used to identify the enzymes of unknown organisms. 
Ninety-nine percent of all microorganisms are unculturable, and their genetic 
information has been overlooked. Conversely, metagenomics makes it possible to 
extract the genetic information of unculturable microorganisms and dramatically 
increase the repertoire of enzymes. It is now possible to obtain genetic information 
on highly active enzymes and microorganisms in specific environments [50, 51]. For 
example, fewer than 20 nitrilases have been discovered using conventional screening, 
whereas more than 300 unknown nitrilases have been discovered in metagenomic 
libraries [52]. Using this method, metagenomic analysis is becoming essential for 
bioremediation, as new metallothionein families (environmental metallothioneins) 
have been found [53]; and metagenomic analysis is actively used for the removal of 
heavy metals, such as hexavalent chromium, which is becoming indispensable for 
bioremediation.

Molecular evolutionary engineering has facilitated the development of superior 
artificial enzymes [54]. Artificial enzymes with excellent activity and stability were 
produced after introducing mutation either by site-mutagenesis based on computa-
tional design or Et-PCR or DNA shuffling and repeating the selection process using 
DNA, RNA, or ribosomal display. For example, the thermostability of transgluta-
minase was improved 12-fold at 60°C by introducing saturating mutations [55]. In 
addition, computational design and site-mutagenesis methods have been used to cre-
ate eight new enzymes that catalyze Kemp dephosphorylation reactions that are not 
found in nature [56]. The modification of enzymes for environmental remediation by 
molecular evolutionary engineering is still in its infancy, but it is expected to become 
an important area in the future.

CRISPR-Cas9 and other genome-editing technologies are also being actively used. 
CRISPR-Cas9 is a technology for silencing by cutting specific gene portions. However, 
further advances have led to the use of CRISPRa and CRISPRi to control gene expres-
sion, as well as CRISPR to rewrite gene sequences, such as BaseEditor or Target-AID. 
This novel technology is convenient for use in environmental restoration because 
(1) it can edit both genes, even if the chromosomes are diploid, making it excellent 
for gene editing in plants and other organisms; and (2) it is not part of a genetically 
modified organism, making it suitable for environmental restoration. Many geneti-
cally edited plants have been produced in recent years, and their decomposition and 
adsorption activities have increased. For example, gene editing has produced rice 
and corn with improved yields or plants that have been enhanced with carotene and 
other substances [57], and the application of plants for phytoremediation has rapidly 
expanded in recent years [58, 59].

In synthetic biology, attempts are being made to use these new technologies and 
databases to redesign and reconstruct microorganisms and create new biological 
systems (or reaction modules) with enhanced functions [60]. Optimized devices, 
or microorganisms carrying these devices, have been created by restructuring 
molecular tools and genetic frameworks to degrade pollutants. Wang et al. created 
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a microorganism in which a phenol hydroxylase gene and seven catecholamine-
degrading genes were incorporated into Escherichia coli [61]. This microorganism uses 
phenol as the carbon source in wastewater contaminated with crude oil. Dueber et al. 
increased the reaction rate nearly 89-fold by creating a synthetic protein scaffold 
(module) that closely aligned the binding domains with the enzymes involved in the 
pathway, mimicking the substrate tunneling effect [62].

Consortia are also important for improving bioremediation capacity. Plants and 
microorganisms, such as rhizobacteria, live in natural settings, helping each other; 
and there is excellent synergy, especially in the case of toxic metal ion adsorption 
[63, 64]. Although many microorganisms exhibit a high resistance and adsorption 
capacity for heavy metals, removing metal-adsorbed microorganisms from the site 
is complex. The removal of metal-adsorbed plants from soil is easy; however, the 
resistance of plants to heavy metals is lower than that of microorganisms, and they 
cannot adsorb contaminants below a depth of 1–2 m. Therefore, a combination of rhi-
zobacteria and plants would enable effective remediation. Plants undergo apoptosis 
when the water content is insufficient. If microorganisms that secrete polymers, such 
as polyglutamic acid and chondroitin, are combined with plants, they can be used as 
soil humectants, and some plants can grow even in dry climates. Moreover, aloe can 
grow with little water, accumulate a large amount of water components in its leaves, 
and keep growing new leaves without withering [65], suggesting that aloe can be used 
as a host plant for genetic manipulation for more effective remediation.

Nanoremediation, a combination of nanotechnology and bioremediation, has 
attracted attention as a novel technology [66]. Nanoparticles (NPs) are useful tools 
for remediating contaminants because of their small size (1–100 nm), large specific 
surface area, and reactivity for adsorption, redox reactions, and precipitation. The 
combination of nanoparticles and microorganisms can promote purification effi-
ciency. For example, in nano-phytoremediation, which combines NPs with plants, 
the NPs mitigate the toxicity of metal contaminants and promote plant growth. 
Consequently, the removal rate of toxic substances improved. However, the safety of 
NPs released into the ecosystem has not yet been well studied and warrants further 
research. However, nanoparticles are toxic for humans and for certain animals due 
to their small size (nano size). Especially in cases of inhalation, nanoparticles (NP) 
mixed with oxygen or air can cause serious life-threatening problems. Furthermore, 
during breathing, the lungs, brain, and cardiovascular neural system are exposed to 
serious life-threatening illnesses, such as pneumonia, chronic cough, inflammation 
of the trachea, lung diseases, heart diseases as well as mental disorders and disorders 
of the nervous system. Therefore, when working with NPs, it is necessary to observe 
the maximum safety and to be well informed about the toxicity of nanoparticles (NP) 
and the potential danger to the human body.

4. Conclusions

The global environment is deteriorating rapidly. To ensure a sustainable society, 
there is an urgent need to prevent global warming by reducing greenhouse gases, 
developing renewable energy sources to replace fossil fuels, and securing drinking 
water and food supplies by remediating soil and groundwater contamination. It is no 
exaggeration to say that if these measures are not accomplished, humanity will face a 
crisis by the end of this century. These issues must be addressed by combining various 
scientific technologies; biotechnology is also important. The production of biofuels, 
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bioplastics, and microbial batteries using microorganisms can reduce CO2 emissions 
and provide renewable energy. The remediation of soil and groundwater contamina-
tion using microorganisms and plants can increase the availability of drinking water. 
Biotechnology is expected to play a significant role in the future.

However, several problems to overcome in the future are still present. One is 
expensive running costs because of insufficient production and degradation capaci-
ties of microorganisms. To solve this problem, it is necessary to construct prominent 
microorganisms by the use of genetic modification, gene editing, and molecular 
evolutionary engineering and to build optimal processes. Another problem is the 
difficulty of using genetically modified organisms in the environment. The legal 
regulation prevents the widespread use of fuel production by recombinant algae and 
bioremediation with recombinant microorganisms or plants. Although, we must 
carefully consider the impact on ecosystems; I think that the active use of genetically 
modified bacteria and plants in the environment cannot be avoided because it may be 
a final option to realize a sustainable society in the future.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Soil Treatment Technologies 
through Bioremediation
Ioana Stanciu

Abstract

Bioremediation includes processes such as bioventing, bioaugmentation, 
phytoremediation, biopiles, and composting. In this chapter, we details the char-
acteristics, utilization and operating conditions of each process. Bioremediation 
is understood, according to the general definition, as the use of living organisms 
(microorganisms, plants, etc.) to improve and restore the ecological condition of a 
polluted or degraded substrate (area, land, aquifer, etc.) to better, favorable quality 
parameters life, harmless, non-polluting or to return it to its previous state. Soil 
treatment technologies through bioremediation include two types of treatments: 
in situ biological treatments (bioventilation, bioaugmentation, phytoremedia-
tion in soil) and ex situ biological treatments of polluted soils (biopiles and soil 
cultivation).

Keywords: soil, bioremediation, technology, biological, treatment

1. Introduction

Bioremediation is a modern pollutant treatment technology that uses biologi-
cal factors (microorganisms) to transform certain chemicals into less harmful/
hazardous final forms, ideally CO2 and H2O, which are non-toxic and are released 
into the environment without altering substantially the balance of ecosystems. 
Bioremediation is based on the ability of some chemical compounds to be 
biodegraded.

The concept of biodegradation is accepted as a summation of the decomposition 
processes of some natural or synthetic constituents, through the activation of some 
strains of specialized microorganisms resulting in useful or acceptable final products 
from the point of view of environmental impact [1–3].

In the last decades, the term bioremediation is used in a more specific way, which 
is reflected by the two specific definitions:

• The use of living organisms to degrade environmental pollutants, to prevent 
pollution or in the waste treatment process;

• Application of biological treatments for cleaning, decontamination and degrada-
tion of dangerous substances [3–5].
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Bioremediation can be applied “in situ” (on the area, the polluted substrate, on the 
place where a contamination occurred) or “ex situ” (in specially arranged systems/
installations, where it is brought the polluted substrate to be treated by biological 
methods).

2. Bioventing

Through bioventilation, oxygen is introduced into unsaturated contaminated soils 
through a forced air circulation (extraction or air injection) to increase the oxygen 
concentration and to stimulate biodegradation (Figure 1).

Bioventing is a technology that stimulates the natural in situ biodegradation of any 
aerobically degradable compound by providing oxygen to microorganisms existing 
in the soil. Compared to suction vapor extraction, bioventilation uses weak air flows 
to provide just enough oxygen to support microbial activity. Oxygen is most often 
applied by direct injection into residual soil pollutants. In addition to the degrada-
tion of adsorbed fuel residues, the volatile components are biodegraded as the vapor 
slowly circulates through the biologically active soil. Applicability of bioventilation is 
a medium and long term technology.

Cleaning can take from a few months to a few years. Bioremediation techniques 
through bioventing have been used successfully to remediate soils contaminated with 
petroleum hydrocarbons, non-chlorinated solvents, certain pesticides, wood preser-
vatives and other organic chemicals.

Bioremediation can be used to change the valence state of inorganic substances 
and to cause adsorption, assimilation, accumulation and concentration of inorganic 
substances in micro- or macro-organisms. These bioremediation techniques are 
promising from the perspective of stabilizing or removing inorganic substances from 

Figure 1. 
Installation of bioventing [1] which includes: 1- analysis trailer, 2- blower, 3- emissions control, 4- vertical 
ventilation network and 5- lateral ventilation network.
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the soil, while biodegradation cannot degrade inorganic pollutants. Limitations. 
Among the factors that can limit the field of application and the efficiency of the 
bioventilation process are: the mass of water at a few decimeters of the surface, satu-
rated soil lenses or soils with low permeability reduce the efficiency of bioventilation. 
Vapors can collect in basins within the radius of influence of the air injection probes. 
This problem can be eliminated by vacuuming the air near the structure.

A low degree of moisture in the soil can limit biodegradation and the efficiency 
of bioventilation. It is necessary to monitor residual gases at the soil surface. Aerobic 
biodegradation of certain chlorinated compounds cannot be efficient unless there is a 
co-metabolite or an aerobic cycle.

Cold temperatures can slow down the cure, although successful cures have also 
been achieved in extremely cold environments. The condition is that a successful 
bioventilation is based on the fulfillment of two basic criteria. First, air must enter the 
soil in sufficient quantity to maintain aerobic conditions; and secondly, the micro-
organisms that naturally degrade hydrocarbons must be present in sufficiently high 
concentrations to achieve adequate biodegradation percentages.

The initial tests aim to determine both soil permeability and in situ respiration 
percentages. The grain size of the soil and its humidity have an important influence 
on the permeability of soil gases. The greatest restriction in terms of air permeability 
is represented by excessive soil moisture. The combination of high water tables, high 
humidity, and fine-grained soils prevented successful bioventing in certain locations. 
Among the soil properties that have an impact on microbial activity are pH, moisture 
and basic nutrients (nitrogen and phosphorus) and temperature. It has been calcu-
lated that the optimum soil pH for microbial activity falls between six and eight. The 
optimum humidity is established for each soil separately.

Too much humidity can reduce air permeability and decrease oxygen transfer 
capacity. Too low humidity will inhibit microbial activity. Several biovent tests have 
indicated biodegradation rates with moisture levels between 2% and 5% by weight. 
And yet, in extremely arid climates, it is possible to increase the rate of biodegrada-
tion through irrigation or humidification through injected air.

Pollutants degrade faster through bioventilation during the summer, but remedia-
tion can also occur at temperatures of 0°C. Hydrocarbon biodegradation rates are 
always estimated based on percentages of oxygen utilization, assuming that oxygen 
loss is due to microbial mineralization of hydrocarbons.

The main cost elements are the following: surface area; the number of installed 
injection/extraction wells matters. The number of wells (and related costs) increase 
proportionally with the area. Soil type; soil types with sand and gravel content reduce 
costs due to the smaller number of injection/extraction wells that need to be installed. 
Indicative prices for bioventilation fall between 25 and 200 Euros per cubic meter of 
soil. Costs can be influenced by the type of soil and its chemical properties, the type 
and amount of amendments used, and the type and extent of contamination.

3. Bioaugmentation

Bioaugmentation is a process in which local or inoculated microorganisms (such 
as fungi, bacteria and other microbes) degrade (metabolize) organic pollutants in 
soil and/or groundwater and neutralize their harmful effect (Figure 2). The activ-
ity of microbes that occur naturally is stimulated by the aqueous solutions that 
circulate through contaminated soils and that increase the degree of in situ biological 
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degradation of organic pollutants or the immobilization of inorganic ones. Nutrients, 
oxygen and other amendments can be used to increase the bioremediation and 
desorption of pollutants from underground materials [1].

Bioaugumentation process is usually performed aerobically. In the presence of a 
sufficient amount of oxygen (aerobic conditions) and other nutrients, microorgan-
isms will transform many organic pollutants into carbon dioxide, water and masses of 
microbial cells. Bioaugmentation of a soil normally involves the percolation or injec-
tion of groundwater or uncontaminated water mixed with nutrients and saturated 
with dissolved oxygen. Sometimes acclimatized microorganisms (bio-augmentation) 
and/or other sources of oxygen such as oxygenated water can be added. Sprinkler 
irrigation is regularly used for shallow contaminated soils, and injection wells for 
deep contaminated soils. Although in situ bioremediation has also proven successful 
in cold climates, low temperatures slow down the remediation process. Warm layers 
that cover the soil surface can be used for contaminated soils with low temperature to 
increase its temperature and the rate of degradation.

Bioaugmentation in the anaerobic process in the absence of oxygen (anaerobic 
conditions), organic pollutants will transform into methane, small amounts of carbon 
dioxide and tiny amounts of hydrogen. Under conditions of reduction with sulfates, 
sulfate is transformed into sulfide or elemental sulfur, and under conditions of reduc-
tion with nitrates it is finally produced into hydrogen sulfide.

Pollutants can sometimes degrade into intermediate or final products more or 
less dangerous than the original pollutant. For example, TCE (Trichlorethylene) can 
anaerobically biodegrade into vinyl chloride which is more persistent and toxic. To 
avoid such problems, most bioremediation projects are done in situ. Vinyl chloride 
can degrade further under aerobic conditions.

Bioaugmentation is a long-term technology that can take years to clean up a pol-
lutant plume. Applicability in bioremediation techniques have been successfully used 
to remediate soils and sludge; remediation of groundwater polluted with petroleum 
hydrocarbons, solvents, wood preservatives and other organic chemical products. 

Figure 2. 
Installation of bioaugmentation [1] which includes: 1- monitoring probe, 2- groundwater pumping probe, 3- spray 
irrigation, 4- groundwater re-jection wells.
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Bioremediation is especially effective in remediating low-level residual contamination 
related to removal of the pollution source. The pollutant groups that were treated 
most often are PAHs, non-halogenated SVOCs (without PAHs), and BTEX (Benzene, 
Toluene, Ethylbenzene, Xylene (volatile organic compounds).

The types of contaminated sites treated most often were polluted by processes or 
through waste from wood preservation, oil refining, and recycling. Wood preserva-
tion involves the use of creosote, which contains a high concentration of PAHs and 
other non-halogenated SVOCs.

Similarly, oil refining and recycling processes frequently rely on BTEX. Given that the 
pollutant groups most often treated by bioremediation are SVOCs (PAHs and other non-
halogenated SVOCs), treating them with volatility-based technologies such as SVE (soil 
vapor aspiration) could prove difficult. Bioremediation treatment does not frequently 
require heat treatment, involves few cost-effective elements such as nutrients, and does 
not normally generate residues requiring further treatment e or eliminations. Also, when 
done in situ, it does not require excavation of the contaminated environment. Compared 
to other technologies, bioremediation is advantageous in terms of price in treating non-
halogenated SVOCs. Although bioremediation cannot degrade inorganic pollutants, it 
can instead be used to change the valence of inorganic substances and cause adsorption, 
immobilization in soil particles, precipitation, assimilation, accumulation and concen-
tration of inorganic substances in micro- and macro-organisms.

These techniques show promise for stabilizing or removing inorganic substances 
from soil. Among the factors that prevent the applicability and efficiency of the 
process are: Cleanup objectives cannot be achieved if the soil base mass prevents 
pollutant-microorganism contact.

The circulation of aqueous solutions through the soil can increase the mobility of pol-
lutants and may require treatment of the underground water table. Preferential coloniza-
tion with microbes can cause clogging of nutrient and water injection wells. Many of the 
above factors can be controlled by paying attention to good technical practices.

The duration of the treatment can be from 6 months to 5 years and depends on 
factors specific to the respective site.

If bioaugmentation can achieve the cleanup goal in a compatible time frame, it 
can significantly reduce costs without excavation and transportation. Also, both con-
taminated groundwater and soil can be treated simultaneously, which is another cost 
advantage. In situ processes generally require longer periods of time, there is no certainty 
regarding the uniformity of treatments due to the inherent variability in the soil, the 
characteristics of the aquifer and the difficulties related to the monitoring process.

The remedial procedures can sometimes last for years depending especially on the 
degradation rates of the specific pollutants, the characteristics of the site and the 
climate. It could take less than a year to clean up certain pollutants, while higher 
molecular weight compounds take longer to degrade. Indicative prices for bioaugmen-
tation fall between 25 and 220 Euros per cubic meter of soil. Costs can be influenced 
by the type of soil and its chemical properties, the type and amount of amendments 
used, the type and size of contamination [1].

4. Phyitoremediation

Phytoremediation is a process of using plants to remove, transfer, stabilize and 
destroy pollutants from soil and sediments. Pollutants can be organic or inorganic 
(Figure 3).
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Phytoremediation is a process of using plants to remove, transfer, stabilize and 
destroy pollutants from soil and sediments. Phytoremediation mechanisms include 
advanced rhizosphere biodegradation, phytoaccumulation, phytodegradation and 
phytostabilization [1–3].

In addition, poplars can draw large amounts of water (compared to other plant 
species) when it passes through the soil or directly from the aquifer. This means 
absorbing a large amount of dissolved pollutants from contaminated environ-
ments and reducing the amount of pollutants dispersed through or out of the soil 
or aquifer. Phytoaccumulation represents the assimilation of pollutants by plant 
roots and their movement/accumulation (phytoextraction) in the trunk and leaves. 
Phytodegradation is the metabolism of pollutants in plant tissues.

Plants produce enzymes such as dehalogenase and oxygenase that help catalyze 
degradation. Investigations will determine whether aromatic and chlorinated com-
pounds respond to phytodegradation. Phytostabilization is a phenomenon of the 
plant’s production of chemical compounds that serve to immobilize pollutants when 
the roots come into contact with the soil.

Phytoremediation can be applied to remediate metals, pesticides, solvents, crude 
oil, PAHs and landfill leachate. Some plant species have the ability to store metals in 
their roots. These plants can be transplanted to contaminated sites to filter metals 
from wastewater. When the roots become loaded with metal pollutants, these plants 
can be removed.

Plants that accumulate large amounts can remove or store significant amounts of 
metal pollutants. Currently, trees are being tested to determine their ability to remove 
organic pollutants from groundwater, translocation and transpiration and their pos-
sible metabolism into CO2 or plant tissues. Soil phytoremediation can be limited by: 
the depth of the treatment zone is determined by the plants used in the phytoreme-
diation. In most cases, this method can be used on shallow soils. High concentrations 
of hazardous substances can be toxic to plants. It has the same mass transfer limits as 
other biotreatments.

Sometimes it can only be done in certain seasons, depending on the locations. It 
can transfer pollutants between environments, such as from soil to air.

It is not effective for strongly absorbed pollutants (such as polychlorinated 
biphenyl PCBs) and poorly absorbed ones. The toxicity and bioavailability of 
degradation products are not always known. The products can be mobilized in 
groundwater or bioaccumulated in animals. Detailed information is needed to 

Figure 3. 
Phytoremediation in soil organic and inorganic [1].
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determine the soil types used in phytoremediation projects. Flow, oxygen-reducing 
concentrations, root growth and their structure affect plant growth and must be 
taken into account when implementing phytoremediation. Performance data. 
Several phytoremediation demonstrations are currently being done (e.g., oak 
species were planted in the middle of a TCE pollutant plume to assess TCE tran-
spiration and TCE transformation rates). Evaporation-transpiration rates were 
measured equally.

This is a long-term test of the ability of trees to control the circulation of under-
ground water. Important cost elements Degree of effort; the contaminated area 
influences the costs the most. Sampling density; essential cost element for determin-
ing sample costs; can be directed by regulatory requirements. Phytoremediation is 
a long-term remedial process. Costs are mainly caused by procurement of plants, 
investments related to trees with subsequent testing and sampling costs. Costs can 
vary from 10 Euros for a lightly contaminated site to 150 Euros for a difficult site, per 
cubic meter treated [1].

5. Biopiles

The excavated soils are mixed with amendments and placed in enclosures on the 
surface. It is a composting process with aerated static piles in which the compost is 
raised in piles and aerated with blowers or vacuum pumps (Figure 4).

Suppliers have developed proprietary nutrient and additive formulas, as well 
as methods of incorporating the formulas into the soil to promote biodegradation. 
Formulas are usually modified from soil to soil. Soil mounds and piles usually have 
an air distribution system buried underground to allow air to pass through the soil 

Figure 4. 
Typical biopile system for solid phase bioremediation [1].
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either through vacuum or positive pressure. In this case, the mounds of soil can have a 
maximum height of 2–3 meters.

These mounds can be covered with plastic to control scattering, evaporation and 
volatilization and to stimulate solar heating. If there are VOCs in the soil that will 
evaporate into the air, the air that is emitted from the soil can be treated to remove 
or destroy the VOCs before entering the atmosphere. Biopile is a short-term technol-
ogy that can last from a few weeks to a few months. Treatment options include static 
processes such as treatment bed preparation, biotreatment cells, soil mounds, and 
composting.

Biopile treatment has been applied to non-halogenated VOCs, hydrocarbons from 
fuels, halogenated VOCs, SVOCs, pesticides can also be treated, but the efficiency 
of the process will vary and may only be applicable to a few compounds within these 
pollutant groups.

Among the factors that can limit the applicability and efficiency of the process are:

• Excavation of contaminated soils is necessary.

• Treatment grade testing should be performed to determine pollutant biodegrad-
ability, adequate oxygenation, and nutrient loading rates.

• Solid phase processes are likely effective on halogenated components and may 
prove ineffective in degrading explosives transformation products.

• Piles of similar size take longer to clean than sludge phase processes.

• Static treatment processes may result in less uniform treatment than processes 
involving periodic mixing. The first steps in preparing a well-argued project for 
the biotreatment of contaminated soils include: site characteristics and soil sam-
ples and characteristics.

Biopile treatment has been demonstrated on several fuel-polluted sites. Costs 
depend on the pollutants, the procedure to be applied, the need for additional or 
post-treatment and the need for air control equipment. Biopiles are quite simple and 
require little personnel for maintenance and handling. Typical indicative costs with 
one coat and a prepared liner are between 35 and 100 Euro per cubic meter [1].

6. Composting

Contaminated soil is excavated and mixed with fill materials and organic amend-
ments such as wood scraps, hay, natural fertilizers and plant waste (e.g., potatoes). 
Selecting the right amendments ensures sufficient porosity and provides a balance 
between carbon and nitrogen to promote thermophilic microbial activity (Figure 5).

Composting is a controlled biological process through which organic pollutants 
(for example PAH) are transformed by microorganisms (in aerobic and anaerobic 
conditions) into harmless, stabilized by-products. Normally, thermoelectric condi-
tions (54 to 65°C) must be maintained to properly fertilize soil contaminated with 
hazardous organic pollutants. The high temperatures result from the heat produced 
by microorganisms during the degradation of organic matter in the waste. In most 
cases, this is achieved by using local microorganisms. Soils are excavated and mixed 
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with filling materials and organic amendments such as sawdust, animal and vegetable 
waste, in order to increase the porosity of the mixture that will be decomposed. 
Maximum degradation efficiency is achieved by maintaining oxygenation (such as 
daily furrow turning), irrigation if necessary, and careful monitoring of soil moisture 
and temperature [1].

There are three types of processes used in composting: fertilization of static 
aerated mounds (the compost is raised in piles and aerated with blowers or suction 
pumps), by composting in mechanically stirred vessels (the compost is placed in the 
reactor vessel where it is mixed and aerated), and furrow composting (compost is 
placed in long mounds known as furrows that are periodically mixed with mobile 
equipment). Furrow fertilization is usually considered the most cost-effective com-
posting option. At the same time, it can also present thousands of transient eruptions.

If VOCs or SVOCs are present in the soil, off-gas control may be required. The 
composting process can be applied to soils polluted with biodegradable organic com-
pounds. Aerobic, thermophilic composting can be used for PAH-contaminated soils. 
Any material or equipment used in composting is available on the market.

Factors that can limit the applicability and efficiency of the process include: A 
large space is required. Excavation of contaminated soils that may cause uncontrolled 
VOC emissions is required. Composting leads to an increase in volume of the material 
due to the addition of amendments. Although metal levels can be reduced by dilution, 
heavy metals cannot be treated by this method. High concentrations of heavy metals 
can be toxic to microorganisms.

Among the specific data needed to evaluate the composting process are pollut-
ant concentration, excavation requirements, availability and cost of amendments 

Figure 5. 
Coposting scheme [1] which includes: Excavation and soil screening, composition of furrows/soil amendaments, 
periodic overturning of abrasions, furrow monitoring, compost analysis and opening furrows arrangement.
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required for the compost mixture, space required for treatment, soil type and pollut-
ant response to composting. Furrow composting has been demonstrated as an effec-
tive technology for treating soils contaminated with explosive substances.

The cost of providing a treatment base with the collection of polluted seepage 
water is included. The main cost elements are: The type of pollutant is the key element 
in determining composting costs. Soil type/total organic content (TOC); soils with 
higher density (generally fine sands and gravel) cost less to compost, while soils with 
higher TOC would require more expense. The density influences the mass of the soil 
to be treated, and the percentage of TOC indicates the level of contamination. Costs 
depend on the pollutants, the procedure to be applied, the need for additional or 
post-treatment and the need for air control equipment. Biopiles are quite simple and 
require little personnel for maintenance and handling. Typical indicative costs with 
one layer and a prepared liner are between 35 and 100 Euro per cubic meter [1–3].

7. Conclusions

Bioventilation has become a common technology, with most of the technical com-
ponents already available. Bioventing is receiving a lot of remedial attention from the 
consulting community, especially regarding the use of this technology in conjunction 
with soil vapor extraction (SVE). As in the case of all biological technologies, the time 
required to remediate a site through bioventilation depends to a large extent on the 
characteristics of the soil and the chemical properties of the contaminated environ-
ment. With bioaugmentation there is a risk of increasing the mobility of pollutants 
and their infiltration into the water table. Bioaugmentation has been selected for 
corrective and emergency actions on a large number of contaminated sites. In general, 
petroleum hydrocarbons can be immediately bioremedied at relatively low cost by 
stimulating local microorganisms with nutrients.
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Abstract

The contamination of water, air, and soil represent a serious problem worldwide. 
Therefore, it is a priority to reduce the levels of cytotoxic in the environment caused 
by human activities that generate chronic degenerative diseases. For example, soil 
contamination caused by oil and derivatives removed with biotechnological products 
based on biological systems of microorganisms with physiological and molecular 
mechanisms that allow them to carry out effective bioremediation processes, reduc-
ing the concentration of polluting hydrocarbons. The main obstacle is validating the 
biodegradation efficiency of chemical compounds by bacterial consortia; therefore, it 
is vital to adapt or develop analytical strategies to verify heavy-end reduction for each 
type of biological system used in remediation. This chapter describes the techniques 
and their adaptations for oil degradation and their derivatives promoted by micro-
organisms. As the limits of the methods vary within the parameters determined by 
international norms and laws, we compare conventional and new-generation propos-
als to adjust to probe biotechnological products based on consortia of biodiverse 
microorganisms that significantly degrade petroleum fractions.

Keywords: microorganisms, bioremediation analytical, soluble lipase,  
soil biodegradation, analytical techniques

1. Introduction

Anthropogenic activities for the development of the economy, such as the extrac-
tion, storage, transportation, and general use of fossil fuels and their derivatives, are 
the primary sources of environmental pollution. Affected natural sites are bodies 
of water and soils close to anthropogenic activities [1]. Industrial growth causes 
disturbances and the loss of species of flora and fauna, that is, pollution causes the 
extinction of species that have an essential value in food chains for the conservation 
of biodiversity, an issue that is no less critical at the global level world [2].
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Environmental legislation for the development of a sustainable economy is the 
challenge and problem faced by politicians and scientists from developed countries, 
such as the European Union and the United States of America, and developing coun-
tries, such as Mexico, these regions do not reduce articles derived from petroleum due 
to the increase in its population [3].

Microorganisms have a vital ecological function in biomes, and in addition, they 
represent a source of mega diversity in the environmental niches in which they live. 
Microbes provide humans with privileged information to determine biotechnologi-
cal uses due to their physiological characteristics derived from their adaptation and 
molecular evolution, which allows them to survive in hostile environments where the 
bioremediation of sites contaminated by petroleum derivatives is to be used [4].

Microbes eliminate contaminants such as pesticides, herbicides, heavy metals, 
hydrocarbons, and plastics. The first step is to evaluate the type of contaminant, concen-
tration, and in situ conditions to generate successful bioremediation. Second, to deter-
mine the bioavailable nutrients the microorganisms could feed, it is essential to identify 
the exact values of abiotic factors such as pH, temperature, UV rays, and salinity at the 
site of remediation by microbes [5]. With this information, we can designate the strains 
or consortia strains of bacteria and fungi to be used to generate efficient biological 
processes to eliminate environmental contaminants in affected soils [6].

Associations of bacteria use specific enzymes such as lipases to hydrolyze 
hydrocarbons into fatty acids and glycerol [7]. The main structural features are the 
consensus amino acid sequence of Gly-X-Ser-X-Asp and the chaperone protein Lif 
(lipase-specific foldase) in charge of establishing disulfide bonds [8]. Lipases have 
an alternate α/β hydrolase domain, a catalytic triad of Ser, His, and Asp residues, and 
high activity in the presence of tributyrin and oils [9]. Function of lipases depends on 
factors such as temperature, pH, aeration, and the presence of ions that can improve 
the activity of splitting hydrocarbons and their derivatives [10]. Therefore, locating 
water-soluble lipases, or lipases immobilized by physical or chemical methods, in 
bacterial genomes to increase the efficacy of bioremediation in contaminated envi-
ronments is a promising alternative for contemporary problems.

In this chapter, we describe the biological remediation systems, the size and solu-
bility of the molecules when they are degraded by bacteria, the reported genes that 
are involved in the bio generation of enzymes used by microorganisms for degrada-
tion, and the most precise analytical methods for the different cases of bioremedia-
tion, in addition to the international laws and regulations for the regulation of the 
effective use of microorganisms.

2. Bacterial removing metabolism for oil and hydrocarbons degradation

Hydrocarbons and their derivatives strongly affect the environment. The most 
abundant forms are crude oil, gasoline, kerosene, diesel, and oils, whose presence in 
the soil due to spills reduces the viability of any form of life in growth. In addition, the 
presence of hydrocarbons can be distinguished by their specific odor from kilometers 
away, generating a warning zone for the population near the site. However, by not 
taking the necessary precautions in the contaminated area, it becomes a problem for 
public health because it causes damage to human health, generating diseases of carci-
nogenic origin that are heritable between generations of people [11]. Microorganisms 
represent an alternative with an advantage over plants and other bioremediation 
processes because they successfully survive contaminated sites. They modify their 
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environment and use hydrocarbons as a source of nutrients. Among the most recog-
nized species of microorganisms for their tolerance and elimination of hydrocarbons 
are Pseudomonas and Aspergillus [12].

The increased demand for contaminated surfaces leads to the search for niche pro-
viders of microbes with genomic and metabolic evolution with the ability to unfold 
and eliminate hydrocarbons using these molecules as a carbon source. The investi-
gation of these microorganisms’ biodegradation capacity and metabolic plasticity 
generates information on the optimal conditions and crucial factors associated with 
their success in contaminated sites, such as temperature, oxygen, pH, and nutrients. 
When optimal conditions are present, degradation is older [13].

The metabolic interactions of bacteria-bacteria or bacteria-fungi consortia 
represent a green strategy to eliminate the highest percentage of contaminants 
under aerobic and anaerobic conditions since some microbes show adaptation to a 
specific hydrocarbon derivative as a carbon source for cell growth. Acinetobacter sp., 
Brevibacterium, pseudomonas sp., Aspergillus sp., and Candida sp. can degrade oil com-
positions such as aliphatic hydrocarbons are saturated or unsaturated. Aromatics are 
ringed hydrocarbon molecules divided into (a) monocyclic aromatic hydrocarbons 
(MAH), BTEX (benzene, toluene, ethylbenzene, and xylenes), and (b) polycyclic 
aromatic hydrocarbons (PAHs) (Figure 1), which are degraded by microorganisms 
such as Bacillus sp., Halomonas sp., and Rhodococcus sp. Finally, bacteria belonging 
to families such as Vibrionaceae and Enterobacteriaceae resins degrading. The meta-
bolic processes of bioremediation by microorganisms occur in the decomposition 
of molecules to generate easily eliminated by-products. The two main hydrocarbon 
degradation pathways are aerobic and anaerobic [14, 15].

Aerobic degradation represents various metabolic routes where most reactions are 
oxidations, causing hydrocarbons to break down into smaller molecules. Molecules 
of up to 12 carbons are usually more challenging to eliminate as a source of nutrients 
for microorganisms [16]. Aerobic metabolism of hydrocarbons begins with the oxi-
dation of the contaminant and oxygen incorporation, oxidation participation, and 

Figure 1. 
Most remarkable reactions for degradation of hydrocarbons for aerobic and anaerobic degradation [14, 15].
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B-oxidation. Diversity of available hydrocarbons implies locating efficient and specific 
metabolic routes located in the bacterial genome that allows them to degrade hydrocar-
bons such as octane, decane, alkane, pristane, eicosane, phenol, benzoate, generate, 
benzene, toluene, and xylene. The second part is the segmentation of a specific type of 
hydrocarbons. This process eliminates it via alkane molecule reduction; later, they are 
catalyzed by the enzyme alkane hydrolase (AH) and obtain fatty acids. Finally, the acyl 
CoA becomes susceptible to degradation by the acyl-CoA synthetase intervention. This 
way, the bioremediation niche receives small molecules for easy degradation as a final 
product, commonly used in some energetic metabolic processes [17].

Contrary to the previous case, oil anaerobic degradation presents the same speed 
as aerobic degradation. Metabolism, in this case, is led by the oxidation of pollutants 
to phenols, and organic acids are transformed into long-chain fatty acids, finally end-
ing in CH4 and CO2. In addition, we must consider that different metabolic pathways 
must coincide in microbial genomes processes. Some ions are also considered, includ-
ing nitrate, ferrous iron, manganese, and sulfate. For alkanes and cycloalkanes, the 
reaction starts with the exchange of fumarate at the subterminal methylene carbons 
and a straight-chain hydrocarbon into a branched compound [18, 19].

3. Characteristics of n-alkanes for bacterial uptake

The mechanisms of bacteria to capture alkanes depend on the species and the 
ecological niche where it is located (Figure 2). It is mediated by the alkane’s molecular 
weight that enters the soil through spills caused by human carelessness [20]. The 
water solubility of n-alkanes changes due to their physicochemical characteristics, 
and as their molecular weight increases, the water solubility decreases. The viscos-
ity of alkanes represents a challenge for absorption by microorganisms to transform 
inert alkanes into low molecular weight substances that are oxidized with enzymes 
produced by microbial populations [16].

Soil characteristics also determine changes in the conditions and accessibility 
of n-alkanes, hindering accessibility by microorganisms and their biodegradation. 

Figure 2. 
Some of the hydrocarbons and the microorganisms that are capable of degradation.
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The way of degradation through efficient biological processes is to know the weight 
of the molecules derived from petroleum present in the soil and the time they have 
remained in the site, which is due to the solubility in water. The commercially used 
alkane isoforms of which we can find in a spill reported by Rojo [21].

Microorganisms use enzymes such as peroxidases, laccases, monooxygenases, lig-
ninolytic, and hydrolases to break down molecules of considerable molecular weight 
into simpler ones and use them as a carbon source for their nutrition [22]. Biological 
hydrocarbon degradation processes are promising techniques for the bioremediation 
of environmental contamination caused by hydrocarbons. However, it is necessary to 
consider the environmental conditions to which the treatments are exposed, that is, 
the degraded alkane and the physical-chemical conditions of the soil, to choose with 
certainty the necessary processes of microorganisms that allow the degradation of 
petroleum derivatives in various polluted environments.

4.  Mechanisms involved in the degradation of polycyclic aromatic 
hydrocarbons

Microorganisms degrade hydrocarbons through the catalysis of intracellular 
enzymes, reducing molecules from high to low molecular weight [23]. The first step 
is of great importance; the microorganisms detect the contaminant and initiate the 
secretion of tens of active molecules to carry out the emulsification, such as the 
rhamnolipids bio-produced by Pseudomonas aeruginosa. The microorganisms then 
absorb the emulsified contaminants through the cell wall; subsequently, they are 
endocytosed to generate active or passive intracellular transport; finally, they undergo 
an enzymatic reaction with specific enzymes for each molecule to complete the 
degradation process [24].

Aerobic degradation is centered on three modes of oxidation: (i) terminal oxida-
tion, in which it produces primary alcohol that later, through another reaction, 
becomes an aldehyde, carried out by aldehyde dehydrogenase, it becomes a fatty acid, 
on the other hand, and in a longer path [25]; (ii) subterminal oxidation generates 
secondary alcohol to methyl ketone, and later form an acetyl-ester through monooxy-
genation, likewise with the function of an esterase enzyme, it can divide a molecule 
into two parts, creating primary alcohol plus an acetate, to finally generate a fatty acid 
[26]; (iii) biterminal oxidation is a more straightforward enzymatic process where, 
through a pyruvate carboxylase enzyme, it produces carboxylic acid as a final product 
[27]. The end products of the three pathways enter beta-oxidation, as degradation 
progresses, and simpler molecules of low molecular weight are produced, which are 
used intracellularly by microorganisms as an energy source [28].

4.1 Bacterial lipase

Enzymatic activity with lipases is under diverse conditions such as temperature 
and good oxygenation. More importantly, lipids are a carbon source, and some trace 
elements enhance lipase production. Lipase from different bacteria is vital in the 
industry, Bacillus pumilus in the food and detergent industry [29], P. aeruginosa in 
solid waste treatment [30], and Staphylococcus hemolytius and epidermidis for the 
food industry [31] strains are supplemented with substrates, such as long-chain 
triacylglycerols, triolein, corn oil, or fish oil, to maximize their hydrolytic activity 
[32]. Time and carbon sources are essential for their growth. In long incubation times, 
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an increase in lipase production has been found, in addition to obtaining different 
molecules or isoforms [33]. The central carbon chain is reduced at the ends when a 
lipase reaction generates glycerol and/or a shorter fatty acid. Consequently, with each 
bacterial strain, conditions may vary. Pseudomonas fluorescens performs optimally at 
temperatures of 70°C [8].

The influence of metal ions and trace elements shows an active presence of lipase 
[34, 35]. Some of the most studied metal ions are sodium and calcium, which have 
been shown to significantly influence lipase production and long-chain fatty acid 
hydrolysis; furthermore, metal ions such as calcium stabilize the enzyme structure 
(Figure 3).

Lipase activity applied to bioremediation effectively reduces contaminants such as 
oil, especially hydrocarbons and reused oils, on surfaces encountered. There are two 
strategies for the use of lipase, first is the enzymatic enrichment directly on a soluble 
substrate and second is the insolubility of the oil and its derivatives in the use of the 
enzyme in immobilized form, where we know several options to immobilize lipase, 
for example, under soluble substrates, such as the sectional process where it involves 
the addition of water and the presence of alcohol so that the enzyme catalyzes both 
reactions at the same time: hydrolysis and esterification [33]. Soluble lipase influences 
the replies above, where it has high catalytic activity in the first hours of contact. The 
movement loses during the first time (4–5 hours) due to the denaturing action [8].

Immobilized lipases show multiple benefits, such as excellent thermal and ionic 
stability and efficient enzyme control in specific reactions [34]. Enzymes bind to 
substrates for biological adsorption processes during a natural removal process. 
For its success, the union achieves cationic and anionic exchange resins activated 
by carbon molecules. Also, a low-cost silica gel method is generated, is diffusion 
controlled, and occurs naturally under normal bacterial conditions [35, 37]. The 
encapsulation increases the contact surface between the enzymes, the substrate, and 

Figure 3. 
Review of the uses of lipase in soluble and immobilized conditions. Soluble conditions and the interaction within the 
hydrocarbons [8, 36]. Immobilized strategies, physicals: (a) absorption [35, 37–40], (b) bncapsulation [37, 40],  
(c) confinement [41, 42], (d) chemical: chemical bonds [42], cross-linked with (e) crystals, (f) aggregates, and  
(g) spray dried enzyme [43–46]. Reference articles for a drawing of the picture are listed in each part.
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the mechanical stability. The disadvantages of these methods are the deactivation of 
the enzyme during the abrasion of the support material and the small load capacity 
[41]. Confinement is the latter method; the physical immobilization of enzyme bonds 
was part of a polymerized reaction mixture when compounds were formed. Then, the 
porous matrix includes the site of the biocatalyst to be immobilized and surrounds the 
enzyme, confining it in its structure and the substrate [47].

Chemical methods infer chemical bonds from reactions such as glutamic acid, 
lysine, cysteine, and aspartic acid residues between vehicle ingredients. The technique 
increases stability and ensures rigidity in the structure, avoiding being affected by 
denaturing agents such as organic solvents and heat. (i) The solution adds the crystal-
lized enzyme, and stabilization arises, forming a three-dimensional solid structure 
[42, 43]. (ii) The cross-linked enzyme adds a precipitating agent such as salts, acids, 
and organic solvents, which use protein precipitation. (iii) A spray-dried cross-linked 
enzyme, a polymer, and a solution containing the enzyme into a spray dryer, enzyme 
deactivation occurs during spray drying of the application [44–46].

4.2  Genes that code for the biosynthesis of enzymes involved in the degradation 
of PAHs

The central system of alkane degradation by bioremediation of polluted environ-
ments is AH, n-alkanes in alcohols are hydrolyzed, and then fatty acids are oxidized to 
enter beta-oxidation [48]. In bioremediation by microorganisms, the monooxygenase 
(AlkB) family of enzymes [49] has essential components such as rubredoxin and 
rubredoxin reductase, which interact with electron transfer to carry out hydroxyl-
ation on molecules of 10 to 16 carbon atoms [50]. The CYP153 family of cytochrome 
proteins degrades short and medium-chain n-alkanes (C5–C10) [51]. Studies by Nie 
[52] and collaborators in 2014 reported a total of 3,979 bacterial genomes analyzed, 
locating 458 genes that code for AlkB. Structural analysis of the genes confirms the 
presence of families of orthologs containing an AlkB domain, also a family including 
an AlkB domain + a Rubredoxin (Rd) domain. In addition, they determined a family 
classified as a protein with three structural components: ferredoxin (Fer) + ferredoxin 
reductase (FNR) + AlkB; likewise, in the analyzed data, they found 130 genes for 
CYP153, having only two variants in its structure, a family that had an N-terminal 
domain of cytochrome P450 (CypX) and a family with CypX + FNR + Fer domain. 
Finally, they detected 73 and 32 genomes with multiple copies of the AlkB and 
CYp153 families. Variations in the conserved domains of genes that code for degrading 
enzymes are the success in the biological processes of degradation of hydrocarbons 
and their derivatives present in the soil [52].

Ji [53] and collaborators mention that terminal or subterminal oxidation promotes the 
aerobic catabolism of n-alkanes generated by the bacterium pseudomonas aeruginosa. 
In these reactions, AH enzymes of the families alkB1, alkb2, rubredoxin rubA1, rubA2, 
and rubredoxin reductase (rub) are the ones that carry out the degradation. Grady et al. 
[54] analyzed these enzymes in two strains: the P. aeruginosa strain ATCC 33988 and an 
environmental isolate (PAO1, which comes from storage tanks). A comparison of gene 
sequences of enzymes involved in the degradation of n-alkanes shows 99% identity. At 
the same time, they compare the expression levels of the two genes as mentioned above; 
they determined that transcription up-regulated in cultures with n-alkanes, which gen-
erates precise information that alkB1 and alkB2 catalyze the initial oxidation step in their 
degradation, that is, a successful downgrade. Physiological behavior shows an improve-
ment in survival of strain ATCC 33988 compared to strain PAO1, generating approach 
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information to discover candidate genes for growth enhancement with metadata (omics) 
tools. With these solid results, they report the expression of the aprX and aprA operon 
that shows activity in the presence of n-alkanes, both proteins are proteases secreted to 
degrade the n-alkanes present in the medium [54].

5.  Analytical methods for the detection of HAPS degradation by 
microorganisms

The success of hydrocarbon bioremediation depends on the degradation carried 
out by microorganisms due to the evolutionary adaptation they show in extreme 
conditions. Therefore, it is essential to examine the compounds, which are still in the 
contaminated area, and control their degradation during biological removal pro-
cesses. Analytical techniques (Table 1) represented by Imam et al. [67] are vital for 
measuring quantitative results from microorganisms.

Techniques to be used in biodegradation tests depend entirely on the availability of 
the samples obtained, the contaminant’s origin, texture, the degrading capacity of the 
microorganisms, and their metabolic pathways. And finally, it also depend on budgets 
to carry out reliable analytical techniques.

6.  Regulation of the use of microorganisms in Mexico, the USA, and 
Europe

The contaminants present in the water and the soil, as well as their remediation, 
have been an urgent problem to solve; many contaminants can be removed from the 
surface using different methods, such as physical, chemical, and biological. However, 
many of these tend to leave remnants that still affect soil and water rather than 
complete remediation; the regulation of these methods and the proposal of new ones 
as the use of microorganisms has increased over the years [68].

6.1 Mexico

In Mexico, associations regulate and administer all damage to soils and waters 
(Table 2). The results of remediation promote specific laws; the Ministry of 
Environment and Natural Resources (SEMARNAT) is an important institution for its 
wide application to different fields of natural science and conservation.

6.2 The United States of America

The United States of America designed an association regulating the pollution 
caused by soil and water. It has a manual with recommendations. This institute is the 
United States Environmental Protection Agency (EPA), and it reports updates every 
year, developments, and the latest changes in environmental laws (Table 3).

6.3 Europe

Europe is mainly concerned about the use of microorganisms and has a clas-
sification of their benefits, accepting all the strategies used for bioremediation. The 
organization for the management and distribution of information is the “Ministry 
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for Ecological Transition” (Table 4). Europe has a comprehensive website that shares 
different regulations, updates, and instruction manuals.

The Ministerium for the Ecological Transition and Demographic Challenge offers 
its website https://www.miteco.gob.es for knowledge and updates. Awareness of the 
environmental situation is an urgent problem and needs progress. Moreover, many 
countries reached advances in applied technologies and regulation of it.

The differences between Mexico, the USA, and Europe regarding the limit of the 
presence of hydrocarbons are contrasting. Mexico divides into three categories as 
NOM-138 establishes the maximum permissible number of hydrocarbons in the soil 

Norm Description Reference

NOM-138-SEMARNAT/
SSA1-2012

Limits of hydrocarbons on soil, characterization, and aspects for 
their remediation.

[69]

NOM-035-
SEMARNAT-1993

Methods for measurement of particle concentration suspended 
in the air and calibration of the equipment. The first submission 
for a proposal of treatment is made through this norm.

[70]

NOM-147-SEMARNAT/
SSA1-2004

Set the criteria for the characterization and determination 
of remediation concentration in contaminated soil and the 
parameters of the contaminant present in the soil.

[71]

NOM-052-
SEMARNAT-2005

Characteristics, identification procedures, classifications, and a 
list of harmful contaminants.

[72]

SEMARNAT Art. 134, 
135, 138, 143

Investigation of the contaminant and the incidence of the 
event, recent characterization of the soil and contaminant, 
environmental risk, and the remediation treatment proposal.

[73]

Table 2. 
Mexican regulation for the use of techniques where bioremediation is involved. Normative representative [69–73].

Norm Description Reference

EP A 542-F-21-028 Presents the best management practices of green 
remediation and classifications.

[74]

EPA 524-R-018 Introduction to in situ bioremediation of groundwater as 
a reference for the investigation.

[75]

EPA 542-f-16-001 Development and monitoring of contaminated water. [76]

Table 3. 
USA regulation for the use of techniques where bioremediation is involved. Normative representative [74–76].

Norm Description Reference

Law 22/2011 Art.24 Management of bio residual and the protection of the 
environment.

[77]

Law Real Decree 9/2005 Contaminated soils and establishment of conditions for 
making effective the protection of the environment.

[78]

Real Decree 664/1997 Defines the use of microorganisms and their classifications 
as well as the precautions.

[79]

Table 4. 
Europe regulation for the use of techniques where bioremediation is involved. Normative representative [77, 78].
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(mg/kg). Agriculture goes up 200–3000, residential and recreational 200–3000, and 
industrial from 500 to 6000. By Royal Decree 9/2005, Spain establishes the limits 
for hydrocarbons as a contaminated area if the concentration is 50 mg/kg, but the 
maximum limit is 5000 mg/kg, although, for this rate, there must be a soil analysis. 
The limit only represents for the contaminated area in general. The legal limit for 
hydrocarbons, in the US, is 500 ppm in workplaces, although there is no federal 
regulation for hydrocarbons.

7. Conclusion

Bioremediation is the solution to reverse contamination problems. Maintaining 
control of in situ conditions remains challenging to achieve 100% passive environ-
mental recovery. Nowadays, more attention is paid to evaluating cost—the benefits of 
these approaches. Once the analytical methods not only follow the bulk contaminant 
metabolization but also monitor the possible toxic byproducts in the site and are 
standardized, consider the insoluble nature of the contaminant. It will be possible to 
translate all the scientific advances in the field to the sites to recuperate.
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Abstract

In this chapter, it was introduced about the metallurgic effluents, and their 
 potential to be converted into some feasible coproducts for industries. Some possibili-
ties to introduce circular economy in the context of metallurgic effluents, and in the 
same way, some techniques to promote bioremediation using microorganisms and 
products from them were also described. Reported studies, as well as some perspec-
tives to use metal-rich effluents in agriculture and soil quality improvement, were 
also shown. Copper effluents were kept as the main candidate for sustainable use, as a 
potentially interesting material for circular economy approaches.

Keywords: copper, metals, nanotechnology, microorganisms, agriculture

1. Introduction

Since the Stone Age, minerals have played an important role in the development 
of civilization, with mining activity being present from the beginning to the pres-
ent days of society [1]. In fact, humanity is currently consuming mineral resources 
at an unprecedented rate of 70 Gt/year, resulting in the highest per-capita levels of 
resource consumption in history [2]. The excessive use of mineral resources results in 
a substantial generation of different kinds of wastes including liquid effluents.

These are wastes discharged from industrial, commercial, or domestic facilities 
and usually may contain many types of pollutants, including chemicals, heavy metals, 
salts, and pathogens, which can have harmful effects on human, animal, and environ-
mental health. Regarding its end destination, effluents can be sent to treatment plants 
located right near the source of the effluent, usually private facilities, or common 
treatment plants farther from the generation point.
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Although many effluents can be fully treated, those containing metallics or 
persistent organic pollutants pose many challenges to the current remediation tech-
niques. Due to the challenges faced in treating such waste and its high cytotoxicity, 
good practices in industry consist of an “in situ” treatment, avoiding its relocation and 
transportation [3].

As regards the treatment of metal-rich effluents, traditional physicochemical 
methods, such as chemical precipitation and adsorption reactions, have been applied 
for many years to remove heavy metals from wastewater. However, these methods 
could have some problematic limitations, including high costs, generation of great 
amounts of sludge, as well as low efficiency in the removal of contaminants [4, 5]. 
Therefore, it is important to separate and preferably, as mentioned, treat these metal 
effluents in situ, since traditional techniques are not suited for treating heavy metal-
based liquid wastes. For example, the sludge that is generated in the common effluent 
treatment is poisoned by the metals and a prolonged exposure to this effluent may 
induce resistance in the microbiome of the treatment plant by metal absorption in the 
long run. The observation of these processes leads to a new field of remediation, the 
so-called bioremediation.

Bioremediation has emerged as a promising alternative for the treatment of 
metal-rich effluents due to its effectiveness, low cost, and eco-friendly nature [6]. 
Bioremediation could be defined as the use of living organisms, such as bacteria, 
fungi, algae, and plants, to remove or transform hazardous substances from the 
environment [6, 7]. Microorganisms have evolved various measures to face heavy-
metal stress, via processes such as transport across the cell membrane, biosorption 

Figure 1. 
Published papers registered in PubMed by year in the areas of remediation, bioremediation, metal remediation, 
and metal bioremediation. Data shown until April of 2023.



57

Biotransformation of Metal-Rich Effluents and Potential Recycle Applications
DOI: http://dx.doi.org/10.5772/intechopen.112181

to cell walls, and entrapment in extracellular capsules, precipitation, complexation, 
and oxidation-reduction reactions [8]. Since many microorganisms already present 
mechanisms to intake and use metals in their metabolism as micronutrients, these 
organisms can be used to accumulate large amounts of heavy metals from the mining 
and metallurgical industries [9]. In nature, this intricate relationship is responsible 
for the metal biogeochemistry leading to the mobilization or immobilization of metal 
species [10]. First cited in 1969 [11], metal bioremediation has gained significant 
attention in the past 20 years, being responsible for approximately half of the total 
bioremediation papers published, as can be seen in Figure 1.

This chapter focuses on the score during 2003–2023 when the bioremediation 
evolved from theory to application. To showcase the fast-paced development of this 
technology, from 1969 to 2002, almost 800 papers were published, and in the past 
two decades however, more than 14,000 papers were published citing metal biore-
mediation. This shows the expansion of metal bioremediation and its relevance for 
metal industries’ circular economy aiming at eco-friendly approaches in metal-rich 
effluents’ treatment.

2. Early years (2003–2010)

As mentioned earlier, at the beginning of the twenty-first century, bioremediation 
processes were already known but faced practical limitations. Before this period, the 
relationships between many metal species and microorganisms have already been 
established, and microorganisms have been suggested for remediating metals from 
liquid wastes.

The bioremediation process can occur through different pathways, such as 
biosorption, bioaccumulation, biomineralization, and biodegradation. Biosorption 
involves the passive binding of heavy metals onto the surface of microbial cells that do 
not even need to be alive for this process to occur. Bioaccumulation involves the active 
uptake of heavy metals into the cells. Biomineralization involves the precipitation of 
heavy metals as insoluble compounds, while biodegradation is related to the break-
down of heavy-metal compounds into less toxic forms. The chosen approach may 
change considering the effluent metal concentration and type [4].

Some of the most common metals found in effluents include arsenic, lead, 
cadmium, chromium, copper, nickel, silver, and zinc [12, 13]. These elements are 
present in a plethora of effluents originated from different types of industries. Some 
industries produce effluents with a prevalent metal, usually coming from its main 
substrate. For example, Pb is commonly used in batteries and ammunition; Cd is 
also commonly used in batteries and coatings, while Cu is normally used in electri-
cal wiring and plumbing, as well as other applications. However, some industries 
can produce some effluents with a mix of metals as, for example, mining industries, 
electroplating facilities, and paint manufactures. This mixture of different metals 
usually shows a difficult situation for the bioremediation processes of these industrial 
effluents.

In fact, metal effluents can be produced at many concentration ranges, but the 
traditional methods fail to be economically viable at low concentrations that usually 
range from 1 to 100 mg/L [14], thus increasing costs of separation and processing. On 
the other hand, at low concentrations, bioremediation processes stand out since the 
microorganisms can easily adapt to the prevalent conditions if compared to tradi-
tional physicochemical methods.
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The first form of bioremediation of metals can be passive biosorption using 
biomass. These first efforts were also interested in the recovery of the metal species 
since environmental regulations were starting to compel industries to shift to cleaner 
methods [15]. At this time, the high metal-binding capability of many biological 
materials had already been described in the previous decade (in the 1990s) including 
algae, bacteria, and fungi, many of them, isolated from food industries. Many of 
these biosorption processes did not require the use of whole cells of microorganisms, 
using the presence of metal-binding molecules into the biomass to capture the metals 
from the effluent. The described process could not be influenced by the metabolic 
cycle of the biomass and it is commonly referred to as “passive uptake.” This uptake 
could be analyzed using biosorption isotherm curves, evaluating the influence of the 
sorption process conditions [8]. These studies were focused on synthetic effluents, 
treating them with prepared biomass material, often using chemicals to increase the 
absorption into the biomass. These reported biosorption studies of a single metal on 
dead biomass, for example, Ni sorption onto dead mass presented sorption of 0.3% in 
low concentration synthetic effluents [8].

Despite being a kickstart to the technology, this process did not deal well under 
mixed metal effluents, usually disrupting the process, which hampered industrial 
applications [8, 13]. In addition, the biomass needed to be treated with chemicals, 
such as sodium hydroxide, detergents, formaldehyde, dimethyl sulfoxide, etc. One 
solution for this problem was the selection of microbial strains isolated from contami-
nated sites. The idea was that these strains, probably, already presented the capability 
to metabolize metal and promote bioremediation at some level, showing some adapt-
ability to a wide range of concentrations [16, 17]. When the pure biosorptive metal 
removal was not viable, a consortium of microorganisms could be used, combining 
biosorption with other techniques, including bioaccumulation and mineralization [8].

It was also in these early years (2003–2010) that researchers started to establish 
that living and growing cells could uptake (the so-called bioaccumulation) great 
amounts of metal ions in solution in an extension even greater than that of the 
described biomass [8, 18]. These studies showed the capability of the metal to be 
internalized via an active uptake during the organism growth, increasing the metal 
uptake by joining the passive biosorption that initially happened. These changes 
resulted in metal concentrations to be higher inside the living cells than the biosorbed 
ones, increasing the efficiency of the bioremediation process.

Only at the end of the decade, high removal efficiencies were observed during the 
bioremediation of mixed metal effluents, such as mining effluents with bioremedia-
tion processes reaching 91, 96, and 99% of removal for Fe, Cu, and Al, respectively 
[19]. And in electroplating solutions using yeast (Saccharomyces cerevisiae) reaching 
92, 92, and 87% of removal for Cu, Cr(VI), and Ni [20]. Both studies used subprod-
ucts of the food industry applying a cheap biomass originated from the microbial 
growth in the production of cheese [19] and wine [20]. From these studies, fungal 
biomass gained an increasing interest for removing metals. Fungal biomass is a sub-
product of many industrial processes and fermentations, presenting a wide variety of 
morphologies [9]. The abundance of fungal mass available and the fact that usually 
fungi are already adapted to lower pH’s made them ideal candidates for bioremedia-
tion of metal-rich effluents. Other studies showed some strains of Aspergillus niger 
have higher Ni biosorption capacities, if compared to dead pretreated biomass [8]. 
Also, the same fungal strains of A. niger showed high resistance to lead (II), however 
chromium (VI) ions caused inhibition of the microorganism that thrived in the pres-
ence of copper and lead [9].
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 To overcome this drawback, researchers obtained new microbial consortia from 
distinct contaminated matrices. For example, Jiménes-Rodriques et al. [ 19 ] collected 
samples of biomass from the Río Tinto, a river in Spain that presents an unusual acidic 
pH and elevated concentrations of metals. The obtained microbial consortia from 
this river were then applied to treat mine drainage by simply regulating the pH in an 
anaerobic condition, leading to efficiencies in metal removal between 91 and 99%. 

 It is important to notice the influence of the pH in the process since the conducted 
experiments by MacHado et al. [ 20 ] showed that by adjusting the pH of the treat-
ment, it was possible to, selectively, remove some ions. At very low pH (around 2.0), 
the yeast surfaces were surrounded by hydroniums, enhancing the interaction of the 
biomass with Cr (VI). This is a very interesting approach, since using different pH 
ranges, it was possible to remove chromium ions selectively, avoiding poisoning of the 
sludge. The efficiency of Cr(IV) removal achieved using heat-inactivated cells of a 
flocculent strain of  Saccharomyces cerevisiae  was between 90 and 99% [ 20 ]. 

 Although present at this time, phytoremediation was considered in its early stages. 
This technology is based on the growth of plant-based organisms on contaminated sites 
in a way that the plant can accumulate high quantities of metals. However, the effi-
ciency of waste remediation is intrinsically related to the plant growth rate and the total 
biomass, making the process slow. In this scenario, the use of fast-growing plants was 
necessary [ 15 ], being the biomass of algae considered as an innovative solution [ 14 ]. 

 In his influential review, Kosolapov et al. [ 21 ] described the most promising 
processes involved in the bioremediation of metals in constructed wetlands, i.e., engi-
neered systems designed to mimic the natural processes of a wetland environment for 
the treatment of wastewater. This review also brought about the possible interactions 
of the microorganisms and plants present at these wetlands (  Figure 2  ).  

  Figure 2.
  Illustration based on the review from Kosolapov et al. [ 21 ].          
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These early years of metal bioremediation were summarized by Stasinakis and 
Thomaidis [22]. This study visited the reports of the biotransformation potential 
of many metals and metalloids, in experiments involving both, pure and mixed 
microbial cultures. Marked by great advances in the use of microorganisms in metal 
remediation, these early years cemented the fundamentals and experimental param-
eters needed for the implementation of an efficient bioremediation process to real 
effluents. However, despite the great advance in removal efficiency and elemental 
speciation, data on the biotransformation in Wastewater Treatment Processes were 
not enough. Fortunately, it did not take long before these data were enough for the 
bioremediation process to reach the next level of excellence.

3. Last decade (2010–2020)

This decade was marked by the application of bioremediation processes with 
high removal rates in real effluents and advances in isolating new microorganisms 
as alternatives to treat multimetal effluents [23]. For example, in 2013, a strain of 
Acinetobacter sp. was isolated from an effluent treatment plant in New Delhi, India, 
which showed high tolerance to the Cr (VI), exhibiting a high removal rate of Cr and 
Ni from a real effluent in an electroplating facility [23]. These chromium-resistant 
microorganisms used various detoxification strategies to counteract the Cr (VI), 
including enzymes’/metabolites’ biotransformation from Cr (VI) to Cr (III), which 
is less toxic [24]. It is interesting to note that these resistant strains arise from the 
failure in treating metal-rich effluents, which indicated high content of these toxic 
metals in the environment. In another relevant work, Zhao et al. [25] isolated strains 
of Sporosarcina saromensis from offshore sediments in China, capable of tolerating 
super high Cr (VI) concentrations (~500 mg/l). This strain could remove 50–200 mg 
of Cr (VI)/L in just 24 h. This finding just demonstrated that with the rise in off-
shore pollution, tolerant strains have been commonly isolated from offshore and 
intertidal zones. From this study, more than 50 strains with the ability to tolerate Cr 
(VI) were isolated [25]. These findings confirmed that the current waste treatment 
was not adequate and that the environmental contamination by metals became a 
serious threat [26].

Cr-resistant Bacillus sp. was isolated from the effluent from a local tannery in 
Kanpur, UP, India [27]. Also isolated from the common effluent treatment plant 
of tannery industries, Cellulosimicrobium sp. was collected in Kanpur, India [28]. 
Trichoderma viride was isolated from electroplating industrial sludge [29]. Other 
examples are listed by Tarekegn et al. [26] and Kapahi and Sachdeva [30]. As well 
summarized by Tarekegn et al. [26] at the end of the decade: “Autochthonous (indig-
enous) microorganisms present in polluted environments hold the key to solving 
most of the challenges associated with biodegradation and bioremediation of pollut-
ing substances.”

Although not many studies were carried out, it is also important to highlight the 
use of microbial mixtures. In 2015, Kang et al. [31] isolated four bacterial strains from 
an abandoned mine in South Korea. These bacteria lived in the soil of the mine and 
presented excellent Pb bioremediation capabilities. In 2016, Kang et al. [32] mixed 
the isolated microorganisms in different proportions and their results showed that 
when compared with a single strain, the mixtures presented higher growth rate, 
urease activity, and resistance to metals. These factors allowed the mixtures to exhibit 
considerably higher bioremediation capabilities when compared to single strains.
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It was also in this decade that researchers started to better establish the role of micro-
organisms in the metabolisms of plants. For example, it was found that many endophytic 
organisms permitted the absorption of metal species [33]. This idea associated with the 
fact that many biomes were already being exposed to metals raises attention to phy-
toremediation. The term phytoremediation describes the utilization of plants and their 
accompanying microorganisms to remediate specific contaminants from soil, sludge, 
sediments, wastewater, and groundwater, either partially or entirely [34]. The ability of 
plants and associated microorganisms to accumulate essential metals in their metabolism 
enables them to accumulate other nonessential metals. It is suitable when the pollutants 
cover a wide area and when they are within the root zone of the plant [35]. The discovery 
of hyperaccumulators (plant species that naturally present a very high metal absorption) 
rekindled the interest in the area [34]. These plants can also be used with plant-growth-
promoting bacteria, and these bacteria can improve the metal uptake by turning the 
metal species in the soil/effluent bioavailable to the plant [36].

Plant-like organisms such as algae also became a very interesting approach. Used 
mainly as biomass at the beginning of bioremediation, in this decade, the use of living 
algae marked an emerging trend of phytoremediation. Microalgae possess remarkable 
biological traits, including high photosynthetic efficiency and a simple structure, 
enabling them to thrive in challenging environmental conditions, such as the presence 
of metals [37]. In comparison with the traditional use of plants in phytoremediation, 
the use of algae presented lower toxicity constraint, high growth rate, and the forma-
tion of value-added products such as biofuels and fertilizer [37], bioremediating the 
metals and promoting carbon capture and circular economics. This new technique 
would gain even more attention in the next years, due to varied tolerance and spe-
cific responses as well as high metal bioaccumulation. Further advances in genetic 
engineering, metal immobilization techniques, algae pretreatment strategies, and 
integration with other emerging technologies are needed to fully unlock the potential 
of phytoremediation [37].

4. Recent years (2020–2023)

In recent years, the isolation of microorganisms continues to take place [38–40] 
and the intervening new technologies in genetic engineering [41] and omics sciences 
[42] are making new processes to remediate effluents the most viable solutions. 
Phytoremediation continued to grow and show many interesting results for metal 
bioremediation and even dye remediation [4]. Therefore, with the exponential 
growth of bioremediation studies (see Figure 1) using the most diverse kinds of 
microorganisms and approach based on real-life (multimetal) effluents, biotransfor-
mation of metal-rich wastewater is now initiating a new moment in which large-scale 
processes are close to reaching industrial application. Besides that, even the material 
produced by the bioremediation can be further utilized, as demonstrated by Amim 
et al. that showed the importance of the products generated by the biomass from 
wastewater treatment [43]. In addition, another disadvantage of bioremediation is 
attributed to its relative slowness when compared to physicochemical methods [44]. 
However, it is a green approach that presents higher capability and a lower cost that 
makes bioremediation the best choice aiming at sustainable development following 
circular economics rules.

Additionally, new approaches based on the union between traditional physico-
chemical methods and biological processes have been developed. Bio-electro-Fenton 
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is a good example of such type of innovation. In this process, both organic molecules 
and metal ions are remediated by the microorganisms, while the traditional electro-
Fenton process breaks down the persistent organic pollutants (POPs) into intermedi-
ates that can be metabolized. At the same time, when the degradation of pollutants to 
innocuous substances is carried out both by the traditional and biological processes, 
there is a synergy that reduces the costs of process operation. This is recent in the 
literature but results already indicate its great capacity for practical application, 
increasing the efficiency of the process and reducing the electro-intensive costs of 
the traditional electro-Fenton process [45, 46]. This is an important advance since 
persistent organic pollutants are an emerging problem in recent decades due to the 
increased consumption of medications and antibiotics and the fact that they are not 
100 percent metabolized, increased fractions of these pollutants end up in the con-
ventional sewage network [47, 48]. These substances present low biodegradability and 
high risk for human toxicity being generated during industrial production processes, 
especially those of chemical and pharmaceutical input production.

To degrade POPs, aggressive physicochemical methods are required due to the 
recalcitrant nature of these pollutants. The so-called advanced oxidative processes 
can oxidize most classes of recalcitrant pollutants. The Fenton process is an example 
of this class of treatment and consists in the production of hydroxyl radicals, highly 
oxidizing species (Eo = 2.80 V), capable of degrading practically any organic sub-
stance [49, 50]. This process is very old, being described in 1894 [51], and presents the 
aforementioned drawbacks, high cost, high sludge generation, etc.

By means of electrocatalysis [52] and photocatalysis [53], both electro-Fenton and 
photo-Fenton processes were proposed to decrease the Iron II addition by regenerat-
ing it through electricity or photon incidence. These processes, once the cutting edge 
of physicochemical processes, are being now united with biological remediation 
process to simultaneously treat persistent pollutants and present low cost and impact.

Bio-photo-Fenton [54] and bio-electro-Fenton [46] emerged as new frontiers and 
Colombo et al. [55] showed the reduction of pollutants in landfill leachate by combin-
ing photo-Fenton and biological processes. Silva et al. [56] observed an improve-
ment in the biodegradability of leachate from an aerated lagoon using photo-Fenton 
powered by solar energy combined with a biologically activated sludge process. And 
Sirtori et al. [57] treated a real pharmaceutical wastewater by a solar photo-Fenton/
biotreatment.

5. After treatment: reusing bioremediated metals in circular economy

Despite the low cost and high efficiency of remediation metals from effluents and 
soils, the biomass left still concentrates these metal species. Yes, the metal species are 
less toxic due to the bioremediation process, but at the current metal effluent genera-
tion rate, new solutions to further processes involving these metals are needed. The 
bioremediation process, as discussed, works very well in concentrations too low for 
traditional chemicals, allowing a low-cost and high-volume metal removal. After 
the remediation process, however, the metal is highly concentrated in the biomass 
making the chemical process to transform the metal viable. Therefore, in some cases, 
bioremediation serves as a pre-concentration step.

However, it is important to note that depending on the bioremediation process 
used, the metal may be accumulated in different ways inside the biomass. In the 
biosorption method, the metal can be simply desorbed from the biomass by changing 
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the pH or the temperature of the biomass, or just by washing it with pure water [3]. 
In the case of bioremediation using growing cells, the metal can be fixed by different 
metabolic pathways of the bioremediation organism. As an example, the metal can 
be sequestrated in cell organelles, chelated, or even form ionic bond with the cell 
membrane [37]. Although some metals present preferential uptakes, this pathway can 
change from microorganisms to microorganisms, even more so in resistant microor-
ganisms that develop specialty routes to intake metal ions [40]. An example can be 
Pseudomonas sp., depending on its strain, it can bioremediate Ni by accumulating in 
cytoplasm or in their extracellular polymeric substance [8]. This can be further com-
plicated in consortia when different species concentrate metals by different pathways 
for the same metal [8, 30].

When simple leaching is possible, the acidic leaching solution removes the bio-
sorbed metal from the adsorbent, leading to a concentrated metal solution that can 
be recovered by traditional methods such as chelation, reduction, or electrolysis. 
Moreover, it is also possible to integrate an acidophilic bioleaching with subsequent 
precipitation of the metals as insoluble sulfides by sulfate-reducing bacteria [8]. In 
the case of biomasses that are more difficult to leach the metals, usually the lysis of 
the cells is required. In this case, this can be promoted purely by acid leaching or heat 
treatment, upcycling the final biomass. A recent advance is the possibility of using 
simple heating or hydrothermal treatment to produce metal nanoparticles from metal 
released from the biomass, as demonstrated by Goswami et al. [58]. Other recent 
advances are related to the use of such metallic nanoparticles in agribusiness, as 
explored below.

5.1 Metallic nanoparticle development from biomass

With the increase in bottom-up nanoparticle synthesis, metal-rich biomasses 
are ideal candidates for the green generation of metallic nanoparticles. This type of 
nanoparticle production is based on the reduction of metal ions to produce metallic or 
metal oxide nanoparticles. In this context, Cu, Zn, and Ni, and noble metals, such as 
Ag and Au, present a very interesting opportunity, as bioremediation of these metals 
is already very well established with high recovery rates, and their nanoparticles are 
also a very well-established high-technology product [59–61].

This approach, called biogenic synthesis, is an economical and environmentally 
friendly alternative to chemical and physical approaches for the nanoparticle produc-
tion [62]. Therefore, biogenic nanoparticles are a growing research field showing 
promising abilities of microorganisms to produce molecules, by the reduction of 
metal ions [63]. This can lead to a synergetic relation between the bioremediation 
process and the production of high-value nanomaterials [58]. In addition, metallic 
nanoparticles can also be capable of remediating effluents due to their unique prop-
erties of high surface-to-volume ratio, large surface area, and enhanced reactivity, 
which make them highly efficient in capturing and removing metal ions from waste-
water [63–65]. Although both biogenic nanoparticles and bioremediation are growing 
fields, an end-to-end study of removing and recycling metals from effluent are not 
yet described in consulted literature.

Various types of nanoparticles have been explored for metal effluent remediation, 
including metallic particles such as iron, copper, nickel, zinc, and their oxides, as well 
as silica and carbon-based nanoparticles [66]. These nanoparticles can be engineered 
to have specific surface properties and functionalized with various coatings or ligands 
to enhance their metal adsorption capacity and selectivity [64]. The mechanism of 
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metal removal using nanoparticles involves several processes, including adsorption, 
precipitation, ion exchange, and redox reactions. The nanoparticles can adsorb metal 
ions onto their surfaces, forming complexes through chemical interactions. They can 
also promote precipitation of other metal ions as metal hydroxides or other insoluble 
forms.

One advantage of nanoparticle-based remediation is that it can be applied 
to a wide range of metals, including heavy metals like lead, cadmium, mercury, 
chromium, and arsenic. Additionally, nanoparticles can be easily synthesized and 
functionalized, allowing for customization of their properties based on the specific 
metallic contaminants and wastewater conditions.

5.2 Agribusiness applications

As mentioned, the use of bioremediated metals in the production of nanoparticles 
can produce high-value products from the remediation processes. One interesting 
application of these particles is in the agribusiness. Agrochemicals play a crucial role 
in modern agriculture by providing tools for efficient and sustainable food produc-
tion. Agrochemicals encompass a wide range of substances, including fertilizers, 
pesticides, herbicides, and plant growth regulators [67].

It is important to note that while these substances offer significant benefits in terms of 
crop productivity and protection, their use should be done judiciously and in accordance 
with recommended practices and regulations, since their indiscriminate use can lead to 
ecosystem degradation [68]. Appropriated application techniques, dosage, timing, and 
safety precautions are essential to minimize potential environmental and human health 
risks associated with agrochemical use. Weeds and insects are significant biotic factors 
that negatively impact agriculture by diminishing crop yield, production, and efficiency. 
Consequently, the widespread use of herbicides and insecticides is employed to mitigate 
these issues and achieve increased production by controlling or reducing pest popula-
tions [68]. In this scenario, agricultural nanoadditives have emerged in recent years [69]. 
These nanoadditives use the principle of high ratio between surface area and volume of 
nanostructured materials to potentialize microbicidal activity against pathogens, as well 
as to function as a nutrient, supplementing plant growth, being that these particles are 
more easily absorbed by the plant organism [70, 71].

Among the various types of metallic nanoparticles, silver-, copper-, and zinc-
based particles are preferentially used as antimicrobial agents. Of these, silver is the 
[72] one that presents the highest cost in precursor materials and in their prepara-
tion. Meanwhile, both particles based on copper and zinc are simpler and cheaper to 
prepare and are already widely applied in tests with plant organisms [73]. In addition, 
copper is an essential micronutrient in many organisms, being an integral part of 
many proteins and metalloenzymes, playing a significant role in plant health and 
nutrition [73]. Due to the differentiated properties of materials at the nanometer 
scale, copper nanoparticles (Cu NPs) present greater absorption and efficiency than 
when compared to their other forms already used in the market [70, 73].

Similar to copper, zinc is also a critical micronutrient in both animals and plants, 
and it is necessary for the structure and function of a wide range of macromolecules, 
including hundreds of enzymes. Zinc is the only metal to be involved in all six classes 
of enzymes: oxide-reductases, transferases, hydrolases, lyases, isomerases, and 
ligases. Zinc ions exist primarily as complexes with proteins and nucleic acids and 
participate in all aspects of intermediate metabolism. In addition, zinc is one of the 
most rapidly depleted elements of soils [74].
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One of the concerns related to the utilization of nanoadditives revolves around 
the environmental impact caused by the production process of these materials [72, 
75–77]. Chemical routes are still the most prevalent in the literature for larger-scale 
productions, and only in recent years green routes are being prospected [78–83]. It 
is also worth mentioning that part of these green routes uses relatively noble parts 
of plants, such as starch, tea leaves, among others, using food supplies to produce 
particles [81, 82].

Recently, it has been reported in the literature the possibility of applying biopro-
cesses for the manufacture of these materials [84–88]. Bioprocesses are highly viable 
since they demand low costs for industrial utilities and can present high transforma-
tion power through the correct selection of transforming organisms [85]. In addition, 
these organisms allow the use of inputs of low added value as their metabolites, being 
several organisms specialized in their biome of origin in the degradation of low-
quality residues, such as lignocellulolytic residues.

Still, in the literature, studies highlight the importance of bioprocesses in the 
production of biogenic nanoparticles, which have greater interactions with organisms 
[84]. This fact comes from the natural coating performed during its synthesis, and 
the particle is covered with several biomolecules contained in the reaction medium. In 
addition, biogenic nanoparticles are produced without the generation of coproducts, 
as in many cases from chemical routes.

However, it is necessary to emphasize that given their direct and intentional 
application in the environment, nano-agrochemicals can be considered particularly 
critical in terms of possible environmental impact, as they represent the only diffuse 
and intentional source of nanoparticles in the environment [89]. Precisely because 
they are involved in several biological processes, the metals have the ability to activate 
cell death pathways when in high concentrations [90–92]. It is worth mentioning 
that these nanomaterials also have the capacity for human toxicity and ecotoxicity, 
if at high concentrations. Therefore, there is growing concern regarding the indis-
criminate use of nanoparticles, as often classical risk assessment tools can fail due to 
the lack of information about the life cycle of these materials [89]. In addition, the 
accumulation of nanoparticles in the soil results in their greater absorption through 
the roots of the plants, showing toxic effects and inhibiting the growth of the applied 
cultivars [72, 93].

To solve this problem, we can use substances that fix the nanoparticles, preventing 
their distribution in the soil of application. One of the most used scaffoldings for this 
purpose is activated carbon. This material has high surface area, low cost, and acidic 
sites. All these characteristics make this material widely suitable for the fixation of 
metal oxide particles, acting as a mechanism of slow and controlled release of the 
applied particles. This type of carbonaceous material can still be produced from sev-
eral different sources of carbon, presenting already in the literature relevant results 
for several residual biomasses of processes. It is now referred to the activated carbon 
produced using biochar [94–97].

López-Vargas et al. [98] developed a study about the foliar application of copper 
nanoparticles (Cu NPs) in the production of tomatoes, using different concentra-
tions, as a result, they obtained that the application of Cu NPs increased the firmness 
of the tomato fruits, consequently increasing the shelf life of the fruits, in addition to 
inducing the accumulation of bioactive compounds such as vitamin C, lycopene, total 
phenols, and flavonoids in tomato fruits.

Other studies in the literature showed benefits with the use of copper nanopar-
ticles, such as the increase in photosynthesis and stomatal conductance in the 
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cultivation of peppers (Capsicum annuum) [99], and in the case of exposure to copper 
oxide nanoparticles (CuO NPs), an increase in the nutrient quality in chive (Allium 
fistulosum) cultivation [100] and increased chlorophyll photosynthesis and antioxi-
dant enzyme activity in mustard (Brassica juncea) [101]. Nowadays, the application 
of microbial seed coating processes for seed inoculation is also proposed, and studies 
show promising results [102–107].

In the light of all the discussed topics in this chapter, an interesting prospect of 
circular economic has arrived. By bioremediating metal-rich effluents, a metal con-
taining biomass is generated [8]. The metal can then be extracted and transformed 
into nanoparticles [58], and the remaining biomass can be turned into biochar [95]. 
By impregnating the biochar with metal, this composite material can then be used as a 
plant growth promoter and bacterial inoculation support to use in the phytoremedia-
tion of metal-contaminated soils [97, 108].

6. Conclusions

Bioremediation is a broad and very promising approach regarding metal effluents. 
This chapter focused in to report information generated between the years 2003 
and 2023, bringing some robust and applicable technological solutions for not only 
removing metals, but also looking to turn them into a valuable coproduct for new 
commercial segments to industries. Many techniques for metal bioremediation, 
applying microorganisms and/or their byproducts, were brought together. Overall, 
copper effluents could emerge as a promising candidate coproduct for environmental 
and sustainable reuse, applying circular economy approaches.
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Abstract

The analysis of the variables, bacterial population, and oxidation-reduction poten-
tial (ORP) during the bioleaching of sulfide ores by a bacterial strain of Acidithiobacillus 
ferrooxidans, isolated from acid mine effluent, aims at the solubilization of copper 
and the liberation of the gold present in an ore containing more than 80% sulfides. It 
was studied at different pulp densities (1, 2, and 6% - W/V) and with a 9 k medium at 
different ferrous sulfate concentrations (0, 3, 6, 9, 12, and 15 g/L), keeping temperature 
and pH constant. The tests were carried out in three consecutive stages, starting with 
inoculum, whose cell content was 7.05x107 Cell/mL, then the strain with the highest 
population obtained in the previous stage was used, observing the variation in the peri-
ods of adaptation and growth. During the bioleaching of sulfide ores, in the first stage, 
the maximum bacterial population achieved was 4.75x107 Cell/mL in 24 days with 6 g/L 
ferrous sulfate, in the second stage, the maximum population was 6.30x107 Cell/mL 
without the addition of ferrous sulfate, and in the third stage, the bacterial population 
became 4.51x107 Cell/mL. The exponential characteristic growth of the population 
started at approximately 13, 8, and 3 days, respectively in each stage.

Keywords: bacterial population, bioleaching, sulfide minerals, Acidithiobacillus 
ferrooxidans, redox potential

1. Introduction

The redox potential of a mineral solution or ore pulp is a measure of electron 
activity that can be influenced by the presence of pyrite in its natural status, con-
sidered electrochemically passive, a favorable condition for the galvanic effect with 
other sulfide compounds to be enhanced and the formation of elemental sulfur to be 
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achieved [1]. Therefore, several works are carried out to identify the variables and 
parameters that allow the liberation of metallic and nonmetallic ions that are present 
in a mineral.

Specifically, the identification of the oxidation-reduction potential (ORP), which 
is a critical factor in the development of the inoculum and in the evolution of the 
oxidation of inorganic compounds, is determined with a platinum reference electrode 
and a hydrogen electrode connected to a potentiometer. It is quantified in volts, which 
represent the energy released by all components of the system in a fraction of time 
when a number of electrons move from one phase to another: namely, between the 
bioleaching substrate and the platinum electrode.

The biological oxidation of sulfide to elemental sulfur, sulfate anion, and other 
sulfur compounds and the reduction of oxygen in water are the main redox changes 
that occur in this process. The measured redox value of the medium in which a 
process takes place will be the result of the set of chemical reactions occurring in it.

Likewise, the thermodynamic relationship of the oxidation-reduction potential 
(ORP) represented by the potential (Eh) of the solution is known as the Nernst equa-
tion, nevertheless, in practice, the ORP value is determined mostly by ionic compounds 
with high current exchange density, in other words, the ability they have to exchange 
electrons on the surface of the platinum electrode; In this sense, several researchers 
have found that there are compounds that have a great aptitude to exchange their 
valence electrons on the platinum surface, such is the case of hydrogen sulfide, for 
which there is a linear relationship between the ORP measurement and the logarithm 
of the concentration of hydrogen sulfide in natural environments [2]. The process of 
dissolution of chalcopyrite with sulfur-oxidizing microorganisms and iron oxidizers 
depends mainly on the redox potential. Chalcopyrite was preferentially oxidized to 
polysulfide when the redox potential is approximately less than 350 mV with reference 
to Ag/AgCl electrode and at higher potential approximately between 350 and 480 mV, 
chalcopyrite was mainly transformed to Cu2S, intermediate species, resulting in high 
dissolution rate and when the redox potential is higher than that of 480 mV, chalcopy-
rite was mostly oxidized to polysulfides, causing passivation of chalcopyrite [3].

The usefulness of ORP data may be questionable because the measuring probe is 
directly in contact with the sinus of the extracellular environment, which is totally 
different from the intracellular environment. A disadvantage of ORP is its strong 
dependence on pH. In this regard, decreases in potential of up to 33 mV have been 
reported with a one-unit increase in pH [4]. However, real-time potential monitoring 
offers many advantages [5].

It is known that in culture media, microorganisms show very different sensitivities 
to the oxidation-reduction potential. Therefore, it is believed that the redox potential 
is a very particular and important factor in each of the environments where the 
substrate probably determines the presence of a variety of microorganisms and their 
metabolic evolution [6].

By means of bioaugmentation processes under conventional bioleaching condi-
tions, the growth of diverse bacteria was achieved, which contributed to improve 
copper dissolution, achieving the extraction of 90.2% after 24 days. In the final stage, 
the formation of a passivating layer of jarosite decreases the copper release rate; 
resulting that, the increase of iron-oxidizing cells negatively influencing the leaching 
of chalcopyrite [7].

It should be noted that sulfide minerals often coexist with several mineral 
species, which act synergistically during the leaching process, allowing the dissolu-
tion of certain elements. In the case of leaching of chalcopyrite and silver-bearing 
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bornite [8], by thermophilic culture (50°C), 94.6% copper was extracted, quite 
superior to the results of separate leaching of chalcopyrite and bornite, silver was 
released to the solution, forming Ag2S on the surface of chalcopyrite. In recent 
studies of bioprocesses, bioleaching is considered a process with multiple advantages 
such as low cost, environmental friendliness, simplicity of requirements, and suit-
ability for the treatment of low-grade ores. In the analysis of commercial processes, 
the evolution of the problem is identified as the lack of definition of the parameters 
due to the synergic effect of microorganisms, the role of extracellular polymeric 
substances, the passivation phenomenon, the galvanic interaction between minerals, 
the mode of application, and the environment [9].

2. Background of bioprocesses

In recent years, the development of microbiological processes for the extraction of 
metals from ore bodies has generated much interest and the approach to biotechno-
logical processes such as biooxidation, which are already applied in many parts of the 
world. These are the fundamental reasons for research and for providing incentives 
for new discoveries and are also likely to become the cause of the development of the 
mining and metallurgical sector [10, 11]. Bioleaching is a clean technology for pro-
cessing complex and low-grade ores because of reduced energy and water consump-
tion and low CO2 and SO2, emissions compared to pyrometallurgical processes [12].

In the bioleaching of copper sulfide ores using At. ferrooxidans and subsequent 
characterization of the residues by scanning electron microscopy (SEM) and X-ray 
diffraction (XRD), it has been identified that dissolution occurs in the following 
preferential order: bornite, pyritic chalcopyrite, covellite, and porphyry chalcopyrite; 
the latter as a surface layer can hinder the dissolution of other compounds and thus, 
the extraction of copper [13, 14]. Polysulfides, elemental sulfur, and insoluble sulfates 
are the main constituents that determine the redox potential [15].

It can be asserted that electron donor sources are abundant and diverse in nature 
and can be of anthropogenic, geological, biological, and inorganic materials. An 
important source of inorganic compounds is volcanic activity as reduced sulfur 
compounds and others. All compounds derived from the mining and agricultural 
industries, products from the burning of hydrocarbons, and other industrial activi-
ties release reduced sulfur compounds into the environment, which donate or receive 
electrons and thus energy through chemolithoautotrophic sulfoxidizing bacteria [16].

During the last three decades, the application of bioleaching for the treatment of 
sulfide ores has reached its industrialization, the sequential use of biooxidation —
bioleaching—electrowinning, for the extraction of copper, uranium, gold, and zinc, 
providing satisfaction in the mining sector. In addition, in recent years, its application 
is being sought for the extraction of copper from refractory ores [17]. In the dis-
solution of chalcopyrite promoted with ferric ions, Hiroyoshi et al. [18] presented a 
two-stage dissolution model: first, the reduction of chalcopyrite to Cu2S by ferrous 
ions in the presence of cupric ions. Second, the oxidation of Cu2S to cupric ions and 
elemental sulfur. Reactions achieved at solution potentials below the predicted critical 
potential as a function of ferrous, ferric, and cupric ion concentrations.

In studies by Nazari et al. [19], it was observed that a ferric precipitate in the form 
of jarosite was produced at 50 g/L ferrous sulfate at an initial pH of 2.2 and a tempera-
ture of 32°C. The effects of ferric iron precipitation on other ions are important for 
At. ferrooxidans bacteria in the aqueous phase, that is, sulfate, phosphate, magnesium, 
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and potassium ions. The results showed relatively similar patterns for potassium and 
ferric ions, and this could be explained by the coprecipitation of these ions as con-
stituents of jarosite, increased at higher pH.

The copper extraction yield from thermophilic bioleaching of chalcopyrite 
depends on temperature, pH, and oxidation-reduction potential (ORP), as well as 
the activity of the thermophile used [20]. The copper extraction yields obtained with 
thermophilic microorganisms at different pH and temperature conditions, and with 
different initial amounts of Fe3+, generate high biomass concentrations at an ORP 
close to a critical value (450 mV, with reference to the Ag0/AgCl electrode) and high 
copper extraction, attenuating at higher ORP values and causing Fe3+ precipitation 
as jarosite [21]. However, the dissolution of chalcopyrite might not be hindered even 
though large amounts of jarosite are produced and the free jarosite would be easily 
detached from the ore surface [22, 23].

Through tests with different electrochemical circuits [24] for the dissolution of 
chalcopyrite, it was identified that the increase in potential caused the formation of a 
CuS layer, hindering the dissolution speed of the electrode. The formation of CuS is 
concomitant with the formation of Fe2(SO4)3 and the latter can act as a precursor to 
jarosite nucleation at potentials around 750 mV (referring to the Hg°/Hg2SO4 elec-
trode). Concluding with the modeling of the experimental results. Also, Zhao et al. 
[20], through thermodynamic calculations and electrochemical measurements, estab-
lished the conditions to determine the optimum potential in the leaching of chalco-
pyrite, having as main variables the temperature and the concentrations of Cu2+ and 
Fe2+, managing to establish a model to predict the potential range, becoming inhibited 
due to the formation of jarosite, requiring the periodic addition of Cu2+ and Fe2+ 
ions to improve the bioleaching of chalcopyrite. In this line, Yang et al. [23], during 
the electrochemical oxidation of a chalcopyrite electrode at potentials between 550 
and 630 Mv (having as reference an Ag/AgCl electrode), finds an anodic dissolution 
region with S2

2− and covellite species and two very close passive regions coated with 
a thin sulfur-rich layer, which could be responsible for the passivation, concluding 
that chalcopyrite can passivate in the potential range of 748–828 mV with respect to 
the standard hydrogen electrospray (SHE). On the other hand, at an applied potential 
of 415 to 750 mV, a thin film of copper and iron sulfide was produced, exhibiting 
passivation properties and, at 1070 mV, the film formed dissolved and the rate of 
chalcopyrite dissolution was enhanced; when the potential continued to increase, 
CuS was formed and hindered chalcopyrite dissolution; finally, at 1400 mV, jarosite 
was formed, which hindered chalcopyrite dissolution [24]. Subsequently, to inves-
tigate the roles of dissolved oxygen (O2), Fe3+ and Fe2+ and their interactions during 
the leaching of chalcopyrite in a basic culture medium at atmospheric pressure and 
45°C, it was shown that Fe3+ significantly promoted the dissolution of chalcopyrite in 
the initial stage, then in the final stage it caused the passivation by the formation of 
jarosite due to the oxidation of Fe3+, it was also tested adding oxygen, which caused an 
appropriate potential range between 380 and 480 mV (with respect to the Ag/AgCl 
electrode), eliminating the passivation species caused by polysulfides and favoring 
the formation of jarosite [25].

The hindrance or delay in the dissolution of minerals by bacterial action is due to 
the formation of a surface layer, a phenomenon known as passivation, which is the 
subject of debate. In leaching tests, in the presence and absence of mixed culture, it 
was found that the presence of jarosite and elemental sulfur in an abiotic experiment 
does not hinder copper dissolution and the dissolution curves do not represent signs 
of postdissolution but indicated hindered dissolution. In bioleaching and abiotic tests 
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with chalcopyrite samples, it was identified that the common phases on the surface of 
the leached samples during different periods of time were elemental sulfur and iron 
oxyhydroxides, which were identified by XPS spectrometer as jarosite, being the cause 
of the difficulty in dissolution [26]. The kinetics of chalcopyrite dissolution is fast 
when the solution potential is lower than 648 mV (SHE), and it cannot be effectively 
leached when the solution potential is higher than 698 mV due to the production of 
polysulfides, elemental sulfur, and jarosite on the surface, reaching surface passivation; 
it is not possible to oxidize with Fe3+, but it can be oxidized by stronger oxidants [8].

3. Experimental procedure

In leaching with At. ferrooxidans, the conditions at which various works have been 
carried out by several researchers, including Wang et al. [17], identify that at the 
temperature of 30 ± 1°C and pH of 2.0 achieve concentrations of 2.24x107 Cell/mL 
and recovery of 45% copper after 75 days of leaching. Liu et al. [22], during the bio-
leaching of chalcopyrite at different times, identifies the presence of various species 
such as bornite, chalcocite, covellite, and their respective redox potentials and, finally, 
after 30 days of processing, identifies as iron species approximately 26% chalcopyrite, 
10.2% bornite, and 74% jarosite.

Seeking to contribute to the knowledge of the mechanisms of bioleaching 
of sulfur minerals, in this study, the experimental design, implementation, and 
execution of the tests were carried out in the Laboratory of Biometallurgy of the 
School of Metallurgical Engineering of the Universidad Nacional Mayor de San 
Marcos (UNMSM) with the participation of teachers and students of the faculties 
of Chemistry and Chemical Engineering and Biological Sciences. Potential (Ev) 
measurements and bacterial population determinations were carried out at different 
concentrations of 9 k substrate and mineral substrate, maintaining constant pH, 
temperature, and agitation speed. The test medium consisted of sulfide mineral, 
100 mL of 9 k solution, 10 ml of inoculum, pH of 1.8, average ambient temperature 
of 22°C, and constant agitation of 150 rpm. The analyses to determine the extrac-
tion of Cu and other elements were carried out by Atomic Absorption and Induced 
Plasma Spectrometry, in the laboratory of the School of Metallurgical Engineering 
and by third-party service, respectively. The bacterial population count was carried 
out at the Environmental Microbiology and Biotechnology laboratory of the School of 
Biological Sciences, UNMSM.

3.1 Mineral substrate as metabolic medium

An important factor of the ore under investigation is its nature; with the presence 
of diverse sulfides, being of interest the copper sulfides. The sulfide ore was milled at 
94% -200 Mesh to facilitate its oxidation and the supply of nutrients required by the 
inoculated microorganism.

The mineralogical composition of the sulfide ore that forms part of the substrate 
in the bioleaching was identified, containing mainly: iron, sulfur, copper, gold, and 
silver. As well as high content of gangue with sulfide compounds that will increase the 
pH in the leach liquor, with the consequent inhibition and suppression of microbial 
activity [27]. The degree of leaching to be achieved will depend on the type of surface 
of the mineral substrate, as a decrease in particle size means an increase in specific 
surface area so that dissolution or oxidation yields can be obtained without any 
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alteration of the total particle mass. A particle size of approximately 42 μm is consid-
ered optimal [28]. Additionally, the provision of a 9 k culture broth modified in its 
ferrous sulfate content favors the reactivity of the medium [29].

3.2 Isolation in solid and liquid media 9 k

First, colony morphology, cell morphology, ferrous ion oxidation, and tetrathionate 
oxidation were considered in the presumptive identification of the isolated bacteria. 
The colonies are then poured into solid medium (Petri plates) and allowed to gel by 
cooling. In total, 0.1 ml of bacterial strain from liquid culture was added. It is placed 
in an incubator at 28°C for periods of 5 to 10 days. The evaluation of growth was by 
direct observation from the fifth day based on the methodology of Hallberg et al. 
[30]. Reddish brown colonies were obtained due to the formation of ferric iron. The 
identified colony is reseeded in fresh liquid medium, thus achieving the enrichment 
of the strain and obtaining the intrinsic characteristics of At. ferrooxidans. Iron is used 
in both isolates because it is an essential micronutrient for bacteria and because of its 
oxidative and reductive properties, it acts as an electron transporter and as a cofactor 
for many enzymes. Subsequently, the pure strain was sent to the UNMSM Molecular 
Biology laboratory for identification and final characterization using the polymerase 
chain reaction (PCR) technique.

The Wizard Genomic DNA Purification Kit (Promega) protocol was used for chro-
mosomal DNA extraction. We then proceeded to design the universal primers that 
amplify the 16S ribosomal RNA coding gene. DNA sequencing used the dye termina-
tion method and the Applied Biosystems 3730 system from Macrogen USA was used. 
And finally, molecular identification was carried out by comparing the 16S rRNA 
gene sequences (16S rDNA) of the native strains with those available in the databases 
using the program BlastN version 2.0. The 16S rRNA sequences were obtained from 
GenBank/EMBL/DDBJ databases, according to the percentage of similarity, the 
RecB1a isolate was identified as At. ferrooxidans in 98% [31].

3.3 Bacterial adaptation in the presence of metallic sulfides

Adaptation tests are carried out by several researchers seeking to obtain a bacterium 
or bacterial consortium capable of growing in media consisting of mineral sulfides 
and sulfides refractory to conventional mineral extraction processes. We cite some 
studies carried out on the adaptation in minerals with the presence of arsenic and 
silver sulfides, being these compounds inhibitors to bacterial development. The tests 
consisted of adapting the bacterial strain to different media with different amounts of 
ferrous sulfate and pyritic sulfide mineral [32].

Once the 9 k medium was identified, modifying its iron content and at a favorable 
pH, adaptation was sought in the presence of minerals containing about 70% sulfides 
of various mineral species such as chalcopyrite, pyrrhotite, arsenopyrite, and others. 
The evolution or progress of the adaptation phase is determined by the variation of 
the redox potential [33], determining that above 500 mV a marked bacterial growth 
occurs, then inhibition, and finally the decrease of the population; possibly, by the 
saturation of the medium and/or by nutrient depletion.

The objective of this adaptation stage in the application of a bioprocess such as 
bioleaching is to obtain a bacterial microorganisms capable of growing in sulfur media, 
without the addition of iron sulfate; in other words, to make the microorganisms feed 
themselves with the iron contained in the material subjected to the bioleaching process, 
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this would help us to later carry out oxidation tests on refractory minerals containing 
high contents of pyrite, arsenopyrite and also, with arsenic and silver contents.

The isolated and identified bacterium (At. ferrooxidans) is subjected to media with 
mineral of approximately 80% sulfides, 10% arsenic, and 20% silicates, taking dif-
ferent amounts of mineral (1, 2, 3, and 4 g) and at different particle sizes. The basic 
conditions of the adaptation were: room temperature at an average of 20°C, pH 1.8, 
and shaker agitation at 150 rpm [34].

3.3.1 Adaptation to different quantities of ore

Four assays were carried out, with 1, 2, 3, and 4 grams of mineral pulverized 
at −200 mesh. In 250 mL Erlenmeyer flasks, 100 mL of 9 k medium and 10 mL of 
solution with At. ferrooxidans (pure culture) were added. The population and redox 
potential increased over time. The increase in potential occurs after a short latency 
period of approximately 10 to 12 hours. See Figure 1.

3.3.2 Adaptation to different ore particle sizes

Tests were also carried out with 100 ml of 9 k medium modified in its ferrous 
sulfate content and 10 mL of bacterial strain. Tests were carried out with the ore 
pulverized at −200 mesh and fractioned in three sizes: −200 + 325, −325 + 400, 
and − 400 mesh, taking 5 grams of each of the ore fractions. The ferrous sulfate 
content was limited to 11 g/L. The test with the mineral whose fraction corresponds to 
sizes smaller than 37 microns (−400 M) was of particular note. See Figure 2.

3.3.3 Prolonged adaptation

The test is carried out with the mineral pulverized at 80% - 400 mesh in 9 k liquid 
medium with 5.5 g/L of ferrous sulfate and 7.5 grams of the mineral. The adaptation 

Figure 1. 
Increase of the redox potential as a function of time. A greater increase in potential is achieved in the test with less 
mineral, consequently, less friction and less dissolution of its components, and less damage to the bacteria.
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is carried out for 380 hours, observing the increase of the potential with periods of 
inhibition. See Figure 3.

4. Bioleaching tests

The first tests performed corresponded to the chemical analysis of identification 
by elements, the results of which were subjected to theoretical analysis based on 
bibliographic information in order to define the operating parameters, as was done for 
the bioleaching tests of copper sulfide ores [28].

It is known that in bioleaching tests over a prolonged period of 60 days, the bacte-
rial population is maintained around 550–590 mV [35]. Also, the evolution of the 

Figure 3. 
Redox potential vs. adaptation time. The increase of the redox potential over a prolonged period represents the 
adaptation of the bacteria, the growth of its population, and consequently, the oxidation of the mineral.

Figure 2. 
Oxidation potential changes as a function of time with particle size fractions. A latency period of approximately 
40 hours is observed in the smallest size fraction, followed by an exponential increase in redox potential.
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bacterial population shows increases in a certain period of time, for example, between 
6 and 21 days of processing, the average bacterial population was 1.70x108 Cell/mL 
and 8.00x107 Cell/mL in the bioleaching of ore whose granulometries corresponded 
to −200 and − 325 Tyler mesh, respectively [33].

Bioleaching is performed in three consecutive stages with 1.0, 6.0, and 2.0% 
(W/V) of sulfide ore, the second and third stages using the best inoculum from the 
previous stage and under the conditions detailed in Figure 4.

A 9 k solution with different concentrations of ferrous sulfate is provided as 
nutrient substrate. During the tests, measurements of oxidation-reduction potential 
(ORP) and pH are taken; in addition, periodic sampling is carried out to determine 
the metals present, such as copper, iron, arsenic, and zinc.

4.1 First stage of bioleaching

The bioleaching solution had as main nutrient substrate medium 9 k at differ-
ent concentrations of FeSO4.7H2O between 0.0 to 15.0 g/L. For the assays, 500 mL 
Erlenmeyer flasks were used, where 3 g of mineral (1% W/V), 30 mL of bacterial 
strain of 7.05x107 Cell/mL, and 300 mL of 9 k solution containing: 3.0, 6.0, and 
9.0 g/L of FeSO4.7H2O were added. The pH was regulated to 1.8 by adding sulfuric 
acid solution. The process was carried out in an agitation platform (Orbit Shaker) 
at 150 rpm. According to research, the dose of ferrous ions for the bioleaching of 
sulfides such as pyrite and chalcopyrite differs depending on the characteristics of the 
mineral that contains them [36].

Figure 4. 
Stage bioleaching design with 1, 2, and 6% solids.
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The maximum copper recovery obtained in this stage was 72.64%, with 6.0 g/L 
of FeSO4.7H2O and the minimum recovery was 38.96% with 15.0 g/L of FeSO4.7H2O. 
Approximately 20 days after the start of the process, it is observed that the copper 
dissolution is drastically reduced. See Figure 5.

4.1.1 Effect on bacterial population growth

Bacterial growth was identified as a function of the ferrous sulfate content 
 provided, with an accelerated increase observed between approximately the 12th 
and 24th day, followed by a break, indicating the end of the bacterial popula-
tion growth stage. The maximum population density reached was at 24 days with 
4.75x107 Cell/mL with 6.0 g/L of FeSO4.7H2O reaching 67% of the inoculum, as 
shown in Figure 6.

The methodology used in bioleaching processes takes into account the adaptation 
stage, which is progressive for A. ferrooxidans bacteria in the presence of nutrient ions 
(Arias et al., 2015), where the reproduction of microorganisms is achieved; in parallel, 
the metal compounds in solution are increased [33, 37].

4.1.2 pH variation

The tests are started at pH 1.8 and at different concentrations of FeSO4.7H2O. 
During the first stage period, which lasts 19 days, the variation is observed and 
regulated. The pH varies from a minimum of 1.5 to a maximum of 2.2, on average 1.9. 
Finally, the trend is downward, probably due to the appearance of H+ and the forma-
tion of sulfuric acid, which can be seen in Figure 7.

Figure 5. 
Bioleaching in pulp containing 1% solids.
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4.1.3 Measurement of oxidation: reduction potential

Figure 8 shows the ORP values for each test performed; in the first 6 days, the test 
containing no ferrous sulfate increases from 360 mV to 585 mV on approximately 

Figure 6. 
Variation of the bacterial population during the first stage of bioleaching.

Figure 7. 
pH variation during the first stage of bioleaching.
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the tenth day. On the other hand, the sample containing 15.0 g/L of FeSO4.7H2O 
achieves its increase after 10 days from the start of the test to approximately 560 mV. 
Subsequently, all samples are maintained at around 575 mV.

4.2 Second stage of bioleaching

Tests were performed in 500 mL Erlemeyer flasks, adding 18.0 g of mineral 
(6% W/V), 30 mL of bacterial strain (10% V/V), and 300 mL of 9 k Medium with 
0.0, 2.0, 4.0, and 6.0 g/L of FeSO4.7H2O. The pH is regulated to 1.9 with sulfuric acid 
solution, the process was continued on a stirring platform at 150 rpm. Bacterial strain 
from the first stage is used. After 22 days of leaching, 89.38% copper extraction is 
achieved in a medium without the addition of ferrous sulfate. See Figure 9.

4.2.1 Effect on bacterial growth

Observed from the inoculation with the highest population strain obtained in the 
previous stage, whose concentration was 4.75x107 Cell/mL.

It is observed that the adaptive and exponential phases show the same trend in all 
tests. The exponential growth phase occurs approximately between the 8th and 12th 
day, achieving a maximum bacterial population of 6.30x107 Cell/mL in the test with-
out the addition of FeSO4.7H2O, higher than the concentration of the initial inoculum 
compared to the concentration of the first stage. See Figure 10.

4.2.2 pH variation

The pH of the solution increases during the first 7 days, possibly due to the 
increase in pulp density, being controlled with sulfuric acid solution until it recovers 

Figure 8. 
Measurement of oxidation-reduction potential (ORP). First stage of the bioleaching process.
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its initial value. As time goes by, the decrease is observed, being necessary for its 
recovery to the initial value of 1.8. See Figure 11.

4.2.3 Measurement of oxidation: Reduction potential

Figure 12 shows the behavior of the oxidation-reduction potential of all the tests. 
Achieving a maximum of 613.2 mV with the lowest amount of FeSO4.7H2O. It is also 
observed that they reach 600 mV approximately on the 8th day of leaching.

Figure 9. 
Bioleaching in pulp containing 6% solids.

Figure 10. 
Variation of the bacterial population during the second stage of sulfide ore bioleaching.
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4.3 Third stage of bioleaching

The use of Medium 9 k solution as leaching substrate is continued, varying the 
concentrations of FeSO4 7H2O. For the assays we continue using 500 mL Erlenmeyer 
flasks, add 6.0 g of sulfide mineral (2% W/V), 30 mL of bacterial strain (10% V/V), 
and 300 mL of 9 k substrate containing 0.0, 3.0, 9.0 and 15.0 g/L of FeSO4.7H2O. 

Figure 11. 
pH variation during the second stage of bioleaching.

Figure 12. 
Measurement of oxidation-reduction potential (ORP). Second stage of the bioleaching process.
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The pH is regulated with sulfuric acid solution. The process was continued on 
a stirring platform at 150 rpm. The inoculum is obtained from the previous stage. 
Controls of pH, oxidation-reduction potential, and bacterial population are 
carried out.

After 25 days of leaching, an extraction of 85.6% copper was achieved in the test 
without the addition of ferrous sulfate. See Figure 13.

4.3.1 Effect on bacterial growth

In the tests, they were inoculated with the strain with the highest bacterial popula-
tion resulting in the effluents of the second stage, whose bacterial population was 
6.30x107 Cell/mL. Exponential growth is achieved approximately after the second day 
of experimentation. In contrast to the first stage, the reduction was achieved in 8 days 
and compared to the second stage, in 5 days. Exponential growth ends after approxi-
mately 10 days. Higher growth (4.51x107 Cell/mL) is achieved in the test lacking the 
ferrous salt. It is concluded that bacterial adaptation and growth with the provision of 
mineral as a nutrient-supplying medium is a chemolithotrophic characteristic of the 
bacterium Acidithiobacillus ferrooxidans. See Figure 14.

4.3.2 pH variation

Increases and decreases in pH were observed during the first three days. The 
solution with 15 g/L of FeSO4.7H2O reaches a pH of 2.08 and is corrected with sulfuric 
acid solution, then an increase in acidity is observed, reaching a pH of 1.3, possibly 

Figure 13. 
Bioleaching in pulp containing 2% solids.
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caused by the solubilization of the acid components of the mineral. In the following 
17 days approximately, the variation is lower and is controlled with sulfuric acid solu-
tion, seeking to maintain around 1.8, then a marked decrease is observed (Figure 15).

4.3.3 Measurement of oxidation: Reduction potential

As can be seen in Figure 16, on the third day values close to the maximum are 
obtained, remaining almost constant during the rest of the test period. In contrast to 
the first stage where growth occurs between days 7 to 15 approximately, and in the 
second stage growth occurs between days 4 to 8 approximately. In this stage, the aver-
age maximum values oscillate around 585 mV for each of the tests.

5. Results

The level of adaptation to the new conditions is proportional to the amount 
of reseeding carried out and to the conditions of the substrates to which they are 
subjected with the possibility of making modifications. In the adaptation stage, the 
highest population growth of the bacteria isolated from the recovered mining unit is 
determined by the iron sulfate content in the substrate and the strict control of pH. 
These values were 22.2 g/L and 1.8, respectively.

Jarosite formation can occur at different potentials. The study by 
Ghahremaninezhad et al. [24], in several electrochemical circuits, identifies the 
formation of CuS at potentials around 750 mV and at 1400 mV the formation of 
jarosite, consequently, the hindering of the process. Yang et al. [23], in dissolution of 
a chalcopyrite electrode at potentials between 748 and 828 mV identified electrode 
passivation. In the present study, copper dissolution occurs throughout the test period 
and at the potentials revealed at each of the stages.

Figure 14. 
Growth of the bacterial population. Third stage of experimental processing.
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In the first stage of bioleaching, population growth is achieved approximately in 
the period from the 12th to the 24th day, followed by a break and with a tendency to 
remain constant during the duration of the stage. The highest bacterial population 
was 4.75x107 Cell/mL after 24 days with 6.0 g/L of FeSO4.7H2O substrate and reaching 
only 67% of the initial inoculum. While the oxidation-reduction potential shows a 
varied behavior during the growth period. In the first 6 days, the sample without the 
ferrous salt increases from 360 mV to 585 mV on about the 10th day. The sample of 
15 g/L of FeSO4.7H2O has a delayed increase but reaches a maximum of 560 mV. The 
remaining samples, on average, reach 575 mV.

Figure 15. 
pH variation during the third stage of bioleaching.

Figure 16. 
Measurement of oxidation-reduction potential (ORP). Third stage of the bioleaching process.
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In the second stage, the inoculated strain had a concentration of 4.75x107 Cell/mL, 
the adaptation and growth phases were observed to have the same growth trend in all 
tests; the exponential phase began on the eighth day, reaching a maximum of 6.30x107 
Cell/mL with 0.0 g/L of FeSO4.7H2O. The bacterial concentration is 42% higher in 
relation to the inoculum. The maximum value of oxidation-reduction potential is 
613.2 mV. In the test, with 2 g/L of FeSO4 7H2O, it is observed that it exceeds 600 mV.

In the third stage, the beginning of exponential bacterial growth occurs on the 
third day after the start of bioleaching, 9 days shorter than in the first stage and 
5 days shorter than in the second stage. The exponential growth ends after approxi-
mately 10 days. At this stage, it is observed that, in the absence of the ferrous salt, 
the concentration of 4.51x107 Cell/mL is achieved with a certain similarity to other 
concentrations of the iron salt. Meanwhile, ORP values have a remarkable evolution 
during the first 3 days and then tend to remain constant throughout the test period 
with an average value of 585 mV, 15 mV lower than in the second stage and 10 mV 
higher compared to the first stage.

Compared to the ORP increase, in the first stage, it occurs between days 6 to 10 
approximately, in the second stage it occurs between days 4 to 8 and in the third stage 
it occurs in the first 3 days; with redox potential increases between 420 and 560 mV 
approximately. Contrasted with the results of the instrumental analysis carried out 
to determine the presence of chalcopyrite, disulfides, and polysulfides on the surface 
of the mineral causing the passivation and hindering the dissolution of the mineral, 
several redox potential ranges are identified. Thus, chalcopyrite is predominantly 
oxidized to polysulfide when the redox potential is below 350 mV and a low dissolu-
tion rate occurred when the redox potential is in the range of 350–480 mV, chalcopy-
rite was mainly transformed into Cu2S intermediate species instead of polysulfide, 
increasing the dissolution rate, and when the redox potential is above 480 mV, 
chalcopyrite was directly oxidized to polysulfide, which causes passivation of chal-
copyrite [3]. Also mentioned is the dissolution of iron from the chalcopyrite surface 
in the 475 to 700 mV potential range, leaving a slowly dissolving S2

2− and Sn
2−, layer 

above 700 mV [38].
The measurement of the potential (Ev) is the dissolution of the electron giver and 

electron acceptor at varying substrate concentrations at pH 1.8 and at 22°C, show-
ing increasingly positive values due to the increasing tendency to accept electrons 
with the consequent formation of sulfates. In this regard, Vilcáez et al. [21] mention 
that optimal temperatures for thermophile growth did not always mean high copper 
extraction yields, suggesting that with a high pH (pH 2.0), the bioleaching of chalco-
pyrite is more efficient, concluding that the bioleaching of chalcopyrite is controlled 
by ORP rather than by pH or temperature.

6. Conclusions and recommendations

The acid drainage of the mine workings studied (Huancavelica – Peru) is acidic, 
with a pH in the range of 3.0 to 4.5 pH, with a significant amount of metals in solution 
and abundant microorganisms such as the bacterium At. ferroooxidans.

Bacterial species are satisfactorily adapted to different media containing varying 
amounts of iron as sulfides and oxides, coming from highly mineralized quarries 
(presence of iron, copper, lead, zinc, sulfur, silica, gold, silver, and others). However, 
the qualitative and quantitative determination of the bacterial strain is still under 
investigation and will depend on the constitution of the mineral substrate provided.
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The redox potential as a determinant of the growth and metabolism of the culture 
indicates its capacity to accept or donate electrons, that is, the oxidizing or reducing 
characteristics of the components of the medium or substrate, determined in part 
by the oxygen concentration. These oxidizing characteristics are those required by 
bacteria of the genus thiobacillus, favoring their growth and the development of an 
oxidative metabolism.

Also, the redox potential indicates the metabolic activities of living microorgan-
isms and can be used to specify the environment in which microorganisms are able to 
generate energy and synthesize their enzymes or generate new cells without resorting 
to molecular oxygen.

Undoubtedly, the mineralogical composition of the mineral, as well as the struc-
ture of the species, together with the temperature, pH, and physical conditions of the 
mineral, will determine the bacterial growth, the redox potential, and the degree of 
dissolution and extraction of the elements of interest during the leaching process with 
sulfur and iron oxidizing microorganisms.

In the bioprocesses applied to sulfur minerals, the simple and compound ions, 
together with the bacterial consortium, transfer the electrons coming from the oxida-
tion of inorganic matter to the available electron acceptors of a more oxidizing nature, 
allowing to obtain the greatest margin of energy gain for the oxidation of the mineral 
substrate present, from which the carbon and energy necessary for its evolution are 
provided, being a mechanism typical of chemo lithotrophic organisms.

The oxide reduction potential offers many advantages in real-time monitoring. 
The variation in the dissolution of mineral sulfides can be attributed mainly to two 
factors, 1. the type of measuring electrode and 2. the composition of the mineral 
substrate, the dissolution of some of its components will determine the change in pH 
and consequently the increase or decrease of the potential.

The different oxidation statuses of sulfur (−2, 2, 2, 4, and 6) provide a redox 
potential and a great variety of enzymes that can oxidize different inorganic sulfur 
compounds; for this reason, it is advisable to identify them, as well as the metabolic 
routes, allowing to optimize the conditions of the sulfur oxidation reactions and to 
improve the bacterial catalytic activity.

During bioleaching, after a period of time, the oxidation rate and/or the dissolu-
tion of the valuable elements present in the ore show a decrease or even interrup-
tion caused by the passivation of the ore surface, as well as by the saturation of the 
medium with ionic compounds. Therefore, it is recommended to purify or change the 
enriched solution.
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Chapter 7

Role of Various Physicochemical 
Factors in Enhancing Microbial 
Potential for Bioremediation of 
Synthetic Dyes
Radhika Birmole and Aruna K. Samudravijay

Abstract

The Indian dye industry is globally recognized for production and export of 
every known class of dye. On the less attractive side of industrialization, they 
contribute considerably to environmental pollution. The dyes discarded by indus-
tries persist in the environment due to extremely slow rate of biodegradation. 
Moreover, these dyes are toxic to insects, birds and terrestrial life. The dyes also 
hamper the light penetration in water bodies, severely affecting the the process of 
photosynthesis. In spite of the problems associated with synthetic dye disposal, 
they are industrially preferred due to their fundamental requirement in enhanc-
ing overall appearance of goods, quality and cost effectiveness. Several studies 
have reported physicochemical techniques for remediation of dye effluents. Most 
of these techniques pose significant drawbacks due to their high energy and cost 
requirements. The bioremediation approach, on the other hand, offers advantages 
of sustainable environmental friendly processes to detoxify and degrade dyes into 
harmless products. This chapter provides an overview of the potential role of vari-
ous physicochemical factors such as pH, temperature, oxygen and nutrient concen-
tration in optimum decolorization of dyes by naturally isolated microbial strains. 
In addition, the role of cosubstrates, electron acceptors and microbial enzymes are 
also discussed.

Keywords: sustainable, bioremediation, physicochemical techniques, dyes, optimum

1. Introduction

The synthetic textile industry is estimated to be a trillion dollar industry that 
utilizes dyes on a large scale. Besides, dyes are used extensively in most of the small 
and large scale paint, automobile, and cosmetic industries [1]. According to the most 
recent buiseness report, several thousand tons of dyes are manufactured every year 
acquiring 15.59 billion dollar global market in 2022 with a compound annual growth 
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rate of 11.5% [2]. Statistically, among the manufactured dyes, 70% are azo-dyes and 
15% are anthraquinone dyes. The remaining 15% constitute of all other dyes such as 
triphenylmethane and phthalocyanine dyes [3, 4]. It is estimated that 20% of the dyes 
are lost during processing and application and become a part of industrial effluents 
[1]. The synthetic dyes are derived from petroleum products. They contain unsatu-
rated chromophore groups that contribute to the color and stability of the molecule. 
Many of the synthetic dyes are reported to have carcinogenic properties. Disposal of 
untreated dye effluents significantly harms the soil as well as aquatic flora [5]. For this 
reason, remediation processes have received tremendous attention from researchers 
of related fields.

The physical techniques of dye remediation include reverse osmosis, photodeg-
radation, coagulation, flocculation, and ion exchange method for ultra-filtration. 
However, these processes generate huge amount of sludge, which contains a mixture 
of partially remediated and precipitated compounds. They are collectively known as 
secondary waste products [6]. Most of these secondary waste compounds produced 
on photodegradation exhibit equal or more toxicity as compared to the parent dye 
molecule [7, 8]. As opposed to physical methods, the biological techniques for the 
degradation of dyes have three major advantages [9, 10].

1. Bioprocess technologies do not contribute to secondary contamination. 
There is relatively less sludge production and degraded dye metabolites are 
 environmentally benevolent.

2. Biological methods can be implemented in situ at the polluted site.

3. They are cost effective.

The environment is replete with a wide range of microorganisms possessing 
unique abilities to degrade natural and man-made complex compounds. The screen-
ing and isolation of microorganisms degrading synthetic dyes from a variety of 
natural samples or microorganism enriched samples due to anthropogenic activities 
have been carried out by many researchers. Bacteria are the most frequently preferred 
microorganisms for treating industrial effluents because they are easily adapted to 
new environment and have short generation time. Some being facultative can grow 
aerobically or anaerobically. Some bacteria have naturally adapted to live in severe 
environmental settings with respect to salinity, pH, and temperature and have the 
ability to produce a variety of oxidoreductases that effectively remediates several 
classes and mixture of dyes [9].

The general observation by many workers is that most azo dyes resist biodegrada-
tion in traditional aerobic sewage treatment plants due to inhibition of azoreductase 
[11–16]. From the existing available knowledge, bacterial anaerobic azo bond cleav-
age is well suited in the elimination of azo dyes from effluent processing systems. In 
static cultures, the exhaustion of oxygen can be easily achieved for the purpose of 
breaking the azo linkage by facultative and anaerobic bacteria. These biochemical 
reactions occur at pH 7.0 and involve low-molecular-weight redox mediators, which 
are extremely unspecific. The existence of supplementary carbon nutrients elevates 
the reduction rates. The reducing counterparts are created during metabolism of 
these nutrients, which can ultimately be utilized for reducing the azo dye biochemi-
cally [14, 15]. The production of naphthylamine, benzidine derivatives, and other 
amines, however, is a major limitation in anaerobic biodegradation of azo dyes due to 
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their presumed toxicity and serious health threat to humans [11, 13]. As a practical 
solution to this problem, comparatively few reports of azoreductase production by 
aerobic bacteria are reported in literature [17, 18]. For instance, Oturkar et al. [19] 
investigated the decolorization of RR120 using Bacillus lentus and reported 98% and 
70% decolorization under anoxic and aerobic conditions respectively. However, the 
presence of N2 gas with complete O2 free atmosphere led to loss of decolorization 
ability of B. lentus. Hence, screening of potential bacterial strains and optimization of 
their dye degradation ability can be extremely helpful in overcoming the challenges of 
dye remediation.

2. Selection of promising isolates

The original load of microorganisms capable of degrading dye molecules is low 
in natural samples. Hence, many research groups carry out enrichment of samples 
during screening programs using growth media such as mineral salts medium or 
Bushnell and Hass medium (BHM), either amended or not amended, with organic 
carbon and/or nitrogen sources [20–28], medium containing peptone-yeast extract 
or peptone-glucose [27, 29], nutrient broth [30–32], and synthetic wastewater [33]. A 
different formulation of medium consisting of 1% peptone in distilled water/seawater 
in 1:1 combination was used by Srinivasan et al. [34] for the enrichment of mangrove 
sediments.

Also, considering the diversity of microbial species in natural ecosystem, the 
possibility of isolation of potential dye degraders is increased on careful selection 
of samples. Few examples of samples used by scientists for isolation of dye degrad-
ers are mangrove swamps [35], water and sludge from the drain [20], soil collected 
from distillery spent wash contaminated sites [36], textile dye effluent from CETP 
(Common Effluent Treatment Plant), Perundurai, Chennai, Tamilnadu [37], soil near 
the tannery, Central Leather Research Institute, Tamil Nadu, Chennai, India [38], the 
effluent from dye manufacturing unit [31], lake mud [39], soil sample from tannery 
effluent [32], soil, textile effluent and sewage [21], and beach water [40].

For selection and purification of the promising isolates for dye decolorization/
degradation process, enriched microflora is isolated on the solid media of same or dif-
ferent composition with or without synthetic dye. Sugiura et al. [41] made use of syn-
thetic medium comprising azo dyes as the sole carbon supply for enrichment of soil 
samples and isolated dye decolorizing bacteria from enriched media on nutrient agar 
containing 0.02% azo dye. BHM supplemented with dye (Direct Red 81, 100 ppm) 
being a single carbon source or accompanied by yeast extract and glucose was used for 
the enrichment and isolation of samples obtained from effluent-contaminated areas 
near-by dyestuff units [24]. In contrast, Alhassani et al. [42] used nutrient broth and 
nutrient agar without dye for the enrichment and isolation during screening.

During the screening process, microorganisms are assessed based on their abil-
ity to decolorize the dye metabolites. Confirmation of dye degradation is done by 
evaluating the nature of degraded dye metabolites using analytical techniques such 
as High-Performance Liquid Chromatography (HPLC) or Gas Chromatography Mass 
Spectrophotometry (GC-MS). The two different approaches for selection of efficient 
dye decolorizer degrader are reported in literature. First approach uses nutrient 
medium without dye for isolation, and morphologically distinct colonies are selected 
for further dye decolorization assay in liquid culture medium having defined dye 
concentration. The quantitative measurement of the decolorization given by the 
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organisms in terms of either percentage decolorization or the rate of decolorization 
is considered for the selection of strains [30]. The preliminary quantitative measure-
ment of dye decolorization/degradation is estimated using a UV-Visible spectropho-
tometer. The decolorized broth is freed of cells and used for spectrum scan from 200 
to 800 nm using sterile nutrient medium as blank. Abiotic control is also subjected 
to spectrum scan using same range of wavelengths. The absorbance values of abiotic 
control at the λmax of the dye in the visible range and that of the decolorized broth 
at the same λmax are used to calculate the percent decolorization [43]. Based on the 
above method, Guadie et al. [22] isolated and purified 135 morphologically different 
colonies using spread plate method and tested decolorization/degradation in liquid 
mineral salts medium containing RR239. Similarly, Kannan et al. [24] obtained seven 
isolates on nutrient agar plates, which were further grown in mineral salts medium 
containing Remazol Black B dye (1000 mg/L) for assessing the decolorization/degra-
dation ability.

The second approach used for selection of decolorizers uses isolation of the 
enriched samples on dye containing nutrient agar, to observe clear zones around the 
colonies. The organisms showing the largest decolorization zones are selected for 
further screening of their decolorization potential. Using this approach, Chen et al. 
[39] observed white and pink colonies with decolorized zones on screening medium 
containing RED RBN dye, and these were further tested for decolorization capability 
in submerged cultures.

In contrast to the above two approaches, Nawahwi et al. [44] described a rapid 
isolation technique without enrichment to isolate the dye decolorizing bacteria on 
sterilized textile wastewater agar medium (wastewater sterilized using membrane 
filter or autoclaved) using spread plate technique. The bacteria that formed colonies 
with clear zones on this medium were selected for further screening. This method was 
also applied for the decolorization by Basidiomycetes strains on agar plates containing 
0.2 g/L of Orange G or Remazol Brilliant Blue R; however, only 15 strains decolorized 
both the dyes tested with demarcated clear regions surrounding the colonies [45].

3. Inoculum preparation

The commonly used biomass parameters, i.e., Optical Density (OD) and volume 
of cells (saline suspension or medium grown) are used to standardize the optimum 
cell number for a successful decolorization/degradation process. Various research-
ers describe a number of ways for the preparation of inoculum. Few studies have 
employed overnight grown pure cultures for studying dye decolorization as described 
by Mahmood et al. [20] wherein 0.6 OD597nm was adjusted for five bacterial isolates to 
optimally decolorize Remazol Black B. For the biodecolorization of reactive orange 
using Bacillus sp. ADR, 1.0 OD620nm equivalent to 1.818 g dry cell weight/L was used 
by Telke et al. [46]. A 10% v/v of freshly grown Brevibacillus sp. with 0.3 OD600nm was 
used in degradation of Toluidine Blue [41].

Khalid et al. [25] prepared inocula of two Shewanella sp. with 1.0 OD550nm and 
used 2%v/v for azo dye decolorization. In another study, Junnarkar et al. [23] 
used inoculum size 5–30% v/v with 5% interval of novel bacterial consortium for 
Direct Red 81 degradation. Similar inoculum preparation was reported by Du et al. 
[47] for Aeromonas sp. strain DH-6 during metabolism of azo dye Methyl Orange. 
Likewise, the ratio of 50:1 of medium to inoculums (OD600nm 1.0) was used for 
studying degradation of textile dyes by Stenotrophomonas maltophila RSV-2 [48]. 
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Similarly, the inoculum size of 4–20% at intervals of 4%v/v was used for the 
bacterial consortium RVM11.1 in the decolorization of RV 5 [26]. Kurade et al. [49] 
have reviewed biodegradation of Disperse Red 54 with pregrown cell mass (24 h) 
of Brevibacillus laterosporus. Inoculum size of 1–5% v/v was tested using 3-day-old 
broth grown Streptomyces DJP15 for the degradation of Azo Blue dye [50]. Similarly, 
Shewanella decolorationis S12 was grown in 50 mL LB on shaker (150 rpm) at 30°C. 
The cell mass was collected by centrifugation and uniformly suspended in phos-
phate buffer, pH 8.0, which was used as 10%v/v inoculum size of suspension for all 
the biodegradation experiments [51].

4.  Physicochemical parameters influencing the decolorization/
degradation of dyes by bacterial isolates

4.1 Nutrient media

The dye degradation studies have used complex, synthetic, or semisynthetic 
nutrient media for studying biodegradation of dyes. The qualitative and quantitative 
nutrient composition of the medium is important for microbial degradation. This 
is due to the fact that certain nutrients of the medium are better donors of electrons 
than others to reduce the azo linkages in the substrate dye under static condition, or 
the nutrients may provide certain vitamins essential for catalytic activity of enzymes 
important during dye degradation. Khan [40] studied degradation of dye Red 2G 
using Bacillus megaterium sourced from seawater wherein a modified mineral salt 
basal medium deficient of nitrogen source was used to check the proficiency of the 
decolorizing strain to use the dye as a nitrogen source. However, most microorgan-
isms require an organic cosubstrate for the dye degradation, thereby essentially 
necessitating the use of complex media for the degradation of the dye. For instance, 
Junnarkar et al. [23] used bacterial consortium NBNJ6, which exhibited best decol-
orization of Direct Red 81 dye when casein and starch were present in the medium. 
The bacterial cultures are incapable of decolorizing the dyes without cosubstrate/
electron donor, which suggests that the availability of additional carbon resource is 
vital for the growth of the bacteria as well as for the dye decolorization [27]. However, 
few microorganisms use dyes as the only source of nitrogen and carbon. One such 
evidence is reported for Bacillus sp. isolated in the degradation process of Congo Red 
by Gopinath et al. [32].

Jadhav et al. [52] have stated five media to understand the influence of different nutri-
ents on methyl red degradation by Saccharomyces cerevisiae MTCC 463. These media were 
plain distilled water (100 mL), 5% mineral salts medium supplemented with 1% glucose, 
yeast and peptone extract at 0.1% each in distilled water, 0.1% peptone in distilled water, 
and 0.1% yeast extract in distilled water. The significance of certain nutrients for dye 
degradation can be interpreted with such experiments. The decolorization/degradation 
of sulfonated azo dye, Reactive Orange 16, in nutrient broth by Bacillus species ADR was 
studied by Telke et al. [46]. In the same year, Ben Mansour et al. [53] used mineral growth 
medium having a wide range of inorganic salts as macro and micronutrients and pres-
ence of glucose (1%) to study degradation of Acid Violet 7 by Pseudomonas putida mt-2. 
E. coli and Pseudomonas sp. were used for decolorization/degradation of Direct Black 
38 and Congo Red (Direct Red 28) in Vanderbilt mineral medium containing glucose 
as cosubstrate. Similarly, the biodegradation of textile azo dyes such as Direct Blue 71, 
RB 5, RY107, and RR 198 by Staphylococcus arelettae strain VN-11 was studied in rich 
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mineral salts medium containing a variety of salts, 0.3% glucose, 100 ppm of each dye 
with 0.1% yeast extract [54]. A model dye Direct Black 22 and few other azo dyes were 
studied for degradation by novel bacterial consortium DMC using Bushnell Hass medium 
supplemented with 0.1% glucose, 0.06% yeast extract (BGY medium) [14]. Usha et al. 
[21] studied degradation of RR120 and RB5 by Aeromonas punctata and P. aeruginosa 
using mineral salts medium broth and agar supplemented with 50 ppm glucose. Pandey 
and Dubey [37] used LB medium to degrade dye RR-BL using Alcaligenes sp. AA09. 
Also, the decolorization studies of Azo Blue dye were carried out in starch-casein broth 
with Streptomyces DJP15 by Pillai [50], while Modi et al. [31] carried out the decoloriza-
tion assays for RR195 with pure culture and consortium using nutrient broth with and 
without glucose and in mineral salt medium.

4.2 Role of aeration

The dye degradation under static or shaker condition is closely based on the dye 
chemistry. The chemical structure and functional groups of the dye alter the efficiency 
of bacterial dye decomposition. Moreover, the decolorizing ability of the microorgan-
ism is closely related to its function as a facultative anaerobe. To understand the effect 
of aeration on dye degradation, facultative cultures such as E. coli and Pseudomonas 
species were grown aerobically, anaerobically, and microaerophilically using Direct 
Black 38 and Congo Red. Sodium thioglycollate was used to create anaerobiosis. 
Nachiyar and Rajakumar [38] subjected degradation assay of Navitan Fast Blue S5R by 
P. aeruginosa under shaker and static culture conditions. Pandey and Dubey [37] also 
carried out biodegradation study of RR-BL by Alcaligenes sp. AA09 under static condi-
tion and on an orbital shaker (150 rpm). Kalme et al. [55] too used static and shaking 
condition (120 rpm) with Pseudomonas desmolyticum NCIM 2112 to study biodegrada-
tion of Direct Blue 6. However, Modi et al. [31] subjected decolorization/degradation 
by bacterial isolates of four dyes soluble in water under static condition only. Elisangela 
et al. [56] evaluated decolorization of four azo dyes using Brevibacterium species strain 
VN-15 in an agitated and static sequential batch procedure. The choice for degrada-
tion of various dyes by microorganisms is not defined and changes under different 
conditions. Therefore, both anaerobic and aerobic conditions were used in a fluid-
ized bed inoculated with Pseudomonas sp. L1 for biodegradation of Reactive Blue 13 
experimented out by Lin et al. [57]. Similarly, disperse dye, Terasil Black degradation 
by recently isolated Bacillus species was tested on shaker (200 rpm) and under anaero-
bic condition. The anaerobic condition was created by sealing the flasks with sterile 
rubber stopper and purged with oxygen free nitrogen and incubated under stationary 
condition [58].

4.3 Role of temperature

The temperature affects dye degradation process significantly. Incubation tem-
perature for decolorization/degradation ranging from 5 to 45°C was evaluated for 
degradation of Malachite Green by Sphingomonas paucimobilis. Telke et al. [46] also 
examined nearly same temperature range of 4–50°C while studying color removal 
of Reactive Orange 16 by Bacillus sp. ADR. A narrow range of temperatures between 
25 and 50°C was used by Junnarkar et al. [23] while studying the degradation of 
Direct Red 81 with the help of a fresh bacterial consortium. Likewise, Bacillus sp. was 
subjected to incubation temperatures of 31–41°C at intervals of 2°C while degrading 
Congo Red [32]. Saratale et al. [59] studied the decolorization/degradation under the 
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temperature range of 30–50°C for Reactive Green 19A degradation in nutrient broth 
with Micrococcus glutamicus NCIM-2168. Decolorization of Brilliant Blue G by fungal-
bacterial consortium was carried out at 5°C, 30°C, 50°C, and 60°C [60]. Parshetti 
et al. [61] studied decolorization performance for Kocuria rosea MTCC 1532 with 
Methyl Orange using temperature range 10–50°C at intermissions of 10°C. Aeromonas 
hydrophila strain DN322 was inoculated in M-9 medium with 0.1% (w/v) yeast 
extract, which was incubated at 4°C, 10°C, 20–50°C at intervals of 5°C to establish the 
optimal temperature for its growth and decolorization of dyes [62]. Lastly, separate 
batches of Nutrient medium were incubated at 15–40°C for the biodegradation study 
of Crystal Violet by Shewanella species [63].

4.4 Role of pH

The acidity or alkalinity of the growing environment can alter the microbial 
multiplication rate and biochemical activities, thereby influencing the decolorization 
efficiency. Hence, an ideal pH is essential for the multiplication of the decolorizing 
strain as well as enhancing the decolorizing activity. This is because the dye degrad-
ing process is a metabolic process governed by enzymes. Thus, for the highest rate 
of decolorization, the optimal pH for the organism needs to be identified [64]. A 
range of pH from 2.0–14.0 was used for studying decolorization/degradation of 
Direct Red 5B in nutrient broth by Comamonas sp. UVS [65]. Similar range of pH 
in basal medium with molasses as carbon source was evaluated by Tamboli et al. 
[66] while studying the biodegradation of Direct Red 5B using Sphingobacterium 
sp. ATM. The biodisintegration of Scarlet R with the help of microbial consortium 
GR was checked in the pH range of 5.0–12.0 in nutrient broth by Saratale et al. [67]. 
Similarly, for the consortium of Bacillus species and Galactomyces geotrichum, pH 3.0, 
5.0, 7.0, 9.0, and 12.0 were studied for Brilliant Blue G degradation [65]. On the same 
note, Li and Guthrie [68] studied metal-complex dyes removal by Shewanella strain 
J18143 at pH 4.0, 5.6, 6.8, 8.0, and 9.2. Khalid et al. [69] also used similar pH range 
of 4.0–10.0 in mineral salt medium for the azo dyes degradation by employing the 
genus Shewanella under saline condition. Degradation by new strain of Alcaligenes 
faecalis of Reactive Orange 13 was studied over the pH range of 5.0–10.0 in nutrient 
broth, whereas a still wider pH range of 2.0–11.0, using mineral salts medium during 
degradation of Malachite Green by Sphingominas paucimobilis.

4.5 Role of salinity

Common salt is added to dye bath at high concentration to enhance dye fixation. A 
limitation in the development of bioremediation of textile wastewater is the sucep-
tibility of numerous dye decolorizing bacteria to elevated concentration of sodium 
chloride. Hence, it is important to decide the effective NaCl cocentrations for the 
efficient dye decolorization/degradation by bacteria. Salinity in the range of 1–9% 
at intervals of 2% was checked for textile dye degradation using Stenotrophomonas 
maltophila RSV-2. Khalid et al. [69] also examined Shewanella sp. for their decolor-
ization/degradation potential in salinity ranging from 0% to 10% (w/v) of NaCl. 
Exiguobacterium sp., a new salt tolerant organism screened from the top soil near a 
pharmaceutical plant, China was subjected to 2–15%v/v concentration range of NaCl 
in semisynthetic medium to study its dye degradation. Likewise, acclamatized natural 
consortium in the form of activated sludge was employed for degradation of dyes by 
Dafale et al. [70] in the range of 0–10% concentration of NaCl for degradation of RB 
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5. A similar study was conducted by Oturkar et al. [19] using 1–5% salt concentration 
for RR120 decolorization by B. lentus BI377.

4.6 Role of Cosubstrates/electron donors

Various organic acids, amino acids, sugars, and organic nitrogenous ingredients 
act as redox mediators supporting the electron dependent azo bond breakdown by 
the degrading strain. Therefore, different types of cosubstrates/electron donors 
need to be enumerated for the decolorizing strain for optimization of the degrada-
tion process. However, such studies do not follow a recommended list to outline the 
cosubstrate/electron donor affecting the degradation kinetics. Yet, many researchers 
have attempted to investigate the part of cosubstrate/reductant for the azo dye degra-
dation. For instance, various carbon sources such as glucose, mannitol, yeast extract, 
and maltose at 0.4% concentration were tested for their effect as cosubstrate/electron 
donor on degradation of Remazol Black-B (100 mg/L) by five bacterial isolates using 
minimal salt medium [20]. Similarly, Junnarkar et al. [37] examined decolorization/
degradation by novel bacterial consortium NBNJ6 of Direct Red 81 using the 0.1% 
of cosubstrates/electron donors such as dextrose, sucrose, cellobiose, and starch in 
combination with yeast extract. They also used 0.1% starch in combination with 0.1% 
each of peptone, casein, tryptone, meat extract, and likewise employing starch and 
casein individually in Bushnell and Hass medium. In the same way, various concen-
trations of yeast extract (10–50 mg %) as cosubstrates/electron donors were tested by 
Pandey and Dubey [37] to check for the biodegradation efficiency of Alcaligenes sp. 
AA09 with RR-BL as a model dye. Various carbon sources (0.5–5%) such as glucose, 
arabinose, fructose, raffinose, rhamnose, xylose, starch, sucrose, and nitrogen 
nutrients similar to peptone, yeast extract, tryptone, beef extract, soya-bean meal 
were supplemented in mineral salt medium by Nachiyar and Rajakumar [38] during 
degradation study of Navitan Fast Blue S5R using P. aeruginosa. Similarly, Saratale 
et al. [59] attempted Scarlet R biodegradation with consortium GR in presence of 
1% each of nitrogen and/or carbon supplying nutrients such as sucrose, starch, malt 
extract, lactose, glucose, casein, beef extract, yeast extract, urea, peptone added to 
the synthetic medium. In an alternative study, Tamboli et al. [66] studied the degra-
dation of Direct Red 5B along with the production of Polyhydroxyalkanoates (PHA) 
by Sphingobacterium sp. ATM using basal medium with glycerol, glucose, starch, 
molasses, and fried oil as different carbon sources and cheese whey and urea as the 
source of nitrogen. Likewise, the degradation of five dyes with the help of bacterial 
consortium HM-4 was studied by Khehra et al. [71] in mineral salts medium with 
0–7.0 mM glucose and 0–0.15% w/v of yeast extract as cosubstrates/electron donors. 
Similar cosubstrates were used by Moosvi et al. [26] in Bushnell Hass medium with 
0.05% yeast extract and 0.1% glucose during degradation of RV 5 by the consortium 
RVM 11.1 wherein the impact of other carbon sources such as combinations of 
glucose, sucrose, starch, hydrolyzed starch, sodium acetate, lactose, sodium formate 
with yeast extract was also studied. For the biodegradation of Disperse Red 54 by 
B. laterosporus, Kurade et al. [49] used 0.5% w/v of various nutrient sources such as 
starch, glucose and 0.5% w/v of peptone, yeast extract, urea, and NH4Cl in Bushnell 
Hass medium. Eleven types of carbon nutrients such as galactose, xylose, glucose, 
sucrose, maltose, lactose, raffinose, mannitol, starch, carboxy methyl cellulose glyco-
gen, and four nitrogen nutrients such as YE, peptone, urea, meat extract were inves-
tigated for their influences on the decolorization/degradation of four water-soluble 
dyes using various dye house effluent bacterial isolates [31]. Rajeswari et al. [48]  
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also studied the effect of 0.05%, 0.1%, 0.2%, 0.4%, and 0.8% w/v yeast extract on 
the textile dyes decolorization/degradation using Stenotrophomonas maltophila RSV-2. 
During the degradation of Red 2G by Bacillus sp. isolated from textile effluent, dif-
ferent carbohydrates such as dextrose, sucrose, maltose, starch, cellulose were used 
in M-9 medium. Also, different nitrogen sources such as peptone, tryptone, tyrosine, 
glycine, and ammonium ferrous sulfate were checked for their ability to support 
dye degradation by their isolate [72]. A different set of cosubstrates/electron donors 
were analyzed by Chen et al. [39]. They analyzed the effect of organic acids with 
one carbohydrate using 20 mM each of lactate, formate, butyrate, pyruvate, acetate, 
arabinose on Crystal Violet degradation by Shewanella species NTOU1.

4.7 Role of alternate electron acceptors

Azo dye degradation is majorly considered as membrane-bound metabolic activ-
ity in the absence of oxygen using dye molecule as an oxidant for the re-oxidation 
of reducing equivalents produced during metabolism. Any other external electron 
acceptor such as few ions having favorable redox potential acts at the terminal point 
of electron transport chain and can quench the electrons otherwise used in the 
breakdown of the dye. For instance, the nitrate and nitrite salts are generally used 
in dye baths to improve substantivity to the cloth fibers [39, 73, 74]. However, the 
mechanism used by the decolorizing strain is redox mediated catalysis for break-
down of various bonds present in the synthetic dyes. Nonetheless, in the enzymatic 
breakdown of the dye, interference by few ions may lower the rate of the degradation 
process by accepting the electrons that were originally designated for breaking the dye 
bonds and acting like an electron sink [75]. Liu et al. [76] point out to the above phe-
nomenon in the breakdown of Acid Red 27 (AR 27) by Shewanella oneidensis MR-1. 
They used humic acid as the redox mediator for the degradation of AR 27, which led 
to increase in decolorization efficiency by 15–29%; however, on increasing the con-
centrations of the salts of nitrates and nitrites, the color removal, which was vetted in 
the presence of the redox mediator, was revoked. This may be due to the preferential 
redox potential of nitrate and nitrite ions as compared to the dye. Similarly, Chen 
et al. [39] scrutinized Crystal Violet degradation by Shewanella species NTOUI in 
the presence of ferric citrate, thiosulfate, nitrite ferric oxide, or manganese oxide as 
electron acceptors in the medium.

4.8 Influence of initial dye concentration

The ability of the decolorizer to withstand increasing initial concentrations of 
a dye is closely linked to its toxicity tolerance to the dye under higher concentra-
tion. Also, the ability to tolerate increasing initial dye concentrations is linked to 
the structure of the dye. For instance, Oturkar et al. [19] subjected B. lentus BI377 
to 250–1500 ppm of RR120 for checking the maximum decolorization/degradation 
performance of the bacterium. Similarly, 50 mg/L–1500 mg/L of Crystal Violet was 
used for studying the degradation by Shewanella sp. NTOUI [39]. Jadhav et al. [52] 
checked degradative proficiency of Comamonas sp. UVS with dye concentration 
ranging from 50 ppm–1100 ppm. Similarly, medium amendment was done using 
100–500 mg/L at intervals of 50 mg/L of Remazol Black B while studying the dye 
degradation by P. putida [24]. Likewise, Pandey and Dubey [37] studied the effect of 
50 ppm–500 ppm of RRBL during the degradation by Alcaligenes sp. AA09. While, 
for the biodegradation of Congo Red using Bacillus sp. the dye concentration range 
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was 100 ppm–1000 ppm [32]. Also, Khalid et al. [69] have studied the degradation 
of 100–500 mg/L concentration of AR 88 and Direct Red 81 using Shewanella putre-
faciens AS96. For the degradation of RV 5 by the consortium named RVM 11.1, the 
concentration range from 50 ppm to 400 ppm was used [26] while for an acclimatized 
microbial consortium the initial dye concentration of 200 ppm–1000 ppm of Reactive 
Black 5 was tested for its degradation ability [70].

4.9 Anaerobic azo dye degradation

Under anaerobic conditions, acidogenic, acetogenic, and methanogenic bacte-
ria have been used for dye decolorization/degradation [77]. The catabolic organic 
nutrient source is required by these bacteria for dye decolorization/degradation. The 
nutrients such as acetate, ethanol, starch, glucose, tapioca, and whey were checked 
during decolorization of dye under methanogenic environments [73, 78–80]. The 
claim of methanogens being associated with dye decolorization/degradation has also 
been supported by Razo-Flores et al. [81]. In contrast to the above finding Yoo et al. 
[80] confirmed Orange 96 decolorization/degradation in the presence of an inhibitor 
specific to methanogens, i.e., 2-bromoethanesulfonic acid (BES), and the reduc-
tion in degradation was supported by the role of sulfate-reducing bacteria (SRB) in 
this process. The first step during azo dye degradation under anaerobic and aerobic 
conditions using bacteria is the reduction of the azo interaction. It may be either 
extracellular or intracellular. The reduction may take place by separate mechanisms, 
for example, redox mediators of less molecular weight, chemical reduction by biologi-
cally generated reductant similar to sulfide, enzymes, or a blend of all these [82]. The 
degradation process may be taking place as dye may serve as an oxidant to electrons 
donated by electron carrying complexes of the Respiratory Electron Transport 
Chain (RETC). In order to accomplish this, the bacteria should create an interaction 
between their membrane-bound RETC and the extracellular azo dye molecules. To 
form such interaction, the RETC components have to be present in the external wall 
surface of the Gram-negative bacteria in which they can be in direct association with 
either the substrate dye or the redox mediators present on the outer surface of the 
cell. Additionally, redox mediator compounds of low molecular weight can repre-
sent as electron shuttle for azoreductase dependent on NADH specifically placed in 
the external wall layer and the azo dye. These mediator compounds may be added 
externally or are formed by the bacteria from certain substrates during their metabo-
lism. The azo dye reduction without enzymes can take place in presence of very 
low concentrations of synthetic redox mediators such as anthraquinone sulfonates. 
However, under aerobic condition, oxygen inhibits this reduction mechanism because 
of the redox mediator being preferred for oxidation by O2, instead of the dye [83].

4.10 Aerobic azo dye degradation

In literature, a variety of bacterial species that can reduce azo dyes aerobically have 
been described. The organic carbon/energy sources are obligatory, as they cannot 
make use of dye as the only carbon/energy/nitrogen nutrient [84]. P. aeruginosa 
needed glucose while decolorizing Navitan Fast Blue S5R, a commercial textile and 
tannery dye, under aerobic conditions. It could also decolorize azo dyes range [38]. An 
incredibly smaller number of bacteria have the ability to use azo dyes as the solitary 
carbon compound. Such bacterial species abstractly cleave –N=N– and generate 
amines that they can be used for carbon and energy metabolism. Coughlin et al. [85] 
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have reported an obligate aerobe, Sphingomonas sp., strain 1CX, which can use dye 
AO7, as the only energy and carbon/nitrogen resource. It can degrade only one amine, 
1-amino 2-naphthol, along with other amines created throughout AO7 degradation. 
Sphingomonas ICX decolorized quite a few azo dyes having phenyl or naphthyl groups 
such as 1-amino-2-naphthol/2-amino-1-naphthol.

5.  Microbiological dye degradation processes in combination with 
advanced oxidation processes (AOPs)

To develop a vigorous and profitable option for azo dye elimination, it is 
 promising to combine Advanced Oxidation Processes (AOPs) with microbial 
methods. There can be improvisation in the advantages and minimization of the 
disadvantages of each culture by combining them together [86–89]. The aim of 
pairing AOPs with biological processes is to permit incomplete degradation of the 
dye molecules by using the AOPs followed by the comparatively low-cost biologi-
cal process for supplementary removal of the dye [86, 87, 90, 91]. Hence, the key 
objective of AOPs is to alter recalcitrant compounds like dyes into smaller degrada-
tion intermediates, which are further degradable by microbial processes [87, 88, 90, 
92] using microbes isolated from municipal plants or the textile effluents [93, 94] or 
from dye-contaminated soils [90]. Using this strategy, it is possible to reduce COD 
significantly in a short time [92, 95, 96]. Some dyes, for example, Orange II inhibit 
bacteria, so pretreatment using AOP is beneficial as toxicity of dye can be eliminated 
and can be subsequently degraded biologically [95, 97]. The wastewater with dyes 
can be subjected to such combination of physicochemical and biological methods 
with an objective of increasing the biodegradability index (BI) due to increase in 
BOD and decrease in COD [98, 99]. There are also evidences of preliminary decolor-
ization/degradation of the azo dye using microbial methods followed by AOP as the 
post-treatment method [92, 100, 101]. The studies on the decolorization/degradation 
of synthetic dyes by combined methods for treatment under various conditions have 
been enlisted in Table 1.

Sonolysis increases biodegradability of dye by decomposing it into smaller units 
[94]. A better choice is ozonation used in association with biological methods, as the 
former method augments sludge settling ability and bio-decomposition leading to 
good color elimination of dyes, as it hits azo bonds even with smaller concentrations 
[93, 98, 113]. The oxidation using Fenton reagent is not appropriate as a post-treatment 
application [88]. It is a useful process for getting rid of organic pollutants/toxic chemi-
cals, which are detrimental to biological treatments [86, 94, 114, 115]. It is appropriate 
to apply Fenton process prior to treatment than after treatment as the Fe ion quantity 
has to be increased for the complete removal of the dye, since there is iron precipita-
tion due to the phosphate ion, as a macronutrient present in microbiological media. A 
combination of microbiological processes with electrochemical methods demonstrates 
superior results as elevated decolorization/degradation with good decrease in COD 
during the decomposition of dyes [95, 96]. Ultraviolet (UV) light in association with 
H2O2 and TiO2 as catalyst is commonly employed for the azo dye degradation [112]. 
The advantages of UV/H2O2 process are that it can take place under ambient environ-
ment and there is likelihood of total simplification of organic compounds into carbon 
dioxide [116], low primary investment, absence of objectionable solid leftover, or odor 
release during or post degradation [117]. Usually, there is a formation of oxygen in 
this method, which is useful for successive aerobic biological methods [116], but the 
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higher UV light intensity required for the better rate of cleavage of dyes contributes to 
the disadvantage because the process utilizes extensive electricity, which increases the 
operating cost [118]. Hence the blend of ultraviolet light/H2O2 and biological methods 
can reduce the cost. For instance, the degradation of Reactive Black 5, which is partially 
treated with photochemical step and then by treatment with an acclimatized microbial 
biomass is rapid, hence consumes lesser H2O2 concentrations [90].

6. Generalized mechanisms of azo dye degradation

6.1 Enzyme catalyzed dye degradation

Rafii et al. [119] produced the first report of azoreductases in bacteria growing 
anaerobically. The bacteria belonging to the genera Eubacterium and Clostridium 
displayed decolorization of azo dyes of sulfonated type while growing on chemi-
cally undefined solid media. These strains produced extracellular oxygen-sensitive 
azoreductases constitutively. This enzyme from Clostridium perfringens alleged to be 
flavoprotein dehydrogenase and was found to be occupied in the reduction of nitro 
aromatic compounds. Another mechanism involving flavin nucleotide dependent 
cytosolic reductases, which donate electrons through soluble flavins to dyes, has also 
been suggested for dye decolorization/degradation [116]. However, Russ et al. [120] 
used Sphingomonas strain-BN6 produced by recombinant technology and showed the 
insignificance of the above mechanism in vivo.

6.1.1 Enzymes involved in dye decolorization/degradation

The progression of biodegradation of azo dye occurs due to the presence of a 
variety of oxidoreductases present in microorganisms.

The two important classes of azoreductases with respect to their catalysis are 
azoreductases of flavoprotein kind and those that do not need flavin. The former class 
of azoreductase is further subdivided on the basis of their requirement for coenzymes 
such as NADH, NADPH, or both, as reductants [121]. Other reductases such as ribo-
flavin reductase, NADH-DCIP reductase might be implicated in the azo dye cleavage 
[46, 122, 123]. However, as per Blumel et al. [124] and Russ et al. [120], these enzymes 
are futile in vivo. Russ et al. [120] also proposed that the anaerobic azoreductases of 
cytoplasmic origin are flavin reductases and can engage themselves in extracellular 
hydrogenation of azo dyes with the help of an electron mediator, which helps in 
displacement of reducing counterparts to azo dyes from the membrane of bacteria. 
Thus, the presence of azoreductases along with a transport system that enables dye 
transport to the cells is a requirement for the microbial strains to decolorize azo dyes.

6.1.1.1 Reductive enzymes

A large number of different types of bacteria have been screened and identified, 
which can degrade azo dyes under oxygen deficient (reduced) environment [19]. It is 
agreed that an enzyme azoreductase initially cleaves the azo bond in such conditions 
resulting in creation of colorless aromatic amines. The microaerophilic environment 
augments azo dye degradation as revealed by findings conceded by Joshi et al. [125] 
and Xu et al. [51]. Reactive azo dyes can be degraded rapidly under partly reduced 
environment. To create partly reduced environment, the presence of another redox 
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agent for transfer of electrons from reduced nicotinamide coenzyme to the dyes is 
essential as observed by Chang et al. [126]. Though a small fraction of azo dyes can 
be degraded aerobically [127], the efficiency of degradation may decline if the oxy-
gen is present [128], since oxygen and the dyes compete with each other as electron 
acceptors. Aerobic conditions enhance cell mass of microorganisms but with less 
efficiency of degradation process in comparison with reduced environment. These 
observations lead to the interpretation that it is the concentration of oxygen and not 
the amount of cell mass that influences the process of dye degradation. Likewise, the 
process is subject to the nature and accessibility of electron donors [31, 129]. Both 
cellular components, namely membrane fractions isolated from bacteria and cyto-
plasm, are important during anaerobic reduction process [130]. But most significant 
is the membrane fractions because they harbor constituents for electron conveyance 
which link azo dyes to electron donors. This concludes that the biochemical basis for 
azo dye decomposition is the redox reaction between azo dyes and electron donors 
[131]. The most important reductases are azoreductase, riboflavin reductase, and 
DCIP reductase [46, 122, 123].

Anaerobic degradation of azo dye is a nonspecific procedure. It was understood 
that in the absence of O2, the azo dye is degraded by azoreductase by means of reduc-
ing equivalents such as NADH or NADPH. The primary stage during decolorization 
of dye by bacteria is the –N=N– bond reduction. This is carried out by transferring 
four electrons across the azo bond with the help of NADH. The dye serves as the ter-
minal electron acceptor instead of O2 under static/anoxic condition and two sequen-
tial reduction steps reduce the same to specific amines [126, 132]. For illustration, 
Misal et al. [133] had procured alkaliphilic bacterium Bacillus badius for dye degrada-
tion from alkaline Crater Lake–Lonar; subsequently, purifiying and characterizing 
its azoreductase. Likewise, many authors have reviewed the role of the azoreductase 
enzyme in azo dye decolorization/degradation. However, a variation of soluble 
cytoplasmic azoreductases with small substrate specificity are produced by bacteria 
[59], e.g., azoreductases from certain anaerobic bacteria such as Clostridium and 
Eubacterium, which are oxygen-sensitive, are produced constitutively, and excreted 
into the ecosystem [119]. Nachiyar and Rajakumar [134] purified oxygen-resistant 
intracellular azoreductase from Pseudomonas aeruginosa and studied its affinity for 
various azo dyes pointing out its highest affinity for Navitan Fast Blue S5R.

6.1.1.2 Oxidative enzymes

The enzymes of oxidative kind, which are important in the dye degradation, 
include tyrosinase, lignin peroxidase (LiP), laccase, and manganese peroxidase 
(MnP) [135]. As compared to bacterial isolates, white-rot fungi has shown tre-
mendous potential in degradation of dyes and other recalcitrant compounds by 
production of highly oxidative and substrate nonspecific enzymes [35]. Among 
the oxidative enzymes, LiP and MnP are extensively studied for their potential to 
degrade azo dyes. Both these enzymes are multi-copper phenol oxidases and have 
wider applications during oxidation of a variety of partially degraded by-products of 
dye. Also, unlike bacterial enzymes, fungal LiP and MnP follow a highly nonspecific 
free radical mechanism during azo dye degradation to form phenolic compounds 
without cleaving the azo bond. In this process, they skip the biochemical steps that 
lead to formation of toxic aromatic amines [20, 36, 136–138]. Telke et al. [46] further 
reported an enzyme, phenol oxidase, similar to laccase having the characteristic 
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S. No. Enzyme Microbial system Dye decolorized Reference

1 Crude protease Bacillus cereus strain 
KM201428

Reactive Black 5 [142]

2 Laccase like enzyme 
Lac 1326

Marine metagenomic 
library. Cloned and 
overexpressed in Escherichia 
coli BL21

Amaranth, Coomassie 
Brilliant Blue, 
Bromophenol Blue, 
Acid Violet 7, Congo 
Red, and Indigo 
Carmine

[143]

3 Laccase, tyrosinase, 
LiP, Riboflavin 
reductase, 
azoreductase

Aeromonas hydrophila SK16 
and AOPs

RR180, Reactive Black 
5 and Remazol Red

[89]

4 Laccase, LiP A. hydrophila Crystal Violet [144]

5 Laccase, LiP, MnP Peyronellaea prosopidis Scarlet RR [145]

6 Laccase, NADH-
DCIP reductase, 
tyrosinase, LiP, 
Malachite Green 
reductase

Aeromonas sp. DH-6 Malachite Green [47]

7 Laccase, 
azoreductase

A. hydrophila SK16 and 
Lysinibacillus sphaericus 
SK13

Reactive Yellow F3R, 
Joyfix Yellow 53R, 
Remazol Red RR, 
Drimaren Black CL-S 
and Disperse Red F3BS

[34]

8 Laccase, MnP, LiP, 
azoreductase

Anoxybacillus 
flavithermus 52-1A, 
Tepidiphilus thermophilus 
JHK30, Tepidiphilus 
succinatimandens 4BON, 
Brevibacillus aydinogluensis 
PDF25, Bacillus 
thermoamylovorans DKP, 
Geobacillus thermoleovorans 
NP1

Direct Black G [146]

9 Laccase, LiP, 
tyrosinase, 
Riboflavin 
reductase

Ipomoea hederifolia, 
Cladosporium cladosporioides 
(Plant-Fungus consortium)

Navy Blue HE2R [147]

10 Azoreductase Shewanella sp. strain IFN4 Acid Red-88, RB5, 
DR81

[148]

11 Laccase and MnP Leptosphaerulina sp. 
(Fungus)

Novacron Red [149]

12 Laccase, 
azoreductase, 
Veratryl alcohol 
oxidase, NADH-
DCIP reductase

Pseudomonas species SUK1 
and Providencia rettgeri 
HSL1 in consortium

C.I. RO 16, C.I. RB 5, 
C.I. DR 81 and C.I. 
Disperse Red 78

[11]

13 NADH–DCIP 
reductase, LiP

Penicillium simplicissimum Triphenylmethane 
Dyes

[150]

14 Laccase Trichoderma atroviride F03 RB5 [151]
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to use non-phenolic substrates. Laccases can employ direct oxidation or mediator 
coupled indirect oxidation of textile dyes by H2O2 during their catalytic cycle [139]. 
On the other hand, MnP activity is dependent on manganese as well as specific buf-
fers. For this reason, the use of enzymatic membrane reactors is suggested by some 

S. No. Enzyme Microbial system Dye decolorized Reference

15 Laccase Stenotrophomonas 
maltophilia AAP56

RB5 [152]

16 Laccase Coprinopsis cineria Methyl Orange [153]

17 Azoreductase Bacillus lentus BI377 RR141 [154]

18 Azoreductase Shewanella oneidensis MR-1 Methyl Red [155]

19 Laccase, LiP, MnP Ganoderma lucidum IBL-05 RR195a Reactive Yellow 
145a Reactive Blue 21

[156]

20 Veratryl Alcohol 
Oxidase

Alcaligenes faecalis PMS-1 Reactive Orange 13 [157]

21 NADH/NADPH-
dependent 
O2 sensitive 
azoreductase

Alcaligenes sp. AA09 RR-BL [37]

21 Laccase, 
azoreductase, 
and NADH–DCIP 
reductase

Shewanella aquimarina Acid Red 27, Direct 
Blue 71, RR120, Methyl 
Orange, Acid Orange7

[158]

22 Tyrosinase Brevibacterium sp. Direct Blue 71, RY107, 
RB 5, RR 198

[56]

23 Veratryl alcohol 
oxidase

Pseudomonas aeruginosa 
Strain BCH

Remazol Black [159]

24 Heat stable laccase Bacillus pumilus Acetosyringone, 
Indigocarmine

[160]

25 Laccase, NADH–
DCIP reductase, 
tyrosinase, LiP

Acinetobacter calcoaceticus 
NCIM 2890

Amaranth Dye [161]

26 Azoreductase, 
Cytochrome 
P450 oxidase, 
Aminopyrine 
N-demethylase, 
Superoxide 
dismutase, 
Glutathione 
S-transferase, 
tyrosinase

B. lentus BI377 RR120 [19]

27 NADH dependent 
O2 insensitive 
azoreductase

Bacillus badius Amaranth Dye [133]

28 Azoreductase Moderately Halotolerant 
Bacillus megaterium

Red 2G [138]

Table 2. 
Dye degradation using microbial enzymes.
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authors for degradation of dyes using MnP. It was reported that peroxidase involved 
in dye degradation can degrade hydroxyl free anthraquinone dyes [140, 141]. Few 
examples of studies employing biodegradation with the help of oxidative and reduc-
tive enzymes are enlisted in Table 2.

6.2 Mediated biological azo dye decolorization/degradation

Many azo dyes, which have a large molecular weight or are polymeric azo dyes, 
or are strongly polar sulfonate, are difficult to be imported via the cytoplasmic 
membrane [162]. The recommendation to this was that there could be another 
mechanism for reduction of these dyes. There are currently various reports dis-
cussing the function of redox mediators during anoxic bacterial reduction of dyes 
[163, 164]. The addition of catalytic quantities of riboflavin to anaerobic granular 
sludge led to appreciable increase of the decolorization of mordant yellow 10 [165]. 
Mendez-Paz et al. [166] introduced 1-amino-2-napthol, an amine derived during 
AO7 degradation that improved its rate of reduction, probably through the acquisi-
tion of electrons. The presence of artificial electron carrier like anthraquinone-2, 
6-disulfonate similarly enhanced the reduction of numerous dyes. Keck et al. 
[164] have observed that the augmentation of dye decolorization, under anaerobic 
conditions, took place when coupled with redox intermediates produced by other 
bacteria while degrading aromatic compounds aerobically. With respect to this 
observation, Chang et al. [132] too showed improved azo dye decolorization/degra-
dation rates post addition of cell-free supernatants having metabolic intermediates 
of a dye-decolorization by E. coli strain NO3.

7. Conclusion

Microorganisms play an important role in decomposition and mineralization of 
synthetic dyes. The microbial processes are, in turn, affected by various environmen-
tal, molecular, and physicochemical factors. The biodegradation of dye molecules 
is also dependent on multiple factors including structure and stability (types of 
bonds) of dye molecules. More importantly, dyes are present in industrial effluents 
as a mixture of recalcitrant compounds, organic and chemical compounds. Many of 
these compounds interfere in biodegradation of individual dyes resulting in impracti-
cal outcomes on field application in spite of successful laboratory studies. Although 
several researchers have presented detailed mechanisms of microbial strains to 
potentially decolorize a number of synthetic dyes, it is important to understand that 
dye degradation is a complicated multifactorial and multistep process. The interfer-
ence of pollutants severely compromises biodegradation either by inhibition of 
microorganisms or their enzyme activity. To make matters much more challenging, 
factors such as temperature, dissolved oxygen, moisture, and coexistence of dyes 
with acid, alkali, and other pollutants further impede biodegradation process. In 
such a scenario, in situ augmentation of natural dye degrading microorganisms may 
be a simple, practical, and sustainable bioremediation strategy. However, even for 
this purpose, it is essential to screen natural isolates capable of degrading complex 
molecular structures and identify optimum parameters to maximize the degrading 
potential of screened isolates. These studies can provide significant insights into 
the specific role of enzymes, mediators, cofactors, and cosubstrates that will ensure 
augmentation of beneficial dye degrading strains. In addition, these studies can 



Bioremediation for Global Environmental Conservation

124

Author details

Radhika Birmole and Aruna K. Samudravijay*
Department of Microbiology, Wilson College, Mumbai, Maharashtra, India

*Address all correspondence to: arunasam2000@gmail.com

ensure selection of most effective combination of physical techniques to minimize 
toxicity and enhance biodegradation potential of microorganisms. Collectively, these 
strategies can detoxify and completely degrade complex mixtures of dye molecules 
into harmless metabolites.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Aromatic Plants: Alternatives for 
Management of Crop Pathogens 
and Ideal Candidates for 
Phytoremediation of Contaminated 
Land
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Abstract

Crop diseases due to fungal pathogens cause significant resulting economic losses 
in agriculture. For management of crop diseases, farmers use synthetic pesticides. 
However, the frequent application of these chemicals leads to accumulation in soil and 
therefore presenting pollution problems. Essential oils (EOs) sourced from aromatic 
plants are safer alternatives and are effective against a variety of crops pathogens. In 
addition to their role as the sources of EOs, aromatic plants are gaining much atten-
tion in rehabilitation strategies. In phytoremediation processes, suitable plants species 
are used to clean-up polluted sites. Mining activities and electricity generation pro-
cesses have resulted in significant amounts of tailings and coal fly ash. Mine tailings 
and coal fly ash are disposed in dumpsites, converting productive lands to unusable 
waste sites. These solid waste materials contain toxic metals and therefore posing 
serious risks to the health of the environment. Aromatic plants can be cultivated in 
contaminated sites and therefore be used for restoration of polluted lands. The EOs 
can be sourced from these aromatic plants as they are free from metal-toxicity and 
can therefore be used to generate revenues. This review highlights the role of aromatic 
plants in the control of crops pathogens and also their application in phytoremedia-
tion processes.

Keywords: aromatic plants, essential oils, crop diseases, phytoremediation strategies, 
contaminated sites, toxic metals

1. Introduction

Plant diseases caused by infectious pathogens are a global concern to agriculture, 
significantly impacting on food security and human health [1]. To control disease 
outbreaks, synthetic pesticides are applied at regular intervals, but their use is inef-
fective and associated with health risks to humans and the environment. The use of 
pesticides leads to build-up of toxicants, which should be replaced by biodegradable 
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alternatives. Pathogens readily acquire resistance to fungicides, making them ineffec-
tive crop protection agents. Aromatic plants produce essential oils that are effective 
for prevention and protection of crops against infectious diseases in the field as well 
as during storage. In addition to their potential as biopesticides, aromatic plants have 
gained a lot of interest in phytoremediation strategies. Mining activities produce mine 
waste, while generation of electricity from coal combustion results in production of 
fly ash and these solid waste materials are disposed in ash and tailings dams [2]. Harsh 
conditions prevailing on fly ash and mine tailings dams include unfavorable pH, 
very low levels of nutrients required for plant growth, and unacceptable concentra-
tions of toxic metals [3]. All these converting valuable lands to unproductive waste 
disposal sites. Aromatic plants have demonstrated potential in remediation of areas 
contaminated with toxic levels of heavy metals [4]. These species are high value crops 
as they produce EOs that are free from metal contamination and therefore can be used 
simultaneously for restoration strategies and as sources of valuable products.

2. Crop diseases and excessive use of agrochemicals

The infestation of crops leads to a reduction in yield, increased production costs 
and may even be harmful to human and animal health. Pesticides are effective 
in decreasing pathogen load. Synthetic pesticides are applied at regular intervals 
throughout the growing season of the crop. Their use has significantly increased 
agricultural yields and contributed to improved food quality. However, using syn-
thetic chemicals for crop protection is associated with health risks to humans and the 
environment. Fungal and bacterial pathogens readily acquire resistance to bacteri-
cides and fungicides, making them ineffective crop protection agents. For pesticides 
to be effective, there is a need to use higher doses or their substitution with new and 
sometimes, highly toxic products. In many cases the pathogen will become resistant to 
the pesticide used because of the single compound nature of most pesticides. Global 
warming and accompanying climate changes have resulted in increased resistance of 
several bacterial and fungal pathogens [5].

The excessive use and misuse of agrochemicals has led to increased bioaccumula-
tion of toxic metals in soils and water and eventual toxicity to humans via food intake 
and the environment. Pesticides can remain in soil for long after they are applied, 
continuing to harm the ecosystem. How the pesticide is bound by soil components, 
how readily it is degraded and environmental conditions determine how long it can 
remain in soil [6]. Unacceptable levels of organochlorine pesticides (OCPs) residues 
and potentially toxic metals (Pb, Cr, Zn, Cu, and Fe) were reported in beans and cow-
pea [7]. The OCPs are volatile, stable and can be bound to the soil components and 
persist in air, negatively impacting the health of humans, animals and the environ-
ment [8]. Furthermore, in several countries, the level of pesticide residues detected 
in the medicinal plants were above the permissible limits as prescribed by the World 
Health Organization [9, 10]. Soil contains an abundance of biologically diverse organ-
isms that are essential for agricultural sustainability and the use of pesticides have 
contributed to their decline [11]. Azole fungicides are extensively used for control 
of fungal diseases, but their over-use of azole has resulted to contamination of air, 
soil and crops, mainly because of their lipophilic characteristic [12]. The long-term 
use of copper-based pesticides has led to build-up in soil worldwide and presenting 
a potential public health problem due to Cu entering the food chain [13, 14]. Public 
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pressure is also increasing to reduce the use of synthetic chemical products [15, 16]. 
Furthermore, the European Union has prohibited the use of contaminant plant pro-
tection products since 2020. These drawbacks emphasize the discovery of sustainable 
and environment-friendly pathogen control practices to manage diseases and ensure 
the safety of consumers.

3. Plants-based products as alternatives for control of crops pathogens

Crops diseases remain as one of the greatest threats to the sustainable development 
of society, leading to significant agricultural loss and costs incurred on awareness 
and the development of management strategies. Recently attention has been given 
to organic farming and food safety owing to the many challenges of using synthetic 
chemicals and consequently protection of consumers health. A natural solution to 
this problem could be the use of essential oils that have been shown to demonstrate 
antibacterial, fungicidal, herbicidal, nematocidal, acaricidal and insecticidal, proper-
ties. EOs are mixtures of volatile bioactive compounds that are obtained from various 
plant parts. They are characterized by a mixture of secondary metabolites including 
alcohols, phenolics, aldehydes, ketones, terpenoids and other secondary metabolites 
contributing synergistically or by additive effect to treat infectious diseases [15, 17].

Fungal pathogens are the major causes of economic losses in agriculture worldwide. 
The fungal species including Aspergillus, Fusarium, Penicillium, Phytophthora and Botrytis 
are among the pathogens that contribute significantly to agricultural losses as they can 
cause decay, accelerated ripening, and production of mycotoxins [18, 19]. The Aspergillus 
species have contributed to significant losses and the most reported species include 
Aspergillus fumigatus, Aspergillus flavus and Aspergillus niger which produce aflatoxins 
that exhibit carcinogenic and mutagenic properties, therefore affecting human health 
[20, 21]. Azoles are the most widely used for control of diseases caused by Aspergillus 
genus, but studies demonstrated an increasing prevalence of azole-resistant strains 
such as A. fumigatus and these problems are associated with higher clinical burdens 
and mortality rates [22, 23]. Aspergillus fumigatus is a mold found in soil, compost and 
releases volatile spores onto air, continuously breathed by humans and could be the cause 
of one of the most common fungal ailments [24, 25]. Fusarium species cause significant 
agricultural losses in crops including potato, pea, bean, wheat, corn, cabbage, cucumber 
and rice worldwide [26, 27]. These pathogens are found in soil, plant, air and aquatic 
environment causing diseases in humans, animals and plants [28]. Fusarium pathogens 
produce mycotoxins that affect the quality of crop produces and threatening human 
health [29]. Fusarium species infect both plants and humans and are resistant toward 
antifungal agents including amphotericin B, itraconazole, fluconazole and echinocan-
dins and therefore continues to be a problem for patients with compromised immune 
systems [30]. Botrytis cinerea causes pre- and postharvest decay of various crops such as 
strawberries and this pathogen is resistant to fungicides including benzimidazole and 
dicarboximide [31, 32]. Phytophthora infestans causes late blight diseases in potato and 
tomato crops worldwide, affecting the economy and the quality and quantity of the crop 
[33]. Development of resistance was reported for Phytophthora infestans against fluazi-
nam which was attributed to the widespread use of the fungicide [34]. Penicillium spp. 
are the most important cause of postharvest decays of fruits and vegetables, causing blue 
and green mold [12, 35, 36]. These fungal pathogens contribute to losses in crops such 
as apple, pear, and citrus fruits and contribute to mycotoxin accumulation in processed 
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fruit products [37, 38]. Penicillium species are resistant toward fungicide resistance 
including thiabendazole, guazatine, imazalil and propiconazole [39, 40].

4. Effectiveness of EOs in the protection against plant pathogens

A variety of plants pathogens that affect agricultural produce include viruses, 
bacteria, fungi, nematode and parasitic plant. EOs are increasingly recognized as 
potential pesticides in agriculture. EOs can be used as lures for detecting and moni-
toring insects. Coriandrum sativum and Nerium indicum EOs are strong attractants 
to Cyrtorhinus lividipennis, a rice planthopper. Insecticidal activity of EOs is con-
nected to a decrease in acetylcholinesterase activity [19]. There are approximately 
350 bacteria known to be phytopathogenic, such as Proteobacteria, Actinobacteria 
and Firmicite [19]. Nematodes are a very destructive group of plant pathogens and 
the mode of action of EOs against nematodes include GABA, acetylcholinesterase 
inhibition and octopamine synapses [16]. Approximately 30% of all crop diseases are 
as a result of infections by phytopathogenic fungi that can produce toxins and car-
cinogenic substances [19]. EOs diminish the influence of fungal infections by acting 
on cell walls, cell wall alterations and modifications to gene expression. Bioactivity 
depends on the composition of the oil, the functional groups present in the major 
compounds as well as their synergistic effects. In most cases, the oils are more 
effective as antimicrobial and anti-insecticidal agents than the major components on 
their own, indicating the important synergistic contribution of minor compounds in 
bioactivity.

The EOs of thyme and manuka demonstrated strong fungistatic activity against 
Aspergillus niger, Fusarium culmorum, Phytophthora cactorum, demonstrating com-
plete inhibition [41]. Cymbopogon schoenanthus, Lippia multifliora and Ocimum 
americanum EOs were found to reduce the contamination rates of Colletotrichum 
dematium and Fusarium spp., Cladosporium sp. and Macrophomina phaseolina 
[42]. The EO of Salvia sclarea and Salvia dolomitica demonstrated fungicidal activ-
ity against Aspergillus, Penicillium, Trichoderma viride and Fusarium species [43]. 
An added benefit from the application of EO was revealed from a study on Tuta 
absoluta, a tomato pinworm. Treatment with extracts of Achillea millefolium and 
Achillea sativum, reduced the number of infested leaves, which was accompanied 
by induced release of herbivory plant volatiles as the plant defense mechanism 
[44]. Numerous studies report the wide use of Mentha species for management of 
plant pathogens and insect pests due to the action of alcohols, phenolics, aldehydes, 
ketones, terpenoids and other secondary metabolites [45, 46]. The combination 
of EOs has also demonstrated synergistic effect. For example, the combination of 
tea tree oil and mint had improved activity against Aspergillus niger when mixed 
together [47]. The combination of more than one EO contributes to the inability 
of pathogens to develop resistance against the EOs. EOs are promising biocontrol 
agents because several bioactive compounds contribute to the activity of the oil 
therefore overcoming pathogen resistance. These plant-based products offer advan-
tages including easy degradation, wide spectrum biological activities, cost-effective, 
renewable in nature, and demonstrate low toxicity [48]. Cultivation of bioactive 
EO producing plants is a sustainable method to obtain natural products for purpose 
as biopesticides. Most EOs produced can be used in a variety of applications from 
industrial to agriculture and in many cases the plants can be cultivated using envi-
ronmentally-friendly techniques increasing their use as natural products [49].  
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Table 1 displays a few EOs with their major compounds and the variety of crops 
fungal pathogens against which they are effective which were reported from the 
year 2015. The aromatic plants selected are belonging to families of species that are 
promising in phytoremediation processes.

5. Disadvantages of essential oils and their formulation

The potential of the use of EOs in organic food production is evident. Although 
there is considerable evidence of their efficacy, their application is still lacking. 
Farmers are still reluctant or have not welcomed the use of these products owing to a 
variety of disadvantages. They are limited due to their high volatility and low stability, 
low water solubility, strong influence on organoleptic properties, composition vari-
ability and phytotoxic effects [58, 59]. The pre-harvest use is further limited because 
they are very sensitive to light and elevated temperatures will cause oxidation and 
eventual biodegradation. To overcome the limitations, product formulations are being 
investigated in pesticides applications. These involve a combination of an active ingre-
dient and inactive materials that act as additives that involve specialized processing 
of the product to improve its biological qualities, durability, and stability [60]. The 
formulation for pesticides is performed in two ways, as liquids including aqueous and 
dispersions and solids including wettable powders and water-dispersible granules or 
as controlled-release systems [61]. Factors that are considered in formulations include 
the mode of application, the crop and agricultural practices [62]. The application of 

Essential oil Major compounds Pathogens References

Mentha longifolia Menthone (48%); eucalyptol 
(21.6%)

Aspergillus flavus, Aspergillus 
niger, Fusarium culmorum

[50]

Salvia dolomitica 1,8-cineole (18.9%) and 
β-caryophyllene (13.1%)

Aspergillus niger, Aspergillus 
flavus, Trichothecium roseum

[45]

Mentha arvensis Menthol (69.2%), Menthone 
(19.9%)

Alternaria alternata [51]

Rosmarinus 
officinalis

1,8-Cineole (53.48%)
α-Pinene (15.65%)

Fusarium verticillioides [52]

Helianthus 
annuus

α-Pinene (50.65%) Aspergillus niger, Candida 
albicans, Cryptococcus 
neoformans

[53]

Salvia officinalis 1,8-cineole, α-thujone and 
camphor, β-caryophyllene, 
borneol, viridiflorol,
α-pinene and camphene

Botrytis cinerea, Penicillium 
expansum, Rhizopus stolonifer

[54]

Cinnamomum 
zeylanicum

cinnamaldehyde (52.4%), 
benzaldehyde (12.31%),

Aspergillus niger,Colletotrichum 
acutatum

[55]

Cymbopogon 
flexousus

Citral (81.84%) Colletotrichum acutatum, 
Colletotrichum gloeosporioides

[56, 57]

Origanum 
vulgare

Carvacrol (89.98%), 
β-caryophyllene (3.34%)

Botrytis cinerea [58]

Table 1. 
Aromatic plants with potential in management of crop diseases.



Bioremediation for Global Environmental Conservation

142

nanotechnology for formulation of new products, using polymer-based nanocap-
sules, or encapsulation with metallic nanoparticles could result in increased stability 
and efficacy of EOs and therefore reduce the required dosage for application. In 
encapsulation formulations, EOs are trapped in the carrier matrix in which the release 
of bioactive components is controlled [63]. Nanoencapsulation is based on encapsu-
lating EOs in materials including lipid nanomaterials, polymeric nanoparticles and 
clay nanomaterials resulting in improved characteristics [64–66]. The antimicrobial 
activity of the essential oil-based nanoemulsions is much stronger than in free EOs 
due to increased surface area which influence the transport of Eos [42]. Recently, a 
study on the powdered formulations of EOs demonstrated promising results for the 
control of corn pathogens and evaluating the efficacy of bio-fungicide formulations. 
Powdered formulations of Cymbopogon giganteus and Eucalyptus camaldulensis EOs 
were effective against Aspergillus flavus, Aspergillus parasiticus, Aspergillus niger, 
Rhizopus and Fusarium spp. at concentration ranging between 0.5 and 1.0% dosages 
highlighting the possibility of EOs in the management of corn diseases [43].

6. Environmental pollution

Mining, industrial and agricultural activities have resulted to significant environ-
mental pollution and land degradation. Overuse of pesticides pollution has resulted 
to environmental pollution and an increased risk of harmful effects on the ecosystem, 
and entering into the food chain. The residual concentration of pesticides in agricul-
tural soils is often above the permissible limits by the regulations and therefore the 
challenge is to reduce these chemicals from the soils [67, 68].

Mining activities generates a big amount of solid mine waste, which contributes 
enormously to environmental pollution due to the release of potentially toxic ele-
ments [69]. In 2022, mine tailings generated worldwide were estimated to be more 
than 14 billion metric tons, with potential to contaminate soil, water and air [70]. 
Mine tailings remain in dams/open ponds without further treatment after extraction 
of valuable minerals and negatively impacting the environment [71]. Abandoned 
mine tailings damage local land resources and pose severe environmental pollution. 
Toxic elements including lead, chromium, arsenic, nickel, copper, and cobalt occur 
in the tailings can enter into the food chain and impact the health of humans and 
animals [72, 73]. Toxic levels of metal can negatively impact the quality of soil, pollute 
ground and surface as well as agricultural produce. These poses high risk of food 
chain contamination and consequently health problems [74]. The influence of heavy 
metals toxicity effects in living organisms it through their interference in metabolism 
processes and possibly cause mutagenesis by accumulating in the bodies [75]. They 
can also be endocrine disruptors, mutagenic, teratogenic while others can cause 
neurological conditions among children and infants [76].

Generation of electricity has resulted in enormous generation of solid waste which 
is an important environmental hazard. Solid waste is generated from the combustion 
of coal in the coal-fired power plants (C-FPPs) and Coal Fly Ash (CFA) is one of the 
major by-products produced by C-FPPs, which is one of the major global concerns 
[77]. Its disposal causes significant environmental and economic problems, requiring 
large quantities of energy, water and land [78]. The disposal of CFA in landfills and 
ash ponds is the primary management technique, but the fine particles of CFA are 
dispersed by wind into the atmosphere and remain suspended for a long period of 
time resulting to air pollution. The fly ash disposal in ash dumps constructed near the 
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power stations could also lead to water and soil contamination through leaching or 
seepage of pollutants into ground and surface water [79]. CFA disposal sites are haz-
ardous due to the presence of toxic metals such As, Se, Cr, Cd, Pb and Hg and these 
are continuously being discharged into the environment due to improper disposal of 
fly ash [80, 81]. These pollution problems can be addressed through phytoremedia-
tion strategies that utilize plants species including shrubs, trees and grasses.

7.  Phytoremediation: a sustainable approach for addressing environmental 
pollution

Phytoremediation techniques are cost-effective, environmentally-friendly and 
effective in the removal of pollutants from pollutes sites through the use of plants 
[82]. Phytoremediation is the utilization of suitable plant species at polluted areas 
to remove/reduce the toxic levels of pollutants [83]. Plants reduce the pollutants on 
the contaminated site by taking up toxicants through their roots and translocating 
or transforming them into less toxic forms [84]. Phytoremediation is able to remedi-
ate polluted areas due to the variety of mechanisms plants species may use to either 
remove or detoxify contaminant. Strategies include phytodegradation, phytosta-
bilization, phytovolatilization, rhizofiltration, and phytoextraction [85, 86]. The 
purpose of these approaches differs such as containment, remediation, stabilization, 
leaching of contaminants, and detoxification [87]. Phytostabilization involves the 
use of plants that can reduce the movement of pollutants through accumulation by 
roots [88]. In phytoextraction, the pollutants are transferred to the harvestable plant 
parts [10]. Phytodegradation involve the breakdown of organic pollutants into less 
toxic or non-toxic forms through the production of degradation enzymes [89]. The 
use of plants in restoration processes is a more sustainable and feasible approach as it 
restores vegetation and prevent erosion, therefore improving the chemical properties 
of soil overtime.

Ideal species for phytoremediation strategies should have high biomass-producing 
capabilities, tolerant to toxic effects of metals and contaminants, easy to cultivate, 
have high absorption capacity. An added advantage includes high value economic 
crop, with no or low risk of contamination in use of end. Phytoremediation technolo-
gies are very appropriate for restoration of soils contaminated with pesticides, mining 
and industrial activities [90, 91]. Various conventional treatment methods are being 
used for clean-up of contaminated sites but they are often ineffective, expensive and 
technically difficult [92]. Chemical and physical techniques also showed to be expen-
sive and not sustainable to the environment. Contaminated sites are remodeled using 
phytoremediation as a sustainable strategy to lower the pollution load. Plants can help 
clean up many types of pollutants including metals, radionuclides, and organic pol-
lutants [explosives, nutrients, chlorinated solvents, surfactants, polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), insecticides/pesticides, 
and various hydrocarbons] [93].

8. Suitability of aromatic plants in phytoremediation process

Recently, aromatic plants have gained interest in phytoremediation strategies 
and are being explored for their phytoremediation potential and also use of their 
biomass to extract essential oils that are added-value products. The use of essential oil 
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producing aromatic plants from the Poaceae, Lamiaceae, Asteraceae, and Geraniaceae 
families can be used for phytoremediation of heavy metal contaminated sites. These 
plants can act as phytostabilisers, hyper accumulators, bio-monitors, and metallo-
phytes. It has been observed that heavy metal stress enhances the essential oil per-
centage of certain aromatic crops but that the metals are not present in the essential 
oils produced [94]. Aromatic grasses received much attention due to their ability to 
accumulate high biomass and are therefore cultivated for high value essential oil such 
as Citronella (Cymbopogon winterianus Jowitt ex Bor), Lemon grass (Cymbopogon 
flexuosus (Nees ex Steud.) Watson), Vetiver (Chrysopogon zizanioides (L.) Nash), and 
Palmarosa (Cymbopogon martinii (Roxb.) Watson) [4, 95]. Grasses provide vegetation 
cover in a reasonable short period of time and therefore are ideal candidates for resto-
ration of polluted lands. Cymbopogon winterianus Jowitt (citronella) and Cymbopogon 
flexuosus (lemon grass) can tolerate soils polluted due to mining activities and organic 
amendment assist in establishment of these species [96]. Cymbopogon martinii can 
accumulate of toxic concentrations of Cd, Cr, Pb, Ni and can be used for phytoreme-
diation of sewage sludge [97].

Other families including Ocimum, Mentha, Lavender, Salvia, Rosemary and 
Chamomile have also demonstrated potential in phytoremediation technology. 
Lavandula angustifolia L. has phytoremediation potential for soils polluted with Cu 
and Pb and the inoculation of arbuscular mycorrhizal fungi results to improved 
plant growth and essential oil yield [98]. Ocimum basilicum L. has phytostabiliza-
tion potential and can therefore be used to remediate soils polluted with Cd, Co, 
Cr, Cu, Ni, Pb, and Zn [99]. Mentha piperita is a metal tolerant aromatic plant that 
has the capacity to stabilize As, Cd, Ni, and Pb at the root level demonstrating its 
phytostabilization potential [100]. Chamomile (Matricaria chamomilla L) has high 
tolerance to toxic elements and is a suitable candidate for phytoremediation of soils 
contaminated with As, Cd, Pb and Zn [101]. Sage (Salvia sp. family—Lamiaceae) 
was found to be an effective hyperaccumulator crop against a variety of heavy 
metals [102]. Salvia verbenaca was evaluated for its potential in the phytorestora-
tion of mine tailings moderately contaminated with copper [103]. In the study, 
increased accumulation of metals was reported for plants grown in medium treated 
with compost. Studies to evaluate the potential of scented geraniums, Pelargonium 
roseum, to uptake and accumulate heavy metals nickel (Ni), cadmium (Cd), or 
lead (Pb) demonstrated that this species is a hyperaccumulator and is effective in 
phytoremediation strategies [104]. Salvia sclarea L. has potential for remediation 
of heavily contaminated sites and is classified as Pb hyperaccumulator, and Cd and 
Zn accumulators [105]. The levels of Pb, Cu and Cd in the essential oil of Salvia 
sclarea L. grown on heavily polluted soils were lower than the accepted maximum 
permissible concentrations. Cultivation of Salvia sclarea in polluted sites increase 
the abundance of plant-growth promoting rhizobacteria significantly over time, 
thereby significantly impacting microbial communities in soils [106]. Pot trials 
evaluated the efficiency of Lantana camara in the phytoremediation of Cd, Co, and 
Pb and the results showed an increased accumulation of metals in the plant parts 
[107]. Development of vegetation cover on polluted sites is significant because 
these will prevent air pollution and dispersal of pollutants by wind, reduce mobil-
ity and toxicity of heavy metals and improve soil health. The revegetation of ash 
disposal sites and mine tailings is the best strategy for immobilization of pollut-
ants, thus preventing erosion and leaching of toxic metals into the ecosystem. 
Aromatic plants have demonstrated potential in remediation of polluted soils and 
therefore should be explored for other contaminated areas such as coal fly ash 
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dams that are sparsely reported in literature. Some aromatic species that displayed 
potential for phytoremediation processes are listed in Table 2.

9.  Risk assessment of EOs sourced from aromatic plants grown on polluted 
soils

The use of edible crops for bioremediation strategies is not feasible because the 
heavy metals can enter into food chain through absorption by crops, and conse-
quently consumption by human or animals. Aromatic crops hold a superior position 
over food crops for phytoremediation purposes as their use is associated with mini-
mum risk of food chain contamination. Several authors reported that aromatic crops 
could be grown on heavy metal contaminated sites without causing any significant 
risks of metal transfer to by-products and alterations in essential oil composition 
[33, 119]. The essential oil of Salvia officinalis cultivated in soils contaminated with 
metals was found to be free from hazardous heavy metals [120]. These authors 
reported that heavy metals in EOs extracted from aromatic crops grown on heavy 
metal contaminated soil were well within the critical limits as specified by FSSA 
[121]. Essential oils extracted from aromatic plants grown in polluted sites can be 
used for non-edible products such as soap and detergents manufacturing, cosmetics 
and perfumery and as insects repellents, therefore minimizing food chain contamina-
tion [33]. Hydro-distillation process for essential oil extraction results to less contami-
nation of essential oil by heavy metals [122, 123]. Despite many studies on the use of 
indigenous species in phytoremediation processes, there remain the knowledge gap 
with regards to the exploitation of aromatic plants, which present an advantage of 
producing essential oils that are free from metal toxicity. Aromatic plant resources are 
very abundant, and they can be used on large scale. These plants offer a novel option 
for their use in phytoremediation of heavy metal contaminated sites. Extraction of 
metal-free essential oil will be beneficial to the economy of any nation by exporting 
these natural products [124].

Essential oil composition is influenced by environmental factors such as; 
climatic changes, geographical origin, and seasonal factors and consequently 
influencing the biological properties of the EOs. The composition and biological 
properties of essential oils of Helichrsyum splendidum was influenced by different 
environmental conditions. Author [125] compared antifungal properties of the EOs 
sourced from different geographic locations and the bioactivities was influenced by 
varying levels of major constituents in the respective oils against crops pathogens. 
Oils characterized with high levels of germacrene d and spathulenol were more 
active as compared to oils characterized by δ-cadinene and α-cadinol, highlighting 
that activity is closely linked to the chemical composition of the EOs. Plants grown 
in polluted soils and fly ash may produce essential oils that may have enhanced pro-
duction of essential oils and therefore could have improved activity. Many aromatic 
plants remain unexplored for its potential in phyto-strategies and biological effects. 
Poplars are tree species that have favorable characteristics for phytoremediation 
strategies that include quick establishment, fast growth, large biomass accumula-
tion, extensive and deep root systems, high rates of transpiration, ease asexual 
propagation, grow effortlessly on marginal lands, are not edible and can live for 
long [126]. Such plants should be investigated more for both their phytoremedia-
tion potential and biological properties. Piper aduncum has noteworthy activity 
against Colletotrichum musae that causes post-harvest banana fruit rot disease. 
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This is a fast-growing shrub that thrive in poor soils, dominate degraded forests 
and abandoned lands [127, 128]. These characteristics make this species ideal for 
phytoremediation species. As a biopesticide, these can be cultivated in abandoned/
contaminated lands followed by extraction of EOs, therefore turning unproductive 
lands to commercially viable ones.

10. Future prospects

Aromatic plants are important sources of safer and effective agrochemicals and 
therefore more attention should be given toward their cultivation, preservation, and 
sustainable development. Mining activities have resulted in significant damages to 
land and phytoremediation strategies are able to solve problems simultaneous by 
providing vegetative covers in polluted sites and species to be selected based on their 
potential for generating revenues. Many aromatic plants are under explored and there 
is a need to conduct more studies on phytoremediation of these species, with empha-
sis to those essential oil producing plants. There is an increasing demand of essential 
oil and aromatic plants can be grown on contaminated sites, especially those that are 
moderately polluted such as fly ash deposits and as such there is no secondary pol-
lution due to metal toxicity in the essential oils. The cultivation of aromatic crops at 
heavy metal contaminated sites has often been suggested as a profitable and feasible 
option. The benefits of using aromatic plants for phytoremediation purpose can be 
categorized under two main headings as, environmental and economic beneficial. 
Being high value economic crops, monetary benefits can also be obtained by growing 
them in contaminated areas.

11. Conclusion

EOs extracted from aromatic plants are more effective for protection and 
prevention of crops against infectious diseases in the field as well as during stor-
age. EOs are a substantial by-product of aromatic crops that are generally used 
for non-edible purposes such as the production of soaps and detergents, insect 
repellents, cosmetics, and scents, and they might be considered a viable option for 
decreasing food chain contamination. In addition to their potential as biopesticides, 
aromatic plants have gained a lot of interest in phytoremediation strategies due to 
their potential for generating income. The use of EOs as biofungicides will help to 
reduce the chemical fungicides application doses, avoid pathogen resistance and 
solve problems simultaneously through cultivating of these species in previously 
unproductive lands. Problem solving strategies should be approached in a manner 
that support sustainable development of regions, especially in developing countries. 
Aromatic plants are high value economic crops emerging as candidates for remedia-
tion of contaminated sites as they produce essential oils that are free from metal 
toxicity. Essential oils sourced from plants growing in harsh conditions can lead to 
production of essential oils with improved activity. Aromatic plants can be culti-
vated from previously unproductive lands and agricultural soils that are polluted by 
use of synthetic pesticides at lower cost and therefore reducing costs for farmers. 
This is an ecologically sustainable method, protecting the environment and restor-
ing the soil structure and providing vegetative cover thereby preventing dispersion 
of pollutants.
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Chapter 9

A Review on Vegetable Oil 
Refining: Process, Advances 
and Value Addition to Refining 
by-Products
Anup Sonawane and Samadhan R. Waghmode

Abstract

Nowadays, consumer food choices are driven by health awareness and sustain-
ability concerns. As vegetable oil is an important component of the human diet, 
the source and the processing play an important role in consumer acceptability. To 
remove impurities that affect the color, palatability, stability, and safety of oil, crude 
vegetable oil must be refined. This review highlights the processes and steps used 
in vegetable oil refining. Depending upon the oil source type, either chemical or 
physical refining is employed to get the desired oil specifications. Oil refining steps 
are sequential, with each step removing one or more specific impurities. Refining 
advances aim towards minimizing chemical usage, nutrient losses, oil losses, and 
avoiding the formation of trans-fatty acids. The review also discusses the prospect of 
using the refining by-product stream for obtaining high-value products like phospha-
tidylcholine, tocopherols, and tocotrienols. The edible oil industry can be made more 
economical and sustainable through the valorization and integration of waste product 
streams obtained at different refining steps.

Keywords: edible oil, chemical, physical refining, valorization, integration

1. Introduction

Refining of crude oil is done to remove unwanted minor components that make oil 
unappealing to consumers. The conventional methods of oil refining mainly employ 
chemicals that affect the oil quality, stability, recovery and also generate high volume, 
low value by-products. After the extraction of oil from oil seeds, refining of this crude 
oil is performed to remove those impurities that impact the quality of oil. The impuri-
ties primarily are phospholipids, free fatty acids (FFA), and minor components like 
pigments, volatiles, and contaminants. These impurities affect the flavour, color, 
and stability of the refined oil. The deteriorating effects of these impurities on oil are 
mentioned in Table 1 [1].

For crude edible oil, chemical (alkali) and physical refining are the standard pro-
cesses used in industry. In chemical refining, FFA are removed by neutralization with 
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alkali, while in physical refining it is removed by distillation during deodorization. 
Compared to chemical refining, oil losses are reduced in physical refining. The major 
steps involved and the components removed in refining steps are shown in Figure 1.

2. Chemical refining

Vegetable oil refining consists of multiple steps in sequential order. Based on the 
oil type, either chemical or physical refining is done.

Figure 1. 
Basic steps of edible oil refining.

Impurities Deteriorating effects

Phospholipids Lower oxidative stability

Free fatty acids Lower oxidative stability, impaired functional 
properties

Minor 
Components

Color pigments (chlorophyll and 
carotenoids)

Lower sensory properties

Metal salts (iron and copper 
compounds)

Lower oxidative stability

Volatile aldehydes and ketones Off-flavors

Table 1. 
Impurities in oil and their deteriorating effects.
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2.1 Degumming

Degumming is the first step in crude oil refining performed to remove gums. 
These gums consist mainly of different phosphatides, entrained oil and meal particles 
(Figure 2). The majority of phosphatides present in gums are hydratable. They absorb 
water and thus become oil-insoluble. Different types of degumming techniques prac-
ticed in the refining industry are chemical, enzymatic, and membrane degumming.

2.1.1 Chemical degumming

In chemical degumming, crude oil is treated either with water, acid, ethylene 
diaminetetraacetic acid (EDTA), etc. Based on the chemicals used, chemical degum-
ming can further be divided into six categories: water degumming, acid degum-
ming, dry degumming, acid refining, organic degumming, and EDTA degumming. 
Amongst these, water degumming and acid degumming are widely practiced in 
industry. In water degumming, soft water at the same percentage (2–3%) as the total 
phospholipids content of crude oil is added to hot oil (70°C) and intensely mixed 
for 30–60 minutes. It is followed by settling or centrifugation to remove gums and 
phospholipids. The phosphorus content is typically lowered to 12–170 ppm [2]. In this 
degumming, only hydratable phospholipids are removed. In industry, acid degum-
ming is done to convert non-hydratable phospholipids (NHP) into phasphatidic acid 
and calcium/magnesium biphosphate salts. In this process, crude oil is treated with 
phosphoric acid at a temperature of 90°C [3, 4] to settle the non-hydratable phospho-
lipids. The super acid degumming process of Unilever is carried out at 40°C that pro-
duces oil with a phosphorus content lower than that of the standard acid degumming 
[5]. In the dry degumming process, concentrated acid (70–80%) is added to hot crude 
oil in an amount of 0.05–1.2%. The acid (phosphoric acid) decomposes the metal salts 
of acidic phospholipids. In the acid refining process, acid pretreated oil is neutralized 

Figure 2. 
Different phospholipids (gums).
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with caustic. Caustic form soaps have a great emulsifying property that helps in the 
reduction of NHP. The process helps to achieve a phosphorus level <10 ppm [6].

The process of organic degumming involves the addition of an aqueous solution 
of organic acid (less than 5% w/w), usually citric acid. It involves a high shear mixing 
between oil and citric acid solution for less than 30 seconds and a low shear mixing of 
less than 15 minutes. Thus, three phases are produced; a heavy phase containing citric 
acid, which can be decanted and recycled; a lighter top phase containing oil; and an 
intermediate phase containing the gums. This process has the capability to produce 
oil with a phosphorus content of less than 10 ppm [7]. In the EDTA degumming 
process, a chelating agent like EDTA in water is added to the oil. In the soft degum-
ming method, a detergent like sodium lauryl sulfate (SLS) is used to assist the contact 
between the NHP in the oil phase and the chelating agent in the water phase solution. 
However, there is a complexity in the separation of both phases due to the high stabil-
ity of the emulsion so formed [8].

2.1.2 Enzymatic degumming

Phospholipids present in crude oil show emulsification properties that affect the 
oxidative stability of oil. One way to reduce the emulsification properties of phos-
pholipids is to selectively cleave their polar and non-polar parts from one another, 
and these reactions can be effectively achieved through enzymes. Enzyme catalyzed 
reactions are selective and occur at moderate temperatures and pH. Phospholipases 
are the enzymes that are active on phospholipids. Several kinds of phospholipases are 
reported in the literature and are named based on the position of fatty acid removed 
from the glycerol backbone, as indicated in Table 2. The EnzyMax process was the 
first enzymatic degumming process adopted in the industry. The process employed 
the phospholipases A2 sourced from porcine pancreas for the degumming of oil rich 
in NHP [9]. The reaction was carried out at 50–75°C for 3–4 hours, which resulted in 
residual phosphorus of 3 ppm in the oil.

PLA1, Lecitase® 10 L and Lecitase® novo was used for degumming of rapeseed 
oil where phosphorus content was reduced from 280 ppm to 10 ppm [10]. The degum-
ming process developed with enzyme recirculation was successful. The enzyme 
Lecitase® novo has been used for the degumming of rice bran oil. The phosphorus 
content and oil losses were high in processed oil due to incomplete reaction [11]. In 
the enzymatic degumming process, pH is the most critical factor. The pH adjustment 
of the crude or water degummed oil is done with acid and caustic. The temperature of 
the reaction mixture is maintained at around 50–60°C and under high shear mixing, 

Types of phospholipases Mode of action

Phospholipase A1 (PLA 1) Remove the fatty acid from C1- carbon of glycerol 
backbone

Phospholipase A2 (PLA 2) Remove the fatty acid from C2- carbon of glycerol 
backbone

Phospholipase B (PLB) Acts on lysophospholipid to remove the remaining fatty 
acid

Phospholipase C (PLC) Acts on phosphoro-ester group to generated diglycerides

Table 2. 
Types of phospholipases.
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the enzyme is added, either in pure or dilute form. Enzyme dosing depends on the 
type of enzyme used and on the phospholipid content of the oil, but usually varies 
between 50 and 200 ppm. Enzyme recycling is the major constraint that limits its 
applicant in the commercial refining process. Enzymatic degumming produces side 
products that affect the oil quality. e.g. Phospholipase A1 liberates a fatty acid from 
the phospholipid molecule, resulting in a lysophospholipid and a FFA. Commercially 
available phospholipases for enzymatic degumming are mentioned in Table 3.

2.1.3 Membrane degumming

Phospholipids are amphoteric in nature, they tend to form reverse micellar struc-
tures in a given medium and possess a molar mass above 20 KDa, with a molecular size 
ranging from 20 to 200 nm. Ultrafiltration can, thus, be utilized to remove them from 
oil-hexane mixtures [12, 13]. The degumming of crude sunflower and soybean oils was 
made possible without the use of solvent, i.e., by using a polymeric ultrafiltration mem-
brane with a 15 KDa molar mass cut-off, 5 bar filtration pressure, 60°C temperature and 
a filtration flow rate of 0.3 m3 h−1. By this procedure, 77% and 73.5% of phospholipid 
retention for the sunflower and soybean oils, respectively, was achieved [14]. But, the 
use of membranes at industrial scale degumming has limitations in membrane stability 
in organic solvents. Membranes used in organic solvents like hexane generally have a 
shorter lifespan and cleaning protocols still need to be developed and optimized [13].

2.2 Neutralization

Neutralization step in chemical refining is primarily performed to remove FFA 
from crude edible oil. Conventionally, caustic is directly added in such an amount that 
the FFA in crude oil and phosphoric acid used previously during acid degumming are 
completely neutralized. The alkali reacts with the FFA to form soaps (Figure 3) that 

Enzyme trade name Enzyme producer Country of origin Enzyme activity

Lecitase Ultra Novozymes Denmark Phospholipase A1

Lysomax Danisco Denmark Lipid acyltransferase 
(Type A2)

Rohalase MPL AB Enzymes Germany Phospholipase A2

GumZyme DSM Netherlands Phospholipase A2

Purifine DSM-Verenium Netherlands Phospholipase C

Table 3. 
Commercially available phospholipases for enzymatic degumming.

Figure 3. 
Neutralization reaction.
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are further removed by centrifugal separators. But, conventional alkali neutralization 
has major disadvantages:

• Oil losses due to hydrolysis by alkali and by occlusion in soap stock.

• Soap stock has low commercial value. Splitting of soap stock with concentrated 
acid generates a heavily polluted stream.

• Water used to wash the oil after alkali neutralization needs to be treated.

In recent advances, nano-neutralization is one of the technologies used for FFA 
removal. Proven industrial advantages of the nano-neutralization process are signifi-
cant reductions (up to 90%) in phosphoric and citric acid consumption and a cor-
responding significant reduction (over 30%) in caustic usage [15].

An adsorption process using an anion exchange adsorbent for the removal of FFA 
from crude oil is reported [16]. But the adsorbents used for FFA removal have low 
adsorption capacity per unit of adsorbent, and regeneration is a major concern.

2.3 Bleaching

Bleaching is regarded as a partial or complete removal of color. Bleaching also 
cleans up the traces of soap, phosphatides, and pro-oxidant metals remaining after 
caustic neutralization and water washing that hinder filtration, darken the oil, and 
adversely affect the flavor of the finished oil. Another function, considered primary 
by many processors, is the removal of peroxides and secondary oxidation products. 
In conventional processes, adsorbents like neutral earth, activated earth, and 
activated carbon are used for bleaching. These adsorbents are added in the range of 
0.15 to 3% weight of oil. Bleaching is done under vacuum for 15 to 20 minutes at 70 
to 110°C [17].

Silica hydrogel has also been employed as an aid to bleaching clay to adsorb soap, 
residual phosphatides, and trace metals. Silica hydrogel (Sorbil® R927) absorbs 
soap 1.3 times faster than clay adsorbent. At low residual phosphorus levels in the 
oil (typically <5 ppm P), the capacity of the silica hydrogel is approximately three 
times that of the clay. The high adsorption capacity and affinity of silica hydrogels 
for phospholipids, trace metals, and soaps make these synthetic amorphous silicas 
ideally suited for use in edible oil refining processes. Silica hydrogel does not adsorb 
color bodies, such as chlorophyll and carotene, from the oil. Thus, the oil is preferably 
treated sequentially, first with silica hydrogel and then with bleaching clay. In the 
first stage, the silica adsorbs the phospholipids, trace metals, and soaps. In the second 
stage, sufficient bleaching earth is added to remove the color bodies [18]. In addition, 
use of silica seems to improve bleaching earth filterability, resulting in longer filter 
cycles and higher presses bleach effect [19].

2.4 Winterization

Some vegetable oils, like sunflower, maize, and rice bran, contain waxes. At low 
temperatures, these waxes crystallize and result in turbidity in the oil. In the win-
terization process, the oils are cooled in a simple way, kept at low temperatures of 
10-15°C for several hours to crystallize solid-fat fractions. Then the cooled oil passes 
through a filter to separate waxes and clear oil is obtained [2, 17].
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2.5 Deodorization

Deodorization is the last step in edible oil refining. It is basically a vacuum-
steam distillation process operated at elevated temperatures to remove FFA and 
other volatile odoriferous components that cause the undesirable flavors and odors. 
Additionally, deodorization destroys carotenoid pigments, removes pesticides and 
cyclopropenoid fatty acids. Deodorization design is influenced by four operating 
variables, which include vacuum, temperature, stripping rate, and retention time. For 
a continuous deodorizer, the vacuum, temperature, and retention time lie within the 
ranges of 2–4 mbar, 200–260°C and 15–150 minutes, respectively [2, 17].

The deodorization step has some negative impact on the nutritional quality of 
oil. Partial loss of bioactives such as tocopherols, tocotrienols, polyphenols, sterols, 
and squalene is observed during this step. The high temperature of the deodorization 
step also results in unwanted side reactions like trans-fat formation, conjugation, and 
polymerization.

3. Physical refining

Physical refining consists of the same steps described in chemical refining, 
except for the alkali neutralization process. In this process, alkali is not used for FFA 
removal; rather, it is removed in the deodorization step by steam distillation. Various 
physical processes to remove FFAs from oil are reported, like steam refining, inert gas 
stripping, molecular distillation, hermetic system, and extraction with solvents. On 
an industrial scale, steam refining is used where superheated steam at 200–270°C is 
passed over degummed and bleached oil to remove FFA. The advantages of physical 
refining are that it reduces oil losses and minimizes liquid effluent generation.

4. Value-addition to edible oil refining by-products

Refining produces by-products like gums and deodorized distillate (DOD). 
Different forms of phospholipids can be obtained from gums. DOD contains com-
pounds like FFA, tocopherols, sterols, and squalene.

4.1 Process for the extraction and purification of phospholipids

The aqueous degumming step during the oil refining process produces wet gums 
as a by-product. These wet gums, produced during the degumming of crude oils 
such as soybean, sunflower, canola, maize, etc., are processed to produce lecithin. 
Chemically, gums are mixtures of phospholipids (±45%), glycolipids (±10%), glyc-
erides (±40%) and sugars (±10%). Soybean oil is the primary commercial source of 
vegetable lecithin. The main phospholipids (PL) present in soya are phosphatidylcho-
line (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phospha-
tidic acid (PA) [20]. PL are polar lipids with hydrophilic and hydrophobic parts and 
have wide applications in food as emulsifiers, viscosity regulators, anti-spattering and 
dispersing agents. These PL are also used as nutraceuticals and/or added to animal 
feed for nutritional enhancement [21, 22].

Different processes have been utilized for isolation, purification or enrichment 
of PC from natural lecithin, such as: liquid–liquid extraction, supercritical fluid 
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extraction, solvent fractionation, and adsorption. Based on the polarity of the 
head group, a solvent like ethanol is used for the fractionation of different classes 
of phospholipids. The PC fraction of lecithin is enriched by ethanol extraction and 
is very useful as an emulsifier of oil in water emulsions [23]. Lecithins modified by 
enzymatic hydrolysis, acetylation, and alcohol fractionation processes give a range 
of food grade emulsifiers with different hydrophilic–lipophilic-balance (HLB) 
values [24].

4.2 Purification of tocopherols (TC) and Tocotrienols

Tocopherols and tocotrienols are natural forms of vitamin E, each exhibiting 
four different isoforms as α, β, γ and δ. Vitamin E is an essential fat-soluble vitamin 
with antioxidant activity. There is growing interest in natural forms of vitamin E 
because they are promising compounds for maintaining a healthy cardiovascular 
system and blood cholesterol level [25]. α-TC is the predominant form of vitamin E 
in tissues, and low intake results in vitamin E deficiency-associated ataxia. Recent 
mechanistic studies combined with preclinical animal models indicate the tocot-
rienol subfamily possesses powerful neuroprotective, anticancer, and cholesterol-
lowering properties [26]. Tocopherols are present in major vegetable oils, while 
tocotrienols are present in palm oil, rice bran oil, and annatto seed. For commercial 
production of natural tocopherols and tocotrienols, enrichment and purification 
of TC and TT from deodorizer distillate (DOD) and fractionation of palm oil are 
practiced in industry.

In the refining process of edible oil, deodorization is the final step carried out at 
high-temperature, high-vacuum steam-distillation to produce high-quality refined 
oil. The deodorization process removes FFAs and volatile aldehyde and ketone 
compounds responsible for the off-flavor and odor of oil. Along with impurities, the 
deodorization process also partially removes tocopherols, tocotrienols, and phy-
tosterols. So, DOD is a complex mixture of tocopherols, tocotrienols, phytosterols, 
glycerides, hydrocarbons, and FFA [27]. Tocopherols and tocotrienols have been 
purified from DOD by a combination of molecular distillation, ethanol fractionation, 
chemical alcoholysis, and ion exchange chromatography [28]. Preparation of high 
purity concentrates of TC and TT involves a series of physical and chemical treatment 
steps like hydrolysis, neutralization [29], supercritical extraction with multistage 
counter–current column [30], trans-esterification to form methyl esters followed by 
fractional distillation, membrane separation, enzymatic esterification [31] and batch 
adsorption and desorption using silica [32].

5. Conclusion

Refining of edible oil by chemical or physical processes aims towards removing the 
undesirable impurities that affect oil quality and stability. Understanding the chemi-
cal nature of oil and associated impurities is important to designing refining steps. 
The recent refining advance has resulted in minimizing chemical usage, oil losses, and 
effluent generation. With the rising demand for natural emulsifiers and antioxidants, 
the by-product streams of gums and DOD can be utilized to obtain high-value prod-
ucts like phospholipids and tocopherols, respectively. There is a need for technological 
advances that integrate refining and valorization of refining by-products, making the 
edible oil industry more economical and sustainable.



A Review on Vegetable Oil Refining: Process, Advances and Value Addition to Refining…
DOI: http://dx.doi.org/10.5772/intechopen.108752

169

Author details

Anup Sonawane1* and Samadhan R. Waghmode2*

1 DBT-ICT Centre for Energy Biosciences, Institute of Chemical Technology, India

2 Department of Microbiology, Elphinstone College, Mumbai, India

*Address all correspondence to: anoopsonawane@gmail.com  
and samadhanwaghmode@gmail.com

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Bioremediation for Global Environmental Conservation

170

References

[1] Čmolík J, Pokorný J. Physical 
refining of edible oils. European Journal 
of Lipid Science and Technology. 
2000;102(7):472-486

[2] Bailey AE, Shahidi F. Bailey's 
Industrial Oil and Fats Products. Canada: 
John Wiley and Sons; 2005

[3] Mag TK, Reid MP inventors; Canada 
Packers Inc, assignee. Continuous 
process for contacting of triglyceride oils 
with_an acid. United States patent US 
4,240,972. 1980

[4] Campbell SJ, Nakayama N, Unger EH. 
Chemical degumming of crude vegetable 
oils. United Oilseed Products Ltd, 
Canadian Patent. 1983;1(157):883

[5] Ringers HJ, Segers JC, inventors; 
Lever Brothers Co, assignee. Degumming 
process for triglyceride oils. United States 
patent US 4,049,686. 1977

[6] Dijkstra AJ. Enzymatic degumming. 
European Journal of Lipid Science and 
Technology. 2010;112(11):1178-1189

[7] Copeland R, Belcher WM. Improved 
method for refining vegetable oil. 
PCT Patent Application WO 00/31219 
assigned to AG Processing Inc. 2000

[8] Jamil S, Dufour JP, Deffense EM, 
inventors; Fractionnement Tirtiaux SA, 
assignee. Process for degumming a 
fatty substance and fatty substance 
thus obtained. United States patent US 
6,015,915. 2000

[9] Aalrust E, Beyer W, Ottofrickenstein H, 
Penk G, Plainer H, Reiner R, inventors; 
Metallgesellschaft AG, Evonik Roehm 
GmbH, assignee. Enzymatic treatment 
of edible oils. United States patent US 
5,264,367. 1993 Nov 23

[10] Munch EW. Degumming of Plants 
Oils for Different Applications. Cairo: 
Society of Chemical Industry; 2007

[11] Ferreira ML, Tonetto GM. Enzymatic 
Synthesis of Structured Triglycerides: 
From Laboratory to Industry. Argentina: 
Springer; 2017. p. 35-54

[12] Koseoglu S. Advantages of membrane 
degumming—Real or imagined? 
European Journal of Lipid Science and 
Technology. 2002;104(6):317-318

[13] Cheryan M. Membrane technology 
in the vegetable oil industry. Membrane 
Technology. 2005;2:5-7

[14] Koris A, Vatai G. Dry degumming of 
vegetable oils by membrane filtration. 
Desalination. 2002;148(1-3):149-153

[15] De Greyt WF. Current and future 
technologies for the sustainable and cost-
efficient production of high quality food 
oils. European Journal of Lipid Science 
and Technology. 2012;114(10):1126-1139

[16] Sari A, Iþýldak Ö. Adsorption 
properties of stearic acid onto untreated 
kaolinite. Bulletin of the Chemical 
Society of Ethiopia. 2006;20(2):259-267

[17] Hamm W, Richard JH, Gijs C, editors. 
Edible oil processing. Hoboken, NJ, USA: 
Wiley-Blackwell; 2013

[18] Nock A. Silica Hydrogel and its 
Use in Edible Oil Processing. USA: The 
American Oil Chemists’ Society; 2010

[19] Jalalpoor M. PCT patent application 
2008/02552 A2, 2008

[20] Scholfield CR. Composition 
of soybean lecithin. Journal of the 
American Oil Chemists' Society. 
1981;58(10):889-892



A Review on Vegetable Oil Refining: Process, Advances and Value Addition to Refining…
DOI: http://dx.doi.org/10.5772/intechopen.108752

171

[21] Ceci LN, Constenla DT, Crapiste GH. 
Oil recovery and lecithin production 
using water degumming sludge of 
crude soybean oils. Journal of the 
Science of Food and Agriculture. 
2008;88(14):2460-2466

[22] Van Nieuwenhuyzen W. The 
industrial uses of special lecithins: A 
review. Journal of the American Oil 
Chemists Society. 1981;58(10):886-888

[23] Holló J, Perédi J, Ruzics A, 
Jeránek M, Erdélyi A. Sunflower lecithin 
and possibilities for utilization. Journal 
of the American Oil Chemists’ Society. 
1993;70(10):997-1001

[24] Van Nieuwenhuyzen W. The 
changing world of lecithins. Inform. 
2014;25(4):254-259

[25] Colombo ML. An update 
on vitamin E, tocopherol and 
tocotrienol—Perspectives. Molecules. 
2010;15(4):2103-2113

[26] Sen CK, Khanna S, Rink C, 
Roy S. Tocotrienols: The emerging face 
of natural vitamin E. Vitamins and 
Hormones. 2007;76:203-261

[27] Shimada Y, Nakai S, Suenaga M, 
Sugihara A, Kitano M, Tominaga Y. 
Facile purification of tocopherols from 
soybean oil deodorizer distillate in 
high yield using lipase. Journal of 
the American Oil Chemists' Society. 
2000;77(10):1009-1013

[28] Ghosh S, Bhattacharyya DK. Isolation 
of tocopherol and sterol concentrate 
from sunflower oil deodorizer distillate. 
Journal of the American Oil Chemists’ 
Society. 1996;73(10):1271-1274

[29] Chu BS, Baharin BS, Quek SY, Man YC. 
Separation of tocopherols and tocotrienols 
from palm fatty acid distillate using 
hydrolysis-neutralization-adsorption 

chromatography method. Journal of Food 
Lipids. 2003;10(2):141-152

[30] Brunner G, Malchow T, Stürken K, 
Gottschau T. Separation of tocopherols 
from deodorizer condensates by counter 
current extraction with carbon dioxide. 
The Journal of Supercritical Fluids. 
1991;4(1):72-80

[31] Ramamurthi S, Bhirud PR, 
McCurdy AR. Enzymatic methylation of 
canola oil deodorizer distillate. Journal 
of the American Oil Chemists' Society. 
1991;68(12):970-975

[32] Chu BS, Baharin BS, Man YC, 
Quek SY. Separation of vitamin E from 
palm fatty acid distillate using silica: I 
equilibrium of batch adsorption. Journal 
of Food Engineering. 2004;62(1):97-103



IntechOpen Series  
Environmental Sciences, Volume 12

Bioremediation for Global 
Environmental Conservation

Edited by Naofumi Shiomi,  
Vasudeo Zambare  

and Mohd Fadhil Md. Din

Edited by Naofumi Shiomi,  
Vasudeo Zambare  

and Mohd Fadhil Md. Din

The global environment has been rapidly deteriorating because of global warming, 
and a large population is facing severe water and food shortages. In addition to 

global warming, soil and groundwater contamination by heavy metals such as lead, 
arsenic, and chromium due to industrial development and excessive use of pesticides 
is also rapidly increasing. Remediation is necessary for replenishing drinking water 

and food, and remediation using microorganisms (bioremediation) and plants 
(phytoremediation) is one of the most feasible and economical methods. This book 
deals with strategies for efficient bioremediation and phytoremediation procedures. 

The authors discuss effective remediation technology, thus providing important 
information and new ideas for fighting the deterioration of our global environment.

Published in London, UK 

©  2023 IntechOpen 
©  Jian Fan / iStock

ISBN 978-1-83768-981-1

J. Kevin Summers, Environmental Sceinces Series Editor
ISSN  2754-6713

Biorem
ediation for G

lobal Environm
ental C

onservation

ISBN 978-1-83768-983-5


	Bioremediation for Global Environmental Conservation
	Contents
	Preface
	Chapter1
Introductory Chapter: Biodegradation – New Insights
	Chapter2
The Strategy and Future of Biotechnology in Protecting the Global Environment
	Chapter3
Soil TreatmentTechnologies through Bioremediation
	Chapter4
Standard Analytical Techniques and de novo Proposals for Successfull Soil Biodegradation Process Proposals
	Chapter5
Biotransformation of Metal-Rich Effluents and Potential Recycle Applications
	Chapter6
Analysis of the Oxidation-Reduction Potential and Bacterial Population of Acidithiobacillus ferrooxidans during the Bioleaching Study of Sulfide Ores
	Chapter7
Role of Various Physicochemical Factors in Enhancing Microbial Potential for Bioremediation of Synthetic Dyes
	Chapter8
Aromatic Plants: Alternatives for Management of Crop Pathogens and Ideal Candidates for Phytoremediation of Contaminated Land
	Chapter9
A Review onVegetable Oil Refining: Process, Advances and Value Addition to Refining by-Products



