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Abstract: The use of pesticides in agriculture reduces the loss of crops and increases crop productivity.
Agricultural discharge into water bodies increases pesticide toxicity in water. A pesticide, when entered
into water bodies, attacks non-targeting species, which disturbs the aquatic life. Because of low-cost
taking, high material removal efficiency, low sludgy amount, and generated biomass for economic
benefit, biological bioremediation methods are mostly preferred. Algae are used to remove pollutants
from the environment or to convert them into harmless forms. Bioremediation by algae is highly
preferred as biomass generated is used in biogas and biofuel production. Algae fix carbon dioxide (CO,)
and release oxygen (O2) by photosynthesis and increase BOD (biological oxygen demand) in
contaminated water. Therefore, it is necessary to reduce the use of pesticides or dispose of them in the
best manner. To be on the safer side and make our water bodies less toxic, it is necessary to make
efficient water treatment arrangements. This review paper is to discuss everything about pesticides and
bioremediation, the use of microalgae and fungi for the treatment of water contaminated by pesticides,
and the factors affecting pesticide bioremediation.
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1. Introduction

Water is one of the essential commodities on earth. 71% of the earth is made up of
water, out of which 97% is marine water and the rest 3% is freshwater. The largest amount of
freshwater consumption is done by the agricultural sector, but chemicals such as pesticides,
agrochemicals, sediments, organic matter, drug residues and fertilizers used in agriculture to
increase crop productivity are very harmful to both surface water and underground water [1,
2]. Out of several discharges that go into water bodies, agricultural discharge is considered the
most harmful. The increasing population results in the usage of contaminated water at both
industrial and agricultural levels. Contaminated water is vulnerable to animals and human
beings, resulting in several diseases like diarrhea, cholera, dysentery, typhoid, and polio [3]. A
highly infected contaminate in water bodies is a pesticide. Pesticides are the chemical
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compounds used by the agricultural sector to increase crop productivity. But when pesticide
goes into a water body, it serves as a toxic agent [4]. An ecosystem tends to dilute some
pollutants itself, but high contamination in the aquatic ecosystem results in alteration of flora
and fauna. Even a very minute quantity of pesticide can be lethal. Toxicity depends on the
exposure time. As biomagnifications of lethal pesticides in water result in the loss of
biodiversity, animals, plants, and microbes, proper water treatment is necessary [5]. There are
physical (adsorption, UV-radiation, membrane filtration), chemical (ionization, oxidation),
conventional (sedimentation, nitrification, denitrification), and biological methods for water
treatment [6-9]. Generally, contaminated water is separated from holy rivers by simply taking
off the garbage, but it leaves several other contaminants in the water body. Moreover, physical
and chemical methods are not considered or preferred as these methods have low removal
efficiency, leave a high mass of sludge, need extra efforts to decompose sludge, require high
energy input, and are time-consuming processes [10-15]. Therefore, bioremediation techniques
(techniques that use microbes) are considered safe and sustainable methods to remove toxicants
from contaminated water. The most important factor for this process to occur is the availability
of contaminants for microbes or their enzymes so that the metabolism of contaminants can
occur [3]. The process of bioremediation uses different microbes such as bacteria, algae, fungi,
and yeast to treat oil spills, contaminated soil, contaminated water, and many more. The
microbes' selection depends on the contaminated area because every microbe needs different
pH, temperature, and moisture for its activation. Microbes used in this process are also called
bioremediators [16]. This process can be carried out easily without disturbing human lives and
the environment during conduction and transportation. In algae-based bioremediation, algae
fix carbon dioxide and release oxygen by photosynthesis and increase biological oxygen
demand in contaminated water [16]. It is highly adaptive, i.e., it can grow autotrophically,
heterotrophically, or mixotrophically in the environment. Algae absorb nutrients like carbon,
phosphate, heavy metals from wastewater and produce new biomass, which is useful in the
generation of bioenergy [17]. Due to the major presence of a concentration of inorganic phase,
cultivation and extraction can be done under very mild conditions. Since contamination is
unevenly distributed all over water life, several other approaches such as composting and bio-
augmentation are used to perform several other bioremediation methods depending on their
performance rate in that particular area [18]. Preservation of quality water should be a matter
of consent for everyone. Therefore, proper techniques and water treatment plans should be
taken under observation to save both underwater life and living lives.

2. Pesticides

Pesticides are the substance used to kill external features which tend to destroy the crop.
Due to the high accumulative characteristic (tendency to increase amount) and persistency
(tendency to stay for a long time), pesticides reduce loss in crop and increases crop productivity
which is highly beneficial for farmers [19]. The high rate of pesticide production results in a
high benefit to the agricultural sector. As the increasing population demands more food and to
meet them, the uses of pesticides were introduced. Data suggests that rice production (which
feeds more than fifty percent of the population) has increased three times by the use of
pesticides, and wheat production has increased by nearly 160 percent [20]. As pesticides help
farmers to grow more crops on less land, therefore it helps to limit deforestation. But hazardous
effects of the pesticide cannot be ignored, and most of them are toxic. If not treated properly
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and effectively, they can contaminate soil, water, kill wildlife, etc. Some of the shortcomings
that make pesticides more toxic are [21-24]. Surface runoff from previously contaminated land.
Improper storage and transport of pesticides. Spraying pesticides improperly. Improper
disposal of pesticide-contaminated waste from industries. This is highly dangerous to human
as well as aquatic life. Runoff from farms containing pesticides in rivers, lakes, oceans results
in high risks to several resident species [25, 26]. An effective remediation technique should be
developed to deal with the harmful effects of pesticides. Therefore it is high time to remove
pesticides from water bodies by sustainable methods like bioremediation. Sustainable
treatment will not affect underwater as well on the land ecosystem.

2.1. Types of pesticides.

Pesticides are classified into 4 categories depending upon their chemical composition:
organochlorines, organophosphorus, carbamate, pyrethrin, and pyrethroid [27]. Depending on
the structure, organochlorines are divided into five classes [28], which are depicted in Figure
1. Asorganophosphate pesticides are the esters derived from phosphoric acid. Some organic
ester compounds derived from dimethyl N-methyl carbamic acid are used as herbicides,
insecticides, nematicides, and fungicides, and named carbamates. The toxicity of carbamate
compounds varies according to the molecular structure, but they have a shorter duration
compared to organophosphates and organochlorines, and the latter inhibits acetylcholinesterase
[29, 30]. Pyrethroids are natural insecticides derived from the pyrethrum extracts of
chrysanthemum flowers known as pyrethrin found in Kenya. By duplicating the structure of
natural pyrethrins, Synthetic pyrethroid pesticides can be synthesized, which is the group of
organic pesticides. Mostly used synthetic pyrethroid pesticides are Cypermethrin and
Permethrin [31]. Pesticides worldwide are divided into different categories according to their
target organisms, and pesticides are given specific names to reflect their action. Some of these
categories include herbs, pesticides, fungicides, rodenticides, molluscicides, nematicides, and
plant growth regulators. Uncontrolled use of pesticides has had a devastating effect on the
environment. Excessive use of pesticides has raised serious concerns about human health and
biodiversity [32,33].

Classification of Pesticides Based on Chemical Structure

Pesticides
Organochlorine  Organophosphorus Carbamate Pyrethrin &
Pyrethroid
DDT Malathion Thiobencarhb Cypermethrin
HCH Parathion Propoxur Permethrin

Cyclodiene Fenthion Molinate Bifenthrin
Toxaphene Dichlorvos Disulfiram Deltamethrin

Mirex & Chlordecone Fenitrothion Pyridostigmine

Figure 1. Classification of pesticides based on the chemical structures.
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Classification of Pesticides Based on Targets

Pesticides
Rodenticides
Kills Mice & Rodents
Molluscicides
Kills Molluscs

Figure 2. Classification of pesticides based on the targets.
2.2. Routes of pesticide exposure to humans.

Pesticides can enter the human body in many ways. It can directly enter from
occupational, agricultural, and household use, while it can also be transferred indirectly through
our diet. Moreover, there are many ways by which the general population may be exposed to
pesticides due to their application on golf courses, around major roads, etc. Food chain, air,
water, soil, flora, and fauna are the major routes of human exposure to pesticides [34]. There
are many sources where drinking water comes from, including surface water and groundwater
as well as public water and private wells. Due to these factors and the incomplete amount of
information available, estimates of the risk of pesticides from water intake and the health
effects of that exposure are currently unavailable [35]. One of the most common and effective
routes through which pesticide applicators are exposed to pesticides is dermal exposure [34].
It may occur due to a splash, spill, or spray drift when mixing, loading, disposing, and/or
cleaning pesticides [36]. The most severe poisoning may result when a pesticide is introduced
through oral exposure. Oral exposure to a pesticide usually occurs due to accidents because of
carelessness or intentional reasons [37]. The most frequent accidental oral exposure cases were
reported to occur when pesticides were transferred from their original labeled container to an
unlabeled bottle or food container [38]. The potential for chemical injury is high for tissues of
the eye. Some pesticides were reported to be absorbed by the eyes in sufficient quantities to
cause serious or even fatal illness [38]. Granular pesticides pose a particular hazard to the eyes
depending on individual particles' size and weight [39]. Due to the presence of volatile
components of pesticides, their potential for respiratory exposure is great [40]. Inhalation of
sufficient amounts of pesticides may cause serious damage to the nose, throat, and lung tissues
[37].

2.3. Effects of pesticides on human health.

Those with eminent denunciation to a mix of pesticides, including organophosphates,
had resulted in the loss of short-term memory, hand-eye coordination, and drawing ability,
when in fact obscured children of the same tribe revealed ordinary development [41]. Pesticides
cause cancer. A substantial body of epidemiological exhibits links to this fact, particularly child
cancer following from both patriarchal and direct nonage exposures. For leukemia and brain
cancer, exhibits are powerful, but there are exhibits also for confederation with non-Hodgkin’s
lymphoma, neuroblastoma, Ewing’s sarcoma (a cancer of bone tissue), and Wilm’s tumor
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(kidney) [42]. Also, breast, lung, multiple myeloma, non-Hodgkin’s lymphoma, leukemia,
ovary, pancreas, prostate, kidney bladder, stomach, colon, rectal, lip, connective tissue, brain,
and testicular are several adult cancers linked with denunciation to pesticides. One of these, at
least breast, prostate, and testicular cancer, is a conceit to have genesis in betimes
developmental denunciations to ecological hormone disruptors [43]. Emerging scientific
evidence suggests that diabetes will be affected by exposure to environmental pollutants. A
high risk of developing type 2 diabetes and its comorbidities is suspected due to pesticide
exposure, particularly organochlorines and metabolites. [44, 45]. The majority of pesticides,
including organophosphorus components, are to affect the male reproductive system by such
mechanisms as reduction of sperm activities (e.g., counts, motility, viability, and density),
inhibition of spermatogenesis, reduction of testis weights, damaging sperm DNA, and
increasing abnormal sperm morphology [46, 47].

3. Bioremediation

Discharge of toxic contaminants from human-made sources results in contamination of
various natural resources like water and soil [48, 49]. It is necessary to destroy the pollutant or
to convert them into less toxic forms. This can be achieved by using a technique known as
bioremediation; this destroys the contaminants without disturbing surroundings with the help
of biological activities [24]. Therefore, bioremediation can be defined as the technology
involving various microbes from degrading contaminants to less toxic forms. It is safer,
cleaner, eco-friendly, and cost-effective technology [50]. This process involves the oxidation
of parent compounds, resulting in carbon dioxide and water that gives energy to the microbe
[51]. This process results in complete degradation of the target pollutant as this process does
not involve the transfer of contaminants from one place to another (for example, from water to
soil or vice-versa) [52]. For biodegradation to be successful, choosing the right microbe in the
right place with the right environmental conditions like pH, temperature, and many more is
necessary [52]. According to metabolism, there are two types of substrates [51]. Primary
substrates are those substrates when the compound's metabolism provides energy to the cell,
and the contaminant is referred to as the primary substrate. Secondary substrates are those
substrates when cell metabolization provides energy but does not support growth.

The two terms, ‘bioremediation’ and ‘biodegradation’, should not be mixed.
Biodegradation is a process of degradation, which is a step in bioremediation. Only some
contaminants are biodegradable, and only some microorganisms can degrade contaminants
[53].

Principle of bioremediation- It is the process of disintegrating or transferring pollutants
[54]. Disintegrating is given to microorganisms because they have enzymes that increase the
degradation rate [55]. Degradation of contaminants by microorganisms depends on three
factors [55]: type of organism, type of contaminant, geological and chemical conditions at the
contaminated site.

3.1. Classification of bioremediation.

Based on transportation and removal of waste bioremediation is classified into two
categories [56].
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3.1.1. Ex-situ bioremediation.

The word ‘ex-situ” means away. Therefore ex-situ bioremediation is a process where
the treatment of pollutants is done away from the contaminated site with the help of processes
like composting, bioreactors, etc. [57]. Contaminated water or soil has to be moved away from
the contaminant site to the site with better conditions [58]. Selection of technique depends on
the depth of pollution, type of pollutant, degree of pollution, cost of treatment, geographical
location, and geological area of the site [59].

Biopile
Windrow
Bioreactor
—~ Ex-Situ —>
Land farming
—> |Bioslurping —> | Phytostabilization
Classification —{ i
|5 [Bioventing |» Phytoextraction
> Phytovolatilization
- Biosparging
) > Rhizodegradation
- In- Situ — — | Phytoremediation | —>
Natural Attenuation — | Phytodegradation

Figure 3. Classification of bioremediation based on transportation and waste removal.
3.1.1.1. Biopile.

It is a technique used to enhance bioremediation by increasing microbial activities.
Contaminated soil or water is excavated, and extra nutrients are added, followed by aeration.
This technique can also be used to treat pollutants in extreme climates also [60-63].

3.1.1.2. Windrows.

It is a technique used to enhance bioremediation by increasing degradation activities.
Due to its tendency to remove hydrocarbon, it is more preferred to treat polluted soil compared
to contaminated water [64].

3.1.1.3. Bioreactors.

Bioreactors are the container in which biodegradation of pollutants is done under
suitable conditions by mixing contaminants with suitable microbes [57]. Different operating
modes of bioreactors are batch, fed-batch, sequencing batch, multistage and continuous. The
main advantage of a bioreactor is its excellent control over bioprocess parameters like pH,
temperature, agitation, aeration rate, and column concentration [60].

3.1.1.4. Land farming.

It is the simplest technique owing to less cost and less equipment. There is a large debate
on whether land farming is in-situ or ex-situ; it depends on pollution depth. Suppose the depth
of the pollutant is less than 1 meter. In that case, it is said in-situ because excavation is not
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necessary. In contrast, if the depth of the pollutant is greater than 1 meter, it is said to be ex-
situ [65].

3.1.2. In-situ bioremediation.

The word ‘in-situ” means inside. Therefore in-situ bioremediation is a process where
the treatment of pollutants is done inside the contaminant with the help of processes like bio-
stimulation, bio-venting, bioaugmentation, etc. [65]. It does not require excavation. Ideally,
these techniques are the least expensive. Status of electron acceptor, moisture content, pH,
temperature, and nutrient availability are important environmental conditions for this process
[59, 60].

3.1.2.1. Natural attenuation.

It is a process which utilizes natural biodegradation of contaminated site. It makes the
biological decay of pollutants easier. It is also known as passive or intrinsic remediation [66].

3.1.2.2. Enhanced bioremediation.

It is the process of bioremediation in which microorganisms like fungi, bacteria, and
other microbe degrade contaminants found in groundwater in harmless forms. In this process,
stimulating materials are added, including nutrients, nitrogen, and phosphorous, increasing
microbial growth [67].

3.1.2.2.1. Bioslurping.

Itis a technique used to achieve soil and groundwater remediation. It combines vacuum
pumping, bioventing, soil vapor extraction by stimulation of contaminant biodegradation [68].
It is difficult to establish a vacuum on a deep high because it may create saturated soil lenses
that are difficult to aerate [59].

3.1.2.2.2. Bioventing.

It is the process of providing suitable conditions to microbes for proliferation and
enhancing the degradation process of any aerobically degradable compound [69]. The addition
of nutrients and moisture is done to enhance bioremediation [59].

3.1.2.2.3. Biosparging.

In this technique, the air is injected into the soil surface to increase microbial activities
to promote pollutants from the contaminated site [60]. This technique is mostly used to treat
aquifers contaminated by petroleum [70].

3.1.2.2.4. Phytoremediation.

The process involving plants for the environmental cleanup is known as
phytoremediation [71, 72]. It requires a long time period, large area, climatic conditions, etc.
This can be achieved by different processes that are mentioned below.

https://biointerfaceresearch.com/ 155


https://doi.org/10.33263/BRIAC121.149169
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC121.149169

3.1.2.2.4.1 Phytovolatilization.

Plants absorb contaminants from the soil and release them into the gaseous atmosphere
in an unstable form through the process of transpiration [73].

3.1.2.2.4.2. Rhizodegradation.

It is the symbiotic relationship between plants and microbes. It is the breakdown of the
contaminants due to the presence of protein, enzymes by plants or soil organisms in the
Rhizosphere [74].

3.1.2.1.4.3. Phytodegradation.

Breaking down complex compounds into a simpler form by plants and microorganisms
is associated with them [73].

3.1.2.1.4.4. Phytoextraction.

Plants take up the contaminants from water and pass them from the roots to the plant's
upper parts [75].

3.1.2.1.4.5. Phytostabilization.

Certain plant species are used to bring contaminants from water and soil [76].

3.2. Depending on factors.
3.2.1. Energy sources.

Bacteria reduce organic matter to serve energy to degrade pollutants faster. Faster
degradation depends on microbial biomass, pH, temperature, and substrate [77].

3.2.2. Bioavailability.

The microbial cell converts contaminant into a less toxic form. This conversion depends
on the rate of up-taking contaminant, metabolism, and cell transfer rate [78].

3.2.3. Nutrient.

Contaminated soil contains microorganisms. But the number of microorganisms present
doesn't need to be always equal to required for achieving bioremediation. Therefore, extra
nutrients allow the microbe to create enzymes that further break down contaminants [79].

3.2.4. Microbial stain.

Stains can adjust themselves in any condition and can also grow at an extreme
temperature [80, 81].

3.2.5. Temperature.

The biochemical reaction rate is regulated by temperature. Generally, rates double at
each 10°C rise in temperature. However, cells start degenerating after reaching to particular
temperature [80, 82]. Nevertheless, higher temperature ranges like 30°C-40°C make
degradation in an aqueous medium faster [83].
https://biointerfaceresearch.com/ 156
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3.2.6. pH.

Most of the microorganisms grow over a narrow pH range. It ranges from 6.5 to 8.5,
considered as most favorable [77, 82].

3.2.7. Moisture.

Optimal moisture range between 50-80%. Excess moisture reduces the amount of
oxygen [77, 82].

3.2.8. Concentration of contaminant.

Microbial activity depends on the concentration of contaminants. Bacterial degradation
enzymes are prevented from induction in case of low concentration [84].

3.2.9. Surfactants.

Surfactants like T-MAZ 28, T-MAZ 10, and T-MAZ 60 are added to polluted water to
increase hydrophobic contaminants’ mass transfer [84-85]. Some microbes also produce
surfactants to minimize contaminants [83, 86].

3.3. Factors affecting pesticide bioremediation.

Bioremediation of pesticides depends on multiple environmental and nutritional
conditions.

3.3.1. Microbial population.

The rate of degradation directly depends on the presence of microbes present in the
contaminated site. Usually, native microbes are responsible for biodegradation. Biodegradation
potential is determined by microbial density, interaction with other microbes, and their
distribution. Microbe’s ability to produce particular enzymes affects the rate of pesticide
removal from contaminated sites [87].

3.3.2. Pesticide composition.

Biodegradation rate depends on pesticide as every pesticide differs in its physical and
chemical composition. The degree of pesticide remediation depends on structure, chemical
groups, and their molecular weight. Complex the structure of chemical group harder will be
the biodegradation [87].

3.3.3. Concentration of microbes.

The concentration of microbes is also said to be an important factor. As high
concentration increases, the toxicity and low concentration may not be recognized [87].

3.3.4. Environment Factor

Different parameters like pH, humidity, soil properties, and nutrition sources are set for
pesticide remediation for different environmental conditions. Microbes perform effectively in
the presence of effective and special conditions. Different microbes need different optimum
conditions. Suitable conditions are necessary for the growth, survival, and metabolic activity
of a particular microorganism. The structure and function of microbial activity depend on
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temperature, and moisture [87-88]. In low-temperature natural degradation is very slow. The
rate of microbial activity increases with temperature till the temperature reaches any optimum
value. After achieving a particular value, activity stops [89]. Moisture provides adequate water,
which enhances microbial activity [89]. Microbial proliferation depends on acidic and alkaline
medium [90]. Acidic, alkaline natures are pH of a compound. pH indicates the potential for
microbial growth [91]. A slight change in pH can also show inferior results [92].

Microbial Pesticide
Population Composition

Factors affecting
Pesticide Bioremediation

' N

Microbe Enviornmental
Concentration Factors

Figure 4. Factors affecting pesticide bioremediation.
4. Bioremediation by Microalgae of Pesticide Contaminated Water

An alga plays an important role in returning the actual state of the environment which
is altered by various contaminants. A process involving the use of algae to remove pollutants
from the environment or convert them into harmless forms is known as phytoremediation.
Algae are highly adaptive in nature. They can grow heterotrophically, autotrophically, and
mixotrophically depending on the availability of substrate and light. This can increase its
chances to survive in harsh climates [16]. Microalgae can absorb many pollutants during their
photosynthesis in water [93]. Microalgae increase oxygen concentration in water that increases
the growth of several degraders, and oxygen production also decreases the need for external
aeration, which is needed for aerobic biodegradation. [94]. With their association with
heterotrophic microorganisms, microalgae can do the degradation of several complex
pesticides (complexity of pesticide depends on its chemical structure) [94]. Aquatic system
contamination is one of the most serious problems that the environment has faced [95].
Researchers have told green algae to have the ability to degrade several pesticides like
prometryne [96]. Four main steps are involved in microalgae generation, (i) site selection (ii)
cultivation (iii) harvesting, and (iv) extraction [93]. Cultivation of algae requires light, carbon
dioxide, water, and inorganic salts, whereas the growth medium should be rich in inorganic
elements like nutrient, phosphorous, nitrogen, iron, and silicon [97]. Pre and post-treatment of
contaminated sites are very much important to regulate microbial growth. The pre-treatment
that is the color of the container during cultivation affects the growth and photosynthesis of
microalgae. Improving effluent quality is the main step of post-treatment [96, 98, 99]. But, both
pre-treatment and post-treatment requires extra cost and energy [98]. Blue-green algae, widely
known as cyanobacteria, are used to estimate organophosphorus pesticide growth [100].
Moreover, microalgae tend to use solar energy and converting it into biomass [100]. Microbial
biomass is largely used in the feedstock in the manufacturing of several products. Therefore,
microalgae-based technology has many opportunities in environmental and product
development applications [93].
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Figure 5. Bioremediation by microalgae of pesticide-contaminated water.

4.1. Generation of algae.

Algae-based generation involves several steps [101-104].

Table 1. The difference between open and closed sites [101-104].

Property Open Type Close Type
Made up of Naturally made Glass and plastic
Management Easy to manage Difficult to manage
Energy Low energy demand High energy demand bLft the low energy
consumption
Depth Usually, 0.2-0.4 meter allow light to pass The diameter of the container depends on

the mixing method

Contamination

High risk of contamination as the site is
exposed to an outdoor environment

Low risk of contamination

Growth medium

Due to rain and precipitation, there are changes
in growth medium

Growth medium remains constant

Concentration

Changes due to evaporation

Concentration remains constant

Productivity Less High
Cost Cost-effective Costly
Cleaning system Easy Difficult
Preference Less More
Example Tank, pond, and lake Created artificially

4.1.1. Cultivation.

Different technologies are used for microalgae development. Cultivation is achieved by
the photoautotrophic, heterotrophic, mixotrophic method [105]. The photoautotrophic process
uses light to convert carbon dioxide into chemical energy. In the heterotrophic process, there
is no light source needed [106]. In the mixotrophic process, both organic carbon and inorganic
carbon are used [105]. Two widely accepted cultivated methods are high rate algae pond and
photobioreactors [101].

4.1.1.1. High rate algae pond.

Low energy is required for the cultivation, which produces higher biomasses [107]. For
the effective efficiency of this method, a large area is required [108]. The main disadvantage
of this method is that it has few environmental implementations compared to other technologies

[109-110].
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4.1.1.2. Photobioreactors.

It is a type of bioreactor that depends on the light source for the cultivation of
microalgae. Several types of photobioreactors are designed for microalgae cultivation
depending on the yield of biomass generation [111]. The photobioreactor's efficiency depends
on the availability of light, carbon dioxide feed, cultivation feed, circulation system, and cost
[101]. The main advantage of the photobioreactor over other methods is its low contamination
rate [101].

4.1.2. Harvesting.

After the development of microalgae in the culture medium, it is harvested for further
analysis and application. Harvesting is done to extract useful biomass for valuable product
generation [112]. Different methods such as flocculation, centrifugation, floatation, filtration,
gravity sedimentation, and screening are used for microalgae recovery [113].

4.1.2. Extraction.

Extraction of biomass for further processing is done to add final value to bioproducts
[101].

4.2. Metabolic mechanism of pesticide removal by microalgae.
Different methods are there for pesticide removal by microalgae.
4.2.1. Bioadsorption.

It is the passive process in which microalgae absorb pesticides and other pollutants
[113-114]. This process involves different mechanisms like electrostatic interaction, surface
complexion, absorption, and ion exchange. Therefore, pesticide absorption effectiveness is
affected by surface-active groups and properties of microalgae [115-118]. This method mainly
depends on two aspects (i) optimal condition of the biome, its continued existence, and its
activity (ii) structure of pesticide, factors affecting microalgae. Alternatively, this technique is
affected by Ph, temperature, salinity, substrate, surface bonding, redox potential, surface
tension, water available, and light quality. The Microalgae cell wall is made up of
carbohydrates, fibril matrix, intercellular space, and sulfated polysaccharides, which make
contamination absorption from the water much easier [105, 119].

4.2.2. Bioaccumulation.

It is the active process that is represented by the bio-concentration factor (BCF). It is a
concentration quotient of a pollutant in an organism concerning the surrounding environment
[113, 120]. Biocentration mechanism, the bioavailability of chemicals, physical barrier,
methods of determination, metabolism, interspecies variation, ionization of compounds,
environmental condition, and dissolved organic matter are factors affecting BCF value [121].
In this method, microalga is exposed to organic contamination like a pesticide that is induced
to the production of reactive oxygen species (ROS). Generated ROS can cause oxidation in
DNA and membrane lipids, resulting in functional disorder in algae cells or cell death [122-
124]. Many antioxidant enzymes are responsible for RAS removal for algae cell damage [125].
It has been verified that microalgae can bioaccumulate and biodegrade pesticide.
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4.2.3. Biodegradation.

In this process, microalgae can degrade pesticides into small molecules that serve as a
nutrient source for microalgae growth [126]. Biodegradation is highly affected by the presence
of a suitable enzyme. The particular enzyme does the degradation of a particular pesticide
faster. Biodegradation of pesticide is a multistep process [127-130] that includes, The
activation of pesticide in the absence of a functional group. Formation of conjugation with
glutathione, glucose, and malonate. Transportation of such conjugation. Further, the process
depends on the nature of pesticide and microbial mechanisms [114].

4.3. Biomass generation and its economic benefit.

Wastewater contains lots of heavy nutrients like organic and inorganic carbon, nitrogen,
nitrate, nitrite, ammonium, phosphate, polyphosphate, orthophosphate, micronutrient, and
heavy metals. Microalgae directly up-taking surrounding pollutants or nutrients by different
mechanisms like bioaccumulation, bioabsorption, biodegradation, and assimilation [131-132].
Further, a microalga takes organic carbon and carbon dioxide by photosynthesis mechanism
[132-133] to produce new biomass [131]. New biomass is used in generating bioenergy.
Diagrammatic representation of the process, economic benefits of generated biomass - is the
cheapest energy source. Energy generated from biomass is utilized in cooking, space heating,
and numerous industrial processes [134]. It reduces rural poverty by adding income generation
as the biomass system is mostly retained locally [134]. In many forestry or agriculture-based
energy, biomass serves as a defendable, cheapest, and abundant fuel, further decreasing energy
cost [134]. Feedstock production from biomass can be primary employment and secondary
income in several areas [134]. Biomass produces biofuels, and the demand for biofuel may also
increase farm income [135]. Fossil fuel requires heavy capital, gas pipeline, oil drill, fuel
collection. But a generation from biomass is much cheaper. Manufacturers can produce the
same output by cheaper input using biomass [136]. Biomass is used in biochar production
[114].

4.4. Advantages and disadvantages.
4.4.1. Advantages.

Being cost-friendly, the remediation process requires low energy than other
conventional methods [2]. Micro-algae uses solar energy for production; therefore, this
treatment does not demand an external energy source [137]. A single step of microalgae
biofenry produces only a single byproduct [2]. This remedial method produces a highly purified
product [138]. Value-added molecules can be recovered easily [138]. Obtained biomass after
this treatment is economically benefited [139]. Microalgal remediation shows efficient removal
of pathogens and efficient nutrient recovery [140] and minimizes chemical and biological
sludges [16].

4.4.2. Disadvantages.

The significant disadvantage is the high cost of biofenry process [141, 142]. It requires
temperature maintenance[138]. In particular times, the biomediation process may require
periodic cleaning in some cases [66]. In contrast, it is difficult to maintain monocultures in
certain cases [2].
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5. Conclusions

Pesticides are known as the cause of the most dangerous threat to a biological organism.
Therefore, out of all toxic substances, runoff in water pesticides are considered the most serious
issue. Pesticides should be removed from water bodies for human safety. Best method to
remove pesticide contaminations is bioremediation. Bioremediation is considered to be the
safest, easiest method. This technique involves the use of biological microorganisms for
degrading pollutants without harming other activities. This technique is based on
biodegradation. This technique is effective only when environmental conditions permit the
growth of microbes. The selection of the type of bioremediation technology depends on the
type of pesticide and surrounding conditions. Algae microorganism forms a large group of
biodiversity and considered as a potent group of bioremediants. Phytoremediation would
expand to more scientific branches of bioremediation and is also be able to respond quickly to
all the future challenges. Further research can be made to use less light sources or be made
cost-effective for biofenry process. Future advances can be made for pathways of degradation
of several pesticides.
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