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14.1 INTRODUCTION

Endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,3,4-benzo-dioxathiepin-
3-oxide, CAS No. 115-29-7), an organochlorine pesticide, is a 70:30 mixture of a- and B-isomers of
endosulfan. Endosulfan was extensively used worldwide until it was banned during 6™ meeting of Per-
sistent Organic Pollutants Review Committee (POPRC) to the Stockholm Convention (2011) at Geneva
(Li, 2018). The decision to ban it was mainly governed by its acute toxicity, potential for bioaccumulation,
highly persistent nature, and ability to disrupt the endocrine system (Milesi et al., 2017).

Endosulfan shows significant environmental contamination and adverse effects on human health
and wildlife. Accidental and unintentional exposure of endosulfan leads to human fatalities and
environmental tragedies throughout the world. The worst cases were reported from the Kasara-
god district in Kerala, India; the Borgou province in Benin, West Africa; the western province of
Matanzas, Cuba; the Latin American countries Colombia, Ecuador, and Costa Rica; Queensland,
Australia; and California, United States. Exposure has been linked to congenital physical disorders,
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mental disabilities, and deaths in exposed communities across the globe. More than 80 countries
across the world have banned production and consumption of endosulfan.

Humans become exposed to endosulfan through different ways such as accidental exposure,
dietary exposure, and occupational exposure, the major exposure path being accidental exposure.
Acute and chronic toxicity results in seizures, gastro-intestinal disorders, neurotoxicity, reproduc-
tive disorders, and carcinogenic effects in humans (Nawaz et al., 2014; Syed et al., 2014). Persistence
of endosulfan in soil is affected by its physico-chemical characteristics like pH and organic matter
content, etc., as well as environmental conditions (Harikumar et al., 2014). Endosulfan isomers (o
and P) vary in their persistence and B-endosulfan is easily converted to a-endosulfan (Schmidt et al.,
1997). Endosulfan undergoes oxidation resulting in the formation of endosulfan sulphate, which is a
persistent metabolite and considered more toxic than the parent endosulfan. Hydrolysis of endosul-
fan results in the formation of endosulfan diol, endosulfan lactone, endosulfan ether, etc., which are
less toxic than the parent molecule (Zaffar et al., 2018). Photo, chemical, and biological degradation
are mainly responsible for endosulfan degradation in soil and water.

The persistent nature of endosulfan and endosulfan sulfate results in their frequent detection
in water bodies and the environment. The maximum permissible limit of endosulfan in lakes,
rivers, and streams is 74 ug L' (USEPA, 2002). Different techniques for endosulfan/metabolites
remediation have been reported. Physico-chemical methods like adsorption, photolysis, membrane
filtration, and biological methods involving bacteria, fungi, and plants have been successfully dem-
onstrated for endosulfan removal/degradation (Jesitha et al., 2015; Mukherjee et al., 2020; Zielinski
et al., 2022; Kalsoom et al., 2023). This chapter gives an overview of endosulfan contamination,
fate, regulatory aspects, exposure, toxicity, risks, and remediation.

14.2  SOURCES OF ENDOSULFAN AND ENVIRONMENTAL CONTAMINATION

Endosulfan, an organochlorine insecticide and acaricide, was widely used in agriculture to control
pests on crops. Its acute toxicity, potential for bioaccumulation, and ability to disrupt the endocrine
system have made it a highly controversial agrichemical (Forero, 2011). Recognizing the significant
risks posed by endosulfan, international efforts have been made to eliminate its use and ban it
worldwide. The main sources of endosulfan contamination in the environment are as follows:

a) Agricultural use: The primary cause of endosulfan contamination is its use in agriculture.
It has been extensively utilized in many countries for pest control on crops, particularly in
regions with weaker regulations and enforcement.

b) Spray drift: During the application of endosulfan on crops, spray drift can occur, result-
ing in the unintended dispersion of the pesticide beyond the targeted area. This drift can
contaminate nearby surface waters, soil, and vegetation.

c) Soil residues: Endosulfan can persist in soil for extended periods due to its high stability.
Residual endosulfan from previous applications can remain in the soil and leach into water
bodies, leading to long-term contamination.

d) Runoff: Runoff from endosulfan treated agricultural fields can carry insecticide into sur-
face water bodies such as rivers, lakes, and ponds. Endosulfan is poorly soluble in water
and highly sorbed on soil particles and can be easily carried away with running water to
contaminate aquatic ecosystems.

e) Atmospheric transport: Endosulfan can undergo long-range atmospheric transport. It
volatilizes from treated fields or evaporates from contaminated water bodies and can be
transported over long distances by wind currents.

f) Illegal use and dumping: Despite being banned or restricted in many countries, illegal use
and dumping of endosulfan still occur. Improper disposal of unused or expired endosulfan
products can lead to contamination of soil and water.
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Widespread use of endosulfan during 1980s and 1990s resulted in widespread contamination in
the environment as well as exposure to humans.

Endosulfan poisoning in humans: Most of the reported cases of endosulfan poisoning
occurred in the developing countries. Quijano (2000) reported that endosulfan barrels washing in
irrigation canals in Sudan in 1988 and drinking of contaminated water led to the death of three
people as well as fish. Most pesticide poisoning deaths in 1991 in the Philippines involved endo-
sulfan (Quijano, 2000) and the highest number of human poisoning cases with fatalities following
improper usage of endosulfan to kill snails was observed in 1996 (Anonymous, 2002a). Dur-
ing 1990-1993, 32 cases of endosulfan poisoning were documented on the Indonesian island of
Sulawesi (Anonymous, 2002b). Similarly, 60 and 155 cases of endosulfan poisoning in Columbia
were reported in 1993 and 1994, respectively (Anonymous, 2002b). Endosulfan use increased the
number of poisoning deaths in Sri Lanka from 1994-1998 (Roberts et al., 2003). Turkey has also
documented cases of poisoning due to eating food tainted with endosulfan (Oktay et al., 2003).
Numerous incidents of endosulfan poisoning death have been reported in Guatemala, Costa Rica,
and other Central American nations (Anonymous, 2002c). Two South African boys, who lived
close to Ntabamhlophe, Kwa-Zulu Natal, died as a result of endosulfan exposure (Anonymous,
2003a). Eighteen cases of endosulfan toxicity, caused by unintentional overexposure during spray-
ing, were reported in northern India between 1995 and 1997 (Chugh et al., 1998). Many people
were accidently exposed to endosulfan due to eating contaminated food (Campoy et al., 2001;
Dewan et al., 2004).

Contamination in water bodies and fish kills: Endosulfan (30 kg) release into the Rhine River,
Federal Republic of Germany, caused a widespread fish kill (Anonymous, 1984; Sang et al., 1999).
Similarly, an accidental spill of endosulfan in 1975 caused a major fish kill in a tributary of the
Dunk River on Prince Edward Island, and the brook trout population was reduced from 2,227-4,147
to 45-246 (Sang et al., 1999). More than 24,000 fish in a river in Alabama perished as a result of
mixing of runoff from endosulfan-treated cotton fields (Quijano, 2000).

Contentious cases of endosulfan poisoning/contamination: The broad environmental pol-
lution brought on by endosulfan use in various agricultural settings is highlighted by these case
studies.

(a) Kasaragod, India: The district of Kasaragod in the Indian state of Kerala saw one of the
most well-known and worst pesticide disasters in recorded history involving endosulfan (James
and Emmanuel, 2021). The Plantation Corporation of Kerala (PCK) had been recommending endo-
sulfan spray, three times a year, on cashew plantations for the control of tea mosquito bugs since
1980 on roughly 4,696 acres land (Satheesh, 2017; Kumar and Jayakumar, 2019; Melangadi, 2017).
Insecticide was used on tea plantations, paddy fields, and fruit orchards using manual pumps or
aerial spraying (Gupta, 2021). Stunted growth and malformed limbs were noted in newborn calves
as early as 1979 while health issues of a very serious nature, affecting human population, came
to light by the 1990s. There have been reports of high rates of congenital abnormalities, physical
deformities, mental impairments, cerebral palsy, epilepsy, hydrocephalus, delays in boys’ sexual
maturation, and other health issues among the locals (Patocka et al., 2016; Melangadi, 2017; Anony-
mous, 2019). Affected residents were presumed to have either dietary exposure (by eating food
sprayed with endosulfan or drinking water tainted with endosulfan), occupational exposure (via
topical or inhalation routes during mixing, loading, and/or applying endosulfan or by immediately
re-entering the endosulfan-treated areas), or accidental exposure (via topical or inhalation routes
as a result of proximity to endosulfan use) (Anonymous, 2011a). Reports suggested that plantation
employees were not provided with the necessary safety equipment (Anonymous, 2003b). Extremely
high levels of endosulfan residues were detected in human blood, human milk, soil, water, fruits,
vegetables, cows’ milk, cows’ skin tissue, fish, and frogs (Anonymous, 2001). Harikumar et al.
(2014) reported that endosulfan residues persisted for 1.5-2 years in soil and it depended on climate
conditions and soil physico-chemical properties. The Kerala government banned endosulfan usage
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in 2005 (Pradyumna, 2009). Its production and use were banned worldwide in 2011 (Anonymous,
2011c). A Supreme Court-appointed panel recommended phasing out the usage of endosulfan over
a 2-year period.

Cuba: Endosulfan poisoning in February 1999 led to the deaths of 15 people in the western
province of Matanzas. Authorities in Cuba claim that a total of 63 people fell ill after eating food
tainted with endosulfan (Dinham and Malik, 2003).

The Benin Tragedy: During the 1999-2000 cotton season, at least 37 deaths and 36 critically
ill patients due to endosulfan poisoning were reported in the Borgou province, Benin, West Africa
(Ton et al., 2000).

Queensland, Australia: Endosulfan has long been used to manage pests on a variety of crops,
including cotton, in the Lockyer Valley, Queensland, Australia that led to contamination of sur-
rounding creeks, waterways, and surface water (Anonymous, 2002d). Concerns about the potential
effects on the ecosystem and public health were raised due to presence of endosulfan residues in
fish and other aquatic organisms because endosulfan isomers can have half-life of 30 (aerobic) and
34-47 weeks (submerged) in Australian soils (Ghadiri and Rose, 2001).

California, United States: Due to its previous use on cotton, tomatoes, and melons, endosulfan
was detected in surface water, groundwater, and sediment, endangering aquatic ecosystems (May,
2011). Endosulfan concentration in downstream was 28 times greater than the level necessary to
kill an average freshwater fish after a normal endosulfan application on tomatoes. The US Fish and
Wildlife Service reported that the Wyoming toad, Nashville crayfish, piping plover, wood stork, and
other federally protected fish and mussel species were among the numerous endangered species due
to risk from endosulfan use (Anonymous, 2012) and advised the EPA to stop using endosulfan in
2002 (Rossi, 2002). Endosulfan poisoning is linked to demise of the mountain yellow-legged frog
in the Sierra Nevada, San Joaquin Valley (Jeff, 2004).

Latin America: The Latin American countries Colombia, Ecuador, and Costa Rica widely
employed endosulfan on banana farms. Water bodies and soils close by were contaminated as a
result of runoff from the plants (Stover and Simmonds, 1987; Mansour, 2018). Endosulfan exposure
extended beyond the areas immediately surrounding banana fields (Shunthirasingham et al., 2011)
and higher quantities of endosulfan sulfate were detected (Bruehl et al., 2023).

Bangladesh: Joint US-Bangla research reported death of 13 children in Dinajpur in 2012 due to
consumption of endosulfan-contaminated litchi (Anonymous, 2018).

14.3 ENDOSULFAN REGULATORY POLICY IN DIFFERENT COUNTRIES

Endosulfan is an isomer combination of a- and -endosulfan; between them, a-endosulfan is more
toxic in nature (Anonymous, 2015). The molecule was first made public in 1956 and 12,800 tons
of endosulfan were produced globally each year (Li and Macdonald, 2005) and on a cumulative
basis, ~308,000 tons of endosulfan was used during the first 50 years of its introduction. India
was thought to be the greatest producer of insecticide with ~5,400 tons annual production (Ayres
and Ayres, 2000). The United States consumed ~26,000 tons of endosulfan until 2000 (Li and
Macdonald, 2005) while during 1998-2004, China used ~2,800 tons of endosulfan annually (Jia
et al., 2009).

At the 6th meeting of the Persistent Organic Pollutants Review Committee (POPRC) to the
Stockholm Convention (2011) at Geneva, 24 member countries supported an endosulfan ban. Four
members (Germany, Ghana, Nigeria, and China) abstained while India opposed; even then, the
committee recommended the ban (Misra, 2010). More than 80 countries including the European
Union, Australia (Anonymous, 2009), New Zealand, several West African nations, the United
States (Anonymous, 2010a), Brazil (Anonymous, 2010b), and Canada (Anonymous, 2011b) had
already banned it or announced phase-outs by the time the Stockholm Convention ban was agreed
upon. May 13, 2011, India’s Supreme Court prohibited the production and sale of endosulfan in
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India (Anonymous, 2011c, 2023). The status of regulatory policies in different countries is as
follows:

European Union (EU): The EU banned the use, sale, and production of endosulfan inside the
member nations in 2008. Endosulfan is not approved for use under EC 1107/2009 in any of
the EU states nor in the European Economic Area (EEA) nations of Iceland and Norway
(Lewis et al., 2016).

United States (US): An endosulfan phase-out strategy was announced by the US Environ-
mental Protection Agency (US EPA) in 2010 since it could pose unacceptable health haz-
ards to farmworkers, wildlife, and the environment. Before the complete ban, a phase-out
period allowed for a steady decrease in usage (Anonymous, 2010a).

Australia: Endosulfan was phased out and a full ban was enforced in December 2012. All
active constituent endosulfan licenses were cancelled by the Australian Pesticides and Vet-
erinary Medicines Authority (APVMA) on October 11, 2010, while endosulfan product
registrations were cancelled on October 12, 2010 (Anonymous, 2024).

India: Due to the Kasargod, Kerala tragedy highlighting endosulfan’s negative effects on
human health and the environment, the Honorable Supreme Court of India passed an ad-
interim decision for prohibiting the manufacture, distribution, and use of endosulfan on
May 13, 2011. The Joint Expert Committee on endosulfan permitted the export of endosul-
fan formulation (2698.056 KL) and existing stocks of technical endosulfan (1090.596 MT)
produced prior to the endosulfan ban on May 13, 2011 (Anonymous, 2011c).

Brazil: Based on the decision of the Brazilian Institute of Environment (IBAMA), Ministry
of Agriculture (MAP), and National Agency for Sanitary Surveillance (ANVISA), import
of endosulfan was prohibited on July 31, 2011. Domestic manufacturing was reduced until
endosulfan production and use was altogether prohibited in July 2013 (Birkett, 2010).

Canada: Canada banned the majority of uses for endosulfan in 2007. Restricted uses (orna-
mentals in greenhouses) were permitted and completely phased out by December 31, 2016,
when the registrations for all endosulfan pesticide products in Canada expired (Anony-
mous, 2011b).

South Africa: Endosulfan was banned in 2012 after a phase-out period in accordance with
Government Notice No. 853 of the Republic of South Africa’s Department of Agriculture,
Forestry, and Fisheries on October 26, 2012. (Anonymous, 2017).

New Zealand: The Environmental Risk Management Authority (ERMA), Government of
New Zealand, phased out and banned endosulfan use on January 16, 2009 (Anonymous,
2008).

China: Endosulfan registration in China was cancelled on July 1, 2018. All endosulfan prod-
ucts were prohibited to be used on agricultural crops on March 27, 2019 (Anonymous,
2018).

Japan: Japan has added the brominated flame retardant HBCD and “technical endosulfan
and its related isomers” to its list of class I specified substances in 2013. Manufacturers
and importers of the class I substances must obtain a permit before their manufacture or
import (Anonymous, 2013).

Bangladesh: Endosulfan is still listed among the approved pesticides in Bangladesh despite
being banned in more than 80 nations. Joint US-Bangla research reported death of 13 chil-
dren in Dinajpur in 2012 due to endosulfan poisoning from litchi (Hossain, 2018).

Countries that have banned endosulfan: Austria, Australia, Bahrain, Belgium, Belize,
Benin, Brazil, Bulgaria, Burkina Faso, Cambodia, Canada, Cape Verde, Chad, China,
Colombia, Cote d’Ivoire, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland,
France, Gambia, Germany, Greece, Guinea-Bissau, Hungary, India, Indonesia, Iran, Ire-
land, Italy, Japan, Jordan, Korea, Kuwait, Latvia, Lithuania, Luxembourg, Malaysia, Mali,
Malta, Mauritania, Mauritius, Netherlands, New Zealand, Niger, Nigeria, Norway, Oman,



Endosulfan 299

Philippines, Poland, Portugal, Qatar, Romania, Saudi Arabia, Senegal, Singapore, Slova-
kia, Slovenia, Spain, Sri Lanka, St. Lucia, Sweden, Syria, United Arab Emirates, United
Kingdom, United States of America

Countries that have restricted endosulfan use: Bangladesh, Honduras, Iceland, Madagas-
car, Panama, Russia, Thailand

Countries still manufacturing endosulfan: Israel

14.4 EXPOSURE, TOXICITY, AND RISKS TO THE ENVIRONMENT
AND HUMANS

14.4.1 ExroSURE TO ENDOSULFAN

Humans become exposed to endosulfan through different ways (EJF, 2009). The different types of
exposures are discussed in this section:

(a) Dietary exposure: Dietary exposure can result from the ingestion of endosulfan-contam-
inated food or water. There are reports of the transfer of endosulfan present in soil to the
agricultural products (Jung et al., 2023). The rate of transfer and accumulation in different
agricultural commodities is different and depend on the nature of the soil, its physico-
chemical properties, the type of crop, etc. Reports suggested that compared to endosulfan
concentration in soil, concentration up to <0.1% in grains, 1.3—4.7% in leafy vegetables,
and 0.1-13.6% in fruits and vegetables (Choi et al., 2018, 2018a; Hwang et al., 2018) can be
detected. With increase in contact period, absorption by the plant as well as the transfer of
endosulfan residues to edible parts increases (Sathishkumar et al., 2021).

(b) Occupational exposure: Occupational exposure can occur via skin exposure or inhalation
during the mixing, loading, or applying of the pesticides. It can also happen when a person
enters a pesticide-treated field. This type of exposure is unavoidable for people engaged in
pesticide field applications (farm workers). The exposure is aggravated if adequate protec-
tive equipment is not used during the spray operations. The US EPA has stated that “the
endosulfan handlers are at short to intermediate risk even with the use of maximum use of
personal protective equipments” (US EPA, 2007).

(c) Accidental exposure: Accidental exposure is very common and countless incidents can be
cited (Menezes et al., 2017). It can occur due to the exposure of skin or due to inhalation
of endosulfan. This type of exposure, apart from pesticide handlers, can happen to non-
handlers as well as animals. Many individuals have been affected due to the long-range
transport of endosulfan (Patocka et al., 2016).

14.4.2 ToxicoroaicAL EFrecTs

Endosulfan is a highly toxic molecule and it can enter in the body by absorption through skin,
mouth, or inhalation. After a pesticide enters in human body, it eventually enters the blood stream
and is distributed to all organs. Pesticide poisoning symptoms vary with the type of pesticide and
include headaches, dizziness, nausea, vomiting, mental confusion, convulsions, hyperactivity, sei-
zures, coma, and respiratory depression, and even death at severe conditions. The acute symptoms
arise due to a single exposure to a high dose of a chemical while the chronic poisoning symptoms
can result from repeated intake of low levels of the chemical for a long period of time (EJF, 2009).
The toxicological effects of endosulfan on aquatic and terrestrial animals including mammals are
reported.

(@) Acute toxicity: The primary acute effect of endosulfan is on the nervous system. It can
cause hyperexcitation and convulsions, and nervous system-mediated effects on respiration
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and heart. Low levels of exposure can also result in death of animals (Annex, 2008). Oral
LDy, value of endosulfan varies with the species, sex, formulation, and the nutritional sta-
tus of the test animal. Among the different species, mice appear to be more susceptible to
endosulfan toxicity: the males have an LDs, value of 7.36 mg kg™! and there were reported
deaths of 2 out of 10 male mice after consuming a 7.5 mg technical endosulfan kg~ diet for
7 days (Wilson and LeBlanc, 1998). The oral LDs, for rats is reported to be 10-23 mg kg!
(female) and 48-160 mg kg~! (male). However, the dermal LDs, values for rats are reported
to be 500 mg kg! (female) and >4,000 mg kg~! (male). The inhalation toxicity values for
rats are 0.0126 mg L' for female and 0.0345 mg L' for male (Annex, 2008). The a- and
B-isomers of endosulfan have different LD, values in rats. Between the two, the a-isomer
is more toxic in female rats. Both endosulfan sulfate (oxidative metabolite of endosulfan)
and a-endosulfan’s lethal doses for mice are comparable (~8 mg kg™') (ATSDR, 2015).

(b) Chronic toxicity: It is reported that the exposure of laboratory mice to endosulfan results
in compromised fertility in both sexes (Sharma et al., 2022). The exposure of endosul-
fan can lead to tenacious higher levels of DNA damage resulting in compromised DNA
repair. Researchers have reported an increase in the occurrence of tumor development in
the endosulfan-exposed mice in their later life (Sharma et al., 2022). The sub-acute and
chronic toxicity of endosulfan targets different organs such as liver, kidneys, immune sys-
tem, and testes. An oral dose of 10 mg kg™! d~! in rats can cause high rates of mortality
within 15 days, but the lower doses (5 mg kg~! d!) can cause liver enlargement and some
other effects within the same time period (EXTOXNET, 1996).

(c) Reproductive effects: The effects of endosulfan on the reproductive system in experimen-
tal animals depend on species, age at exposure, dose, duration of exposure, and study end
points. The experimental studies suggest that the human male reproductive system can be
affected by endosulfan and prominent effects are likely to occur if exposure occurs during
the developmental phase (Saiyed et al., 2003). Exposure to endosulfan may delay sexual
maturity and interfere with hormone synthesis in male children.

(d) Teratogenic effects: No conclusive study is available which confirms the role of endosul-
fan in inducing teratogenic effects (ATSDR, 2015). However, a few studies indicated that
transplacental exposure can result in neurochemical alterations in the brains of animals.

() Neurotoxicity: Endosulfan is reported to have neurotoxic effects in laboratory animals.
The expected mechanism of neurotoxicity includes:

e Variation of neurotransmitter levels in brain areas by affecting synthesis, degradation,
and/or rates of release and reuptake
e Interfering with the binding of neurotransmitters to their receptors

Alterations in behavioral responses have been recorded when the animals are repeatedly exposed to
tolerated doses of endosulfan (Paul and Balasubramaniam, 1997). It is believed that a serotonergic
mechanism is involved in endosulfan-induced learning impairment. Gross impairment of visual-
motor coordination was also reported (Anonymous, 2011a).

14.4.3 Risk TO THE ENVIRONMENT AND HUMANS/MAMMALS

(@) Risk to humans/mammals: The exposure concentration and exposure duration deter-
mine the possible health effects of endosulfan in humans. Based on monitoring data of
endosulfan in the environmental matrices, it is proposed that the environmentally relevant
concentrations are much less than the concentrations at which the animal studies are con-
ducted. Higher levels of exposure result in tremors and seizures; only at extreme levels,
death happened. In general, endosulfan readily degrades into hydrophilic compounds
and is removed with the least absorption in the gastrointestinal tract of mammals. The
B-endosulfan was readily removed as compared to a-endosulfan from rabbit blood plasma
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with half-life in blood of 6 h and 10 days, respectively. Most of the endosulfan is eliminated
from the body within days to weeks (EXTOXNET, 1996).

Some studies indicated the effect of endosulfan on the alteration of thyroid and sex hor-
mones in humans. An Indian study found that exposure to endosulfan was not associated
with increased risk of Alzheimer’s disease (Singh et al., 2013). A recent study by Sharma
et al. (2023) indicated the role of B-endosulfan as an endocrine disruptor for thyroxine
II leading to breast cancer. However, the US Department of Health and Human Services
(HHS), the US Environmental Protection Agency (EPA), and the International Agency for
Research on Cancer (IARC) have not classified endosulfan as carcinogenic (ATSDR, 2015).

(b) Risk to the environment: Endosulfan, being hydrophobic in nature, accumulates in the
fatty tissues of living organisms. Da Cuiia et al. (2020) conducted a study to evaluate the
bioaccumulation and organ distribution of waterborne endosulfan in the freshwater fish
Cichlasoma dimerus. They found that endosulfan is rapidly metabolized into endosulfan
sulfate in the tissues. Endosulfan sulfate levels correlated with the tissue fat content in fish.
Cerrillo et al. (2005) studied the occurrence of a- and f-endosulfan and their metabolites
in fatty and non-fatty tissues and fluids in women in their reproductive age and the children
in southern Spain. They found that the maximum concentration of commercial endosulfan
isomers was found in adipose tissue (~17.72 ng g™! lipids), followed by human milk (~11.38
ng mL™"). These conclusions support the hydrophobicity of endosulfan and its removal by
milk secretion. Botella et al. (2004) studied the levels of 15 organochlorine pesticides in
the fat tissue and blood of 200 women in southern Spain. Endosulfan was found both in fat
tissue and serum samples. Among the different endosulfan metabolites, the most predomi-
nant compound was endosulfan ether both in fat tissue (68%) and serum (86%) samples.
Their results suggested that endosulfan exposure to a child via the mother is common, both
in utero and via breastfeeding, due to the high rate of exposure to women at reproductive
age (Cerrillo et al., 2005; Amizadeh and Saryazdi, 2011).

14.5 FATE AND DYNAMICS IN THE ENVIRONMENT

Once released into the environment, endosulfan undergoes various transfer and transport processes.
The fate of endosulfan in the environment is determined by its physico chemical properties. Endo-
sulfan is reported to be present in almost all environmental matrices, even though it is released in
the environment during pesticide application on crops. The commercial product of endosulfan is a
mixture of two isomers, o and f3, in a 2:1 ratio. Between the two isomers, the a-isomer is considered
to be more volatile and dissipative, whereas the B-isomer is considered to be more adsorptive and
persistent (US EPA, 2007). The volatile nature of the compound enables it to be transported as
vapor and spray drift to different environmental media, whereas its adsorptive and persistent nature
helps it to stay in the environment for a long period of time. Endosulfan can also be transported via
runoff to surface water bodies or via dust dispersion in the atmosphere and redeposition in diverse
areas. The overall fate of endosulfan in the environment is depicted in Figure 14.1.

14.5.1 Fate IN SoiL

Oxidation and hydrolysis are two major pathways of endosulfan degradation in soil. The major deg-
radation product of endosulfan is its oxidation to endosulfan sulfate which is more persistent than
its parent isomers (Fan, 2008; Romero-Aguilar et al., 2014; Fang et al., 2016; ATSDR, 2015). Parent
(o- and B-isomers) and endosulfan sulfate are not expected to be highly mobile in soil and cause
groundwater pollution (US EPA, 2007). Further, they can enter the water bodies through soil ero-
sion, runoff, spray drift, and atmospheric depositions. Endosulfan sulfate further undergoes degra-
dation and results in the formation of endosulfan lactone. The endosulfan molecule is quite stable to
photodegradation, but its degradation product endosulfan sulfate is susceptible to photodegradation
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under favorable conditions. The adsorption of endosulfan to soil particles results in increased per-
sistence of insecticide. Endosulfan adsorbs onto soil colloids when applied in aqueous solution. It
exhibits moderate affinity to soil colloids as evidenced from its average adsorption coefficient Koc =
12,000 cm? g~!. The mobility of the compound is reduced by its adsorption. However, the adsorbed
endosulfan-soil colloid complex can also be transported via runoff to surface water bodies or via
dust dispersion to the atmosphere and redeposit to off-target areas. Endosulfan persists in acidic
soil for weeks to months after application because of unfavorable conditions for hydrolysis. The US
EPA reports that “the potential for endosulfan to reach ground water is limited to acidic to neutral
soils and aquifers, where preferential flow may be a prevalent pathway to ground water or where
the ground water is shallow and is overlain by highly permeable soils” (US EPA, 2007). The loss of
endosulfan from agricultural land via runoff and leaching is affected by many factors, such as soil
texture, organic matter content, rainfall intensity, water table level, etc. Endosulfan is degraded in
soil by both abiotic and biotic processes. The rate of degradation depends upon the conditions such
as soil type, organic carbon content, pH, temperature, moisture content, microbial population and
biomass, etc. Abiotic hydrolysis is considered to be the major mechanism of degradation. Half-lives
of endosulfan vary with the soil pH.

14.5.2  FATE IN WATER

The contamination of surface water bodies by endosulfan is mainly due to spray drift and runoff.
Spray drift carries both a- and B-isomers of endosulfan and deposits them into water bodies. Hori-
zontal transport of endosulfan is caused by runoff and it can carry both the isomers of endosulfan
and its degradation product, endosulfan sulfate. Endosulfan can undergo hydrolysis both by abiotic
and biotic processes. The half-lives of endosulfan in natural waters depends on redox potential, pH,
microbial population, organic matter content, etc. (Fan, 2008). The major transformation pathway
of endosulfan in water is the formation of endosulfan diol, which is a less toxic metabolite of endo-
sulfan (ATSDR, 2015). Endosulfan reactivity towards oxidation in water varies between the two
isomers of endosulfan: the a-isomer is readily converted to endosulfan sulfate as opposed to the
B-isomer (Landeros et al., 2018). However, the rate of conversion of endosulfan sulfate to endosulfan
diol is slower as compared to the direct conversion of a-endosulfan to diol by hydrolysis. Rapid deg-
radation of endosulfan-to-endosulfan sulfate is also reported in seawater because of base-mediated
hydrolysis (Landeros et al., 2018). Alkaline pH favors hydrolysis and endosulfan diol is obtained
as the major degradation product. The degradation of endosulfan sulfate is considered to be the
slowest. Endosulfan volatilization from water to atmosphere is another process which results in a
decrease in its concentration; weather conditions affect the volatilization of endosulfan.

14.5.3 FATE IN AR

The entry routes for endosulfan into atmosphere are volatilization and vapor transportation. When
it is applied on crops, volatilization from the crop surface results in vapor transport. Dust trans-
portation can contribute to atmospheric endosulfan activities besides volatilization and spray drift.
Regional weather, geography, and topography conditions, and anthropogenic activities affect the
dust transportation. All three forms of endosulfan, a-isomer, -isomer, and endosulfan sulpfate, are
carried away by dust transport (Fan, 2008). A study by Hapeman et al. (2013) suggested that heavy
agricultural use of endosulfan led to high atmospheric concentrations of endosulfan, especially the
a-isomer. Endosulfan is not liable to atmospheric degradation. Abiotic hydrolysis and photolysis do
not contribute significantly to endosulfan degradation in the troposphere. Endosulfan reacts with
hydroxyl (OH)-radical in the atmosphere and is considered to be an effective atmospheric removal
process for gaseous endosulfan (Fan, 2008).
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14.5.4 Fate IN Biota

Endosulfan is not found to be persistent in biota. It is metabolized very easily in terrestrial animals
and in most aquatic organisms. However, endosulfan is found to be very toxic to some aquatic spe-
cies, especially fish. Fish exhibit extreme sensitivity to endosulfan. There are reports of the killing
of fish due to the discharge of endosulfan into rivers. A study on the acute toxicity of endosulfan on
two fish species (Hyphessobrycon bifasciatus and Brachydanio rerio) indicated behavioral changes
including hyperactivity, erratic swimming, and convulsions at the highest exposure levels. The half-
life was found to be around 24 hours for both a- and -isomers of endosulfan (Jonsson and Toledo,
1993). Endosulfan is found to have moderate toxicity for honey bees. Toxicity for birds is high in
lab conditions, but no poisonings have been reported under field conditions (Fan, 2008). The bioac-
cumulation for endosulfan was found to be significant in mussels (Mytelus edulis) with 600 times
accumulation as compared to the ambient concentration (EXTOXNET, 1996).

14.5.5 REeGIONAL TRANSPORT

There are reports of the presence of endosulfan all over the world — even in the Arctic. This could
be attributed to its long-distance travel. This transportation involves different processes and routes
occurring at the same time. The main routes for endosulfan’s long-range and regional transportation
include volatilization, vapor transportation, and runoff transportation (Fan, 2008).

14.6 REMEDIATION

Degradation of endosulfan in contaminated soil and water samples is highly desirable because
endosulfan residues can pose threats to living organisms, especially because insecticide is poorly
soluble in water, is highly lipophilic in nature, and can easily be transferred from one tropic level
to another with ease and might result in bioconcentration and biomagnification. Remediation of
endosulfan-/metabolite-contaminated soil and water can be mediated by physico-chemical and
biological methods. Among physico-chemical methods, adsorption, photo-chemical, oxidation/
advance oxidation process (AOP), and membrane filtration methods are more common; while
in biological methods, microbial degradation mediated by bacteria and fungi and phytoremedia-
tion using plants are common methods (Pradeep and Subbaiah, 2012; Mudhoo et al., 2019). Each
remediation method has its advantages and disadvantages. Adsorption of contaminants from water
using adsorbents is a low-cost process, is nonspecific in nature, and can be used for all types of
contaminants. Generally, activated carbon is the most preferred adsorbent, although recently, agri-
cultural biomass, natural and modified clays, clay composites, zeolites, and molecularly imprinted
polymers have been used and recommended as adsorbents for pesticide removal from water (De
Smedt et al., 2015; Huong et al., 2016; Wen et al., 2016; Zielinski et al., 2022). Although adsorp-
tion is the most preferred method for contaminants’ removal, this process involves transfer of the
contaminant from one matrix to another matrix where contaminants are concentrated; this residual
toxic sludge generated poses a threat to the environment, and its incineration is the only option
for disposal. Photo-chemical degradation of pesticides also results in removal of pesticides from
water, but sometimes, photo-chemically produced degradation products are toxic in nature, so this
process might not be applicable to all pesticides. Moreover, the process requires a special setup
and the cost of the energy required is relatively high. Similarly, the chlorine-mediated oxidation
process is highly effective for microbial contaminants, but its efficiency to remove pesticides not
well studied. AOPs are potent oxidizing agents of the hydroxyl group formed by the combination
of free radicals and are more effective than single oxidation processes. Therefore, the combina-
tion of UV radiation with ozone, hydrogen peroxide, and ferrous and titanium oxide are used for
micro-pollutant removal. These systems are used for treating drinking water containing organic
pollutants and for wastewater treatment.
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14.6.1 PHOTOCATALYSIS AND OXIDATION PROCESSES

Photocatalytic process is considered to be a green technology and is used to remove organic pollut-
ants from aqueous solution. Among several catalysts, titanium oxide (TiO,) is considered to be the
best photocatalyst due to its stability, minimal toxicity, and high efficiency in the degradation of pol-
lutants (Sood et al., 2015; Yu et al., 2010). However, inefficient harnessing of visible light, low adsorp-
tion capacity, homogeneity of photocatalyst particles, and less recovery after the first treatment are
limiting its use at commercial levels. Therefore, approaches like doping and replacement of UV light
with solar photocatalysis processes have been used to enhance the efficiency of TiO, (Kalsoom et
al., 2023). The application of TiO, along with a semiconductor in visible range and TiO, along with
metal/non-metals in UV light showed promising result for degradation of endosulfan. Turkyilmaz
and Kucukcongar (2023) demonstrated the removal efficiency of Ag/TiO,/Fe;O, photocatalyst for
endosulfan and its metabolites (endosulfan sulfate, endosulfan ether, and endosulfan lactone) that
varied from 84.8-94.2% in synthetic, raw, and spring water samples. Further, 77.23% removal effi-
ciency was achieved after five consecutive uses of the catalyst. Similarly, graphitic-carbon nitride/
copper/titanium oxide (g-C;N,/Cu/TiO,) removed 60% endosulfan from aqueous solution (Nekooie
et al., 2022). Endosulfan removal efficiency of >95% was achieved when the photocatalytic reactor
was coated with TiO, (Begum and Gautam, 2011). Use of a solar photocatalyst (Ag-doped nano TiO,
crystal) showed better removal efficacy than TiO, and Degussa P25, commercially available pho-
tocatalysts. Solar light-driven photocatalytic degradation of endosulfan was achieved by Cu:Cu,O
core-shell based nanoparticles via oxidation, reduction, and hydrolysis reaction (Goel and Arora,
2022). Iron molybdate photocatalyst (Fe,(MoO,),;) was also effective in degrading 77% endosulfan
(Parveen et al., 2020). Metal ferrite-loaded guar gum nanomaterials (GG-CdMgFe,0,@TiO,) exhib-
ited adsorption as well as photocatalytic degradation of endosulfan and 20 mg adsorbent degraded
94% endosulfan at neutral pH under sunlight (Rani and Shanker, 2023).

Generation of hydroxyl radical and degradation of pollutant in the environment can be achieved
by ozonization, although it is very successful technique for microbial contaminants. Mitra and
Varshney (2013) reported that endosulfan ozonization resulted into the formation of endosulfan diol
that is 1,000 times less toxic than endosulfan. The combined use of electro-fenton/electro-oxidation/
ozonization (EF/EO/O3) resulted in 92% degradation of endosulfan in 1 h as compared to the ozon-
ization process alone which removed 62% endosulfan in 2 h (Rodriguez-Pena et al., 2020). The use
of 57 mg min! ozone application resulted in 89% endosulfan degradation (Begum and Gautam,
2011). Yazgan and Kinaci (2004) reported 97% B-endosulfan degradation using a 16 mg min™!
ozone dose, pH 4, 60-min ozonization period.

Dechlorination processes and use of metallic/bimetallic compounds can be used for removal of
endosulfan. Removal of endosulfan is achieved due to reductive transformation by zero valent magne-
sium (70% removal at 10 mg L!) and bimetallic system, Mg%/Pd°-carbon (90% removal at 10 mg L)
after 30 min reaction (Suresh and Thangadurai, 2019). Pillai and Kottekottil (2016) showed the use of
nano zero valent iron (1,000 mg kg™') in soil, which reduced the endosulfan concentration in crops due
to hydrogenolysis and reductive dechlorination. More than 99% degradation was observed and use of
immobilized palladium was recommended due to the possibility of recovery and reuse of the materi-
als (Thangadurai and Suresh, 2013). Abbas et al. (2019) demonstrated that zero valent iron (Fe®) and
iron oxide removed 85% endosulfan following oxidation and dechlorination in a batch experiment.
Hwang and Kim (2021) demonstrated the application of 1% commercial zero valent iron (mZVI)
along with 0.01 M ascorbic acid (AA) and 0.1 M hydrogen peroxide (H,0,) removed 98—100% endo-
sulfan within 24 h from aqueous solution, 65-73% from soil slurry, and 64—-66.2% from soil.

14.6.2 ADSORPTION PROCESS

Materials with superior specific surface area, highly porous structure, conducive pore size dis-
tribution, high variability in surface chemistry, and significant degree of surface reactivity have
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exhibited significant adsorption capacity for contaminant removal from contaminated/polluted
water. Adsorption, in general, is a non-specific process and can be applicable for different types of
contaminants, although capacity of a particular adsorbent will vary with the nature of the contami-
nant. Researchers have used several adsorbents primarily made from organic and inorganic sources.
Zeolite, activated carbon, nano particles, nanocomposites, biopolymers, etc. are mainly used as
adsorbents. Carbon slurry-based adsorbent was found to be effective for removal of endosulfan and
adsorption capacity of 34.11 and 32.62 mg g~' in batch and column operation, respectively (Gupta
and Ali, 2008). Lu et al. (2011) demonstrated that adsorption capacity of chitosan beads was higher
(6.7-10 pg) than crab shell powder (0.1-0.15 pg) and more than 99% removal of endosulfan was
achieved. Researchers have used oil shale ash (Al-Qodah et al., 2007) and wood charcoal (Sudhakar
and Dikshit, 1999) as adsorbents for endosulfan removal. The use of nanocomposites for contami-
nant removal is increasing due to their high adsorption capacity. Memon et al. (2022) synthesized
diallylcalix[4]arene incorporated polystyrene nanofibers (PS-CLX NFs) and reported 22.12 and
20.11 mg g! - and B-endosulfan removal at 120 rpm, 60-min incubation period, and 7.5 mg adsor-
bent. Alkali activated municipal waste fly ash and their polymers showed 1.87-20.01 mg g~! endo-
sufan adsorption and alkylation-enhanced adsorption capacity by ~8—10 times and affinity by ~30
times (Luttah et al., 2023). Carbon-based adsorbent (powdered activated carbon, granular activated
carbon, oak charcoal, rice husk charcoal) were more effective (60—100%) than inorganic adsorbent
(silica and alumina) for o- and B-endosulfan removal from water (Eun et al., 2021). Biopolymer
€-caprolactone (Mourabit and Boulaid, 2019), sucrose derived activated graphene clay compos-
ite (Mathanakeerthi et al., 2021), magnetite diatomite (Alacabey, 2022), and activated carbon and
biochar-based adsorbents (Kalsoom et al., 2023) have been successfully employed for adsorption
of endosulfan.

14.6.3 MEMBRANE SEPARATION PROCESS

The use of an ion exchange membrane and surface functionalization of the membrane increases
retention of pollutants on the membrane. However, foul odor and blocking of pores due to cake
formation reduces the retention capacity during prolonged use (Jhaveri and Murthy, 2016). Despite
limitations, due to high retention capacity, research using membranes has attracted researchers to
work on the different aspects of the process. Banasiak et al. (2011) demonstrated that ion exchange
resin works better for endosulfan adsorption at pH 7 than at pH 11, and that the pH of the medium
and the molecular weight of the membrane are important factors controlling the retention of the
endosulfan on the surface (De Munari et al., 2013). Mukherjee et al. (2020) developed an asym-
metric polysulfone-based low-pressure thin film composite membrane that was efficient in rejecting
organochlorine pesticides including endosulfan (100%). A hydrogen-based membrane biofilm (H,-
MB(R) reactor effectively removed more than 99% endosulfan from water (Cuci and Tagkin, 2020).

14.6.4 BioLoGIicAL REMEDIATION

Biological methods can be classified into two major categories: (i) microbial degradation and (ii)
phytoremediation. Microbial degradation is the phenomenon of biological transformation of organic
compounds by living organisms, particularly bacteria and fungi. Phytoremediation is the use of liv-
ing green plants for risk reduction and/or removal of contaminants from contaminated soil, water,
and sediments. There are many advantages of biological degradation: (i) it can be conducted in situ
as well as ex situ; (ii) it is an environmentally friendly technique; (iii) it is low cost and low mainte-
nance. These techniques have some disadvantages like (i) the time required for complete remedia-
tion is variable and relatively long; (ii) biological processes are often highly pesticide-specific; and
(iii) the presence of metabolically capable microbial populations, suitable environmental growth
conditions, and appropriate levels of nutrients required for success.
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Biological degradation of endosufan can be mediated by primarily two prominent pathways (i)
hydrolysis which leads to the formation of endosulfan diol, endosulfan ether, endosulfan lactone as
major degradation metabolites which are non-toxic in nature, (ii) oxidation results in the formation
of endosulfan sulphate which is a toxic and persistent metabolite.

14.6.4.1 Bacterial Degradation

Microbial remediation might utilize native microbes for degrading any contaminant, because
when exposed to any contaminant, microbes develop enzyme systems to degrade that contami-
nant. Bacteria from genuses Pseudomonas, Bacillus, Klebsiella, Mortierella, Stenotrophomonas,
and Achromobacter have shown endosulfan degradation potential (Seralathan et al., 2015; Singh
and Singh, 2014a; Mir et al., 2017; Ozdal et al., 2017; Zaffar et al., 2018). Addition of microbes
having capability to degrade a particular contaminant enhances the process of remediation and
is known as bioaugmentation. Success of bioaugmentation depends on the survival and prolifera-
tion of added microbes. Bioaugmentation can be coupled with biostimulation, a process which
involves adding nutrients or introducing oxygen in contaminated soil/water so that microbes’
survival and activity can be enhanced. A few studies reported that microbes used endosulfan
as their sole source of carbon or sulfur (Castillo et al., 2011; Singh and Singh, 2011; Seralathan
et al., 2015).

Pseudomonas sp. is the most studied bacterial species that has been isolated from the contami-
nated soil or endosulfan-seasoned soil (Harikumar et al., 2013; Zaffar et al., 2018). Degradation
of a-endosulfan and its oxidative metabolite endosulfan sulfate followed a hydrolytic pathway and
resulted in the formation of endosulfan diol, endosulfan ether, and endosulfan lactone (Bajaj et al.,
2010; Mir et al., 2017; Zaffar et al., 2018). Similarly, Alcaligenes faecalis strain JBW4, isolated from
activated sludge, degraded a- and B-endosulfan following a hydrolytic pathway; endosulfan ether
and endosulfan lactone were the major metabolites (Kong et al., 2013, 2014). The bacterium was
able to colonize in endosulfan-contaminated soils, confirmed by PCR-DGGE assay.

Bacteria of the genus Bacillus have shown endosulfan degradation potential. Bacillus sp.
KF984414 and Bacillus sp. LN849696 isolated from endosulfan-stressed soil showed plant growth
promoting effect and could degrade 70—74% endosulfan in medium and 63—67% in soil (Rani and
Kumar, 2017). Seralathan et al. (2015) reported that Bacillus megaterium converted endosulfan
into the toxic metabolite endosulfan sulfate, while Pseudomonas aeruginosa, Ochrobactrum sp.,
and Achromobacter xylosoxidans followed the hydrolytic pathways with formation of endosulfan
diol and their consortium could degrade 94% of endosulfan as their sole source of sulfur. Similarly,
Achromobacter xylosoxidans strain C8B (Singh and Singh, 2011) and Azotobacter sp. (Castillo et
al., 2011) utilized endosulfan as their sole source of sulfur. Mostly, bacteria used endosulfan as their
source of sulfur; however, Verma et al. (2006, 2011) isolated an endosulfan-degrading bacterial
strain from earthworm gut that used endosulfan as its sole carbon source.

Silambarasan and Abraham (2014) reported that Halophilic bacterium JAS4 from the Gossy-
pium herbaceum rhizosphere had remarkable potential to degrade a-endosulfan (1,000 mg L-') and
endosulfan sulfate in the aqueous medium with a half-life (DTs,) of 0.01 d and 1.07 d, respectively.
Klebsiella sp. M3 could tolerate and degrade 50 mg L' (medium) and 100 mg L-! (soil) of endo-
sulfan and was more effective in degrading a-endosulfan (Singh and Singh, 2014a). Ozdal et al.
(2017) and Zaffar et al. (2018) reported that a-endosulfan-degrading potential of Stenotrophomonas
maltophilia OG2 was greatly influenced by many factors and optimum (81.53%) degradation was
observed at concentration of 100 mg L, temperature 30°C, and pH 8.0.

In general, most of the bacteria used for endosulfan degradation were more effective in degrad-
ing a-endosulfan. However, Odukkathil and Vasudevan (2015) reported that Bordetella petrii 1 GV
34 and Bordetella petrii I1 GV 36 degraded both endosulfan isomers with equal ease. Contrary to
this, Jimenez-Torres et al. (2016) reported that Enterobacter cloacae PMM16 was more efficient at
degrading B-endosulfan (100%) than a-endosulfan (71.32%).



308 The Old and New Persistent Organic Pollutants

Most of the studies on microbial breakdown of endosulfan were conducted in an aerobic environ-
ment. But, a few researchers have studied anaerobic microbial breakdown of endosulfan (Sutherland
et al., 2002; Kwon et al., 2005). Endosulfan degradation under anaerobic conditions can follow a
hydrolysis pathway and result in the formation of endosulfan diol (Guerin, 1999), which can be
metabolized further to endosulfan lactone, endosulfan hydroxyether, and endosulfan monoaldehyde
and dialdehyde by anaerobic bacterial and fungal cultures (Sutherland et al., 2000; Awasthi et al.,
2003). Sadiq et al. (2019) reported that Pleurotus ostreatus-mediated degradation of a-endosulfan
was higher under solid-state fermentation than submerged fermentation, while the inverse was true
for B-isomer. The calculated DT, of a- and f-endosulfan under solid-state fermentation was 3.99
and 44 days, respectively, while respective values were 10 and 20 days under submerged fermenta-
tion. Rapid reduction in endosulfan sulfate metabolite under submerged fermentation revealed its
ascendancy in degradation over solid-state fermentation.

Immobilization of the pure cultures may help to improve the bioremediation potential, since
immobilized cells have prolonged microbial cell viability and improved capacity to tolerate higher
concentrations of pollutants and repeated use (Richins et al., 2000; Chen and Georgiou, 2002).
Jesitha et al. (2015) compared endosulfan degradation in batch and column reactor using free and
immobilized Pseudomonas fluorescens. The bacterium was able to utilize both a- and f-endosulfan
as its sole source of carbon and energy and tolerated 550 mg L' concentration. Degradation was
relatively faster when the bacterium was immobilized in calcium alginate beads. Degradation was
mediated by a hydrolytic pathway and the formation of endosulfan diol, endosulfan ether, and
endosulfan lactone metabolites was confirmed. Pradeep and Subbaiah (2016) used Ca-alginate
immobilized cells of Pseudomonas aeruginosa for endosulfan degradation using a repeated con-
tinuous batch. Immobilized bacteria were highly effective in degrading 2% endosulfan solution at
100 mL h~'; endosulfan lactone and endosulfan ether were the products of degradation.

14.6.4.2 Fungal Biodegradation

There are very few reports that fungi have shown an ability to degrade endosulfan. The filamentous
nature of fungal growth offers a major advantage over bacteria because it helps fungi to effectively
permeate the soil environment. Fungi can degrade a wide variety of pesticides by introducing minor
structural changes in the molecule to convert them into a less or nontoxic form; the biotransformed
pesticide is then released into the soil, where it is further degraded by bacteria (Kumar and Philip,
2017). Fungal enzymes like laccase, dehydrogenase, peroxidase, hydrolases, lignin peroxidase, and
manganese peroxidase have shown an ability to degrade endosulfan by hydrolysis, oxidation, chlo-
rination, dehydrochlorination, and esterification mechanisms (Magbool et al., 2016). Aspergillus
niger showed very high capability to degrade endosulfan (95%) (Goswami et al., 2009; Mukherjee
and Gopal, 1994). Silambarasan and Abraham (2013) isolated Botryosphaeria laricina JAS6 and
Aspergillus tamarii JAS9 that could degrade endosulfan and endosulfan sulfate from endosulfan-
spiked soil. Both strains were able to tolerate elevated levels of endosulfan (1,300 mg L~') and grew
well up to 1,000 mg L.

Similarly, white rot fungi Trametes hirsuta, Trametes versicolor, Pleurotus ostreatus, Bjerkan-
dera adusta, and Phanerochaete chrysosporium harbor lignin degrading enzyme systems which
have been reported for endosulfan degradation (Kullman and Matsumura, 1996; Bisht et al., 2019).
Trametes hirsuta showed complete degradation of both a- and -endosulfan isomers (Bisht et al.,
2019) and endosulfan sulfate was the major degradation product recovered. Wang et al. (2018) sug-
gested that Pleurotus eryngii and Coprinus comatus, alone or in combination, resulted in endosul-
fan removal exceeding 87%. There is a need to isolate and identify endosulfan-degrading fungal
strains since fungi are more tolerant to environmental stress.

14.6.4.3 Phytoremediation

Plants can be used for removal and degradation of contaminants and have been widely reported for
both organic and inorganic contaminants. Plants facilitate remediation of soil and water by different
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mechanisms: rhizofiltration is used for contaminated water while rhizodegradation, phytodegrada-
tion, phytostabilization, etc. can be used for contaminated soils. Success of phytoremediation is
mainly dependent on the ability of plants to survive in contaminated soil (Prasad et al., 2011; Mit-
ton et al., 2016) and efficiency of plant roots and rhizosphere microbes to uptake and degrade con-
taminants. A robust root system is the key to successful phytoremediation because it helps in better
uptake of contaminants from soil and promotes proliferation and habitation of rhizosphere microbes
that can degrade contaminants by metabolism (using them as source of energy) or co-metabolism.
Efficiency of phytoremediation varies with type of plant, soil type, weather, stage of plant, etc.
Mersie et al. (2003) evaluated ability of plant buffer strips to remove endosulfan from runoff water
and reported over 98% endosulfan removal. Ramirez-Sandoval et al. (2011) reported that Ocimum
sp. is a good candidate for endosulfan degradation in contaminated soils; Ocimum basilicum was
more effective in degrading endosulfan than Ocimum minimum. Rose et al. (2006) reported that
macrophytes and algae can reduce the persistence of endosulfan in on-farm constructed wetlands
water because partitioning onto sediment acted as a sink for the insecticide. Sethunathan et al.
(2004) reported that green algae, Chlorococcum sp. or Scenedesmus sp., enhanced degradation of
a-endosulfan; endosulfan sulfate (major) and endosulfan ether (minor) metabolites were detected
along with isomerization of a-endosulfan to 3-endosulfan. Thus, coupled with a biotransformation
ability, especially at a high inoculum density, the biosorption ability of algae makes them effective
candidates for remediation of a-endosulfan-polluted environments.

Harikumar et al. (2013) showed that the aquatic plant Salvinia molesta was highly efficient in
endosulfan removal (97.94 + 0.33% in 21 days) from water. Among the terrestrial plants, tomato and
spinach took 21 and 24 days, respectively, for complete removal of pesticide from soil (140 ug kg™
endosulfan). Mitton et al. (2016) reported that among four plants used for endosulfan degradation,
sunflower was the best phytoremediation plant for endosulfan residue uptake from contaminated
soils and maximum decrease in its concentration in contaminated soil.

Abaga et al. (2014) reported effectiveness of Vetiveria zizanioides in degrading endosulfan
because it harbored a greater number of endosulfan-degrading microorganisms. Singh and Singh
(2014b) reported similar observations while evaluating uptake and accumulation of the o- and
B-endosulfan and endosulfan sulfate from contaminated soil. Out of seven plants used, V. zizanioi-
des accumulated 343 ng g™! of endosulfan (0+f) and endosulfan sulfate (21 ng g!). The variations
in the uptake of the endosulfan isomers was attributed to the morphology of the plant, type of root
system, number of branches and extent of branching, types and surface area of leaves, and toler-
ance of the plant to the individual chemical. Singh et al. (2018) reported that out of nine locally
available plant species V. zizanioides accumulated the highest amount of endosulfan. No significant
reduction in lipid peroxidation and chlorophyll content in V. zizanioides supports its suitability for
phytoremediation.

Earlier, wetland was evaluated for degradation of 8 priority pesticides, including endosulfan
(Matamoros et al., 2007) and results suggested that wetland showed maximum degradation of endo-
sulfan. It was attributed to biodegradation and plant uptake since retention in the sediment was
negligible. Authors suggested that reductive dehalogenation was the major mechanism of endosul-
fan degradation. Zhao et al. (2014) evaluated vertical-flow constructed wetlands at the lab scale for
bioremediation of endosulfan. After 20 days’ experiment, endosulfan isomer removal efficiencies
were increased to 89.24-97.62% through bioremediation. Bacteria bioaugmentation and sucrose
biostimulation promoted biodegradation while KH,PO, biostimulation promoted plant uptake.

14.7 CONCLUSION

Endosulfan, an organochlorine insecticide, was banned by the Persistent Organic Pollutants Review
Committee (POPRC) to the Stockholm Convention in 2011. However, due to its persistent nature
and long-distance transport, endosulfan is still detected in environmental components. Although
the hydrolytic metabolites of endosulfan, namely endosulfan diol, endosulfan ether, and endosulfan
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lactone, are less toxic than the parent molecule, the oxidized metabolite endosulfan sulfate is equally
persistent and toxic in nature. Endosulfan is considered to be an endocrine disruptor and adversely
affects human health by inducing seizures, cancer development, and reproductive and gastrointesti-
nal disorders. Both physico-chemical and biological methods have been suggested for remediation
of endosulfan-contaminated soil and water, but techniques that can be effectively scaled up need
more research and standardization.
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