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General Introduction

GENERAL INTRODUCTION

Water is a vital resource that is essential for all forms of life on earth. It is an odourless,

tasteless, and colorless substance that covers approximately 71% of the Earth's surface. [1]

Water plays a critical role in various biological, physical, and chemical processes that
support life on earth. It is involved in many functions such as digestion, metabolism,
transportation of nutrients, temperature regulation, and waste removal. In addition, water is also

used for various purposes such as irrigation, industry, recreation, and energy production. [2]

The importance of water has been recognized throughout history, and it has been the
subject of many scientific studies. It is an essential resource for life on Earth, and plays a critical

role in preserving the planet and people.

It is essential for the survival of all living things, including humans, and a vital resource
for agriculture, which provides food for the world's population as well as its necessity in
maintaining ecosystems and biodiversity. It provides habitats for aquatic plants and animals

and supports a range of ecological processes such as nutrient cycling and wetland maintenance.

Water is a vital resource for industrial and commercial activities. It is used in the

production of goods and services such as electricity, transportation, and manufacturing.

However, despite its importance, water resources are under increasing pressure due to
population growth, climate change and pollution. It is therefore imperative that we sustainably
manage this valuable resource to ensure that it continues to support life on Earth for generations

to come.

In the last decades, contamination of drinking water and growing public concern about
the health risks of contaminants have gained much publicity and initiated many research efforts,

as well as political and legal activities.

The majority of the recent problems related to drinking water contamination are

associated with pollution of surface and ground water resources.
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Water pollution has become a global problem now a day’s ongoing evaluation of water

resource policy is needed to counter this problem. Deaths and diseases are caused worldwide

due to water pollution and approximately 14000 people die every day due to water pollution.

[3-5]

Both developed as well as developing countries are facing water pollution problems [6]. Water

quality is influenced by many factors like precipitation, climate, soil type, vegetation, geology,

flow conditions, ground water and human activities. The greatest threat to water quality is posed

by point sources of industries and municipalities. Activities like mining, urban development

and Agriculture also effect water quality. Non-point source pollution also includes nutrients,

sediments and toxic contaminants [7]

This research is structured around four chapters in the following manner:

X/
L X4

The first chapter encompasses an overview of water pollution caused by pesticides,
including their impact on both the environment and human health.

The second chapter provides an in-depth literature review of the primary advanced
oxidation processes employed for the purification of various wastewater types.

The third chapter delves into an examination of diverse investigative approaches,
encompassing the substances utilized, experimental setups, and analytical
methodologies.

Lastly, chapter four concentrates on the test monitoring aspect, presenting the obtained

results along with their interpretations.

The study culminates with a comprehensive conclusion.
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CHAPTER |
WATER POLLUTION BY PESTICIDES

Water pollution caused by pesticides has become a significant environmental concern
worldwide. Pesticides, extensively employed in agricultural practices, Have the potential to
infiltrate aquatic ecosystems through multiple routes, posing risks to human health and
potentially leading to detrimental effects on aquatic ecosystems. Understanding the extent of
water pollution by pesticides, along with their impacts, is essential for developing effective
mitigation strategies and safeguarding water resources.

This chapter intends to provide a comprehensive overview of water pollution caused
by pesticides, and the ecological consequences of pesticide contamination, focusing on the

disruption of aquatic ecosystems, effects on aquatic organisms.
1.1 Generalities:

Water pollution is the contamination of water sources by substances which make the
water unusable for drinking, cooking, cleaning, swimming, and other activities. Pollutants
include chemicals, trash, bacteria, and parasites. All forms of pollution eventually make their

way to water.

Wastewater is any water that has been adversely affected in quality by anthropogenic
influence. It comprises liquid waste discharged by domestic residences, commercial
properties, industry, and/or agriculture and can encompass a wide range of potential
contaminants and concentrations. In the most common usage, it refers to the municipal
wastewater that contains a broad spectrum of contaminants resulting from the mixing of

wastewaters from different sources.

Sewage is correctly the subset of wastewater that is contaminated with feces or urine,
but is often used to mean any waste water. "Sewage" includes domestic, municipal, or
industrial liquid waste products disposed of, usually via a pipe or sewer or similar structure,

sometimes in a cesspool emptier.
1.2 Types and sources of water pollutants

Wastewater can come from different sources, from ordinary living processes (domestic

5



Chapter | — Water Pollution by Pesticides

and residential sources), Commercial wastewater, comes from non-domestic sources, such as
commercial buildings, taxidermy, furniture refinishing, musical instrument cleaning, or auto
body repair shops, and Industrial wastewater is generated by industrial or commercial
manufacturing processes, such as agriculture, and is typically more difficult to treat than

household waste. The composition of industrial wastewater differs by industry.

Water can be polluted by a wide variety of substances, including pathogenic
microorganisms, putrescible organic waste, fertilizers and plant nutrients, toxic chemicals,

sediments, heat, petroleum (oil), and radioactive substances.
a. Domestic sewage

Domestic sewage is the primary source of pathogens (disease-causing microorganisms)
and putrescible organic substances. Because pathogens are excreted in feces, all sewage from
cities and towns is likely to contain pathogens of some type, potentially presenting a direct
threat to public health. Putrescible organic matter presents a different sort of threat to water
quality. As organics are decomposed naturally in the sewage by bacteria and other
microorganisms, the dissolved oxygen content of the water is depleted. This endangers the
quality of lakes and streams, where high levels of oxygen are required for fish and other
aquatic organisms to survive. Sewage-treatment processes reduce the levels of pathogens and
organics in wastewater, but they do not eliminate them completely (see also wastewater

treatment).

Domestic sewage is also a major source of plant nutrients, mainly nitrates and
phosphates. Excess nitrates and phosphates in water promote the growth of algae, sometimes
causing unusually dense and rapid growths known as algal blooms. When the algae die,
oxygen dissolved in the water declines because microorganisms use oxygen to digest algae
during the process of decomposition (see also biochemical oxygen demand). Anaerobic
organisms (organisms that do not require oxygen to live) then metabolize the organic wastes,
releasing gases such as methane and hydrogen sulfide, which are harmful to the aerobic
(oxygen-requiring) forms of life. The process by which a lake changes from a clean, clear
condition with a relatively low concentration of dissolved nutrients and a balanced aquatic
community—to a nutrient-rich, algae-filled state and thence to an oxygen-deficient, waste-
filled condition is called eutrophication. Eutrophication is a naturally occurring, slow, and
inevitable process. However, when it is accelerated by human activity and water pollution (a

6
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phenomenon called cultural eutrophication), it can lead to the premature aging and death of

a body of water.
b. Solid waste:

The improper disposal of solid waste is a major source of water pollution. Solid waste
includes garbage, rubbish, electronic waste, trash, and construction and demolition waste, all
of which are generated by individual, residential, commercial, institutional, and industrial
activities. The problem is especially acute in developing countries that may lack
infrastructure to properly dispose of solid waste or that may have inadequate resources or
regulation to limit improper disposal. In some places solid waste is intentionally dumped into
bodies of water. Land pollution can also become water pollution if the trash or other debris
is carried by animals, wind, or rainfall to bodies of water. Significant amounts of solid waste
pollution in inland bodies of water can also eventually make their way to the ocean. Solid
waste pollution is unsightly and damaging to the health of aquatic ecosystems and can harm
wildlife directly. Many solid wastes, such as plastics and electronic waste, break down and

leach harmful chemicals into the water, making them a source of toxic or hazardous waste.
c. Toxic waste:

Waste is considered toxic if it is poisonous, radioactive, explosive, carcinogenic
(causing cancer), mutagenic (causing damage to chromosomes), teratogenic (causing birth
defects), or bioaccumulative (that is, increasing in concentration at the higher ends of food
chains). Sources of toxic chemicals include improperly disposed wastewater from industrial
plants and chemical process facilities (lead, mercury, chromium) as well as surface runoff
containing pesticides used on agricultural areas and suburban lawns (chlordane, dieldrin,

heptachlor). (For a more-detailed treatment of toxic chemicals, see poison and toxic waste.)
d. Sediment:

Sediment (e.g., silt) resulting from soil erosion or construction activity can be carried
into water bodies by surface runoff. Suspended sediment interferes with the penetration of
sunlight and upsets the ecological balance of a body of water. Also, it can disrupt the
reproductive cycles of fish and other forms of life, and when it settles out of suspension it

can smother bottom-dwelling organisms.
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e. Thermal pollution:

Heat is considered to be a water pollutant because it decreases the capacity of water to
hold dissolved oxygen in solution, and it increases the rate of metabolism of fish. Valuable
species of game fish (e.g., trout) cannot survive in water with very low levels of dissolved
oxygen. A major source of heat is the practice of discharging cooling water from power plants
into rivers; the discharged water may be as much as 15 °C (27 °F) warmer than the naturally
occurring water. The rise in water temperatures because of global warming can also be

considered a form of thermal pollution.
f. Petroleum (oil) pollution:

Petroleum (oil) pollution occurs when oil from roads and parking lots is carried in
surface runoff into water bodies. Accidental oil spills are also a source of oil pollution—as
in the devastating spills from the tanker Exxon Valdez (which released more than 260,000
barrels in Alaska’s Prince William Sound in 1989) and from the Deepwater Horizon oil rig
(which released more than 4 million barrels of oil into the Gulf of Mexico in 2010). Qil slicks

eventually move toward shore, harming aquatic life and damaging recreation areas. [8]
1.3 Agriculture water pollution

Agriculture has played a critical role in human civilization, enabling the development
of settled societies and the advancement of economies. In the latest centuries it has increased

due to population growth.

Agriculture has gone through significant transformations over time; from traditional
farming methods to modern, high-tech agricultural practices, and those transformations has
an impact on water quality, one of the major concerns about pesticide use is the possibility
of these chemicals leaving agricultural lands and polluting other areas, which can pose
serious health risks and costs to human and environmental health. The aim of this article is
to address the mechanisms behind pesticide pollution, as well as the impacts this pollution
has on soil, ecosystem biodiversity and human health. Hydrological leaching and aerial drift
will be the categories of pollution of focus, and the overall impacts of pesticide pollution on

economic, environmental and social sustainability will be assessed.
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While essential for providing food and raw materials, it can also contribute to water
pollution. The use of fertilizers, pesticides, and other chemicals in agricultural practices, as
well as the management of animal waste, can result in contamination of water sources such
as rivers, lakes, and groundwater, and that can lead to serious diseases in humans. The whole

ecosystem of water bodies is disturbing due to water pollution.

Due to population growth, urbanization and climate change, competition for water
resources is expected to increase, with a particular impact on agriculture. The population is
expected to increase to more than 10 billion by 2050, and whether urban or rural, these
populations will need food and fiber to meet their basic needs. Combined with the increased
consumption of calories and more complex foods, which accompany income growth in the
developing world, it is estimated that agricultural production will need to expand by about
70% by 2050 [9].

Water pollutants may cause disease or act as poisons. Hazardous chemicals, pesticides,
and herbicides from industries, farms, homes and golf courses can cause acute toxicity and
immediate death, or chronic toxicity that can lead to neurological problems or cancers. Many
water pollutants enter our bodies when we use water for drinking and food preparation. The
pollutants enter the digestive tract. From there, they can reach other organs in the body and
cause various illnesses. Chemicals come in contact with the skin from washing clothes, or
from swimming in polluted water and may lead to skin irritations. Hazardous chemicals in
water systems can also affect the animals and plants which live there. Sometimes these
organisms will survive with the chemicals in their systems, only to be eaten by humans who
may then become mildly ill or develop stronger toxic symptoms. The animals and plants

themselves may die or not reproduce properly [10].
1.4 Pesticides:

According to the Food and Agriculture Organization (FAO), pesticides are substances
or mixture of substances intended to prevent, destroy or control any pest, including vectors
of human or animal disease, unwanted species of plants or animals, causing harm during or
otherwise interfering with the production, processing, storage, transport, or marketing of
food, agricultural commaodities, wood and wood products or animal feedstuffs, or substances
that may be administered to animals for the control of insects, arachnids, or other pests in or

on their bodies.
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Table 1.1: Chronology of pesticide development [11]

Period Example Source Characteristics
1800-1920s | Early organics, nitro- Organic chemistry, Often lack specificity
phenols, chlorophenols, | by-products of coal | and were toxic to user or
creosote, naphthalene, gas production, etc. | nontarget organisms
petroleum oils
1945-55 Chlorinated organics, Organic synthesis Persistent, good
DDT, HCCH, selectivity, good
chlorinated cyclodienes agricultural properties,
good public health
performance,
resistance, harmful
ecological effects
1945-70 Cholinesterase inhibitors, | Organic synthesis, Lower persistence,
organophosphorus good use of some user toxicity,
compounds, carbamates | structure—activity some environmental
relationships problems
1970-85 Synthetic pyrethroids, Refinement of Some lack of
avermectins, juvenile structure—activity selectivity, resistance,
hormone mimics, relationships, new costs, and variable
biological pesticides target Systems persistence
1985 Genetically engineered Transfer of genes for | Possible problems with

organisms

biological pesticides
to other organisms
and into beneficial
plants and animals,
genetic alteration of
plants to resist
nontarget effects of

pesticides

mutations and escapes,
disruption of
microbiological cology,

monopoly on products

10
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1.4.1 Types of pesticides:

Pesticides are referred to by the type of pest they control. Pesticides can be either
biodegradable pesticides that break down into harmless compounds by bacteria and other
living organisms or persistent/non-biodegradable pesticides, which can take months or years
to break down.[12]

a. Grouped by the pest types they control:
1/ Insecticides:

Insecticides are chemicals used to control insects by killing them or preventing them
from engaging in undesirable or destructive behaviors. They are classified based on their

structure and mode of action.

Many insecticides act upon the insect's nervous system (e.g., cholinesterase inhibition),

while others act as growth regulators or endotoxins. [13]

Insecticides are commonly used in agricultural, public health and industrial
applications, as well as household and commercial uses (e.g., control of roaches and
termites). The most commonly used insecticides are the organophosphates, pyrethroids and

carbamates. [14]
2/ herbicides:

Herbicides are chemicals used to manipulate or control undesirable vegetation.
Herbicide application occurs most frequently in row-crop farming, where they are applied
before or during planting to maximize crop productivity by minimizing other vegetation.

They also may be applied to crops in the fall, to improve harvesting.

Herbicides are used in forest management to prepare logged areas for replanting. The
total applied volume and area covered is greater but the frequency of application is much less

than for farming. [15]

They may cause biological impairments of water bodies if they occur in water or
sediment at sufficient concentrations. Most commonly, they enter surface water in runoff or

leachate, but, because they have relatively low toxicity to fish and invertebrates. Acute

11
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toxicity is likely only when they are deliberately or accidentally applied directly to water
bodies. [16]

3/ Rodenticides:

Rodenticides are pesticides that kill rodents. Rodents include not only rats and mice,

but also squirrels, woodchucks, chipmunks, porcupines, nutria, and beavers.
4/ Bactericides:

Bactericides are chemical substances that helps to prevent the formation of bacteria,
whether pathogenic or not such as disinfectants, antiseptics and antibiotics

5/ Fungicides:

Fungicides are pesticides that kill or prevent the growth of fungi and their spores. They
can be used to control fungi that damage plants, including rusts, mildews and blights. They
might also be used to control mold and mildew in other settings. Fungicides work in a variety
of ways, but most of them damage fungal cell membranes or interfere with energy production

within fungal cells. [17]
6/ larvicides:

A larvicide is a type of insecticide used to control mosquitoes. They work by killing
mosquito larvae before they can grow into adults. Some formulations are activated when
ingested by the mosquitoes, and some formulations work when they come into contact with
the larvae. When used according to product label instructions, larvicides do not harm people,

pets, or the environment. [18]

b. Grouped by their biodegradability:
1/ Biodegradable Pesticides

Biodegradable pesticides are those that can be broken down into harmless compounds

by microbes and other living organisms within less period of time.

12
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2/ Non-Biodegradable Pesticides

Few pesticides are known as non-biodegradable, also called persistent pesticides. The
most long-lived pesticide materials include aldrin, parathion, DDT, chlordane, and endrin,
they take a long period of time to break down. These pesticides can survive in the soil for

over 15 years or more.

Considering the chemical pesticides extracted from a common source or some

production method:
c. Chemical pesticides:
1/ Organophosphates:

Many organophosphates are insecticides that impact on the nervous system by

compromising the enzyme that regulates the neurotransmitter.
2/ Carbamate:

Carbamate pesticides affect the nervous system by compromising the enzyme that
regulates the neurotransmitter similar to the organophosphates, but carbamate enzyme effects

are usually reversible.
3/ Organochlorine Insecticides:

This type was common in the early years when pesticides came into the market. Many
countries have banned organochlorine insecticides from their markets because of their
impacts and persistence on health and the environmental factors (e.g., DDT, chlordane and

toxaphene).
4/ Pyrethroid:

There are synthetic variants of pyrethrin, a naturally occurring pesticide present in
chrysanthemums (Flower). Their development is such a way they can maximize their

environmental resilience.

13
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5/ Sulfonylurea herbicides:

The commercial production of sulfonylureas herbicides was for weed control like
flupyrsulfuron-methyl-sodium, ethoxysulfuron, chlorimuron-ethyl, bensulfuron-methyl,
azimsulfuron, and amidosulfuron, rimsulfuron, pyrazosulfuron-ethyl, imazosulfuron,
nicosulfuron, oxasulfuron, nicosulfuron, flazasulfuron, primisulfuron-methyl, halosulfuron-
methyl, pyrithiobac-sodium, cyclosulfamuron, bispyribac-sodium, terbacil, sulfometuron-

methyl Sulfosulfuron.
6/ Biopesticides:

The biopesticides are a type of pesticides obtained from natural resources such as

animals, plants, bacteria, and certain minerals.
1.4.2 Impact of pesticides:

Many pesticides can pose risks to people, although pesticides are designed to (in most
cases) kill pests. Generally, however, people are likely to be exposed to only very small

amounts of pesticides — too small to pose a risk.
1/ Pesticide Impacts on Human Health:

Just as with organisms in natural ecosystems, humans can also be adversely affected
by pesticide exposure. Some of the first pieces of work on human pesticide response are often
personal stories of serious drift incidents. These anecdotes are visceral accounts of various
symptoms, and often present the fear in those afflicted [19]. Behind these experiences, there
are documented symptoms of acute illness from pesticide exposure, including vision changes,
cognitive problems [20], nausea, vomiting and difficulty breathing [19]. In the long term,
repeated exposure to pesticides like glyphosate can cause cancer, neurological decline and
other serious diseases [21]. In these cases, some demographics are at heightened risk for
serious harm from pesticide pollution, including children, women, older people; individuals
exposed to multiple pesticides at once and farm workers [19, 20]. The common causes of
these illnesses are either aerial drift of recently applied pesticides [19] or through

contamination of groundwater [22].
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In records of exposure to pesticide pollution in California, some accounts have
indicated the lack of response by emergency medical staff since pesticide pollution does not

have obvious signs compared to gas leaks and other sources [19].

Additionally, the people most dangerously exposed to these chemicals are farm
workers, who are marginalized as immigrants and low-income individuals. As a source of
cheap labor for commercial growers, these workers have limited rights and enfranchisement
to protect them from these risks [19]. Likewise, people of color and low-income groups
generally face higher risks of exposure to pesticide pollution [23], implying systemic
environmental discrimination towards communities near agricultural lands. Similar trends
have been seen in Hawaii, where there are multiple incidents of aerial pesticide pollution
drifting towards schools [24]. More advocacy for these marginalized people is needed among
activist organizations protesting the health risks associated with pesticide exposure [25],
since the increased exposure and negligence of emergency care contributes to the
unsustainable social practices of oppression. Additionally, advocates and governments need
to consider the costs of health care for patients harmed by pesticide pollution and for cleaning
up exposed areas. These costs can pose serious economic problems in terms of perpetuating
poverty via health care expenses, and using taxpayer dollars for preventable pollution.

2/ Pesticide Impacts on Soil Properties:

Because of the role of pesticides in biological control, the major concern surrounding
pesticide soil pollution is the potential damage of microbial communities [26-28]. Soil
microorganisms are crucial to soil health through their contributions to nutrient cycling and
plant function [29]. In research on the soil microbes and pesticides, the two main focuses are
on microbial diversity and activity. Moorman (1989) found while these communities are
generally resilient to repeated pesticide applications, microbial diversity is impacted as

certain species decline.

This is due to the fact that while many microbes are stable in the presence of pesticides,
certain individual taxa may be lost [26]. Additionally, the amount of different pesticides in
the soil can also alter the metabolic rates and pathways of microbes [28], such as the
photosynthesis rates of algae [30]. This is key to note given that at least 99.99% of pesticides
applied to target pests actually end up contaminating the soil ecosystem and potentially
altering its function [31]. Despite these concerns, recent research is also finding that some
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microbes may use pesticides as an energy source [30], increasing soil respiration and the
functional diversity of these soil communities. Since much of the work to track soil microbial
communities in the presence of pesticides focuses on changes in nutrient cycling [32], and
the results are often inconsistent [33] more research needs to be done on the long-term effects

on microbes not directly involved in these processes, such as plant symbionts.

Among the different groups of these plant symbionts, arbuscular mycorrhizal fungi
(AMF) are vital to the growth and survival of 90% of plant species, and are most often found
in grasslands and managed ecosystems [34]. In a study of the effects of glyphosate on these
fungi, Druille et al. (2013) found that application of the pesticide reduced the viability of
AMF spores at low soil application levels and that root colonization was reduced when
glyphosate was applied on the plant or the soil. This presents potential challenges to plant
nutrient access and the continued survival of these fungi in grassland ecosystems. Similarly,
studies into the effects of pesticides on Rhizobia bacteria have found that the nitrogen-fixing
capabilities of these symbionts decline [30], again hindering plant access to nutrients. There
are, however, some contradictions between different studies on whether Rhizobia bacteria
are harmed by pesticide pollution or if they contribute to remediation of these chemicals in
the environment without said harm [35]. On a larger community scale, alterations in the
microbial community composition can cause shifts in the plant-soil feedbacks controlling
plant populations, shifting the natural biological controls that limit the spread of invasive
species [36]. Across these three examples, there are direct ties between the structure and
function of soil microbial communities and the plant communities that rely on them, implying
how the negative impacts of pesticide pollution on soil can extend to the organisms above

ground.

In the long-term, the presence and persistence of pesticides can limit the ability of
plants to grow in soils, reducing the usability of land for agricultural and ecological purposes
[37]. However, both older and more recent research has found that pesticides like glyphosate
leave minimal effects on soil microbial activity in the field [33, 38, 39]. This indicates that
future research on the effects of pesticides on microbial communities needs to have a more
applied focus to better understand how these microbes are impacted by a combination of
factors. Additionally, research into the microbe-associated risks of pesticides need to also
account for microbe-substrate interactions, which can enhance pathogen damage to crops

through effects like green bridges [33]. In general, these findings are also a testament to the
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resilience of the soil ecosystem, as well as the design of pesticides like glyphosate to be
quickly degraded in the environment [40]. Since many of these studies on soil microbes track
diversity through the resulting nutrient cycling processes [32], more research also needs to
be done on the long-term effects of pesticide pollution of taxa not directly involved in said

processes, especially with respect to repeated exposure in different ecosystem types [41].
3/ Pesticide Impacts on Ecosystem Structure and Function:

Just as with soil microorganisms, there are multiple direct and indirect effects of
pesticide pollution on the health and function of ecosystems surrounding agricultural lands.
These effects arise either with the direct toxicity of the specific pesticide, or through the
cascading effects of declines in biodiversity across food webs. In terms of direct toxicity, the
mode of transport influences which groups of organisms are exposed to pesticide pollution.
One of the major concerns with air-borne pesticide pollution is the toxicity to native wild bee
populations, which provide important pollination services to fruit trees [42]. Similarly,
pesticide exposure is one of the contributing factors to colony collapse syndrome among
domesticated honeybees, which are also vital to pollinator-dependent plants [43]. Air-borne
pesticide pollution is also a major driver in the decline of amphibians in California, which is
compounded by ongoing habitat destruction [44]. In both of these cases, the losses of certain
organisms pose risks to the larger ecological community. Amphibians act as indicators of
general ecosystem health, and pollinators are pivotal to plant regeneration and food
production. Additionally, aerial pesticide pollution creates dangerous problems for critically
endangered species, such as the Lange’s metalmark butterfly [45]. Ultimately, the losses of
these rare or important organisms lead to a decline in ecosystem biodiversity, which in turn

impacts human access to ecosystem services.

In aquatic ecosystems, the leaching of pesticides into water contributes to similar losses
in biodiversity, namely in populations of aquatic invertebrates [46]. What’s significant about
the findings from Beketov et al. (2013) is that these losses even occurred at pesticide doses
designated as safe by the government, indicating the need for further assessment of pesticide
toxicity for aquatic systems. Pesticide leaching into streams can also have toxic effects on
larger animals, such as salmon [47]. These findings show the importance of re-evaluating
how we determine the risks of pesticides in the greater landscape, and how we develop

regulatory policies based on those risks.
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Apart from the effects of direct contact with pesticide pollution, organisms across
trophic levels can be affected by the loss of food sources and shifts in ecosystem processes.
Hypothetically, the loss of certain taxa due to pesticide exposure can lead to loss of taxa in
other trophic levels from a decline in available resources, leading to cascading drops in
biodiversity. One example of this is the decline of insectivorous bats due to a combination of
pesticides and tillage in their hunting grounds [48]. Among herbivorous animals, another
major example has been the decline in monarch butterfly populations because of milkweed
losses in their Midwest range through increased applications of glyphosate [49]. Reviews of
the literature also indicate overall declines in abundances of insects and birds surrounding
agricultural lands [50], and chronic exposure to glyphosate can create negative health effects
in mammals [21]. At the ecosystem level, the long-term presence of pesticides contributes to
decreasing abundance of both plant and animal communities, as well as slowing of nutrient
cycling [52]. There is also the risk of increased animal and plant diseases that are pesticide
resistant [21], or that of pathogens that benefit off of the death of target pests [33]. Through
both the direct and indirect effects of pesticides on ecosystems, the reports of declining
biodiversity present an alarming picture of ecosystem degradation. Biodiversity is a key part
of environmental sustainability, providing resilience through niche redundancy to ecosystems
and offering a plethora of ecosystem services to humans. Addressing the consequences of
pesticide pollution on biodiversity, through both research and environmental management, is
a major component to understanding the overall causes in biodiversity loss and future

protection.

The following chapter gives a comprehensive and detailed study of the principal
advanced oxidation processes employed in wastewater treatment, and their application,
efficacy, and suitability in addressing water pollution challenges. Furthermore, this chapter
also includes a brief review of microwave and ultrasound technologies in relation to
wastewater treatment. By synthesizing the available research and knowledge in this field, this
chapter aims to enhance our understanding of the potential of advanced oxidation processes
and related technologies for effective wastewater purification and environmental

remediation.
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CHAPTER II

ADVANCED OXIDATION PROCESS FOR WATER TREATMENT

Water treatment methods have undergone significant development over the years, driven
by the increasing need for clean and safe water supplies. The development of water treatment
methods has played a crucial role in improving public health, protecting the environment, and
enabling sustainable water management practices. Such as water treatment processes.
Advanced Oxidation (POA). The purpose of the treatments is to reduce the COD and the

toxicity of the effluents. (Indicator for the mass concentration of organic compounds).
I1.1 Advanced Oxidation Processes:

Advanced oxidation processes (AOPs) were first proposed in the 1980s for drinking water
treatment and later were widely studied for treatment of different wastewaters. During the AOP
treatment of wastewater, hydroxyl radicals ((OH) or sulfate radicals (SO4°) are generated in
sufficient quantity to remove refractory organic matters, traceable organic contaminants, or
certain inorganic pollutants, or to increase wastewater biodegradability as a pre-treatment prior
to an ensuing biological treatment. [52]

The advantage of AOPs over all chemical and biological processes is that they are totally
“environmental-friendly” as they neither transfer pollutants from one phase to the other (as in
chemical precipitation and adsorption) nor produce massive amounts of hazardous sludge.
AOPs are capable of degrading nearly all types of organic contaminants into harmless products
and almost all rely on the production of reactive hydroxyl radicals ("OH) with a redox potential
of 2.8 V. *OH is the second most reactive species next to fluorine atom, they attack the most
part of organic pollutants molecules with rate constants usually in the order of 106-109 M' s
~1 which is 106 -1012 times faster than ozone. In these processes, ‘OH initiate a series of

oxidation reactions then leading to the ultimate mineralization products of CO2 and H;O. [53]

Generally, the treatment efficiencies rely heavily upon the selected AOP type, physical
and chemical properties of target pollutants, and operating conditions. It would be noted that
other mechanisms, besides hydroxyl radical or sulfate radical-based oxidation, may occur

during the AOP treatment and contribute to the reduction of target pollutants. [52]
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— Removal of heavy metals

Degradation of specific
contaminants

Sludge treatment

— Reduction of color and odor

Advanced oxidation processes (AOPs)

— No disinfection byproducts

Fig. 1.1 Applications of AOPs
11.1.1 Types of AOPs:
a. Homogeneous AOP:

Homogeneous processes that use light as an energy source. In general, ultraviolet (UV)
radiations and other sources such as ultrasound (sono-catalysis), electrical energy, and
microwave irradiation are used to degrade compounds. UV/H20,, UV/Ozone, UV/Photolysis,

and Photo-Fenton are all processes based on this approach. [54]
b. Heterogeneous AOP:

Among the AOPs, heterogeneous photocatalysis with semiconductor catalysts has
demonstrated its efficacy in degrading a wide range of toxic contaminants into biodegradable
compounds, which are then mineralized to carbon dioxide and water [55]. "Heterogeneous"
denotes a state where there are two distinct phases involved: a solid phase for the catalyst and
an aqueous phase for the contaminants. When a semiconductor catalyst is present, multiple
phases are combined along with a light source. (UV/solar radiation) (TiO2, ZnO, ZnS, CdS,

etc.).
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1. Hydroxyl Radical-Based AOPs:

Hydroxyl radical is the most reactive oxidizing agent in water treatment, with an
oxidation potential between 2.8 V (pH 0) and 1.95 V (pH 14) vs. SCE (saturated calomel
electrode, the most commonly used reference electrode) [56]. "OH is very nonselective in its
behavior and rapidly reacts with numerous species with the rate constants on the order of 108
101 M~!s7!. Hydroxyl radicals attack organic pollutants through four basic pathways: radical
addition, hydrogen abstraction, electron transfer, and radical combination [57]. Their reactions
with organic compounds produce carbon-centered radicals (R- or R-—OH). With O, these
carbon-center radicals may be transformed to organic peroxyl radicals (ROO-). All of the
radicals further react accompanied with the formation of more reactive species such as H>O>
and super oxide (O2"), leading to chemical degradation and even mineralization of these organic
compounds. Because hydroxyl radicals have a very short lifetime, they are only in situ produced
during application through different methods, including a combination of oxidizing agents
(such as H20. and O3), irradiation (such as ultraviolet light or ultrasound), and catalysts (such
as Fe?") [58].

2. Ozone-Based AOPs:

Ozone (O3) is a strong oxidant itself with an oxidation potential of 2.07 V vs. SCE.
However, direct Oz oxidation is a selective reaction, with typical reaction rate constants of
1.0x100-10% M! s7! 8, in which O3 preferentially reacts with the ionized and dissociated form
of organic compounds, rather than the neutral form. Under certain conditions, ‘OH is produced
from Os to initiate the indiscriminate oxidation (indirect mechanisms). Different detailed
mechanisms have been proposed to explain the complex OH- generation, and the overall

reaction involving ‘OH generation is expressed as below [59].
303 + H20 — 2 'OH + 402 (1)

In the presence of other oxidants or irradiation, the ‘OH vyield can be significantly
improved. For example, in the so called peroxone (O3/H20>) system, the Oz decomposition and

‘OH production are enhanced by hydroperoxide (HO?") produced from H,O2 decomposition.
H.0, — HO2 (2

HO, +03 —» OH+0O2 +02 (3)
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In the Os/ultraviolet (UV) irradiation, H2O: is generated as an additional oxidant primarily

through O3 photolysis (Eqg. 4)
O3 +HO+hv — H202+ 02 4

As a consequence, ‘OH can be generated, at a minimum, through three pathways: (1)
ozonation (Eg. 1); (2) O3/H202 (Egs. 2 and 3); and (3) photolysis of H20>, as shown in Eqg. 5.

H.O,+hv — 2 OH 5)
3. UV-Based AOPs:

Hydroxyl radicals can be initiated by photons in the presence of catalysts or oxidants. The
most common catalyst is titanium dioxide (TiOz2), a RO-type semiconductor. TiO> particles are
excited to produce positive holes in the valence band (hv+ vb) with an oxidative capacity, and

negative electrons at the conduction band (e— cb) with a reductive capacity, as follows:
TiO2+hv — ¢ o+ hv' (6)

With the reactions of OH— , H20, and O2-— at the surface of TiO2, these holes and

electrons can further form hydroxyl radicals [60].

Hv* vb + OH (surfacey — ‘OH (7)
Hv" w + H20 (@bsorbed) — OH + H* (8)
€ cb + O2 (@vsorbed) — O2-” 9)

In the presence of oxidants such as H.O> or Os, additional ‘OH may be yielded under the
UV irradiation. For example, a H2O> molecule is cleaved by UV irradiation to generate two
OH-.

H,0,+hv — 2 'OH (10)

In addition, at a wavelength less than 242 nm, "OH can also be produced possibly through

photolysis of H,O.

H.0 + hv — 'OH + H- (11)
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4. Fenton-Related AOPs:

Among these metals that are able to activate H>O, and produce hydroxyl radicals in water,
iron is the most frequently used. In the so-called Fenton process, H.O, reacts with Fe** to
generate strong reactive species. The reactive species produced are traditionally recognized as
hydroxyl radicals, though other substances such as ferryl ions are proposed. The Fenton-related
chemistry for water and wastewater treatment has been discussed in detail elsewhere [61]. The

classical Fenton radical mechanisms primarily involve the following reactions:

Fe?* + H,0, — Fe®*+ OH- +OH" (12)
Fe3* + H,0, — Fe?* + HO-2 + H* (13)
OH- +H;0, — HO-2 + H20 (14)
OH- +Fe?* — Fe** + OH~ (15)
Fe** + HO-, — Fe?* + OH* (16)
Fe?* + HO-2 + HY — Fe® + H.0; (17)
2HO-; — H,0; + O (18)

"OH is generated from Eg. 12 through electron transfer. However, ‘OH produced can be
scavenged by either of Fenton reagents as shown in Eqs. 13 and 14. Therefore, the optimal
molar ratio of iron ion to hydrogen peroxide needs to be experimentally determined for
minimization of the unwanted scavenging. Although Eq. 13 indicates that the produced Fe3*
from Eq. 12 can be reduced to Fe?*, the iron cannot be a catalyst in the Fenton system because
the rate constant in Eq. 13 is several orders of magnitude less than that in Eq. 12.

Consequently, Fe®** forms iron sludge at typical water and wastewater treatment
conditions. The sludge needs to be separately disposed of, thus increasing the treatment
complexity and operational costs. Of note, the generation of hydroxyl radicals during the Fenton
reaction is the most effective only at an acidic pH condition. As a result, the application of
Fenton reaction for wastewater treatment is restricted in practice. Based on the classical Fenton
treatment scheme, three modified Fenton processes are proposed, including the Fenton-like

system, photo-Fenton system, and electro-Fenton system. In the Fenton-like reaction, Fe?* is
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replaced by ferric ion (Fe*"), namely, the series of reactions in the Fenton system are initiated
from Eq. 13 in the Fenton-like system, rather than from Eqg. 12 in the traditional Fenton
treatment. In the photo-Fenton reaction, UV irradiation is applied with the traditional Fenton
system with a major purpose of enhancing the UV-induced reduction of dissolved Fe®* to Fe?*.
In the electro-Fenton reaction, either or both of the Fenton reagents may be generated through

electrochemical methods.
5. Sulfate Radical-Based AOPs:

S,0s° itself is a strong oxidant with a standard oxidation potential (E°) of 2.01 V. Once
activated by heat, ultraviolet (UV) irradiation, transitional metals, or elevated pH, S,0s>~ can
form more powerful sulfate radicals (SO4', Eo =2.6 V) to initiate sulfate radical based advanced

oxidation processes [52].

(I)Photolysis (UV

or VUV)

(V) (1) Hydrogen
Heterogeneous
catalysis + UV
and

Photocatalysis

peroxide (H.0;)

Types of AOP’s

[H20 + UV, Fenton,

Photo-Fenton]

(1) Ozone (0s)
[Ozonation,
Photo-
Ozonation,
Ozonation +
catalysis]

Fig.11.2 Types of AOPs.

11.2 Photocatalysis:

The word “photocatalysis” is comprised of two parts: the prefix “photo,” which means
“light,” and “catalysis,” which is the process to decompose a reactant using a catalyst that
modifies the rate of a chemical reaction. A catalyst does not directly take part in the reaction,
but it accelerates the rate of transformation. The method of activation is the major difference
between a conventional catalyst and a photocatalyst. A conventional catalyst is activated by

heat, whereas a photocatalyst is activated by photons of suitable energy. [62]
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Photocatalytic reactions can occur homogeneously or heterogeneously. Heterogeneous
photocatalysis is more intensively studied due to its potential applications in different sectors.
In heterogeneous photocatalysis, the reaction scheme implies the development of an interface
between a strong metal photocatalyst and a liquid containing the reactants and products of the

reaction. [63]

Pesticides are eliminated in the photocatalytic process via chemical interactions between
oxidant species and pesticides in wastewater on the catalyst surface. With sufficient light
irradiation, such oxidizing species are produced during the catalyst activation process. In
general, the complexity of the photocatalytic process necessitates the consideration of several
operational factors, such as pH, catalyst or oxidant concentration, light intensity, and substrate
concentration (e.g., anion interference) that influence the oxidation of organic compounds in

order to find optimal operating conditions. [64]
11.2.1 Basic principles and mechanism of photocatalysis:

Photocatalysis utilizes light to enact the substance that helps increase the rate of a
chemical without participating in the reaction. Photocatalysis can be carried out either by direct
irradiation or by the irradiation of a catalyst, which lowers the activation energy needed for
primary reaction. Photocatalysis initiates reduction and oxidation (redox) reactions in the
presence of the irradiated semiconductors [65] represents the similarities and differences
between natural and artificial photocatalysis. In natural photocatalysis, chlorophyll arrests
sunlight to convert water and carbon dioxide into oxygen and glucose, whereas artificial
photocatalysis utilize photocatalysts to create strong oxidizing agents and electronic holes that

break the organic matter into carbon dioxide and water. [63,66]

Photocatalytic reaction primarily depends on photon energy and properties of the catalyst.
Absorption of light and the resultant photoexcitation of electron-hole pairs takes place as the
energy of the incident photons matches or surpasses the band gap. Radiations prompt the
progress of electrons from the valance band (VB) to the conduction band (CB), leaving an

equivalent number of empty destinations (gaps). [68]
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Reduction:
Conduction Band O, +e =0,

e electron

Superoxide
radical
hv <390 nm

Gap (Ey)

Oxidation:
H,O +h* - OH*
Hydroxyl radical

Fig.11.3 Hlustration of natural and artificial photosynthesis. [67]

Fig.1l.4 shows schematic representation of photocatalytic mechanism using TiO2
photocatalyst. When titanium dioxide (TiO2) absorbs ultraviolet (UV) radiation from sunlight
or another source, it produces electron-hole pairs. The electron of the VB of titanium dioxide
becomes energized when lit by light. The excess energy of this electron helps to promote it to
the CB of TiO; by creating a negative electron (e ) and positive hole (h+) pair. This stage is
known as the semiconductor’s “photoexcitation” stage, and the energy difference between the

VBs and CBs is known as the band gap [69]

Solar Energy

H0 === H,+0,

Photocatalyst G

> +
C H,0

H,0 Glucose

Natural Photosynthesis Artificial Photosynthesis

Fig.11.4 Schematic diagram of photocatalytic mechanism of Ti** self-doped TiO; for the
visible-light response. [72]
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The positive hole of titanium dioxide breaks a water molecule to generate hydrogen gas
and hydroxyl radical. Hydroxyl radicals are responsible for degradation of pollutants due to
their strong oxidizing power. The negative electron reacts with an oxygen molecule to form a
superoxide anion. These electrons actuate the redox reactions, and the holes and electrons
undergo progressive oxidation and reduction reactions adsorbed on the surface of the
semiconductor to produce the desired products continuing until the availability of light. The
mechanism of photocatalytic reaction of TiO> lies behind the strong oxidation strength of the
hydroxyl radical. Photocatalytic oxidation can effectively disinfect, deodorize, and purify air,
water, and any surface area. TiO> semiconductor is initiated by a system including radical
receptive species through the accompanying series reactions. The active radical species formed
were often found to be "O2, "HO», and "OH. [73]

The photocatalyst surface contains absorbed water that is oxidized by positive holes made
in the VB because of the electrons shifting toward the CB due to light irradiation that forms
hydroxyl (‘OH) radicals [74-76]. These hydroxyl (OH) radicals react with organic material
present in the dye. In presence of oxygen, the intermediate radicals in the organic compounds
give rise to radical chain reactions by consuming the oxygen leaving the organic matter to
decompose to produce carbon dioxide and water [77]. The reduction of oxygen contained in the
air occurs because of the pairing reaction that takes place as an alternative to hydrogen
generation due to oxygen being an easily reducible substance [68]. Superoxide anions are
formed by the reaction of CB electrons with dissolved oxygen species that become attached to
the intermediate products in the oxidative reaction to hydrogen peroxide and then to water. The
reduction is more favorable in organic matter than in water. In this manner, a high concentration
of organic matter leads to the formation of a larger number of positive holes resulting in
reduction of the carrier recombination, thus consequently enhancing the photocatalytic activity
[77].

11.2.2 Advantage of Photocatalysis:

(i) Almost all organic and inorganic pollutants can be efficiently degraded and can
be mineralized by photocatalysis.
(i) Photocatalysis is considered as green technology because its end products are

environmentally friendly compounds such as CO, water, simpler salts, and minerals.
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(iii) Atmospheric oxygen is used as an oxidant and no any oxidant is required for the
process.

(iv) The photocatalysts are non-toxic, economic, highly stable, chemically and
biologically inert, insoluble under most conditions, recyclable and reusable.

(v) Atrtificial light, as well as sunlight, can be utilized for photocatalyst activation.

(vi) Photocatalysis is also compared to activated carbon adsorption method for the
large-scale operations [78].

The advantage of using semiconductors as photocatalysts:

(i) inexpensive,

(if) non-toxic,

(iii) having high surface area to volume ratio,

(iv) having broad absorption spectra with high absorption coefficients,

(v) exhibits size tunable properties (can be modified by doping, size reduction, and
sensitizers)

(vi) affording facility for multi-electron transfer process,

(vii) capable of extended use without significant loss of photocatalytic activity. [78]

11.2.3 Modification of photocatalysts:

Modifications of semiconductor surfaces by the addition of metals, doping, or
combinations with other semiconductors are beneficial in slowdown the electron-holes
recombination rate and thereby increasing the quantum yield of the photocatalytic process. The
most successful approach for the modification of photocatalyst is doping, in which the addition
of other metal oxide tailored the band gap and induce some significant changes in the native

structure of the material.
a. Doping:

Usually, doping involves the use of metals or non-metals and is intended to extend the
photocatalytic activity of a semiconductor lower energy excitation. Doping of semiconductors
is the process of locally manipulating their charge-carrier density and conductivity [79]. It is
the introduction of “foreign elements” into the parent photocatalyst without giving rise to new
crystallographic forms, phases or structures with the aim of enhancing the net separation of

photo-generated charges. Doping of photocatalyst creates new energy levels between the
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valance and conduction band of the catalyst, which in turn reduces its band gap. Metallic dopant
attracts electrons from the conduction band and slows the charge recombination reaction. A
material is doped to extend the life of charge carriers when the dopant material has energy level
below the CB or above the VB, which acts as charge trapping center resulting in the extension

of wavelength towards the visible region of the spectrum. [78]
Types of Doping:

There are two types of doping, i.e., n-type and p-type, for n-type [80]. Depending on their
number of valence electrons, the dopants (as donors) can either donate excess electrons as
negative free charge carriers to the semiconductor conduction band at moderate temperature (n-
type doping), or they (as acceptors) can accept additional electrons from surrounding atoms to
complete the covalent chemical bonding, leaving positively charged holes as charge carriers in
the semiconductor valence band (p-type doping) [78]. In doped semiconductors weather, it is
p-type or n-type, the Fermi level is shifted (blue shift & redshift) by the impurities, illustrated
by their band gaps [81]. The electron and hole can recombine very fast which is called charge-
recombination; it is undesirable for the photocatalyst as it releases the energy of the electron in
the form of heat ultimately causing termination of the reaction. To separate the charge from the
recombination, doping with the metal ions is suggested which prevents the electron to
recombine with the hole. The lifespan of " h* is femtosecond, but enough to promote the redox

reaction at the surface of the catalyst [82].

TiO, Al, 04
02(Anatase)

Products
k..
+OH =
e +2H"

Visible light

Products«

Fig.l11.5 Effect of metal doping on conduction band. [77]
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Table I1.1 Band Gaps of Different Semiconductors. [83]

Semiconductor Band Gap (eV at | Semiconductor Band Gap (eV at
300K) 300K)

Zns (wurtzite) 3.91 Fe203 2.20

Zns (Zinc blende) | 3.54 CdO 2.10

SnO» 3.60 Cu0 2.10

TiO2 3.20 CDSe 1.70

ZnO 3.03 AlSb 1.58

WOs3 2.60 CdTe 1.56

Cds 242

b. Doping of TiOz:

To extend the visible light response of TiO2 and improve its photocatalytic activities,
various modification strategies, such as dye sensitization, impurity or intrinsic doping or
semiconductor coupling, have been developed. Among them, introducing impurity ions into the
TiO> crystal lattice to substitute the host anions and/or cations has earned much attention in the
past decade. By means of physical or chemical methods, researchers have been able to introduce
a variety of ions into the TiO. matrix, where they change the band structure of TiO- by inducing
impurity states within the bandgap. In general, ion doping contributes to the improved activities

of TiO2 in three ways:

(1) by narrowing the bandgap and promoting the adsorption of the main region of the

solar spectrum, such as doping with N, S, C, B, etc.;

(2) by improving the conductivity of TiO. and the mobility of charge carriers, the
increased charge traps can reduce bulk recombination and separate photogenerated electrons

and holes more efficiently (e.g., Zn, Fe, and Y);

(3) by altering the conduction band position of TiO2 with certain metal ion dopants, such

as Zr**, Nb>*, and W®*, which further affects the carrier transfer properties. [83]
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11.2.4 Photocatalysts:
a. T|O2

Titanium dioxide crystallizes in three major different structures; Rutile (tetragonal,Dan*
—P4,/mnm, a= b =4.584°A, c = 2.953 °A), Anatase (tetragonal, Dan'%-141/amd, a = b = 3.782A°,
¢ =9.502A°) and Brookite (rhombohedrical, D2n*>-Pbca, a=5.436°A, b= 9.166°A, ¢ = 5.135°A),
the basic building block consists of a titanium atom surrounded by six oxygen atoms in a more
or less distorted ochtahedral configuration. In each structure, the two bonds between the
titanium and the oxygen atoms at the aspices of the octahedral configuration. In each structure,
the two bonds between the titanium and the oxygen atoms at the aspices of the octahedron are
slightly longer. A sizable deviation from a 90° bond angle is observed in anatase. In rutile,
neighboring octahedral share one corner along < 1 1 0 »---type directions, and are stacked with
their long axis alternating by 90° (see Figll.6 as well as Fig.11.7). In Anatase the corner-sharing
octahedral from (0 0 1) planes. They are connected with their edges with the plane of octahedral
below. In all three TiO- structures, the stacking of the octahedral results in threefold coordinated
oxygen atoms. [84]

[001] Rutile

t‘ 1.946 A titanium
(1
- 7 ‘/_
(100] 1.983A [mo (100]
[001]

Anatase

Figll.6 Bulk structure of the Rutile and Anatase. [84]
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Fig.11.7 The equilibrium shape of a macroscopic TiO> crystal using the Wulff construction

and the calculated surface energies. [84]

b. ZnO:

ZnO has been shown to be promising because of its various interesting properties. Despite
their good performances and stabilities, ZnO-based photocatalysts have limited applications
because of a wide band gap energy (3.37 eV) and high recombination rate. Hence, various
research groups have tried to improve its photocatalytic activity using different approaches such

as element doping, sensitization with a visible band gap semiconductor, and use of gold (Au)
nanoparticles. [85]
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Fig.11.8 Mechanism of Photocatalytic Degradation Process at the surface of catalyst
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Zinc oxide (zincite) has the well-known wurtzite structure with lattice parameters at room
temperature and ambient pressure of a=3.25 °A, ¢ =5.207 °A, and u = 0.3825, and space-group
P63mc (no. 186 in crystallographic tables).5,6 The structure may be understood as two
interpenetrating hexagonal lattices, with each Zn (resp. O) sitting at the centre of a distorted O
(resp. Zn) tetrahedron. [86]

Fig.11.9 Zinc oxide (zincite) has the well-known wurtzite structure with lattice. [86]
11.3 Microwave:

Microwave (MW) radiation has become one of the more popular technologies, both
domestically and industrially. It describes the low-energy electromagnetic radiation that spans

the frequency range from 30GHz to 300MHz; that is the wavelengths from 100cm to 1cm.

The microwave-induced acceleration of photocatalytic reactions was discovered
serendipitously in the late 1990s. The activity of photocatalysts is enhanced significantly by
both microwave radiation and UV light. Particularly relevant, other than as a heat source, was
the enigmatic phenomenon of the non-thermal effect(s) of the microwave radiation that
facilitated photocatalyzed reactions, as evidenced when examining various model contaminants

in aqueous media. [87]

With the advantages of fast and uniform heating, MW has been successfully utilized to

tackle various environmental challenges such as wastewater treatment, sludge disposal and soil
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remediation. Unlike the inefficiencies of conventional heating (CH), the heat is generated
directly within the material and transferred to the outside in the MW system, with a higher
transformation efficiency (80-85%) of electrical energy into heat, thereby reducing processing
times and lowering energy demands. Apart from the thermal effect, some researchers believe
that there is a non-thermal effect of MW, which leads to the possible breaking of hydrogen
bonds, and helps to degrade complex organic components into smaller forms. The unique
advantages of MW contribute to its high value, and its effectiveness in environmental
remediation has been investigated since the 1990s. However, MW has a limited effect in
degrading organic matter without the combination of other treatment processes. Normally, the
introduction of MW into AOPs for wastewater treatment increases the reaction rate of AOPs

and exerts a stronger integrated treatment effect. [88]

The number of reports on the use of microwaves as an energy source to drive chemical

reactions has witnessed an astronomical growth since the early 1990s [87] as shown in Fig.11.10.
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Fig.11.10 The number of publications of MW technology for wastewater treatment during
2006-2020. [88]
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Theory and mechanism of MW:

MW consists of electric and magnetic fields perpendicular to each other and their
interaction with materials, causing dielectric and magnetic losses, which lead to heat generation.
MW heating on non-metallic materials is dominated by dielectric losses, mostly due to two
mechanisms: dipole polarization and ionic conduction. In the absence of anelectric field, the
orientation of polar molecules with dipole moments is random. The water molecule, for
example, has a dipole moment of 1.85D, pointing from the hydrogen atom (electronegativity of

2.2) to the oxygen atom (electronegativity of 3.44).

Exposed to MW radiation, the dipoles of water molecules attempt to align with the
alternating electric field and rotate at speeds of up to a million times per second, as shown in
Fig.I1.11.

Alternating electric field

Fig.11.11 The effect of the alternating electric field of MW on water molecules. [88]

The reorientation of the dipole molecules produces heat, which is known as dipolar
polarization. lonic conduction means that ions migrate under the influence of alternating
electric fields. Nevertheless, their motion cannot follow the frequency of the electric field
oscillations, thus inducing random collisions and generating heat energy. When materials that
absorb MW are placed in an alternating electromagnetic field, some MW energy is irreversibly
absorbed. Heat is created in the entire volume of the material, and rapid “volumetric heating”
occurs, making the internal temperature of the material higher than the surface. In the

conventional heating system, heat is diffused from the external heat source (surface) of material
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to the centre through conduction, convection, and radiation. The different mechanisms of

conventional heating and MW heating are shown in Fig.11.12. [88]

Temperature

.y -

External heat
source

-\_\ “-\1 Microwave
- e

i ey
L

Conventional heating Microwave heating

Fig.11.12 The different mechanisms of conventional heating and MW heating.

This unique reverse heating mode brings about further advantages of MW heating, such
as rapid and efficient heating, non-contact heating, the ability to control on/off instantly, higher
level of safety, and automation. The non-thermal effects of MW are normally referred to as
effects independent of temperature increase, i.e., the chemical, physical, or biochemical
changes in materials induced by MW when the system temperature is kept constant. These
effects are likely to arise from the increased polarization of the dipole transition state and the

interaction between MW and the material. [88]
11.4 Sonolysis:

Since the early 20th century, the ultrasound has gained considerable attention due to the
enhancement of chemical and physical effects in many processes. In the 1930s, it was
discovered that sonication induces polymers degradation. The first experimental evidence for
the formation of hydroxyl radicals in aqueous solution was reported by Parke and Taylor
(1956). Spin trapping techniques allowed for verification of the formation of hydrogen and
hydroxyl radicals from water sonication. Then the “hot spot” theory was proposed to explain
the thermal and radical phenomena promoted by ultrasound. This theory was widely accepted
and consequently, the proliferation of ultrasound applications to the removal of organic
pollutants from water considerably increased.
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Due to the ability to produce radical species (mainly hydroxyl radical, “OH) that promote
the degradation of refractory substances in water, ultrasound was considered an advanced
oxidation process (AOP). Currently, this process is an alternative AOP with potential to
eliminate chemical and microbiological pollutants in wastewaters as a tertiary treatment
technology. Ultrasound has unique advantages compared to other AOPs, such as no addition of
reagents, ease in handling, and differential or selective degradation according to the pollutant
nature. [89]
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Fig.11.13 Cavitation phenomenon induced by ultrasound.

In the sonochemical process the main mechanism for the destruction of the organic
pollutants is the formation of hydroxyl radicals, oxygen atoms and hydrogen atoms as a result
of water pyrolysis. Ultrasonic pressure waves, made by ultrasonic irradiation (20—500 kHz) of
aqueous solutions, result in the formation of vapor bubbles. These bubbles collapse violently
after reaching a critical resonance size and create transient high temperatures (>5000 K) [90],
high pressures (>1000 bar) and highly reactive radicals [90]. Thermal decomposition and
numerous radical reactions take place during the degradation of water contaminants [91]. The
critical parameters in sonolysis include pH, initial pesticide concentration, frequency, electric
power and treatment time. Factors influencing the sonolytic degradation of azinphos-methyl
and chlorpyrifos [92] and the degradation of insecticide diazinon by the Fenton and Fenton-like
processes combined with ultrasound [93] were investigated. It was reported [92] that the initial

concentration of pesticides had a strong effect on the removal efficiency of azinphos-methyl
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and chlorpyrifos. It was also observed that the degradation of pesticides decreased with the
increase of the initial concentration of pollutant, while the pH variation did not affect the
degradation of pesticides [92]. The use of ultrasound requires high-energy consumption, which
results in a very low electrical efficiency compared to other AOPs technologies. Because of
this, the hybrid technology, which combines ultrasound with other AOPs, can provide more
efficiency and additional benefits. Wang and Shih [93] considered the effects of oxidants, such
as persulphate ions (S20s*") and hydrogen peroxide (H20), transition metal (including Co?*,
Ag* and Fe?"), the initial concentrations of iron/H20> in the Fenton process and the temperature
on the degradation of diazinon. The diazinon was effectively degraded, and enhanced the
toxicity reduction, by the combination of the ultrasonic irradiation with the Fenton and Fenton-

like processes [93].

In the following chapter, the experimental devices as well as procedures applied are

presented.
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CHAPTER Il - EXPERIMENTAL DEVICES

The objective of this chapter is to provide an overview of the experimental equipment
employed in researching the photo-degradation of pesticides, along with the analysis techniques
used. Initially, we will introduce and describe the characteristics of the selected products.
Subsequently, we will discuss the experimental apparatus utilized and the corresponding
protocols. Furthermore, we will present a range of analytical methods employed to assess the

pesticides under examination and evaluate the experiments' effectiveness.
111 .1 Products used:
a. The studied molecule:

Thiabendazole (4-1(1H-benzimidazol-2-yl)-1,3-thiazole (THB)) is a benzimidazole
pesticide. It is also known as the food additive E233 from the class of preservatives. It is an
antifungal and anthelminthic drug approved by the United States Food and Drug Administration
(FDA). Preharvest and post-harvest treatment of fruit and vegetables with THB can reduce
mold, pests and rot, and deterioration during storage and transport. Despite the fact that THB
possesses low toxicity with a toxicity category of 4 (least toxic), the US Environmental
Protection Agency (EPA) classified it as likely to be carcinogenic at doses high enough to cause

disturbance of the thyroid hormone balance.[94]

Table I11.1 Structure of the pesticides studied.

Pesticides Molar mass .
(Purity%) Formula g/mol Structure Supplier
Thiabendazole C1oH7NsS 201,248 : Alfa Aesar

(+98%) RS /S
| P N/>—<N\/J Johnson
Matthey
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Tecto 500 SC, is a commercially available solution from the Benzimidazoles chemical
family, contains 500 g/L of Thiabendazole as the active ingredient, while the remaining
components consist of emulsifiers, developed by Syngenta for agricultural use. It is commonly
referred to as 500 SC Tecto.

Fig I11.1 Tecto 500 SC.

b. Photocatalysts:

In this research, we used Biochem Chemopharma's commercial Zinc Oxide (ZnO)
powder (purity: 99 %) and TiO- (80% anatase and 20% rutile). This work entails studying the

photodegradation of pesticides by coupling photo-reactor and microwave.

Table. 111.2 Physicochemical characteristic of zinc oxide and titanium dioxide

Name Zinc oxide Titanium dioxide
Chemical formula ZnO TiO2
Appearance White solid (granules) White Powder

The reaction mixture is stirred for 30 minutes before the photoreactor treatment (UV-A)
to homogenize the solution. All of the (0, 10,20,30,60,90,120,150,180 min) samples are made
in 5 ml increments. We proceeded with the filtration of the supernatant as it was hydrophilic

and difficult to separate using centrifugation alone.
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Preparation of ZnO-TiO2 photo-catalysts :

The composite ZnO:TiO2 was synthesized by solid-state reaction method. Pure ZnO and
pure TiO2 were measured in a molar ratio of 3:1. The starting compounds were not sensitive to
moisture. The compounds were placed in an agate mortar and grounded for 2 h to achieve the
homogeneity. After this, samples were calcined in a programmable furnace at different
temperatures: 400 °C and 600 °C for a fixed period of time (2 hours) to accelerate the possible
solid-state reactions. The calcined photo-catalyst samples were quickly placed in the desiccators
to prevent absorption of moisture and further cooled down at room temperature. The calcined
photo-catalyst samples were again grounded in agate mortar for characterization and

photocatalytic measurements.
c. Other products:

Throughout this study, we utilized various analytical grade chemical reagents as shown
in Table 111.3.

Table 111.3 List of the chemical products used.

Products (purity%o) Formula M?é?;}g;?ss Supplier
Sulfuric acid (95-97%) H2S04 98.08 Ridel-de Haen
Sodium oxalate (98.8%)|  NazCz0s 133.99 Fokusan Chemical Works
Permanganate .
potassium (99.4%) KMnO4 158.03 Ridel-de Haen
Nitric acide .
(65%) HNO3 63.01 Ridel-de Haen
Soduim hydroxide NaOH 39.997 Biochem
pellets ' Chemopharma
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111 .2 Devices:
a. Photo-reactor (UV-A)

The UV-A irradiation has been realised by a Vilbert Lourmat™ BLX-E365 photo-reactor
(figure 111.2) includes 6 lamps, The device has a wavelength interval [Amin=355 nm, Amax=375 nm]

and an adjustable timer for up to 180 minutes.

Fig 111.2 Vilbert Lourmat ™ BLX-E365 photo-reactor
b. Furnace

The calcination is preformed using a Nabertherm L3/11/C6 furnace.

Fig 111.3 Furnace Linn High Term
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c. Microwave:

The first coupling with the microwave was done using a SEVERIN MW-7825, its
microwave power is 900 W with 5 levels (10%, 25%, 50%, 80% and 100%).

Fig 111.4 Microwave SEVERIN MW-7825
d. Ultrasonics:

The second coupling with the ultrasound was done using a ATU GAT 600.

Fig 111.5 Ultrasonics “ATU GAT 600”
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111.3 Methods of Analysis:
111.3.1 The Permanganate index (Oxidability): [95]

This is the oxygen that is utilized to reduce potassium permanganate. The goal of this

traditional test is to estimate the amount of organic matter in the water.
Experimental protocol:

The protocol is divided into four steps: After acidifying the sample and heating it to 98 °
C, add the potassium permanganate and continue boiling for 10 minutes (15 seconds): during
this phase, the potassium permanganate will be consumed by the oxidizable materials in the
sample; after 10 minutes (15 seconds), add excess sodium oxalate to reduce the potassium
permanganate that has not been consumed, and measure the result. As a consequence, it is a
potassium permanganate return dosage that has not been consumed by oxidizable materials.

MnO* +8 H*+5e —p Mn?* + 4 H,0
Reduction of the excess permanganate by an excess of oxalate, then determination of the
excess oxalate by permanganate, according to the following reactions:
C2042+ MnO4 +8 H'+5e —» Mn?" + 2 e+4 H20 +2 CO2

The overall titration equation being:

2 MnO* +5 C204 + 16 H* 3 2 Mn?" +10 CO2 + 8 H20

Place a 25 ml test portion in the test Beaker. Add 5 ml of 2 mol / L sulfuric acid, mix
carefully. Placing the Beaker in the heating system for 10 min then add 5 ml of the potassium
permanganate solution 0.01 N. At the end of 10 minutes (x 15 seconds), add 5 ml of 0.01N
sodium oxalate solution and wait the discoloration of the solution. Titrate the still hot solution
with 0.01 N potassium permanganate solution until the appearance of a pale pink colour that

persists for about 30 s. Note the volume of permanganate solution consumed, either:
Vo: the volume of potassium permanganate used, Vo must be less than 0.3 ml.

To check the title of the potassium permanganate solution, Add 5 ml solution of oxalate
of sodium 0.01 N to the end of the blank test. If necessary, warm the solution to 80°C.
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Titrate with the solution of potassium permanganate to the apparition of a persistent pink

colouring about 30 s.

V 1 : At the same time as the test, carry out a blank test under the same conditions but on

25 ml of distilled water.

V 2 : the volume used. The title (or normality) of the potassium permanganate solution is

then:

_5x0.01
V2

t

The title t must be very close to 0.01 N. In the case otherwise, check the cleanliness of
the equipment. If it’s not the cause, proceed with a new preparation of the titrated solutions

(oxalate and permanganate).
Expression of results:

The permanganate Index (Pl), expressed in milligrams of oxygen per litre of sample, can

then be calculated as follows:
IP (mg O2/L) =(V 1- Vo). t. 8.1000 / V sample
Expression in which we can replace t by its value calculated previously, with:
t : normality of the potassium permanganate solution used (close to 0.01 N).
V 1 : volume in ml of the potassium permanganate solution consumed for the sample.
V o : volume in ml of the potassium permanganate solution consumed for the blank test .

V 2 : volume in ml of the potassium permanganate solution used for the titration of the

solution.
V sample : VOlume in ml of sample used for the test

8 : oxygen equivalent, expressed in mg, of one millilitre of a normal solution of potassium

permanganate.
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Fig 111.6 Experimental protocol for the permanganate index until the pale pink colour is
obtained. [96]

Note: Thoroughly wash hot glassware with an acidic solution of potassium permanganate.
Check the condition of the glassware in proceeding to a blank test. Reserve glassware for the

exclusive use of the permanganate index.
111.3.2 Ultraviolet-visible absorption spectroscopy (UV-Vis) :

Spectroscopy results from the interaction between matter and an electromagnetic wave
[97] Spectroscopy has practically replaced the ancestral qualitative study of chemical
compounds, it allows the determination of the structure on very small quantities of matter, it
uses non-destructive methods, the precision of the determinations is extreme. Each of the
specific areas of the electromagnetic radiation or substantially matches a type of spectroscopy

which is based on an interaction specific to the material with the radiation [98].
» Law of absorption of radiation:

Quantitative analysis is possible by considering the intensities of the absorption bands.
The absorption of the light by the sample, at a frequency determined, is in fact connected to the

product concentration in a solution by the equation:
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A =¢.C.L=-log T=log (lo/l)

With: A: Absorbance, C: Molar concentration, &: Absorption coefficient, L: Optical path,
T: Transmittance, | o: incident radiation and I: transmitted radiation.

In a molecule, the electronic transitions have place in the region of ultraviolet (180- 200
nm) and visible (400-800nm). An electronic transition is analyzed as a change of population
between an orbital molecular fundamental HOMO (Highest Occupied molecular Orbital) and
an excited molecular LUMO (Lowest Unoccupied Molecular Orbital) [99]. When it takes place,
matter absorbs a photon whose energy corresponds to the energy difference between the

fundamental term and an excited term. But not all energetically possible transitions are allowed.

The concentration of Thiabendazole has been measured by spectroscopy absorbing
ultraviolet-visible (UV-Vis). The analyses were carried out on UV-Visible systems model
“Shimadzu, UV mini-1240".

Thiabendazole is detected in the ultraviolet range, a scan is performed from 250 to 400

nm (Fig. 111.7) to determine the wavelength which corresponds to the maximum absorption
(kmax)-
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Fig I11.7 Absorption curve of a solution [THB]=0.5mmol/L as a function of the wavelength A.

A max = 296 nm.
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The calibration curve obtained is shown in figure 111.8.
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Fig 111.8 Calibration line of the THB detected by UV-Vis.

In the next chapter the results of our study are presented, discussed and interpreted.
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CHAPTER IV - RESULTS & DISCUSSION

In this chapter the results of the photocatalysis of Thiabendazole in its commercial
solution, using two solid catalysts (ZnO and TiO2) and their mixture as well as coupling the

process with microwave or ultrasonic treatment will be presented, discussed and compared.

The concentrations of the pesticide used in this study are chosen on the basis of their user
manuals, [THB]o = 0.5 mM and [THB]o = 0.1 mM.

IV.1. THB Photodegradation:

Initially, we conducted the photodegradation of Thiabendazole using its commercial

solution.
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Fig 1V.1 Temporal variation of the active phase [THB] of TECTO during its
photodegradation. Operating Conditions: [THB]o= 0.5 mM, V=200 mL, T=20 ° C, UV-
A [A min= 355 nm, A max= 375 nm].

Fig IV.1 shows that THB does not degrade by photodegradation and remains stable.
IV. 2 Photocatalysis:
a - Using ZnO:

In this study, several experiments were carried out in order to optimize the operating

conditions in order to eliminate the THB as much as possible, the first catalyst used is ZnO.
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Fig V.2 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
using [ZnO]= 5¢g/L. Operating Conditions: [THB] 0= 0.5 mM, V =250 mL,
T=20°C, UV-A [A min= 355 nm, A max = 375 nm].

According to this figure, the degradation of THB reached 45% after 2 hours of the
experience for 5 g/L of ZnO.

b - Using TiOz:

The second catalyst used is TiOg, its concentration was chosen [TiO2] = 200 mg/L, the

results are presented below:
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Fig V. 3 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
using [TiO2] = 200 mg/L. Operating Conditions: [THB]o= 0.5 mM, V =200 mL, T =20 ° C,
UV-A [A min = 355 nm, A max = 375 nm].
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The degradation of THB reached more than 30% for 200 mg/L of TiO,, the catalytic
efficiency is low but we remind that we work with the mass form which will lead us to use it in

doping form in the second part of this work.
¢ - Using (ZnO : TiO2) mixture :

In order to optimize our process, we opted for the mixture of our two catalysts (see the
part "Preparation of ZnO-TiO2 mixed oxides™ in chapter I11) in order to increase their structural

properties like specific surface. which are important factors in heterogeneous catalysis.

In this work, we used the molar ratio which gave the best efficiency according to the study
conducted by M. AGHAMIR and M. OUARDI last year which is: (ZnO:TiO) = (3:1) under
two calcination temperatures 400 and 600°C.[100]

The results obtained are represented in the Fig V1.4, noting that we worked with the

optimal concentration of catalysts (1 g/L) with an initial concentration of [THB]o = 0.5 mM.
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Fig V. 4 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
using [ZnO:TiO2] (3:1) = 1 g/L. Operating Conditions: [THB]Jo= 0.5 mM, V =200 mL,
T=20°C, UV-A [\ min= 355 nm, A max = 375 nm].

The two photocatalysts calcined at different temperatures (400 and 600°C) gave the same
efficiency 59% and 58% respectively, which confirms that the doping of the two catalysts
increased the photocatalytic power of the process, the observed outcomes were found to lack
satisfactory efficiency, thus necessitating the integration of a supplementary treatment through

coupling in the subsequent segment
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1V. 3 Coupling Photocatalysis with Microwave:

In this part, we used the time (1, 5 min) and the power of the Microwave (10, 100%), the
obtained results are represented here:

100
600°C-10%-1min
600°C-100%-1min
80 -
400°C-10%-1min
—&—400°C-100 %-1min
o 60 -
X
o
O
s)
40 -+
20 -
0 T T T T T 1
0 30 60 90 120 150 180
Time (min)

Fig IV. 5 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
using [ZnO:TiOz] (3:1) =1 g/L coupling with 1 min of Microwave (10, 100%).
Operating Conditions: [THB]o = 0.5 mM, V=200 mL, T=20°C, UV-A [355 nm< A <375 nm].

The Fig IV. 5 shows that the [ZnO:TiO2] (3:1) mixture calcined at 400°C gives the best
efficiency 80% and 74% for coupling Microwave power of 10 and 100% respectively against

65% for those calcined at 600°C after 3 hours of photocatalysis.
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Fig IV. 6 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
using [ZnO:TiO2] (3:1) = 1 g/L coupling with 5 min of Microwave (10, 100%).

Operating Conditions: [THB]o= 0.5 mM, V =200 mL, T = 20°C, UV-A [355< A<375 nm].
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The Fig IV. 6 indicates that the [ZnO:TiO2] (3:1) mixture calcined at 600°C gives the best
efficiency 85% with coupling 100% of Microwave power against those calcined at 400°C
with80% coupling 10% of Microwave power then 75% for those calcined at 600°C with
coupling 10% of Microwave power coupling and finally 64% for 400°C with Microwave power
of 100%.
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Fig IV. 7 Effect of the coupling with Microwave on temporal variation of the permanganate
index during the photocatalysis of THB. Operating Conditions: [THB]o= 0.5 mM,
[ZnO:TiO-](3:1) = 1g/L, T=20°C, V =200 mL, UV-A ([A min= 355 nm, A max = 375 nm].

The mineralization of the solution reaches 36% in the 5 min-100%, 20% for the 5 min-
10% and 1 min-100% of microwave using the mixture [ZnO:Ti0O](3:1) calcined at 400°C, 15%
in in the 1 min-100%, 12% for in the 5 min-100%and 6% in in the 5 min-10%of microwave
using the mixture [ZnO:TiO2](3:1) calcined at 600°Cafter 3 hours of photocatalysis. For the 1

min-10% of microwave, there is no variation of the IP Index.
V. 4 Coupling Photocatalysis with Ultrasonics:

In this process, the time (5, 10 min) and the power of the ultrasonics (20, 50%) are used,
the obtained results are represented in Fig IV. 8.

The first figure (Fig 1V. 8: A) indicates that the elimination of THB reaches 85%,83%
and 81% for 50%-5min, 20%-10min and 50%-10min of ultrasonic treatment coupling after 150
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minutes of photocatalysis, against 55% for 20%-5min of ultrasonic treatment after the same
time of photocatalysis of [THB]o = 0.1 mM.
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Fig V. 8 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
using [ZnO:TiO2] (3:1) = 1 g/L calcined at 600°Candcoupling with Ultrasonics.
Operating Conditions: V =200 mL, T =25 ° C,UV-A [A min= 355 nm, X max = 375 nm].
A: [THB]o=0.1 mM, B: [THB]o=0.5mM

The second figure (Fig V. 8: B) shows that the elimination of THB reaches 25%,30%
and 40% for 50%-10min, 50%-5min and 20%-10min of ultrasonic treatment coupling, against
71% for 20%-5min of ultrasonic treatment after the 3 hours of photocatalysis of [THB]o = 0.5

mM.
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The Fig. 1V.9 indicates that the mineralization of the solution reaches 60% in the 20%-
10min and 50%-5min of ultrasonics, 15% in in the 50%-10min and 20%-5min for ultrasonics
using the mixture [ZnO:TiO2](3:1) calcined at 600°C after 3 hours of photocatalysis of

[THB]o=0.1 mM and 0.5 mM. For the other experiences, there is no variation of the IP Index.
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Fig V. 9 Effect of the coupling with ultrasonics on temporal variation of the permanganate
index during the photocatalysis of THB. Operating Conditions: [THB]o= 0.1 mM or 0.5 mM,
[ZnO:TiO-](3:1) = 1g/L, T=20°C, V =200 mL, UV-A ([A min= 355 nm, A max = 375 nm].

IV.5 pH effect:
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Fig IV. 10 Effect of the pH on the temporal variation of the active phase [THB] of TECTO
during its photocatalysis. Operating Conditions: [THB]o= 0.1 mM, [ZnO:TiO2](3:1) = 1g/L,

T=20°C, V =200 mL, UV-A ([A min= 355 nm, A max = 375 nm].
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The previous experiments were all carried out under neutral pH (6.5), the change of
medium has major consequences on the production of hydroxyl radicals and the behaviour of
the catalyst, for this we carried out four other experiments, two of them, under an acidic
medium near the addition of 8mL and 0.1 mL of HCI (0.1M) pH of the solution became 2 and
4.5 and the others were in a basic medium with a pH of 9 and 11 by adding 1.5 mL and 2.5 mL
of NaOH (1M).The results are shown in figures 1VV.10 and 1V.11.

The figure indicates that the elimination of THB is slow (40%) in very acidic (pH = 2),
on the other hand it reaches 70% in a very basic medium (pH=11) after 2 hours,76% in basic
medium (pH = 9),85% for pH=4.5 and 99% in the neutral medium after 3 hours of

photocatalysis.
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Fig V. 11 Effect of the pH on temporal variation of the permanganate index during the
photocatalysis of THB. Operating Conditions: [THB]o= 0.1 mM, [ZnO:TiO-](3:1) = 1g/L,
T=20°C, V =200 mL, UV-A ([A min= 355 nm, A max = 375 nm].

The Fig V. 11 shows us that the mineralization of the solution reaches 88% in the very
basic medium and 41% in the very acidic medium after 3 hours of photocatalysis, this can be
explained by the presence of hydroxyl ions in the basic medium which increases this
mineralization unlike the acidic medium. For the neutral medium, there is no variation of the
IP Index.
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IV. 6 Kinetic Study of THB Photocatalysis:
a - Using (ZnO:TiO2) mixture :

For the photocatalysis using the (ZnO:TiO2) mixture calcined in 400°C and 600°C, the
degradation of THB was determined using a pseudo-first-order kinetics model according to

. : o : . :
the following equation:Ln ?0 = kt (IV-1) with k: rate constant of the degradation reaction.
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Fig V. 12 Kinetic modeling of the THB active phase removal operation in TECTO by
photocatalysis using [ZnO:TiO2] (3:1) = 1 g/L. Operating Conditions: [THB]o= 0.5 mM,
V =200mL, T=20°C, UV-A [A min= 355 nm, A max = 375 nm].

b. pH effect:
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Fig V. 13 Kinetic modeling of the THB active phase removal operation in TECTO by
photocatalysis using [ZnO:TiO2] (3:1) = 1 g/L in different pH. Operating Conditions:
[THB]o=0.5mM, V=200 mL, T =20 ° C, UV-A [A min= 355 nm, A max= 375 nm].
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According to the Fig .13, the degradation of THB was determined using a pseudo-first-

order kinetics model according to equation (1V-1) for all pH mediums.

c. Coupling Photocatalysis with Microwave:
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Fig IV. 14 Kinetic modeling of the THB active phase removal operation in TECTO by
coupling Microwave and Photocatalysis using [ZnO:TiO2] (3:1) = 1 g/L. Operating
Conditions: [THB]o= 0.5 mM, V =200 mL, UV-A [A min = 355 nm, A max = 375 nm], T=20°C.

The Fig VI1.14 shows that all experiences of coupling Microwave and Photocatalysisusing
[ZnO:TiO2] (3:1) was determined using a pseudo-first-order kinetics model according to
equation (IV-1) except the one we used 1min-100% and [ZnO:TiO2] (3:1) calcined at 400°C,
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the degradation follows the kinetic model of the pseudo second order according to the following

1

1
equation:E = + kt.... (1v-2) which is represented in the Fig. IV.15.
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Fig. IV.15 Pseudo second order modeling of the THB active phase removal operation in
TECTO by coupling Microwave (1min-100%) and Photocatalysis using (ZnO:TiO) (3:1)
calcined at 400°C.Operating Conditions: [THB]o=0.5mM, V =200 mL, T =20 ° C,
UV-A [A min = 355 nm, A max = 375 nm]. [ZnO:TiO2] (3:1) =1 g/L.

d. Coupling Photocatalysis with Ultrasonics:
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Fig IV. 16 Kinetic modeling of THB active phase removal in TECTO by coupling Ultrasonics
and Photocatalysis using [ZnO:TiO2] (3:1) =1 g/L.A: [THB]o=0.1mM, B: [THB]o= 0.5mM
Operating Conditions: V = 200 mL, T=20°C, UV-A [355 nm <A < 375 nm].

All the experiences of coupling Ultrasonics and Photocatalysisusing [ZnO:TiO>] (3:1) are

was determined using a pseudo-first-order kinetics model according to equation (IV-1).

Finally, we noted that: The coupling of Microwave or Ultrasonics with Photocatalysis of

THB in aqueous medium was studied using a photoreactor and the mixture of two catalysts.

First, the degradation of THB reached 45% after 2 hours of the experience for 5 g/L of
Zn0O and more than 30% for 200 mg/L of TiO..

Then, the two photocatalysts were mixed and calcined at different temperatures (400 and
600°C), they gave the same efficiency 59% and 58% respectively, which confirms that the

doping of the two catalysts increased the photocatalytic power of the process
In this study, we realize two coupling methods with photocatalysis:

The first was the Microwave treatment which we used different times (1, 5 min) and
powers (10, 100%), the [ZnO:TiO-] (3:1) mixture calcined at 600°C gives the best efficiency
85% with 100% power of Microwave against those calcined at 400°C with 80% of 10% power
of Microwave then 75% for those calcined at 600°C with 10% power of Microwave and finally

80% and 74% for 10 and 100% power of Microwave respectively after 3hours of photocatalysis.

63



Chapter VI - Results & Discussion

The mineralization of the solution reaches 36%, 15% and there was no variation of the IP

index which is a bad result for the enhancing of the toxicity of the solution.

The second was the Ultrasonics which we used different times (5, 10 min) and powers (20,
50%), the best results were 85%,83% and 81% of elimination of [THB]o = 0.1 mM for 50%-
5min, 20%-10min and 50%-10min, of ultrasonic treatment coupling after 150 minutes of
photocatalysis and 71% for 20%-5min of ultrasonic treatment after the 3 hours of photocatalysis
of [THB]o = 0.5 mM.

For the variation of IP, the solution reaches 60% of mineralization in the 20%-10min and
50%-5min of ultrasonics using the mixture [ZnO:Ti0O,](3:1) calcined at 600°C after 3 hours of
photocatalysis of [THB]o = 0.5 mM.

The study of pH effect indicates that the elimination of THB is slow in very acidic, fast
in basic medium and the acidic one (pH=4.5) but the best result is 99% in the neutral medium

after 3 hours of photocatalysis.

The mineralization of the solution reaches 88% in the very basic medium, this can be
explained by the presence of hydroxyl ions in the basic medium which increases this
mineralization unlike the acidic medium. For the neutral medium, there is no variation of the
IP Index.

For the Kkinetic study, all the experiences was determined using a pseudo-first-order
kinetics model according to equation (IV-1) except the one we used 1min-100% of microwave
and [ZnO:TiOz] (3:1) calcined at 400°C, the degradation follows the kinetic model of the
pseudo second (equation 1V-2).

Finally, we can say that the coupling of Photocatalysis with Microwave and Ultrasonics
has improved the efficiency of the process from 58% to 85% of THB removal. For the
mineralization only the coupling with Ultrasonics gave us a good result with 60% against 30%

for Microwave treatment.
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GENERAL CONCLUSION

This work was carried out in the laboratory of the Department of Process Engineering at

the University of Saida.

Its first part was devoted to the bibliographical study of treatment methods specific to
pollutants that are difficult to degrade such as pesticides, in the second, the coupling of
photocatalysis with other treatment to remove THB from aqueous medium was studied using a
photoreactor and a mixture of two catalysts under different conditions, in the end, we noticed

the following points:

- First, the degradation of THB reached 45% after 2 hours of the experience for 5 g/L of
ZnO and more than 30% for 200 mg/L of TiOx.

- Then, the two photocatalysts were mixed and calcined at different temperatures (400
and 600°C), they gave the same efficiency 59% and 58% respectively, which confirms that the

doping of the two catalysts increased the photocatalytic power of the process.

In this study, we realize two coupling methods with photocatalysis:

- The first was the Microwave treatment which we used different times (1, 5 min) and
powers (10, 100%), the [ZnO:TiOz] (3:1) mixture calcined at 600°C gives the best efficiency
85% with 100% power of Microwave against those calcined at 400°C with 80% of 10% power
of Microwave then 75% for those calcined at 600°C with 10% power of Microwave and finally
80% and 74% for 10 and 100% power of Microwave respectively after 3 hours of
photocatalysis.

- The mineralization of the solution reaches 36%, 15% and there was no variation of the
IP index which is a bad result for the enhancing of the toxicity of the solution.

- The second was the Ultrasonics which we used different times (5, 10 min) and powers
(20, 50%), the best results were 85%, 83% and 81% of elimination of [THB]o = 0.1 mM for
50%-5min, 20%-10min and 50%-10min, of ultrasonic treatment coupling after 150 minutes of
photocatalysis and 71% for 20%-5min of ultrasonic treatment after the 3 hours of photocatalysis
of [THB]o = 0.5 mM.
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- For the variation of IP, the solution reaches 60% of mineralization in the 20%-10min
and 50%-5min of ultrasonics using the mixture [ZnO:TiO2] (3:1) calcined at 600°C after 3
hours of photocatalysis of [THB]o = 0.5 mM.

- The study of pH effect indicates that the elimination of THB is slow in very acidic, fast
in basic medium and the acidic one (pH=4.5) but the best result is 99% in the neutral medium
after 3 hours of photocatalysis.

- The mineralization of the solution reaches 88% in the very basic medium, this can be
explained by the presence of hydroxyl ions in the basic medium which increases this
mineralization unlike the acidic medium. For the neutral medium, there is no variation of the
IP Index.

- For the kinetic study, all the experiences was determined using a pseudo-first-order
kinetics model according to equation (IV-1) except the one we used 1min-100% of microwave
and [ZnO:TiOz] (3:1) calcined at 400°C, the degradation follows the kinetic model of the
pseudo second (equation 1V-2).

- Finally, we can say that the coupling of Photocatalysis with Microwave and Ultrasonics
has improved the efficiency of the process from 58% to 85% of THB removal. For the
mineralization only the coupling with Ultrasonics gave us a good result with 60% against 30%

for Microwave treatment.

The perspectives of this work are:

- Use the ZnO and TiO- photocatalysts in their supported form in order to reduce the cost
of the process and at the same time increase the specific surface area and thus increase the

number of active sites.

- Estimate the toxicity of the solution studied by measuring the COD and the BODs and
thus calculate the ratio of Biodegradability BODs/COD during the treatment to assess the risk

of the process.
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Coupling of photocatalysis with another treatment process for the elimination of

a pesticide in an aqueous medium

Abstract:

The protection of freshwater resources has become a major concern for many countries in the
world, and the protection of the environment, a very important economic and political factor.
Among the main sources of water pollution, organic contaminants, in particular pesticides or
phytosanitary products, are introduced by agriculture to improve crop yields. These practices
constitute a direct threat to the environment, living beings and in particular human health.
Therefore, pesticide residue removal techniques have been developed to reduce contaminated
areas and matrix. In this work, a study of the degradation of a pesticide, Tecto 500 SC whose
active molecule is Thiabendazole is a fungicide widely used in arboriculture, by coupling
Microwave or Ultrasonic treatments processes with photocatalysis using a photoreactor. using
different catalysts such as TiO2 and ZnO and their doping by measuring the disappearance of
the active molecule using a UV/Vis spectrophotometer as well as global parameters concerning

the organic load.

Keywords: Photocatalysis, Microwave, Ultrasonic, Hydroxyl Radicals, Pesticide.



