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General Introduction

GENERAL INTRODUCTION

Environmental issues with the chemical and biological contamination of water have
become a major concern for society, government, and the industry in the last 30 years. The
majority of domestic and industrial activities result in wastewater that contains harmful

pollutants.

Physical, chemical, and biological processes and operations are used in current
wastewater treatment technologies. to remove soluble pollutants and insoluble particles from

effluents.

"There is a water crisis today. But the crisis is not about having too little water to satisfy
our needs. It is a crisis of managing water so badly that billions of people - and the environment
- suffer badly". [1]

Water is a natural resource that is required for the development of life and human
activities. Currently, its scarcity is a major source of concern in our society. The growing water
scarcity problem in arid and semi-arid areas necessitates more efficient water resource

management strategies.

Currently, nearly 1 billion people in the developing world do not have access to it [2].
Yet we take it for granted, waste it, and even pay too much to drink it from small plastic bottles.
Water is the foundation of all life. Even today, far too many people spend their entire day
searching for it all over the world. Time spent gathering water and suffering from water-borne

diseases limits people's true potential in places such as Sub-Saharan Africa. [3]

The consequence of pollutants on human health and their ecological impact, as well as
water quality laws that have become increasingly narrow in recent years, which have led to the
development of new water treatment techniques such as Water Treatment Processes. '‘Advanced
Oxidation (AOP). AOPs have been proposed to decrease toxicity and improve the

biodegradability of effluents by modifying the structure of organic molecules.

Photocatalysis is an advanced oxidation process that catalyses a chemical reaction using
electronically excited species produced by the absorption of photons. In the case of
heterogeneous photocatalysis, the catalyst is a semiconductor. The objective of our work is to
study the photocatalytic degradation of pesticides
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This work is therefore organized around four chapters:

> The first chapter includes general information on water pollution by pesticides as well
as their impacts on the environment and human health.

» The second chapter describes a bibliographic study on the main advanced oxidation
processes that have been applied for the decontamination of several wastewater.

» As for the third, we discuss the different methods of investigation such as the products
used, the experimental set-up and the methods of analysis.

> Finally, the fourth chapter is devoted to the monitoring of the tests, to the presentation

of results obtained as well as their interpretations, we end our study with a general conclusion.
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CHAPTER I:

WATER POLLUTION BY PESTICIDES AND WASTEWATER TREATMENT

In this chapter, generalities on water, its pollution by pesticides and wastewater

treatment are described and presented.
I. Global water situation:

According to Population Action International, based on UN Medium Population
Projections from 1998, more than 2.8 billion people in 48 countries will face water stress by
2025, both in terms of scarcity and deterioration of water quality [4]. Forty of these countries
are located in West Asia, North Africa, or Sub-Saharan Africa. Population growth and rising
demand are expected to push all West Asian countries into water scarcity over the next two
decades. By 2050, the number of countries experiencing water stress or scarcity could
increase to 54, with a combined population of four billion people - roughly 40% of the

projected global population of 9.4 billion [5].

Global physical and economic water scarcity

Little or no water scarcity
B Physical water scarcity

Approaching physical
water scarcity

M Economic water scarcity
Not estimated

Fig 1.1 World Water scarcity Assessment [6]

Hydrologists typically assess scarcity by looking at the population-water equation. An
area is experiencing water stress when annual water supplies drop below 1,700 m? per person,

the population faces water scarcity, and below 500 cubic metres "absolute scarcity”. [6]
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Water withdrawal as a percentage of total available water
) morethand0% [ from 20 % to 10 %
| trom40%1t020% [ lessthan 10 %

Fig 1.2 Water stress situation from 1995 to 2025. [7]

1.1 Water quality requirement:

Table 1.1 summarizes the relationship between the main quality requirements and the
corresponding water uses. Water quality must meet the requirements of the various intended
uses in the case of water bodies with multiple uses. The term "free" in the table is not
synonymous with "absolutely free." Many contaminants cannot be guaranteed to be zero, and
in most cases are not required. The acceptable concentrations are determined using risk

analysis, a tool used to develop quality guidelines and standards. [8]

Table 1.1 Association between water use and quality requirements [8]

General use Specific use Required quality
Domestic supply - — Free from chemical substances
harmtul to health

— Free from organisms harmful to health
— Low aggressiveness and hardness
— Aesthetically pleasant (low turbidity,
colour, taste and odour; absence of
macro-organisms)

Industrial supply ~ Water incorporated — Free from chemical substances
Into the product (e.g. harmtul to health
food, drinks, — Free from organisms harmful to health
medicines) — Aesthetically pleasant (low turbidity,

colour, taste and odour; absence of
macro-organisms)

Water that enters — Variable with the product
into contact with the
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General use Specific use Required quality
Product
Water that does not — Low hardness
enter into contact — Low aggressiveness
with the product
(e.g. retrigeration
units, boilers)
Irrigation Horticulture, —Free from chemical substances
products ingested harmful to health
raw or with skin —Free from organisms harmful to health
—Non-excessive salinity
Other plantations —Free from chemical substances
harmful to the soil and plantations
—Non-excessive salinity
Animal water - —Free from chemical substances
SUPply harmful to animals health

—Free from organisms harmful to
animals health

Preservation of
aquatic life

—Variable with the environmental
requirements ot the aquatic species to

be preserved

Aguaculture

Animal breeding

—Free from chemical substances

harmful to animals, workers and

consumers health

—Free from organisms harmful to
animals, workers and consumers
Health

—Availability of nutrients

Vegetable growing

—Free from chemical substances toxic
to vegetables and consumers
—Availability of nutrients

Recreation Primary contact (direct —Free from chemical substances
and leisure contact with the liquid harmful to health
medium — bathing; e.g.: —Free from organisms harmtul
swimming, water-skiing, to health
surfing) —Low levels of suspended solids
and oils and grease
Secondary contact —Pleasant appearance
(without direct contact
with the liquid medium;
e.g.: leisure navigation,
fishing, contemplative
viewing)
Energy Hydroelectric power plants —Low aggressiveness
DEliEtauon Nuclear or thermoelectric —Low hardness
power plants (e.g. cooling
towers)
Transport - —Low presence of course

material that could be
dangerous to vessels

Waste dilution
And

Transportation
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1.2 Water pollution and reuse:

Indeed, chemical pollution of water has become a major source of concern and a
priority for both society and public authorities, but more importantly, for the entire industrial
world.[9] What exactly is water pollution? Water pollution can be defined in a variety of

ways.

Water pollution occurs when one or more substances that will negatively alter the water
are discharged into it. These substances can harm people, animals, and their habitats, as well
as the environment. Water pollution is classified in several ways [10]

The two primary sources are point and non-point. The first refers to pollutants emitted
from a single source, such as industrial emissions into water, while the second refers to

pollutants emitted from multiple sources.

Water pollution is caused by a variety of factors, including industrial waste, mining
activities, sewage and waste water, pesticides and chemical fertilizers, energy use,
radioactive waste, urban development, and so on. Because water is used, it will become
polluted: any activity, whether domestic or agricultural, but also industrial, produces effluent
containing undesirable pollutants that can also be toxic. Water resources must be protected

at all costs in this context [11].

1.2.1 Definition of wastewater:

Water that has been contaminated by domestic, industrial, or commercial use is referred
to as wastewater. As a result, the composition of all wastewaters is constantly changing and

highly variable, making it difficult to pinpoint a single definition of the term itself.

The composition of wastewater is 99.9% water, Organic matter, microorganisms, and
inorganic compounds make up the 0.1 percent removed. Wastewater effluents are discharged
into a wide range of environments, including lakes, ponds, streams, rivers, estuaries, and
oceans. Storm runoff is also included in wastewater because harmful substances wash off

roads, parking lots, and rooftops.

1.2.2 Origins of wastewater:

« Although the terms "sewage" and "wastewater" are frequently used interchangeably,
"sewage" technically refers to any wastewater that passes through a sewer. sometimes

referred to as raw wastewater or raw sewage before it enters a wastewater treatment
8
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plant.

« Domestic wastewater is produced as a result of activities such as toilet use, bathing,
food preparation, and laundry.

« Commercial wastewater from non-domestic sources, such as beauty salons or auto
body shops. This wastewater may contain hazardous materials and thus necessitates
specialized treatment or disposal.

« 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.
1.2.3 Emerging contaminants:

It has long been assumed that sewage treatment eliminates potential polluting agents.
However, standard treatments do not remove all polluting agents [12]. A number of
compounds have been found to persist in their unaltered form through WWTPs. Among these
persistent compounds is the emergent polluting agent group, which is made up of chemicals
from a wide range of sources and is distinguished by its high production and consumption,
implying its continuous presence in the environment [13]. Drugs, diagnostic products,
steroids and hormones, antiseptics, personal care products, gasoline additives, heavy metals

and metalloids, surfactants, endocrine disruptors, etc.
1.3 Pesticides
1.3.1 Generalities

Man has made concerted efforts throughout history to produce food for the world's
ever-increasing population. Despite rapid technological advancement, the end has yet to

justify the means in the field of food production. [14]

According to a World Health Organization report, one-third of the world's population
suffers from hunger and malnutrition. This is due to the fact that agricultural production is

plagued by issues caused by pests, weeds, microbial infections, and other pests. [14]

Pests attack stored grains and tubers in equal numbers, causing significant damage.
Integrated pest management was used to completely eliminate the above-mentioned problem.
Quarantine, agro-technical, mechanical, biological, and chemical methods are all included.

Chemical methods of protecting agricultural products and animals were based on the use of
9
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various organic and inorganic compounds that were synthesized and were known to be toxic

to pests invading plants and animals. [14]

It is important to note that pesticides cannot increase plant yield but can eliminate pests
that can impair plant growth. Pesticides were first used after World War I1. Historically, the
first pesticides were mostly inorganic compounds like CuAs.Oz (copper arsenate), sulphur
compounds, and naturally occurring Rotenone and pyrethroids are two examples. CuAs203
has been used to eradicate colorab, an insecticide that infects tomatoes, and sulphur

compounds are used as insect repellents. [14]

Following that are natural pesticides, some of which were derived from plant extracts,
such as nicotine derived from tobacco leaves and pyrethroids derived from pyrethrin flowers.
Then there are synthetic pesticides, which include: [14]

1. Organochlorine pesticides;

2. Organophosphorous pesticides;
3. Organocarbamates and

4. Synthetic Pyrethroids.

a. Definition:

Pesticide is derived from the English word "Pest," which refers to any animal or plant
(virus, bacterium, fungus, worm, mollusc, insect, rodent, bird, and mammal) that is likely to
be harmful to humans and their environment, and "Cide," which is derived from the Latin
word "caedere,” which means "to strike, to strike down, to kill." [15]

Pesticides are also referred to as "Phytosanitary Products, Plant Protection Products, or
Pest Control Products for Agricultural Use™ in publications relevant to European legislation.

However, the English term "pesticide™ is widely used around the world.

pesticides are active substances and preparations containing one or more active
substances that are present in the form in which they are supplied to the user and for which
they are intended [16]:

Protect plants or plant products from all harmful organisms; Act on plant vital processes
as long as they are not nutrients (e.g. growth regulators); Ensure plant conservation, provided

that the substances or products are not subject to specific provisions of the Council or the

10
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Commission concerning preservative agents. "Destroy undesired plants or parts of plants,

slow or prevent unwanted plant growth'.

another definition of a plant protection product is "the active substance and commercial
preparations containing one or more active substances in the form in which they are given to
the user. [17]

According to the same source, the active substance, formerly known as active
substance, is that which destroys or prevents the enemy of the culture from establishing itself,
to which a certain number of formulations (adjuvants, solvents, anti-foams, etc.) are added

in the preparation to make it usable by the farmer.

Pesticides can also be employed to control plant growth and conserve crops. They
increase food quantity and quality [18]. They are, however, harmful compounds that pose

potential risks to humans, animals, and the environment.
1.3.2 Classification of pesticides:

Pesticides are divided into two types: natural and synthetic. [14]

» Pyrethroids, Nicotine, and Rotenones are examples of natural pesticides.

« Organochlorines, organophosphorous, organocarbamates, and synthetic pyrethroids

are examples of synthetic pesticides.
Pesticides have been classified using a variety of approaches, as indicated below: [14]
1. Classification according to the intended usage or target organisms;

2. Pesticide classifications based on their chemical nature or simply on their chemical

composition.
Pesticides are classified chemically into three groups:
« Sulphur, CuAs20s3, and mercury are examples of inorganic compounds

« Natural pesticides, often known as botanical pesticides, are those derived from

vegetable plants, bacteria, or fungi

« Organochlorine, organophosphorus, organocarbamates, and synthetic pyrethroids

are examples of synthetic organic chemicals.

11
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3. Classifications based on mode of action - this refers to how the poison penetrates or
permeates the pest's body, knocking it down. The following are some sub-categories of this:

« Stomach poison pesticides: poisons insects when ingested and digested with food

« Contact poison insecticides: work by poisoning the insect when it comes into contact
with the skin;

fumigants: work by infiltrating the organisms' respiratory systems in the form of gas or
vapour. They are essentially vapour phase compounds that are typically used as aerosols.

Systemic chemicals include stomach pesticides and fumigant pesticides. [14]
a. Classification according to chemical composition:

Pesticides are classified into chemical groups based on their chemical formula or active

molecule, as well as their formulation.

Table 1.2 Classification by chemical composition

Chemical group Exemples

Organochlorine DDT, Chlordane, Lindane, Dieldrine,
Heptachlore ...

Organophosphorus Malathion, Parathion, Chlorpyrifosa, Diazinon ,
Dimethoate

Pyrethroids Permethrine. ..

Organocarbamates Aldicarbe, Carbaryl, Carbofuran, Methomyl

Asulame, Diallate, Terbucarbe, Triallate

Benthiavalicarbe

Dithiocarbamates Mancozebe, Manebe...
Phthalimides Folpel, Captane, Captafol
Triazines Atrazine, Simazine...
Phenoxyherbicides MCPA, 2,4-D, 2,4,5-T...
Chloroacetamides Alachlore...
Pyridines,bipyridiliums Paraquat, Diquat...
Aminophosphonates glycine Glyphosate

12
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b. Classification according to their activity:

Hundreds of chemical agricultural pesticides are classified based on the pest or disease

they control. Table 1.3

Table 1.3 Agricultural chemicals including pesticides (P) and their activity

Category Activity
Algicide Kills algae, eg on wood.
) Prevents animals from feeding on stored culture or
Anorectic
product
Bait Attracts plague-causing animals

Bactericide (P)

Kills or inhibits the growth of bacteria

Fungicide (P)

Disinfectant for molds and fungi

Fumigant (P)

Gas or smoke against pests or molds in stored

products

Herbicide

Kills or inhibits the growth of weeds

Insect growth regulator

Modifies the development or growth phases of

insects

Insecticide (P)

Kills or harms insects (e.g. aphids)

Miticide / acaricide (P)

Kills or harms mites (or spiders)

Molluscicide

Kills snails and slugs

Nematicide (P)

Kills nematodes

Junk repellents

Repels plague-causing animals

Rodenticide

Kills rats, mice, rodents

Sterilizer

Sterilizes insects chemically

Termiticide (P)

Kills or harms termites

1.3.3 Properties or characteristics of pesticides:

« They are hazardous and, as a result, pollute the environment, for example,

organochlorine insecticides.

13
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« The majority of pesticides have a basic structure and have simple biological activity.
« There is a fatal dose for each pesticide (LD50)

» Each pesticide has a chemical intermediate, which typically becomes obsolete after a

certain period of time.
a. Persistence:

Pesticide persistence is frequently expressed as a half-life. This is the time required for
one-half of the original quantity to degrade. For example, if a pesticide has a half-life of 15
days, half of the pesticide applied will still be present after 15 days, and half of that quantity
(25 percent of the original) will be present after 30 days. In general, the larger the potential

for pesticide mobility, the longer the half-life.

Pesticides are classified into three types based on their half-life: nonpersistent
pesticides with a typical soil half-life of less than 30 days, moderately persistent pesticides
with a typical soil half-life of 30 to 100 days, and persistent pesticides with a typical soil half-
life of more than 100 days (Table 1.4) [19].

Table 1.4 properties of certain pesticides

Pesticide Haf-life Sorbtion Movement Water Vapor Henry’s Law
(days) coefficient rating Solubility pressure Index Kh**
Koc mg/l* index
Malathion 1 1800 Extremely 130 80 1000
low
1,3-dichloro- | 10 32 Moderate 2250 290billion 77 billion
propene
Dicamba 14 2 Very high 400000 0 0
Diuron 90 480 Moderate 42 0.69 21
Bensulide 120 1000 Moderate 5.6 8 3058
Prometon 500 150 Very high 720 77.3 130
Benomyl 67 1900 Low 2 0.001 0.78

*Multiplied 107 **Multiplied 109
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Photodegradation, chemical degradation, and microbiological degradation all have an
impact on persistence. A single pesticide may be broken down by all three mechanisms. The
pace of degradation is affected by pesticide’s chemical as well as environmental factors.
Pesticide persistence may be affected by the distribution of leaves and soil, as well as

temperature, soil and water pH, microbial activity, and other soil properties.
b. Mobility:

Pesticide mobility may result in pesticide redistribution within the application site or

migration of a small amount of pesticide away from the application site. A pesticide may:

. attach to soil particles, vegetation, or other surfaces and remain near the site of
deposition;

. attach to soil particles and move with eroded soil in runoff or wind;

. dissolve in water and be taken up by plants, moved in runoff, or leached; or

. volatilize or erode from foliage or soil with wind and become airborne. The

pesticide's sorption, water solubility, vapor pressure, and other environmental and
site variables such as weather, topography, canopy, and ground cover all have an

impact on mobility.
1.3.4 Environmental effects of pesticides:

Pesticides have an impact on the environment through both point-source and nonpoint-
source pollution. The former is pollution that originates in a distinct and identifiable location,
such as pesticide spills, wash water from clean-up sites, leaks from storage locations, and
inappropriate pesticide and container disposal. The latter is pollution from a wide range of
sources, such as pesticide drift via the air, pesticide discharge into streams, and pesticide

movement into ground water [20].

Pesticide-sensitive areas include:

areas where ground water is near the surface,

areas near surface waters,

areas heavily populated with people,

areas populated with livestock and pets,
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e areas near the habitats of endangered species and other wildlife,
e areas near honey bees

e areas near food crops and ornamental plants [20]. Sensitive plants and animals, as
well as the water quality of bodies of water near field margins, might be directly or
indirectly impacted [21].

a. Fate of pesticide in the atmosphere:

Pesticides are released into the atmosphere through application drift, post-application
vapour losses, or wind erosion of pesticide-treated soil (Figure 1.3). They and their
photodegradation products can travel vast distances before being returned to the earth's
surface by the removal processes of atmospheric wet and dry deposition [21,22].

Liquid sprays are administered using nozzles that offer pesticide metering, atomization,
and uniform distribution. The majority of atomizers split the liquid into droplets using
hydraulic pressure as the energy source. Because small droplets are more prone to movement
under windy conditions, the proportion of total spray volume contained in droplet sizes less

than 150 m can be used as an indicator of drift potential.

Applications are classified into two kinds. Pre-emergence treatments, which are applied
to the soil surface prior to crop emergence, may be left undisturbed on the soil surface or
integrated into the upper layer of soil by some sort of soil disturbance. Post-emergence
applications are applied to the crop, with a portion of the application penetrating the crop and

depositing on the soil surface.

Pesticides that are frequently detected in the atmosphere are:
e organochlorine insecticides, which are resistant to environmental degradation,
e organophosphate insecticides, which are not long-lived in the environment,

e triazine herbicides, which are heavily used herbicides and are persistent in the

environment

e acetanilide herbicides, which are used heavily but are not as persistent as triazine [20]

Hazards of atmospheric pesticides to humans and environment:
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Atmospheric pesticides are a source of pesticide exposure through inhalation and a
cause of pollution of surface/ground water through dry deposition and precipitation.

Atmospheric movement may result in:
e pesticide transfer from application sites to sensitive regions

e pesticide build-up in the environment [20].

Photddeglladation

VNV
Rainfall washout

Dry deposition \

Wind erosion

of treated soil Post-application
vapour drift

Application droplet

and vapour 4sift

Surface runoff ‘

PR W W W N W R,

Metabolism/conjugation

Wet lands e . in the crop
Leaching and

Chemical and microbial preferential flow
degradation in soil

Fig 1.3 Routes of entry of pesticides into the atmosphere and into surface and ground
waters and mechanisms of pesticide transformation in air, soil and plants [23]

b. Water pollution by pesticides

Crop or livestock production accounts for more than one-third of the world's land

surface and three-quarters of its freshwater resources [24].

Food, feed, fiber, and bioenergy production has increased in recent decades, resulting
in economic success for many industrialized countries. However, A council of hundreds of
global experts has warned that these gains have come at a cost, notably to soil, water, and air
quality, climate management, and habitat supply [24].

Herbicides are the most common form of pesticide in agriculture, and they are used to
limit weed spread and increase crop yields. Agriculture has a significant contribution to the
economy.
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However, it has also been identified as the leading cause of water contamination, owing
to nutrient enrichment [25]. Indeed, land-based runoff has been recognized as having a
negative influence on the seas surrounding the Great Barrier Reef that is second only to

climate change [26].

Pesticide residues have also been found in water resources, sediments, and

groundwater. [27]

Pesticide contamination of water bodies can represent a serious danger to aquatic
ecosystems and drinking water supplies. Pesticides can infiltrate bodies of water through
diffuse or point sources. Pesticides inputs into water bodies from diffuse sources are the

results of agricultural application on the field. [27]

Tile drain outflow, baseflow seepage, surface and subsurface runoff and soil erosion
from treated fields, spray spread during application, and deposition following volatilization
are examples. In contrast, point-source inputs derive from a localized situation and enter a

water body at a specific or restricted number of locations. [27]

These primarily include farmyard runoff, sewage plants, sewer overflows, and
unintentional spills. There are also non-agricultural pesticide point sources, such as

application on roads, railways, or urban sealed surfaces such as parking lots [27].

Many factors, such as soil and pesticide qualities, as well as crop management
practices, determine the possibility for pesticide contamination of groundwater or surface
water [19].

Pesticides enter surface waters through run-off, wastewater discharges, atmospheric
deposition and spills [23].

Pesticides that enter the atmosphere through the above-mentioned pathways are prone
to travel across thousands of kilometers. They are also prone to wet and dry deposition
removal processes at any time during transport, both of which contaminate surface
waterways. Pesticides may be trapped in snow and hail or dissolved in rain after moist

deposition. Pesticides sorbed to wind-eroded soil particles in dry deposition. [20]

Streams, rivers, lakes, reservoirs, and seas are all examples of surface waters. Streams
and reservoirs supply roughly half of the world's drinking water. A part of the water in surface
waters comes from snow melt or rainfall runoff. Surface runoff pesticides are those found in

the runoff-soil interaction zone, or the top 0.5 to 1 cm of soil. The amount of pesticide present
18
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in this zone may be influenced by a number of factors. These include pesticide application
method, soil type, pesticide physiochemical characteristics and formulation type, pesticide

field half-life, and pesticide air deposition [20].

Pesticides that drain from treated fields, mixing sites, washing sites, or trash disposal

areas may contaminate groundwater.
c. Entry of pesticides into ground waters:

The movement of water over a sloping surface is referred to as runoff. It can transport
pesticides dissolved in water as well as pesticides adsorbing to eroding soil. Pesticides are
either mixed up with the water or attached to the eroding soil. When water is added to a field
quicker than it can be absorbed by the soil, runoff occurs. Pesticides may be carried in runoff

as dissolved compounds in water or as compounds bound to soil particles.

The installation of artificial subsurface drains is intended to prevent top soil saturation,
which would otherwise hinder crop development, soil trafficability, and workability. Soil
texture, site, drainage system, compound characteristics, weather, application rate, and
season are the key factors influencing pesticide inputs into surface waterways via drainage
[27]

The transport of pesticides in water through the soil is referred to as leaching. Leaching
can occur in three directions: downbhill, upward, or sideways. The qualities of the soil and
pesticide, as well as their interaction with water from rain or irrigation, all influence whether

pesticides will be leached into groundwater. Leaching can be accelerated if:

The pesticide is water soluble; the soil is sandy, a rain event happens shortly after
spraying, and the chemical is not substantially adsorbed to the soil. Water and dissolved
pesticides are leached to depth in soil via matrix flow and preferential flow. Matrix flow is a
slower transport mode in which the simultaneous movement of pesticides and water is
determined by the pesticide’s physical-chemical properties. This movement is determined by

its water solubility, vapour pressure, Kh, and Koc values [23].

Spray drift is the movement of spray droplets through the air away from a treatment
site during application. Spray droplet size, wind speed, and distance between nozzle and
target all influence spray drift. It can harm surrounding sensitive crops, taint harvested crops,
and pose a risk to people, domestic animals, and pollinating insects. It has the potential to

contaminate water in ponds, streams, and ditches, as well as harm aquatic plants and animals.
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Pesticide point-source inputs are discharge from hard surfaces, most commonly
farmyards, storage facilities, or roadways. Contamination of hard surfaces occurs as a result
of sprayer filling and cleaning, improper handling of tank mix leftovers, leaking of
malfunctioning equipment, and inadequate canister storage. Of course, spills can occur as a

result of leaking tanks on the way to the field to be treated [27].

Water found beneath the earth's surface, usually in rock or soil, is referred to as ground
water. In the United States, ground water is the primary source of drinking water for 50% of
the population and 95% of rural populations. In ground water, at least 143 pesticides and 21
of their transformation products from every major chemical class have been discovered. The

pesticides most commonly discovered in ground water include:
o triazine and acetanilide herbicides, which are widely used on maize and soybeans,

o carbamate insecticide aldicarb, which is widely examined for ground water
pollution (Figure 1.4). [20]
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Fig 1.4 Pathways of pesticide into aquatic system [19].
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1.4 Wastewater treatment:
Present Treatment Technologies and their Drawbacks:

Several remediation strategies are currently used for pesticide-contaminated soil and
water; however, selecting the most appropriate technology is a difficult undertaking.
Furthermore, if a single technique is discovered to be useless, the various technologies should

be blended to provide satisfactory outcomes.

Many procedures have been proposed and are now being utilized to remove persistent
pollutants. Surface adsorption [28]; membrane filtration [29]; biological degradation [30];
and air stripping [31] are the usual procedures used to remove such contaminants. Other
technologies, like as adsorption and coagulation, just concentrate pollutants by moving them

from one phase to the next, rather than entirely “eliminating” or “degrading” them [32].

Many physiochemical technologies, including as distillation, carbon adsorption,
reverse osmosis, ion exchange resins, and nano-filtration, are now employed, but their
principal limitations include disposal issues, membrane deformation, sludge formation,

handling, and technological constraints [33; 34].

In addition, one of the most important ways of pesticide disposal is incineration, which

is both expensive and unavailable in developing nations [35].

Chemical oxidation is also used to remove pesticides from water [36], but it is costly
and pollutes the water with other harmful by-products [37]. Biological treatment is regarded
as an environmentally beneficial method, although it is time consuming, ineffective, and has

limited applicability [38]

Furthermore, procedures like as filtration, sedimentation, chemical, and membrane
technologies have significant running costs and emit hazardous secondary pollutants into the
environment [39;40].

The majority of bio-recalcitrant contaminants are resistant to breakdown by traditional
chemical and biological treatment approaches [41].

As a result, the inability of conventional pesticide remediation procedures has
considerably boosted the demand for innovative treatment technologies [42].

Table 1.4 summarizes the various pesticide degrading strategies now in use.
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Table 1.5 Present Treatment Technology for Pesticide Remediation [43]

Method Technic Advantage Disadvantage
Physical Adsorption Rapid No destruction of the
Settling pesticides, By-product
Membrane filtration Air stripping formation.
Chemical Oxidation Rapid and | High cost, Complex Process,
Reduction Destructive, Toxic by-products and end
Catalysis Effective products.
Hydrolysis
Photo-Fenton, Coagulation Ozonation
Fluid extraction
Solid phase extraction
Thermal Combustion Rapid and | High cost, Complex process,
destructive, No | Not  suggested for the
by-product recalcitrant compounds.
formed
Biological Microbial degradation Destructive Comparatively slow, High
cost, Less effective, Toxic by-
products.

The approaches described above are effective, but they have limitations in terms of

effectiveness, application, time, and cost. As a result, scientists must look forward to alternate

methods, such as enhanced oxidation mechanisms, for complete breakdown of persistent

pesticides into environmentally beneficial molecules.

Biologica) Approaches

Electrochemical Routes

LY,

Membrane Filtration

’ Coagulation

- Adsorption

‘ lon-exchange

‘ Irradiation

Anaerobic Degradation ',
Aerobic Degradation

Physical Approaches

Fig 1.5 Chemical, biological, and physical approaches to remove or degrade the organic

pollutants in the wastewater [43]
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1.4.1General scheme of wastewater treatment

When water is polluted and decontamination is required, the optimal purification
strategy should be chosen to achieve the decontamination goals (as established by
legislation). A purification process typically consists of four successive phases, as shown in
Fig. 1.6:[44]

e preliminary or pre-treatment (physical and mechanical);

e primary treatment (physicochemical and chemical);

e secondary treatment or purification (chemical and biological);
e tertiary or final treatment (physical and chemical);

e sludge treatment (supervise tipping,recycling or incineration). In general, the first two

processes are referred to as pre-treatment or preliminary steps.

pretreated treated post-treated water
wastewater effluent effluent effluent discharge
Physical- Physical- Biological Physical
chemical chemical treatment techniques
methods methods
Mechanical Chemical Physical- Chemical
methods methods chemical methods
methods
step 1 step 2 step 3 (step 4)

1. PRETREATMENT 2. PRIMARY TREATMENT 3. SECONDARY 4. TERTIARY
(sedimentation, (coagulation, precipitation, TREATMENT TREATMENT
coagulation...) floceulation...) (biodegradation, filtration, (oxidation, membrane

adsorption...) filtration...)
step 5

-+ >

TREATMENT of the SLUDGE

(supervised tipping, recycling, incineration...)

Fig 1.6 Main processes for the decontamination of industrial wastewaters [44]

In the next chapter, we will present the main depollution and treatment processes as
well as the advanced oxidation processes that have been applied for the removal of these

recalcitrant organic pollutants.
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CHAPTER II:

ADVANCED OXIDATION PROCESSES (AOPS) AND PHOTOCATALYSIS

New water treatment techniques were developed such as Water Treatment Processes.
'‘Advanced Oxidation (AOP). AOPs have been proposed to decrease toxicity and improve the

biodegradability of effluents by modifying the structure of organic molecules.
11.1 Advanced Oxidation Processes (AOPS):

Organic pollutants cannot be completely degraded using conventional procedures since
they simply transfer contaminants from one phase to another [45;46]. These findings highlight

the importance of sophisticated pesticide removal methods in the environment.

To overcome the limitations associated with conventional treatment methods, researchers
in the field of “Advanced Oxidation Processes” (AOPs) as advanced wastewater treatment
technologies have developed an alternative way for the total conversion of pesticides into non-
toxic molecules. [47]

In the 1980s, advanced oxidation processes (AOPs) were proposed for potable water
treatment. AOPs are described as oxidation processes that generate hydroxyl radicals (*OH) in
sufficient quantities to impact water purification. Later, the AOP idea was expanded to
oxidative processes involving sulphate radicals (SO4). Unlike typical oxidants such as chlorine
and ozone, which serve both decontamination and disinfection functions, AOPs are used solely
to destroy organic or inorganic pollutants in water and wastewater. Despite the fact that AOP
inactivation of infections and pathogenic markers has been examined, [48]

Due to extremely low radical concentrations, the needed detention times for disinfection
are prohibitively long due to their extremely short half-life (on the scale of microseconds).
When AOPs are used for wastewater treatment, these radicals, as a potent oxidizing agent, are
expected to sufficiently degrade wastewater contaminants and turn them into less and even non-

toxic products, so giving the ultimate wastewater treatment solution.[48]
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11.1.1 Hydroxyl Radical-Based AOPs:

The most reactive oxidizing agent in water treatment is hydroxyl radical, with an
oxidation potential ranging from 2.8 V (pH 0) to 1.95 V (pH 14) vs. SCE (saturated calomel

electrode, the most commonly used reference electrode) [49].

*OH has a very nonselective behaviour and reacts quickly with a wide range of species,
with rate constants ranging from 108 to 1010 M s. Hydroxyl radicals attack organic

pollutants via four primary mechanisms:

Radical addition, hydrogen abstraction, electron transfer, and radical combination [50].
When they react with organic compounds, they produce carbon-centered radicals (R or R—OH).

These carbon-center radicals can be converted to organic peroxyl radicals (ROO) by using Oa.

All of the radicals continue to react, resulting in the formation of more reactive species
such as H2O> and super oxide (O =- ), which leads to the chemical degradation and even
mineralization of these organic compounds. Because hydroxyl radicals have such a short
lifetime, they are only produced in situ during application using a combination of oxidizing
agents (such as H20, and O3), irradiation (such as ultraviolet light or ultrasound), and catalysts
(such as Fe?*) [51].

A. Hydroxyl radical:

Many strong oxidants are “free radicals”, of which hydroxyl radical is the most powerful
oxidizing species after fluorine [52]. A list with the most oxidizing potential species is shown
in Table I1.1.

Unlike many other radicals, the hydroxyl radical is non-selective, which allows it to attack
a wide range of organic chemicals and convert them to less complex and less harmful
intermediate products. It is practically possible to mineralize the target pollutant to CO>, the
most stable end product of chemical oxidation, with enough contact time and proper operating

conditions.
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Table I1.1 oxidation potential of certain species [53]

Species Formula Oxidation potential

V)
Fluorine F2 3.03
Hydroxyl radical OH- 2.80
Atomic oxygen 02 2.42
Ozone O3 2.07
Hydrogen peroxide H202 1.78
Perhydroxyl radical HO:2 - 1.70
Permanganate KMnO4 1.68
Hypobromous acid HBro 1.59
Chlorine dioxide ClO2 1.57
Hypochlorous acid HCIO 1.49
Chlorine Clz 1.36

11.1.2 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.[47]

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 [54].

The term heterogeneous refers to a dual phase, in which the catalyst is in the solid phase
and the contaminants are in the aqueous phase. In the presence of a semiconductor catalyst, two
or more phases are used in conjunction with a light source (UV/solar radiation) (TiO2, ZnO,
ZnS, CdS, etc.).
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The AOP generated holes and electrons, which resulted in a redox reaction for

contaminant degradation.[47]

Hydroxyl radical generation mechanisms of the major AOPs for wastewater treatment are

briefly summarized below.[47]

Using energy

(UV / ultrasound / electrical)

Homogeneous AOP

Without energy

(02, H202)

Heterogeneous photocatalysis

Heterogeneous AOP

P ] Ozonation

(catalytic & photocatalytic )

Photo-fenton process

Fig 11.1 Types of Advanced oxidations processes [47]

11.1.3 Ozone-Based AOPs:

Ozone (03) is a powerful oxidant in its own right, with an oxidation potential of 2.07 V
vs. SCE. Direct Oz oxidation, on the other hand, is a selective reaction with typical reaction rate
constants of 1.0 x 10° —=10°® M s -1, in which Os preferentially reacts with ionized and
dissociated organic compounds rather than the neutral form. Under certain conditions, O3
produces *OH, which initiates indiscriminate oxidation (indirect mechanisms). Various detailed
mechanisms have been proposed to explain the complex *OH generation, and the overall

reaction involving *OH generation is shown below [55].
303+ H,O = 2 °0OH '+ 40, (1)
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11.1.4 UV-Based AOPs:

Photons can initiate hydroxyl radicals in the presence of catalysts or oxidants. Titanium
dioxide (TiO), a RO-type semiconductor, is the most commonly used catalyst. When TiO>
particles are excited, they produce positive holes in the valence band (hv* ) with oxidative
capacity and negative electrons in the conduction band (e” cv) with reductive capacity, as shown
below:[48]

Ti02+ hV —> eicb + hV+vb (2)
11.1.5 Fenton-Related AOPs:

Iron is the most commonly used of these metals capable of activating H,O2 and producing
hydroxyl radicals in water. H,O2 reacts with Fe?" to produce strong reactive species in the
Fenton process. Although other substances, such as ferryl ions, have been proposed, the reactive

species produced are traditionally recognized as hydroxyl radicals.[56]
11.1.6 Sulfate Radical-Based AOPs:

S20s 2" is a powerful oxidant with a standard oxidation potential (E ) of 2.01 V [57, 58].
S,0s 2 can form more powerful sulfate radicals (SOs, Eo =2.6 V) when activated by heat,
ultraviolet (UV) irradiation, transitional metals, or elevated pH [59, 60].

11.2 Photocatalysis:

Photo-catalysis is the use of light to accelerate photoreactions in the presence of a
semiconductor as a catalyst. Non-toxic semiconductors are used in Photocatalysis. Such as
TiO2 and ZnO [61].

Heterogeneous photocatalysis is a new approach that can be used to purify and remediate
water and air. Around the last 20 years, fundamental and applied research on this topic has been

conducted intensively all over the world, as evidenced by over 2000 publications. [62]

The number of papers published in the discipline has climbed from about 0.7 in the early
1980s to more than 23 each month in 1998. Photovoltaic conversion and energy storage were
the focus of early research in the 1970s and 1980s. Later, the primary focus were the synthesis,

processing, and characterization of new semiconductor materials.[62]
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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. [63]

Photocatalysis, as a heterogeneous catalysis, can take place in a variety of environments,

including gas phase, pure organic liquid phases, and aqueous solutions. In the case of classical

heterogeneous catalysis, the total process can be divided into five independent steps:

Reactions in the fluid phase are transferred to the surface.
Adsorption of one or more of the reactants
Adsorption-phase reaction

The product's desorption.

The products are removed from the interface region.

11.2.1 Advantages of Photocatalysis:

Photocatalysis may efficiently breakdown and mineralize almost all organic and

inorganic contaminants. [63]

Photocatalysis is a green technique because its end products are environmentally
benign chemicals like CO», water, simpler salts, and minerals.

As an oxidant, atmospheric oxygen is employed, and no other oxidant is required for
the operation.

Photocatalysts are non-toxic, cost-effective, very stable, chemically and physiologically
inert, insoluble under most conditions, recyclable, and reusable.

Both artificial and natural light can be used to activate photocatalysts.

For large-scale processes, photocatalysis is also compared to activated carbon

adsorption.
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11.2.2 Principles of Heterogeneous Photocatalysis:

When a semiconductor catalyst (SC) of the chalcogenide type, oxides (TiO2, ZnO, ZrOa,
Ce0y), or sulfides (CdS, ZnS), or nitride (TasNs, C3Ng) is illuminated with photons whose
energy is equal to or greater than their bandgap energy EG (hv EG), there is absorption of these
photons and the formation within the bulk of (Fig. 11.2). [64]

Electron energy

Conduction band Adsorption (0),)

—
-

A Reduction ()2 )

4

Pollutant P =

Emne

Recombinaison

=

of charges

: Oxidation (P**) :
Y Oxidation (H'+OH") -
Valence band Adsorption (H,0)) n
E Adsorption -
(Pollutant P)

Semiconductor (TiO,)

Fig 11.2 Energy band diagram of a spherical titania particle [64]

Simultaneously, in the presence of a fluid phase (gas or liquid), spontaneous adsorption
occurs, and an electron transfer proceeds toward acceptor molecules, while a positive photohole
is transmitted to a donor molecule, depending on the redox potential (or energy level) of each
adsorbate. In reality, the hole transfer corresponds to the donor's cession of an electron to the
solid. hv+ (SC) @e +h™ (3)

A@ds) + & DA @s (4)
Deds) + h* @ D@das)”  (5)

Each generated ion then reacts to form intermediates and final products. As a result of
reactions 3-5, photonic excitation of the catalyst appears as the first step in activating the entire
catalytic system. As a result, the efficient photon must be regarded as a reactant, and the photon
flux as a particular fluid phase known as the "electromagnetic phase." The photon energy is

tailored to the absorption of the catalyst rather than the absorption of the reactants.
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The action is activated by the excitation of the solid rather than the excitation of the
reactants: there is no photochemical process in the adsorbed phase, only a true heterogeneous

photocatalytic regime.

The electron-hole recombination, depicted in Figure 11.3, can lower photocatalytic

activity or the quantum yield (QY), which corresponds to the breakdown of photoelectronic

energy into heat. e +h"=2>N+E (6)

where N = neutral center; E = energy (light hv” <hv or heat). [65]

it

Volume recombination

Surface
racombination

Fig 11.3 Fate of electrons and holes within a spherical particle of titania in the presence of an
acceptor (A) and (D) molecules (after the late Dr H. Gerisher (12)). [64]

a. The band gap:
The band gap is the energy difference between the valence band HOMO (highest
occupied molecular orbital (valance band)) and the conduction band LUMO (lowest
unoccupied molecular orbital (conduction band)) (Eg). The materials are categorized into three

basic types based on band gap (Fig. 11.4): [66]
* metal or conductor: Eg < 1.0 eV
* semiconductor: 1.5 < Eg <3.0 eV

* insulator: Eg >5.0 eV
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Fig 11.4 band gap of different materials [66]

Semiconductor

Fig 11.5 Mechanism for the photocatalytic activity on the surface of the semiconductor under
the irradiation of light. [65]

Because most photocatalysts have a large band gap (Eg) and are only active in the UV
range. UV light accounts for only around 4% of the solar spectrum (wavelength less than 387
nm). Many studies have been conducted in this area to expand the photo-response of

semiconductors into the visible region [67] and make use of 55 % of total solar radiation [68].
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Table 11.2 Band Gaps of Different Semiconductors [66]

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

SnO2 3.60 Cu20 2.10

TiO2 3.20 CDSe 1.70

ZnO 3.03 AlSb 1.58

WOs3 2.60 CdTe 1.56

Cds 242

Semiconductors hold the promise of providing potential solutions to environmental
contamination challenges. Various strategies have been used to try to improve the
photocatalytic activity of these materials. Semiconductors with a large band gap and a white

hue do not absorb light in the visible spectrum.

b. Catalysts:
TiO2, ZnO, Ce0y, ZrOz, SnO», Sh204, CdS, ZnS, and other chalcogenides (oxides and

sulfides) have been employed. As is commonly noticed. [64]

b.1Metal oxides
Because of their ability to produce charge carriers when exposed to light, metal oxides

have a wide range of applications in environmental remediation and electronics.
Metal oxides have the following properties:

* necessary electrical structure

» light absorption characteristics

* charge transport properties

Semiconductor-mediated photocatalysis has received a lot of attention since it helps to

solve the problem of quick charge recombination [69].
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c. Modifications:

There is a need to modify these photocatalysts. Surface modification, composite or
coupling materials, metal and nonmetal doping, surface sensitization by organic dyes and metal
complexes, and other approaches have been employed to change photocatalysts. These
alterations can be accomplished using a variety of strategies such as metal or nonmetal doping

[70;71], co-doping, combining different metal oxides (composites), sensitization, and so on.

1. Doping:
Doping is one type of photocatalyst modification that lowers the band gap between the
valence and conduction bands by adding impurities to an otherwise pure semiconductor. A
semiconductor can be doped with both metals and nonmetals. Each form of dopant has a distinct

effect on the semiconductor's crystal structure.[66]

TiO, Al,O4
Products O'Anstase)
“0H- ; CB
O e CB
e +2H"
Visible light
OH~
MO
Products«”

Fig 11.6 Effect of metal doping on conduction band.[66]

2. Co-doping:
Co-doping uses various combinations of donor and acceptor species to close the band gap
by elevating the valence band edge and lowering the conduction band edge. It aids in achieving
activity across a wide range of the solar spectrum. In certain cases, both metal and nonmetal

co-doping has been reported.[66]
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Fig 11.7 Effect of co-doping [66]

3. Coupled Semiconductors or Composites:
Composite creation, or semiconductor coupling, is another effective way for making

semiconductors photo-responsive in the visible portion of the spectrum.
Semiconductors used to make a composite must have varying band gaps.

A wide band gap semiconductor is typically paired with a small band gap semiconductor
with a lower conduction band level. As a result, electrons in the conduction bands go from the

small band gap semiconductor to the big band gap semiconductor. [66]

4. Substitution:

Another way to modify the activity of a photocatalyst is to replace one metal with another.
Borse et al. (2012) [72] observed increased photocurrent by substituting Tis: at the Feass site in
a CaFe204-MgFe-04 bulk hetero-junction (BH) lattice photocatalyst. Due to efficient charge
separation, the Ti ion doped sample also demonstrated improved quantum vyield for
photodecomposition of H.O-CH3OH mixture.

5. Sensitization:
Sensitizers are organic and inorganic substances that are chemisorption or physisorption
adsorbed on the surface of a semiconductor. Sensitization is the process of covering the surface
of a semiconductor with sensitizers. Sensitizers operate as antennas, absorbing light and

transferring it to a semiconductor, which aids in the excitation process.

Sensitizers are classified based on their frequency of occurrence:
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* natural sensitizers
* synthetic sensitizers

* sensitizer for oneself

d. Photoreactors:
Most reactor types used for thermal or thermal-catalytic processes may accommodate
photochemical reactions [73]. Because they are activated by light absorption, the driving force
distinguishes them from other reactions. As a result, electromagnetic radiation distribution must

be an intrinsic aspect of photoreactor design.

To carry out photoreactions, two types of irradiation systems can be used: artificial
(lamps) and natural (the Sun). A low-pressure mercury lamp (LPML), which is a gas discharge

lamp, is the oldest and most used lamp. [74]
11.2.3 Influence of different parameters on the degradation of pollutants:

The pH of the reaction solution, the surface area of the catalyst, the concentration of the
contaminant, catalytic loading, light wavelength, intensity, and other parameters all play a role
in the degradation of pollutants on the surface of the catalyst. The degradation outcomes can be

affected by changes in the various parameters: [65]

a. Catalyst concentration:
The catalyst concentration for photoactivity in the sample is one of the important parameters
that control the degradation rate of the organic compounds. This is based upon the initial
concentration of the pollutant and volume of the solution being examined. It has been generally
noticed that the degradation rate of the dyes and pollutants on the surface of the catalyst
increases with an increase in the loading of the catalyst [75]. The increased loading contributes

to the high activity because of the presence of more active catalyst sites at higher concentrations.

b. pH effect:
Another critical and decisive element for the degradation of pollutants in the presence of the
catalyst is the pH of the reaction solution. The pH of the photocatalytic reaction mixture has a
huge impact on the degradation reactions. The reaction rate is pH dependent because the pH

regulates the adsorption of the organic compound onto the photocatalyst surface, and so the
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degradation processes are dependent on the ionization state as well as the surface charge of the

photocatalyst and the pollutant component.[65]

c. Surface area and morphology:
Surface and structural parameters, including as surface area, crystal composition, distribution,
porosity, bandgap, particle size, and surface hydroxyl group density, all have a significant
impact on semiconductor catalyst photocatalytic performance [76]. In heterogeneous catalysis,
average crystal size is critical since it is directly connected to specific surface area, which

improves a catalyst's efficiency.

d. Effect of temperature
Temperature also plays an important role in the photocatalytic degradation of organic dyes and
chemicals. If the temperature of the reaction under observation fluctuates little, the temperature
effect is not significant; but, if the temperature fluctuates significantly, the temperature effect
is significant. will be abnormally high or low, it may alter the course of degeneration reactions.
One of the essential components driving photocatalysis is dissolved oxygen. as it aids in the
scavenging of CB electrons and the production of hydroxyl radicals. The percentage of changes
as the temperature rises or falls. the dissolved oxygen in the samples and, as a result, alters the

rate of degradation of the reaction. [65]

e. Effect of contaminant concentration:
Concentration in the reaction mixture is another element that might influence the degradation
rate of dyes and hazardous compounds. The majority of pollutants for degradation exhibit
pseudo-first-order kinetics, which can be expressed in modified formulas of the Langmuir—

Hinshelwood equation for reactions occurring at the contact between liquids and solids:

ln% =kr Kt =k?!

where k ! is the apparent first-order rate constant, t is the time necessary for the starting
concentration of pollutant (Co) to fall to (C), K is the equilibrium constant for pollutant
adsorption on the catalyst surface, and K is the reaction limiting rate [77].

f. Influence of calcination temperature:
The calcination temperature is also a significant component that contributes to the

improvement of the efficiency of the manufactured photocatalyst by influencing its physical
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and chemical properties. Calcination of the samples at high temperatures can boost their
photoactivity because the higher temperature improves crystallization and removes undesired
loosely attached contaminants. Furthermore, uncalcined samples have an overabundance of

water molecules on the surface, which can lower the number of surface-active sites.[65]
11.2.5 The catalysts used:

1 Zno:
Zinc oxide ZnO is a semiconductor with a large band gap that has potential uses in
optoelectronics, transparent electronics, and spintronics. This material's excellent UV emission

efficiency could be used in solid-state white lighting devices. [78]

ZnO has gained a lot of attention for its ability to degrade and completely mineralize
environmental contaminants [79-80]. Because ZnO has about the same band gap energy (3.2
eV) as TiOy, its photocatalytic capability is expected to be comparable. However, in the case of
ZnO, photocorrosion happens frequently when exposed to UV radiation, and this phenomenon
is regarded as one of the primary causes of a decline in ZnO photocatalytic activity in aqueous
solutions. However, certain investigations have proven that ZnO outperforms TiO2 in

photocatalytic degradation of various dyes, even in aqueous solution [81,82].

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Fig 11.8 Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt (B1), (b)
cubic zinc blende (B3), and (c) hexagonal wurtzite (B4). Shaded gray and black spheres
denote Zn and O atoms, respectively. [85]
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A. ZnO phases:

ZnO has three different phases: wurtzite, zinc blende, and rock salt. Generally, under

ordinary conditions, the wurtzite phase (hexagonal crystal system) is the most stable [83].

As shown schematically in Figure 11.8, ZnO has the crystal forms wurtzite (B4), zinc
blendel) (B3), and rocksalt (or Rochelle salt)2) (B1). The Strukturbericht3) designations for
the three phases are B1, B3, and B4. [84]

B. Mechanisms of ZnO photocatalysis:

Figure 11.9 depicts the photodegradation of contaminants using ZnO. Photocatalysis
happens when a ZnO photocatalyst is exposed to light with an energy greater than its bandgap
energy. [84] Light energy absorption causes charge separation by excitating electrons from the
VB to the CB, leaving holes in the VB [86]. After that, the photogenerated e’/h+ carriers migrate

to the surface of ZnO photocatalysts.

Reduction
R
CB s > C
-~ ~ N ] R..
& _ % Recombination
hy N\ IS o e
= +
o Ve re—— 4 CD
D
Oxidation

Fig. 11.9 Basic mechanism of ZnO photocatalysis. Ehv is the irradiated photon energy, R is

the electron acceptor, and D is the electron donor.[84]

Concurrently, e and h* undergo recombination, reducing quantum yield. Many
parameters linked to photocatalyst architecture and surface changes influence this

recombination rate [87,88]. Reactive e and h* arrive to the surface of ZnO to aid in oxidation
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and reduction reactions that produce excess ROS, such as superoxide anion (O27*) and hydroxyl
radical (*OH). The bottom of the ZnO CB (-0.5 V vs. normal hydrogen electrode, NHE) is more
negative than the O2/ O2® redox potential (-0.33 V vs. NHE). As a result, these excited electrons
can generate O2™*. At the same time, the peak of the ZnO VB (+2.7 V vs. NHE) is more positive
than the redox potential of OH/H20 (+2.53 V vs. NHE). Consequently, H.O molecules can be
oxidized by these holes to form hydroxyl radicals. These highly reactive radical groups (*OH,

O2*) directly oxidize organic pollutant molecules in the solutions.[89]

Oxidative reaction: [47]
Pesticides + h*VB > Oxidation Products  (7)

ZnO (h*ve) + H2O > ZnO +H +°*OH (8)

This reaction follows the neutralization of OH™ into *OH by the hole-

Zno (h*VB) + OH" >  ZnO + *OH 9)

h* + organic pollutant > Metabolites > CO; + H.0 (10)

Reductive reaction:[47]
Pesticides + e“B =  Reduction Products
Here, the reaction involving the formation of superoxide anion radical by the electron-
ZnO (e“®)+02,> ZnO+02* (11)
Oy*+H"> HO2° (12)
2HO®*+H" + ZnO (e°B) > H,02+2ZnO (13)
*OH + Organic pollutant > Metabolites > CO2 + H.O (14)
Pesticides + *OH -  Final Degradation Product

C. Methods to enhance ZnO photocatalytic activity:

The fundamental disadvantage of ZnO photocatalysts is their high band gap, which is
active only when exposed to UV light but not when exposed to visible light; as a result, the

effectiveness of exploiting sunlight is reduced [90]. To circumvent this limitation, researchers
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devised a number of techniques, including metal/nonmetal atom doping, noble metal

deposition, and coupling with other semiconductors or carbon materials.[91-92]

En — Eg Metal onmetal

ve h* Jozz  [ve h* Jozz  [vB h’ oz

N

Pure ZnO Metal doped ZnO Nonmetal doped ZnO

Fig 11.10 Schematic of the comparison of the band structures of pure, metal-doped ZnO, and
nonmetal-doped ZnO. [84]

2. TiO2:
Titanium dioxide (TiO2) photocatalyst has gotten a lot of attention since it was used to generate
photocatalytic hydrogen from water splitting. TiO. is widely employed in a variety of

applications due to its abundance, non-toxicity, and chemical stability. [65]

pigments, cosmetics, paper, plastics, catalysis, solar cells, and antibacterial agents are just a few

examples.

TiO2 has applications as a catalyst in the photodegradation of organics. pollution, water-to-
hydrogen evolution, CO2 photoreduction, lithium-ion batteries (L1Bs), and dye-sensitized solar
cells (DSSCs). [65]

TiO: is the most often used semiconductor for photocatalysis, and it has recently been the
subject of extensive research in the field of environmental remediation using heterogeneous

photocatalysis to eliminate organic molecules in polluted air and water.[89]

TiO, absorbs just a small portion of the solar energy spectrum due to its high band gap, but it
has a variety of other useful properties:[89]

1) TiO2 is one of the few semiconductors that are resistant to photodecomposition.
2) The reactive nature of the TiO> surface enables for the chemisorption of a wide range
of substances.
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3) The electron holes in TiO2 have a high oxidation power and can theoretically oxidize
all organic compounds in an aqueous environment.

4) TiO2 is a low-cost, non-toxic material.

A. TiO; forms:

Titanium dioxide (TiO>) has three polymorphic forms: anatase, brookite and rutile

Both anatase and brookite (which have tetragonal and orthorhombic-type crystal

structures, 2.9 and 4.12 g/cma3, respectively) are unstable and transform to rutile (4.26g/cm3)

when heated to 700°C and 900°C, respectively.

B. TiO photocatalysis:

Semiconductor oxide photocatalysts could absorb solarlight if the energy of the incident
photons matches the band gap energy (Eg) of semiconductors. Thus, when exposed to sunlight,
electrons are excited from the valence band (VB) to the conduction band (CB) and begin
reduction reactions on the catalyst surface. The holes left in the VB, on the other hand,

participate in oxidation reactions.[93]

Fig 11.11 Summary of main shapes and applications (i.e., lithium-ion batteries,
photocatalytic hydrogen evolution, photodegradation, and solar cells) of anatase, rutile, and
brookite TiO> crystals with their surfaces consisting of different Facets
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When a photon with an energy greater than or equal to the bandgap energy is absorbed
by a semiconductor particle, an electron from the vb is promoted to the cb, while a hole (h*) is
generated in the vb. The ey and h* y» can recombine on the surface or in the bulk of the particle
in a few nanoseconds (with the energy dissipated as heat), or they can be trapped in surface
states where they can react with donor (D) or acceptor (A) species adsorbed or close to the

particle's surface. Following anodic and cathodic redox reactions can thus be initiated.

The heterogeneous photocatalytic process is a complex sequence of reactions that can be

expressed by the following set of simplified equations:
TiO2 "V —Espe TiO2(6” oo’ h* vb) — recombination (15)
TiO2(h* vb) + H20ads — TiO2 + HOs ags + H* (16)
TiO2(h" vb) + HO™ ags — TiO2+ HO® ags (17)
TiO2 (h* vb) + Dads — TiO2 + D" 405 (18)
HO¢* + Dads — Doxid (19)
TiO2 (6™ cb) + Aadgs — TiO2 + A ads (20)

There is a lot of debate these days about the oxidative pathway, which could be performed
by direct hole attack or mediated by HOe radicals, either free or adsorbed. In many cases, the
oxidative pathway results in the complete mineralization of an organic substrate to CO2 and
H20. In general, A is dissolved O, which is converted into superoxide radical anion (O2 *) and

can result in the formation of HO«: [62]
TiO2(e™ cb) + Ozads + HF — TiO2 + HO2 * <> Oz« + H™ (21)
HO2 « + TiO2(e™ v) + H+ — H20 (22)
2HO; »+ — H202 + 02 (23)
H202 + O2 = — HO* + O2 + HO™ (24)
H202 +hv — 2HO+  (25)

H202 + TiO2(e™ ) — HO* + HO™ (26)
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11.3 Application of photocatalysis in water treatment:

Researchers have backed the photocatalytic decomposition process for degrading,
decomposing, and eliminating hazardous or non-hazardous hard-to-biodegrade organic,
inorganic, pollutants, or contaminants in industrial wastewater before they are released into
larger bodies of water. The process of photocatalytic decomposition is also known as
photocatalytic oxidation or photocatalysis. This method generates highly reactive hydroxyl
radicals, which oxidize and mineralize the matter in solution into water, CO2, and inorganic

compounds. [94]

11.3.1 Organic pollutants elimination:

The studies reported here sought to demonstrate links between the molecular structure of
contaminants and their photocatalytic degradability. The analyses of the numerous
intermediates were performed to gain an understanding of the degradation processes as well as

to identify whether harmful and stable chemicals are produced.
Pollutants such as: [64]

e Herbicides: atrazine, prometron, propetryne, bentazon, 2-4 D, monuron
e pesticides: parathion, lindane,

e organophosphorus: tetrachlorvinphos, phenitrothion

e dyes: methylene blue, rhodamine B, methyl orange, fluorescein, Congo Red

11.3.2 Degradation pathways of pesticides:

The primary intermediates found and identified by HPLC, LC/MS, and GC/MS of
photocatalytic degradation of different aromatic pollutants relate to benzene ring hydroxylation.
These intermediates have relatively low transient maximum concentrations compared to the
starting pollutant, which is consistent with the fact that CO, acetate, and formate are generated
in the early stages of breakdown. The type of the substituents influences the direction of the
aromatic ring hydroxylation. For chlorophenols and dimethoxybenzenes, for example, the para

and ortho positions (with respect to *OH for the chlorophenols) are preferred. [64]

The degradation pathways are illustrated here by the examples of dimethoate (Fig. 11.12).
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Fig 11.12 Proposed tentative pathway for the photocatalytic degradation of dimethoate.[32]

Based on the kinetics of formation and disappearance of major byproducts, the
photocatalytic decomposition of dimethoate (Fig 11.11) is tentatively proposed to occur via
rapid hydroxylation of the methyl groups borne by oxygen bonded to P and through C-N
cleavage at the amide bond producing a phosphonic acid molecule, methylamine, formic acid,
and mineral ions such as SO, , NO, ", and NO3™ . Continued attack on the organic compounds

eventually resulted in formation of carbon dioxide and mineral ions.[32]

This is why we decided to carry out an experimental study on the photo-degradation of
THB in an aqueous solution and in particular a photocatalysis using ZnO because of its

availability and its relatively low cost. and TiO2 because of its efficacity.
The goal is to conduct a comparative study between the two oxides.

In the next chapter, the experimental devices used in this study are presented.
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CHAPTER Il - EXPERIMENTAL DEVICES

The purpose of this chapter is to introduce the experimental devices used for the study of
the photo-degradation of pesticides and methods of analysis. In the first part, the various
products chosen will be presented and their characteristics described. Then, the different
devices of the experiments will be exposed as well as the experimental protocols used in these
experiments. Secondly, the different analytical methods used to measure the pesticides under

investigation and to evaluate the performance of the experiments will be presented.
11 Products used:

I11.1.1 Choice of molecules studied:

In this study we will be interested in two pesticides, the first, Thiabendazole or 2- (4-
thiazolyl). Thiabendazole is a fungicidal agent used to keep mold diseases like rust at bay in
some plant species. It also possesses parasiticidal qualities and is used to treat disorders such as

ascariasis and anguillulosis [95].

As a result, it is employed in agriculture, pharmaceuticals, and as a food additive. In
general, it is permitted internationally for the surface treatment of fruits and vegetables, such as
bananas to guarantee freshness, or citrus fruits (lemons, oranges, and so on) mixed with waxes

applied to their surface.

Fig I11.1 Tecto 500 SC

Tecto 500 SC, a commercial solution used by farmers created by Sygenta, comprises 500

g/L Thiabendazole, with the remainder made up of emulsifiers. 500 SC Tecto.
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The second is Dimethoate, an OPP organophosphate that is widely used in the

Mediterranean region, notably in olive cultivation, because of its efficiency against olive fly

[95,96].

Dimethoate is an OPP insecticide with an indirect mode of action; it is metabolized in the

body to the active metabolite Demithoxon [97], and it poses a significant danger of harmful

health consequences from cumulative chronic exposure in fruits, particularly when fresh fruit

is consumed by youngsters [98].

Table 111.1 Structure of the active molecules in the pesticides studied.

Active Molar mass
molecule Formula il Structure Supplier
(Purity%o) g
Thiabendazole H Alfa Aesar
CioH/NS 201,248 N
(+98%) @[ />_(\/JS Johnson Matthey
N N™
. H-C S
Dimethoate /4 Dr. Ehrenstorfer
CsH12NOsPS; 229.28 R
(<98.5%) HsC—O s~>7 /CHs GmbH Company
NH
0]

Danadim Progress, a commercial solution used by farmers and manufactured by

Cheminova, contains Dimethoate 400 g/L, cyclohexanone (43 % by weight), xylene (13 % by

weight), and emulsifiers (5 % by weight).

Fig 111.2 Danadim Progress
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111.1.2. Photo-catalysts:
In this research, we used Biochem Chemopharma's commercial Zinc Oxide (ZnO)
powder (purity: 99 %) and TiO2 (80% anatase and 20% rutile). This work entails studying the

photodegradation of pesticides in the presence of these semiconductors.

Table I111.2 Physicochemical characteristic of zinc oxide and titanium dioxide

Name Zinc oxide Titanium dioxide
Chemical formula Zn0O TiO:
Appearance White solide (granules) White Powder
Molar mass 81.38 79.866
g/mol

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)minute samples are
made in 5 ml increments. Then passed through the centrifuge to separate the supernatant from
the Zno particles. as for the TiO2 experiments we proceeded to filtering the supernatant as it

was hydrophilic and hard to separate using only centrifugation.

Table 111.3 List of the chemical products used

Products (purity%o) Formula MIBIELT eSS Supplier
(g/mol)
Sulfuric acid (95-97%) H2SO4 98.08 Ridel-de Haen
Sod(iggg())za)tlate Na;C204 133.99 Kokusan Crlﬁgnical Works
pofaifs’:ﬂ%ggai " KMnOx 158.03 Ridel-de Haen
Nit(reisg(;:)ide HNO3 63.01 Ridel-de Haen
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111.2 Photo-reactor (UV-A):
UV-A irradiation was carried out with a Vilbert Lourmat ™ BLX-E365 photoreactor
(figure I11.3) comprising 6 lamps, the device has a wavelength interval [A Min = 355 nm, A Max

= 375 nm] and an adjustable time of up to 180 minutes.

Fig 111.3 Vilbert Lourmat ™ BLX-E365 photo-reactor.

Magnetic agitation of the suspensions examined was performed on average using an
agitator from the brand Speed Safe™ HANNA.

Fig 111.4 Speed Safe™ HANNA.

The calcination was preformed using a Nabertherm L3/11/C6 furnace

52



Chapter 111 — Experimental Devices

Fig 111.5 Nabertherm L3/11/C6

111.3 Methods of Analysis:

111.3.1 The Permanganate index (Oxidability): [99]
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* +8H*+5e —Mn?>*+4H0 (27)
Reduction of the excess permanganate by an excess of oxalate, then determination of the

excess oxalate by permanganate, according to the following reactions:

C204+ MnOs +8 H*+5e —» Mn?* + 2 e+4 H20 +2 CO2 (28)
The overall titration equation being:

2 MnO* +5C20s +16 H* 2 Mn? +10 CO2 + 8 H20 (29)

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
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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, VV 0 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. 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 (P1), expressed in milligrams of oxygen per litre of sample, can

then be calculated as follows:

PI(mg/LO2)=(V1-Vo).t. 81000/ 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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Figll1.6 Experimental protocol for the permanganate index until the pale pink colour is

obtained.

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
[100]. 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 [101].
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» 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:

A =¢C.L =-log T=log (lo/l)
With:

A: Absorbance.

C: Molar concentration.

€. Absorption coefficient.

L: Optical path

T: Transmittance.

| o: incident radiation.

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 analysed as a change of population
between an orbital molecular fundamental HOMO (Highest Occupied molecular Orbital) and
an excited molecular LUMO (Lowest Unoccupied Molecular Orbital) [102]. 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 ultra
violet-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 was performed from 200 to 400
nm (Fig. 111.7) to determine the wavelength which corresponds to the maximum absorption
(Xmax)-
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Fig 111.7 Absorption curve of a solution [THB] = 0.5 mM as a function of the wavelength A.

A max =296 nm

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 AND DISCUSSION

In this chapter the results of the photo-catalytic degradation of Thiabendazole in its
commercial solution as well as in a mixture with another pesticide (Dimethoate) using two

solid catalysts (ZnO and TiOo) will be presented, discussed and compared.

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

IV.1. Thiabendazole Photocatalysis:

IV.1. 1 Photo-degradation:
Initially, we conducted the photo degradation of Thiabendazole using its commercial

solution and changing the parameter of agitation (stirring).

100
80
— 60
X
s Without stirring With stirring
<
O 40
20
0
0 20 40 60 90 120 150 180
Time (min)

Fig V.1 Influence of agitation on the temporal variation of the active phase [THB] of
TECTO during its photo-degradation. Operating Conditions: [THB] o= 0.5 mM, V=250 mL,
T=25°C, UV-A A min= 355 nm, X max= 375 nm].

Fig IV.1 shows that THB does not degrade by photo-degradation and remains stable.
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Fig IV. 2 Influence of agitation on the temporal variation of the permanganate index during
the photo-degradation of thiabendazole. Operating Conditions: [THB] 0=0.5 mM, T =25 ° C,
V =250 mL, UV-A [X min = 355 nm, X max = 375 nm].

From Fig IV. 2, the permanganate index drops to 76% after 2 hours of photo-degradation

without stirring and remains stable when stirring is used.
In The following part we will use two catalysts in their mass form in order to proceed to

the photo catalysis of the THB and its mixture with the DIM.

IV.1. 2 Photocatalysis:
a - Using ZnO:

The first catalyst used is ZnO, several experiments were carried out in order to optimize

the operating conditions in order to eliminate the THB as much as possible.

- Effect of catalyst concentration:

Three concentrations of the catalyst have been selected [ZnO] = 0.5 g/L, [ZnO] = 5¢/L
and [ZnO] =10 g /L, the results are presented below:

60



Chapter IV - Results & Discussion
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Fig 1V. 3 Effect of ZnO concentration on the temporal variation of the active
phase [THB] of TECTO during its photo- catalysis. Operating Conditions: [THB] 0= 0.5 mM,
V=250mL, T =25°C, UV-A [A min= 355 nm, A max = 375 nm].

According to this figure, the degradation of THB reached 22% after 3 hours for 0.5 g/L
of ZnO versus 50 and 60% elimination for 10 and 5 g/L of Zno respectively after 4 hours of the
experience.

M Zno (10g/L) mZno (5g/L) mZno (0,5g/L)

120

Time (min)
= N w (o)) o
o o o o o

o

0 20 40 60 80 100
IP/IP, (%)

Fig IV. 4 Effect of ZnO concentration on the temporal variation of the permanganate index
during the photocatalysis of THB. Operating Conditions: [THB] o= 0.5 mM, V =250 mL,
T=25°C, UV-A ([A min= 355 nm, A max = 375 nm].
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Figure 1V. 4 shows that the PI remains stable for 0.5 g / L of ZnO on the other hand it
decreases to 70 and 68% for 10 and 5g / L of ZnO respectively after 2 hours of photocatalysis,
which leads us to continue our study with [ZnO] =5 g/L.

- pH effect:

The previous experiments were all carried out under neutral pH (7.5) the change of
medium has major consequences on the production of hydroxyl radicals and the behaviour of
the catalyst, for this we carried out two other experiments, the first, under an acidic medium
near the addition of 5ml of HNO3 (0.5M) pH of the solution became 2.58 and the second in a
basic medium with a pH of 11.33 was obtained after adding 2ml of NaOH (1M).

The results are shown in the following Figures:

100 o—e—0—o o ° o—o—@
80 —®—pH=2.58
pH =7.5
g 60 pH =11.33
o
(8]
S~
O 40
20
0
0 30 60 90 120 150 180 210 240
Time (min)

Fig IV. 5 Effect of the pH on the temporal variation of the active phase [THB] of TECTO
during its photocatalysis. Operating Conditions: [THB] o= 0.5 mM, [ZnO] =5 g¢/L, T=25°C,
V =250 mL, UV-A ([A min= 355 nm, X max = 375 nm].

The first figure indicates that the elimination of THB is non-existent in acidic (pH = 2.58)
and basic (pH = 11.33) medium after 3 hours, on the other hand it reaches 60% in a neutral

medium after 4 hours of photocatalysis.

The second figure shows us that the mineralization of the solution reaches 78% after 2
hours of photocatalysis in the basic medium and 62.5% in the acidic medium after only 30 min

but decreases to reach 16% then, this can be explained by the presence of hydroxyl ions in the
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basic medium which increases this mineralization unlike the acidic medium. For the neutral

medium, 31.25% is the maximum value after 90 min.

mpH=11.33 WpH=75 mpH=258
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Fig IV. 6 Effect of pH on the temporal variation of the index permanganate for
photo catalysis of THB. Operating Conditions: [THB]o= 0.5 mM, [ZnO] =5¢g/L, T =25°C,
V =250 mL, UV-A ([A min= 355 nm, A max = 375 nm].

- Influence of the actual effluent (presence of another pesticide):

80
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O 40
20 —0—17no 10g/L —@—1Zno 5g/L
0

0 30 60 90 120 150 180
Time (min)

Fig I\V.7 Temporal variation of the active phase [THB] of TECTO during its photocatalysis in
the mixture with the Danadim. Operating Conditions: [THB] 0= 0.5 mM, V = 250 mL,
T =25°C, UV-A ([A min= 355 nm, X max = 375 nm].
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We used a mixture of two commercial solutions: Tecto (THB) and Danadim (DIM) in
order to understand the influence of the presence of other active molecules in the solution and

thus get closer to the “real effluent” label.

From the results (Fig. V. 7), it can be seen that the photo- degradation of THB in the
mixture is almost non-existent for 5g /L of ZnO, on the other hand it reaches 56% after 3 hours
for 10 g/L of ZnO. This is due to the doubled organic load (mixing) and its need for more
catalyst (specific surface and active sites). Compared with Fig 1V.3, degradation of THB in the
mixture (56%) is a little faster than only in its commercial solution (46%), as a result we found
that the presence of the DIM in the active molecule mixing positively influences the reaction

rate of degradation of THB in the mixture.

A result which confirms what has already been found by other works such as the one
carried out by SD BABA which studied the Photo-degradation in aqueous medium of three
pesticides: Thiabendazole, Dimethoate and Diazinon, (PhD in Science and Management of the
Environment, University of Abobo-Adjamé, November 2012) [103].

B Mixture ETHB
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Fig IV. 8 Temporal variation of the permanganate index during the photocatalysis of THB
and its mixture with DIM. Operating Conditions: [THB] 0= 0.5 mM, [ZnO] =5 g/L,
T=25°C, V =250 mL, UV-A ([A min= 355 nm, A max= 375 nm].

- The degree of reuse of the catalyst (ZnO):
In order to reduce the cost of catalytic processes, the catalyst is often regenerated and

reused, in this experiment we reused our catalyst after a simple washing with distilled water
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and drying in the oven at 150 ° C in order to understand its influence on THB photocatalysis,

the results are shown in the following figure:

\
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Fig V. 9 Temporal variation of the active phase [THB] of TECTO during the photocatalysis
using ZnO several times. Operating Conditions: [THB] 0= 0.5 mM, [ZnO] =5 g/L, V =250
mL, T =25 °C, UV-A [A min= 355 nm, A max = 375 nm].

From these results, we notice that the more ZnQO is reused, the more its catalytic efficiency
decreases, after 1h30, ZnO (50%), ZnO x1 (35%), ZnO x2 (30%) and ZnO x3 (28%) is this is
normal because its structure is influenced by the catalytic act and the number of its active sites
decreases.

- Influence of the calcination temperature:

In order to understand the influence of the calcination temperature on the structure and thus on
the photocatalysis, three temperatures were chosen [..] 400, 500 and 600 ° C, the catalyst was

put in a porcelain crucible is calcinated for 1 hour using a Nabertherm L3/ 11 / C6 furnace.

The degradation of THB reached more than 30% for ZnO calcined at 400 and 500°C, on the
other hand it did not exceed 17% for ZnO calcined at 600°C, this result is confirmed by several

works, in particular those of I. Sugihartono et al [104] and AM.Ismail et al [105].

65



Chapter IV - Results & Discussion

100
80
R T
— 60
X
= —8—400°C
($)
S~ o
O 40 500°C
600°C
20
0
0 30 60 90 120 150 180
Time (min)

Fig V. 10 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
with ZnO calcined under different temperatures. Operating Conditions: [THB] o= 0.5 mM,
[ZnO]=5¢g/L,V =200 mL, T=25°C, UV-A ([A min= 355 nm, A max = 375 nm].

b - Using TiOz:

The second catalyst used is TiO., several experiments were carried out in order to

optimize the operating conditions with the aim of eliminating the THB as much as possible.

- Effect of catalyst concentration:

80
g 60
g TiO2 (100mg/L)
g 40 .
TiO2 (200mg/L)
——Ti02 (500mg/L)
20
0
0 30 60 90 120 150 180
Time (min)

Fig IV. 11 Effect of the TiO2 concentration on the temporal variation of the active
phase [THB] of TECTO during its photocatalysis. Operating Conditions: [THB]o= 0.5 mM,
V =250mL, T=25°C, UV-A [\ min =355 nm, X max = 375 nm].
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Three catalyst concentrations were chosen [TiO2] = 100 mg/L, [TiO2] =200 mg/L and
[TiO2] = 500 mg/L, the results are presented in Fig IV. 11.

The degradation of THB reached more than 30% for 200 mg/L of TiO2 on the other hand
it did not exceed 10% for 100 and 500 mg/L of TiOg, the catalytic efficiency is low compared
to the literature but we remind that we work with the mass form which will lead us to use it in

supported form in the perspectives of this work.
- Influence of the calcination temperature:

In order to understand the influence of the calcination temperature on the structure and
thus on the photocatalysis, three temperatures were chosen [..] 400, 500 and 600 ° C, the catalyst

was put in a porcelain crucible is calcined for 1 hour using a Nabertherm L3/ 11/ C6 furnace.
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Fig V. 12 Temporal variation of the active phase [THB] of TECTO during its photocatalysis
with TiO; calcinated under different temperatures. Operating Conditions: [THB] o= 0.5 mM,
[TiO2] =200mg/L,V=250mL, T=25°C, UV-A ([A min= 355 nm, A max = 375 nm].

Degradation THB has reached less than 10% by TiO- calcinated at 400°C versus 20 % for
the TiO- calcinated at 600°C and 25% for the TiO- calcinated at 500°C.

In this part devoted to TiO, we note that its catalytic power is very reduced and this
because of the form used which is the mass form, it is very interesting to test it in the supported
form in order to exploit its photocatalytic activity to the maximum.
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In the end of this chapter, we noted that: The photocatalysis of THB in aqueous medium

was studied using a photoreactor and two catalysts in mass form under different conditions:

For ZnO, the concentration effect of the catalyst revealed that [ZnO] = 5¢/L is the most
efficient with a THB elimination rate of more than 60% and almost 70% mineralization (IP), as
to the nature of the medium, neutral pH is by far the best condition for eliminating the pesticide.

The addition of another pesticide which is the DIM to have the cocktail effect or the real
effluent influenced the operating conditions and forced us to double the quantity of the catalyst
([ZnQO] = 10g/L) have a better yield of almost 60% but with less time than when the THB is
alone which leads us to deduce that the presence of DIM has positively influenced the

degradation reaction rate of the THB in the mixture.

The comparison of the reduction in the permanganate index shows us that it reaches more
than 40% for the mixture after 2 hours of photocatalysis against 31% for THB alone, this can

be explained by the accumulation of intermediate products in the mixture.

The reuse of the catalyst has shown us that the more the ZnO is reused, the more its
catalytic efficiency decreases, after 1h30, ZnO (50%), ZnO x1 (35%), ZnO x2 (30%) and ZnO
x3 (28%) which is normal because its structure is influenced by the catalytic act and the number

of its active sites decreases.

For TiO., the degradation of THB has reached its best level of more than 30% for 200
mg/L, the catalytic efficiency is low compared to the literature but we remind that we are
working with the mass form which takes us to using it in its supported form in the perspectives
of this work.

And finally, the effect of the calcination temperature is studied and the degradation of
THB reached its best level for ZnO calcined in 400 and 500°C, on the other side it reached 20%
for TiO- calcinated in 600°C and 25% for the TiO5 calcinated at 500°C.

By comparing the two catalysts, ZnO is more efficient in mass form than TiO2 with more
than 60% against 30% removal of THB respectively, although the masses are not the same

(59/L > 0.2 g/L), their cost too, TiOz2 is very expensive compared to ZnO.
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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 photocatalysis of
THB with DIM in an aqueous medium was studied using a photoreactor and two catalysts in

mass form under different conditions and in the end, we noticed the following points:

- For ZnO, the concentration effect of the catalyst revealed that [ZnO] = 5g/L is the most
efficient with a THB elimination rate of more than 60% and almost 70% mineralization (IP),
as to the nature of the medium, neutral pH is by far the best condition for eliminating the

pesticide.

- The addition of another pesticide which is the DIM to have the cocktail effect or the
real effluent influenced the operating conditions and forced us to double the quantity of the
catalyst ([ZnO] = 10g/L) have a better yield of almost 60% but with less time than when the
THB is alone which leads us to deduce that the presence of DIM has positively influenced

the degradation reaction rate of the THB in the mixture.

- The comparison of the reduction in the permanganate index shows us that it reaches
more than 40% for the mixture after 2 hours of photocatalysis against 31% for THB alone,

this can be explained by the accumulation of intermediate products in the mixture.

- The reuse of the catalyst has shown us that the more the ZnO is reused, the more its
catalytic efficiency decreases, after 1h30, ZnO (50%), ZnO x1 (35%), ZnO x2 (30%) and
ZnO x3 (28%) which is normal because its structure is influenced by the catalytic act and

the number of its active sites decreases.

- For TiO, the degradation of THB has reached its best level of more than 30% for 200
mg/L, the catalytic efficiency is low compared to the literature but we remind that we are
working with the mass form which takes us to using it in its supported form in the

perspectives of this work.
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- And finally, the effect of the calcination temperature is studied and the degradation of
THB reached its best level for ZnO calcined in 400 and 500°C, on the other side it reached
20% for TiOz calcinated in 600°C and 25% for the TiO; calcinated at 500°C.

By comparing the two catalysts, ZnO is more efficient in mass form than TiO> with more
than 60% against 30% removal of THB respectively, although the masses are not the same

(59/L > 0.2 g/L), their cost too, TiO2 is very expensive compared to ZnO.

The perspectives of this work are:

- The study of the influence of the structural parameters of the photocatalyst, thus
optimizing the process by combining it with other processes such as adsorption in order to

recover the catalyst and proceed to its regeneration.

- 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.

- Coupling of these two oxides to form a ZnO/TiO2 nanocomposite. The development of

mixed oxide nanostructures is another approach for the photocatalytic degradation.

- 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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Abstract:

Environmental issues with the chemical and biological contamination of water have become a
major concern for society, government, and the industry in the last 30 years. The majority of
domestic and industrial activities result in wastewater that contains harmful pollutants.
Especially 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 to human health. Therefore, techniques to

remove pesticide residues have been developed to reduce the contaminated areas and matrix.

In this context, a study is carried out on pesticides photocatalysis process using two different
catalysts (TiO2, ZnO) of a model molecule (Thiabendazole with Dimethoate). The
disappearance of the organic molecule is measured (60% for ZnO against 30% for TiO,) and
the degree of mineralization of the solution is evaluated by the measurement of global
parameters such as the permanganate index (70% for ZnO). This study is carried out with
commercial solutions also, other parameters that influence the degradation were studied, the
neutral pH is by far the best condition, concentration of the catalysts (5g/L for ZnO and 0.2g/L
for TiO2) and the calcination temperature (400 and 500°C for ZnO, 600°C for TiO,).

Keywords: Photocatalysis, water treatment, hydroxyl radicals, pesticide.



