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1. Background of the study

Water, as an essential element for all forms of life is not available in infinite quantities on
our planet. It is the most important element of the mineral and biological world. It is very
unevenly distributed on the planet (spellman, 2007). It covers more than 71% of the earth's
surface. It is a necessary resource for all human activity and it is a key production factor in
sustainable development (Hinrichsen and Tacio, 2002). Water is becoming more and more
central to strategic interests. All countries will, in the short or long term, have to deal with the
problem of water scarcity (spellman, 2007). It is therefore necessary to have a better knowledge
of existing water resources and their quality (Alcamo et al., 2007).

One of the serious problems in the world is the provision of clean drinking water,
especially in developing countries. Providing potable water to many of the world’s populations is
a continuing challenge for governments and international bodies. It has been the focus of
extensive global effort as exemplified by the United Nations millennium development goals and
more recently in the sustainable development goals (UN, 2022b). It is currently estimated that a
clean drinking water service was available to 74% of the world's population in 2020, up from
70% in 2015. In 2020, it was found that two billion people do not have access to properly
managed drinking water systems, including 1.2 billion of whom do not even have the most basic
level of service (UN, 2022b). These surface waters often contain pathogenic organisms that
cause serious illness and death. These organisms include Vibrio cholerae, poliovirus, Shigella,
Campylobacter, E. coli, and Salmonella recently estimated by the World Health Organization
(WHO) state that contaminated water causes 485 000 diarrhoeal deaths each year (WHO, 2022).

There are many reasons why people do not have access to reliable, potable water, though
in most cases it is a consequence of extreme poverty. The WHO has identified 22
countries where over 10% of the population relies on untreated surface waters.
The majority of these 22 countries are in Sub-Saharan Africa where 10% of the population
still rely on surface waters (WHO, 2017). In these areas where conventional water
treatment options, such as chlorination, are not available or are too expensive, other
traditional methods may be appropriate.

Population growth and economic development are putting unprecedented pressure on

renewable but limited water resources, particularly in arid regions. The population of the globe
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has expanded by more than three times since the middle of the 20th century. Massive
urbanisation is expected to increase the world's population, which depending on the UN projects
will reach 10 billion people by 2059 (UN, 2022a). It is also estimated that by 2025, 1.8 billion
people will live in countries or regions with less than 500 m’ of renewable water per year.
According to prospective studies, pressures on resources are expected to increase and more
countries will be in difficulty in the coming years. Thus, in 2025, almost half the population of
the Mediterranean countries will be in a situation of water stress or scarcity (FAQO, 2007).

When people use water, they not only consume it, but also release some of it into the
environment. This is called wastewater (Crotty, 2004). This wastewater can contain various
pollutants. Water pollution is defined as any physical or chemical change in the quality of water,
while having a negative influence on the ecosystem and living organisms that makes the water
unsuitable for the desired uses (Crotty, 2004; Freeman, 2010). Thus, water is said to be
polluted when its composition is directly or indirectly modified by chemicals, industrial waste or
other such as human action (Freeman, 2010).

In arid and semi-arid areas, where water is a limiting factor for plant production and where
the needs linked to population growth and the increase in the standard of living are increasing,
the volume of wastewater produced is increasing significantly and will continue to increase
regularly. Under these conditions, wastewater can be considered an inexhaustible source. It is the
only water resource that will grow in the future. It is therefore essential to take it into account
and its use must therefore be integrated into the objectives of sustainable development, provided
that it is purified (Arnell, 2004; Alcamo, 2007).

Urban wastewater treatment is part of a process to protect our environment and preserve
our water resources. The choice of treatment process depends on the nature and the quantity of
the water to be treated (Huang et al., 2020). However, wastewater treatment is almost absent in
developing countries due to the high cost of investment and maintenance. There is therefore a
need to find reliable, low-cost techniques that can effectively treat wastewater (Mara, 2013).
There is a growing need to develop more environmentally friendly and appropriate wastewater
treatment technologies whose performance is balanced by environmental, economic and societal
sustainability (Kalbar et al., 2016). To this end, biological and natural processes in wastewater
treatment could be a sustainable alternative in improving the quality of wastewater (Kabore,

2011).
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2. Problematic

Access to safe drinking water is becoming a major concern in many parts of the world,
particularly in rural areas where people are confronted to the poor management of water points,
inadequate hygiene and sanitation, and the lack of appropriate disinfection methods at the family
level. The production of drinking water requires the use of chemicals (Alcamo, 2007), as well as
for wastewater purification (Yin, 2010). Various synthetic coagulants based on aluminium, iron
salts and sodium carbonates are widely used, although their harmlessness to health in the event
of long-term exposure can induce Alzheimer's and many other diseases (Rondeau et al., 2000;
Bondy and Campbell, 2018). Unfortunately, the costs of conventional techniques used in
treatment plants are not sufficient to solve the problem, especially in small communities. This
has sparked worldwide interest in finding a safer and environmentally friendly alternative
coagulant (Yin, 2010; Gautam & Saini, 2020). For this reason, several studies have been
carried out to find ways of making coagulants from plants, in particular Moringa oleifera.

Plants have been used to treat water/wastewater for thousands of years (Kansal &
Kumari, 2014). Nowadays, these natural alternatives are currently investigated and used as
coagulants and disinfectants. Several plants have been considered as eco-friendly coagulants
including Capparidaceae, Papilionaceae and Moringaceae. This last one, although very similar
to the Capparidaceae, forms a family in their own right comprising a genus Moringa with 14
species including Moringa oleifera. All of these plant materials exhibit coagulant or antibacterial
properties. However, Moringa oleifera seeds are perfectly placed to achieve both (Choy et al.,
2014). This tropical tree, which has enormous potential and beneficial properties for mankind,
has considerable importance as a flocculant and disinfectant. Indeed, unlike other natural
coagulants, Moringa oleifera seeds exhibit a natural and more effective flocculent activity with a
turbidity reduction of up to 92-99% (Ghebremichael et al., 2005). It has been proven actually
to be the best natural coagulant yet discovered which can, in fact, replace mineral flocculants,
such as alumina sulphate, which is widely used worldwide (Vilaseca et al., 2014), by the
presence of active cationic proteins, which acts as an adsorbent, coagulant and disinfectant agent
(Moulin et al., 2019). This has given it the property to allow the treatment of drinking water,
wastewater and factory effluents (Kapse & Samadder, 2021; Vunainet al., 2019).

3. Objective of the study

A good understanding of surface water purification processes is very useful for efficient
water resource management. The focus was specifically on the use of the Moringa Oleifera seeds

3
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as an effective coagulant in water and wastewater treatment using different processes. The

principal aims of this work were:

- To identify the best ways of developing Moringa Oleifera seeds cake powder in a view of
economic development, preserving the environment and improving biodiversity.

- To establish parametric coagulation-flocculation in water and wastewater treatment using
the hulled and unhulled Moringa Oleifera seed cake powder;

- To valorise the Moringa Oleifera seeds by-products;

- To develop new applications for MO waste via the synthesis of new nanoparticles with
adsorbent activity.

4. Adopted methodology

The treatment of raw water is complex and requires several steps. First, the coarse waste
must be removed and then the suspended particles must be aggregated. The coagulation process
is the main step. First, a coagulant is introduced, which neutralises the charge of the particles,
and then a flocculent is injected to agglomerate these colloids. The water is then decanted,
filtered and disinfected. This treatment is sometimes combined with other treatments such as
adsorption, to deal with complex phenomena such as eutrophication. The adsorption process
could also be considered as a main treatment, especially for dye removal. These two steps are
brought together by adding the Moringa Oleifera seeds, which act as both coagulant and

flocculent.

In one hand, this work aims firstly; to better document the effect of the influencing factors
of coagulation-flocculation process for an optimum treatment according to different
physicochemical parameters of water/wastewater and to evaluate, according to the obtained
concentrations, the abatement of especially turbidity and suspended solids removal. The study
also aims to evaluate the effect of the treatment on certain physicochemical parameters of

sanitary interest, in particular nitrates, nitrites, phosphorus as well as heavy metals.

On the other hand, valorisation consists of moving away from the traditional linear
economy model of taking natural resources and then throwing them away to a circular economy
model where any material from one production process becomes the raw material for another
process (Dahiya et al., 2018). Through this, the Moringa oleifera seeds wastes have been
recovered for use in water purification as adsorbent. To achieve that, nanoparticles have been

synthetised using Moringa Oleifera seeds waste and then tested in adsorption.
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5. Manuscript Organisation

This thesis manuscript is structured into three principal chapters. The first chapter is

devoted to a bibliographic synthesis on the different nails of the subject treated in this thesis,

itself divided into 5 parts:

Part A dealing with the problem of water pollution and it impacts on the environment;
Part B presents a summary of the plant material used as coagulant, which is Moringa
oleifera.

Part C describes one of the most widely used water treatment methods, which is the
coagulation-flocculation process, highlighting the different parameters reduced and/or
influenced by this treatment process.

Part D presents a second method of water treatment, namely adsorption.

The second chapter was designed on the adopted methodology to provide answers to the

raised questions at the beginning of this dissertation. This chapter was divided on two main

sections. The first one was devoted to the exploitation of the Moringa Oleifera seeds; its

obtaining and the characterization of the prepared coagulants. This section has been divided in

itself in two parts:

Part A, dealing with the application of coagulation-flocculation process using
Moringa Oleifera seeds cake powder in the treatment of surface water coming from
the kissir dam located in the commune of Jijel, in which the coagulation-flocculation
process effective parameters were studied using the Response Surface Method (RSM)
and the neural networks (ANN).

Part B, describing the application of the Moringa Oleifera seeds cake powder in
wastewater treatment using the same approaches at the inlet and the outlet of Sidi Ali

lebhar wastewater plant;

The second section has been reserved to the valorisation of Moringa Oleifera seeds waste

via green synthesis of Moringa Oleifera nanoparticles and its application in the treatment of dye

polluted water. In this section methylene blue was the target textile dye. Each part of this chapter

has been consolidated by a scientific paper submitted or published. The obtained results have

been then illustrated and discussed in the results and discussion section.
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These chapters are also supplemented by a conclusion summarising briefly the main results
and suggests research field for the coming years, since the scope of the subject merits further

development.
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Literature review

Chapter 1

Water pollution

1. Introduction

Governments and international organisations continue to face difficulties in providing
clean water to many of the world's population. It has been the subject of intense worldwide
effort, as demonstrated by the United Nations millennium development goals and, more recently,
the sustainable development goals (UN, 2022b). Although people intuitively associate dirt with
disease and the transmission of disease to pathogenic organisms in polluted water (Gleick,
2002). We now recognise that water pollution is a much broader threat and continues to pose
serious health risks to the public and aquatic life. Water pollution is considered primarily a
threat to human health due to the transmission of bacterial and viral waterborne diseases. In less
developed countries, and in almost all countries in times of war, waterborne diseases remain a
major threat to public health. In developed countries, however, water treatment and distribution
methods have almost eradicated microbial contamination of drinking water (Haseena et al.,
2017).

In this part of the Literature review, we discuss the sources of water pollution and the
impact of this pollution on rivers, lakes and oceans, and the different process for water and

wastewater treatment.

1.1. Water pollution definition
Water pollution or so-called aquatic pollution is the contamination of water bodies, usually
as a result of human activities, in a way that adversely affects its legitimate uses (Bhateria and
Jain, 2016). Water pollution reduces the capacity of the water surfaces to provide the ecosystem
services that it would otherwise provide. Water surfaces include, for example, rivers, lakes,
aquifers, oceans, reservoirs and groundwater (Grizzetti et al., 2016). Water pollution is therefore
the result of the introduction of contaminants into these water surfaces. For example, the

discharge of inadequately treated industrial wastewater into natural waters can lead to the
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degradation of these aquatic ecosystems. All fauna and flora living in or exposed to polluted
water can be affected. These effects can damage individual species and affect the natural
biological communities of which they are a part. Water pollution can also lead to water-borne
diseases in people who use polluted water for drinking, washing, bathing or irrigation (Boelee et

al., 2019).

1.2.Water classification and pollution sources
Water can be classified based on several criteria (Shmeis, 2018). In this section water is

classified based on its origin:

1.2.1. Underground water

When rain falls and seeps deep into the ground, occupying the cracks, pores and crevices
of an aquifer (essentially a groundwater supply), it becomes groundwater. It is one of the least
visible but most important natural resources. Almost 40% of the world's population depend on
groundwater, pumped from the earth's surface, for their drinking water supply. For some people,
especially in rural areas, it is their only source of fresh water. This groundwater is contaminated
when pollutants such as pesticides and fertilizers from landfills and septic tanks, enter an aquifer,
making them harmful to humans and environment. It can be then difficult, if not impossible, to
remove contaminants from groundwater, and this leads to fatal and irreversible consequences.
Once an aquifer is polluted, it may be unusable for decades or even thousands of years.
Groundwater can also spread contamination far from the original source of pollution, seeping

into rivers, lakes and oceans (Harter, 2003).

1.2.2. Surface water

Surface water, which makes up about 70% of the planet's surface, fills the oceans, lakes,
rivers and all the other blue parts of the world map. Surface water from freshwater sources (i.e.
sources other than the ocean) accounts for over 60% of the world's water supply (Ward et al.,
2020). However, a large percentage of this water is at risk. According to the latest global water
quality surveys, almost half of all rivers and more than a third of all lakes are contaminated and
unsuitable for fishing, swimming and drinking. Pollution by nutrients including nitrates and
phosphates represents the main type of contamination of these freshwater sources. Although
plants and animals need these nutrients to grow, they have become a major contaminant due to
agricultural waste and fertiliser run-off. Also, municipal and industrial waste discharges

contribute much of their toxicity through their content of heavy metals, dyes and other toxic
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pollutants. The waste that industry and individuals discharge directly into waterways represent

also essential water pollution sources (Borthakur and Singh, 2020).

1.2.3. Oceans
Eighty percent of ocean pollution, or marine pollution, comes from land, both along the
coast and far inland. Pollutants such as nutrients, chemicals and heavy metals are transported
from farms, factories and cities by streams and rivers to bays and estuaries; from there they move
to the sea and oceans. Meanwhile, marine debris, especially plastic, is blown away or washed
down storm drains. The seas are also sometimes disturbed by oil spills and leaks (large and
small) and are constantly absorbing carbon from the atmosphere. The ocean absorbs up to a

quarter of carbon emissions from human activities (Landrigan et al., 2020).

1.2.4. Point source
When the contamination comes from a single source, this is called point source pollution.
This includes wastewater (also known as discharges or effluents) discharged legally or illegally
from a manufacturer, oil refinery or wastewater treatment facility, as well as contamination from
leaking septic systems, chemicals and oil spills, and illegal discharges. The Environmental
Protection Agency (EPA) regulates point source pollution by setting limits on what can be
discharged from a facility directly into a water body. Although point source pollution originates

from a specific location, it can affect miles of streams and ocean (Wu & Chen, 2013).

1.2.5. Non-point source
Non-point source pollution is represented by contamination from different sources. It can
be agricultural runoff, stormwater, industrial wastewater or debris dumped into waterways by
land. Pollution from non-point sources is the main cause of water pollution, but it is difficult to

organise or control, while there is no single identifiable culprit (Wu & Chen, 2013).

1.2.6. Transboundary
Water pollution cannot be contained by a line on a map. Transboundary pollution occurs
when contaminated water from one country enters the oceans of another country or continent.
Contamination can result from a disaster, such as an oil spill, or from downstream contamination

of industrial, agricultural or municipal discharges (Guo, 2021).

1.3. Impacts of water pollution

Water pollution poses major risks to both human health and environment (Primack and

Morrison, 2013).
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1.3.1. Impact on human health
Water pollution causes many contagious waterborne diseases that are the result of the
fecal-oral route. The health risks resulting from water pollution include diseases such as cancer,
diarrhoeal diseases, respiratory diseases, neurological disorders and respiratory diseases (Halder
& Islam, 2015; Haseena et al., 2017). Poor people are vulnerable to disease due to poor
sanitation, hygiene and water supply. Pregnant women are at greater risk and suffer adverse
effects when exposed to contaminated water chemicals, resulting in increased rates of low birth

weight (Halder & Islam, 2015).

1.3.2. Environmental impacts

Harmful ecosystems are based on a complex network of animals, plants, bacteria and fungi
plants, which directly or indirectly interfere with each other. Damage to these organisms can
create a chain effect and endanger entire aquatic environments. When water pollution causes an
algal bloom in a marine environment, the newly introduced nutrient bloom stimulates plant and
algal growth, reducing dissolved oxygen levels in the water. This lack of oxygen, known as
eutrophication, suffocates animals and plants and can create "dead zones". In that zones water is
essentially devoid of life. These harmful algal blooms can also in some cases create neurotoxins
that affect wildlife of whales and sea turtles (Mareddy, 2017). Water is also contaminated with
several toxic heavy metals and chemicals from industrial and municipal wastewater

(Behbahaninia et al., 2009).

1.4.Polluted water treatment processes
In order to deal with these pollution problems and purify these polluted water resources,
different water/wastewater treatment processes have been developed. These processes are
classified into four different categories: physical, chemical, physico-chemical and biological

treatment (Saravanan et al., 2021).

1.4.1. Physical processes
These methods such as filtration, sedimentation, flotation and skimming are used to
eliminate solids where no chemical components are involved in the process (Cheremisinoff,
1997). One of the main techniques for physical treatment of water/wastewater is sedimentation,
which deals with the suspension of insoluble/heavy particles in water/wastewater. Once the
insoluble solids settle to the bottom, they can be separated from the pure water (O'Melia, 1998).

After sedimentation water has to be filtrated. The sand filter is the most commonly used.
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1.4.2. Chemical processes
As the name suggests, this technique involves the use of chemicals. Chlorine, an oxidising
chemical, is often used to eliminate bacteria that break down water/wastewater by adding
contaminants. Another oxidising agent used to purify wastewater is ozone (Yargeau, 2012). The

chemicals also prevent bacteria reproduction in water (Gupta et al., 2012).

1.4.3. Physicochemical processes
Physicochemical treatment is one of the most effective basic processes for water treatment.
Physicochemical treatment involves a range of techniques that can be carried out consecutively
in a single or in separate unit. These processes are coagulation, flocculation, sedimentation,

adsorption, membrane separation, and oxidation (Gerba and Pepper, 2019).

1.4.4. Biological processes

Several biological processes are used to break down the organic matter present in
water/wastewater, such as soap, oils, waste, etc. In biological treatments, microorganisms
metabolise the organic matter present in wastewater (Yildiz, 2012). Secondary treatments are
required to remove solids from wastewater, but some dissolved nutrients such as nitrogen and
phosphorus may persist. These biological processes are generally more economical,
environmentally friendly, and efficient water treatment techniques (Alenazi et al., 2020). In this
context, a number of natural products such as lime seeds (Seghosime et al., 2017), pods and
seeds of tamarind (Buenaiio et al., 2019), leaves of acorn (Benalia et al., 2019), peels of banana
(Zaidi, 2019), Ipomoea batatas leaves (Kusuma et al.,, 2021 Moringa oleifera seeds
(Ndabigengesere et al., 1995) and many others have been used. The Moringa oleifera seeds
however, are one of the typical natural plant-based coagulants that are extensively explored

because of their effectiveness in treating turbid water (Ndabigengesere et al., 1995).

These producing coagulants may provide socioeconomic benefits to local populations that
depends on agricultural economies, and can maintain a consistent supply of raw materials for the
production of green coagulants. This is the case of Moringa oleifera seeds, rice starch, Nirmali
seeds known by S. potatorum (nirmali), Opuntia ficus indica (cactus), Plantago ovate,
Trigonella foenum graecum (yin, 2010). The Moringa oleifera seeds contain more than just oil,
and similarly to the cassava derivatives (Manihot spp), the waste generated during oil extraction
can be employed as coagulants (yin, 2010). Compared to other coagulants, this is regarded as a
benefit. They are non-corrosive, which removes the possibility of pipe erosion, and have the

potential to be carbon-neutral while manufacturing. At a rate that is nearly five times slower,
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they can all generate sludge, and the produced sludge can be effectively degraded by biological
processes because it is biodegradable (Ndabigengesere et al., 1995). Due to their low toxicity, it
can be used safely as soil fertiliser, which lowers the cost of sludge management (Choy et al.,

2014). With all of these advantages over other biomaterials, the Moringa oleifera seeds are an

excellent coagulant for selection.
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Chapter 11

Moringa oleifera

1. Introduction

Since many years, there has been a substantial global worry about the need to create novel
approaches for treating water/wastewater and supplying enough water to meet this need (Qu et
al., 2013). Actually, water treatment using plants dates back thousands of years (Kansal &
Kumari, 2014), and natural coagulants have long been traditionally used in water treatment
(Choy et al., 2014; Bratby, 2016). Scientific papers have identified several natural materials
used for water purification VIZ plant seeds, fruit waste and bark. A number of effective
coagulants are present in nature, which can be used either directly or after modification. The
seeds of Moringa oleifera and Strychnos potatorum, as well as their leaves and the sap of
Opuntia ficus indica, are among the plants that are frequently studied (Yin, 2010; Kansal &
Kumari, 2014). All of these plant components have coagulant or antibacterial qualities, While

Moringa oleifera seeds have both (Choy et al., 2014).

2. Source, origin and presentation of Moringa oleifera

The origin of Moringa oleifera (MO) is not really unknown, it was cultivated since
antiquity. It is originated in India, south of the Himalayas. It has been naturalised in tropical and
subtropical regions of the world, including many countries. Thanks to its exceptional medicinal
and food virtues as well as its geographical distribution, different populations have attributed to
this tree several names such as “tree of life”, “tree of paradise”, “horseradish tree”, “baguette
tree” (Chukwuebuka, 2015; Bidima, 2016; Abiyu et al., 2018; Bhattacharya et al., 2018).
The attributed names to MO in different countries are illustrated in Table 1. The MO originated
in northern India is now widely distributed in tropical and subtropical countries, mainly in
America, Africa, Oceania and Asia (Figure 1) (Biswas Subrata Kumar, 2012; Oladoja & Pan,
2015; Zhigila et al., 2015; Saini et al., 2016; Brilhante et al., 2017). India is considered the
largest producer with an annual production of between 1.1 and 1.3 million tonnes of seeds per
year (Bichi, 2013). In Africa, the tree has rapidly changed its status. Today, it occupies the place
of a magical tree, which until recently was a hut tree, serving as a hedge or shade, sometimes as

a medicinal or food-gathering plant (Abderrezak & Alim, 2020).
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Figure 1. Geographical distribution of MO worldwide (Saini et al., 2016).

Table 1. List of some vernacular names for MO in some countries (Bichi, 2013).

Language Designation

English Moringa, horseradish tree, chopstick tree, Sujuna, ben tree, ben oil tree.

French ben ailé, ben oléifére, benzolive, arbre radis du cheval; Spanish: ben, arbol del
ben, paraiso, morango, Moringa

Spanish ben, arbol del ben, paraiso, paraiso, morango, Moringa;

Portuguese Acacia acdcia, marungo, muringa, moringuiero; cedro (Brazil);
Arabic ruwag, alim, halim, shagara al ruwag (Sudan);

3. Classification and Botanical description

The MO is a member of the Moringaceae tfamily (Bichi, 2013; Bidima, 2016). With
slender stems, in the form of flasks or as a tree or shrub. This family includes 13 currently
known and morphologically different species. The MO is the most important species but also
Moringa stenopetala and Moringa massif (Abiyu et al., 2018). The taxonomic classification of
MO is illustrated in Table 2. The MO is characterised by tuberous taproots, which explains the
plant's tolerance to drought conditions. Normally umbrella-shaped, the tree has a loose crown
with graceful, airy foliage, whose feathery effect is due to the fine, innate division of the leaves.

The leaves are densely packed at the top of the branches (Bichi, 2013).

In some cases, the MO tree can reach a height of 10 metres. It is a tree with pale grey or
buff bark, sometimes smooth and sometimes rough. The trunk of the MO is 20 to 40 centimetres
long. The fruits of the MO are elongated pods, divided into three valves (Figure 2). The pods are
10 to 15 centimetres long, brown in colour at the mature stage, and may contain up to 12 and 35
round seeds, surrounded by a semi-permeable brown shell. The seed shell is surrounded by
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whitish wings extending from the base to the top. The abundant, pleasant-smelling Moringa

flowers are white or cream in colour, sometimes with reddish spots (Bidima, 2016).

Table 2. Taxonomic classification of MO (Mishra et al., 2011).

Kingdom Plantae

Sub kingdom Tracheobionta
Super Division Spermatophyta
Division Magnoliophyta
class Magnoliopsida
Subclass Dilleniidae
Order Capparales
Family Moringaceae
Genus Moringa
Species Oleifera
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Figure 2. Different vegetative and reproductive parts of MO tree; (a): field grown tree,
(b): bundle of foliage, (c): flowers, and (d) fruit in pods (Saini et al., 2016).

4. Cultivation of the tree

The MO tree can grow in dry and impoverished areas (Abiyu et al., 2018). It can be grown
in arid, semi-arid and hot areas, in temperatures between 25 and 35 °C, but can temporarily
tolerate up to 48 °C as well as light frost conditions in subtropical areas, which allows it to be
grown in several regions around the world including southern Algeria. It is drought tolerant and
grows with annual rainfall between 250 and 3000 mm and at altitudes below 600 m. The MO
tree can be grown in soils with a pH between 5.0 and 9.0, but grows best in neutral. It is also best
suited to well-drained, sandy-clay soils, but can grow in clay soils without standing water. The
soil does not necessarily have to be fertile, as the crop can also thrive in poor soil, starting to
flower 8 months after planting and produce fruit within 15 months (Pereira et al., 2015;

Chukwuebuka, 2015; Abderrezak & Alim, 2020).
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5. Characteristics of Moringa oleifera

The MO has attracted the interest of scientists because of it chemical composition. The

plant showed the presence of bioactive compounds showing the predominance of secondary

metabolites such as phenolic acids, gallic acid, ellagic acid, chlorogenic acid, ferulic acid,

glucosinolates, flavonoids, quercetin, vanillin and kaempferol, which give the plant special
nutritional, pharmaceutical or antimicrobial properties. However, the content of these

metabolites in MO extract varies according to geographical location, soil type, sun exposure and

climatic conditions (Brilhante et al., 2017). Table 3 shows the macro-nutrient composition of

MO seeds.

Table 3. The MO macronutrient composition (Brilhante et al., 2017).

MO (g/100g of plant material)

Nutrient components

Leaves Pods Seeds
Proteins 25.0-30.3 6.7-43.5 29.4-38.3
Fats 00.1-10.6 0.1-05.1 30.8-41.2
Carbohydrates 00.1-43.9 0.1-38.2 00.1-21.1
Fibres 00.1 —28.5 0.1-27.0 00.1-07.2

Table 4.The amino acids content in the different parts of MO tree (Brilhante et al., 2017).

MO (g/100g of plant material)

Amino acids

Leaves Pods Seeds
Arginine 0.4-1.8 0.36 4.5
Histidine 0.1-0.7 0.11 23
- Leucine 04-2.2 0.65 6.7
S  Lysine 0.3-1.4 0.15 1.5
5 Méthionine 0.1-0.5 0.15 2.4
5 Phénylalanine 0.3-1.6 0.43 4.0
Thréonine 0.1-1.3 0.39 3.1
Tryptophane 0.1-5.2 ND* 1.6
Valine 0.4-1.4 0.54 43
Alanine 1.8-3.0 ND 6.9
R Aspartate 1.4-2.2 ND 5.0
& Cystéine 0.01-0.10 ND 2.0
S  Glutamate 2.5-2.5 ND 20.9
&  Glycine 1.3-1.5 ND 10.9
£  Proline 1.2-1.4 ND 4.5
7 Serine 1.0-1.2 ND 4.4
Tyrosine 0.01-2.60 0.08 1.6

ND* : not determined

Among the different nutrients of MO proteins represent the most important range

occupying 25% of dry weight and at least 19 amino acids have been identified in this plant

(Anwar et al., 2007). The amino acids content is shown in Table 4. The high nutritional content
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of the leaves is due to the presence of the lipid compounds linoleic acid and palmitic acid (Moyo
et al., 2011). Lipids are very abundant in the seed, mainly stearic acid, saturated palmitic acid

and oleic acid, representing about 30% of the dry weight (Abdulkarim et al., 2005).

6. Moringa oleifera’s applications

Thanks to its high quality composition, MO has a variety of applications including:
pharmaceuticals, cosmetic, human food, animal fodder (processed leaves and cakes), alley
cropping (biomass production), fertiliser (cakes), living fences, household cleaning products
(crushed leaves), fuel wood, and others (Chukwuebuka, 2015; Daba, 2016; Brilhante et al.,
2017). Since that, all parts of MO have become widely used, well adapted, and of great economic
important (Daba, 2016). However, for many years, several studies have been looking at the
potential of its seeds and pods for water treatment (Camacho et al., 2017; Yamaguchi et al.,

2021).The most popular applications of MO are:

6.1.Nutritional applications

In Asia and Africa, the leaves, fresh pods (fruits) and seeds of MO are consumed and the
roots are used as spice (Velazquez-Zavala et al., 2016). Protein, fibre, carbohydrates, amino
acids, vitamins, carotenes, tocopherols and minerals have been identified in the plant, and the
most abundant element is potassium (Velazquez-Zavala al., 2016). The obtained oil from the
seeds has nutritional value and is suitable for frying due to its stability and high oleic acid
content. In the leaf, linoleic acid is the most dominant acid, while in the rest of the plant it is
palmitic acid (Agoyi et al., 2014) and even omega 3 and 6 acids (Ayerza, 2012). The leaves are
very nutritive, thus new-borns and nursing mothers especially those from developing nations or
regions where malnutrition is a problem are strongly advised to consume them. This is due to the
increased risk of nutritional deficits in both classes. Infants are in a key developmental stage, and
pregnant women and nursing moms require a steady supply of nutrients. It is known as the
"Mother's Best Friend" due to its use to boost women's milk supply (Estrella et al., 2000;
Siddhuraju & Becker, 2003; Anwar et al., 2007). For this, MO has been recommended by the
United Nations (UN) to supplement the human diet (Velazquez-Zavala et al., 2016). It is also
important to point out that numerous studies have demonstrated the versatility of MO 's major
sections in producing foods for human consumption, such as cake (Kolawole et al., 2013),
yoghurt (Hekmat et al., 2015), amla (Karim et al., 2015), weaning foods (Arise et al., 2014),
bread (Chinma et al., 2014), Soups (Babayeju et al., 2014) and biscuits (Alam et al., 2014).
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6.2.Applications in the pharmaceutical field

One of the most beneficial trees in the world is the MO, which may be used for both
medical and industrial reasons (Khalafalla et al., 2010). It contains over 90 chemical nutrients,
including proteins, fats, carbohydrates and dietary fibre. In the tropical regions, it is used as a
food source to overcome malnutrition, mainly in children and infants (Brilhante et al., 2017). It
is traditionally used for the treatment of a number of diseases, including convulsions, diarrhoea,
as a diuretic and stimulant in paralytic conditions, epilepsy, hysteria and high blood pressure
(Shah et al., 2011). The medicinal uses/benefits of MO cannot be exhausted. This is because
almost all parts of the tree have been used in traditional medical contexts. The flowers, leaves
and roots are used for the treatment of ascites, rheumatism, venomous bites and as heart and
circulatory stimulants in folk remedies (Chukwuebuka, 2015). Leaves have a very important
role in reducing liver and kidney damage caused by the use of certain drugs such as gentamicin,
pyrazinamide, rifampicin, isoziazide and acetaminophen (Sharifudin et al., 2013; Toppo et al.,
2015). The oil is applied externally for skin diseases (Chukwuebuka, 2015). The roots of the
young tree as well as the root bark are rough and blistering (Anwar & Bhanger, 2003). The
juice of the leaves is used in case of hiccups (emetic in high doses); the cooked leaves are given
in case of flu. The root bark is used as an antiviral, anti-inflammatory and analgesic. The bark
and flowers are hypoglycaemic. The seed infusion is anti-inflammatory, antispasmodic and
diuretic, and is also used for venereal diseases. The seed infusion is anti-inflammatory,
antispasmodic and diuretic, and is also used for venereal diseases (Mishra et al., 2011). Moringa
supports also a healthy cardiovascular system, promotes normal blood sugar levels, neutralizes
cancer-causing free radicals, provides excellent support for the body's anti-inflammatory
mechanisms, enriches anemic blood and supports the immune system (Mahmood et al., 2010;
Razis et al., 2014). It also improves eyesight, mental alertness and visual acuity. It has potential
beneficial effects on malnutrition, general weakness, nursing mothers, menopause, depression

and osteoporosis (Mahmood et al., 2010).

6.3.Applications in the energy field
Globally, the overuse of fossil fuels has led to rising energy demand as well as
environmental problems like global warming. As a result, alternative energy or fuel sources need
to be developed and improved. It has been suggested that bio-derived oil (biodiesel) could be
used in addition to or in substitute of petroleum-derived oil. Due to the lack of sulphur and
aromatic chemicals, biodiesel emits fewer monoxides, hydrocarbons, and particulates into the

environment. More specifically, biodiesel can reduce developing countries' excessive
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dependence on imported petroleum-based diesel (Karmakar et al., 2010). Approximately 45%
of the weight of a MO seed kernel is oil. This oil can be consumed, used to make cosmetics, and
for lubrication. Additionally, following prolonged storage, MO seed oil is resilient to oxidative
decay (Ofor & Nwufo, 2011). The oil has potential for other industrial applications in addition
to its current use in industry as a fine lubricant due to its fatty acid profile and high oleic acid
content. It can therefore be used for biodiesel production (Nayeripour & Kheshti, 2011). The
oil can be used as an alternative energy source that is accessible, technically feasible,
economically viable and environmentally acceptable. It can be used as a biomass feedstock for
the production of biodiesel (Biswas, 2008). Biofuels from this plant have reduced carbon

monoxide emissions as well as hydrocarbon emissions (Mofijur et al., 2014).

6.4.Application in the cosmetic field

The MO oil has been presented as an excellent emollient and with high oxidative stability.
As a natural product, MO seed oil has been commonly used for topical skin application since
ancient times until today. It has been demonstrated that MO seed oil is effective at removing
wrinkles from the skin and is a crucial component of perfumes and lotions (Lalas & Tsaknis,
2002). It is also used to moisturise and regenerate skin and in hair care products. Ancient
Egyptians utilised the oil in ointments and skin preparations (Mahmood et al., 2010). Now,
there is a growing trend to replace synthetic products and return to the use of natural oils in the

cosmetic and pharmaceutical industries (Kleiman et al., 2008).

6.5.Cooking applications

The fruits of the young pods are very tasty and can be eaten boiled like beans. The dried
seeds can be ground into powder and used to season sauces (Foidl et al., 2001). They can be
eaten like peas, boiled or fried while still green. The MO seed oil is widely used as vegetable oil
or for the production of soap and cosmetics (Sanchez-mechado et al., 2010). The MO roots are
thick and soft. They are generally used to make a condiment similar to horseradish (Stone et al.,
2011). The MO flowers can be eaten blanched or raw as an ingredient in a salad (Foidl et al.,
2001). They can also be used to prepare a tea of very high nutritional value (Price, 2007). They

are used in crushed form to make a paste which is then fried.

6.6. Application in water/wastewater treatment
Medicinal and nutritional applications are not the only ones to be developed for MO. The
coagulant effect of MO seeds is one of the most important properties of the plant (Brilhante et
al., 2017), and the most frequently mentioned application of MO is the use of the seeds to clear

19



Part 1 Literature review

and purify water (Ndabigengesere & Narasiah, 1998 a; Okuda et al., 2001), but their use has
been employed in different processes. The coagulation caused by the seeds may have been
caused by adsorption or colloidal charge neutralisation (Vieira et al., 2010; Vijayaraghavan et
al., 2011). The functional groups found in "side-chain amino acids of the proteins" from MO
seeds are what cause water to become clearer (Sotheeswaran et al., 2011). As chemical
coagulants used to purify water are dangerous to people and environment, frequently expensive
and are linked to illnesses like cancer and Alzheimer's (Mallevialle et al., 1984; Martyn et al.,
1989). Natural coagulants are used as a substitute for these synthetic coagulants. The MO seeds

instead of chemical coagulants have been utilised to provide clean water (Jahn et al., 1986).

In the field of water treatment, MO seeds are used to reduce the concentrations of metals
such as: copper, iron, zinc, aluminium, magnesium and lead. The advantage of using MO is that
this treatment does not alter the pH, dissolved oxygen and hardness of the treated water; but it
does slightly increase the total alkalimetric titre (TAC) and consequently the calcium ion content
of the treated water (Fatombi et al., 2007). Additionally, MO seeds exhibit strong antibacterial
properties, making them useful against a variety of bacterial and fungal organisms since they
include active ingredients such polyelectrolytes and other proteins (Ndabigengesere &
Narasiah, 1998 b). It also eliminates alkalinity, hardness and acidity (Mangale et al., 2012).

For these purposes, MO seeds can act as a coagulant, flocculent or bio-adsorbent:

6.5.1. Moringa oleifera as a biocoagulant
The MO seeds act as a coagulant for organic matter suspended in water and are used in
water treatment plants for natural cleaning before other cleaning processes. At this stage, the
activity of MO seeds is more stable at different pH ranges compared to the activity of the
conventional coagulant most commonly used in water treatment plants (Okuda et al., 2001;

Brilhante et al., 2017).

As well, among the constituents of MO seeds, it can be mentioned that the basic
polypeptide, which is more precisely a set of active cationic polyelectrolyte with a molecular
weight of 12-14 kDa. Such a positively charged polyelectrolyte neutralises colloids in turbid
waters since most of these colloidal materials are negatively charged. A single seed of MO may
be sufficient to purify 1 L of slightly contaminated water, and two seeds for 1 L of heavily

polluted water (Foidl et al., 2001).

Coagulation-flocculation is the most studied process involving the use of MO seeds, and

results have shown that it is a natural coagulant with high efficiency, low cost and
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environmentally friendly. However, studies have been increasingly intensified to understand how
the coagulation mechanism occurs, identify the proteins that coagulate water pollutants, and

isolation techniques (Baptista et al., 2015; Boulaadjoul et al., 2018; Yamaguchi et al., 2021).

6.5.2. Moringa oleifera as a bioflocculant
The MO seeds have been used as a potential bio-flocculent in several studies. The MO
seeds were used as flocculent to remove heavy metals, algae, and volatile organic compounds
from the liquid being treated. They are also used to clean vegetable oils, irrigation, tap water, and

wastewater (Kumari et al., 2006; Sengupta et al., 2012).

The active component derived from the crushed and defatted seeds of MO seeds is a
soluble protein that contains a natural cationic polyelectrolyte that causes flocculation.
Conventional and developed methods have been used to obtain the MO seeds extract. The
extraction have been carried out using solvents as Hexane, ethanol, etc. other advanced

extraction techniques were used as supercritical liquid extraction (Yusoff et al., 2019).

6.5.3. Moringa oleifera as bioadsorbent
Due to the wide application of MO seeds for the above processes, the other parts of this
plant can be considered as landfill waste. In this sense, some studies report the use of these
materials for other types of water treatment, such as adsorption, which report their use as natural
and chemically or thermally modified substances to remove various emerging pollutants,
including heavy metals, dyes, pesticides, drugs. These studies have shown good removal of these
pollutants, making MO an interesting precursor for the development of a promising technology

(Quesada et al., 2019; Cusioli et al., 2021).
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Chapter 111

Coagulation-flocculation process

1. Introduction

Groundwater and surface water contain dissolved, suspended and colloidal particles. The
part of the water containing suspended solids is separated using coagulation and flocculation.
The coagulation-flocculation process is the most widely used process among the
physicochemical treatments for water/wastewater. It involves the use of chemicals that can alter
the physical state of colloidal particles (very fine particles < 10 pum in size), which helps to make
them more stable and coagulable for further treatment or for membrane filtration. The suspended
solids in water have a negative charge, and because they have the same surface charge, they
repel one another when they are in close proximity. Because of this, suspended solids will
remain in suspension and not clump together and settle out of the water, unless appropriate
coagulation-flocculation is applied. This treatment method has been used for over a century in
conjunction with biological treatment methods for water/wastewater treatment (Zouboulis &
Tzoupanos, 2010). It has been successfully used for wastewater treatment, industrial water
treatment, and wastewater sludge conditioning as part of pre-treatment while increasing
efficiency at low costs. Physicochemical treatment can have a considerable influence on the

biodegradation potential of organic matter in water/wastewater (Teh et al., 2016).

The effectiveness of the treatment depends on several aspects and on physicochemical
properties of the water to be treated and the size of the suspended particles in that water. Very
fine colloidal particles are highly stable and cannot be removed by physical or chemical
techniques. The reason for this stability is that these materials have electrostatic surface charges
of the same sign (usually negative). This indicates that repulsive forces are created between
them, preventing their aggregation and sedimentation. It was therefore impossible to separate
them by sedimentation or flotation (physical processes). However, separation by
physicochemical treatments was possible. The coagulation-flocculation process was generally
the most used in water/wastewater treatment to reduce or eliminate turbidity, colour, suspended

solids and pathogens (Barrera-Diaz et al., 2018).
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2. Physicochemical investigated parameters

2.1. Suspended solids (TSS) and colloidal particles
Solids are present in water in three main forms: suspended particles (or suspended solids),
colloids and dissolved molecules. The suspended particles, such as sand, plant material and silts
are classified by size from very large particles down to particles of a typical size of 10 pm.
Colloidal particles are very fine particles, typically ranging from 10 nm to 10 um (Figure 3).

Dissolved molecules are present as individual molecules or ions (Koohestanian et al., 2008).

Suspended solids, abbreviated as TSS, are small solid particles that remain suspended in
water as colloids or due to water movement. This parameter is used as an indicator of water
quality. TSS is an important parameter, as various pollutants and pathogenic microorganisms are
transported on the surface of particles. The smaller the particle size, the larger the total surface
area per unit mass of particles, and the higher the pollutant load that is likely to be transported
(Turner & Millward, 2002).

1E-10 1E-08 1E-06 1E-04 1E-02
1 nm 1pym 1mm
Molecules
Colloids
[ Suspended solids
Viruses
Pathogen
protozoair
Bacteria

Figure 3. Size range of solids in water (Koohestanian et al., 2008)

Suspended solids are either of natural origin, linked to precipitation or of anthropogenic
origin and then supported by atmospheric deposition and/or by municipal and industrial, urban,
agricultural, or domestic effluents. TSS are linked to the soil use from which they originate and
to the resulting phosphorus content, as well as to the mechanism of their transformation
according to the season or the climatic and hydrological conditions. They include all undissolved

matter in suspension in runoff water. In addition, TSS and solids transported in watercourses
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derive from erosion of the outer surface of soils due to the movement of runoff water or

rainwater (Rosenwinkel et al., 2001).

2.2.  Affinity of colloidal particles for water

Colloidal particles in which the dispersed components have an affinity for the dispersing
medium are called lyophilic, while those that repel the dispersant are called lyophobic.
Lyophobic colloids are characterised by the absence of bonds between the dispersant and the
dispersed phase. When the dispersant is water, these colloidal materials are called hydrophilic or
hydrophobic, respectively. Hydrophilic colloids absorb water, swell and can give rise to a
particular type of colloid known as a gel. Elsewhere, the liquid appears to be totally absorbed
into the dispersed phase. A gel has the appearance of a solid. It is gelatinous and elastic, such as
gelatine. These colloids are usually composed of macromolecules dispersed in water (Eagland,

1973).
2.3.  Stability of colloids in water

The stability of colloidal materials is determined by the suspended particles remaining in
water and depends on the interaction forces between the particles. These are particularly
electrostatic interactions and Van der Waals forces, since they both contribute to the overall free

energy of the system (Bender, 1958; Eagland, 1973).

Stables colloids Unstable colloids

s [N

B0 40
o o o N
o ¢ Ol % . .
3
0 o0 dh£

ﬂn ]

° .8 u'!unun#;na

Figure 4. Examples of stable and unstable colloidal dispersion (Rakshit et al., 2021).

A colloid is stable if the interaction energy due to the attractive forces between the
colloidal particles is less than kT, where k is the Boltzmann constant and T is the temperature. If
this is the case, the colloidal particles will repel each other or have a weak attraction, and the

particles will remain in suspension (Figure 4). If the interaction energy is greater than kT, the
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attractive forces will prevail and the colloidal particles will start to agglomerate. This process is
usually called aggregation, but also flocculation, and coagulation. Although these terms are often
used interchangeably, they have different meanings in other definitions. In contrast, coagulation
can be used to describe an irreversible and permanent aggregation where the forces holding the
particles together are stronger than any external forces generated by agitation or mixing.
Flocculation can be used to describe reversible aggregation involving weaker attractive forces,
and the aggregate is usually called floc. However, the term precipitation is generally reserved to
describe a phase change from a colloidal dispersion to a solid (precipitate) after a disturbance.
Aggregation causes sedimentation or cremation, and the colloid become unstable. If one of these

processes occurs, the colloid will no longer be a suspension (Rakshit et al., 2021).

3. Coagulation process

Coagulation represents the process of colloidal particles agglomeration; using chemicals
such as aluminium sulphate, ferrous sulphate, ferric chloride, aluminium chloride, etc. It has
been used in the past for the treatment of distillery wastewater. Chemical Coagulants with
opposite charges to those of the suspended solids are added to the water to neutralize the
negative charges on non-settlable solids (such as clay and color-producing organic substances).
Coagulation is achieved by different mechanisms such as compression of the ionic layer,
adsorption and neutralisation of the charge, particle entrapment-precipitation and inter-particle
bridging, which reduces Zeta potential and consequently decreases the repulsive forces between
the negatively charged colloidal particles (Jiang, 2015). In the last years, even natural coagulants
called bio-coagulants like MO, Cactus and Tanfloc are used in coagulation process (Amran et

al., 2018).

3.1. Compression of the double layer
In this mechanism, coagulants (ions) normally in high concentration are added to the
system when similarly charged ions (negative charge) of the coagulants are repelled, but the
positively charged ions are attracted by the initial charge of the colloidal materials, causing the
compression of the diffuse double layer. As a result, the reduction of the diffuse double layer
with a high concentration of counter ions of the coagulants causes the energy barrier of a
colloidal system to be overcome, and eventually destabilised (Rakshit et al., 2021). The double

electronic layer is illustrated in Figure 5.

25



Part 1 Literature review
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Figure 5. Double electronic layer (Rakshit et al., 2021).

a. Adsorption and neutralisation of charges

In this case, neutralisation of the colloidal particles charge is achieved by the addition of
oppositely charged molecules that adsorb onto the outer surface of the colloidal particles. Once
the charge is neutralized, the small suspended particles are capable of sticking together.
These slightly larger particles are called micro-flocs, and are not visible to the naked eye. Water
surrounding the newly formed micro-flocs should be clear. If not, coagulation and some of the
particles charge have not been neutralized, and more chemical coagulants may need to be added.
However, excessive addition of such molecules (coagulant) can lead to the restabilization of the
system by the residual charges of the added molecules after having neutralized the initial charges
of the colloidal particles (Zheng et al., 2017; Rakshit et al., 2021). The neutralisation charge,

the particle flocculation, the bridging and adsorption are illustrated in Figure 6.

(b)

Figure 6. Illustration of (a) neutralisation charge, (b) bridging and adsorption, and (c) particle
flocculation (Zheng et al., 2017).
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b. Particle trapping and precipitation
In this mechanism, the added metal salts such as aluminium sulphate, ferric chlorides, and
calcium oxides, precipitate as hydroxides, in which the colloidal particles become trapped and

precipitate (Dongyu et al., 2018) (Figure 7).

Figure 7. Colloidal particle trapping (Koshani et al., 2020)

c. Inter-particle bridging
This mechanism was proposed by Lamer in 1963, where long-chain charged polymer
molecules are added to a colloidal system (water to be treated). This mechanism is based on the
theory that one charged end of the polymer molecule attaches to a site on a colloidal particle and
the other end extends to the bulk solution. If the other end attaches to another colloid, then an
effective bridge between two colloidal particles has occurred (Figure 8), resulting in their

precipitation together (Koshani et al., 2020).

Negative
Colloidal
Particles

Figure 8. Bridging between colloidal particles (Koshani et al., 2020).
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4. Flocculation process

Flocculation is a water treatment process in which suspended solids and colloidal particles
form larger particles, called macro-flocs to be removed from water. This process can occur
simultaneously, or by adding chemicals. These chemical compounds are characterised by a high
molecular weight such as polymers (polyelectrolyte, polyglutamic acid, polyaluminium chloride,

chitosan etc.) that allow the agglomeration of colloidal particles (Chong, 2012).

5. Parameters influencing coagulation-flocculation

Factors influencing coagulation-flocculation include the source, composition load, size,
shape and density of suspended particles, which vary considerably. The correct application of
coagulation-flocculation processes and the selection of coagulants depend on understanding the
interactions between these parameters (Bratby, 2016; Saritha et al.,, 2017). The main

parameters influencing the coagulation-flocculation process are:

5.1. Water pH

The pH measurement of water samples is a very vital. Chemical parameter that defines the
acid or alkaline properties influences similarly the turbidity level of water samples (Gautam et
al., 2021). The pH of water plays a fundamental role in the kinetics of the coagulation reaction.
Most water treatment plants using chemical coagulants adjust the pH of raw water by adding
acid solutions or CO». The predominance of a particular hydrolysis species during destabilization
is very largely dependent on the pH value. For a given colloidal suspension, it is logical to
consider that there is a particular hydrolysis species that are most effective for destabilization,
either by virtue of the charge carried or the absorptivity of the species. Adjusting the pH to a
range where the most efficient coagulant hydrolysis species are formed is essential to produce
optimal coagulation. Lower pH values, between 5.5 to 7.5, can be used to retain the positive
hydroxyl of hydrolysed species of the chemical coagulant. Higher pH values would give
hydroxide salts a chance to be generated and precipitate afterwards. Hence, the pH values may
dictate the coagulation mechanism in question. Generally, it is not allowed to have a final pH of
the treated water much below 6.5 to avoid problems caused by the acidity of the water. On the
other hand, the pH of the raw water can be adjusted before treatment by the coagulation-

flocculation process, but it cannot be controlled during the reaction (Bratby, 2016).
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5.2.  Turbidity

Turbidity is generally caused by suspended matter, such as clay, silt and finely divided
organic and inorganic matter. In addition, it can include biological organisms such as algae,
zooplankton, cyanobacteria, and filaments. It is considered as the measurement of the relative
clarity of water (Davies-Colley & Smith, 2001). It is recommended that turbidity must be
reduced as low as possible, depending on the type of water. Turbidity is not a direct measure of
the concentration of suspended solids in water, but rather it is a measure of the light scattering
impact caused by these particles. Since several parameters affect the intensity of light scattering
intensity, such as particle size, distribution, shape, refractive index and adsorption capacity, of
the particles, they could change its measurement value (Kitchener et al., 2017). Turbidity is a
good indicator of water quality. The species causing turbidity could have different consequences
on raw water quality; inorganic particles such as silt, clay and natural precipitants. All these
particles can increase or decrease the pH and the alkalinity of water/wastewater, and can be
sources of micronutrients and influence the Zeta potential. Although organic species as well as
animal debris and humic substances, could be sources and of micro-organisms. They give taste
and odour, serve as precursors for the formation of chlorine or ozonated compounds, can form
complexes with toxic elements, affect pH and finally could protect colloidal materials. The
presence of organic matter in water can lead to a high demand for disinfectant, an increase in
several water characteristics such as chemical oxygen demand (COD) and biochemical oxygen
demand (BOD), and as results, a decrease in water quality, and a high dose of coagulant will be

required (Davies-Colley & Smith, 2001).

5.3. Temperature
Industrial discharges have different temperatures depending on the nature of the process
and the reason for using the water. Similarly, raw water from rivers and lakes undergoes seasonal
variations in temperature throughout the year. This can have a direct impact on the various

characteristics of water, in particular density, viscosity and Zeta potential (Bratby, 2016).

5.4. Coagulant concentration
Regardless of the type or the nature of the used coagulant, the concentration can be
increased or decreased depending on the type and the value of turbidity and other effluent
parameters (Bratby, 2016). The dosage of the coagulant, particularly metal coagulants, has a
significant impact on the mechanisms responsible for particle destabilisation later (Teh et al.,
2016). The common trend is that the dose increases with increasing turbidity and decreasing

temperature. However, an excessive dosage of coagulant will lead to a decrease in turbidity
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removal (Dotto et al., 2018). In general, inadequate or excess dosages of coagulants or
flocculants can lead to poor performance of coagulation-flocculation process. In addition, a
higher amount of coagulant has a negative effect by producing additional sludge that needs to be

treated later (Teh et al., 2016).

5.5. Coagulation stirring speed

The importance of agitation speed and its effect on the coagulation-flocculation process is
often hidden by chemical overdosing in water treatment plants. This parameter can play an
important role in the coagulation-flocculation process because operators can manipulate or
change the speed and the time of mixing. The fast stirring provides the necessary kinetic energy
for the particles to overcome the energy barrier and allow collision between colloidal particles
(Bratby, 2016). Several stirring times can be set. During the rapid mixing (coagulation) ranging
from 0.5 to 5.0 minutes, the dispersion of the coagulant in wastewater is carried out, but also the
initial stage of coagulation in the water/wastewater is carried out too. In this initial stage of
coagulation, the particles collision will take place and consequently the formation of aggregates

will take place too (Bratby, 2016).

5.6.  Flocculation Stirring speed

Stirring, commonly referred to mixing, is an important stage in the coagulation-
flocculation process used to treat water and wastewater. Both quick and slow mixing are
possible. To guarantee homogeneous coagulant dispersion into effluent for effective treatment,
rapid mixing is primarily used (Teh et al., 2016). Mixing is essential, especially when treating
wastewater with high turbidity level, as it speeds up the adsorption and floc formation by
increasing the likelihood of particle collisions. In the flocculation step, the floc sweeping and
bridging mechanisms will take place (Bratby, 2016). For this, the stirring speed of flocculation
is different and lower than that of coagulation. The Fast and slow mixing time has an effect on
the size and strength of formed flocs. Greater floc growth was possible with relatively shorter
quick mixing times, but the flocs were less shear resistant (less compact), whereas treatments
with longer fast mixing times produced stronger but smaller flocs. For this, the choice of the

appropriate mixing regime by treatment plants can improve the coagulation-flocculation process.

5.7. Agitation type
Agitation in the coagulation-flocculation process can be modified either by changing the
type of mixer or by changing the agitation mode in terms of time and intensity. Researchers have

found that the geometrical shape of the agitators' propellers plays an important role in the
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flocculation process, while others have shown that the flocculation kinetics depends on the type

of mixers (Teh et al., 2016).

5.8.  Settling time

The overall efficiency of the process is influenced by the strength and settling speed of the
flocs created during the coagulation-flocculation treatment (Teh et al., 2016). The flocs serve as
a medium for settling and separating treated effluent from suspended particles in wastewater,
which transports them to the wastewater's bottom. It is not ideal to produce little flocs during the
coagulation-flocculation process because of their fragility, slower settling velocity, and
difficulties in separating them from the effluent (Bhatia et al., 2006; Renault et al., 2009). The
type of coagulant or/and flocculent used in the treatment as well as the type of water/ wastewater
have a significant impact on the settling capacity of flocs formed following the coagulation-
flocculation process. Flocs settling is highly dependent on the floc size generated during the
treatment. Larger floc sizes can be produced using flocculants, which leads to quick settling. The
main mechanisms for forming macroflocs from mechanically bridged microflocs during rapid
settling remain polymer adsorption and bridging involving long-chain polymers during

flocculation (Teh et al., 2016).

6. Coagulants and flocculants
The success of coagulation-flocculation process does not only depend on these parameters
but also on the right choice of the utilized coagulants and flocculants. Chemicals, specifically
coagulants or flocculants are introduced to water to play a significant part in the coagulation-
flocculation process (Pang et al., 2011). For this, understanding the aqueous chemistry after the
addition of coagulants and flocculants to the raw water is considered a key parameter for

evaluating the performance of the utilized products (Yin, 2010).

6.1. Coagulants
The coagulation and flocculation entail the addition of chemicals to change the physical
state of dissolved and suspended materials and make it easier for sedimentation to ensure their
removal (Verma et al., 2012). The different coagulants used for the treatment of dam water,

industrial or municipal wastewater are classified in two categories according to their nature:

- Chemical coagulants

- Natural coagulants (bio-coagulants)
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6.1.1. Chemical coagulants

Aluminium sulphate, ferric sulphate, and cationic polyelectrolytes are examples of
coagulants that work by bringing the colloidal system's Zeta potential down to a level where the
colloidal particles can collide and eventually coalesce as a result of gradual agitation. Anionic
and non-ionic polyelectrolytes can greatly facilitate the construction of much larger flocculated
particles that will settle more rapidly and produce less turbid effluent. In this way, anionic and
non-ionic polyelectrolytes are called "coagulant aids" or "auxiliary coagulants" (Ranade &
Bhandari, 2014). When aluminium sulphate (Al,(50,)318H,0) dissolves in water, some of the
aluminium goes into true solution as the trivalent aluminium ion (AI**). If there are colloidal
particles with a negative surface charge, the trivalent aluminium ions, as well as other aluminium
species such as AI(OH)" and AI(OH)**, will be attracted to these negatively attracted charged
surfaces and remove the negative surface charge, which means that they will remove the Zeta

potential (Harif et al., 2012).

In one hand, there are other metal salts that dissolve to produce trivalent ions, such as
aluminium chloride, ferric sulphate, and ferric chloride. These metals are able to coagulate
colloidal suspensions with similar efficiency to that of aluminium sulphate. In the other hand,
salts that produce divalent ions after dissolution, such as manganese sulphate or calcium
chloride, have also an effect on reducing the Zeta potential and possible coagulation, but with

much lower efficiency than the difference in ionic charge (Tang et al., 2016).

6.1.2. Natural coagulants

Natural coagulants, or so-called bio-coagulants, have gained popularity in the field of
water and industrial wastewater treatment due to their advantage over chemical coagulants.
Natural coagulants are derived from plants (whether plant or not), animals or microorganisms.
Now, several effective coagulants that are of plant origin are identified. The most common
coagulants include MO seeds, Hibiscus sabdariffa (Roselle seeds), Dolichos lablab (Hyacinth
bean), Nirmali seeds, watermelon seeds and cactus species. The disadvantages of chemical
coagulants have led to the search for alternative coagulants from a natural source that are
environmentally friendly and sustainable in their use and production. The main advantages of
natural coagulants are that they are renewable, biodegradable, non-toxic and cost-effective.
Although many studies have proven the effectiveness of bio-coagulants in wastewater treatment
applications. However, their use on an industrial scale is still tentative (Gautam & Saini, 2020).
Bio-coagulants contain functional groups that contribute to the surface charge. The molecular

weight of the natural coagulant is very important for the bridging of particles. If the molecular
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weight of the bio-coagulant is higher, it can form solid bridges with colloidal particles and leads

to the formation of strong flocs and possibly improving sedimentation (Ang et al., 2020).

Natural coagulants are composed of carbohydrates, proteins and lipids. The main building
blocks are polymeric polysaccharides and amino acids. According to previous research, the main
mechanisms governing coagulation activity are charge neutralisation and polymer bridging
(Wibowo & Nurcahyo, 2021). Natural coagulants have different mechanisms of action, like
adsorption and charge neutralisation, inter-particles bridging, adsorption and bridging, and
charge neutralisation and bridging (Yin, 2010, Vijayaraghavan et al., 2011; Saranya et al.,
2014; Kumar et al., 2017).

6.2.  Flocculants

The main function of a flocculent is to make suspended particles stick together very
strongly after coming into contact (after the coagulation stage). This effect is achieved by the use
of very high mass polymers, capable of forming molecular bridges between adjacent surfaces.
Chemical flocculants are very effective and widely used in industry. For large-scale use, a
flocculent must meet certain key requirements: it must be effective, relatively low cost
environmentally safe and readily available. According to this, flocculants are divided into too
main groups; inorganic flocculants and the organic polymeric flocculants. Only certain inorganic
flocculants such aluminium sulphate and ferric salts can be used on a large scale as coagulants
and flocculants. Many other effective organic flocculants have been developed, but none are as

cheap as the commonly used inorganic salts (Chatsungnoen & Chisti, 2019).

6.2.1. Organic flocculants
Organic flocculants are mainly polymers. Polymers with an anionic or cationic charge can
behave as polyelectrolytes. The non-ionic polymers are uncharged. They can be synthetic or
natural. The natural polyelectrolytes include cationic polysaccharide starch, chitosan (cationic
polymer) and poly-y-glutamic acid polypeptide (cationic polymer). Among the synthetic
polyelectrolytes, polyacrylamides (cationic or anionic) are widely used. Polyelectrolytes work by
combining neutralisation of the cell surface charge and surface of particles to form flocs (Ajao et

al., 2018).

The effectiveness of polyelectrolyte flocculants is influenced by the following factors: the
molecular weight or chain length of the polymer; the density of the molecule; the dose used; the
concentration of biomass; the ionic strength, solution pH; and stirring speed in the fluid. Higher

molecular weight polyelectrolytes (longer chain polymers) are better bridging agents. A high
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charge density tends to unfold the polymer molecule, which improves its ability to surface
charge on suspended particles and its bridging performance (Niaounakis & Halvadakis, 2006;

Ajao et al., 2018).

Cationic polyelectrolytes such as chitosan can induce effective flocculation of colloidal
particles in fresh wastewater at low doses. A dose of chitosan in the range of 1-10 mg/L can be
very effective. The flocculation efficiency decreases in more saline environments, as in these
environments the polymer molecule tends to fold back on itself, requiring a higher dosage. The

pH of 7 is optimal for flocculation, in low salinity media (Yang & Wang, 2018).

6.2.2. Inorganic flocculants

Inorganic salts of multivalent metals are effective flocculants as they are efficient
coagulants. Aluminium-based flocculants include aluminium sulphate, aluminium chloride,
sodium aluminate, aluminium chlorohydrate and polyaluminium chloride. Iron flocculants
include ferric chloride, ferric sulphate, ferrous sulphate and ferric chloride sulphate. A high dose
of the inorganic flocculent is generally required for flocculation of suspended particles in a
medium with a high ionic concentration compared with the concentration required for
flocculation in a freshwater medium. Aluminium salts are generally more effective than ferric
and zinc salts due to the fact that the low ionic radius of aluminium results in a higher surface

charge density (Chatsungnoen & Chisti, 2019).
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Chapter 1V

Adsorption process

1. Introduction

Adsorption is one of many techniques that are successfully used for the removal of
different pollutants (Carmen & Daniela, 2012). This unit operation is important in many
natural and industrial systems, such as fundamental biological studies, separation and
purification processes, upgrading of chemical compounds, catalysis and waste treatment
processes. It can replace other separation processes and contribute effectively to eliminate
pollutants from aqueous solutions (Jena et al., 2004). Several parameters can intervene in the
adsorption phenomenon, which can act separately or simultaneously. The complexity and
diversity of adsorption mechanisms make the study of this process more difficult (Hu & Xu,

2020).

2. General information on adsorption

Adsorption is a mass transfer process which is a phenomenon of sorption of gases or
solutes onto solid surfaces. The adsorption on solid surfaces is explained by the fact that
molecules or atoms have residual surface energy due to unbalanced forces. When some
substances interact with the solid surface and make collision between each other, they are
attracted by some unbalanced forces and remain on the solid surface (Wang & Guo, 2020). The
term "adsorption" comes from Latin. It means that material’s molecules can lead, at the end of
the phenomenon, to the accumulation or elimination of the molecules of phase "A", in the
vicinity of the zone of contact with phase "B". In other words, adsorption is a separation method
in which natural or synthetic adsorbents are used, such as precipitates of iron or aluminium
hydroxides, ion exchangers, metal oxides such as iron, manganese and titanium, zeolites,
activated carbon and natural red clay (Curko et al., 2016). Due to its low cost and great
effectiveness, adsorption is commonly used as separation method, particularly in environmental
remediation (Wang & Guo, 2020). Adsorbent materials are characterized by maximum surface
area covered by a minimum volume of adsorbent. The efficiency of the adsorption process is
determined by the physical and chemical properties of the soluble substances and the solid
surface (Figure 9). The adsorbent materials commonly used include activated carbon, zeolites,

aluminium, scavengers, lignite coke and; bentonite (Kosmulski, 2001; Curko et al., 2016).
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Figure 9. Illustration of the adsorbent, the adsorbate and the active sites (pores) (Inglezakis et
al., 2020).

3. Types of adsorption
According to the different adsorption forces, the adsorption process can be divided into
two categories: physical adsorption and chemical adsorption (Hu and Xu, 2020; Wang & Guo,
2020).

3.1.Physical adsorption
Physisorption involves physical attraction resulting from electrostatic interactions and
relatively weak non-specific Van der Waals forces having low adsorption energy of no more
than 40 kJ/mol. Physically adsorbed molecules can diffuse along the surface of the adsorbent and
are generally not bound to a specific location on the surface. While these molecules are weakly
linked, physisorption is easily reversible and exothermic (Webb, 2003; Kecili & Hussain, 2018;
Wang & Guo, 2020).

In contrast to chemical adsorption, physical adsorption, under favourable temperature and
pressure conditions, will take place on all surfaces. It can even end up with the formation of

several layers of adsorbed molecules (Wang & Guo, 2020).

3.2.Chemical adsorption
Chemical adsorption, also known as chemisorption on solid materials is achieved by high
electron sharing between the adsorbent surface and the adsorbate to create a covalent or ionic
bond. As such, chemical adsorption is not fully reversible and requires high energy to be
regenerated (Webb, 2003; Bell et al., 2010). Chemical adsorption, however, is highly selective
36



Part 1 Literature review

and only occurs between certain adsorbent and adsorbed species and only if the surface of the

adsorbent is chemically active and cleaned of previously adsorbed molecules (Webb, 2003).

Indeed, in the typical case, this mechanism only takes place if the adsorbent can come into
direct contact with the surface. It is therefore a single layer process. Exceptions may exist if the

adsorbent is highly polar such as ammonia (NH3) (Webb, 2003).

Physical and chemical adsorption can occur on the same surface simultaneously; a layer of
molecules can be physically adsorbed on a lower chemically adsorbed layer, and sometimes the
same surface can exhibit physisorption at a given temperature and chemisorption at a higher
temperature (Webb, 2003). Physical adsorption and chemical adsorption are not isolated and
often occur together. In wastewater treatment technology, most of adsorption process is the result
of several types of adsorption processes. Due to the influence of the adsorbents, adsorbates and
other factors, a certain form of adsorption may dominate over the other (Hu and Xu, 2020).

Table S shows a comparison between both adsorption categories.

Table 5. Comparison between physical and chemical adsorption (Kecili & Hussain, 2018; Hu
and Xu, 2020).

Adsorption categories

Physical adsorption Chemical adsorption
Adsorption force Van der Waals force Chemical bonding strength
Selectivity Non-selective adsorption Selective adsorption
Adsorption layer Single or multilayer Monolayer
Adsorption temperature Low temperature High temperature
Adsorption speed Rapid Slow
Stability Unstable Stable

4. Description of the adsorption mechanism

Adsorption defines the property of certain materials to fix molecules or ions to their
surface in a more or less reversible way. The utilized compounds have a porous structure giving
them a large specific surface. The pollutants are therefore physically and/or chemically bounded
to the active sites found on the pores of the adsorbent. Once the adsorbent is saturated, it will
need to be regenerated. This implies physical and/or chemical and sometimes even thermal
treatments to break the bonds formed between the adsorbed elements and the adsorbent. In
addition, the adsorbent regeneration is done in order to restore all or part of the adsorbent and its
adsorption capacity. The adsorbent regeneration allows its reuse and thus reduces operating costs

(Webb, 2003; Kecili & Hussain, 2018).
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5. Adsorption Kinetics
Generally, adsorption represents a dynamic phenomenon. It is considered to be the
partition of a solute containing a liquid phase into a solid phase made up of all the solid

constituents in the form of an adsorbent. Desorption is simply the reverse phenomenon (Wang

and Guo, 2020).
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Figure 10. Transport processes during adsorption by a porous adsorbent (Tran et al., 2017).

The transfer from a liquid phase (containing pollutants or contaminants to be eliminated) to
a solid phase is necessary for the adsorption process. This transfer requires retention of
suspended and soluble molecules in the aqueous solution. The mentioned retention is observed
through contact at the adsorbent surface. Adsorption consists in four main phases (Qiu et al.,

2009).

- Transfer of molecules (very fast);

- Displacement of the pollutant molecules in the aqueous phase contact with the adsorbent

(fast);
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- Diffusion of water into the adsorbent under the influence of the concentration gradient
(slow);

- Adsorption of pollutants or particles into the microporous of the adsorbent (very slow).

The transport processes during adsorption by a porous adsorbent is illustrated in Figure 10.
The study of the kinetics and thermodynamics of the adsorption process is crucial in order to
estimate the adsorption mechanism. For these reasons, adsorption kinetic models such as pseudo-
first order, pseudo-second order are widely applied to adsorption systems (Kecili & Hussain,

2018).

6. Adsorption isotherms

The adsorption isotherm is represented by a curve of the quantity of the adsorbed
pollutants on the surface of the adsorbent. This curve is function of the adsorbate concentration
or the partial pressure at a constant temperature. These isotherms are used to obtain precise
information on the interactions between the molecules to be adsorbed and the surface of the
adsorbents (Kecili & Hussain, 2018). According to the classification of IUPAC (International
Union of Pure and Applied Chemistry), adsorption isotherms can be categorized into six types
based on the isotherm shape of adsorbate-adsorbent pairs (Al-Ghouti & Da'ana, 2020). The

most used isotherms are:

6.1.Langmuir Isotherm

In 1932, Irving Langmuir presented the adsorption model that bears his name "Langmuir
Isotherm" (Kecili & Hussain, 2018). It is the most widely used isotherm. This adsorption
isotherm model was originally developed for the description of gas adsorption on solid phase
adsorbate. According to Langmuir theory, adsorption process onto a solid surface is based on a
kinetic principle in which a continuous bombardment process of molecules onto the surface with
corresponding molecules’ desorption or evaporation from the surface with zero accumulation
rate at the surface (Al-Ghouti & Da'ana, 2020). This isotherm simulates the monolayer
adsorption of the adsorbate onto a homogenous adsorbent surface. The constants of the
Langmuir isotherm have specific physical meanings that can successfully describe the maximum
capacities and the surface properties of the adsorbent (Guo & Wang, 2019). This isotherm is
based on the following main approaches (Kecili & Hussain, 2018):

- Adsorption occurs at specific binding sites which are located on the surface of the
adsorbent.
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- All adsorption sites on the adsorbent surface are identical.
- Adsorption will take place on a single layer or so-called monolayer of the adsorbed
molecules.

- There is no interaction between the adsorbed pollutants on the surface of the adsorbent.

6.2. Freundlich Isotherm

The Freundlich isotherm model, however, is used to describe another hypothesis of multi-
layer adsorption of heterogeneous molecules on the adsorbent surface (Kecili & Hussain, 2018).
It is used to represent nonlinear adsorption phenomenon. It is one of the most widely used
isotherms in adsorption (Wang & Guo, 2020). Freundlich isotherm model expression defines
the heterogeneity of the surface as well as the exponential distribution of the active sites and the
active sites energies. The Freundlich model describes the adsorption condition at which the
equilibrium coverage fraction is about 50%. This model was originally developed for animal
charcoal adsorption. It demonstrated that at different concentrations of the solution, the ratio of
the adsorbate onto certain adsorbent mass was not constant (Al-Ghouti & Da'ana, 2020). Both
chemical and physical adsorption can be represented by the Freundlich isotherm (Wang & Guo,
2020).

7. Parameters influencing adsorption
The adsorption process depends on various factors that can influence the retention kinetic
and the capacity of the adsorbate on the adsorbent. For a better adsorption, the following

parameters should be optimised:

7.1.Effect of pH
The pH of a solution is one of the key parameters influencing the adsorption capacity of
different pollutants (Pokhrel & Viraraghavan, 2008). Pollutants have different behaviours in
aqueous solutions and, consequently, their efficiency in removing different contaminants.
Variations of solution pH can impact not only the degree of protonation but also the properties of

the surface (charge and functional groups) of the adsorbent (Olatunji et al., 2015).

7.2. Temperature effect
Temperature is also considered as an important parameter for the study of adsorption
process. This factor is directly involved on the mechanism of adsorption. Basically, there are two
major effects of temperature on the adsorption process (Olatunji et al., 2015). The increase of

temperature involves the increase of adsorbate molecules diffusion through the outer boundary
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layer into the inner pores of the adsorbent particles (EI-Rahman et al., 2006). For the same
reason, the change in the temperature of the adsorption system results in a change in the
equilibrium capacity of the adsorbent for a particular pollutant (Wang et al., 2005). Therefore, if
the adsorption rate increases with increasing temperature, the mechanism controlling the process
is considered endothermic. Otherwise, the adsorption process is exothermic (Olatunji et al.,

2015).

7.3.Effect of contact time

The contact time affects the adsorption process considerably. The study of the pollutant
adsorption on a solid support in aqueous solution involves the determination of contact time
which corresponds to the adsorption/desorption equilibrium or to a state of equilibrium or of
saturation of the support by the substrate. In addition, the contact time can influence the
economic efficiency of the process as well as the adsorption kinetics. Therefore, contact time is
another performance factor governing the adsorption process (Iftekhar et al., 2018). Variations
in contact time lead to changes in the optimal adsorption efficiency of pollutants (Olatunji et al.,

2015).

7.4.Effect of the initial concentration of the adsorbate
This is another important parameter that determines the amount of adsorbate to be linked to
a particular adsorbent. The removal efficiency of a pollutant and the adsorption capacity of each
adsorbent depend strongly on the relationship between the pollutant and the adsorbent. This last
one, in turn, is a function of the initial adsorbate concentration in the solution and the pores or

adsorption sites existing on the adsorbent surface (Yagub et al., 2014).
7.5.Effect of ionic strength

Ionic strength is the difference between the effective concentration (activity) and the analytical
concentration of a solution. This difference is due to Coulombic interactions between the
different ions of the solution under study. The greater the number of ions in solution and the

greater their charge, the greater the difference is.

Industrial and natural water contains a lot of salts. These can have a considerable effect on the
adsorption and therefore the elimination of certain organic and inorganic pollutants. The effect of
ionic strength on adsorption depends on the type of the adsorbent and the adsorbate. For
example, in the adsorption of phosphate, increasing the ionic strength of the solution increases

the adsorption of phosphate to magnetite particles. It was also observed that the polyelectrolyte
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dissolved in the presence of phosphate at high ionic strength presents a globular structure which
is preserved after adsorption with substantial effects on the buildup of the multilayer

system (Zappi et al., 2019).
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Material and methods

Experimental work schedule

This chapter outlines the different materials and methods used to carry out this work.
Specific experimental designs and procedures are presented in the relevant chapter. All
laboratory work was performed at the University of Bejaia with the majority undertaken in

Laboratory of ecology and hydraulics laboratory.

In order to encourage energy efficiency and renewable energy sources, the Algerian
government created a national program for integration of beneficial vegetation, for the years
2011-2030. The MO tree was one of the trees introduced and planted in the Algerian Sahara.
The MO implantation was very successful due to its rapid growth, climatic adaptation to the
Sahara, fertilizing impact on the nutrient-poor soil, and fruit production after one year of
establishment (Boulal et al., 2019). Based on the presented background, it is obvious that the
growing of MO trees in Algeria could lead to new research in fields like environmental
protection through the use of the MO seeds in water and wastewater treatment. Its usage as a
flocculent and or coagulant is both cost-effective and advantageous because, unlike other
materials, it helps to preserve the environment. This work has been divided into three main parts.

The work schedule for this thesis is illustrated in Figure 11.

Moringa oleifera

Qeds cake powdb < Seeds husk >

Figure 11. Experimental work schedule

Dam water
treatment

Wastewater
treatment
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Section 1

Seeds cake powder exploitation

1. Introduction
In this section the seeds of MO have been used after oil extraction in the coagulation-
flocculation process. The obtained MO seeds coagulant was used in dam water purification and
urban wastewater treatment. The principal idea in this section is to operate the hulled and
unhulled seeds in water clarification because of long time required for husking the seeds as well
as the amount of labour required. In order to achieve these objects, the experimental work was

structured as:

- Obtaining the MO seeds powder;
- Characterization of the MO seeds powders;

- Application in dam water and wastewater treatment.

2. Coagulant powder preparation
Two coagulants have been prepared. For this purpose, good quality and dry MO seeds were
harvested in Jun 2018 from Tamanrasset region in southern Algeria. The MO seeds have been
sorted to get rid of impurities and parasitized seeds. The seeds were then dried at 25°C for 4
hours to decrease the humidity and facilitate oil extraction. The utilized seeds were divided into

two groups: shelled and unshelled seeds.

In order to get the defatted MO seeds cake powder the method of cold pressing has been
selected. Cold pressing was performed with a cold press machine. Given that the solvent
extraction method has drawbacks such as being hazardous, expensive, and causing a lot of
environmental damage, cold pressing method was applied to extract the abundant vegetable oil
from the MO seeds. The usage of mechanical systems is justified by their ecological benefits and
their capacity to adapt to ongoing operations (Richter et al., 1996). This method has the
advantage that it is easy to use, has quick process realisation, which results in a short process
time, use of small amounts of raw materials, application of various oilseeds, and low cost. Rich
press cake providing protein is also produced as a by-product (Singh & Bragale, 2000). For all

these reasons, cold expression method was chosen for the MO seeds defatting (Figure 12).
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Figure 12. Cold extraction of the MO seeds oil.

The defatted cake (the solid phase) was collected, milled and sifted through 0.5mm sifter.
Two types of coagulant powder were obtained and named MO-DS and MO-NDS for the MO
hulled and unhulled MO seeds, respectively (Figure 13). The soft obtained powder has been

stored in hermetically sealed glass jars and stored at +4°C until use.

Figure 13. The MO seeds cake powder preparation.

3. Coagulant powder characterization

The characterization and the evaluation of seeds and plant tissue is turning into
increasingly more essential method to achieve fundamental understanding of plant physiology as
well as the determination of its structural framework (Budevska et al., 2003). The
physicochemical richness of the MO seeds cake powder can widely affect its structural
framework, as well as the understanding of its mechanism of action. The aim of the
characterization work is to elucidate the disposition of different functional groups of two kinds

of MO seeds cake powder. Thereupon, samples were characterized by Fourier Transform
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Infrared spectroscopy (FT-IR), the X-ray fluorescence (XRF). A detailed elemental analysis of
the plant was completed by the inductively coupled plasma mass spectrometry analysis (ICP-

MS).

3.1.Structural analysis

3.1.1. Fourier Transform Infrared spectroscopy analysis

The FT-IR analysis was carried out to explore the surface functional groups of the obtained
samples. The FT-IR spectra were recorded on Thermo-scientific, Nicolet 6700 FTIR system with
a DTGS-KBr (Deuterated Triglycine Sulphate with potassium bromide) detector. About 3 mg of
the MO seeds cake powder already stored at +4°C were homogenised with 100 mg of KBr by
means of an agate mortar and pestle, the powder was pressed into pellets using a KBr press (ICL
international, USA). FT-IR absorption spectra were recorded in the 4000400 cm™' range. The
data were collected at 8 cm™! resolution, and each spectrum was a result of 64 scans. The
different positions of the vibration bands of the main functional groups and inorganic compounds

identified in this work were presented on spectra in the section results and discussion.

3.2.Elemental analysis

3.2.1. X-ray fluorescence analysis

The elemental analysis was carried out using the X-ray fluorescence (XRF) technique in
order to examine the microelements and traces elements in the MO seeds cake powder samples.
This analysis was conducted to explore the MO seeds powders content of heavy metals. The MO
seeds cake powder samples were compressed in a standardised sample chamber under
standardised conditions. Analysis was conducted using energy dispersive X-ray fluorescence
(ED XRF). A dispersive energy X-ray fluorescence spectrometer (HORIBA, XGT-5000) was
used to analyze the plant tissue in both samples. A maximum current of 0.380 mA and a voltage

of around 50 keV were both reached by the device.

3.2.2. The inductively coupled plasma mass spectrometry analysis

The inductively coupled plasma mass spectrometry (ICP-MS) method was used to conduct
the multi-elemental analysis. To eliminate organic material, both MO seeds cake powders were
burned at 600°C for two hours in a muffle furnace. Each sample was digested using a solution of
(1+1) HNOs and (1+4) HCI, totalling around 1g. The acid digestion was carried out in triplicate.

The analysis was performed by ICAP RQ Thermo Qtegra with CETAC ASX-560 configuration.
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The analysis was conducted on Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, and Pb (US-EPA, 1994). The

resulting calibration curves were used to calculate mineral element concentrations.
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Chapter 1

Application in dam Water treatment

1. Application goals
The specific aim of this part of the study is to apply the use of the obtained coagulants in
dam water purification by coagulation-flocculation process. Through this, the efficiency of both
coagulants was identified by modelling turbidity removal for the simulated dam water using
dehulled and unhulled MO cake powder extract, and determining the parameters that influence
the process to produce the best performance. Also, evaluating the relative efficacy of RSM and
ANN methods, as well as illuminating the connections between the process parameters were

important aspects of this part.

2. Sampling
The sampling operation was carried out on a daily basis. Water samples were collected
from Kissir dam situated in Jijel town (36° 47’ 29” North and 5° 40" 46" East) of Algeria, over
the period from December 2021 to March 2022 (Figure 14). The Kissir dam water is located in a
mountainous area. Becoming operational in 2011, the dam is used to supply drinking water to the

town population counting more than 637 000 inhabitants.
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Figure 14. Location of the Kissir dam.

The dam can hold 60 million m* of water, which is mostly utilised for agricultural and

drinking water. The dam managers had difficulties to deal with the turbidity level which
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increases during the heavy rainy season. For this, turbidity was among the most important
parameters in the study. Sampling was done in clean bottles, at a rate of 12 litres per day. Once
at the laboratory, the MO seeds cake powder coagulation-flocculation method is used to treat
these materials. Table 6 displays the physicochemical properties of the captured raw water that

were investigated.

Table 6. Physicochemical characterization of the used raw water.

Parameter Raw water values Algerian norm for potable water (JORADP, 2011)
pH 7.79 £ 0.03 >6.50 and <9.00
Conductivity 200.00 +£1.55 200.00 —2800.00 uS/cm
Turbidity 9.30+1.82 <5.00 NTU

3. Coagulant solution preparation
The MO seeds cake aqueous solution has been prepared according to Baptista et al (2015),
by dissolving 20 g of dehulled or unhulled MO seeds cake powder in 1 litre of deionised water.
The mixture was vigorously stirred for 30 minutes, producing a milky-looking pale liquid as a
result. This liquid has been filtrated using the filter]l to get a clear MO seeds solution. This
aqueous solution was daily, prepared before each use (Figure 15). The doses of the used MO

seeds cake solution are taken from this stock solution.

N

== P — !

MO seeds cake Distilled
powder water Strong agitation MO seeds cake

Filtration powder extract

Figure 15. Preparation of the MO seeds cake powder solution.
4. Water treatment methodology
In order to optimise the coagulation-flocculation process, the Jar Test method was used
(Figure 16). To ensure quality control and repeatability of readings, the test was run in

triplicates.
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Figure 16. The applied jar test in the MO seeds cake powder efficiency trials.

One litre of dam water was used for each trial. Both preparations of MO seeds cake
solution were used, each at increasing concentrations. The coagulant doses have been fixed
through preliminary trials, which are based on the analysis of the influencing factors of
coagulation-flocculation process. The influencing parameters were individually examined in
single factor experiments to cut down on the amount of the experimental work. The concept was
to maintain a constant value when one variable wasn't being researched. To achieve this, the
employed concentration of the MO seeds cake solution in each test has ranged between 10 and
50 ml/L. The doses of 10 to 50 ml per 1000 ml of raw water were derived from a stock solution
of 20 g/L. The stirring speed was ranging between 100 and 250 rpm for the fast stirring and
between 20 and 80 rpm for the low stirring. Water samples were homogeneously mixed and kept
in touch with the coagulant thanks to the quick mixing. However, slow mixing allowed the
suspended matter to collide with enough energy to break through the energy barrier and bind
together to form a bigger colloid. The treated water was let to settle for 30 to 120 minutes. These
parameters were all tested with both coagulants. Before any physicochemical analysis, all

samples were filtered. Table 7 illustrates the coagulation-floculation process set parameters.

Table 7. Factors and levels for FFD (in coded and uncoded levels of variables)

Factors Code Minimum (- 1) Maximum (+1)
Dosage X4 10 mL 30 mL
Fast mixing X, 100 rpm 200 rpm
Slow mixing X3 40 rpm 80 rpm
Settling time X, 30 min 90 min
Seeds kind X5 USCP* DSCP**

*: unhulled seeds cake powder, **: dehulled seeds cake powder
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5. Experimental optimization
In order to determine the parameters influencing the coagulation-flocculation process using

both coagulants, the response surface method and the neural network method were used.

5.1.Response surface methodology

5.1.1. Experimental design

To assess the impact of coagulation-flocculation operational parameters on turbidity
removal, pH, and conductivity fluctuations, five main factors were picked: VIZ coagulant dose,
fast mixing, low mixing, settling time and seeds kind. The impact of these five chosen
components and their interactions were studied using a two-level full factorial design (Goupy
and Creighton, 2006; Mukerjee and Jeff Wu, 2010). Actually, widely developed linear
models are applied in different areas of control engineering. But as most of the real time systems
are ill-defined and uncertain in nature, system modelling based on conventional linear system
tools is not appropriate for such systems. Chemical, electrical power, water treatment and other
largescale industrial plants are complex systems consisting of many interconnected subsystems
presenting a wide range of different properties. Factorial design is the statistical technique
employed here for designing experiments where several factors (main factors) are controlled and
their effects are investigated at each of two levels, as well as their interactions. This makes it an
effective instrument that, in comparison to other experimental designs, offers the most thorough
understanding of the behaviour of the system. It comprises the greater precision in estimating the
overall main factor effects and interactions of different factors (Jankovic et al., 2021). In full
factorial design every setting of every factor appears with every setting of every other factor.
They are also, strong candidates in examining treatment variations. This mathematical model
includes the assessment of linear influence of the individual factors and also the influence of
factor interactions. This type of experimental design is known for its easy procedure, flexibility
and low set up cost (Ahmad et al., 2007). It requires a good choice of factors number, if greater
than 5 it gets more complicated and the interactions are misinterpreted. However, through the
choice of 5 factors, there were enormous diversity in combinations, and because of that it was
easy to explain, dissect, and ascribe the response amount variation to every potential cause,
giving the process a nearly realistic representation. The FFD model can be then used as reliable

benchmarks for comparing the characterization of other designs (Jankovic et al., 2021).

In the FFD method, many experiments could be integrated into one rather than doing a

number of individual experiments. In an experiment, each of the input variables was normally
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assigned to two levels. These levels are referred to as high (+1) and low (-1), respectively. Table
7 shows the experimental and coded levels discovered during preliminary tests, as described in
the section on jar test investigations. In this work, the coagulation-flocculation process using MO

seeds cake powder was modelled using 35 runs, three of which were in centre points.

Turbidity, pH, and conductivity measurements were used to determine treatment
effectiveness. According to Haaland (1989), the effect of a factor is defined as the change in
response produced by change in the level of the factor. For the experimental design, the obtained

polynomial equation is shown below (Eq.1):

+ b3 X3 X5 (Eq.- 1)

5.1.2. Validation

Once the optimum values have been obtained and in order to evaluate the models'
suitability, further water treatment trials were carried out under the FFD's ideal predictions. The
experimentally collected data was contrasted with the regression model's anticipated values. At
this point, the idea was built on doing experiments using brand-new parameters, evaluating the
results, and contrasting the various response values with the expected values. Experiments were

conducted in triplicate.

5.2.ANN Methodology

5.2.1. ANN Modeling technique

The ANN modelling technique is an advanced data-driven modelling technique that is
skilled at simulating the complex and nonlinear interactions among the observable data sets
without necessitating a complete physical understanding of the natural systems. It has an
adaptable mathematical topology (Adamowski and Sun, 2010). The ANN research has
advanced significantly since the 1980s, and ANNs are now used extensively (Ding et al., 2013).
The core idea behind the ANN technique is inspired by the brain's learning mechanisms and
derives from an analogy of incredibly simplified mathematical models of biological neural
networks (Jean et al., 2004; May and Sivakumar, 2009). The biological brain is fundamentally
different from the traditional digital computer in its structure and information-processing
methods. The biological brain is significantly more sophisticated and superior than traditional

computers in many ways. The ability of a biological brain to "learn" and "adapt," which a
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traditional computer lacks, is its most important point of differentiation. Conventional computers
execute predetermined tasks based on "programs" or "softwares" that have been installed into
them (Sazli, 2006). The ANN method is able to generalize from historical data and examples to
come up with meaningful explanations for problems (Jean et al., 2004; May and Sivakumar,
2009). It provides important assistance with data organization, classification, and summarization.
Additionally, it aids in identifying patterns in the incoming data, makes few assumptions, and
produces highly accurate predictions. Due to its accuracy, adaptability, robustness, effectiveness,
and efficiency in solving modelling problems, artificial neural network (ANN) technology is a
potentially promising alternative tool for recognition, classification, and forecasting in almost all
fields of science and engineering (Khataee & Kasiri, 2011). ANNSs are also, adaptable nonlinear
information processing systems with a number of properties like self-adaptation, self-
organization, and real-time learning that incorporate a number of processing units (Ding et al.,
2013). The ANN:Ss structure includes three or more layers in their construction, including an input
layer, one or more hidden layers, and an output layer. The input layer's function is to
communicate the input data pattern to the neurons in the first hidden layer. The neural network's
output layer responds to a specific input by producing an output. The initial layer provides the
input data to the intermediate hidden layers, which may consist of just one hidden layer. Based
on the activation function and network architecture, these serve in a variety of ways as a group of
feature detectors. For this reason, the most important and difficult step in creating an ANNs-
based model is choosing an appropriate neural architecture. To maintain the model within
controllable scales, the modeller should select an effective testing method that can be applied to
a wide range of alternatives. Network topology, training method, and input selection are the

primary presumptions that need to be defined (Anctil et al., 2004).

5.2.2. Data collection and the Artificial Neural Networks building

For the coagulation—flocculation process modelling using the artificial neural network
method, the multilayer full feed forward (MFFF) was used. The fluctuations in conductivity, pH,
and turbidity removal were anticipated. An input layer of five neurons, two hidden layers, and a
three-neuron output layer made comprised the ANN architecture. The number of iterations was
set at 600. The building of multiple neural networks with various transfer functions (Hyperbolic-
tangent, Gaussian, and Linear) allowed for iteratively determining the output layers. This step is
extremely important since transfer functions are one of the main building blocks of the ANN
process. The transfer function is in charge of transforming input signals into output signals. If the

incorrect transfer function is selected, the transfer operation may fail (Ghasemzadeh et al.,
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2018). On one hand, because of its simplistic nature, the trained ANN cannot accurately
represent the relationship between the input and output variables. However, creating ANN
models with too many neurones results in over-fitting issues. This implies that a trained ANN
has a constrained ability to generalise the model. On the other hand, an inadequate number of
neurons results in a poorly fitting model (Khataee & Kasiri, 2010). Generally, the data set are
distributed on three principal stages, which are training, validation and testing. For this reason,
the network topology used in this investigation had two hidden layers. In this work, the learning
algorithm used 70% of the experimental data for training, 15% for validation, and 15% for
testing. This was used to evaluate the model's generalisation ability and its predictive capability

for hidden data that wasn't used for training.
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Chapter 11

Application in wastewater treatment

1. Introduction
In this section, both prepared MO seeds cake powder coagulants are used in the
optimization of at Sidi Ali Lebhar wastewater treatment. For this purpose, the RSM and the
ANN method were also utilized. A scientific paper in relation with this part has been already

submitted.

2. Sampling
From December 2020 to June 2022, sampling was carried out daily at the Sidi Ali Lebhar
wastewater treatment plant situated in Bejaia, Algeria (36.7 and 36°43'14.96" North and
5°04'37.82" East). Due to the plant's proximity to the Mediterranean Sea, the treated wastewater
i1s dumped right into the water (Figure 17). This makes the subject of wastewater treatment at

this plant a topical one.
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Figure 17. The Sidi Ali Lebhar wastewater treatment plant location.

On average, the Sidi Ali Lebhar wastewater treatment plant (WWTP) handles 31,000 m® of
wastewater per day that is discharged by the citizens of Bejaia. The treated wastewater by the
WWTP comes from domestic and industrial activities in Bejaia city. It is in fact a domestic

wastewater treatment plant, and is of the low-load activated sludge type, because the most of the
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city's industrial activities are in food industry and the received pollution by the WWTP is

biodegradable. It is appropriate to treat this biodegradable pollutants using activated sludge.

Samples were collected at the entrance of the wastewater plant after the de-oiling/sanding
stage, and at the exit of the plant before discharge, which gives raw wastewater noticed here as
inlet water (IW), and outlet water (OW). The average volume of wastewater generated in one

working day is 12 m® (Figure 18).

Figure 18. Sampling operation in the inlet and outlet of the wastewater treatment plant.

(a): de-oiling tank, (b): purified wastewater at the outlet of the plant, (c): sampling operation.

3. Wastewater treatment methodology

3.1.Response surface methodology

3.1.1. Jar test conditions

To optimise the coagulation-flocculation process using both MO seeds coagulants, the Jar
test was carried out. To guarantee quality control and repeatability of results, the test was carried
out in triplicates. The MO seeds cake solution was utilised in both forms, each at concentrations
that increased by 10 ml, from 60 ml to 100 ml. For quick stirring, the speed ranged from 100 to
200 rpm, while for slow stirring, it ranged from 20 to 60 rpm. Rapid stirring took place for 2 to 4
minutes, whereas slow stirring took place for 10 to 30 minutes. The rapid mixing procedure
ensured homogenous mixing of the suspended materials and maintained contact with the
coagulant. To overcome the energy barrier and come together to form a larger colloid, gradual

mixing enabled the suspended matter to collide with sufficient energy.

3.1.2. Preliminary trials

It entails employing both MO seeds cake preparations to optimise the coagulation-
flocculation process influencing parameters in wastewater treatment plant. Each element was

investigated independently, and the effects of the process parameters were initially examined
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independently in single-factor trials. In order to reduce the overall experimental work, a variable
was kept constant while it was not under investigation. Fast and low mixing were maintained at
100 and 20 rpm for 2 and 10 minutes, respectively, to examine how the concentration of the
coagulant affected the mixing process. The coagulant dosage and low mixing were set at 70 ml
and 20 rpm, respectively, to examine the impact of quick mixing on the coagulation-flocculation
process. However, fixing the coagulant dose and fast mixing at 70 ml and 100 rpm, respectively,
allowed for an investigation into the impact of low mixing. The preliminary tests were also

performed in triplicates.

3.1.3. Experimental design (Box-Behnken optimisation set up)

The MO seeds cake powder dosage (X1), quick mixing (X2), and slow mixing (X3)
represent the independent factors in this study. The interactions between these factors were

evaluated using the RSM based on Box Behnken design (BBD).

BBD is a class of rotatable or nearly rotatable second-order designs based on three-level
incomplete factorial designs. It has been shown that BBD is significantly more efficient than
three-level full factorial designs and marginally more efficient than other RSM designs. The
absence of combinations for which all elements are concurrently at their highest or lowest levels
gives BBD an advantage. Therefore, these designs are helpful in preventing trials carried out
under difficult circumstances, for which disappointing findings might occur. However, they are
not indicated for circumstances when we would prefer to know the reactions at the extremes

(Ferreira et al., 2007).

The preliminary investigation was used to define the limit values for each factor. The
response model in the BBD is represented by suspended solids (Y). The experimental data were
fitted into the quadratic model using the generalised form of second-order multiple regression as
in equation 1 to ascertain the relationship between the variables (X1), (X2), and (X3) and the

response (Y1).
Y =B+ Xty Bi Xi + Xiq Bis XiXi + Xizq Bij XiX; (Eq.2)

The coefficients for the intercept, linear, quadratic, and interaction effect term are S, , f; ,
Bii and B, respectively . X; and X; are the independent variables in coded form. The number of

independent variables is n. The steps are established in the diagram below, which is a replica of

the experimental design. Figure 19 depicts the diagram of the experimental design.
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Figure 19. Diagram of experimental design.

3.2.Artificial Neural Network methodology

3.2.1. Data collection for ANN design set up

As indicated in the previous section, a model's over-fitting issues arise when there are too
many neurones used to create coagulation-flocculation ANN models. However, the trained
ANN's simplifications make it impossible to depict the relationship between the input and output

variables with accuracy.

In this section of the study, the input layer of the ANN design was made up of three
neurons, whereas the output layer was made up of two hidden layers and one neuron. The final
choice of output layers was made after creating numerous neural networks with different transfer
functions (Hyperbolic-tangent, Gaussian, and Linear). Since transfer functions are one of the
fundamental pillars of the ANN process, this stage is crucial because if the wrong transfer
function is selected, the transfer procedure might not succeed (Ghasemzadeh et al., 2018). TSS
removal was predicted using the multilayer full feed forward (MFFF), using 900 iterations. The

learning algorithm for TSS removal in this section employed 75% of the experimental data as
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training set and 25% as validating set. This was used to evaluate the model's generalization

ability and its predictive capability for hidden data that wasn't used for training.

3.3.Validation for generalization

Validation for generalization was applied for both techniques (RSM and ANN). Additional
wastewater treatment trials were conducted at the ideal conditions predicted by the BBD and
ANN models to confirm that the derived models were adequate. Models have then been used to
test their effectiveness on other parameters and gauge their generalizability. The following
variables were tested: lead (Pb), cadmium (Cd), and zinc (Zn) heavy metals, nitrates (NO37),
nitrites (NO27~), phosphorus (PO3™), chemical oxygen demand (COD) and biochemical oxygen

demand (BOD). The best conditions were used in triplicate for confirmation trials.
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Cahpter I11

Seed husks valorization

1. Introduction
People have always used dyes for clothing, food and home decoration. Since ancient times,
they have extracted dyes from plants, such as indigo, and from animals, such as carmine
extracted from cochineal. The use of these natural dyes continued until the first half of the 19th
century. They were gradually replaced by synthetic dyes, which are suitable for many specific

uses.

Dyes represent an important class of synthetic organic compounds used in many industries,
particularly textiles (Magdalane et al., 2017). As a result of the wide use of dyes in industry,
large amounts have been discharged into industrial wastewaters. The direct release of this
wastewater into water bodies, such as lakes, rivers, etc., pollutes the water and harms the flora
and fauna. Different types of dyes are found in textile industry effluent, however due to their
high molecular weight and complicated structures, they have very limited biodegradability (Pala
and Tokat, 2002; Kim et al., 2004; Gao et al., 2007). Furthermore, the biological treatment
processes are disturbed by the direct discharge of this industrial effluent into sewage networks.
These effluents cause biological reactors to create high quantities of inorganic salts, acids, and

bases, increasing treatment costs (Gholami et al., 2001; Babu et al., 2007).

Methylene blue is a cationic dye. It is the most widely used dye for cotton, wood, silk and
many other materials. It is also very difficult to eliminate, requiring potential treatments to
eliminate it and purify the wastewater containing it. Among several processes to treat industrial
liquid waste, the adsorption technique is the most favourable and most widely used to eliminate
textile dyes. This method has become the method of choice, the most effective and the easiest to
use (Ahmed & Dhedan, 2012). Due to this, research projects are focusing on the use of suitable
materials to enhance this dye removal, mainly those that are low cost, locally available, highly

biodegradable and, above all, organically produced (Karim et al., 2010).

After the hulling of the MO seeds, an enormous quantity of seed waste is obtained.
Recycling this waste would seem to be an excellent way to improve high effectiveness of all

parts of the MO seeds in water treatment. The choice of nanoparticles (NPs), which have been
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used increasingly in recent years, is based on their high adsorption capacity. The NPs enable
pollutants to be isolated quickly and easily (Giakisikli & Anthemidis, 2013). They have
demonstrated a high level of performance in wastewater treatment (Xu et al., 2012), thanks to

their large exchange surface, superior reactivity and photo-catalysis (Dutta et al., 2014).

The aim of this section is to recover the waste from the MO seeds, a low-cost agricultural
waste, by using in polluted water treatment. It involves synthesising a cellulose-based NPs using
MO seed waste in order to obtain biodegradable products that can be easily used in water
treatment, particularly for decolourising textile industry wastewater. The effectiveness of these
materials in reducing one of the most persistent pollutants, methylene blue is investigated,
offering a new process for treating coloured water based on the use of organic nanoparticles. For

this reason, cellulosic based nanoparticles were prepared chemically using MO seed waste.

2. Methylene blue importance and characteristics

Actually, the toxicity of dyes could therefore be linked to the reduction of dissolved
oxygen in these environments. In addition, their very low biodegradability, due to their high
molecular weight and complex structures, gives these compounds a toxic character that may be
high or low. As a result, they can persist in this environment for a long time, causing major
disruption to the various natural mechanisms that exist in the flora (self-purification capacity of
watercourses, inhibition of the growth of aquatic plants, etc.) and fauna (destruction of a
category of fish, micro-organisms, etc.). The dye considered in this study is Methylene blue
(MB), which is often used to study the performance of adsorbents in general. This dye was
chosen because it is organic, cationic and has a known average size (15 A), with a complicated
aromatic structure (Rafatullah et al., 2010; Hamed et al., 2014). MB (or methylthioninium
chloride) has the chemical formula of bis-(dimethylamino)-3,7 phenazathionium chloride, with

the empirical formula Ci6 HisCIN3S. Figure 20 shows the chemical structure of MB.

In addition to the environmental pollution risks, there is a major risk for human health.
This dye harms both human and animal eyes permanently. Direct contact with this dye can also
result in local burns, nausea, vomiting, mental health problems, and methemoglobinemia.
Respiratory function may be also hampered by this substance (Mahmoud et al., 2012). For this
reason, MB has been selected to be treated in this section. Dye choice for this study meets also

other criteria:
- High solubility in water;
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- Low vapour pressure;
- UV/visible spectrophotometer analysis;

- cationic structure;

cr
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Figure 20. Methylene bleu structure.

All the properties and physicochemical characteristics of the chosen dye are summarised in the

Table 8.

Table 8. Physico-chemical characteristics of methylene blue

common name Methylene bleu

Molar weight 319,85 g/mol

Water solubility High

Utility Disinfectant and dye in bacteriology
vaporising pressure Low

a. Preparation of Methylene bleu solution

MB (a cationic dye), taken as a model pollutant, is used without any prior purification. The
solutions are prepared by dissolving quantities of the dye in distilled water. The solution is
prepared by dissolving 100mg of MB in one litre of distilled water. The calibration curve was
established by successive dilutions of the stock solution. The absorbance measurements were
carried out using a UV/visible spectrophotometer type UV-3100PC with a maximum wavelength

of 662 nm.

3. Characterisation of Moringa oleifera seed waste
The MO seed waste (peel) was characterised using FTIR, to confirm its cellulosic nature. This

represents the basis for the choice of the type of materials synthesised subsequently.
4. Nanotechnology

Adsorption is a successful method for removing colours from wastewater among the
various physical and chemical treatment procedures (McRobb & Holt, 2008). Due to their high

surface to volume ratio, nanoparticles have emerged as having the greatest potential for organic
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chemicals adsorption particularly colours, from wastewaters and sewage tanks (Hernandez et
al., 2015; Ahmadi et al.,, 2017). Because of this, interest in nanotechnology research and
development has greatly expanded (Igwebe et al., 2018). Nanoparticles are known by their
outstanding qualities, including their huge surface area, small size, high stability, high reactivity,

and diverse chemistry for further functionalization (Ihsanullah, 2020).

4.1. Nanoparticles synthesis

The synthetized NPs in this study are cellulosic in nature. The NPs synthesis involves
several stages such the extraction of cellulosic material, pre-treatment processes (alkali and

bleaching treatments) and the final preparation of NPs.

4.1.1. Extraction of cellulose fibres from MO seeds husks

The MO seed husks were ground using an electric mixer. The obtained powder was then sieved

(500um) to obtain a homogeneous powder.

In order to extract the cellulose from MO seed husks by using alkaline and bleaching
techniques, hemicelluloses and lignin were extracted sequentially from the raw material
(Moriana et al., 2016; Vallejos et al., 2016; Shaheen & Emam, 2018). The MO seed husks
powder was boiled in water for 20 min at 100°C to remove hemicellulosic materials. Alkaline
treatment was carried out using 50g/L of the boiled MO seeds husk powder with 1.0 M NaOH
solution for 2h at 80°C under mechanical stirring. The remaining alkaline sample was then
bleached for 1 hour at pH 4.5 and 100 °C using sodium chlorite (2.5% w/v) in a material to
liquor ratio of 1: 20 after being thoroughly rinsed with hot water. In order to get rid of any
leftover or unreacted chemicals, the bleached cellulose was ultimately washed three times in
boiling water before being dried in an oven. At this stage purified cellulose was obtained (Figure

21).

4.1.2. Preparation of Cellulose nanocrystals (CNC)

Under the influence of an ultrasonic approach, sulfuric acid was used to hydrolyze the pure
cellulose. In order to perform the hydrolysis, 10 g of pure cellulose were suspended in 10 ml of
60% (w/w) sulfuric acid. In order to facilitate hydrolysis, this suspension was maintained at 60
°C under sonication for 60 min. To stop the reaction right away after hydrolysis, the suspension
was diluted five-fold with cold distilled water to stop the reaction. The crystals were then
separated from the suspension by centrifuging it at 12,000 rpm for 10 min before being decanted.

Sonication caused the solid aggregates in the suspension to break apart. To get rid of any
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remaining sulphate salts, the residual materials were then rinsed with distilled water and the
combination centrifuged once more. Using dialysis tubing (MWCO 10,000), free acid in the
dispersion was removed by dialysis against distilled water. The neutrality of the dialysis effluent
served as evidence for this. The ensuing CNC suspension was stopped. After being frozen,
samples were freeze-dried into powder form at -60 °C and 0.1 mbar, a pressure that won't

damage the cellulose nanostructure (Figure 21).
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Figure 21. Nanoparticles synthesis.

5. Characterization of the obtained adsorbent

The characterization of both adsorbents has been carried out by the determination of the
apparent density (pa), the real density of adsorbents (pr), the adsorbents porosity and the zero
load point (PHPZC). FTIR and SEM were also used for structural characterization.

5.1. The apparent density (pa)

0.5 g of NPs was filled separately in a graduated cylinder. The volume covered by each
matrix was noted. After being weighed, the bulk density is calculated using the equation below

(Chaouche, 2014).
pa =< (Eq.3)

Where, mq: Material mass (g)
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Vt : Apparent volume (cm?)

5.2. The real density of the adsorbent (pr)

0.2 g of the studied adsorbent (NPs) is placed in a tared pycnometer. It was then filled with
methanol (Vm) until a total volume (Vt) was reached. Vt corresponds to the total mass. The real

density is calculated according to equation below:

mq

pr =10 (Eq.4)

The volume of methanol is calculated according to equation (5) as follows:

m;
pM

Vm = (Eq.5)

The volume of the material is calculated according to the equation (6):
V1i=Vt—Vm (Eq.6)

m1 : Material weight (g)

m2 : Weight of methanol (g/mol)

Vr : Real volume of material (cm?)
Vt: Total volume of pycnometer (cm?)
pM: Methanol density (g/ cm®

Vm : Volume of methanol (cm?)

V1 : Material volume (cm?)

5.3.The adsorbent porosity

The adsorbent porosity is calculated using the apparent and real densities according to the

equation below:

e=1- (papp - préelle) (Eq.7)

5.4.The pH zero load point (pHpzc)

The pHpzc is an important parameter to characterise adsorbents. It is used for surface
charge determination. It was examined based on the standard method. For this effect, 250 mL of

0.01 M NaCl solution as an electrolyte was positioned in a vessel. Then, in 6 Erlenmeyer flasks,
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25 mL of the electrolyte was introduced and the pH was adjusted to the required value (2.00,
4.00, 6.00, 8.00, 10.00, and 12.00) by adding 0.1 M NaOH or 0.01 M HCI. The suspension is
then stirred for 24 hours, after which its final pH (pHf) is measured. The suspension was
subsequently filtrated and the final pH was determined. The point of zero charges (pHpzc) was

found at the intersection point by plotting the initial pH versus the final pH (Nandi et al., 2009).
6. Characterization of the obtained material

Material characterisation is the process of defining the physicochemical properties of one
or more components of materials. The characterisation techniques are used for a variety of
reasons, such as identifying materials and detecting the presence of impurities, or knowing the
external or internal structure of a product. Characterisation can also be a useful first step before
carrying out a more intensive study of identifying impurities by eliminating certain variables

from the investigation.

The characterization for the obtained material has been carried out using the FTIR analysis,
and the SEM analysis. The FTIR analysis for the obtained materials was performed as indicated
in section I of the study. The SEM analysis (Hitachi S-3400 scanning electron microscopy) was
performed under 50, 20 and 10pum magnification. The SEM analysis was coupled to the EDX

analysis giving a semi-quantitative analysis of the adsorbent.

7. Adsorption tests

The elimination of MB by adsorption using the synthetized NPs prepared using MO seed
husks under the effect of several factors was studied. The batch adsorption process was carried
out for this purpose. The MB solution concentration, the material concentration, and pH of the
studied solution were carried out in a batch. The concept is based on bringing a dose of
adsorbent into contact with a solution volume of 100 ml under agitation at 500 rpm. Next, a
sample is recovered at a given stirring time. The sample is filtered through 0.45 pm filter paper

and centrifuged if essential (Figure 22).
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NPs

Stirring

Spectroscopy Centrifugation

Figure 22. Batch adsorption process for dye removal.

7.1.Bio-sorbent masse effect

The bio-sorbent dose is one of the parameters that have a major effect on the adsorption
process. In order to determine the optimum dose of the studied adsorbent on dye removal several
tests have been carried out. The effect of adsorbent mass on MB adsorption was studied by
varying the bio-sorbent dosage. Different concentrations of NPs (5; 15; 30; 45; 65, 80, 95, 110
mg) were used. Tests were carried out on 20 ml of dye solution, and the performance was tested
under magnetic stirring for 24 hours. After stirring, the residual solution was separated by
centrifugation at 5000 rpm for 5 minutes. The supernatant was recovered and analysed at 662 nm

using a UV-visible spectrophotometer.

7.2.Bio-sorbent pH effect

The influence of pH solution on the adsorption of MB by NPs was studied. The
experiments were carried out by introducing 110mg of NPs into 20ml of the 100mg/l MB
solution. The effect of pH on MB adsorption was studied over a pH range from 2 to 11. The pH
was adjusted using 0.1 M NaOH and 0.1 M HCI solutions. The mixture was then stirred for 24
hours. The supernatant was then recovered and analysed by UV-visible spectrophotometer at
wavelength 620nm.
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7.3.Effect of initial concentration of MB

From the evaluation of the quantity of the adsorbent giving maximum adsorption, it is
useful to study the variations in this adsorption yield for the same quantity of adsorbent (m) at
variable initial concentrations Co of MB. This is a crucial parameter to establish since it tells us
the ideal concentration at which MB can be absorbed from aqueous medium. This was done

while keeping adsorbent dose and MB solution pH stables.

7.4.Adsorption kinetic

To determine the time required to reach equilibrium for the adsorption of MB using the
obtained NPs (110mg), we put 20ml of MB solution at 100mg/l in a beaker under magnetic
stirring for 2h. The supernatant was recovered after centrifugation and absorbance measurements
were carried out at different contact times, ranging from 15 min to 120 min. Kinetic models are
used to examine the rate of the adsorption process and the potential rate controlling step. The
pseudo-first-order rate equation is expressed as demonstrated by Bulut et al (2007).

Ky
2.303

Log(q. —q¢) = Log(q.) — (Eq.9)

Where ge and qt are the amounts of MB adsorbed (mg/g) at equilibrium and time t (min),

respectively, and k; is the rate constant of adsorption (min™'). Values of ki were calculated from
the slope of plots of log (. - q;) against (t) at different concentrations. The pseudo-second-

order rate equation is given as (Bulut et al., 2007):

A +t (Eq. 10)
ac K24q%  qe @

Where k is the second order rate constant (mg’!, min'), q; and g, are the amounts of MB

adsorbed on the adsorbent (mg/g) at equilibrium and at time (t), respectively.

8. Chemical analysis

The multi-elemental analysis was performed by inductively coupled plasma mass
spectrometry (ICP-MS). The analysis was conducted by ICAP RQ Thermo Qtegra with CETAC
ASX-560 configuration. Samples preparation has been carried out as indicated in US-EPA
(1994). Standard Methods were used to analyse the following parameters in both raw and
processed water: TSS, BOD, COD, NO3, NO;, PO,3, BOD, conductivity and pH were

determined as described by Rodier et al (2009). Absorbance was measured in a UV-VIS
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spectrophotometer (PerkinElmer). Moreover, turbidity was measured by using HANA HI 88713-
ISO Turbidimeter. Conductivity and pH were measured using HANNA HI 98129 COMBO.
Heavy metals concentration was determined by atomic absorption spectrometry (AAS) method
with flame, as described in Rodier et al (2009), using Thermo Scientific ICE 3000 Series AA
Spectrometer. From standard stock solution (1000 mg/L), several calibration solutions for lead,
cadmium, and zinc were created. Five distinct concentrations of each element, ranging from 0.5

to 7 ppm, were created (Nand et al., 2012).

9. Statistical analysis and softwares

The RSM and ANN were built using the JMP (Trial Version 10, SAS, USA) programme,
which was used to analyse all the outcomes. To evaluate the model's applicability and
significance, the obtained data were statistically analysed using an ANOVA test. Significance
was judged by determining the probability level that the p-value calculated from the data is less
than 5%. The sufficiency of the model was evaluated using R%and adjusted-R? (Myers et al.
2009) for FFD. For the ANN model, R? and RMSE were determined to identify the best ANN
model by comparing evaluated values for the model. The validation graphics were designed
using Origin Pro 8.5. kinetic and adsorption test’s graphics were also designed using Origin Pro
8.5. The FT-IR spectra have been analysed by OMNIC software. The processing and the

superimposition of spectra were carried out with OriginPro 8.5.
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Results and discussion

1. Introduction

In this part of thesis; the obtained results during the experimental work are presented and
discussed in details. Material characterisation is the process of defining the physicochemical
properties of one or more components of a substance or product. The characterisation techniques
are used for a variety of reasons, including identifying product materials and detecting the
presence of impurities, or knowing the morphology or the external or internal structure of a
product. Characterisation can also be a useful first step before carrying out a more intensive

study to identify impurities by eliminating certain variables from the investigation.

In this study various structural and elemental techniques were used to identify the
functional groups of raw and modified materials. This explains the ability of using these

materials as coagulants.

2. Raw material characterization (MO seeds cake powder)

2.1.Structural analysis

2.1.1. Fourier Transform Infrared spectroscopy analysis
From the obtained spectra, it turned out that the FT-IR spectrum of the MO-DS gives as

many peaks as in MO-NDS spectrum, which gives the same structural composition.

Regarding the obtained spectra illustrated in Figure 23, The Strong broad centred at about
3347 cm’! may be attributed to the OH stretching. This strong broad of OH is additionally
attributed to presence of water in samples which have been used without prior drying. This
alcohol function returns to an intermolecular bonded existing in proteins, fatty acids,
carbohydrates and lignin devices (Alpert et al., 2012; Reddy et al., 2012). It is completely
known that MO seeds are containing a big proportion of proteins (Gallao et al, 2006),
consequently this area may contains the contribution of N-H stretching which represents amide
function (Aratjo et al., 2010; Aratjo et al., 2013). The second peak located about 2924 cm™!
corresponds to the asymmetric stretching of C-H bond, whilst the juxtaposes peak positioned
approximately at 2853 cm! represents an asymmetric stretching of CHz functional group (Alpert

et al., 2012).
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The peaks located in 1746 cm™ and 1652 cm’!, are respectively corresponding to C=O
stretching. This function is attributed to the carbonyl amides located in protein section (Mistry,
2009; Araujo et al., 2013). This special disposition of functional groups could be the result of
the heterogeneous structure of raw MO-DS and MO-NDS seeds cake powder.
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Figure 23. FT-IR analysis of MO-DS and MO-NDS seeds cake powder.

The observed peak at 1541 cm! is attributed to CN stretching coupled to NH bending of
the peptide group (Schulz & Baranska, 2007; Reddy et al., 2010; Reddy et al., 2011) which is
also due to the high contents of protein in both MO seeds cake powders. The 1235 cm™ peak is
another representative confirmation for the high protein content of both types of cake powder. It
represents the amide III group (Mistry, 2009). Additionally, phenols can be well recognized by
IR spectroscopy in this area (Mistry, 2009; Schulz & Baranska, 2007), the 1235 cm™! peak is
attributed to the presence of phenyl group. Bands at 1458 and 1541 cm™! areas are attributed to
aromatic functional group represented by the C=C connection. This kind of group was also
represented in MO bark (Reddy et al., 2011). The finger print area of 1000-1200 cm™ had put
on view the main skeleton cellulose peaks, especially for the MO-NDS powder (Araujo et al.,

2013).
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Structural studies on MO barks and leaves reveal similarity in functional groups obtained
in this characterization for the MO-DS and MO-NDS (Reddy et al., 2010; Reddy et al., 2011;
Reddy et al., 2012).

According to the obtained results both MO seeds cake powders can be classified as
lignocellulosic material due to the presence of cellulosic functions. This was demonstrated by
Araujo et al (2013), who have successfully shown that the MO seeds are mainly made up of
cellulose, hemicellulose and lignin. This structural positioning agrees also well with the
proposed cyto-chemical analysis obtained by Gallao (2006) that revealed the presence of pectin,
cellulose and hemicelluloses in MO seeds cells walls. It is also important to note that many
functional groups as Hydroxyl, carbonyl and amine groups have been proposed to be responsible
for metal binding and uptake by using plant biomass through adsorption, coordination, chelation,
complexation and/ or ion exchange (Volesky, 1999). It is then very possible that these functional
groups may represent the most important elements in conducting the bio-coagulation of both MO

seeds cake powders.
2.2.Elemental analysis

2.2.1. X-ray fluorescence analysis

The aim of the XRF-mineral analysis is to identify the micro-elemental composition of both MO
seeds cake powders (Figure 23). The obtained results showed remarkable higher concentration
of Calcium (Ca) in the MO-NDS powder. However, high concentration of potassium (K) was
observed in both preparations. In one hand, Low concentration of Sulfur (S), Iron (Fe) and
Chloride (cl) have been determined in the MO-DS seeds cake powder. In the other hand, other
elements were detected also in low concentrations in the MO-NDS seeds cake powder such as
Sulfur (S), Iron (Fe) and Silicium (Si). These concentrations were found to be barely below
detection limits (BDL). This indicates the edibility and non-toxicity of the MO-DS and MO-NDS
seeds cake powders if used in water treatment (Ernest et al., 2017). The obtained elemental
analysis results for the MO-DS seeds cake powder was very similar to that obtained by Zaid &
Ghazali (2019). For this reason, the elemental composition of both MO seeds cake powders

could be expected to affect their coagulating effectiveness.
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Figure 24. XRF analy51s for (a): MO-DS, and (b): MO-NDS cake powders.

2.2.2. The inductively coupled plasma mass spectrometry analysis (ICP-MS)

This elemental analysis by ICP-MS was performed on the MO-DS and MO-NDS seeds
cake powders to gain information on heavy metals content in the reference materials, since
known that the heavy metals content of seeds could vary depending on the elevation, season and

soil type (Melesse et al., 2012).

Linear calibrations functions (R?) were limited between 0.9999 and 0,9995 for Cr, Mn, Fe,
Ni, Cu, Zn, As, Cd using multi-element pellet standards. The comparative concentrations of the
two samples are presented in Figure 25. The ICP-MS elemental analysis of both samples
revealed high contents of copper (Cu) namely 50, 50 ppb For the MO-NDS sample and 21,04
ppb for MO-DS , while Ni and Cr have taken the values 64,56 ppb, 52,25 ppb and 50, 50 ppb,
21,04 ppb for MO-NDS and MO-DS, respectively. Iron (Fe), Manganese (Mn) and Zinc (Zn)
have taken very minimal values in both samples. It was identified as well as for the XRF
analysis, that these amounts were just below detection limits (bdl). This suggests that the MO-DS
and MO-NDS seeds cake powder are edible and non-toxic when used for water treatment

(Ernest et al., 2017). Lead (pb) as dangerous heavy metal have taken a very an outstanding
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value in the MO-NDS sample, this could be due to the soil composition of the ground that grows
the MO trees. This make the MO-DS seeds cake powder more secure for use in drinking water
treatment. The detected values of Pb in MO-NDS are also below very minimal allowing its using,

especially in drinking water treatment.
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Figure 25. The inductively coupled plasma mass spectrometry analysis for (a): MO-DS, and (b):
MO-NDS seeds cake powders.
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Section 1
Chapter 1

Application in dam water treatment

1. Introduction

In this part of the first section, RSM was already used to remove turbidity using biological
material (Trinh & Kang, 2011). However, it stills unable to locate the global optimum point and
to extrapolate outside of the experimental range. Due to these shortcomings, the ANN are
thought to have stronger predictive capacity and are going to popularity (Amenaghawon &

Kazeem, 2020; Kusuma et al., 2021).

The aim of working on this part is eventually: (i) to assess the effectiveness of dehulled
and unhulled MO seeds cake powders by figuring out how, and with the goal of valorizing an
agricultural waste, the hulling of the seeds impacts the coagulation-flocculation activity on Kissir
dam water, (ii) to employ dehulled and unhulled MO seeds cake powder extract in the evaluation
of turbidity removal for simulated dam water, and to identify the factors that affect the process to
yield the best results, (iii) to create a prediction model for the coagulation-flocculation process
using MO seeds cake powder by RSM and ANN methodologies and to shed light on the
relationships between the process variables, and (iv) to assess which model is better able to
explain the investigated process. In this part of the first section, the MO-DS and MO-NDS are
named DSCP and USCP, respectively.

2. Modelling and fitting FFD model using RSM

In this part, the treatment effectiveness was assessed by assessing the turbidity, pH, and
conductivity of the collected dam water samples treated with DSCP and USCP. The relationship
between the factors and the replies was ascertained using FFD. The experimental data findings
for the observed, anticipated, and residual values derived as FFD, including runs, are shown in
Table 9. These outcomes were utilised to establish the ultimate ideal treatment parameters

before moving on to the validation phase.

It is clear from the data on Table 9 that the expected turbidity removal values and the
experimental data are very similar. It illustrates that the experimental results, particularly for

turbidity removal, suited well to the model utilised thanks to the low residual values. It is clear
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from the high degree of agreement between actual and anticipated values that the regression

model's response was adequate to reflect the desired optimisation (Zhang et al., 2013).

Guan and Yao (2008) assert that a well-fitted model requires an R?value of at least 0.80.
In this investigation, the R? values for turbidity removal, pH, and conductivity fluctuations,
respectively, were 0.90, 0.64, and 0.58 (Table 10). A high R? indicates that the variation can be
explained and the data can be effectively fit to the model. This wasn't the case for pH and

conductivity changes, but it was for turbidity removal (Karazhiyan et al., 2011).

Table 10. Variance analysis for turbidity removal, pH and conductivity variations.

Source Coefficient DF SS SM p-value Prob>F

Model 15 0.89 0.05

Residual 19 0.10 0.005

Lack of fit 18 0.09 0.005  <0.0001 0.44
Turbidity Pure error 01 0.002 0.002

Corrected total 34 0.99

R? 0.90

Adj-R? 0.81

CV* (%) 214.28

RMSE™ 0.07

MSE™ 0.000049

MAE™" 0.046

Model 15 1421.07 94.73

Residual 19 814.42 42.86

Lack of fit 18 814.36 45.24 0.052 0.02

Pure error 01 0.055 0.05
pH Corrected total 34 22355

R? 0.64

Adj-R? 0.35

CV (%) 0.32

RMSE 6.54

MSE 42.771

MAE 0.089

Model 15 0.49 0.03

Residual 19 0.35 0.01

Lack of fit 18 0.35 0.01 0.123 0.40
Conductivity Pure error 1 0.005 0.005

Corrected total 34 0.85

R? 0.58

Adj-R? 0.25

CV (%) 7.52

RMSE 0.14

MSE 0.019

MAE 3.652

*Coefficient of variation, **Root mean squared error, ***Mean squared error, ****Mean
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Table 9. RSM and ANN experimental data for the observed, predicted, and residual values, for dam water treated samples with coagulation-flocculation process

Experimental Turbidity (Y1) pH (Y1) Conductivity (Y2)
- factors Observed RSM RSM ANN ANN Observed RSM RSM ANN ANN Observed RSM RSM ANN ANN
é values Predicted Residual Predicted Residual  values Predicted Residual Predicted Residual  values Predicted Residual  Predicted Residual
values values values values values values

1 —+++1 0.40 0.39 0.01 042 -0.02 7.85 7.77 0.08 7.76 0.09 178.67 181.90 -3.23 193.68 -15.01

2 ——++1 0.42 0.47 -0.05 0.40 0.02 7.64 7.79 -0.15 7.79 -0.15 192.00 188.06 3.94 191.01 00.99

3 +-==1 0.22 0.23 -0.01 0.20 0.02 7.45 7.51 -0.06 7.56 -0.11 187.67 189.81 -2.14 192.85 -05.18

4 —+--1 0.61 0.56 0.05 043 0.18 7.90 7.77 0.13 7.70 0.20 205.33 197.31 8.02 192.83 12.50

5 ++—+2 0.29 0.28 0.01 0.32 -0.03 7.82 7.90 -0.08 7.68 0.14 212.67 208.45 4.22 191.99 20.68

6 +—-+-1 0.55 0.53 0.02 0.57 -0.02 7.72 7.64 0.08 7.73 -0.01 193.00 192.56 0.44 192.59 00.41

7 +-==2 0.34 0.36 -0.02 0.32 0.02 7.33 7.43 -0.10 7.46 -0.13 203.33 194.28 9.05 194.70 08.63

8 ++—+1 0.40 0.36 0.04 0.32 0.08 7.73 7.74 -0.01 7.67 0.06 185.33 188.98 -3.65 195.45 -10.12

9 +-=+1 0.23 0.21 0.02 0.23 0.00 7.66 7.60 0.06 7.61 0.05 197.00 194.15 2.85 193.08 03.92
10 +4+-—1 0.32 041 -0.09 0.34 -0.02 7.51 7.59 -0.08 7.67 -0.16 184.33 184.65 -0.32 192.52 -08.19
11 ———+1 0.20 0.21 -0.01 0.25 -0.05 7.72 7.70 0.02 7.66 0.06 193.33 19431 -0.98 192.52 00.81
12 +-—+-2 0.80 0.86 -0.06 0.89 -0.09 7.73 7.68 0.05 7.66 0.07 195.00 194.87 0.13 192.31 02.69
13 +4+++1 0.30 0.30 0.00 0.31 -0.01 7.74 7.72 0.02 7.74 0.00 183.33 182.90 043 195.83 -12.50
14 +—++2 1.03 0.81 0.22 0.81 0.22 7.65 7.82 -0.17 7.71 -0.06 193.67 203.70 -10.03 192.89 00.78
15 ———+2 0.35 0.24 0.11 0.27 0.08 7.62 7.54 0.08 7.60 0.02 195.00 196.95 -1.95 194.49 00.51
16 00001 0.37 0.38 -0.01 0.42 -0.05 7.80 7.71 0.09 7.73 0.07 196.00 190.31 5.69 192.80 03.20
17 ——++42 0.66 0.71 -0.05 0.69 -0.03 7.77 7.75 0.02 7.78 -0.01 195.00 188.53 6.47 191.99 03.01
18 —+-=2 0.53 0.51 0.02 0.43 0.10 7.78 7.66 0.12 7.70 0.08 205.00 199.62 5.38 192.78 12.22
19 -———=2 0.27 0.31 -0.04 0.25 0.02 741 7.49 -0.08 7.54 -0.13 190.67 192.78 -2.11 192.31 -01.64
20 -———-1 0.21 0.21 0.00 0.17 0.04 7.63 7.75 -0.12 7.62 0.01 190.00 197.81 -7.81 193.38 -03.38
21 -——+=-2 0.71 0.74 -0.03 0.72 -0.01 7.80 7.74 0.06 7.75 0.05 185.67 187.53 -1.86 192.22 -06.55
22 —++-1 0.30 0.39 -0.09 0.36 -0.06 7.72 7.80 -0.08 7.79 -0.07 183.33 188.56 -5.23 193.68 -10.35
23 00002 0.50 0.49 0.01 0.61 -0.11 7.85 7.72 0.13 7.71 0.14 197.00 196.45 0.55 191.94 05.06
24 —+—+1 0.48 0.52 -0.04 0.45 0.03 7.69 7.79 -0.10 7.69 0.00 192.00 193.81 -1.81 193.07 -01.07
25 +4+-=2 0.41 0.40 0.01 0.40 0.01 7.74 7.65 0.09 7.64 0.10 183.33 196.45 -13.12 193.93 -10.60
26 +++-2 0.54 0.50 0.04 0.53 0.01 7.80 7.79 0.01 7.75 0.05 194.33 191.37 2.96 192.98 01.35
27 +++-1 0.30 0.31 -0.01 0.31 -0.01 751 7.61 -0.10 7.75 -0.24 181.67 181.73 -0.06 192.24 -10.57
28 +4++4+2 0.30 0.42 -0.12 0.32 -0.02 8.06 8.00 0.06 7.76 0.30 206.67 200.20 6.47 191.66 15.01
29 —++-2 0.51 0.55 -0.04 0.48 0.03 7.60 7.80 -0.20 7.81 -0.21 188.00 188.70 -0.7 191.09 -03.09
30 00001 0.43 0.38 0.05 042 0.01 791 7.71 0.20 7.73 0.18 196.33 190.31 6.02 191.13 05.20
31 +—=+2 0.20 0.27 -0.07 0.28 -0.08 7.70 7.62 0.08 7.54 0.16 206.33 206.28 0.05 191.99 14.34
32 —+—+2 0.39 0.41 -0.02 0.39 0.00 7.60 7.77 -0.17 7.72 -0.12 202.00 203.78 -1.78 193.66 08.34
33 -——+-1 0.51 0.44 0.07 0.45 0.06 7.95 7.88 0.07 7.80 0.15 196.00 194.73 1.27 191.89 04.11
34 +—++1 0.42 0.55 -0.13 0.46 -0.04 7.63 7.69 -0.06 7.74 -0.11 190.33 193.73 -3.4 191.14 -00.81
35 —4++4+2 0.54 0.48 0.06 0.36 0.18 7.98 7.87 0.11 7.80 0.18 186.00 189.70 -3.7 191.81 -05.81
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A high R? value, however, does not always signify a successful regression model. Hence,
adding a variable to the model will always increase R?, regardless of whether the additional
variable is statistically significant or not. Therefore, it is advisable to use an adj-R? to evaluate
the model's appropriateness (Karazhiyan et al., 2011). Table 10 shows that the model's R> and
adj-R? values are statistically different, with the exception of turbidity removal, proving that

non-significant components were not taken into account.

For turbidity removal, conductivity, and pH fluctuations, the coefficient of variations (CV)
values were discovered to be 214.28, 0.32, and 7.52, respectively. Because CV is a statistic that
expresses standard deviation as a percentage of the mean, the smaller values offer higher
reproducibility. A CV larger than 10 often denotes considerable variability in the mean value and
inadequate development of an efficient response model (Myers et al., 2009). Thus, the turbidity
removal responses can be inferred to have a large range of variation between them. Based on
these findings, the study will simply monitor the impact of coagulation-flocculation in removing

turbidity moving forward.

1.1.Effect of MO seeds powders on turbidity removal

To investigate the effectiveness of both MO seeds cake powders in turbidity removal and
implement a model, the p-values were used to evaluate each coefficient’s significance. The
matching coefficient rises as the p-value falls. If the p-value is less than 0.05, then the model

terms are deemed significant. This is the case for turbidity removal which was less than 0.0001.

The linear effect of all parameters for turbidity’s removal model was significant (p < 0.05).
Slow mixing had the most adequate and significant impact. From this point on, delayed mixing
as an independent component had a significant impact on the eliminated turbidity level. Similar
effect was observed with seeds kind parameter. It was the second significant component that had
a detrimental impact. The outcome of the analysis of variance reveals that the turbidity removal
is mainly influenced by two independent variables as well as certain interactions with additional
variables that on their own have no bearing. There are four interactions in this model that have a
statistically significant impact on turbidity removal, as shown in Figure 26, which displays the
second order interaction profile of the investigated components on turbidity removal. From left
to right and top to bottom of Figure 26, these interactions relate to coagulant dose and fast
mixing, fast and slow mixing, fast mixing and seeds kind, and finally slow mixing and seeds
kind. This means that while the second order interactions of the components are considerably

efficient, the influence of the independent variables on turbidity reduction was not significant for
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all factors. This could mean also that the effect of the interactions when changing factors is not

the same on the response.

Typically, if a model has a large number of meaningless model terms, model reduction by
constricting the parameter ranges may improve the model. One of two things can happen when a
model exhibits a "lack of fit": either multiple important terms were omitted from the model, or
the model's fitting resulted in unusually large residuals (Dharma et al., 2016). In the case of
turbidity removal model, the produced residuals are minimal (Table 9). The model description of

how the response and the independent variables interact was evaluated in Table 10.
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Figure 26. Factors impacting turbidity removal and their interaction profile.

The "lack of fit" in this study was demonstrated by a low F-value of 0.44 and a low p-
value less than 0.0001, which indicated that the model was significant in comparison to pure
error (0.002). The relationship between the dependent and independent variables, as evidenced
by the R? value, accounts for the dependent variable's variability. The R? value for the FFD

model is 0.90, which indicates that independent parameters can account for 90% of the variation
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in turbidity removal and that the remaining 10% cannot be explained by the model. The adj-
R%was 0.81 and the root mean squared error (RMSE) was 0.07. This indicates that the calculated
model, as proposed by Lee et al (2010), fits the experimental data satisfactorily. The low pure
error values displayed by model terms demonstrate that the regression model equation provides a
good fit of the experimental data and makes a believable prediction (Table 10). Additionally,
other error functions were employed for model accuracy (RMSE= 0.07, MSE = 0.000049, MAE
=0.046). This indicates good accuracy of the model.

1.2.Variables effects on turbidity removal

The Pareto analysis provides crucial data to explain the obtained outcomes (Haaland,
1989). This analysis calculates each variable’s percentage effect on the response in accordance
with the relationship (Eq.11).

2

bi .
P =5 X 100 i+ 0) (Eq.11)

Where b; represents an estimate of the response's major effect of factor i.

P-value Pi
Fast mix*Slow mix 0,00000 | 1=6,98
Slow mix 0,00001 [ ] 5,91 \_ :
Seeds kind[DSCP] 0,00042 [ -427 s
Slow mix*Seeds kind [DSCP] 0,00155 [ | -3.70 ' iy ‘
Dose*Fast mix 0,01070 [ | 283 PN
Fast mix*Seeds kind [DSCP] 0,01891 = 2,561 i ! h
Dose*Slow mix 0,05227 [ .71 PA
Settling time 0,05420 I -111 ; § =
Fast mix 0,10266 Ii-1.04
Dose 0,067 [1°0:97 S
Dose*Seeds kind[DsCP] 0,11025 [ -0,69 ! | Lo
Fast mix*settling time  0,11413 H 0,64 |
Settling time*Seeds kind [DSCP]  0,26737 [ 042 : ' ‘ ‘ 1
Slow mix*settling time 050222 042 | : : ; \
Dose*settling time  0,50549 | -0,19 | : : ;

Figure 27. Pareto analysis and a graphical representation of variable effects.

The impact of the examined factors and their interactions on turbidity removal are detailed
in Figure 27. It demonstrates that by having a negative impact on the examined response, fast
and slow mixing interactions with a zero p-value represent the interaction that have the greatest
bearing. The only significant independent variable that had a beneficial impact on turbidity
reduction in the second range is slow mixing, which had a p-value of 0.00001. With a similarly

significant p-value of 0.00042, the DSCP seeds kind negatively impacted the response. Slow
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mixing has an adverse impact on the response and interacts with the DSCP seeds kind with a
significant p-value of 0.00155. With p-values of 0.01070 and 0.01891, respectively, the
interactions of fast mixing with dosage and DSCP seeds kind were similarly significant, with the
former having a negative effect and the latter a positive one. However, the remaining interactions
and factors have no statistically significant impact on the response under study. It seems that the
only parameters that had a beneficial influence on the response under study were the kind
interactions between slow mixing and quick mixing DSCP seeds. Since a positive sign boosts the
response while a negative sign reduces it, regression analysis benefits from the influence of
parameters on the response (Oztiirk & Sahan, 2015; Yonten et al., 2015). The coefficient of

the polynomial model was determined considering the obtained results in (Eq.12):

Y = 0.43 — 0.014X, — 0.015X, + 0.088X; — 0.016X, — 0.060X5 — 0.042X, X, —
0.103X,X5 + 0.038X,Xs — 0.055X5X: (Eq.12)

The percentage of significant factor effects and the interactions effect were not

particularly high, despite the fact that factor's effects were significant at (p < 0.05).

It was balanced between 4.085% and 0.554 %. The percentage of not significant factors
and interactions was less than 0.247%. The ratio of 4.085% to 0.554% was balanced. There were

less than 0.247% of non-significant variables and interactions.

1.3.Effects of interactive factors on turbidity removal

The ideal coagulation-flocculation conditions are investigated and forecast using the
contour and surface response plots (Onoji et al., 2017). The general shapes of the 3-D graphs
were explicitly identified by different curvatures. This degree of curvature in the FFD model
represents the levels of uncertainty associated with each interaction of the process variables. The
response surface plots' troughs 3-D plot indicates that the interacting variables' ideal regions
were precisely within the design boundary (Menkiti & Ejimofor, 2016). There are significant
curves in the 3-D plots in Figures 28(a) and 27(b). These imply that the interaction of factors
was important, which fully matches the outcomes depicted in the pareto graphical (Figure 27) of

the data.

The related contours in Figure 28(a) show how dosage and fast mixing obtained by FFD
have an impact on turbidity removal. The reduction of turbidity was shown to be greatly
increased when using more powder. Coagulation-flocculation is characterised by fast and slow

mixing regimes. Because it helps to cause the production of flocs between the suspended
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particles and the coagulant during this mechanism, mixing is crucial (Shak & Wu, 2014). To
prevent application accidents such floc breakage, which eventually leads to inadequate turbidity

removal, it is crucial for both regimes to determine the ideal mixing speed (Choong Lek et al.,
2018).
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Figure 28. Effect of interactive factors on turbidity removal. (a): dosage and fast mixing, (b):
fast and slow mixing, (¢): seeds kind and fast mixing, (d): seeds kind and slow mixing.

The interactions between fast and slow mixing as determined by the FFD model are shown
in Figure 28(b), along with how they affect the effectiveness of turbidity removal. The semi-
concentric contours demonstrate that the interacting pairs of the variables significantly affected
the decrease in turbidity in addition to statistically reaching maximum efficiency within an
optimal range. It shows that increasing the fast mixing up to 200 rpm, decreased the turbidity
removal efficiency. This suggests that slower mixing speeds are more effective at removing
turbidity. This may be connected to the necessity of modest mixing speeds to create big flocs

with favourable settling qualities (Kusuma et al., 2021). Faster speeds, however, can result in
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overmixing, which in turn can shear the flocs too much mechanically and cause them to
fragment into smaller pieces. Additionally, vigorous mixing damages the bonds formed during
the bridging of the polymer chains, which prevents flocs from forming (Lee et al., 2012). The
figure also demonstrates that the slow mix's turbidity reduction decreases with speed over 60

rpm due to inevitable floc disintegration.

The interactive impacts of quick mixing and the type of seeds produced by the FFD model,
respectively, on turbidity removal are shown in Figure 28(c). According to the response surface
plot, turbidity removal is best accomplished when utilising DSCP at all of the measured rapid
mixing speeds (100-200 rpm), with a slight drop in turbidity removal efficiency as it approaches
high speeds. This might be caused by the simple release of the DSCP protein, which is in charge
of coagulation in the case of shelled seeds. The use of USCP under the same conditions of rapid
mixing induces low removal of turbidity with slow speeds of stirring. However, increasing the
fast mixing rate improves the effectiveness of turbidity removal. This may be the case because

the release of useful protein from unshelled seeds needs more energy, implying faster stirring.

Figure 28(d) represents the response surface plot for interactive effects between slow
mixing and seeds kind on turbidity removal obtained by FFD model. As seen in the plot, utilising
DSCP with all of the tested rapid mixing rates results in an increase in turbidity removal.
Utilising USCP at low speeds of slow stirring significantly reduces turbidity. However speeding
up slow mixing reduced the effectiveness of removing turbidity. This might be explained by the

possibility that increasing stirring rates might help break up the flocs that were created.

2. Modelling and fitting the ANN model

2.1.ANN model architecture

Using the proper weights (w) and biases (b), a prediction model was built by connecting
the various layers of the data. Figure 29 depicts the input-hidden-output interaction's ANN
neural architecture. Because the multilayer MFFF network provided the best R? and the lowest
RMSE value, it was selected as the preferred network architecture. The optimum neural network
configuration was obtained as 5-5-5-3 as shown (Figure 29). The outputs of neurons in the input
layers serves as inputs to the hidden layers, while the hidden layers' outputs serves as inputs to

the output layer, which then produces the desired output (Menkiti & Ejimofor, 2016).
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Figure 29. The Artificial Neural Network architecture.

2.2.ANN model fitting

Table 9 provides experimental data for the obtained observed, predicted, and residual
values for the ANN model. The acquired data makes it evident that the experimental data, the
predicted and the observed values for turbidity removal are very similar. Based on this and on
the obtained low residual values, it is shown that the data fit the anticipated model effectively,
especially for turbidity removal. Regression analysis could be used to demonstrate this

consistency in the results.

The estimation parameters of the derived ANN model for the training, validation, and
testing data for turbidity removal, conductivity, and pH fluctuations are shown in Table 11. The
R? values were often significant for removing turbidity but not for pH and conductivity changes.
Only turbidity removal was successful in this model investigation. The training, validation, and
testing trials revealed that the turbidity model had R? values of 0.87, 0.96, and 0.49, respectively.
It is clear that the ANN performed exceptionally well at each stage, with the exception of the
testing stage, where a decline in R? below 0.9 points to a poor model fit at this point. This
demonstrates that there isn't enough information to test the network. 15% of the learning option

for testing seems insufficient for adequate network testing.
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As soon as the error began to increase, network training was halted. In Table 11, the
values for the Root Mean Square Error (RMSE) are shown. For the training, validation, and
testing stages, the RMSE for turbidity reduction was 0.03; 0.12; and 0.14, respectively. This
indicates that the neural network has performed well at every stage. The correlation between the
target and the anticipated responses is also measured by this metric. The correlation between the
target (experimental turbidity removal) and the output (ANN predicted turbidity removal) is
frequently associated with the RSME value being less than 3 (Ejimofor et al.,, 2021). It
demonstrates the striking resemblance between the ANN predictions and the actual experimental
outcomes, which are shown in Table 9. It also shows how accurate and reliable the ANN
model's predictions are. The accuracy of the ANN model was also evaluated using error
functions (RMSE= 0.03, MSE = 0.0009, MAE = 0.050). These values indicate good accuracy of

the obtained model.

Table 11. Estimation parameters of the ANN model for training, validation, and testing data.

Training Validation Testing

turbidity pH Conductivity turbidity pH Conductivity turbidity pH Conductivity
R? 0.87 -0.05 0.42 0.96 -0.15 -0.35 049  0.04 -0.73
RMSE 0.03 7.08 0.12 0.06  10.57 0.14 0.12  9.76 0.13
Log-likelihood -33.92  84.42 -17.21 -9.08  18.88 -2.63 8.62 18.48 -3.00
MSE 0.0009 50.12 0.014 0.003 111.72 0.0196 0.0144 95.84 0.016
MAE 0.050  6.01 0.11 0.103 9.22 0.12 0.221 8.54 0.23

2.3. ANN model prediction

The predicted and the obtained experimental values of turbidity removal in the all stages of
the ANN modelling are compared in Figure 30. A strong connection between the acquired and
the experimental data is indicated by the R? values achieved in the training and validation stages
(0.87 and 0.96, respectively). This illustrates how well the model captured the real link between

the elements that were selected.

The path for solution displays the scaled log-likelihood plotted against the number of
steps. Figure 31 shows the path for solution plot. It indicates which of our models is the most
effective using the scaled negative log probability statistic. What is occurring with the validation
set is shown by the black line. The grey line depicts what is occurring with the training set, and it
is clear that there is a point at which the lowest value is received on the validation set. The red
line, displays the ideal network conditions for training and network validation established based
on the scaled log-likelihood. It serves as an example of this value. The validation set will remain
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unchanged after this point. This is regarded as a great approach to investigate model over- and

under-fitting. Here, step number 7 produced the best validation results.
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Figure 30. Observed values against expected values in the different stages of the ANN
modelling for turbidity removal. (a): training, (b): validation, (c): testing.
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Figure 31: Path for solution plot.
24. Effects of input variables on turbidity removal

It was discovered that the ANN response surface plots and those produced by the FFD
model were very similar. To determine the impact of the inputs on turbidity removal, the ANN

model additionally examined the interactions provided by the FFD model.

The associated contours obtained by the ANN approach are highly similar to those
obtained by the FFD model. Figure 32 (a) indicates that the influence of dosage and fast mixing
on turbidity removal obtained. Higher doses of MO seeds powder increase significantly the

turbidity removal.
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Figures 32(b) shows the interactions between fast and slow mixing obtained by the ANN
model and its impact on turbidity removal efficiency. It demonstrates that lowering the rapid
mixing speed to 200 rpm reduces the effectiveness of turbidity reduction. This means that slower
mixing speeds work better for removing turbidity. This may be related as indicated by Kusuma
et al (2021) that the requirement of moderate mixing speeds to produce large flocs with good
settling properties. The figure also demonstrates how increasing the slow mixing's speed above
60 rpm causes the final floc breakdown to occur at a lower rate, which in turn results in less

turbidity removal.

Figure 32(c) demonstrates the obtained interactive effects between fast mixing and seeds
kind ANN model on turbidity removal. With all tested rapid mixing speeds (100-200 rpm),
turbidity removal is best accomplished when utilising DSCP, with a slight drop in turbidity
removal effectiveness as it approaches high speeds. This is probably due to the simple release of
the protein responsible of coagulation in the case of DSCP. However, the use of USCP under the
same conditions of rapid mixing induces low removal of turbidity with slow speeds of stirring. In

contrast, increasing fast mixing could increase turbidity removal efficiency.

Figure 32(d) represents the response surface plot for the obtained interactive effects of
slow mixing and seeds kind by ANN model, on turbidity removal. The plot shows that
employing DSCP with all of the evaluated rapid mixing rates results in an increase in turbidity
removal, as well as for the FFD model plot. While raising the rate of slow mixing had decreased
the efficiency of removing turbidity, using USCP at low speeds of slow stirring significantly
reduces turbidity. Increasing the stirring speed may help break the created flocs, which could

help to explain this.

3. Comparison of FFD and ANN performance

The performance of the RSM and ANN models was evaluated in order to determine which
model would be more useful for simulating the turbidity removal process. The ideal conditions
are shown in Table 12, and the optimal turbidity reduction percentage was computed in the
experimental field and in the anticipated data using FFD and ANN. When these settings were
used, the experimental field's percentage of turbidity removal was 90.42%, although the FFD and
ANN data acquired indicated removal percentages of 90.71 and 92.33%, respectively. The
results of turbidity removal obtained experimentally were quite similar to those obtained using
both FFD and ANN models. The results obtained by Gideon and Clinton (2010), who reported
that turbidity removal effectiveness was in the range of 94% or higher, when the coagulant dose
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is above Sml per 1000ml sample volume, are aggregated with the FFD results. These outcomes
are also quite similar to those reported by Gidde et al (2012), who discovered that shelled mixed
MO coagulant could remove 76.45% of turbidity at an ideal dosage of 70 mg/L, while dosages of
120 mg/L and 240 mg/L could do the same for 92.33% and 97.7% of turbidity, respectively.

Table 12. FFD and ANN optimal coagulation-flocculation parameters and their efficiency on turbidity
removal.

Turbidity Experimental

Coagulant Fast Slow Settlin rl;l;;ll);g:ly removal Turbidity
g mixing mixing . 8 Seeds kind R efficiency removal
dosage (ml) time (min) efficiency o R
(rpm) (rpm) FFD (%) ANN (%) efficiency
i (%)
10 150 60 60 DSCP 90.71 92.33 90.42

In terms of modelling the turbidity reduction process, both models showed significant
modelling capabilities. However, the ANN model definitely outperformed the RSM model as
seen by the significantly higher R? and modified R? values, which signify a better model fit. The
ANN model performs better, as evidenced by the error function (RMSE= 0.03, MSE = 0.0009,
MAE = 0.050) used to compare the accuracy of the two models.

Since the ANN predictions were more precise than the actual experimental values, the
results given in Table 1 also reflect this circumstance. According to Kusuma et al (2021), the
ANN model deserves to be used since it provides a more accurate depiction of the actual
coagulation-flocculation conditions. This shows that in the context of the current study, the ANN
model was successful in reproducing the actual experimental settings and in making predictions
that were remarkably similar to those of the actual experiments. The model's anticipated removal
efficiencies, as shown in Table 12, closely matched those of the actual experiment, proving the

model's validity.
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Figure 32: The input effects on turbidity removal. (a): dosage and fast mixing, (b): fast and slow
mixing, (¢): seeds kind and fast mixing, (d): seeds kind and slow mixing.
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Chapter 11

Application in wastewater treatment

1. Introduction

In part B of the first section; the obtained results during the experimental work are
presented and discussed in details. The coagulation-flocculation parameters applied with MO-DS
and MO-NDS powders were optimized using the RSM and ANN approaches. In this section
validation for generalization on other responses using the obtained optimal values were
recovered. This work's first focus is solely on recovering a natural waste in order to safeguard the
environment. This might be considered a breakthrough in the field of valorization because it has
been found that the treatment and valorization of natural waste has financial benefits due to its

low cost of operation, ease of use, and low energy requirements.

The purpose of this work is to (i) investigate whether dehulled and unhulled MO seeds can
be used to achieve the field's highlighted objectives by utilising seeds waste in wastewater
treatment, (ii)) implement mathematical models that explain the ideal conditions of the
coagulation-flocculation process, and (iii) investigate the generalizability of the resulting models

on other parameters on a stationary scale.

2. The application of RSM

2.1.Preliminary trials

The preliminary study shows the results of the single-factor experiments carried out for
preliminary optimisation. The results are expressed as TSS content. The tests performed under
optimal conditions have the lowest TSS content. The obtained results are illustrated in Figure 33
showing the TSS content in the inlet (IW) and outlet waters (OW) of the Sidi Ali Lebhar WWTP
treated with MO-DS and MO-NDS seeds cake powder solutions.

The comparison of the obtained concentrations of TSS shows a better efficiency when
using MO-DS, compared to MO-NDS. This could be due to the higher protein content of the MO-
DS seeds cake powder compared to the MO-DS seeds cake powder. According to
Gassenschmidt et al (1995), this protein is the essential element to ensure a good coagulation-

flocculation targeting the suspended pollutants in water. The TSS values in this first stage are
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within the margin of acceptability, which does not exceed 35mg/l for treated water at the inlet

and the outlet of the WWTP with both preparations of MO seeds cake powder.
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Figure 33. Response to the treatment measured by TSS content
(a): MO-DS and MO-NDS powders at the IW and (b): MO-DS and MO-NDS powder at the OW.

Through the preliminary results for TSS removal, the utilized factors in the rest of the
study were set. Table 13 shows the range of parameter set values at the end of the preliminary

tests.

Table 13. Factors and levels for BBD (in coded and uncoded levels) at IW and OW.

Symbols w ow
Level -1 0 +1 -1 0 +1
Dose (ml) X1 70 80 90 60 70 80
Fast mixing (rpm) X2 100 150 200 100 150 200
Low mixing (rpm X3 20 40 60 20 40 60

2.2.Box-Benken design set up

2.2.1. Modelling and fitting the model using RSM
RSM was used to determine the link between variables and response. Tables 14 and 15
show the findings of BBD experimental data for the observed, predicted, and residual values
obtained after water treatment in the IW and OW, respectively including runs. It is very clear
from both tables that the predicted response values are nearly identical to the experimental data.
The low values of residuals, demonstrated in Tables 14 and 15 show that the experimental data

fitted well to the model. At this stage, the high agreement between the real and the predicted
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values demonstrated that the regression model's response was sufficient to reflect the desired
optimization (Zhang et al., 2013).

Figure 34 represents the scattering of the experimental and predicted plots for TSS

removal in the IW and OW of the WWTP. From various available response models representing

the interactions of the variable factors, the most acceptable model was chosen.
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Figure 34. Experimental VS predicted values for suspended solids.

(a) IW-MO-DS treatment, (b) IW-MO-NDS treatment, (c) OW-MO-DS treatment, (d) OW-MO-NDS
treatment.
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Table 14 The experimental data for observed, predicted and residuals, for the RSM and ANN models, at the IW.

MO-DS MO-NDS
= Experimental Observed TSS RS_M ANN RSM ANN Observed RS_M ANN RSM ANN
&~ factors Predicted predicted Residual residual TSS predicted predicted Residual residual
TSS TSS TSS TSS
1 +-0 8.57 8.63 822 -0.060 -00.56 05.24 03.06 05.51 2.17 1.15
2 0+— 6.43 6.23 637 -0.194 200.13 06.01 08.18 06.22 2.17 20.99
3 -=0 6.43 6.34 6.64 -0.089 201.63 06.90 06.79 06.36 -0.11 0.35
4 0—+ 7.02 7.69 722 0.670 -00.80 05.24 05.99 06.13 0.76 0.30
5 0++ 5.24 5.40 516 0.164 00.75 06.67 04.85 06.17 -1.81 0.73
6 000 7.14 7.14 7.49 0.000 02.22 10.71 13.94 10.64 3.23 0.07
7 +0+ 7.38 7.13 782 -0.253 19.18 04.29 03.23 26.02 -1.05 20.02
8 -0- 5.28 5.73 5.03 0.453 02.13 06.67 07.72 09.30 1.05 0.14
9 000 7.14 7.14 730 0.000 0051 06.43 05.01 06.17 -1.42 0.64
10 ++0 6.19 6.28 6.38 0.090 01.00 09.17 10.58 07.81 1.41 0.42
11 0—- 6.43 6.23 6.37 -0.194 00.30 06.81 06.79 06.16 -0.02 051
12 +0- 7.62 7.72 7.41 0.104 01.18 07.38 06.62 05.34 -0.76 20.10
13 -+0 6.43 6.37 6.25 -0.059 -00.96 09.24 11.05 04.91 1.81 0.62
14 -0+ 7.05 6.92 718 -0.134 20051 25.99 24.63 06.17 -1.37 0.49
15 000 7.14 7.14 722 0.000 02.01 06.67 06.79 09.97 0.13 2073
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Table 15 The experimental data for observed, predicted and residuals, for the RSM and ANN models, at the OW.

MO-DS MO-NDS
g Experimental Observed TSS RSM ANN RSM ANN Observed RSM ANN RSM ANN
&, factors Predicted predicted Residual residual TSS predicted predicted Residual residual
TSS TSS TSS TSS
1 +-0 0.338 0.690 2.25 -0.352 -01.91 0.829 0.723 01.13 0.106 -00.30
2 0+— 0.792 1.095 0.73 0.303 00.05 0 0.196 0.196 0.196 20.196
3 -=0 0.994 1.167 0.73 0.173 00.25 0.294 0.357 0.723 0.063 200.42
4 0—+ 2.100 1.929 0.15 -0.171 01.94 0.485 0.705 01.43 0.220 -00.94
5 0++ 0.714 0.873 1.06 0.159 -00.35 0.809 0.652 0022 -0.157 00.58
6 000 0.400 0.190 1.81 -0.210 -01.40 0.929 0.920 01.01 -0.009 -00.07
7 +0+ 0.952 0.873 0.02 -0.079 00.92 0214 0.223 01.34 0.009 01.13
8 -0- 2.300 3.216 284 0.416 -00.03 1.409 1.348 00.65 -0.061 00.75
9 000 1.999 1.548 1.92 -0.451 00.08 0.409 0.357 00.36 -0.052 00.05
10 ++0 0.992 0.873 0.73 -0.119 00.25 1.143 0.946 00.92 -0.197 00.22
11 0—— 2.049 2.001 0.81 -0.048 01.23 0.959 1.009 00.95 0.050 00.01
12 +0-— 0.214 0.524 0.38 0.310 200.17 0.929 1.134 00.36 0.205 00.57
13 -+0 0.714 0.573 227 -0.141 0155 0.429 0.357 00.71 -0.072 20027
14 -0+ 0 0.143 115 0.143 201.15 1.143 1.143 01.14 0 0.001
15 000 2.181 1.928 0.22 -0.253 01.95 1.143 1.143 00.36 0 00.78
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Table 16 and 17 illustrate the estimated regression coefficients for the quadratic
polynomial models and the analysis of variance (ANOVA) for the experimental results and the
results of test of significance for every coefficient of regression for the IW and the OW,
respectively. It is claimed at last, that for each model and depending on the type of the utilized
seeds cake powder, the significant interactions change. The model's quality was assessed using
statistical indices such as RZ%, adj-R?, p-value, estimated coefficient, degree of freedom (Df),
standard error, sum of squares, Root Mean Squared Error (RMSE), Mean Squared Error (MSE),
Mean Absolute Error (MAE) and Mean Absolute Percent Error (MAPE). It was reported by
Karazhiyan et al (2011) that the models failed to reflect the data in the experimental domain
when points were not included in the regression, as evidenced by a significant lack of fit. The
ANOVA test showed that lack of fit was not significant for all response surface models at a 95%

confidence level, which indicates that both models reflected the data adequately.

Table 16 Estimated regression coefficients for the quadratic polynomial model and the analysis
of variance (ANOVA) for the experimental results at the IW.

W
MO-DS MO-NDS
Estimated Sumof Df Standard p-value Estimated Sum of Df Standard p-value
coefficient Squares error coefficient  Squares error
Intercept 7.143 0214 6.794 1.486
Linear
X1 0.572 2.616 1 0.131 0.007 -2.596 53.926 1 0.910 0.036
X2 -0.521 2.170 1 0.131 0.011 -2.283 41.687 1 0.910 0.054
X3 0.118 0.111 1 0.131 0.409 0.270 0.582 1 0.910 0.779
Interaction
X1X2 -0.595 1.417 1 0.185 0.024 6.024 145.144 1 1.287 0.005
X1X3 -0.504 1.016 1 0.185 0.042 -1.165 5.424 1 1.287 0.407
X2X3 -0.446 0.797 1 0.185 0.061 -1.161 5.389 1 1.287 0.409
quadratic
X1? 0.157 0.091 1 0.193 0.452 2.845 29.892 1 1.340 0.087
X2? -0.395 0.577 1 0.193 0.096 2.694 26.804 1 1.340 0.101
X3? -0.468 0.808 1 0.193 0.060 -2.851 30.014 1 1.340 0.086
Lack of fit 0.687 3 33.112 3
Pure error 0.000 2 0.029 2
R? 0.93 091
adj-R? 0.81 0.75
RMSE 0.37 2.57
MSE 0.13 6.60
MAE 0.16 1.28
MAPE 2.56 17.73

For the IW-MO-DS model, the p-value of X;, X,, X;X, , X;X3 was significant at 95%
confidence level (p < 0.05). The mathematical equation for TSS removal related to this model,

including significant and non-significant terms is given by (Eq.13):
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Viw_Mo—ps = 7,143 + 0,572 X, — 0,521X, + 0,118X5 — 0,595X, X, — 0,504X, X5 —
0,446X,Xs + 0,157X2 — 0,395X% — 0,468X2 (Eq.13)

For the IW- MO-NDS model, only the p-value of X; and X; X, interaction was significant
at the same confidence level (p < 0.05). The mathematical equation for TSS removal in the IW-

MO-NDS model, including significant and non-significant terms is given by (Eq.14):

Viw_MO_NDs = 6,794 — 2,596X; — 2,283X, + 0,270X5 + 6,024X,X, — 1,165X, X5 —
1,161X,X5 + 2,845X2 + 2,694X2 — 2,851X2 (Eq.14)

On the other hand, Table 17 represents the estimated coefficients of regression for the
quadratic polynomial model and the analysis of variance (ANOVA) for the experimental results

of the OW.

Table 17 Estimated regression coefficients for the quadratic polynomial model and the analysis
of variance (ANOVA) for the experimental results at the OW.

ow
MO-DS MO-NDS
Estimated Sumof Df Standard p-value Estimated Sum of Df Standard p-value
coefficient Squares error coefficient  Squares error
Intercept 0.886 0.238 0.377 0.128
Linear
X1 0.369 1.088 1 0.145 0.052 -2.596 0.106 1 0.079 0.203
X2 -0.139 0.154 1 0.145 0.383 -2.283 0.059 1 0.079 0.324
X3 0.445 1.587 1 0.145 0.028 0.270 0.665 1 0.079 0.014
Interaction
X1X2 -0.530 1.125 1 0.206 0.050 6.024 0.054 1 0.111 0.345
X1X3 1.046 4.380 1 0.206 0.004 -1.165 0.327 1 0.111 0.050
X2X3 0.184 0.136 1 0.206 0412 -1.161 0.375 1 0.111 0.040
quadratic
X1? -0.024 0.002 1 0.214 0914 2.845 0.123 1 0.116 0.175
X2? 0.025 0.002 1 0.214 0.910 2.694 0.152 1 0.116 0.139
X3? 0.492 0.892 1 0.214 0.070 -2.851 0.326 1 0.116 0.050
Lack of fit 0.801 3 0.236 3
Pure error 0.045 2 0.010 2
R? 0.92 0.90
adj-R? 0.77 0.70
RMSE 0.41 0.22
MSE 0.16 0.04
MAE 1.17 0.74
MAPE 106.02 92.96

For the OW-MO-DS model, the p-value was clearly significant only for X5. The X; X, and
X1 X3 interactions were highly significant at a 95% confidence level (p < 0.05). The mathematical

equation for TSS removal related to the model is given by (Eq.15):
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Yow_Mo—ps = 0,886 + 0,369 X; — 0,139 X, + 0,445X5 — 0,530X, X, + 1,046X, X5 +
0,184X,X; — 0,024 X2 + 0,025X2 + 0,492X?2 (Eq.15)

Whereas, for the OW-MO-NDS model, results showed a significant p- value for X3, X; X5,
X,X; and X3 at the same confidence level (p < 0.05). The mathematical equation for TSS

removal in the outlet water MO-NDS model is given in (Eq.16):

YVow-mo-nps = 0,377 —2,596X; — 2,283X; + 0,270 X5 + 6,024X, X, — 1,165 X, X5 —
1,161 X, X5 + 2,845X2 + 2,694X2 + 2,851X2 (Eq.16)

It is claimed at last, that for each model and depending on the type of starting wastewater

treated and the type of cake powder used, the significant interactions change.

As it was reported by Guan and Yao (2008), the value of R? should be at least 0.80 for a
good-fitted model. This is useful for understanding the model's variability and obtaining a well-
fitted model. It is clearly shown in Figure 34, representing experimental and predicted plots for
TSS, that the coefficient of determination is greater than or equal to 0.90 for each model, at the
rates of 0.93, 0.91, 0.92, 0.90 for the IW-MO-DS, IW- MO-NDS, OW-MO-DS and OW-MO-
NDS, respectively. This indicates that the models are well-fitting, with the independent factors
accounting for more than 90% of the dependent variable's sample variance and the independent

factors accounting for only 10% of the total variation models.

Karazhiyan et al (2011) have reported that the models failed to reflect the data in the
experimental domain when points were not included in the regression, as evidenced by a
significant lack of fit. The ANOVA showed that lack of fit was not significant for all response
surface models at a 95% confidence level, which indicates that all the models reflected the data
adequately. For a solid statistical model the adjusted R? should be close to calculated R? (Zhang
et al., 2013). This was the case for all models, especially for the MO-DS coagulant model (Table
16 and 17)

Other than regression and mathematical models for both coagulants, the comparison
between the obtained models was also designed using several error functions. The IW-MO-DS
model presented lower error values (MSE=0.13, RMSE= 0.37, MAE=0.16 and
MAPE = 2.56) compared to IW-MO-NDS model (MSE = 6.60, RMSE = 2.57, MAE = 1.28 and
MAPE = 17.73). This indicates that the /W-MO-DS model has better accuracy. However, the
OW-MO-DS model presented better performance (MSE =0.16, RMSE = 0.41, MAE = 1.17 and
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MAPE = 106.02) than the OW-MO-NDS model (MSE = 0.04, RMSE = 0.22, MAE =0.74 and
MAPE = 92.96).

Given that the lower MAE value, the better the model predicted. However, the relationship
between MAE values and how good a model performs depends on the data. Regarding the MAPE
values, indicating the sum of the individual absolute forecast errors, divided by the actual values
for each period. It's an accuracy measure based on the relative percentage of errors. The closer
the MAPE value is to zero, the better the predictions is. This was the case only for the /W-MO-
DS treatment. It is then the better performed model.

1.1.1. Analysis of the response surface model

The interactive effects of the independent variables and their mutual interactions on the
TSS removal efficiency can also be observed on the three-dimensional response surface profiles
of multiple non-linear regression models. Only significant interactions obtained by the model

were presented on the plots.

Coagulation-flocculation is characterised by fast and slow mixing regimes. Because it
helps to induce the production of flocs between the suspended particles and the coagulant during
this mechanism, mixing speed determination is crucial (Shak &Wu, 2014). Figure 34(b) and
Figure 35(b’) show the effect of slow mixing and MO-DS and MO-NDS dosage, respectively on
TSS removal. The Figures show that increasing the speed of the slow mix above 60 rpm

contributes to the decrease in TSS removal by eventual floc breakdown.
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Figure 35. RSM interactive effects of operational parameters on the TSS removal at the IW.

(a): MO-NDS dosage and fast mixing, (b): MO-NDS dosage and slow mixing, (c): fast and slow
mixing in MO-NDS treatment, (a’): MO-DS dosage and fast mixing, (b’): MO-DS dosage and
slow mixing.
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Figure 36. RSM interactive effects of the operational parameters on TSS removal at the OW.

(a): MO-DS dosage and fast mixing, (b): MO-DS dosage and slow mixing, (c¢): MO-NDS dosage
and slow mixing, (d). fast and slow mixing in MO-NDS treatment.

Figure 35(a) and Figure 35(a’) illustrate the effect of fast mixing and both coagulants
dosage on TSS removal. This reveals that increasing the MO seeds cake powder dosage could
reduce TSS removal. However, decreasing fast mixing and MO seeds cake powder dosage under
the optimal values could increase TSS removal. TSS removal is widely decreased by decreasing
dosage and fast mix, while decreasing fast mixing and increasing dosage could in contrast
increase TSS removal. These findings are consistent with those obtained in the preliminary
investigation whereby, according to the type of preparation of MO seeds, increasing or
decreasing the MO seeds cake powder dosage combined with a well-determined fast and slow
agitation could lead to a good TSS removal (in the range). The interaction between fast and slow

mixing as shown in Figure 35(c) demonstrates that the combination of different ranges of fast
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and slow mixing give a good process performance. It illustrates that speeds not exceeding 200
rpm performed well in reducing the TSS content, especially when combined with slow mixing in
the vicinity of 40rpm. The same observations were detected on the OW plots with its specific

optimal conditions (Figure 36).

2. The application of the ANN design

2.1.ANN models architecture

The various data layers are connected with the appropriate biases and weights to create a
prediction model. Figure 37 depicts the ANN neural network for the interaction between input
and hidden output. The optimum neural network configuration was obtained as 3-5-5-1. The
experimental data for the observed, predicted, and residual values obtained with the ANN model
at the IW and the OW, are illustrated in Table 14 and 15. The collected data clearly show that
the experimental results, as well as the predicted and actual values for TSS elimination, are
highly close. The results fit the expected model well, especially for TSS removal and in the BBD

model, as evidenced by the low residual values.

Figure 37. The ANN architecture.

2.2. ANN models analysis

Table 18 represents the estimation parameters of the obtained ANN model for training and
validation data set for TSS removal at the inlet and the outlet of the plant. At each level (training
and validation), the network system's accuracy was evaluated using the R? values. TSS removal
was found to have a R? value of 0.99 and 0.96 for MO-DS and MO-NDS, respectively in training
and 0.86 and 0.84 for MO-DS and MO-NDS, respectively in validation trials. However, at the
outlet of the plant the obtained models had a coefficient of regression R? of 0.99 and 0.96 for
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MO-DS and MO-NDS, respectively in training and 0.96 and 0.80 for MO-DS and MO-NDS,

respectively in validation trials.

Table 18. Estimation parameters of the ANN model for training and validation data.

w ow
MO-DS MO-NDS MO-DS MO-NDS
Training  Validation  Training Validation Training  Validation  Training Validation

R? 0.99 0.86 0.96 0.84 0.99 0.96 0.96 0.80
RMSE 0.054 0.19 1.09 0.78 0.05 0.145 0.08 0.05
MSE 0.0029 0.036 1.19 0.61 0.0025 0.021 0.0064 0.0025
Log-likelihood -17.94 -0.71 16.61 4.71 -15.46 -2.023 -12.06 -6.09
SSE 0.035 0.108 13.22 2.47 0.038 0.085 0.07 0.01
MAE 0.03 0.48 1.14 0.76

MAPE 2.99 7.08 143.14 137.30

The correlation between the target and the anticipated responses is also measured by
RMSE, and other several error functions for MO-DS (RMSE= 0.054, MSE=0.0029, SSE= 0.035)
and MO-NDS (RMSE= 1.09, MSE=1.19, SSE= 13.22) at the training stage. The same functions
were calculated at the validation stage for MO-DS (RMSE= 0.19, MSE=0.036, SSE= 0.108) and
MO-NDS (RMSE= 0.78, MSE=0.61, SSE= 2.47). When the RMSE value is less than 3, this
indicates how well the experimental outcomes match the predictions made by the ANN method
(Ejimofor et al., 2021). This shows strong network performance throughout the neural network's
lifecycle. It also shows how accurate and reliable the ANN model's predictions are. The low
value of SSE for the MO-DS model indicates a better fitting model. The accuracy of both models
was also assessed using other error functions (MAE= 0.03 and MAPE= 2.99) for MO-DS
coagulant, and (MAE= 0.48 and MAPE= 7.08) for MO-NDS coagulant. The lower the MAPE the
better the model is able to forecast values. This is the case of the MO-DS model which presented
the lower MAPE.

At the outlet of the WWTP, low values of error function were recorded at the training stage
in the case of the MO-DS treatment (RMSE= 0.05, MSE=0.0025, SSE= 0.038) and MO-NDS
treatment (RMSE= 0.08, MSE=0.0064, SSE= 0.07). At the validation stage, the studied error
functions have also been minimised (RMSE= 0.141, MSE=0.021, SSE= 0.085) for the MO-DS
treatment and (RMSE= 0.05, MSE=0.0025, SSE= 0.01) for the MO-NDS treatment. The
obtained RMSE values were less than 3 for all models; this indicates how closely the
experimental results fit the ANN's predictions. The accuracy of the obtained models was also

evaluated using the other error functions (MAE= 1.14 and MAPE= 143.14) for the MO-DS
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coagulant, and (MAE= 0.76 and MAPE= 137.30) for the MO-NDS coagulant. The studied

statistical parameters indicate good accuracy for all models.

The log-likelihood values give an indication of the best model using the scaled negative
log probability statistic. It is a measure of goodness of fit for any model. Higher the value is,
better is the model. The actual log-likelihood value for a given model is mostly meaningless,
but it is useful for comparing two or more models. On the basis of log-likelithood estimation, it

looks like the /W-MO-NDS represents the better model for TSS removal.

2.3.ANN models prediction

Figure 38 shows the path to solution plot for the MO-DS and MO-NDS models. It displays
the scaled log-likelihood plotted against the number of steps.
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Figure 38. ANN path for solution.
(a): IW-MO-DS, (b): IW-MO-NDS, (c): OW-MO-NDS, and (d): OW-MO-NDS models

Using the scaled negative log probability statistic, it indicates which of our models is the
most effective. It represents a great approach to investigate model over- or under-fitting. The

optimal network settings based on the scaled log-likelihood for training and validation were
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defined. It was obtained at the step 2 for the MO-DS model and just at the beginning at the step 0

for the MO-NDS model. After these values, no changes will be observed on the validation set.

Figure 39 and 40 compare the predicted and the experimental values of TSS removal in all
stages of the ANN method. A strong connection between the acquired and the experimental data
is indicated by the obtained R? in the training and validation stages for MO-DS and MO-NDS
treatments. This shows that the model was successful in reflecting the real relationship between
the items that were selected.
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Figure 39. Predicted and the experimental TSS in the training and validation stages at the IW.

(a) (2’): MO-DS model, (b) (b’): MO-NDS model.
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Figure 40. Predicted and the experimental TSS in the training and validation stages at OW.
(a) (a’): MO-DS model, (b) (b’): MO-NDS model.

2.4. Analysis of Response surface plots for the ANN models

The obtained interactions by the BBD model were also studied by the ANN model to
identify the effect of the inputs on TSS removal (Figure 41) and (Figure 42). It was observed
that the interactive effects on TSS removal plots obtained by the ANN models were very similar
to those obtained by the RSM model, with supplementary curvatures explaining the ability of
ANN method to extrapolate outside of the experimental range to find the global optimal point.
Through this, it can be concluded that decreasing the MO seeds cake powder dosage combined

with a well-determined fast and slow agitation could lead to a good TSS removal (in the range).
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Figure 41: ANN interactive effects of both MO seeds cake powder on TSS removal at the IW.
(a): MO-NDS dosage and fast mixing, (b): MO-NDS dosage and slow mixing, (c): fast and slow
mixing in MO-NDS treatment, (a’): MO-DS dosage and fast mixing, (b’): MO-DS dosage and
slow mixing
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Figure 42. ANN interactive effects of both MO seeds cake powder on TSS removal at the OW.

(a): MO-DS dosage and fast mixing, (b): MO-DS dosage and slow mixing, (c¢): MO-NDS dosage
and slow mixing, (d). fast and slow mixing in MO-NDS treatment.

3. Comparison of RSM and ANN models

Based on the results for R, MAE, MAPE, RMSE and MSE, and the relative error the accuracy
of both RSM and ANN models was evaluated. According to the values of R? for the MO-DS
treatment (0.93 and 0.99) and MO-NDS treatment (0.90 and 0.96) at the IW, and the MO-DS
treatment (0.92 and 0.99) and the MO-NDS treatment (0.90 and 0.96) at the OW, the findings
demonstrate that both optimisation strategies provided accurate forecasts. However, ANN
performed better, especially at the IW with lower values of MAE (0.03, 0.48) and MAPE
(2.99%, 7.08%) in the case of IW-MO-DS and IW-MO-NDS models, respectively. However
MAPE values in the OW models were more than 100% which indicate that the error is greater
than the actual value. However concerning the other error functions, both OW-MO-DS and OW-
MO-NDS models illustrate good performance.

107



Part 111 Results and discussion

At the end, the optimal values for each model were selected. For the /W-MO-DS, it was
found that the 80 ml dose stirred at a fast speed of 200 rpm and a slow speed of 40 rpm after that
gave the best coagulant efficiency. As for the /W-MO-NDS, it appears that an increase of
coagulant dosage to 90 ml was necessary to have good performance of the model. In the MO-DS
treated outlet water, the 70 ml coagulant dose performed best when used with a fast speed of 150
rpm followed by a slow speed of 40 rpm. The MO-NDS coagulant has been used as 80 ml dosage
under fast agitation conditions of 200 rpm and slow agitation of 40 rpm. The optimal obtained

conditions are well illustrated in Table 19.

Table 19. The optimal Jar test conditions obtained at the IW and OW.

RSM ANN
Dose Fast mixing  Low mixing | Dose Fast mixing  Low mixing
(ml) (rpm) (rpm) (ml) (rpm) (rpm)
Inlet water MO-DS 80 200 40 80 200 40
Inlet water MO-NDS 90 200 40 90 200 40
Outlet water MO-DS 70 150 40 70 150 40
Outlet water MO-NDS 80 200 40 80 200 40

4. Experimental validation for generalization

In the validation for generalization the obtained optimal parameters of coagulation-
flocculation by RSM and ANN were performed again under the same conditions, but this time

looking for other responses (other than TSS).
4.1.TSS removal

As illustrated in table 14 and 15, and according to the RSM and ANN models, the
predicted suspended solids removal results were very close to the observed results. The obtained
TSS values at the validation for generalization tests carried out under the same conditions were
in the same range and nearly equal to the RSM and ANN values as exposed in Figure 43, TSS
has been reduced to 6.67 and 7.81 in the IW treated with MO-DS and MO-NDS, respectively. In
the OW, TSS removal could reach 1.71 and 1.88 with MO-DS and MO-NDS treatment,
respectively. It seems clear from the plot, that TSS removal was more effective with MO-DS in
the inlet water, while in the outlet water the difference in efficiency between the two treatments
was not significant. The MO-DS coagulant used in the IW treatment has better coagulation
ability to reduce TSS compared to other treatments. It was able to reduce the TSS by 73.76% in
the IW treated by MO-DS. This value corresponds well to that obtained by Bhatia et al (2007).
These results were lower than those obtained by Al-Jadabi et al (2021), who found that TSS
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removal with MO extract had reached 95.5%. The difference in the TSS elimination rates could
be due to the difference in the starting dose of the coagulant. The IW-MO-NDS, OW-MO-DS and
OW-MO-NDS had a removal rate of 69.26, 39.13 and 33.11%, respectively. The obtained values
are a function of the pollutant load and the nature of the discharges at the treatment plant in the

sampling day.
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Figure 43. Suspended solids removal by MO-DS and MO-NDS in the IW and OW.

4.2.Turbidity removal

Suspended materials, including organic and inorganic particles, generate turbidity in water.
Sand, sludge, rock fragments, and dissolved metals are examples of inorganic materials. In
coagulation process, the cationic protein from MO seeds cake powder could be spread to every
area of the liquid, and it could then interact with the negatively charged particles to produce
scattered turbidity. Such interactions disrupt the force that holds the particles in place, allowing it
to attach to small particles and produce precipitates (Hendrawati et al., 2016). Turbidity
removal in validation tests revealed, as shown in Figure 44 that MO-DS coagulant had a better
capacity to remove turbidity in the IW. The MO-DS coagulant was able to reduce turbidity by
95.56%. The MO-NDS coagulant has low effectiveness compared to the MO-DS coagulant by
reducing water turbidity to 89.42% at the IW. These findings were completely consistent with
earlier research findings, which demonstrated that turbidity in water samples was reduced after
treatment with MO seeds cake (Ghebremichael et al., 2005; Sotheeswaran et al., 2011;
Hendrawati et al., 2016; Shan et al., 2017; Merwad, 2018).
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Adelodun et al (2020) reported that turbidity removal with MO extract could be maximal
and reach 94.44%, but decreased upon reaching a dose of 150 mg/L. They also reported that the
cause of the additional decrease in turbidity removal could be due to the absence of opposite
charged colloidal particles needed by MO biomass excess to react with, which have been
thoroughly neutralised and precipitated with the ideal biomass dosage. Al-Jadabi et al (2021)
have reported that MO cake powder effectiveness in turbidity removal can be as high as 97.5%,
which supports these findings.

On the other hand, the MO-DS and MO-NDS coagulants had reversal of roles in the OW,
with a reduction rate of 50.93 and 63.66%, respectively. This could be due to the decrease in the
amount of protein contained in the MO seeds cake powder, especially in MO-NDS. 1t could also
be due, as per Muyibi & Okuofu (1995), to the fact that turbidity removal was found to increase
with increasing initial turbidity. At last, it seems like that the MO-NDS coagulant is more

effective in low turbidity water.
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Figure 44. Turbidity removal by MO-DS and MO-NDS in the IW and OW.

4.3.Biochemical oxygen demand removal

Figure 45 illustrates that BOD removal was affected by both MO coagulants. In the IW,
the MO-NDS coagulant was more effective than MO-DS coagulant. Its reduction rate was 5.16
and 9.92% with MO-DS and MO-NDS coagulants, respectively. This implies that the use of any
preparation of MO seeds cake powder has an impact on BOD. These results were very similar to
those demonstrated by Shan et al (2017) and Merwad (2018), even though the starting dose of
the used coagulant was not the same, especially for MO-NDS coagulant. The optimal dose
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obtained may not be effective enough to remove BOD. This was represented in the work carried
out by Adelodun et al (2020), which found that the rate of BOD removal increased with
increasing MO seeds cake powder dosage. On the other hand, the outlet water was considered as
low polluted water. The addition of both coagulants had increased BOD by 93.51 and 55.15%
with MO-DS and MO-NDS coagulants, respectively. It seems like that the MO seeds cake

powder is more effective in the inlet water for BOD removal.
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Figure 45. BOD removal by MO-DS and MO-NDS in the IW and OW.

4.4.Chemical oxygen demand removal (COD)

As illustrated in Figure 46, COD values have increased after treatment in the IW and the
OW with both preparations of MO seeds cake powders. This could be due to the residual content
of MO seeds oil which has not been completely removed as described by Shan et al (2017).
Adelodun et al (2020) have also reported that COD removal can be increased by increasing the
MO seeds cake powder dosage. According to Baptista et al (2017) and Eman et al (2014), this
was explained by the drawbacks of using the MO seeds as a coagulant. After all, the release of
organic matter from the seed into the wastewater treatment system frequently results in a greater
need for chemical oxygen. Desta & Bote (2021) have reported that it is possible to remove COD
using the MO seeds cake powder by increasing the MO seeds cake powder dosage. The increase
of MO seeds cake powder dosage could increase other water quality parameters, especially
turbidity. It may have then an opposite effect on water clarity. This could be due to the presence
of more positive ions. Arnoldsson et al (2008) reported that the COD value rises due to the
remaining organic materials in the MO seeds cake powder. Hendrawati et al (2016) have
claimed that when the coagulant dosage is exceeded, the water samples are subject to an increase
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in turbidity because the surplus coagulants no longer interact with the oppositely charged
colloidal particles after most of them have undergone adequate neutralisation and precipitation.
From the plot, it seems clear that the MO-DS contributes to COD increasing more than MO-NDS

in both types of the treated wastewater.
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Figure 46. COD removal by MO-DS and MO-NDS in the inlet and outlet wastewater

4.5.Nitrates (NO3) removal

From the data presented in Figure 47, results showed that the samples treated at the IW
and the OW with both MO-DS and MO-NDS powders showed a clear increase in NO3 compared
to the raw sample. Higher values of NO3 were recorded in the OW samples compared to those
collected in the IW. We have recorded a value of 3.1, 3.71, 3.68 mg/L for control, MO-DS and
MO-NDS samples collected in the IW, respectively. This corresponds to an increase of 14.84 and
14.30% in the IW samples treated with MO-DS and MO-NDS, respectively. On the other hand,
OW samples have resulted in 0.85, 3.66 and 3.45 mg/L for control, MO-DS and MO-NDS
samples, respectively. The rate of increase reached 76.87 and 75.46% respectively, in these
treated samples. This increase would be due to the degradation of the organic matter by the
bacteria previously present in the samples. These findings do not agree with those reduced by
Sotheeswaran et al (2011) and Merwad (2018). However, Kilingo et al (2022) have found that
coagulation-flocculation using the MO seeds cake powder had a very low effectiveness in NO3
elimination. It is even increased NO3 from 0.29 to 2.52 mg/L, which agrees perfectly with our
findings. As well as experimental results by Singh & Patidar (2020), the NO3 rose following

the coagulation process due to the ions present in the MO proteins.
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Figure 47. Nitrates removal by MO-DS and MO-NDS in the inlet and outlet wastewater

4.6.Nitrites (NO3 ) removal

In contrast to NO3, a significant decrease in NO; rate was noted in the treated samples in
the IW and the OW, with both MO seeds cake powder preparations. Results presented in Figure
48 show that the rate of NO, decreased in the range of 47.61 and 41.90 % in the IW with the
MO-DS and MO-NDS coagulant, respectively. While, in the OW the NO; reduction was in the
range of 47.47 and 43.44% for the MO-DS and MO-NDS treatments. The conclusions reached by
Kilingo et al (2022) using the MO seeds cake powder in coagulation-flocculation process as a
pre-treatment and Garde et al (2017) using the MO seeds extract to treat coffee fermentation

water were entirely supported by these findings.
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Figure 48. Nitrites removal by MO-DS and MO-NDS in the inlet and outlet wastewater
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4.7.Phosphorus (P0;3) removal

The PO,3 in the treated wastewater using both MO seeds cake powder preparations was
almost entirely removed (Figure 49). In the treated IW with MO-SD and MO-NSD coagulant,
the reduction of PO;3was in the range of 95.03 and 94.40%, respectively. In the OW this
reduction has reached 96.37 and 96.84% with the same preparations, respectively. These
findings totally agreed with what concluded by Subha et al (2015), using MO seeds as an
activated adsorbent, it has exceeded the values observed by Kilingo et al (2022), who used a
saline solution of MO seeds powder in the coagulation coupled with the VFCW (Vertical Flow
Constructed Wetland) system and found that removal efficiencies for PO;* was ranging from 42

to 99.9% and from 41 to 89%, recorded in the autumn and winter, respectively.
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Figure 49. Phosphorus removal by MO-DS and MO-NDS in the inlet and outlet wastewater

4.8.Heavy metals removal

The MO seeds cake solution acts as a natural adsorbent to remove heavy metals from water
samples. The MO-DS and MO-NDS coagulants have been used to remove Pb, Cd, Zn. Table 20
shows that the addition of coagulants can reduce the level of Cd, Zn and Pb in wastewater
significantly. It seems clear from Table 20 that Cd was detected in the IW and the OW at the
range of 0.106 and 0.022 mg/L. However, in the MO-DS and MO-NDS water treatments, it was
completely not detectable (below detection limit: b.d.I). This could be due to the high
effectiveness of both preparations of MO seeds cake powder to remove Cd. The result was
consistent with what Hendrawati et al (2016) have demonstrated, with a range of Cd removal

that exceeds 99%. This was also reported by Meneghel et al (2013), which found that MO seeds

114



Part 111 Results and discussion

extract could remove more than 90% of Cd. However, only 60% of Cd could be eliminated using

MSE (Moringa Saline Extract), according to Nand et al (2012).

In terms of Zn, it was only detectable in the IW in the range of 0.9329 mg/L. It was also
completely not detectable in treated wastewater with both MO seeds cake preparations. It seems

clear that MO seeds cake powder coagulant make that Zn level decrease to below detection limit.

Table 20. Heavy metals removal by MO-DS and MO-NDS in the IW and OW.

Inlet water (mg/L) Outlet water (mg/L)
Raw MO-DS MO-NDS Raw MO-DS MO-NDS
Zn 0.9392 b.d.I* b.d.l b.d.1 b.d.l b.d.l
Cd 0.1060 b.d.l b.d.l b.d.l b.d.l b.d.l
Pb 1.959 0,066 0.034 0.583 0.018 0.013

*b.d.l.: below detection limit.

Regarding Pb level, it has been reduced in the IW to 96.63 and 98.25% with MO-DS and
MO-NDS, respectively. In the OW, the reduction rate was in the range of 96.97 and 97.75%,
with the MO-DS and MO-NDS treatments, respectively. The percentage of the removed Pb in
our study is higher than the one in the study carried out by Merwad (2018), with a removal rate
of 70%, Sotheeswaran et al (2011) determining a removal rate of 80% and Sajidu et al (2005)
with a rate removal ranging between 70.86 to 89.40%.

This study established that the rate of heavy metals in the wastewater may be decreased by
both types of coagulant. According to Hendrawati et al (2016), the use of the MO seeds cake to
ensure the precipitation of colloidal materials, including heavy metals could take place through
changes in the properties of these materials either with or without oxidation-reduction reactions.
This precipitation could also take place, resulting from the oxidation reaction. The Moringa
amphoteric protein may bind to the oppositely charged metal ions binding, causing the metal
ions to precipitate, and lowering levels of these metals. The alkaline pH generated by the
addition of MO seeds powder is due to the release of O-H groups that could allow the positively
charged metal ions to precipitate as insoluble metal hydroxides. This was supported by the fact
that precipitation induced by chemical coagulant is only improved in alkaline water, especially

when pH is above 10.5.
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Section I1

MO Seed husk valorization

1. Introduction

In this section, the MO seed husks were characterized. Based on that, the decision of the
cellulosic crystalline NPs synthesis has been adopted. After that, the adsorption process using the
obtained material from MO seeds waste was studied. The obtained biomaterial was characterised

in order to identify its behaviour during the adsorption process.
2. Characterisation of synthesised biomaterials

2.1.Structural characterization

2.1.1. FTIR analysis
The infrared spectra of the raw synthesis matrix and the synthesised material are shown in

Figure 50.

The FTIR of MO seed husk powder was carried out to study the structural changes that
occur in the material after chemical treatment and to approve that the resultant product is pure
cellulose. From the infrared spectra corresponding to the obtained material with the indicated
preparation, we noticed a similarity in the wavelength of appearance of the functional groups,
with a change in the intensity of the peaks corresponding to these functional groups (Figure 50).
The greatest similarity lies between the spectra of the MO seeds waste and those of the
synthetized NPs. The examination of the obtained spectra reveals the following absorption

bands:

- A broad absorption band observed between 3600-3300 cm-1 with a maximum around
3400 cm-1. This band is characteristic of the hydrogen elongation vibration of the
hydroxyl groups (OH) (from carboxyls, phenols or alcohols) and water absorbed by the
analysed materials. This indicates the reflectance of hydrophilic property in the
analysed materials (Singh et al., 2017). The observed bands at 2900 cm-1 in the MO
seed waste spectrum are attributed to the asymmetric and symmetric valence vibration
of the —CHj3 group (Nuruddin et al., 2011).

- The observed bands at 1700 cm-1 and 1600 cm-1 are caused by the elongation

vibration of C=O0 in the ketone, aldehyde, lactone, carbonyl and aromatic ring groups
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and especially to ester linkages and acetyl groups (1732 cm-1 ) in hemicellulose and
lignin present in the MO seeds husks (Kumar et al., 2014). This indicates also the
formation of carbonyl-containing groups in raw material. These bands are very
numerous in the MO seed waste spectra. However, they are very limited in the NPs
spectra and not referred to the lignin and hemicellulose vibrations, due to the chemical
elimination of hemicellulosic material during the bleaching step, giving thus purified

cellulose (Mohamed et al., 2015).

1,4 4

NPs

MO waste pu—

1,2 5

1,0 S

0,8

0,6

Absorbance A.U

0,4-

0,2 -

0,0 - ,
4000 3500

T T T T T T
3000 2500 2000 1500 1000 500

Wavelength Cm-1

Figure 50. FTIR analysis for the MO seed waste, and the prepared MO seed waste NPs.

- The observed bands at the area from 1470 to 1370 cm-1 represent a domain formed by
an overlap of absorption bands attributable to hydroxyl function grouping each other on
the surfaces. It is also attributed to the vibrations in the plane of the C—H bond in
several C = C — H type structures. The MO seed waste structure is very rich in this type
of grouping. Only one such grouping was noted in the case of NPs material.

- The observed bands between 1000-500 cm-1 are due to the out-of-plane deformation of

C—H in differently substituted aromatic cycles.
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- The hydroxyl group of the phenolic function and the carboxylic function give the
surface of the materials an acidic character, while the carbonyl function gives the

surface of the materials a basic character.

2.1.2. Scanning Electron microscope (SEM) analysis

The surface morphology of the prepared MO seed husk nanoparticles has been studied using a

scanning electron microscope (SEM), as shown in Figure 51.
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Figure 51. The analysis of MO seed husk NPs using Scanning electron microscope (SEM) at (a):
10 pm magnification, (b): 20 um magnification, (c¢): 50 um magnification, and (d) Energy
dispersive X-ray spectra (EDX) analysis.

The obtained images show a spherical structure of the outer surface with agglomerated
concavities in the depth. The swelling of cellulose was observed marked by cavities surrounded
by whitish walls as evident in Figure 51(a). The whitish structures are obtained after bleaching

stage. This indicates that almost the obtained material is in basis a pure cellulosic material. This
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notifies the removal of non-cellulosic materials such as lignin, hemicelluloses, pectin, and other
impurities from cucumber peels, upon successive chemical pre-treatments (Prasanna & Mitra,
2020). In other words, the acquired individual cellulose microfibers have bundles of cellulose
nanocrystals joined by crystalline and amorphous regions along the microfibers. This is
explained by the fact that the -1,4-glucopyranose linkage has been broken and the cellulose's
amorphous regions have been destroyed during the sulfuric acid hydrolysis for the cellulose
nanocrystals (Melikoglu et al., 2019). After that cellulose's micro-sized fibres were transformed
into individual nano-sized crystals, resulting in a significant size reduction (Naduparambath et
al., 2018). The different compartments of the obtained cellulose nanocrystals are covered with
pores scattered over their surface, giving thus a homogeneous and porous structure, which

explains its adsorbent character.

The SEM analysis was coupled to the Energy dispersive X-ray spectra (EDX) analysis.
The obtained composition shown in Figure 51(b), illustrates that the particles obtained present a
very high degree of purity with traces of Molybdenum and silinium of less than 0.2% by weight.
The primary components of EDX spectra are carbon and oxygen, which are related to the usual
composition of cellulose (Krishnan & Ramesh, 2013; Kian et al., 2017). The increase of
carbon contents in NPs is relative to confirm the sorption character of the obtained material

(Hamadeen et al., 2021).

2.2.Physico-chemical characterization

The physical characteristics (porosity, total pore volume, moisture content and apparent and real
densities) of the adsorbent material tested were measured. The results of the physical
characterisation are shown in Table 21. It illustrates the physical characterization of the obtained

material.

Table 21. Physical characterization of the obtained NPs.

Physical character NPs
Apparent mass (pa) 277.77 mg /ml
Real mass (pr) 4.03x10° mg /ml
Porosity (£%) 126.3 %
pHrzc 6.5

Generally, the physical characteristics of the adsorbent depend on the material and the
method of preparation. It seems that the sulfuric acid impregnation in the NPs preparation has

conferred grate porosity to the obtained material (126.3 %). The real mass of the obtained
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material is almost double the apparent mass, which gives the material good adsorption

characteristics.

Only one chemical characterization parameter was studied. The pHpzc is very important
parameter for characterising adsorbents, as it gives the surface charge of an adsorbent as a
function of pH solution in which it is found. The pHpzc is a good indicator of the chemical and
electronic properties of surface functional groups. It depends on the origin of the precursor and
the type of modification envisaged. The acquired adsorbent is therefore acidic, which confirms

the obtained infrared results.

3. Application in the adsorption

In order to determine the residual concentrations of our adsorbate (MB) by UV-visible the
preparation of series of standard solutions of MB with a concentration does not exceed 100mg/I.
The absorbance of each standard was measured in order to produce the calibration curve of MB.

The curve has R? of 0.9954. The calibration curve is given by the equation below:
y =0.1775x + 0.0379 (Eq.17)

3.1.The effect of adsorbent dose

This is a crucial parameter to establish the ability of an adsorbent to reduce a specified
concentration of MB solution. In order to identify the optimal dose of the bio-sorption used in
MB removal, 100 ml of MB solution at initial concentration of 20mg/l was brought into contact
with different masses of the studied bio-sorbent. The contact surface between an adsorbent and
the solution plays a decisive role in the adsorption phenomenon. The adsorption capacity of a
solid and the time required to reach equilibrium are also linked to this parameter. The effect of
the suspension on the quantity of the adsorbed MB by the adsorbent was studied using the
material concentration ranging from 15 to 110 mg / 250 ml. The results are expressed as the total

adsorption amount (qt) of MB obtained as a function of time (min).

The obtained results are presented in Figure 51. The results show that the total adsorption
amount increases as the dose of the adsorbent used increases. The ideal concentration for better
absorption was obtained at the concentration of 110mg/250ml. This can be explained by the fact
that increasing the dose of the adsorbent increases the number of sites available for dye fixation,
which in turn favours discolouration (Kifuani et al., 2018). The total adsorption amount remains

constant after 90min for all adsorbent concentrations. As it was reported by Hamadeen et al
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(2021), higher concentrations of adsorbents could lead to the movement of dye to the energetic

adsorption sites. Thus, the adsorption capacity could be reduced.

It is important to note that in the first stage, the adsorption is rapid. Then, this step is
followed by spreading with saturation stage. This means that in the first stage, there is external
transfer of MB molecules to the surface. This change in the quantity of MB adsorbed is
attributed to the phenomenon of adsorption. This phenomenon can be explained by the fact that
the driving force increases as the concentration increases, facilitating therefore, and the flow of

solutes from the solution to the studied material.
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Figure 52. The adsorbent dose effect on the MB adsorption.

The second stage can be attributed to diffusion of molecules within the porous structure
(micro-pores) of the adsorbent. Beyond this stage, a saturation zone is observed due to an almost
constant quantity of MB adsorbed by the adsorbent sites. Because of this, adsorption process

depends on the accessibility of the organic molecules to the micro-porosities (Dias et al., 2007).

3.2.The effect of pH

The adsorption of MB in aqueous solution on the surface of a solid depends not only on the
porosity but also on the surface area of the adsorbent and the degree of dissociation of the
surface charge of the solid. This last factor is related to the pH of the medium. The adsorption of
MB on the tested adsorbent was studied as a function of pH of solution. The experiments were
carried out with an MB concentration of 20 mg/L, a suspension of 110 mg/250 ml at room

temperature. The studied pH ranges were over 7 and 11.
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Figure 53 shows the total adsorption amount (qt) of MB obtained as a function of time in
different ranges of pH solution. A decrease in the reduced concentration as a function of
adsorption time, at different ranges of pH was observed. The obtained curves show better
adsorption of MB when the pH increases over 7. The MB adsorption remains constant after 90
min, in all cases. Before that and at high pH values, the concentration of MB is much higher than

that in other pH ranges. These findings are similar to those obtained by Hamadeen et al (2021).
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Figure 53. The effect of pH on MB adsorption.

The obtained results in the determination of pH at zero charge indicate that, below the
pHpzc of the used material, the charge of samples treated with NPs is positive. Beyond that
point, the charge is negative. The obtained pHpzc of NP is 6.5, this means that the charge on
these adsorbents is negative at pHs< pHpzc, and that they undergo electrostatically attractive
interactions with organic cations. As a result, MB adsorption is further enhanced. This is
explained by the fact that, as the pH decreases, the number of negatively charged sites decreases

and the number of positively charged sites increases (Tahir & Rauf, 2006; Tsai et al., 2007;
Weng & Pan, 2007).

3.3.Effect of initial concentration of MB

As it allows us to know the ideal concentration at which MB could be absorbed from
aqueous medium, this is one of the crucial parameters to be calculated. From the evaluation of

the adsorbent concentration giving maximum yield, it is useful to study the variations in this
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adsorption yield for the same quantity of adsorbent at variable beginning concentrations (Co) of

MB mentioned. This is shown in Figure 54.
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Figure 54. The effect of the beginning concentration of MB solution.

The obtained curves show that the residual concentration of MB after adsorption decreases
with time (the adsorbed quantity by the support increases with time) until it reaches an
approximately constant value at the same equilibrium time whatever the initial concentration of
MB. 1t is clear that more the MB solution is concentrated, lower its adsorption rate is. This
means that any increase in the initial concentration of MB requires the right choice of adsorbent
mass to avoid any loss of efficiency during the treatment. The equilibrium is obtained when the
available pore volume of the adsorbent had been occupied. The interaction between the

adsorbent and the subsequent dye is reduced as a result.
4. Study of the adsorption kinetics

The evolution of the quantity of the adsorbate fixed by the solid as a function of time
describes the kinetics of the adsorption process. The adsorption kinetics enabled us to determine

the type of kinetic model chosen for the studied adsorption.

In order to determine the mechanism limiting the kinetics of the adsorption process,
correlations between the quantities adsorbed and time were established. Several kinetic models

were used to interpret the experimental data, providing essential information for the use of these
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adsorbents in the adsorption field. To this end, the pseudo-first and pseudo-second order kinetic
models were tested. The results of the experiments are shown below. The various constants of
these models and their correlation coefficients were determined (Table 22). It can be deduced
that the adsorption process fitted well into pseudo first-order as the R? value (0.969) obtained is

higher compared to that of the pseudo second-order.

Table 22. Parameters of pseudo-first-order and Pseudo second-order kinetic models for
adsorption of MB onto NPs.

Pseudo first-order Pseudo second-order
R? 0,969 R? 0,827
K (min™) 0,2661 K»/g (g.mg.min’") 0,595
Standard error 0,00321 Standard error 0,00195

The high correlation coefficients obtained using both models, 0,969 for pseudo first-order
and 0,827 for the pseudo second-order, and the small standard error obtained for both models,
allow us to conclude that the kinetics can follow both models, with better representation using

the pseudo first-order model.

The low apparent speed of concentrated solutions could be explained by the occupation of
the active sites by MB molecules during the adsorption phase. In this way, the electrostatic
forces become weak to attraction of new molecules. More the MB solution concentrated is,
lower its adsorption rate is. These results confirm those obtained at previous section (effect of

initial concentration).

In order to describe the interaction between the adsorbate and the surface of the adsorbent,
the establishment of adsorption isotherms as models represents an important stage in the study of

adsorption. This will be dealt with in subsequent work.
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General Conclusion

The main objective of this dissertation was to develop an efficient, waste-free water
treatment system using different materials obtained from the MO seeds, all applied in a number
of physicochemical water and wastewater treatment processes. The MO seeds cake powder has
been used as a bio-coagulant to prepare different extracts used in the coagulation-flocculation
process. The MO seed extract was prepared using the dehulled and hulled MO seed cake

powders to valorise the peel of the MO seeds often discarded without being recycled.

Giving that turbidity is considered as an important parameter used in water quality
monitoring. It is typically considered to be a sign of how easily water can be filtered. For this, a
minimum turbidity value for drinking water has been set. The suspended materials in water
mostly arise from land erosion, the dissolution of minerals, the decay of vegetation, and it often
entails this minerals (especially heavy metals) while sedimentation. These metals are ultimately
much more concentrated in the sediment silt. This sediment always has an impact on the siltation
of the dam's reservoir and consequently reduces its available useful volume, which translates into
a decrease in the levels of services provided by the reservoir. Also, Water with high levels of
turbidity is typically characterized by the presence of germs that can induce major symptoms.
For this, the necessity to remove as many suspended solids as possible results from the
population's uncertainty regarding the safety of the excessively turbid water for ingestion. For
this, the prepared MO seeds extracts were applied in dam water treatment and wastewater

purification taking turbidity and suspended solids as reference elements to be eliminated.

The jar-test was used to develop optimal conditions (type of coagulant, coagulant dose, fast
mixing, slow mixing, and settling), for water and wastewater treatment using the obtained bio-
coagulants. Mathematical methods were to enhance optimisation performance, VIZ, the RSM

and ANN methods.

In dam water treatment using MO-DS and MO-NDS coagulants, the FFD was adopted as a
powerful RSM design. However for the ANN model the MFFF method was applied. Through
this, the coagulation-flocculation investigated factors had a noticeable impact on turbidity. The

developed turbidity removal models (FFD and ANN) had an R?of 0.90, adj-R? of 0.81, and a low
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RMSE of 0.07 for the FFD model, which fit the experimental data well. For the ANN model, an
R20f 0.96 and RMSE of 0.06 were found. For the dam water treatment using both preparations
of the MO seeds cake powder, the dehulled MO seed cake powder was found to be effective at
the dose of 10ml, used at fast mixing rate of 150 rpm for 3 min and 60rpm for 30 min for slow
agitation, when allowed to settle for 60min. turbidity removal performance has reached 90.42,
90.71, and 92.33%, using the experimental and the predicted data for FFD and ANN models,
respectively. By using the MO seeds engaged in the coagulation-flocculation process, it has been
demonstrated that both models are effective at removing turbidity, with better performance of the

ANN model.

In wastewater treatment, the effectiveness of both MO seeds cake preparations was tested
this time around TSS removal. The RSM and ANN methods have been also used to evaluate the
effectiveness of dehulled and unhulled MO seeds cake powders in coagulation-flocculation
process at the inlet and the outlet of the plant. The BBD was the chosen design for RSM
application. The influence of each input parameter and how it interacts with other parameters has
been depicted in RSM and ANN models, which also displays the response's trend. The resulting
experimental findings fitted well with the obtained BBD and ANN models. High accuracy of all
models was demonstrated at the outl---+--et and the inlet of the plant. Better accuracy was
performed using the MO-DS coagulant model with an R? of 0.93 and 0.99 for RSM and ANN
models, respectively as well as a very low MAE (0.03), MAPE (2.99) for the ANN model giving
it better accuracy. All models have been tested for an eventual generalization. At this stage, TSS
removal has been restored for both types of coagulants (MO-DS and MO-NDS, respectively),
with a range of 95.56 and 89.42 % in the inlet water and 50.93 and 63.66 % in the outlet water.
Other physicochemical parameters have been also tested. Turbidity, as it comes from suspended
solids, its elimination rate has followed that of TSS with a slight elimination of BOD in the inlet
water, while in the outlet water an increase was noticed. However, both kinds of coagulant had
contributed to increase COD and NO3, at the inlet and the outlet of the plant. Regarding NO3,
P03 and heavy metals, excellent efficiency performance has been noted with MO-DS and MO-
NDS in any type of water. This effectiveness varied between 47.61 and 41.90 % in the inlet
water, and between 47.47 and 43.44% for MO-DS and MO-NDS treatments in the outlet water in
NO3 case. In PO;3 case, it was up to 95.03 and 94.40% in the inlet water and 96.37 and 96.84%
in the outlet water treated with MO-DS and MO-NDS, respectively. Heavy metals removal was

most successful by attending values bdl, in Zn and Cd case and extremely low values in Pb case.
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It is then preferable to optimise a more effective dose to reduce these last parameters considered

to be water pollution parameters.

At the end, the models' further validation using the additional experimental data obtained
shows that they are very reliable for use within the specified range of parameters. Through which
we were able to objectively evaluate the effectiveness of both MO seeds cake powders in certain

physico-chemical parameters in Sid Ali Lebhar WWTP.

MO seed husks are waste products that are generally discarded without any economic
value. In this dissertation, this waste was valorised to be used in water treatment. As the MO
seed husks were found to be cellulose-rich, this waste was covered for nano-cellulosic crystalline
particles (CNC) synthesis. The obtained NPs were found to have a grate homogenous porous
structure, with a large specific surface area, giving it a high adsorption capacity. The obtained

NPs had a porosity of 126.3%, with a higher apparent density.

The adsorption capacity of the obtained adsorbent was tested against one of the most

widely used textile dyes (MB). The obtained results allow us to conclude that:

- The synthetized adsorbent was characterized by high real mass (4.03x10> mg/ml )
compared to the apparent mass (277.77 mg/ml), which gives it more adsorptive
capacity;

- The synthetized adsorbent was to have a high porosity (126.3%), which explains its
adsorptive character;

- The adsorption process was to be affected by, the initial concentration of MB solution,
the adsorbent dosage and the pH of the solution;

- The adsorption of MB using the synthetized NPs is better in a basic medium;

- The kinetic adsorption fitted well to both pseudo first order model and pseudo second

order model with better performance of the first one

Finally, the whole study leads to applicable perspectives to the different studied systems to

improve their efficiency:

- In the dam water coagulation-flocculation process study, as the protection of the
environment and therefore of human health is a major concern, and in view of the
conclusive results, It would be ideal to progressively take these trials up to the station

level;
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As the coagulation-flocculation process using MO seeds cake powder in wastewater
treatment was effective on a regional scale, why not go further and try to apply the
model on a large scale. The model was effective for TSS removal. It was also effective
when applied for the removal of heavy metals, nitrites and phosphorus, but not for
BOD, COD and nitrates. It is then preferable to optimise a more effective dose to
reduce these last parameters considered to be water pollution parameters;

The determination of suitable adsorption isotherms for the obtained NPs. These are
important tools for describing the interaction between the adsorbate and the adsorbent,
and understand the behaviour of NPs towards the adsorbate;

The application of the adsorption using the MO seed husks NPs could be effective on
other pollution parameters and other dyes. For this, extending the range of uses for
nanotechnology in the field of water purification by testing on other pollutants such as
trace metals, COD...could provide a good research area;

The quest for these treatment methods is essential if we want to protect our world, for
this the application of nanotechnology by covering agricultural wastes represent an

excellent outcome to treat water and wastewater.
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Summary Résumé asle

Summary

The MO seeds, known for their coagulant effect were tested in dam water purification and
wastewater treatment using coagulation-flocculation process. An evaluation via the optimisation
of the influencing factors on this technique has been covered by using statistical methods such as
RSM and artificial intelligence such as ANN. The dehulled and hulled MO seeds cake powder
were used as coagulant, and the dose of coagulants has been fluctuated alongside fast and slow
mixing of the jar test. Settling time has been tested too. All RSM and ANN models have been
effective in the process description, with better performance of ANN models with R* 0.96 at the
IW and 0,99 at the OW. Both preparations of MO seeds cake powder were efficient in promoting
the coagulation-flocculation process with better performance of the hulled seeds category. The
waste of MO seeds peeling was recovered by synthesis of crystalline cellulosic nanoparticles
(NPs). The synthetized NPs have homogenous porous structure, with a large specific surface
area, and large porosity giving it a high adsorption capacity. The obtained NPs have been tested
in methylene bleu adsorption (MB), and the process was found to be affected by the MB initial
concentration, the NPs dosage and the pH of MB solution. The adsorption process fitted well to
both pseudo first and second order model.

Résumé

Les graines de MO, connues pour leur effet coagulant, ont été¢ évaluées dans la purification des
eaux de barrage et le traitement des eaux usées en utilisant le processus de coagulation-
floculation. Une évaluation via l'optimisation des facteurs d'influengant la technique a été
réalisée a l'aide de méthodes statistiques telles que RSM et d'intelligence artificielle telle que
ANN. Les poudres de tourteau de graines de MO décortiquées et non décortiquées ont été
utilisées comme coagulants, et la dose de coagulants a ét¢ variée en méme temps que 1’agitation
rapide et lente de l'essai en jar test. Le temps de décantation a également été varié. Tous les
modeles RSM et ANN ont été efficaces dans la description du processus, avec une meilleure
performance des modéles ANN, avec un R* de 0.96 & I’entrée et 0.99 a la sortie de la station. Les
deux préparations de poudre de tourteau de MO se sont avérées efficaces pour promouvoir le
processus de coagulation-floculation, avec une meilleure performance des graines décortiquées.
Les déchets d'épluchage des graines de MO ont ¢té valorisés par synthése de nanoparticules
cellulosiques cristallines (NPs). Les NPs synthétisées se caractérisent par une structure poreuse
homogene, avec une grande surface spécifique et une grande porosit¢ qui leur confére une
grande capacité¢ d'adsorption. Les NPs obtenues ont été testées dans I'adsorption du bleu de
méthyléne (BM), et le processus s'est avéré étre affecté par la concentration initiale de BM, le
dosage des NPs et le pH de la solution de BM. Le processus d'adsorption s'est bien adapté au
modele du pseudo-premier ordre et du pseudo-second ordre.
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