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Abstract:
This work aimed to explore the potential of using waste foundry sand (WFS) as an adsorbent

for the removal of Congo Red (CR) dye from aqueous solutions. As a low-cost, sustainable
adsorbent. The adsorbent was characterized by X-Ray Diffractometer and Fourier
Transformer Infrared Spectroscopy (FTIR) techniques, Boehm titration, and pHpzc. The Box
Behnken design (BBD) of experiments was applied to determine the influence of initial
concentration (A), mass of adsorbent (B), and pH (C) for the CR dye elimination from the
aqueous system. The significant interaction between the factors is BC with p-value < 0.05.
The adsorption process followed pseudo-second-order kinetic model. The equilibrium data
were fitted to Langmuir, Freundlich and Temkin isotherms. Based on R?, the equilibrium
adsorption data was better fitted to Langmuir isotherm model than any other model. The
adsorption reached equilibrium after 60 min and the maximum adsorption capacity was about
36.16 mg/g at 20°C according to the Langmuir model. The results indicated that the removal
efficiency of 20 mg/L CR reached approximately 90.49% and the adsorption yield is 62.34%.
Thermodynamic parameters of the adsorption (AH®, AS® and AG®) were also determined and
it was found that the adsorption of Congo Red by WFS was a spontaneous process and

endothermic.

Keywords: Adsorption; Photocatalysis; Congo Red; Waste foundry sand.




Résumé:

Ce travail visait a explorer le potentiel d’utilisation de résidu de sable de fonderie (WFS)
comme adsorbant pour I’¢limination du colorant Rouge Congo (CR) des solutions aqueuses,
en tant qu’adsorbant économique et durable. L’adsorbant a été caractérisé par les techniques
de diffractométrie des rayons X (XRD) et de spectroscopie infrarouge a transformée de
Fourier (FTIR), le titrage de Boehm et le pHpzc. Le plan d’expériences Box Behnken (BBD) a
été appliqué pour déterminer I’influence de la concentration initiale (A), de la masse
d’adsorbant (B) et du pH (C) sur I’élimination du colorant CR du systéme aqueux.
L’interaction significative entre les facteurs est BC avec une valeur de p < 0,05. Le processus
d’adsorption a suivi une cinétique de pseudo-deuxiéme ordre. Les données a I’équilibre ont
été ajustées aux isothermes de Langmuir, Freundlich et Temkin. Sur la base du R2?, les
données d’adsorption a 1’équilibre se sont mieux ajustées au modele isotherme de Langmuir
qu’a tout autre modele. L’adsorption a atteint 1’équilibre aprés 60 min et la capacité maximale
d’adsorption était d’environ 36,16 mg/g a 20°C selon le modele de Langmuir. Les résultats
ont indiqué que I’efficacité d’élimination du CR a 20 mg/L atteignait environ 90,49% et que
le rendement d’adsorption était de 62,34%. Les paramétres thermodynamiques de I’adsorption
(AH®, AS° et AG®) ont également été déterminés et il a été constaté que 1’adsorption du Rouge

Congo par le WFS était un processus spontané et endothermique.

Mots clés: Adsorption; Photocatalyse; Rouge Congo; Résidu de sable de fonderie.
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General introduction

General introduction

Water is a fundamental resource vital to human survival. as well as the aquatic flora and fauna
[1]. It regulates climate, nourishes plants, sustains animals, and is vital for countless
biological and chemical processes while water blankets 75% of the Earth’s surface, only a
limited portion exists as clean water, fresh, and accessible for human and ecological needs [2].
due to increasing industrialization, urban growth, and human activities which leads to the
contamination of water resources [1].
Among the most harmful pollutants are synthetic dyes discharged by industries such as
textiles, paper, cosmetics, pharmaceuticals, food, and leather, with annual releases exceeding
50,000 tons of organic pigments into the environment each year [3] including toxic
compounds like Congo Red, these dyes are highly visible even at very low concentrations [4].
In order to reduce this growing problem various physical, chemical, and biological techniques
have been developed over time [5]. Among all these techniques, adsorption is considered as
one of the popular and attractive technologies for the removal of dyes from water [6]. It is the
most favourable method due to its simple design [7], low cost and easy desorption [8].
Photocatalysis is another method which uses UV light to break down dye molecules into
harmless by-products.
Recently, research has focused on sustainable and low-cost adsorbents, such as fungi [4],
agricultural wastes [8], and industrial wastes.
One of those materials used is waste foundry sand (WFS ) a by-product of the metal casting
industry. Utilizing WFS as an adsorbent transforms waste into a useful resource, supporting
both pollution control and waste valorization [1].
The aim of this study is to develope a cost-effective adsorbent made from waste foundry sand
to remove Congo Red dye from aqueous solutions using adsorption and then compare it with
the photocatalysis process. The research is divided into three key chapters:

v The first one is a bibliographic study, which is divided into three main parts: the

waste foundry sand, dyes and the treatment methods used.
v" Then the second chapter is a small description of the methods and the materials used
in this work.
v" The last one is a detailed discussion of the results obtained, followed by a general

conclusion which summarize all the key findings.
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I. Bibliographic study
I.1. Waste foundry sand
I.1.1. Introduction

The growing demand for metal products has made casting one of the most important
manufacturing processes. In casting, molds and cores made from special sand are used to
shape molten metal into precise designs, this sand called foundry sand.
Foundry sand is the primary material used to create sand molding boxes. These boxes are
formed by pressing two molds, one on top and one on the bottom, filled with compacted sand,
against a solid object made of wood, plastic, or metal. This object serves as a replica of the
part to be made. After pressing, the molds are briefly separated to remove the part, and then
reassembled to form a mold with a cavity inside. Molten metal is poured into the mold, where
it cools and hardens. The sand box is then removed and mechanically broken apart for reuse.
The sand is reused multiple times usually between 3-10 cycles until it loses its effectiveness
[9].
As shown in Figure I-1, the metal casting process involves a series of steps that transform raw

materials into finished metal products through melting, molding, and solidification.

or

Silicasand ("Ia:.r Additive Silicasand

Union of the moulds Metal pouring

Rewse of the foundry sand

.
et

p J'I ‘ b3 P £
Metal solidificatnon Remowval of the moulds Removal of the solid part

Figure I-1: Metal casting process [9].

When the sand's properties degrade and it can no longer be used, it is termed waste foundry
sand (WFS) and is often dumped in landfills. Approximately 100 million tons of WFS are

produced annually, with 0.60 tons generated for every ton of steel made. The removal of WFS
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has emerged as a major environmental concern due to limited landfill space and rising land

costs.

I.1.2. Definition
Waste foundry sand (WFES) is a by-product of ferrous (iron and steel) and nonferrous (copper,

aluminium, and brass) metal casting processes. It is primarily used in the formation of molds
for casting metals. After the casting process, the sand becomes contaminated with residues
from metals and binders, this makes it unsuitable for further use. WFES is composed mainly of
silica, binders, metal traces, and catalysts.

I.1.3. Classification
Foundry sands are classified into two main types depending on the type of binders used to

hold the sand grains together.

I.1.3.1. Green sand (wet sand)
Also called molding sand, uses clay as the binder. It is the most commonly used type of sand
in foundries, typically used for smaller or medium sized castings. This type is preferred
because of its flexibility and ease of recycling within the foundry.
Green sand is made up of silica (85-95%), bentonite clay (4-10%), carbonaceous additives (2-
10%), and (2-5%) water. It is basically black in colour, due to carbon content. The term
"green" refers to the fact that the sand mold is moist or "green" before the metal is poured into
it. The high content of silica sand resists high heat, and clay helps hold the sand together [1].

1.1.3.2. Chemically bonded sand
Chemically bonded sands are used in core making, where they need to be strong enough to

handle the heat from molten metal, and in mold making. Most chemical binder systems use an
organic binder that is activated by a catalyst, although some systems use inorganic binders.
These sands are usually lighter in colour and texture compared to the green sand.

The choice between green sand and chemically bonded sand depends on factors such as the
type of metal being cast, the desired properties of the final product, and economic
considerations (Green sand is generally lower cost compared to chemically bonded sand) [1].
Figure I-2 illustrates the two main types of waste foundry sand (WFS), namely (a) green sand

and (b) chemically bonded sand.
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(a) (b)
Figure I-2: Types of WFS (a) green sand (b) chemically bonded sand.

I.1.4. Chemical and physical properties

The properties of WFS depend on variables such as the type of foundry process implemented,

the type and amount of additives used for molding, the number of times the sand has been

reused [9].

v
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I.1.4.1. Chemical properties
WES can contain more than 80% of SiO,, small percentage of Fe (9%) and Al (6%), these
percentages can change depending on the product of the industry.
Contain organic and inorganic compounds due to the type of binders.
WES has a hydrophilic nature and can absorb water.
It can contain traces of MgO, K,0O, and TiO,.
We can found metal such as include Ag, Cd, Co, Cu, Fe and Ti due to the metal casting
process [10].
The pH of waste foundry sand can vary between 4 and 8 [11].

1.1.4.2. Physical proprieties
The shape of WFS is generally subangular to round.

The grain size distribution is from 85-95% for materials ranging between 0.6 mm and
0.15 mm, and 5-12% for those who are smaller than 75 um.
The density is between 220 and 2700 kg/m? [12].
I.1.5. Different applications of waste foundry sand
We can use the WFS in the embankments and barrier layers construction because it

develops compaction and reduces settlement.
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v’ It can be used also in agriculture, soil reinforcement (it enhances soil aeration).
v 'WFS can be replaced the fine aggregates (typically river sand) in mortar mixes [11].
v" Finally it can use in water treatment due to its adsorption property.

v" We can use WFS in fiberglass manufacturing as a partial replacement for raw silica sand.
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I.2. Dyes

I.2.1.Introduction
Throughout history, humans have been fascinated by colours, which have been an important
part of art, decoration, craftsmanship, and dyeing.
In ancient times, people lean on natural pigments sourced from coloured earth, plants, and
animals to add brightness to their atmosphere and enhance their daily lives. These natural
dyes, like alizarin from madder plants and indigo sourced from wood or indigo plants, known
as the foundation for early dyeing practices. Minerals such as manganese oxide and hematite
also played a role in creating rich hues.
Everything changed in 1856 when William Henry Perkin created the first synthetic dye,
"mauve" using aniline [13]. This innovation marked the beginning of a new era in dyeing, as
synthetic dyes offered greater brightness, enhanced durability, and lower production costs
compared to their natural counterparts. Today, most dyes are made from chemicals found in
materials like petroleum and tar.
However, the elimination of these dyes into the environment, especially in water, has caused
significant pollution. These dyes can harm aquatic life and even humans because many are
toxic and some may even be cancer causing. As a result, there are strict regulations on their
use, especially in products that come into contact with people.

1.2.2. Definition
A dye, whether natural or synthetic, is a substance that imparts long lasting colouration to
materials. Dyes are composed of three parts [13]:
Chromophores: The active site responsible for absorbing light in the visible (380—750 nm),
giving the dye its colour. Contains specific atomic groups that enable light absorption making
the molecule chromogenic.
Auxochromes: Functional groups that enhance dye's properties by improving solubility, the
ability to bond with materials and colour intensity.
Matrix: The rest of the molecule, providing structural support to the chromophore and
auxochrome. Unlike dyes, which remain on the surface, pigments dissolve and disperse in
their medium, changing their colour by binding to solid surfaces such as textiles through
processes such as dyeing or printing. Their vibrant colours and strong fixing ability make
them indispensable in various industries, from textiles to food and cosmetics [14].
Table I.1 lists the main chromophore and auxochrome groups commonly found in dye

molecules.
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Table I- 1: Main chromophores and auxochromes groups[14].

Chromophores Groups

Auxochromes Groups

Azo (-N=N-)
Carbonyl (>C=0)
Nitro (-NO3)
Nitrous(-N=0)
Thiocarbonyl (>C=S)

Primary Amine (-NH>)
Secondary Amine (-NHR)
Tertiary Amine (-NR2)
Hydroxy (-OH)
Alkoxy (-OR)

Vinyl (-CH=CH-) Electron Donor (-Cl)

1.2.3. Classification
To better understand their properties and applications, dyes are generally classified according

to their origin, chemical structure, and method of application.

Classification of dyes
u

[
Based on the

T
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ased on their Based on their

. chemical .
origin I application
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Natural dyes Azo dyes Soluble dyes dyes
Synthetique ~ |— Anthraquinon Acid dyes Vat dyes
dyes e dyes

" Indigo dyes Basic dyes " Sulfur dyes
—  Xanthene

Reactive dyes Disprese dyes
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— Triarylmethan Direct dyes
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1.2.3.1. Based on the origin
Dyes may be classified into two categories, defined by the source from which they arise:

a. Natural dyes
They are obtained from the natural sources like animals, and mineral sources but most of
them are sourced from the plants or plant parts like roots, leaves, bark, berries, wood, fungi,
and lichens [5].

b. Synthetic dyes
They are produced on a wider scale using chemical synthesis and are widely manufactured by
the dye industry. Its introduction has revolutionized the textile and fashion industries by
providing a wider range of colour options, improved dyeing efficiency, and faster production
processes.
Dyes may also be classified in different ways based on their chemical structure and types of
applications [5].

1.2.4. Based on their chemical structure
This rests upon the chemical composition of the dyes, focusing especially on the essence of

their chromophore groups [15].

a. Azo dyes

These dyes stand as the most prevalent in use, comprising nearly half of all commercial dyes,
owing to their vivid hues, versatile structures, and straight forward synthesis. They are
distinguished by the presence of azo groups (—N=N—) as illustrated in Figure I-3, bonded to
electron-donating entities such as amine or hydroxyl groups, alongside electron-accepting
aromatic rings an arrangement that underpins their brilliant colours and wide ranging

applications [7].

N=—"N

Figure I-3: Structure of azo dye

b. Anthraquinone dyes

Ranked as the second largest class of dyes after azo dyes, anthraquinone dyes are extensively
employed in the textile industry, celebrated for their distinctive chromophore groups. These
groups are defined by two carbonyl moieties flanking a central benzene ring as shown in
Figure 1-4. Derivatives of anthraquinone dyes may contain amino, hydroxyl, halogen, or

sulfonic acid groups [7].

11

~=
| —



Chapter I: Bibliographic study

(@)

Figure I-4: Structure of anthraquinone.

c. Indigo dyes

Indigo dyes trace their origins to the legendary deep blue pigment indigo, revered for
centuries. Variants containing selenium, sulfur, or oxygen congeners of indigo blue induce
notable chromatic transformations, often diminishing colour intensity or altering its hue,
yielding shades that range from vibrant orange to serene turquoise [15].

The Figure I-5 presen the structure of indigo blue dye.

O

o)
Figure I-5: Structure of indigo blue.

d. Xanthene dyes

Xanthene dyes are known for their intense fluorescence, these dyes are used in different fields
such as scientific field, industrial and environmental. The most known example is Fluorescein
which is used as a tracer in maritime accident and underground water studies, Rhodamine B is
another example used for tagging biological samples [5].

their molecular structure is shown in Figure I-6.

(@)
Figure I- 6: Structure of xanthene dye.
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e. Triarylmethane dyes

This class of dyes is widely employed across the textile industry, cosmetics, and food
colouring, owing to their remarkable light absorbing properties. They are defined by a central
carbon atom bonded to three aryl groups as seen in Figure I-7. Among the most notable
examples are Malachite Green, used in dyeing silk and leather, and Crystal Violet, commonly

utilized in laboratories for staining cells and tissues [4].

Figure I-7: Structure of triarylmethane dye.

f. Phthalocyanine dyes

Phthalocyanine dyes are synthesized through the reaction of dicyanobenzene with metals such
as copper, nickel, cobalt, or platinum. Among them, copper phthalocyanine stands out as the
most widely used, prized for its exceptional chemical stability. Typically exhibiting vivid blue
or green hues, these dyes find frequent application in textile coatings, plastics, and artistic
materials, valued not only for their brilliance but also for their low toxicity [7]. Their structure

is presented in Figure I-8.

N
| IS
N HN
v N\
/ NH N—
= =
N

Figure I-8: Structure of phthalocyanine dye.
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g. Nitro dyes

Nitro dyes are characterized by the presence of nitro groups (NO2) positioned ortho to
electron-donating groups such as hydroxyl or amino moieties as seen in Figure I-9. Though
their use in dyeing and printing persists, these dyes pose significant environmental risks, often
polluting water bodies and endangering aquatic life. Despite being scarce and largely
considered outdated, they endure in various applications due to their simple molecular
structure and low production cost. Notable examples include Picric Acid, which serves both
as a yellow dye and a potent explosive, and naphthol yellow S, formerly used in food
production [5].

OH

NO,

Figure I-9: Structure of nitro dye.

1.2.4.1. Based on application
Dyes are classified based on their auxochromes, which is useful for dyers who focus on
practical applications. This classification considers dye solubility, affinity for different fibers,
and fixation method [15].
Within this classification, dyes are grouped into two primary families: those that are water-
soluble and those that are water-insoluble [15].
[.2.4.1.1. Soluble dyes
a- Acid or an anionic dye
Acid dyes or anionic dyes are the type of dyes used in acidic pH ranging between 2 to 6, these
dyes are used for dyeing fibers like wool and cotton. These dyes are characterized by their
sulfonic acid groups that made them water soluble and typically azo, anthraquinone and
xanthenes types. Acidic dyes are widely used in textile industry, making up 30% to 40% of
the total utilization of dyes due to their vibrant and good colour fastness [1].

The Figure I-10 present a structure of an acidic dye.
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+ 0O
Na \S /0 OH o
7 N I,
\\N \\ Na+
O—01
LN
Na o

Figure I-10: Structure of red acid dye.

b- Basic or Cationic dye
Perkin’s Mauve was the first synthetic dye and belongs to the basic dye class. Other early
examples of basic synthetic dyes include Magenta and Malachite Green. These dyes are
derived from organic bases and ionize in water to form coloured cations, which is why they
are classified as basic or cationic dyes, their general structure is shown in Figure I-11.
Typically, cationic dyes are available in the form of salts, most commonly chlorides, but also
as oxalates or double salts containing zinc chloride. Their remarkable intensity and brightness

are among their most distinctive properties [6].

Cl

+
N(CH3)3

Figure I-11: Structure of green 4 basic dye.

c- Reactive dyes
The chromophoric structures of reactive dyes are drawn from the azo, anthraquinone, and
phthalocyanine families, lending them their vivid colouration and reactivity. They called

reactive dyes because they have reactive chemical functions like triazine or vinylsulfone,
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which form strong covalent bonds with fibres. These dyes are highly water-soluble and

generally used for dyeing cotton, wool, and polyamides [15]. A typical structure is illustrated

in Figure I-12.

OH NH,
H, H,
Na0,80—C —C _OZS@N:N I | N:N@—gz—gz—g2—OSO3Na

NaO,S SO;Na

Figure I-12: Structure of reactive black.

d- Direct dyes
Direct dyes are used for dyeing rayon, linen, and other cellulosic fibers, and they can also be
applied to wool and silk. These dyes bind loosely to fiber molecules, preventing rapid drying
after application. They are usually used at temperatures ranging from 79.4 °C to 93.3 °C [16].
Due to lack of fixative properties, fabrics dyed with direct dyes can only be cold washed. One
of the key advantages of direct dyes is their cost-effectiveness, making them the most

affordable option of all dye types [7]. Their strcture is presented in Figure I-13.

HOH,C CH,OH
NH, OH OH  NH,
0,SNa N N NaSO,
’ OO AN N OO
NaSOs NaSO,

Figure I-13: Structure of direct blue.

1.2.4.1.2. Insoluble dyes in water
a- Vat dyes
Vat dyes are renowned for their brilliant hues and exceptional colour fastness. Though
inherently water-insoluble when affixed to fibers, they become soluble in an alkaline medium
through a reduction process that transforms them into leuco-derivatives water-soluble forms.
Once absorbed into the fibers, they are re-oxidized, returning to their original insoluble
state.as seen in Figure [-14 Their remarkable resistance to washing and sunlight makes vat
dyes ideal for colouring cotton, linen, wool, silk, rayon, and other cellulosic materials. Among

them, indigo stands as the most iconic natural vat dye, widely used in the dyeing of denim [6].

16

~=
| —



Chapter I: Bibliographic study

N
O O Soluble form

1z

C ] Insoluble form

Figure I- 14: Structure of vat dye.

b- Sulfur dyes

Sulfur dyes are water-insoluble colorants distinguished by the presence of sulfur atoms in
their structure and a notably high molecular weight. Though inherently insoluble, they are
applied in a reduced, water-soluble form typically achieved through treatment with sodium
sulfide. Once absorbed by the fiber, they are re-oxidized to restore their original insoluble
state. Owing to their affordability and ability to produce deep, durable shades with strong
resistance to washing and light, sulfur dyes are commonly used in cotton dyeing. First
introduced in 1873, these dyes accounted for 9.1% of dye production in the United States by
1966 [6]. The structure of a sulfur dye is shown in Figure I-15.

s
O S
\
S N
N S
\
S O

Figure I-15: Structure of sulfur black 1.
c- Disperse dyes
Disperse dyes are water-insoluble, non-ionic dyes used for hydrophobic fibres like polyester
and cellulose acetate, their typical molecular structure is shown in Figure I-16. The volatility
of disperse dyes allows their vapors to be effectively absorbed by these fibres. Also known as
dispersible or plasto soluble dyes, they are applied as finely dispersed powders in dye baths.
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These dyes are stable at high temperatures, which allow diffusion into synthetic fibres before

fixation. Widely used in dyeing manufactured fibres, particularly polyester and polyamide,
they require a dispersing agent for effective application [15, 16].

0 NH, i)
C

NH,

Figure I- 16: Structure of disperse blue 6.

1.2.5. Toxicity of dyes
Not all synthetic dyes are harmful, for example some fiber-reactive dyes can bond to fibers
like cotton and rayon without the need for toxic mordants. The toxic property of a dye more
rely on its chemical structure than the dyeing process itself [17]. Dyes with heavy metals and
those that lead to cancer are especially harmful. Very reactive dyes, acid dyes, and disperse
dyes can be highly toxic to the skin.
Currently, every year 0.7 million tons synthetic dyes produced, 12% of which are released
into the environment [18]among these, azo and cationic dyes are among the most toxic and
are associated with health issues such as cancer and allergies.
Natural dyes are less toxic than the synthetic dyes which can pollute the water, which will
affect the aquatic ecosystems and human health. Basic dyes can damage the algae, and the azo
dyes used in textile industry causes several risks to humans such as cancer.
However, it is important to reduce the presence of those dyes in the environment and making

sure to treat the waste water to breaking them down.
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1.3. Treatment methods
1.3.1. Adsorption

1.3.1.1. Introduction
Since the beginning of the 20" century, adsorption has garnered a lot of scientific attention
because of its numerous industrial, environmental and biological uses. The term adsorption
was first proposed by Kayser in 1881 [19].
Adsorption is an essential step in many catalytic processes and is widely used to separate
components in both laboratory and industrial environments. In addition, it has an essential
role in purifying water, air and soil. Adsorption is a process in which molecules from a fluid
whether a gas or a liquid attach themselves to the surface of a solid. The molecules that
become attached are referred to as the 'adsorbate', while the solid hosting them is known as
the 'adsorbent'. This surface includes not only the exterior of the solid but also its intricate
internal landscape, composed of pores and cavities that offer abundant sites for molecular
attachment.
I.3.1.2. Types of adsorption
According to the type of interaction established between the adsorbate and the adsorbent, two
types of adsorption are considered, physical and chemical [20].
a- Physical adsorption
Physical adsorption occurs through weak forces such as Van der Waals bonds, electrostatic
interactions, dipole-dipole and hydrogen bonds, among others, this process is reversible
[20]and not very specific, the strength of the interactions involved can be estimated by the
adsorption energy which is between 5 and 40 kJ/mol which considered weak so desorption
can therefore be total [21].
The physical adsorption can be in in monolayer or multilayer.
b- Chemical adsorption
The adsorbate bonds chemically with the adsorbent surface, which makes this interaction
irreversible, very specific [20]. The adsorption energy is greater than 80 kJ/mol so the
desorption is difficult. The chemical adsorption is generally monolayer because the presence
of valence bonds between the adsorbate and the adsorbent excludes the possibility of
multilayer [21].
1.3.1.3. Mechanism of adsorption
The process of adsorption unfolds through a series of distinct stages, as outlined below:
v Diffusion from bulk solution: The adsorbate molecules move from the bulk liquid

phase near to the adsorbent surface.
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v Film diffusion: The molecules diffuse through the liquid film to the surface of the
grains.

v’ Pore diffusion: The phenomenon continues with the transfer of the adsorbate in the
porous structure to the active sites.

v Adsorption: Finally, the adsorbate attaches to the active sites on either the internal or
external surfaces of the adsorbent through physical interactions such as Van der Waals
forces or hydrogen bonding or through the formation of chemical bonds, whether ionic

or covalent [22].

I.3.1.4. Main factors influencing adsorption
Many factors can affect the adsorption of a substance on an adsorbent material [23], among

the most important we found:

a. Temperature
The physical adsorption is generally an exothermic process, which make its development is

favoured at low temperature [23].
On the other side, the chemical adsorption is endothermic so it prefers high temperature.

b. pH of the solution
One of the most important factors affecting adsorption capacity is the pH, the variation in pH
cause a variation in the degree of ionization of the adsorbed molecule and in the surface
properties of the adsorbent [24].
In general, the initial pH value can increase or decrease the adsorption rate [24].

c. The initial dye concentration
The initial concentration has a significant effect on the adsorption, generally with the
increasment of this concentration dye adsorption diminue as the active sites on the adsorbent
surface become saturated. Conversely, increasing the initial dye concentration enhances the
adsorption capacity, likely due to the greater driving force for mass transfer at higher
concentrations [24].

d. The solubility of the adsorbate
The adsorption increase when the solubility of the substance in the solvent decrease [25].

e. The nature of the adsorbent
Adsorption is characterized by its high selectivity, which means that an adsorbent prefer to
adsorbs certain substances over others [25].

1.3.1.5. The adsorption isotherm

The adsorption process can be described using an adsorption isotherm. An isotherm is a curve

that represents the relationship between the amount of solute adsorbed Q. (mg/g) and the
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concentration of solute in solution Ce (mg/L) [26]. They help in determining the optimum

adsorption capacity of adsorbent and indicate the efficiency of the adsorbent, and also allows
an estimation of the validity of adsorbent’s application [27].

According to Giles et al there is four classes for those isotherms named S (Sigmoidal),
L(Langmuir), H (High affinity) and C (constant partition) as seen in Figure I-17 [23]:

Type S: Are obtained when the solute molecules only attach to the solid through a single
group [29].

Type L: The most common, indicates the flat adsorption of bifunctional molecules [26].
Type H: Starts from a positive value but not from zero, indicates high affinity which means
the adsorption is complete at low concentrations [26].

Type C: Are in the form of a straight line, this type of curve is obtained when there is

competition between the solvent and the solute to occupy the sites of the adsorbent [19].
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Figure I-17: The types of adsorption isotherms according to (Giles et al) [23].

1.3.1.6. Modeling of adsorption isotherms
Many theoretical models are proposed to describe the relation between the mass of adsorbate
fixed at equilibrium (Q.) and the concentration under which the reaction takes place (Ce) [26].

The mass of adsorbate fixed at equilibrium is given by the following equation:

Co—Ce
Q. =y (1)

m

Co: Initial concentration of the adsorbate (mg/L).
Ce: Equilibrium concentration of the adsorbate (mg/L).
V: Volume of the solution (L).

m: Mass of adsorbent (g).
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a. Langmuir’s isotherm
The Langmuir’s isotherm (Langmuir,1918) allows the determination of the maximum
adsorption capacity of the adsorbent material and the rate constant of the adsorption process
[24].
This model operates under the following set of assumptions:

v The adsorbent has a limited adsorption capacity (Qmax).

v" All the active sites are identical, and the adsorption is monolayer.

v' There are no interactions between the adsorbed molecules [23].

The non-linear equation of Langmuir is:

— Qmax>*K *Ce
Q, = dCe @

Ky.: The Langmuir equilibrium adsorption constant (L/mg).
Ce: The concentration of adsorbate in solution at equilibrium (mg/L).
Qmax: The maximum Langmuir saturation adsorption capacity (mg/g).

Q.: The adsorption capacity of the adsorbent at equilibrium (mg/g).

b. Freundlich isotherm
Freundlich model (Freundlich, 1906) is a model that applies to many cases, particularly in the
case of multilayer adsorption with possible interactions between adsorbed molecules [23].

The nonlinear expression of Freundlich equation is:

1
Qe = Kg x Cen 3)
KFr : Freundlich constant indicating adsorption capacity.
— : Adsorption intensity.

c¢. Temkin isotherm
According to the Temkin isotherm, the heat of adsorption should decrease linearly with
adsorption coverage on the adsorbent due to interactions of adsorbent and adsorbate [27].

The nonlinear equation is:

Qe =5 Ln(KrCo) ©

Kt and br: Are Temkin isotherm constants.
R: Gas constant (8, 31 J.mol'l.K").

T: Temperature (K).
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1.3.1.7. Adsorption kinetic

Describes the rate at which a contaminant (adsorbed) binds or is released from an aqueous
solution to the surface of a solid (adsorbent). It is an important factor in evaluating the
performance of materials used in water purification.
Mathematical models, either linear or nonlinear are used to analyze adsorption behaviour. The
best model is determined using goodness-of-fit indices (GFIs) to accurately represent the
process.
By studying kinetics, it is possible to:

v Estimate the amount of contaminant adsorbed over time.

v Understand the adsorption mechanism.

v Understand how the contaminant transitions from the liquid phase to the solid phase

[26, 27].

1.3.1.8. Modeling of adsorption kinetics
a. Pseudo first order (Largergren model)
This model states that the difference in the concentration and rate of adsorbate removal over
time is directly proportional to the rate of change in adsorbate uptake at a given reaction time.
Also known as Lagergren model, it is often employed to characterize the initial phase of the

adsorption process, the model is expressed through the following equation [27, 28]:

S = Ky(de — G0 5)

: Adsorption rate at time t.

qe: Quantity of adsorbate at equilibrium (mg/g).
q¢: Quantity of adsorbate at time t (mg/g).

Ki: Pseudo-first-order rate constant (min").

Through the integration of this equation, we obtain the following equation:

g = Qe(1 —e71Y) (6)

b. Pseudo-second order
In pseudo-second order kinetics, adsorption occurs on two surface sites (referred to as

"Blanchard's model" by certain writers) and Thus, the following second-order differential

equation can be used to express it [28].

S = Kap(de — G0)2 (7
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—: Adsorption rate at time t.

ge: quantity of adsorbate at equilibrium (mg/g).
q¢: quantity of adsorbate at time t (mg/g).
K3: pseudo-second-order rate constant (min!).
Integrating this equation, we obtain:
o = Ka(0e — 002 ®)
c. Elovich kinetic model
Mainly study of chemical adsorption on highly heterogeneous adsorbents and study of the

Elovich equation is often employed to describe the kinetics of gas adsorption on solid surfaces,

as well as the adsorption of pollutants from aqueous solutions [23, 28].

49 _ (e
5 = oer 9

The equation can be written in its nonlinear form as follows:
g = 5Ln(L + aBD) (10)

: The initial adsorption rate in (mg/g.min).
: The desorption constant (mg/g) reflects both the degree of surface coverage and the

activation energy associated with chemisorption.

d. Intraparticle diffusion (IPD)
The diffusion model is based on Fick's second law, which explains how solutes move within

an absorbent particle and controls the rate of adsorption. There are several types of diffusion,
one of the most important was Intraparticle diffusion, which refers to the movement of

molecules within the absorbent particles, but not just across the outer surface [29].

A = Kig” + C (1)
q¢: The adsorption capacity at time t (mg/g).
Kiq: The intraparticle diffusion rate constant.

C: A constant related to the boundary layer thickness.

1.3.1.9. Models analysis
To determine which model fits better in both the adsorption isotherm and the kinetic, three
different values are considerable:

v’ The coefficient of determination (R?).

25

~=
| —



Chapter I: Bibliographic study

v The Root Mean Square Error:

N _ 2
RMSE (%) = /w (12)

2 — N [(Qexp_Qcal)z]
=1 Qcal

v The Chi-Square:

(13)

The most suitable model is the one that minimizes RMSE and y? values while achieving an R?
value closest to one.
1.3.2. Photocatalysis
1.3.2.1. Introduction

The photocatalytic process was discovered by scientist Edmond in 1839 from natural
photosynthesis. In natural photosynthesis, plants, microalgae, and a few microscopic
organisms collect energy from sunlight that helps in transformation of CO; and H:O to
carbohydrate, solar energy can be converted into the forms of heat and electricity directly and
can further be utilized for different applications [30].
They received wider attention after Fujishima and Honda discovered that water can be photo-
electrochemically decomposed into hydrogen and oxygen using a semiconductor (TiO2)
electrode under UV irradiation [31, 32], since its emergence, heterogeneous photocatalysis
has captivated the scientific community, thanks to its vast potential across diverse
applications.
The word "photocatalysis" is comprised of two parts: the prefix "photo", which means "light",
and "catalysis", which refers to the process of accelerating a chemical reaction through a
catalyst without the catalyst itself being consumed in the process. In natural photosynthesis,
organisms such as plants, microalgae, and certain microorganisms absorb sunlight to convert
CO2 and H;O into carbohydrates. This process inspired the development of photocatalytic
technologies that harness solar energy, which can be transformed into heat or electricity for
various applications. Given the challenges related to energy harvesting, storage, and the
intermittent nature of sunlight, recent advances in photocatalysis aim to address these issues
and meet the increasing global demand for energy.
We have two types of Photocatalysis:
v" Homogeneous Photocatalysis: The reactants and the catalyst exist in the same phase (e.g.,

dissolved transition metal complexes and ozone reactions).
v" Heterogeneous Photocatalysis: The catalyst is in a solid phase, while the reactants are in a

liquid or gaseous phase. This type is commonly employed in environmental fields,

particularly in the treatment of wastewater and the purification of air [30].

26

~=
| —



Chapter I: Bibliographic study

1.3.2.2. Fundamental Mechanism

Photocatalysis is a process where light energy is used to activate a semiconductor material,

leading to redox reactions that can degrade pollutants. The mechanism underlying this process

unfolds through several distinct steps:

v" When a semiconductor photocatalyst (e.g., TiO2, ZnO) absorbs photons with energy equal
to or greater than its bandgap(energy required to promote an electron), an electron (e7)
becomes excited from the valence band to the conduction band, leaving behind a
positively charged hole (h*) in the valence band [31].

Semiconductor+hv — e + h

v The generated electrons and holes may either migrate to the surface of the photocatalyst or
undergo recombination a process that dissipates energy as heat and diminishes the overall
photocatalytic efficiency [31].

¢ +h* — heat

v’ If they reach the surface without recombining, they participate in redox reactions:
» Acting as oxidizing agents, the holes (h*) interact with water molecules to
generate hydroxyl radicals (*OH), which are intensely reactive and play a
crucial role in degrading pollutants [32].

h* + Ho O —- ‘OH + H*

» The electrons (e ) can reduce oxygen molecule to form super oxide radical
(‘02 ) [11, 14].

e +02 — -0

v' The reactive species generated such as hydroxyl and superoxide radicals decompose
pollutants into benign end products like CO, and H>O [33].
- O+ OH + pollutant — CO2 + H20 + degraded products

The degradation of pollutants follows five major steps. In steps 1 and 2, pollutant molecules
are transferred to the surface of the photocatalyst and followed by adsorption onto the active
sites. In step 3, once the pollutants get attached to the active sites, the electrons get photo
excited and initiate the photocatalytic degradation process. In steps 4 and 5, once the pollutant
is degraded, desorption occurs, and finally, the degraded molecules are released to the water
surface [34]. The general mechanism of heterogeneous photocatalysis is summarized in

Figure I-18.
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Reduction:
Conduction Band O, +e — O,
@ ciectron Superoxide
A radical
hwv
Band Gap (Eg)
Oxidation:

H,O + h* — OH*
Hydroxyl radical

Valence Band

Figure I- 18: Mechanism of photocatalysis process[30].
1.3.2.3. Semiconductors
Oxide-based semiconductors are the most used in photocatalytic applications because of their
excellent light absorption, charge-transfer properties, and electronic structure. These materials
characterized by their small band gaps (energy needed to move from the valence band to the
conduction band), that allow them to function as both charge-generating and light-absorbing
components.
A wide range semiconductor materials, including ZnO, TiO,, CdS, WOs3, Cu,0, ZnS, ZrO»,
CeO2, SnO: and SrTiOs3, have been used as photocatalysis due to their stability, narrow band
gaps, strong solar radiation response, and well-defined electronic structures.
In recent years, researchers have been investigating new materials to improve solar energy
utilization. Over the past decade, significant efforts devoted to developing visible-light-active
(VL) photocatalysts for wastewater treatment. At this time, more than 150 semiconductor
materials including hydroxides, oxides have been explored for the purification of
environmental systems.
For effective photocatalysis, a photocatalyst must efficiently transfer charge carriers to the
semiconductor-electrolyte  interface. ~ Although many binary compounds exhibit
semiconducting properties, not all of them are suitable for photocatalytic applications [35].
1.3.2.4. Factors affecting the photocatalysis process
a. pH effect
pH is one of the most influential factors on both the adsorption and the photocatalysis
processes [36].
The pH level in photocatalysis plays a crucial role in altering the surface charge of the

photocatalyst as well as affecting the characteristics of the organic pollutant.
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When we use the TiO2 as photocatalyst the Phpzc is around 6 - 6.5, and at pH < pHpzc the

surface of the photocatalyst is charged positively which enhance the adsorption of anions, and
at pH >pHpzc it charged negatively it enhance the adsorption of cations and when the pH is
near to Phpzc it favorise the phenomenon aggregation and formation of TiO; clusters [36].
This charge variation affect the interaction between the photocatalyst and the pollutant and
The formation of hydroxyls radicals(*OH) ( a highly reactive species responsible for breaking
down pollutants)which is higher in basic pH [33].
Finally the optimal pH depends the nature of the pollutant, some compounds degrade more
efficiently in neutral or acidic environments [37].

b. The concentration of the pollutant
The concentration of the pollutant plays a significant role in the efficiency of the
photocatalysis process.
When the concentration of the pollutant increase the degradation efficiency decrease due to
more polluants molecules interact with the active site in the surface of the photocatalyist, this
reduces the number of photons reaching the surface, thereby diminishing the generation of
hydroxyl radicals (*OH), which are vital to the degradation process.

c. Effect of catalyst concentration
The concentration of the catalyst is an important parameter, it can affect the degradation rate
process. The initial degradation rate of organic substances is directly proportional to the
catalyst concentration (TiO:) at low concentrations. However, beyond a certain point, the
concentration becomes independent of the catalyst concentration. An optimum is reached
when TiO, fully absorbs the photons. Although higher catalyst concentrations provide more
active sites, they may paradoxically reduce the pollutant’s degradation efficiency, by blocking
the light source. Reducing photon penetration in the surface of the catalyst [36, 37].

d. The temperature effect
Temperature is an important environmental factor, the photocatalytic system does not require
heat input because it is a photon activation process. Most photoreactions are not sensitive to
temperature changes, such that when the temperature decreases, adsorption is enhanced,
which is an exothermic phenomenon. However, when the temperature increases, the thermal
adsorption of pollutants becomes weaker [36, 37].

e. The time effect
The time have a significant effect on the degradation efficiency of the pollutant, however this

process should be rapid and efficient.
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In previous studies they found that the time should vary from 15 to 330 min, that lead to a
degradation percentages vary from 10% to 100%, depending on the photocatalyst, the dye
type, and experimental conditions [33].
I.3.2.5. Advantages and disadvantages of photocatalysis
A. Advantages
v' The photocatalysis does not need a complex equipment its only need water, a
photocatalyst, and a light source.
v’ The reaction is eco-friendly and does not generate a harmful by-product.
v" It can work in normal conditions without requiring high temperature or pressure.
v" The photocatalysis used are non-toxic, and do not generate hazardous by-products.
B. Disadvantages
v" Some photocatalysts degrade over time, especially under UV radiation.
v Most photocatalyst absorbs the UV light only which limits the efficiency under the
sunlight.

v" Necessary recovery of photocatalyst after reaction.
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I1. Experimental part

I1.1.Introduction
In this chapter, we discuss the physical and chemical properties of Congo Red and the waste
foundry sand. We also present all the methods used to study the adsorption and photocatalysis
of Congo Red by WEFS.
We also present the materials and products used, as well as the protocol to follow in this study.

I1.2. Objective
The objective is to study the efficiency of the WFS as an adsorbent of the Congo Red dye and
to study the effect of key factors, including pH, concentration and temperature, on its
performance.
We also intend to study the photocatalysis process to compare these two methods.

I1.3. Materials and methods

I1.3.1. Equipment Used

We used the following equipment for our work:

Figure II- 3: Agitation mechanism. Figure II-4: Analytical balance.
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Figure I1-5: Magnetic stirrer. Figure II- 6: UV light room.

11.3.2. Products
I1.3.2.1. Waste foundry sand
The waste foundry sand used in the experimental study was obtained from Turkey. It was
used as foundry sand in the metal casting industry. After the casting process, the sand
becomes contaminated with residues from metals and binders; this makes it unsuitable for
further use.
The chemical compositions of foundry sand are given on Table II-1 below:

Table I1- 1: Major components of the WFS

Major components Wt( %)
AlLO; 60
Si0; 35
Fe 0O; 3
TiO2 2

I1.3.2.2. Congo Red
Congo Red belongs to the class of anionic acid dyes with well-known similar physical and

chemical properties. It has a molecular formula of C32H22NsNa20OsS2 and a hydrophobic center
composed of two phenyl bonds via a biphenyl bond, giving it a linear molecular nature. The
dye is fluorescent and easily detectable by spectroscopic techniques. It has high solubility in
water. Despite its toxicity and limited industrial use, it is widely used as a sensitive pH
indicator and in histology and mycology applications due to its stable physical and chemical

properties. The main physico-chemical properties of Congo Red are summarized in Table II-2.
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Figure II-7: Congo Red dye

Table II-2: Some physico-chemical characteristics of RC dye

Dye Congo Red
Chemical formula C32 H22 Ne Na2 O¢ Sz
Type Anionic
Molar mass (g/mol) 696.66 g/mol
Solubility in water High solubility
Wavelength 500 nm
Structure OO ™\, . . " CO

O0—=S8——=0

ONa

I1.4. Characterisation of the WFS
11.4.1. Infrared spectroscopy (FTIR)
Infrared spectroscopy is a widely used technique for the identification of the species present

on the surface of solids [19], those groups forms the adsorbent-adsorbate bonds.

This technique is based on the absorption of infrared radiation by the sample and the
measurement of the quantity of light absorbed, as a function of the wavelength [38], the
infrared domain is from 400 cm™ to 4000 cm’!.

11.4.2. X-ray diffraction (XRD)
X-ray diffraction is a technique that allows us to determine the crystal structure of a material

analyzing the pattern generated when X-rays interact with its crystal lattice. Each phase
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produces a unique pattern, and factors such as defects, the results can be affected by

microstrains and crystal size.

XRD is useful for determining the type and quantity of crystalline phases [1, 39].

11.4.3. Boehm titration

This method is employed for the identification and quantification of surface functionalities of

the WFS. To accomplish this, we followed the steps outlined below:

v

v

NSERNER NN

First we started by preparing the solutions of NaOH , Na;HCO3 , NaxCO3 and HCl with
C=0,05 M.
Then we put 25 ml of each solution in a beaker and add on them a 0, 25 g of the adsorbent
(WFS) and let them agitate for 24 h.
After the 24 h the solutions were filtered.
After that, 6 mL of each solution (Na2HCOs3, Na.COs, NaOH) were titered by the HCI and
Phenolphthalein as a coloured indicator to determine the acid functions, and for the basic
functions the HCI was titered by the NaOH.
Finally, we repeated the titration 4 times to ensure the results.
11.4.4. pH point of zero charge (pHprzc)

In this experiment, we prepared a KNO3 solution with 0.1 M.
The volume of 50 ml was then divided into nine flasks.
The pH was then adjusted using a pH meter, thus obtaining the initial pH.
Then, a 0.1 g mass of WFS was weighed and added to each solution. The solutions were
then shaken at 200 rpm for half an hour.
After half an hour, the liquid was filtered and the pH of each solution was measured. This
resulted in the final pH.
Then, we plotted the pHs- pH; curve in terms of pHi.

IL.5. Preparation of Congo red solutions

e Stock solution

To carry out our different experiments, a stock solution of Congo Red was prepared,
with a mass concentration of 100 mg/L and 1 L volume. To achieve this, an electronic
balance is used to measure 0.1 g of Congo Red, then this amount is dissolved ina 1 L
volumetric flask using distilled water as the solvent.

e Diluted solutions

A series of calibration solutions at concentrations of (5, 10, 20, 30, and 40 mg/L) were

formulated by diluting the stock solution, following the dilution law below:
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CixVi =CxV, (14)

C.: Concentration of the stock solution (mg/L).
Vi: Volume of the stock solution (mL).
C:: Concentration of the diluted solution (mg/L).
V2: Volume of the diluted solution (mL).
I1.6. Calibration curve

The calibrations solutions presented in Figure II-8 were analyzed using UV-visible
spectrophotometer. The maximum absorption wavelength was determined by scanning
between 400 and 800 nm, We measured that £=500 nm, and then it was used to measure the
absorbance of the dye at different concentrations.
The unknown concentrations of Congo Red can be determined using the calibration curve
A= (C), using beer lambert equation :

A=¢e.lc (15)
A: Absorbance of the solution.
g: Specific extinction coefficient of the solute (L.mol'.cm™).
I: Thickness of the optical cell (cm).

C: Concentration of the solution (mol/L).

Figure II- 8: Calibrations solutions.

I1.7. Batch adsorption
The experiments were performed by interacting various concentrations of dye (10-30 mg/L)
solutions and volume of 30 ml mixed with a known amount of waste foundry sand at an
adjusted pH in a rotary shaker at an ambient temperature and 200 rpm for 60 min to attain

equilibrium. The samples were filtered. Then the absorbance was determined at Amax= 500 nm
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using a UV-vis spectrophotometer (UV iLine 9400C) the adsorption capacity and yield of

adsorption were calculated by applying equations (15) and (16), respectively:
Qe = M x (16)

m

yeildoo = £ x 100 (17)

0

I1.8. Study of the adsorption of Congo Red by Waste foundry sand
The Box Behnken design (BBD) was used to determine the number of experiments to be
carried out to evaluate the possible interactions between studied parameters and their effects
on the adsorption of the Congo red dye [40]. Literature showed that the importance of using
BBD is found to be very effective for optimizing the adsorption influencing factors [41].
Three process-influencing parameters (the WFS mass, pH of the solution, initial dye
concentration) were examined for the Congo red adsorption investigation. The equilibrium
period, or 60 minutes, was set as the contact time between the adsorbent (RC-WEFS) and the
adsorbate.
Software called Design Expert 11 was used to do statistical analysis. One benefit of this
method is that it does not require tests in harsh environments or combinations in which all
elements are simultaneously set to their maximum or minimum levels. 15 run were generated
by design expert software to study the effect of the three parameters.
As indicated in Table II-3, the independent variables were analyzed at three different levels:
low (-1), center (0), and high (+1).

Table 11- 3: Experimental levels of the variables.

A B C
WES mass (mg) Co(mg/L) pH

-1 20 10 2
0 30 20 6
1 40 30 10
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Table II-4: Box Behnken design.

A B C
1 -1 -1 0
2 1 -1 0
3 -1 1 0
4 1 1 0
5 -1 0 -1
6 1 0 -1
7 -1 0 1
8 1 0 1
9 0 -1 -1
10 0 1 -1
11 0 -1 1
12 0 1 1
13 0 0 0
14 0 0 0
15 0 0 0

I1.9. Regression model
The data were analyzed using ANOVA to develop a predictive quadratic model, which

describes the relationship between the input factors (x1, X2, ..., X3) and the response to be

studied.

= o+ 1 1+ 22+ 33+ 12 124+ 22 224 32324 15 2+ 130 3+

23 2 3

Y: the calculated answer.

o : the y-intercept.

a1, 02, and a3: linear coefficients.

10,0202 0303 quadratic coefficients.

o102, 0 03,02 03: interactive coefficients.

I1.10. Kinetic study

The experiment was conducted on an optimum solution, after preparation, the series of vials
were placed in a special device known as a shaking mechanism, where they were processed at

an ambient temperature, with agitation of 200 tr/min.
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The shaking process continued for specific periods of time: 5, 10, 15, 30, 45, and 60 minutes.

After the shaking process was completed, the used soil was separated from the solutions by
filtration.
The resulting solutions were analyzed using a UV-Vis spectrophotometer at a wavelength of
500 nm.
The obtained absorbance values allowed us to plot the kinetics curve by calculating the
equilibrium concentration (Ce) using the Beer-Lambert law, as well as the equilibrium
absorbed quantity (qe) at different concentrations.

I1.11. Adsorption isotherm
We conducted an experiment on an optimal solution, as the solutions had varying
concentrations (5, 10, 20, 30, 40 mg/L). The tubes containing the solutions were subjected to
a continuous stirring process using a shaking device at a speed of 200 rpm for 60 minutes.
After the stirring period ended, the solutions were filtered to isolate the solid material and
then the filtrate was subjected to analysis wusing ultraviolet-visible (UV-Vis)
spectrophotometer at a wavelength of 500 nm.

I1.12. Temperature effect
The effect of temperature on the optimum solution was studied. The required temperatures

were adjusted using a magnetic stirrer equipped with a thermometer at three range
temperatures: 20, 30, and 40 °C as shown in Fiure II-9.
After reaching the specified temperature, the solutions were filtered to separate the solid. The

filtrate was then analyzed using UV—Vis spectrophotometer.

Figure II-9: Magnetic stirrer with termometer.

I1.13. Thermodynamic study
After studied the temperature effect on the adsorption of CR on WFS. The thermodynamic
parameters (the standard Gibbs free energy change (AG®). The standard enthalpy change (AH®)

and the standard entropy change (AS°®), that characterize the equilibrium state of a system are
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calculated. These parameters were determined to evaluate the feasibility, spontaneity and the

nature of the interaction involved in the adsorption process [42].

AG® =— RTLn(Kc) (18)
AS° AH°

Ln(Kc) :?—E (19)

AG® = AH® — T AS® (20)

Ke:Is — .
AG °, AH® and AS°: Are change in Gibbs free energy (kJ/mol), enthalpy (kJ/mol) and entropy
(kJ/mol. K) of adsorption, respectively.
R: The universal gas constant (8.314 J/K/ mol).
T: The temperature (K).

I1.14. Photocatalysis treatment
A 20 mL solution is made in a beaker, once the pH is set to 2, a mass of WFS is added. The
solution is kept homogenous with the help of a magnetic stirrer and an external UV lamp. A
vessel contains the reactor, stirrer and lamp as presented in Figure II-10. Samples are
collected, filtered, and examined using a UV-Vis spectrophotometer (model UV iLine 9400C)
at intervals of 5, 10, 15, 30, 45, and 60 minutes.

Figure II- 10: Photocatalysis equipment.
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I1I1. Results and discussion
ITI.1. Characterisation of the WFS
II1.1.1. Infrared spectroscopy (FTIR)
The FTIR spectra of the WFS before and after the CR adsorption using fourier transform
infrared spectrophotometer in the region of 400-4000 cm™ (FTIR.Perkin-Elmer Spectrum
400). are presented in Figure III-1 below:

WFS B
WFS-CR

Transmitance (%)

4500 4000 3500 3000 2500 2000 1500 1000

VWavenumbers (cnT’)

Figure I1I- 1: Infra-red spectroscopy of the WFS.

The Table III-1 present the interpretation of these results:

Table I1I- 1: FTIR Analysis of WFS and WFS-CR.

WES
Band position (cm™) Suggested assignments
Before adsorption After adsorption
2335.15 2358.96 Nitrile group C=N
2004.98 2031.97 Metal carbonyl M(CO)
627.99 671.50 Carbon-halogen C-X
494.26 486.91 Silicon-oxygen Si-O
434.55 439.18 Metal-halogen M-X
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The FTIR analysis of WFS in this study revealed some differences compared to previously

reported spectra [43]. These variations may be attributed to differences in the source of the

sand, foundry processes, or impurities present in the sample.

I11.1.2. X-ray diffraction (XRD)
The crystal structure of the waste foundry sand was determined by “X-ray diffractometer,

XRD” (XRD Rigaka Dmax-Rapid II), This analysis aims to identify the composition of WFS
and its composition.

The results are shown in Figure I1I-2. It is clear that there ar obvious peaks at 26 values of 27,
36, 42, 57 refers to Al>Os, at 17, 26, 33 refers to Fe2Os, at 21, 28, 66 for SiO2 and other peaks
at 41, 54, 67 refers to TiO».

These compounds are commonly found in industrial waste like WFS, suggesting that the

material is a good adsorbent and effective for photocatalytic treatment [44].

4:AlLLO; ¢:Fe,0; ¢:Si0, «:TiO,

Intensity (a.u.)

10 20 30 40 50 60 70 80 20
20

Figure I11-2: X-ray diffraction of the WFS.

I11.1.3. Boehm titration
The Boehm titration was carried out to determine the surface functional groups present on the
WES. The measured values obtained from this analysis are compiled in Table III-2. This table
provides the amounts of the different acidic and basic groups identified on the surface of the

material.

Table I11-2: Boehm titration results.

Adsorbent Phenol Carboxylic Acidic sites Basic sites
groups(mmol/g)  groups (mmol/g)
WFS 2.29 4.85 7.14 4.05
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The Boehm dosage results showed that Waste foundry sand (WFS) contains a greater number

of acidic sites (7.14 mmol/g) compared to basic sites (4.05 mmol/g).
This abundance of acidic sites improved the interaction with anionic dyes like CR.

I11.1.4. pH of pint zero charge (pHpzc)
To evaluate the surface charge characteristics of WFS, the point of zero charge (pHpzc) was
determined. Figure III-3 illustrates the relationship between the change in pH (pHf - pHi)
and the initial pH of the solution. The intersection point indicates the pH at which the surface

of the material carries no charge.

25

2,0

1,5+

1,0

0.5+

pHf - pHi
&

T
004 4 5 6 8
-0,5 1 P
_1‘0 -

_1‘5 -

-2,0

Figure I11-3: pH point of zero charge (pHpzc).
The point of zero charge pHpzc of the Waste foundry sand (WFS) was found to be 7.1,

indicating that the adsorbent surface carries a positive charge at pH levels below 7.1 and
negatively charged above this value. Since Congo Red is an anionic dye, its adsorption was
more favorable in acidic conditions (pH < 7.1), where electrostatic attraction between the dye
and the positively charged WFS surface is stronger. This supports the higher adsorption
efficiency observed at lower pH levels during the experiments.
Both Boehm titration and pHpzc measurements provided complementary results, indicating
that the surface of WFS possesses mainly acidic functional groups. This explains its
adsorption behavior for anionic dyes like Congo Red.

I11.2. Calibration curve
The calibration curve A= f (Co) in Figure III-4 was obtained by measuring the absorbance of
the calibration solutions of Congo Red dye using UV-Vis spectrophotometer (UV iLine
9400C) at Amax= 500 nm.
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1,04 Y(X)=0.0236 X + 0.00907
R2=0.996

0,8 4
0,6

0.4

0.2 4

070 T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Cy(malL)

Figure III-4: Calibration curve relative to the aqueous solution of Congo Red (CR).
The equation of curve is A= 0.0236 Co + 0.00907. The correlation coefficient (R* = 0.996)
confirms excellent linearity within the tested range. This calibration curve was used to
determine the residual concentrations of Congo Red in all batch adsorption experiments.
I11.3. Batch Adsorption results
Table I1I-3 summarize the results of the Box-Behnken experimental runs, showing the effects

of the selected variables on Congo Red removal efficiency
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Table II1- 3: Box-Behnken matrix design and the response.

Factor 1 Factor 2 Factor 3 Responsel
Run A:Concentration B:WFS C:pH Qe
mass
mg/L mg mg/g
1 30 20 6 5.88
2 20 20 10 3.52
3 30 30 2 13.74
4 20 30 6 6.03
5 20 30 6 5.10
6 20 20 2 26.00
7 20 40 10 10.58
8 30 40 6 3.06
9 10 40 6 2.10
10 10 30 10 0.09
11 10 20 6 1.98
12 30 30 10 1.21
13 20 30 6 9.37
14 10 30 2 6.27
15 20 40 2 12.33

I11.4. Statistical modeling
111.4.1. ANOVA result
Analysis of Variance (ANOVA) is an important tool in statistical analysis. It analyses the

impact of experimental parameters in affecting the response [7].

The ANOVA for the adsorption of Congo Red using WES is presented in Table I1I-4 below
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Table I11-4: Analysis of variance.

Source Sum of squares Df Mean square F-value P-value
Model 599.74 9 66.64 19.00 0.0024 Significant
A-concentration 22.61 1 22.61 6.45 0.0520
B-WFS mass 10.83 1 10.83 3.09 0.1392
C-pH 230.58 1 230.58 65.73 0.0005
AB 2.15 1 2.15 0.6135 0.4689
AC 10.08 1 10.08 2.87 0.1508
BC 107.39 1 107.39 30.61 0.0026
A? 118.91 1 118.91 33.90 0.0021
B? 16.32 1 16.32 4.65 0.0835
C? 64.33 1 64.33 18.34 0.0078
Residual 17.54 5 3.51
Lack of fit 7.46 3 2.49 0.4933 0.7227  Not significant
Pure error 10.08 2 5.04
Cor total 617.28 14

We found the p-value of the model is 0.0024 which is less than 0.05 and the F-value of 19.00,
those results confirms that the model is significant and it can describe the experimental data.
The lack of fit is not significant (P-value = 0.7227) indicating good agreement between
experimental and predicted values.
The pH is the most affecting parameter on this adsorption with P-value of 0.0005 followed by
the interaction pH* WFS mass with p-value of 0.0026 also the concentration was close to the
threshold with P-value of 0.0520 suggesting some influence.

I11.4.2. Regression model
It is a mathematical equation that relates the response (Qe) to the influencing factors; it is
obtained using the design expert software.
The aim of the mathematical modelisation is to be able to then calculate all the responses in
the field of study without having to do the experiments.

In our case, this equation is quadratic because we have three influencing factors.

Q. =+34.77883 + 2.89632 concentration — 7.56507 pH + 0.129537 WFS mass *pH —
0.056750 concentration? + 0.021021 WEFS mass?.

The positive or negative signs of the coefficients indicate whether each variable increases or

decreases the adsorption.
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I11.4.3. Response surface plots
To better understand the impacts and the interactions of the parameters on the adsorption of
Congo Red by the WFS the 3D responses surface plots were generated using the regression
model by the design expert software.

Those plots Figure III-5 show how the adsorption capacity changes with the combinations of

the parameters.
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(©
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Figure III-5: 3D response surface plots of interaction of Q. with (a) B-mass of WFS and C-
pH, (b) A-concentration and C-pH, (c) A-concentration and B-mass of WFS.

(a). We fixed the concentration ,and we changed the pH on (2,10) , mass of WFS on (20,40
mg) ,we notice that the increasment of the pH and the mass of WFS the adsorption
capacity(Qe) decrease.
The best adsorption capacity was obtained when the pH around 2 and the WFS around 20 mg.
(b). We fixed the mass of WFS and changed the pH on (2,10) and the concentration on (10,30
mg/L) , in this one we notice that the incresment of the pH decrease the Q. ,and when we
increase the concentration the Q. increase at first then starts to drop suggesting that the
optimal concentration is around 20 mg/L.
(c). We fixed the pH, and change the mass of adsorbent on (20,40 mg) and the concentration
(10,30 mg/L), the same results are noted in the third graph, the better adsorption capacity is at
20 mg/L concentration and 20 mg of the WFS.
Based on the regression model and surface plots analysis, we conclude that the optimal
conditions for this adsorption are:

v pH of the solution : 2.

v’ Initial dye concentration: 20 mg/L.

v' Mass of WFS: 20 mg.
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IIL.5. Kinetics study

A comparative kinetic analysis was conducted to assess the effectiveness of the two treatment
approaches. The adsorption and the photocatalysis of the Congo Red by the WFS, both
processes were cared under similar conditions (Co= 20 mg/L, pH = 2, mass of adsorbent = 20
mg).
The aim of this study was to determine which method work better and faster.

I11.6. Modeling of the kinetic
In order to better understand the kinetics of the adsorption process, different mathematical

models were applied to determine which one best fits this adsorption as Figure I1I-6 show.
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Figure III- 6: Nonlinear regression analyses for kinetic data

The adsorption kinetics parameters calculated for the adsorption of CR by WFS are presented
in Table III-5.
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Table I11- 5: Kinetic parameters of the CR adsorption by WFS.

sample CR

Co (mg/L) 20
Qeq(exp) mg/g 18.70

Pseudo-first order

K, (min) 0.64
Q1 (cal)(mg/g) 18.10
R? 0.996
RMSE% 14.86
2 73.21

Pseudo-second order

K> (g/mg.min) 0.14
Q: (cal)(mg/g) 18.44
R? 0.998
RMSE% 0.66
2 0.14
Elovich

o (mg/g.min) 5878337.67
B (g/mg) 0.49
R? 0.749
RMSE% 12.10
2 43.52

Intraparticle diffusion IPD

Kip (mg/g.min'?) 0.58
C 14.63

R? 0.270
RMSE% 12.91

2 54.27

The pseudo second order model (PSO) is the best fit for the kinetic data according to the R?=
0.998, the small value of RMSE% = 0.66 and x 2 = 0.14. This indicating that the interaction
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between the CR molecules and the active sites of the WFS are chemical interaction

(chemisorption).
These result is found with previous study [45], which also reported that the PSO model better
explains the adsorption CR onto solid adsorbents.

I11.7. Isotherm study
The adsorption isotherms are among the most important data to understanding the mechanism
of the adsorption systems. These isotherms give in information about the adsorption capacity
[12].

I11.8. Modeling of adsorption isotherms
To describe the equilibrium behavior of Congo Red adsorption onto WFS, various isotherm
models were applied to the experimental data. The fitting of the data to the selected isotherms
is illustrated in Figure III-7, showing the relationship between the amount of dye adsorbed

and its equilibrium concentration.

35 ] m  Data -
. Langmuir
304 |—— Freundlich |
—TIM
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Ce (mg/L)

Figure III-7: Nonlinear regression analyses for equilibrium data.

The adsorption isotherm parameters calculated for the adsorption of CR by WEFS are
presented in Table III-6.
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Table III- 6: Isotherm parameters of the CR adsorption by WFS.

Sample CR
Langmuir
Qmax (Mg/g) 36.16
KL 0.35
RL 0.12
R? 0.976
RMSE% 1.93
X 2 2.25
Freundlich
Kr (mg/g)(mg/L)'"™ 11.37
n 2.73
R? 0.951
RMSE% 2.08
X 2 1.26
Temkin
Kr(L/g) 5.82
br (kJ/mol) 0.36
R? 0.972
RMSE% 2.11
X 2 1.62

Althought the correlation coefficient of both temkin and Langmuir isotherm models were very
close the error value of Langmuir were smaller (RMSE%= 1.93) indicating that the
adsorption energy lowes progressively with increasing dye coverage, reflecting a
Homogeneous surface and monolayer adsorption between the Congo Red molecules and the
WES surface.

These result is found with previous study [46], which also reported that the Langmuir model

better explains the adsorption CR onto solid adsorbents.
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II1.9. Comparison of adsorption capacities of various adsorbents for

removal of CR

Table III -7 presents a comparison of the adsorption capacities of various adsorbents reported

in the literature for the removal of Congo Red dye, including the performance of Waste

Foundry Sand (WFS) used in this study

Table I11-7: comparison of Q. of various adsorbents.

The adsorbent pH Qe(mg/g) reference

Aspergillus niger 6 14.72 [47]
Wheatbran 8 22.73 [48]
Activatedcarbon 2 0.63 [49]

(commercial grade)
Alternaria alternata 5 60.0 [50]
Pinecone 3.55 40.19 [51]
Rice husk 6 14 [52]
Orange peel 5 22.4 [53]
Illite clay 5.7 61 [54]

WES 2 36.16 This study

The adsorbent WFS showed relatively better adsorption potential of CR dye. The availability

and cost effectiveness of WFS might provide a cheap source of adsorbents for the

sequestration of toxic dyes from industrial effluents.

IT1.10. Temperature effect

The effect of temperature on the adsorption of Congo Red onto WFS was investigated to

assess the influence of thermal conditions on the adsorption process. Figure III-8 presents the

variation in adsorption capacity at different temperatures.
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pre Y(X)=0.2445 X +48.327
R?=0.881 "

22 T T T T
290 295 300 305 310 315

T(K)

Figure III- 8: Temperature effect on the adsorption of CR by WFS

An increase in temperature corresponds with a rise in Q. values, suggesting that the
adsorption process proceeds via an endothermic mechanism, and therefore temperature
control is important to improve the performance of the adsorbent.

II1.11. Thermodynamic study
The thermodynamic parameters of the adsorption process were evaluated using a Van’t Hoff
plot. Figure III-9 present the linear relationship between In K¢ and 1/T, from which the values

of the thermodynamic parameters were determined.

3.0 Y(X)=-6176,16321 X +22,72372
n R?=0,94326

I H I = I ) I 3 I 3
0,00320 0,00325 0,00330 0,00335 0,00340  0,00345
1T

Figure I11-9: Thermodynamic study
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The thermodynamic parameters were calculated and the results are presented in Table III-8

below:

Table III- 8: Thermodynamic parameters.

AH? (kJ/mol) AS? (J/mol.K) AG° (kJ/mol)
293 K 303 K 313K
51.32 188.81 —3.81 —5.69 —7.75

The AG® was found to be negative, indicating that the adsorption process is spontaneous. The
positive value of AH° confirms that the process is endothermic, suggesting that higher
temperatures favor the adsorption. Additionally, the positive AS® value implies increased
disorder at the solid—liquid interface during dye adsorption.
I11.12. Comparison Between Adsorption and Photocatalytic Yields

To evaluate and compare the efficiency of the two treatment methods, adsorption and
photocatalysis, a comparison of their respective removal yields was carried out. Figure III-10
presents the removal efficiencies of Congo Red using both techniques under their optimized

conditions.
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Figure II1- 10: Yields comparison of the adsorption and photocatalysis processes.

The final dye removal yield at 60 min was found to be 62.34% for adsorption and 90.49% for
the photocatalysis, indicating that the photocatalysis process achieved higher removal

efficiency under the same experimental conditions.
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IV. General conclusion

The aim of this study was to determine the effectiveness of waste foundry sand as a low-cost

adsorbent for the removal of Congo Red dye from water using two different methods:

adsorption and photocatalysis.

Experimental results revealed that photocatalysis achieved a higher CR removal efficiency

with approximately 90.49%, while adsorption efficiency was 62.34%. Even though the

photocatalysis was more efficient than the adsorption, the adsorption proved to be simpler and

practical method under the conditions studied.

The important findings from this work:

v

Characterisation analyses (XRD, FTIR, Boehm titration, and pHpzc) confirmed the
suitability of the WFS as a good adsorbent.

XRD results confirmed the presence of Al2Os, Fe20s3, SiO2, and TiO», indicating the
crystalline structure of the WFS.

FTIR analysis identified several notable functional groups, such as an C=N stretch at
2355.5 cm™, a Metal carbonyl stretch at 2004.98 cm™, and a Si—O bend at 494.26
cm.

The pHpzc value (7.1) indicated that adsorption is more favorable under acidic
conditions (pH < 7.1), where the WFS surface carries a positive charge, enhancing the
electrostatic interaction with the anionic dye molecules like CR .

Boehm titration results revealed a predominance of acidic functional groups on the
WES surface, thereby enhancing its potential for strong interactions with CR.

Kinetic analyses indicated that the adsorption process adheres to the pseudo-second-
order model, implying that chemisorption governs the adsorption mechanism.

The isotherm modeling showed that the best fit model was the Langmuir model,
indicating a monolayer adsorption with a maximum capacity of 36.16 mg/g.

The calculated thermodynamic parameters confirmed that the process was

endothermic.

Finally, WFS has proved to be an effective, low-cost, and environmentally friendly adsorbent

for the removal of Congo Red dye from wastewater.
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