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ABSTRACT

In the two first parts of this study, raw clays extracted from Bana, in western Cameroon, were
modified with semiconductors (TiO2 and ZnO) to improve their pollution control properties by
adding photocatalytic properties. Also Cu?*, Na* and Zn** ions were added to the clay by ion
exchange to increase the specific surface area, and to modify the charge of the clay surface. The
results obtained from X-ray diffraction show that the clay belonged to the smectite family and
was composed of different crystalline phases. Furthermore, the presence of TiO2 and ZnO was
confirmed by the detection of anatase and wurtzite, respectively. Furthermore, the composite
clays showed increased specific surface areas. Finally, the pollutant removal properties of the
samples were evaluated using different model pollutants: fluorescein (FL), p-nitrophenol
(PNP), malachite green (MG) and diamond bright violet (DBV). It was demonstrated the
possibility of obtaining highly effective hybrid materials for the removal of pollutants from
water using inexpensive natural clay modified with a small amount of photocatalytic material

(approximately 30% by weight of TiO2 or ZnO).

The third step consisted of modifying the clay material with two silanes, tetramethoxysilane
(TMOS) and [3-(2-aminoethyl)aminopropyl]trimethoxysilane (EDAS), to increase its
adsorption properties. The modified clay is intended for use as an effective adsorbent for the
removal of organic pollutants from water. Three Clay/TMOS samples and two Clay/EDAS
samples with different [silane]/[clay] ratios were produced and characterized. Their adsorption
properties were evaluated on three model organic pollutants (i.e., FL, MG, and DBV). The two
types of clays modified with TMOS and TEOS, respectively, exhibit two different adsorption

behaviors for the three pollutants.

In the final part of this study, the growing presence of pharmaceuticals in wastewater, such as
ibuprofen, which raises serious environmental and public health concerns, was demonstrated.
In this study, some photocatalytic ZnO and TiOz-doped natural Cameroonian clays were used
to ensure effective degradation of ibuprofen and bacterial inhibition under UV light (365 nm).
Characterization confirmed the successful dispersion of semiconductors on the clay matrix.
Under UV irradiation, the composites achieved significant degradation efficiencies, with
mineralization monitored by total organic carbon (TOC), and antibacterial tests revealed

notable inhibition against Shigella spp., supporting the dual functionality of the materials.



RESUME

Dans les deux premicres parties de cette étude, des argiles brutes extraites de Bana, dans 1'ouest
du Cameroun, ont ét¢ modifiées avec des semi-conducteurs (TiO; et ZnO) afin d'améliorer leurs
propriétés de contrdle de la pollution en leur ajoutant des propriétés photocatalytiques. Des ions
Cu?*, Na" et Zn*" ont également été ajoutés a l'argile par échange d'ions afin d'augmenter la
surface spécifique et de modifier la charge de la surface de l'argile. Les résultats obtenus par
diffraction des rayons X montrent que I'argile appartient a la famille des smectites et qu'elle est
composée de différentes phases cristallines. De plus, la présence de TiO> et de ZnO a été
confirmée par la détection d'anatase et de wurtzite, respectivement. En outre, les argiles
composites ont montré une augmentation de leur surface spécifique. Enfin, les propriétés
d'¢limination des polluants des échantillons ont ét¢ évaluées a l'aide de différents polluants
modeles : fluorescéine (FL), p-nitrophénol (PNP), vert de malachite (MG) et violet brillant
diamant (DBV). Il a été démontré qu'il était possible d'obtenir des matériaux hybrides trés
efficaces pour I'élimination des polluants de I'eau en utilisant de l'argile naturelle peu colteuse
modifiée avec une petite quantité de matériau photocatalytique (environ 30 % en poids de TiO>

ou de ZnO).

La troisieme étape de cette thése consistait a modifier 'argile a l'aide de deux silanes, le
tétraméthoxysilane (TMOS) et le [3-(2-aminoéthyl)aminopropyl]triméthoxysilane (EDAS),
afin d'augmenter ses propriétés d'adsorption. L'argile modifiée est destinée a Etre utilisée
comme adsorbant efficace pour éliminer les polluants organiques de 1'eau. Trois échantillons
d'argile/TMOS et deux échantillons d'argile/EDAS avec différents rapports [silane]/[argile] ont
¢té produits et caractérisés. Leurs propriétés d'adsorption ont été évaluées sur trois polluants
organiques modeles (2 savoir FL, MG et DBV). Les deux types d'argiles modifiées
respectivement avec du TMOS et du TEOS présentent deux comportements d'adsorption

différents pour les trois polluants.

Dans la derniére partie de cette étude, la présence croissante de produits pharmaceutiques dans
les eaux usées, tels que l'ibuproféne, qui souléve de graves préoccupations pour l'environnement
et la santé publique, a ét¢ démontrée. Dans cette étude, des argiles naturelles camerounaises
dopées au ZnO et au TiO» ont été utilisées pour assurer une dégradation efficace de I'ibuprofene
et une inhibition bactérienne sous lumiere UV (365 nm). La caractérisation a confirmé la
dispersion réussie des semi-conducteurs sur la matrice argileuse. Sous irradiation UV, les
composites ont atteint des efficacités de dégradation significatives, la minéralisation étant
controlée par le carbone organique total (COT), et les tests antibactériens ont révélé une

inhibition notable contre Shigella spp., confirmant la double fonctionnalité des matériaux.
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CHAPTER I: General Introduction

1.1. Wastewater problems in Cameroon

The drinking water supply is essential to the population's socio-economic and environmental
development. The international community is very concerned about this issue, which is
included in the sixth sustainable development goal (United Nations Regional Information
Centre) [1]. Drinking water must comply with the drinking water quality standards set by the
World Health Organization. Reasonable minimum requirements are established for safe
practices to safeguard consumers' health. Wastewater management in Cameroon presents
several challenges that directly impact public health, the environment, and socio-economic
development. Most towns in Cameroon lack adequate wastewater treatment systems. Existing
infrastructure is often aging and poorly maintained, leading to frequent overflows. Untreated
wastewater is generally discharged into nearby rivers or streams, contaminating sources of
drinking water and aquatic ecosystems. This pollution exposes people to health risks such as
cholera, waterborne diseases, diarrhea, and parasitic infections. For example, in the case of the
Cité-Verte wastewater treatment plant in Yaoundé (the capital of Cameroon), which is designed
to treat wastewater with an estimated pollutant load of 5.000 population equivalents, the daily
flow of wastewater to be treated is 805 m>/day. This water, which generally has a very high
pollutant load (bacteria and organic compounds), is discharged into the shallows, where some
residents use it for various purposes, such as watering vegetable crops and washing clothes and
vehicles. So, the Cité-Verte wastewater treatment plant is capable of eliminating certain
pollutants (Chemical Oxygen Demand (COD), the five-day Biochemical oxygen demand

(BOD:s), suspended solids in water (SS)) present in wastewater.

In most wastewater treatment plants (WWTPs) in Cameroon, only conventional plant-filter
systems are used. These biological treatments cannot treat complex substances, and they are
inadequate for the complete elimination of pharmaceutical and bacteriological substances
received by these WWTPs. It is therefore important to direct our research efforts towards the
development of ternary or finition treatments, which would degrade these micropollutants and
bacteria. However, some micropollutants, because of their persistence, toxicity, their very low
concentration (ug/L to ng/L) in the environment, and their bioaccumulation, are a paramount
public health concern throughout the world [2]. It is, therefore, crucial to focus on their fate and
removal processes by conventional facilities, which can remove traditional pollutants

(concentration mg/L). According to the Growth and Employment Strategy Paper [3], 86.2% of
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large towns in Cameroon are equipped with drinking water supply systems. However, only 25%
of households have permanent access to it [4]. In 2018, the Ministry of Water and Energy
launched various projects aimed at strengthening the drinking water production system in urban
areas. These projects included the implementation of a drinking water supply project for the
city of Yaoundé and the surrounding area, aimed at increasing production by 300.000 m? per
day. However, despite these initiatives, access to drinking water in urban areas still seems
limited, and residents of outlying districts have very little access to it. As water is rarely supplied
by the public network in these areas, other sources such as wells and springs are often used for
domestic work, cooking, personal hygiene, and even direct consumption. This leads to dangers
to the health of residents. Indeed, the compliance of this water with the requirements of the
Cameroonian standard has to be taken into account. According to Nzouebet et al. [5], 3% of
households in Yaoundé¢ do not have a toilet and defecate outside. National Institute of Statistics
- Federal Institute for Geosciences and Natural Resources (INS-BGR)[6] shows that around
52% of households drain toilet water into septic tanks, while 34% pour it into a hole. In addition,
up to 15% use the gutters that serve the neighborhoods to evacuate their household wastewater.
If inadequately managed, this waste could represent a major source of contamination for the

water table.

Due to their numerous applications, natural clay minerals are currently the focus of various
research investigations. This is supported by their strong sorption qualities, ion exchange
potential, and natural abundance on the majority of the world's continents at a moderate cost
[7] [8]. This is explained in Section 1.2 for the case of Cameroon, because of its position and
the diversity of its basement rocks. Adsorption was observed to be advantageous over other
wastewater treatment methods in terms of initial price, simple in design, easy to use, and not
sensitive to harmful substances. Adsorption is therefore not allowing hazardous chemicals to
form [9] [10]. This is widely used to eliminate complex contaminants from wastewater like
dyes. The precautionary principle applied to persistent micropollutants inherently relies on
powerful and unselective methods to address this problem. As it shall be shown in Section 1.3,
under certain conditions, the adsorption reaction of a solute can be carried out in several

successive elementary stages, each of which can influence the overall phenomenon.

In Section 1.4, advanced oxidation processes (AOPs) are emerging as promising technologies
in the field of wastewater depollution. Heterogeneous photocatalysis appears to be a highly
effective and economical alternative that can destroy micropollutants while leading to complete

mineralization [7]. In this work, the challenge is to resolve issues relating to wastewater quality
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after treatment and propose its safe reuse to deal with the scarcity of water resources, which is

a real problem in all regions of Cameroon.
1.2. Use of natural clays for the adsorption of micropollutants

The breakdown of rock minerals produces some clays. Understanding clays' chemical
composition and mineral morphology is frequently necessary for their use in industrial
applications. Cameroon, a nation in Central Africa, has an abundance of clay deposits [11-15]
that have all been subject to numerous investigations. The majority of these studies examined
the origins of minerals present in clay deposits. More particularly, some research has been
conducted on the clay deposit from Akilbenza, a location in Cameroon's Eastern Region. This
clay mineral has a significant potential to remove both organic and inorganic contaminants,
including heavy metals, because of its intriguing physico-chemical properties (lamellar

structure and surface qualities).
1.2.1. The composition of phyllosilicates

Clays are a family of phyllosilicate minerals. They are particles over 2 um in size. Their
structure is based on a two-dimensional silicate sheet formed by the stacking of tetrahedral and
octahedral layers (Figure 1.1). O™ ions occupy the vertices of the tetrahedral layer, while those

of the octahedral layer are occupied by OH™ ions [16].

interstkial cations, HyO
“#— mokcuks and hydrogen
bonds joining layers

() oxygen
’ aluninurn

) hydrogen
& silicon

Figure 1.1: Representation of tetrahedra (a) and octahedra (b) layers [16].
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The layer, the primary particle, and the aggregate are the three structural components that can
be used to characterize clay mineral systems. The layer is made up of two or three tetrahedral
or octahedral layers that are bonded together with strong connections. These layers can be
assimilated to a plate or disc with a thickness of roughly 1 nm and are comparatively flexible
and malleable (Figure 1.2). The area between these layers, named as the interlayer space, can
be empty or contain hydrated alkaline and alkaline earth cations. The lateral diameters of these
layers range from 1 to 1000 nm. The physico-chemical and mineralogical properties of the clay

fraction are influenced by the composition of this layer.

platelet Primary particle Aggregate

100 to 1000 nm 8 to 10 nm I to 10 pum

== —

e=1nm

Figure 1.2: Multiscale Structure of a Clay Mineral [17].

The International Association for the Study of Clays (AIPEA) [18] established a classification
of clay minerals based on three criteria: the type of sheet, the overall charge of the sheet, and

the nature of the interfoliar cations.
1.2.2. Types of sheet

Based on the number and arrangement of tetrahedral (silica) and octahedral (alumina-magnesia)

sheets, phyllosilicates can be classified into three different groups (Figure 1.3):

a) Minerals with classification T:O or sheet 1:1: a tetrahedral layer (T) and an octahedral layer

(O) make up the sheet. It is about 7 A thick. Kaolinite is an illustration of this (Figure 1.3 (1.1)).

b) Minerals with a T:O:T or sheet 2:1 composition: the sheet is made up of two tetrahedral
layers (T), with an octahedral layer (O) sandwiched between them. It is approximately 10 A
thick (Figure 1.3 (2.1)). The talc, smectite, vermiculite, illite, and mica groups belong to this

family.

c¢) Minerals 2:1:1 samples composed of alternating T-O-T sheets with an octahedral layer (O)

between them, making it an interfoliar. The chlorite group corresponds to this type (Figure 1.3

(2.1.1)).
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Tetahedral Sheet Octahedral Sheet

b)
1:1 Phyllosilicates 2:1 Phyllosilicates 2:1:1 Phyllosilicates

Sy, T TR

Figure 1.3: (a) Graphical representation of the tetrahedral and octahedral sheets in

phyllosilicates and (b) phyllosilicates classification in function of the number of tetrahedral and

octahedral sheets (down) [19].

There are also minerals with visible layers: these minerals are distinguished from 2:1 type
minerals (T:O:T sheets) by the discontinuity of the octahedral layer (O), resulting in the
formation of 2:1 pseudo-leaflets. Palygorskite and sepiolite are classified in this family. Their
unique structure, where the tetrahedral sheets (T) are joined by discontinuous octahedral sheets
(O) to form ribbon-like chains, gives them different properties from other 2:1 clay minerals.

Figure 1.4 presents the arrangement of octahedral and tetrahedral layers in phyllosilicates [20].

1:1 PHYLLOSILICATE 2:1 PHYLLOSILICATE
TO-TO TOT-TOT

Tg sheet> tetrahedral T T tetrahedral &sheet
B | sheet> octahedral O O octahedral &sheet “g
tetrahedral T T tetrahedral &sheet
octahedral O —inferlayer—
T tetrahedral

No interlayer
Y @ octahedral

T tetrahedral

Figure 1.4: Arrangement of octahedral and tetrahedral layers in phyllosilicates [20].
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1.2.3. Overall charge of the sheet of phyllosilicates

A charge deficit is observed in tetrahedral layers (Si*" ions replaced by AI**, Fe*" ions) and/or
octahedral layers (A" ions replaced by Mg?*, Fe?" ions or Mg?" ions replaced by Li* ions) due
to isomorphic substitutions. A classification of phyllosilicates has been proposed by McKenzie
[21] and Brindley [22], and is based on the value of the permanent charge of the sheet obtained
by these ion substitutions (Table 1.1). The alkali or alkaline-earth cations in the interfoliar

spaces compensate for the lack of charge in the clay mineral sheets.

Table 1.1: Classification of 1:1 and 2:1 phyllosilicates according to charge [21].

Layer Interlayer Layer Species Formula
charge
1:1 | None or H>O only =0 Kaolinite Al, Si,0.0(0H)g
Kl’ySOtile Mg6 Si4010(0H)8
2:1 None ~0 Pyrophyllite Al, Sig0,¢(0H),
Talc Mge Sig0,0(0OH),
Hydrated 0.4 - 1.2 | Montmorillonite M;lfn [Aly_Mg,][Sig]020(0H)4.nH,0
exchangeable
cations Beidellite M}C’;’n [Al4][Sig_xAl,]050(0OH)4.nH,0
Nontronite M3 [Fey][Sig—Al,]020(0H)4.nH,0
oo1g Saponite M3 [Mgel[Sig—xAly]020(OH) 4. nH,0
(F-)hectorlte M;l/-‘-n [Mge_xle] [Slg] 020 (OH, F)4 nHZ 0
Vermiculite [Mg, Cal3},[Als—xMgy][Sig]020(OH),.8H,0
Vermiculite [Mg, Cal3},[Mge][Sig-xAly]020(0H)4.nH,0
Non-hydrated 1.0 2.0 Paragonite Na,[Al,][SigAl;]050(0OH),
cations
Phlogopite F,[Mg, Felg[SigAl;]10,0(0H, F),

1.2.4. Classification of phyllosilicates based on the nature of the interlayer cation

Phyllosilicates or sheet silicates can be classified based on the nature of the interlayer cations

present between the silicate layers [20]. There are:

- Monovalent cations: micas and vermiculites ;

- Divalent cations: chlorites and smectites ;
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- Trivalent cations: kaolinites and illites ;

- Varied cations: talc and serpentine.

This classification highlights the importance of interlayer cations in determining the properties
and behavior of phyllosilicate minerals. Each category exhibits distinct characteristics
influenced by the type and arrangement of these cations. An example of the classification of
phyllosilicates based on the nature of the interlayer cation can be illustrated using smectite

group clays (Table 1.2).

Table 1.2: Smectite group — classified by interlayer cation type [20].

Mineral Name Interl-ayer Description
Cation
Na-montmorillonite Na* Expands readily in water; commonly used in
drilling muds.
Ca-montmorillonite Ca? Less swelling than Na-montmonllomte; more
stable in freshwater.
Fe-montmor}llonlte Fe** or Fe** Iron-rich variety; often greenish in color.
(nontronite)
. . Often associated with basaltic rocks, relatively
- 2+ ,
Mg-smectite (saponite) Mg high cation exchange capacity.

The interlayer cation in phyllosilicates like smectites can vary (e.g., Na*, Ca**, Mg?"), and this
affects properties like swelling behavior, cation exchange capacity, and stability. This variation
forms the basis for subclassifying them. Smectites, which include for example bentonite,
nontronite, saponite, montmorillonite, are phyllosilicates of type 2:1. Smectites have a general

structure of:
(Ca, Na, H)o.33(Al, Mg, Fe)(Si, Al)4010(OH)2.nH>O

where (Ca, Na, H)o.33: exchangeable interlayer cations that balance the negative charge resulting

from layer substitutions. They might vary in quantity and be hydrated ;
where (Al, Mg, Fe),: octahedral sheet (O-sheet) cations.

If Al — dioctahedral smectite, such as montmorillonite, predominates.

If mostly Mg/Fe — trioctahedral smectite,such as saponite, predominates.

where (Si, Al)4O1¢ : T-sheets, or tetrahedral sheets, are primarily composed of SiO4 tetrahedra,

with the possibility of Al replacement.
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where (OH): octahedral sheet's hydroxyl groups.
The variable amount of interlayer water, or nH>O, is what causes smectite to expand [23].

The structure of this class of phyllosilicates is between amorphous and crystalline. Except for
the compensatory cations in smectites, which are hydrated and readily exchangeable, promoting
their expansion in the presence of water, this structure is extremely similar to that of
pyrophyllites. Because of this potential for swelling, smectites are referred to as swelling clays,
and their interlayer spacing can range from 10 A to 21 A. On the other hand, these clays have a
large, persistent, negative, and pH-independent charge due to isomorphic replacements at the
interlayer region. Additionally, these clays have a high capacity for exchanging cations.
Furthermore, the action of water can cause soils with high smectite concentrations to increase
in volume by 30%. Moreover, these minerals' exceptional plastic, colloidal, swelling, and
physico-chemical properties enable their use in a variety of fields, including medicine, drilling

fluids, water treatment, ceramics, papermaking, and dyes [23].

Cation exchange capacity (CEC) is the proportion of smectites that absorb cationic species from
solution. Polymeric hydroxides of aluminum, iron, chromium, zinc, and titanium can be
intercalated into smectites for cation exchange. These 'pillar clays' present high values of
specific surface area and porosity, a high acidity, and catalytic properties when heated.
Similarly, cationic organic molecules (such as aliphatic and aromatic amines, pyridines, and
methylene blue) can substitute exchangeable inorganic cations in the interlayer space, while
polar non-ionic organic molecules can substitute water adsorbed on the external surfaces. In

this family, bentonite and montmorillonite are the most prevalent clay minerals.
1.2.5. Montmorillonite

Montmorillonite is one of the phyllosilicates, whose layers are mainly made up of silicon,
oxygen, aluminum, and magnesium atoms. Within the sheets, substitutions are random: certain
AIP" cations are replaced by Mg”* ions. So, there is a lack of charge in the sheet, and
compensating cations must be added to the structure to obtain a neutral compound. Na* and
Ca’" ions are the most common compensating cations in natural montmorillonite, which is why
the terms "sodium" or "calcium" are often used when referring to the mineral origin of
montmorillonite. Some impurities, such as potassium, may be present in trace amounts in this
material. When montmorillonite is exposed to water, it swells, which means that this mineral
absorbs water in the space between the sheets, known as the interfoliar space, as well as in any
other accessible porosity. When water is present, the cations are hydrated. This alters the

electrical forces and leads to a distance between the sheets, resulting in swelling. The impact of
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the hydration state of the clay on the swelling of the structure can be understood qualitatively
by taking into account the electrostatic forces between the interfoliar cation and the surface
[24]. When water molecules interfere with electrostatic interactions, these forces decrease. The

concepts of clay hydration and swelling can therefore be associated with electrostatic

interactions.
The theoretical structural formula for montmorillonite is as follows (Figure 1.5):

Nao,26 Cao,02 Ko20[Alz,48 Mgo,40 Feo,34 Tio,02]Sis,a8 O20(0H)4

Tetrahedral sheet

Octahedral sheet

Tetrahedral sheet

Interlayer space

Interlayer cation

Octahedral cation
Tetrahedral cation

Oxygen
Lower hydroxyl
Upper hydroxyl

Water molecule

Figure 1.5: Schematic representation of the montmorillonite structure [24].

The technological uses of montmorillonite are mainly related to reactions taking place in the
interlayer spaces. The 2:1 negative charge is balanced by the elements Na*, K*, Ca®*, and Mg*",
which are usually hydrated and exchangeable. The water molecules are adsorbed at the surfaces

of layers and in the spaces between layers [25].

Hydrophilic surfaces immersed in water have a strong attraction to the water molecules in the
vicinity, resulting in the formation of ordered boundary layers on the surfaces. This
phenomenon is termed hydration, and the layer is termed the hydration layer. Three modes of

hydration are generally identified (recognized as pH-dependent) :

* Hydration of the primary clay mineral particles between the different layers;
* Continuous hydration due to unlimited adsorption of water on internal and external

surfaces;
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» Capillary condensation of free water in the mesopores.

The hydration layer on a hydrophilic surface is schematically depicted in Figure 1.6. Compared
to bulk water, the water in hydration layers is denser and more viscous. Hydration layers have

been discovered to be essential in a wide range of scientific and technical domains [26].

water

" molecule

Figure 1.6: Schematic view of hydration layer on hydrophilic surface. Water molecules in the
small concentric circles can be attracted to the vicinity of a hydrophilic surface to form ordered

layers [26].

The main components of interlayer hydration include:

(1) hydration of interlayer cations,

(i1) interactions between clay surfaces and water molecules and interlayer cations.

Interlayer hydration complexes can be distinguished from smectites, which are the result of the
intercalation of a variable number of water layers. This number varies from zero to three,

corresponding to the creation of hydrates in layers of zero, one, two or three.
The interlayer hydration of smectites is influenced by several factors:
(1) the hydration energy of the interlayer cation;

(i1))  the polarization of water molecules by interlayer cations;
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(ii1))  variations in electrostatic surface potentials due to variations in the location of the

layer's charge;
(iv)  water activity.

In the interlayer space, it is possible to create two types of hydration complexes: "inner sphere”
and "outer sphere" complexes. In the first situation, the cation is directly attached to the clay
surface on the one hand and to a certain number of water molecules on the other, whereas in the

outer sphere hydration complexes, the interlayer cation is surrounded by water molecules.
1.2.6. Origin of hydration layers on clay mineral surfaces

There is a fundamental difference between the 1:1 and the 2:1 layers (Figure 1.7). The 2:1 layer
is bounded on both sides by basal oxygen planes, whereas the 1:1 layer has basal oxygens on
one surface and hydroxyls on the other surface. The interlayer bonding for the 1:1 layer silicates,
whether dioctahedral or trioctahedral, is by hydrogen bonds from one hydroxyl surface to the
adjacent oxygen surface of the neighboring 1:1 layer. Although they are long hydrogen bonds,
there are many of them, and the contribution to the interlayer bonding is strong. The 2:1 layer
is more complex because it is possible to have a net layer charge as a result of isomorphous
substitution. Al for Si in the tetrahedral sheet and Mg for Al in the octahedral sheet are most
common. Such a situation would be unstable due to the electrostatic repulsion between all the

layers, so the charge must be balanced by an extra positive charge [26].

Hydrogen bonds make up the majority of the unsaturated bonds visible on the basal surface of
1:1 clay minerals like kaolinite and serpentine. Illite, smectite, and vermiculite are examples of
2:1 clay minerals with a high degree of isomorphous substitution, where the unsaturated bonds
are mostly ionic bonds brought by the silica tetrahedron anions on the electronegative layer-
charged siloxane surface. Also, as in talc and pyrophyllite, the exposed unsaturated bonds are
basically van der Waals bonds resulting from the neutral siloxane surface. Among all these
unsaturated bonds, the hydrogen bonds and ionic bonds are relatively strong, whereas van der
Waals bonds are very weak. So in aqueous solution, to compensate for the unsaturated bonds,
the surfaces with the unsaturated hydrogen bonds and ionic bonds are capable of having strong
interactions with water molecules and hydrated cations, and strong hydration layers can easily

form on these types of clay mineral surfaces [26].
1.3. Adsorption of molecules at the surface of materials

The adsorption phenomenon of molecules at the surface of solid materials is currently one of

the most crucial separation methods. It is commonly used to purify gases and liquids in various
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environmental and pharmaceutical sectors [27]. There are two distinct types of adsorption
mechanisms: physical and chemical. Nonspecific or electrostatic forces between substances in
solution and the surface of the solid are responsible for physical adsorption (or physisorption).
The former are interactions with Van Der Waals forces, while the latter are interactions between
permanent or induced dipoles and hydrogen bonds. Covalent or electrostatic chemical bonds
between the adsorbate and the adsorbent are called chemical adsorption (or chemisorption). As
a general rule, chemisorption is irreversible and causes a transformation of the adsorbed

molecules (exchange of matter). In comparison, physisorption is faster and partially reversible.

| | | |
i J/ﬁ\J/B\J/ﬁ\)/L\J
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Figure 1.7: Layered structures composed of silicon tetrahedron and aluminum octahedron
sheets. (a) smectite, which belongs to the 2:1 clay mineral with isomorphous substitution. There
are exchangeable cations in the interlayer space. (b) kaolinite, which belongs to the 1:1 clay

mineral. There are no exchangeable cations in the interlayer space [26].

Under certain conditions, the adsorption reaction of a solute can be carried out in several
successive elementary stages, each of which can influence the overall phenomenon. Let's take
the example of adsorption on a porous adsorbent. In this situation, solute adsorption takes place

in 4 main stages [28] :
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- the movement of the molecule towards the outer surface of the adsorbent. It results from a

mechanism of molecular diffusion.

- The movement of the molecule from the outside of the adsorbent towards the inside of the

pores;

- the adsorption of the molecule at the surface of the adsorbent or inside the pores of the

adsorbent. This step is often extremely rapid and has no impact on the overall process.

- the movement of the adsorbed molecules from the surface of areas where the concentration of
the adsorbed phase is high to regions where the concentration is low. This phase is known as

internal diffusion in the solid.
1.3.1. Adsorption isotherm

Any adsorption system’s isotherm is an equation which relates the amount of adsorbate on the
adsorbent surface and the adsorbent’s concentration or partial pressure at constant temperature
[29]. Mostly used adsorption isotherm models for contaminants removal are the Langmuir
isotherm and the Freundlich isotherm, which are used to gain extensive knowledge on the

relationships between the adsorbent surface and the adsorbate [30].

For Langmuir adsorption, the adsorbent’s surface is homogeneous, meaning almost all binding
sites are equal. Adsorbed molecules don’t come into contact with each other. And there is the

formation of a monolayer of adsorbed molecules. The Langmuir isotherm is given as [31] [32]:

e 1 4 G (1.1)

de AmaxKL Admax

where C. is the concentration of the adsorbate at equilibrium (mg/L), ge and gmax are the amount
of adsorbed molecules at the surface at any time and at the end of the adsorption process
(maximum adsorption capacity) (mg/g), and K is the Langmuir constant (L/mg). When Ce/q.
is plotted against Ce, a straight line with a slope of 1/gmax and an intercept of 1/KL gmax, 18

obtained.

The Freundlich model is based on the following key assumptions: the surface of the adsorbent
is heterogeneous, and the adsorption sites have a non-uniform energy distribution. It is an
empirical model that generally applies to low concentrations and suggests that adsorption can
be single-layer or multi-layer. The mathematical expression of the Freundlich isotherm is [33]

[34]:
In(qe) = In(Kp) + o In(Ce) (12)
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where Kr is the Freundlich constant or adsorption capacity (L/mg), n represents the extent of
heterogeneity in the surface and defines how the adsorbate is distributed on the adsorbent
surface. As In g. is plotted against In C., a straight line with a slope of 1/n and an intercept of

In Kr emerges.
1.3.2. Parameters affecting the adsorption process

Main parameters which influence the mechanism of adsorption include: i) specific surface area
of adsorbent ; (ii) adsorbate’s nature ; (iii) initial concentration of adsorbate ; (iv) pH of the

solution ; (v) temperature ; (vi) pressure, and (vii) contact time [35].

Specific surface area of adsorbent: Adsorption is a surface phenomenon, so it is directly

proportional to the specific surface area of the adsorbent, which may be known as the total free
surface area available for adsorption. So it is more interesting to use very porous adsorbents,

giving a larger quantity of surface per unit mass of this adsorbent [35].

Adsorbate’s nature: the adsorbate solubility plays a very important role in the progression of

the adsorption mechanism, and also the rate of adsorption. If the adsorbate is completely soluble
in the solvent, then the affinity of the solute with the solvent is high [37]. Therefore, it is possible
to suggest an inversely proportional relationship between the degree of adsorption and its solute

solubility [38].

Initial concentration of adsorbate: the initial concentration of the adsorbate in the solution

creates the driving force (concentration gradient) for mass transfer between the solution and the
adsorbent [39]. The impact of the initial concentration of adsorbate on the adsorption rate and
uptake capacity is that at lower concentration, the ratio of the number of solute molecules to the
adsorbate surface is low, and after some time, the adsorption process becomes independent of
the initial concentration of the solute [40]. At high concentrations, however, the ratio becomes
high, i.e., the unused adsorption sites for adsorbate decrease, and the adsorption uptake capacity

depends on the initial concentration [35].

pH of the solution: the solution‘s pH affects the degree of adsorption. H" or OH ions present

in the solution are adsorbed at the surface of the adsorbent, thereby influencing the adsorption
process, resulting in a shift in the kinetics of the adsorption reaction and in the properties of
equilibrium [41] [42]. For example, at low pH, the number of adsorbed H" ions at the surface
of the adsorbent increases. So the surface of the adsorbent becomes positively charged. Since

the adsorbent surface is positively charged at low pH, an attractive electrostatic force forms
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between these positive charges and the negative charge molecules in the solute, resulting in a

full sorption process.

Contact time: In particular, the adsorption efficiency improves with increased contact time. The
amount of adsorbate adsorbed on the adsorbent surface increases rapidly at the initial stage, and

then at a certain stage, this adsorption rate slows down a bearing [43].

Clays have been studied extensively for their ability to adsorb several types of pollutants,
particularly micropollutants like dyes, heavy metals, pesticides, and medicines. They are
especially efficient adsorbents because of their high specific surface area, cation exchange
capacity, and surface charge properties [44]. For example, the alkaline activation of bentonite
increases the distance between the leaves, increasing the specific surface area. Another way to
modify clay is to intercalate between sheets, large single or mixed metal polycations. This
method results in microporous materials with a rigid structure for large interfoliar spacing, and
a very stable thermal structure. Luo ef al. [40] have modified montmorillonites using a gemini
surfactant. A gemini surfactant consists of two conventional surfactant molecules chemically
bonded together by a spacer. Methyl orange is adsorbed by this modified clay with a capacity
that can reach more than 200 mg/g. According to Ren ef al.[42], Montmorillonite modified with
Fe polycation and cetyltrimethylammonium bromide (CTMAB) was used to remove As(V) and
As(II) ions from waste waters. Different authors have suggested the use of modified clay to
remove other anions such as fluorides, perchlorates, chromates, nitrates, phosphates, etc. [45]
[46]. Kaolinite, a 1:1 alumino-silicate clay, adsorbs cationic dyes like methylene blue through
electrostatic interactions. The dye molecules, being positively charged, are attracted to the
negatively charged surface sites of kaolinite. The presence of electrolytes can enhance this
adsorption by increasing the ionic strength of the solution, which reduces the repulsion between
dye molecules and the clay surface [46]. Montmorillonite, a smectite clay, exhibits high cation
exchange capacity and surface area, facilitating the adsorption of anionic pharmaceuticals like
diclofenac. At pH levels above the pKa of diclofenac (approximately 4.5), the drug exists
predominantly in its anionic form, which can interact with the positively charged sites on the
clay surface. Antonio Gil et al. [47] show that pillared clays, such as Al-pillared
montmorillonite, have enhanced interlayer spaces due to the introduction of metal oxide pillars.
This increased porosity allows for the adsorption of larger organic molecules like bisphenol A

(BPA) through n-m interactions and hydrogen bonding.

Thibault ef al. [48] examined the adsorption of tramadol and doxepin, two pharmaceutical

micropollutants, onto sodium-exchanged smectite clay. The results indicated that the adsorption
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was primarily driven by electrostatic interactions, with the drugs intercalating into the clay's
interlayer space in a monolayer arrangement. The study also observed that additional doxepin

molecules could adsorb via weak molecular interactions, especially at lower temperatures.

Yan et al. [49] investigated the use of calcium-montmorillonite for removing tetracycline, a
type of antibiotic micropollutant, from water. The study found that under optimized conditions,
over 90% of tetracycline was removed, with a maximum adsorption capacity of 526 mg/g. The
adsorption process was influenced by various factors, including pH, adsorption duration,
concentration, and co-cations (Na* and Ca?"), with the Langmuir model providing the best
description of the monolayer adsorption process. These investigations demonstrate the ability
of clay minerals to absorb a range of micropollutants. Clays can be made more effective for
particular contaminants by altering them to increase their hydrophobicity or interlayer spacing.
It is essential to understand how clays and micropollutants interact to create effective and long-

lasting remediation techniques.
1.4. Overview of advanced oxidation processes (AOP) and their principles

Organic micropollutants can be oxidized into harmless substances like carbon dioxide and water
by different “advanced oxidation processes (AOPs)”. Khan et al. [50] list six different AOPs:

photolysis, photochemical processes, photocatalysis, cavitation, and electrochemical processes.
1.4.1. Photolysis

Photolysis is the process of generating radicals by the direct action of energetic light on water.
Generally, VUV (vacuum ultraviolet) light is used for standalone photolysis. This causes water

to undergo two main reactions [51]: homolysis and ionization (Equations 1.3 and 1.4).
H,0 - OH + H (1.3)
H,0 - H* + e~ + OH (1.4)

The quantum yield of this process is close to 1 for hydroxyl radical production for the range of

light wavelengths proposed. However, it suffers from a few disadvantages.

Photolysis is dependent on the absorption of light by water. It can be calculated using Beer’s

law (Equation 1.5).
A=ay [ (1.5)

where 4 is the absorbance, @y, is the absorption coefficient (m™'), where the index / represents

the wavelength of light used (nm), and | is the path length (m). For water, o, is very high in the
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far UV (orders of magnitude: 107 m™ at 2 = 140 nm; 100 m™! at A = 180 nm). Thus, photolysis
in water using that type of light has a very short range under the surface. In industrial
applications, degradation of pollutants would only be made possible by secondary oxidative
species rather than OH' radical itself, which cannot diffuse far from its place of creation due to
its very short lifetime. Furthermore, this type of light will produce ozone when it travels through
02 (Equations 1.6 and 1.7). Ozone is toxic to human health, and its release in the environment

is forbidden. Conversely, it can have a beneficial impact on AOPs as it is a powerful oxidizer.

0,520 (1.6)

0 + 0, - 05 (1.7)
1.4.2. Photochemical processes

These processes consist of using the previously described types of light with one or several
chemicals to produce reactive radicals. The two most common chemicals are hydrogen peroxide
(H202) and ozone (O3). UVA, UVB, and UVC lights can create OH' radicals from H>O». This
renders these processes as potent as VUV photolysis, with the advantage that there is no
significant surface effect due to the penetration of light. However, the chemicals have a cost,
and process limitations are associated with them. In the case of ozone, commercial generators
rely on 185-nm lamps or on the corona discharge technology, where arcs of electricity are
generated in air at high voltage. These technologies have relatively high capital costs, but
moderate operating costs. H2O2 decomposes well when exposed to UV, with quantum yields ©
equal to 0.5 if 4 =254 nm, and 0.3 if A = 313 nm [52]. In this system, H>O> is usually directly
injected as a concentrated liquid. It can generate high amounts of heat and gas at the place of
injection, especially if the target water still contains lots of dissolved matter. Indeed, the
products of H>O> decomposition are dioxygen and water. In particular, iron ions can act as a
Fenton catalyst and accelerate this process significantly. This must be taken into account when

designing such systems.
1.4.3. Photocatalysis

Photocatalysts are semiconductors. When those are exposed to a suitable type of light, an
electron is promoted from the valence band (VB) to the conduction band (CB). Overcoming the
band gap energetic barrier, or simply ”band gap”, the electron leaves a positive hole in the VB

and forms what is commonly called an “electron-hole pair” (e h* pair) (Equation 1.8) [53] [54].

e~(VB)S e~(CB) + h*(VB) (1.8)
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Once again, this process can generate OH' and O; radicals in the presence of water.

Photocatalysts can be used either as a powder, a slurry [55], or in the form of thin layers. The
two former options come with the problem of the photocatalyst retrieval from the process,
although they permit a higher flexibility in terms of concentration. Thin layers are mechanically
stable and can typically be used for a large number of cycles [51]. Nonetheless, scaling
processes from laboratory to industrial scale can be a problem for two reasons: (i) the deposition
method used at lab-scale is often not suitable for industrial-scale reactors, and (ii) the inherent
lower surface-to-volume ratio in the industrial process inevitably decreases the efficiency of

photocatalysis.

Titanium dioxide (TiO7) and zinc oxide (ZnO) have been widely used as photocatalysts to break
down extremely toxic and non-biodegradable pollutants, as well as to inactivate pathogenic

bacteria, in both air and water [51-55].

As the band gap of TiO> or ZnO puts it very close to being sensitive to visible light (Egap ~ 3.2
eV or 1 =388 nm), a lot of efforts are made to lower the band gap’s value. Doping TiO2 or ZnO
with various species is a solution to shift their absorption range from UV light to visible light.
One advantage of using visible light is related to the energy sources used in those systems:
indeed, visible LEDs (light-emitting diodes) are much more efficient in the visible range than
LEDs or traditional lamps emitting in the UV range; the sun can also be considered as a potential

light source, as it emits mainly in the visible range.

Using visible light also implies a higher safety and an easier process to put in place. The
corresponding drawback is the loss of the possible synergy between photocatalysis and
photolysis. TiO also presents the advantage of being cheap. Also, no chemical is put directly

1n contact with water.
1.4.4. Cavitation

Cavitation is, in essence, the same phenomenon that is responsible, e.g., for damaged parts in
hydrodynamic systems. When it is intentional, it is based on the use of ultrasounds in water
[56]. The acoustic waves create zones of high and low pressure alternatively. When the pressure
is at its low point, gas can no longer be dissolved in water, so it forms tiny bubbles instead.
After its formation, a given bubble will continue to grow until it reaches an unstable size.
Cavitation then occurs: the bubble collapses in an adiabatic manner. The temperature and
pressure can reach thousands of kelvins and thousands of bars, which is sufficient to create

radicals according to Equations 1.9 and 1.10.
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H,0 2 H + ol (1.9)

H 40, = HO; (1.10)
“)))) represents cavitation.”

Cavitation shares the advantage of the absence of chemicals with photocatalysis. It is reported

to be less expensive when used in conjunction with other AOPs [52].
1.4.5. Electrochemical AOPs

These AOPs are quite numerous, as shown in the review written by Nidheesh et al. [58]. Two
main techniques will be discussed here: anodic production of OH' radicals and cathodic in-situ
production of H>O». In a simple electrochemical system consisting of water, a cathode, and an

anode, electrolysis of water can take place following the two semi-equations (1.11).
4H* + 4e~ - 2H, E, =0.00V
2H,0 - 0, + 4H" + 4e~ Ey, =123V (1.11)

The standard redox potentials, Eo (V), must be corrected if we work in non-standard conditions,
i.e., if [H30"] #1 M. The potentials at pH = 7 can be readily calculated using the Nernst

equation:

RT i
E=E0—ElnM (1.12)

A0x,i

where R is the universal gas constant (8.314 J/mol/K), T is the temperature (K),  is the number
of electrons exchanged, F is the Faraday constant (96485 C/mol), a is the chemical activity, and
the indices Red,i and Ox,i designate respectively the reduced and oxidized forms involved in
the semi-reaction. When applied to the two semi-reactions at pH = 7, the values of the potential

become, respectively, at 298 K (Equation 1.13):
Ecathode(V) = - 041 - 00128 X ln aHZ
Eunoae(V) = 0.82 4+ 0.0257 X Inap, (1.13)

Now, it is possible to have different reactions at both the anode and the cathode by choosing the
adequate oxidoreduction potentials. At the anode, the possible oxidation states of HoO’s oxygen

atom have been determined by Wood (Figure 1.8) [57].
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0, 0y~ H,0, H;0 + HO' 2H,0
l =0.33 (-0.186) | L +0.89 1 +0.38 | L +2.32 |
L +0.281 | +1.348 |
0 +0.815 I

Figure 1.8: Potential diagram for oxygen at pH = 7 [57].

Certain anodes exhibit properties that make them produce OH' radicals instead of dioxygen,
despite the unfavorable oxidation potential. This is the case of boron-doped diamond thin film
anodes [58]. Thanks to their large overpotential for O> production, the main reaction has been

proven through current-potential curves to be Equation 1.14.
H,0 > OH +H" + e~ (1.14)

It must be noted that H>O naturally accumulates in such systems because of hydroxyl radicals
reacting with each other. The radicals, initially sorbed on the anode, can also lead to the
production of oxygen gas or react directly with pollutants in water [58]. In the case of metal
oxide anodes, oxygen atoms can also be chemisorbed at the anode, contributing to the oxidative
environment at its surface. These anodes have been proven to be efficient at removing
micropollutants such as dyes, thanks to the hydroxyl radical. In their paper, Beck et al. [59]
show that a Si/BDD anode can decrease the total organic carbon (TOC) of a phenol solution
with an initial concentration equal to 1400 mg/L.  to a negligible level using a charge of about
20 Ah/L instead of at least 50 Ah/L for conventional electrodes. More recently, Monteil et al.
[61] completely mineralized a 30 mg/L solution of hydrochlorothiazide in 15 min only, using
the same type of anode. This system is often combined with cathodic production of H>O», which

promotes both an oxidative medium in water and a higher concentration of hydroxyl radicals.
This is done by reduction of dissolved oxygen (Equation 1.15):
0, +2H* +2e~ - H,0, (1.15)

Usually, carbon-based materials are used for such cathodes [57]. Graphite is usually suitable
for such a system because of its high porosity, which induces enhanced sorption of oxygen gas.

They also have low catalytic activity for hydrogen peroxide decomposition [57].
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1.4.6. Combination of AOPs

The whole is often greater than the sum of its parts: this holds for some combinations of AOPs.
For example, Bedolla-Guzman et al. [62] eliminated the reactive yellow 160 (a type of azo dye)
efficiently when using a combination of OH' radicals generated by a BDD anode, UVA, and
Fenton reagents. Refinery wastewater was treated by a combination of UVC and H>0O; in the

presence of a catalyst promoting its decomposition [63].

Various materials or processes are combined with AOPs, too, such as activated carbon and

simulated solar light with ozone [64], or membrane contactors with O3/H>O; [65].

This list could continue for a while, as shown by the plethora of reviews stretching tens of pages
on the subject, each based on tens of papers. Already in 2006, Vincenzo Augugliaro et al.
wondered [66]: ”Which would be the best combination?”, talking about coupling photocatalysis

with other chemical or physical operations. They answered:

”The answer to this question depends on the particular problem to be solved, and any of the
presented combinations shows neither intrinsic advantages nor drawbacks that favor or exclude

its utilization.”
And then they reproach:

”However, by examining the literature on this topic, the authors noticed that almost the totality
of experimental works has been carried out in artificial systems containing only one compound
used as a model molecule. It would be of great importance to investigate real wastewater
containing compounds of different chemical nature to elucidate the mutual effects of these

compounds on their degradation rate.”

Still, to this day, few took notice of that admonition, as shown by the large number of

publications focusing on the degradation of one or a few micropollutants, often at lab scale.
1.5.Structure of the thesis

The goal of the thesis is to highlight the value of composite clays in the removal of contaminants
in wastewater. To do so, advanced oxidation processes such as heterogeneous photocatalysis
and adsorption are used. These methods present a chance to purify water using natural clay

materials with minor adjustments, particularly in developing nations.

The thesis first focuses on the mineralogy and physico-chemical characterization of adequate
materials; then, it concentrates on their practical application at a large scale. This work is

divided into five chapters.
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In Chapter I, a general introduction is developed, which means the context in which this
work is set is reviewed. The problem of micropollutants in Cameroon is described. The
clay materials used in the thesis are explained. A potential solution lies in radicals, some
very powerful chemical species: their chemistry is thus described. Then, state-of-the-art
water treatment is summarized, and potential future solutions, called advanced oxidation
processes, are explored. As these methods often require advanced materials to be
produced, some synthesis methods are also described.

In Chapter II, the synthesis of mixed materials based on clay-TiO: or clay-ZnO, which
combines adsorption and photocatalysis, is presented. Fluorescein (FL) and p-
nitrophenol (PNP), two dye and pesticide-type pollutants, respectively, are investigated.
The adsorption and photocatalytic activity of the pure and combined materials are
ascertained, together with their physico-chemical characteristics. By producing mixed
materials, a material that is already found in Cameroon can be used, and a tiny
percentage (less than 30%) of photocatalysts can be added to improve the clay's ability
to remove pollutants. The efficiency of the process and the cost can be studied and

compared to other known methods.

Chapter published in: Natural clay modified with ZnO/TiO; to enhance pollutant
removal from water, Julien G. Mahy, Marléene Huguette Tsaffo Mbognou, Clara

Léonard, Nathalie Fagel, Emmanuel Djoufac Woumfo and Stéphanie D. Lambert,
Catalysts 2022, 12, 148.

In Chapter I1I, the goal is to produce hybrid materials made of good adsorbent materials
(clay) and efficient photocatalyst (ZnO) at a low price. The objective is to create a hybrid
material that can use either photocatalysis or adsorption to clean up water. To do this,
Cameroonian natural clay extract will be utilised, along with modifications made
through the ion exchange procedure to improve its adsorption capabilities. To maintain
the low cost of these materials, the amount of ZnO added to clay is restricted to 30
weight percent and is created using a green sol-gel process. To ascertain their
composition and morphology, the hybrid materials are characterized along with the
matching pure clay and pure ZnO samples. Then, the pollutant removal property of these
samples is evaluated on model water polluted with three different molecules: the p-
nitrophenol (PNP), the malachite green (MG) and the Diamant brilliant violet (DBV).

Chapter published in: Hybrid clay-based materials for organic dyes and pesticides
elimination in water: Marlene Huguette Tsaffo Mbognou, Stéphanie D. Lambert,
Joachim Caucheteux, Antoine Farcy, Christelle Alié, Nathalie Fagel, Emmanuel

Djoufac Woumfo, Julien G. Mahy. Journal of Sol-Gel Science and Technology.
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- Chapter IV investigates the potential of using natural Cameroonian clays as a raw

material for the grafting of silanol groups, such as [3-(2-aminoethylamino)propyl]
trimethoxysilane (EDAS) or tetramethoxysilane (TMOS), using a simple and well-
controlled sol-gel process. The resultant nanocomposite materials are assessed as
adsorbents for dyes found in water contaminated by the textile industry, including
fluorescein, malachite green, and brilliant purple diamond. Raw clays from the Bakotcha
region of West Cameroon are used in the studies. Several physicochemical methods
were employed to assess the functionalization process.
Chapter published in: Silane-modified clay for enhanced dye pollution adsorption in
water. Marlene Huguette Tsaffo Mbognou, Stéphanie D. Lambert, Ernestine Mimba
Mumbfu, Joachim Caucheteux, Antoine Farcy, Nathalie Fagel, Emmanuel Djoufac
Woumfo, Julien G. Mahy,; Results in Surfaces and Interfaces 14 (2024) 100183.

- Chapter V analyzes the photocatalytic degradation of Ibuprofen from clay materials

doped to photocatalysts (ZnO and TiO2) on both sides, to evaluate the antimicrobial and
antishigellose activities of doped clay as an important factor in the elimination of
bacteria responsible for water diseases in our cities.
Chapter published in: Dual-function cameroonian clay-supported ZnO and TiO;
photocatalysts for ibuprofen mineralization and bacteria inactivation. Marléne
Huguette Tsaffo Mbognou, Stéphanie D. Lambert, Antoine Farcy, Hela Rekik, Steven
Wouamba, Emmanuel Djoufac Woumfo, Julien G. Mahy; Next Materials 9 (2025)
101290.

Finally, conclusions and perspectives are drawn to highlight the best results obtained through

this research.
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CHAPITRE II: Natural Clay modified with ZnO/TiO: to enhance pollutant
removal in Water

In this chapter, natural clays (montmorillonite) from Cameroon were modified with two

semiconductors (namely TiO2 and ZnO) known as photocatalysts.

The main questions explored in this chapter are: (i) Can Cu?" ions added by ionic exchange
increase the specific surface area of clays? (i1) Can doping clay materials with photocatalyst
increase their depollution properties? (iii) What is the efficiency of raw clay and doped clay

samples?

To answer these questions, all doped clay samples have been characterized and tested under UV

and visible light.

This chapter is published through the following reference: Natural clay modified with
ZnO/TiO; to enhance pollutant removal from water, Julien G. Mahy, Marléne Huguette Tsaffo
Mbognou, Clara Léonard, Nathalie Fagel, Emmanuel Djoufac Woumfo, and Stéphanie D.
Lambert, Catalysts 2022, 12, 148. https://doi.org/10.3390/catal12020148.
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2.1. Introduction

The population growth, intensive industrialization, and agricultural practices that occurred in
recent decades have led to an increase in environmental pollution, which is now considered a
global crisis [1]. This scourge has its origins in the constant improvement in the standard of
living and the strong demands of consumers. In Cameroon, for example, many cotton,
pharmaceutical, fertilizer, tanning, and pesticide manufacturing industries release pollutants
such as dyes, pesticides, or bacteria into the environment, leading to disturbances of aquatic
fauna and constituting a risk for human health [2]. Faced with this alarming situation, the global
water demand, the most vital natural resource, is increasing [3], and at the same time, the quality
of freshwater sources is declining due to the presence of emerging contaminants. Most of these
contaminants escape conventional wastewater treatment offered by wastewater treatment
plants. The presence of these emerging pollutants in the environment is a matter of concern for
most environmental agencies in developing countries [4]. This water should be treated as part
of the recycling of wastewater that can be used by low-income populations for watering
vegetable crops and washing cars and clothes, to allow these populations to have a profitable

and healthy economic activity.

To limit the arrival of these various types of refractory contaminants into the environment,
effective and ecological treatment strategies have been developed, such as the use of local clays
widely available in Cameroon from kaolinites, andosols, illites, and smectites [5], and globally,
the use of adsorption as an efficient process to remove pollutants [6]. Clays have been the

subject of different characterizations and applications [7].

For nearly three decades, many research works have been carried out on clay materials from
Cameroon and their applications [8]. The search for new deposits and the characterization and
valuation of clay materials are still relevant today. Advanced oxidation processes (AOPs) have
been applied in several sectors for the treatment of surface and groundwaters [9,10] and for the
elimination of odors and volatile organic compounds [11], as well as for water discoloration,
the degradation of phytosanitary and pharmaceutical products [12], the production of molecules
such as H» [13], and water disinfection [14]. AOPs can be used either as an oxidative
pretreatment leading to easily biodegradable compounds or as a tertiary treatment method for
removing or completely mineralizing residual pollutants [15]. This process is based on the
generation of radical species that can degrade organic pollutants thanks to the use of

photocatalyst material activated by UV radiation [16]. The most-used UV-sensitive
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photocatalysts are TiO2 and ZnO [17-19]. Different composites of photocatalysts have already
been developed for pollutant removal [20-24].

In this work, a combination of adsorption and photocatalysis through the synthesis of mixed
materials based on smectite-TiO2 or smectite-ZnO 1is presented. Two types of pollutants are
explored, one dye and one pesticide-type pollutant: fluorescein (FL) and p-nitrophenol (PNP),
respectively. The physico-chemical properties of the pure and mixed materials are determined,
as well as their adsorption and photocatalytic activities. The production of mixed materials
allows the use of a material already present in Cameroon and the addition of a small fraction (<
30 wt%) of photocatalysts to increase the pollutant removal efficiency of the clay. The

efficiency of the process and the cost can be studied and compared to other known methods.

The advantages of using semiconductor-modified clay materials for pollutant removal in water
in developing countries are numerous: (i) the materials are composed primarily of natural
material (the clay) directly located in the country where the pollution will be treated; (ii) the
semiconductor material loading stays low (< 30 wt %), reducing the cost of production; (iii)
ZnO and TiO; are the most common semiconductor materials and can be produced with green
synthesis with low use of organic reagents; (iv) the composite material presents both high
adsorption capacity and photocatalytic properties, increasing its depollution properties
compared to bare materials; and (v) the process for the production of the composite materials

is simple.

2.2. Materials and Methods

2.2.1. Description of the Clay and Modification with Cu?* Ions
2.2.1.1. Presentation of the Clay

The clay material was whitish, sampled at a depth of 20 cm. The UTM coordinates of the
sampling were north 506008.3” and east 1017028.0”, at an altitude of 1423 m. These
coordinates corresponded to Mont Batcha, commonly called Bakotcha, in the district of Bana
(West Cameroon). This region has an equatorial climate, characterized by average annual
rainfall of 1300-2500 mm and a mean annual temperature of 21,23 °C [25]. The vegetation is
a highly anthropogenized post-forestry savannah with remains of a persisting semi-deciduous
forest in areas of difficult accessibility [26]. The dominant soil types are red ferralitic soils,
associated with brunified and hydromorphic soils [27]. The sampled clay was air-dried in the

laboratory to a constant weight before grinding and sieving in a 160 um diameter sieve.
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2.2.1.2. Modification of Clay with Ions Cu?* or InterfoliarCation Exchange

This treatment does not destroy the structure of the clay material, and it allows the insertion of
ions. We used the following reagents: copper (II) sulfate pentahydrate (> 98.0 % from
LabChem, Gauteng, South Africa), barium sulfate (99 %, pure, from Laboratoriumdiscounter),

clay powder (> 160 um), and distilled water.

To produce a homogeneous cation exchange, 50 g of clay was mixed under stirring in 0.1 M of
CuSOs4 solution for 4 h. After a 2 h rest, the supernatant was poured, and the agitation was
repeated with a new solution of 0.1 M of CuSOs. This operation was repeated twice, and excess
Cu?" and SO4% ions were washed with distilled water until the Barium test (precipitation test)
became negative. Barium test is a qualitative chemical test that determines whether sulfate ions
(SO4+*) are present in a solution. It's a traditional test for inorganic analysis [28]. The principle
is based on the production of a white precipitate of barium sulfate (BaSO4) when a solution
containing sulfate ions is treated with a solution of a barium salt (often barium chloride, BaCl.).
Because barium sulfate is insoluble in both water and acids, this reaction takes place. The
procedure consists of filling a clean test tube with roughly 2 mL of the test fluid. A few drops
of barium chloride solution (BaClz) should be added. It was checked if a white precipitate forms.

The homoionic Cu** clay material was then oven-dried at 110 °C overnight.
2.2.2. Synthesis of Pure TiO2 and ZnO Photocatalysts
2.2.2.1. ZnO Sample

Pure zinc oxide powders were synthesized by the sol-gel method following Benhebal et al.
[29,30]. The reagents were zinc acetate dihydrate (98%), oxalic acid dihydrate (99%), and
absolute ethanol (ACS grade). They were obtained from Biochem, Chemopharma (Cosne-
Cours-sur-Loire, France). The reagents are present in an analytical grade and are used directly

as purchased.

Zinc acetate dihydrate (10.98 g) was treated with ethanol (300 mL) at 60 °C. The salt was
completely dissolved in about 30 minutes. Oxalic acid dihydrate (12.6 g) was dissolved in
ethanol (200 mL) at 60 °C for 30 min. The oxalic acid solution was added slowly, under stirring,

to the hot ethanolic zinc solution, and the mixture was stirred for 90 min at 50 °C.

The resulting gel was placed in an oven at 80 °C for 24 h. The sample was calcined at 500 °C

for 3 h. The color of the pure ZnO powder was white.

45



2.2.2.2. TiO2 Sample
Pure titanium oxide powders were synthesized by the sol-gel method of Mahy et al. [31].

The reagents used were titanium (IV) tetraisopropoxide (TTIP > 97%, Sigma-Aldrich, St.
Louis, MO, USA), nitric acid (HNOs3, 65 %, Merck, Darmstadt, Germany), isopropanol (IsoP,
99.5%, Acros, Hull, Belgium), and distilled water. Nitric acid HNO3 (65%, Merck) was used to
acidify 250 mL of distilled water to pH 1. Then, 15 mL of TTIP was added to 15 mL of
isopropanol (IsoP), and the mixture was stirred for 30 min at room temperature. The resulting
solution of TTIP + IsoP mixture was added to acidified water under controlled stirring. The
liquid was left under stirring for 4 h at 80 °C. The obtained sol had a clear blue color. Then, the
sol was dried for 10 h under an ambient air flow to obtain a xerogel. The powders were dried

at 100 °C for 1 h, and a pure TiO, powder of yellowish-white color was obtained [31].
2.2.3. Synthesis of Hybrid Clay/Photocatalyst Materials

2.2.3.1. Clay/ZnO Material

For the preparation of modified clays with ZnO, the procedure was similar to that for pure ZnO
material. However, when the oxalic acid solution was added slowly with stirring to the hot
ethanolic zinc solution, 10 g of clay material was added, and the mixture was left under stirring

for 90 min at 50 °C. The resulting gel was placed in an oven at 80 °C for 24 h.

The sample was calcined at 500 °C for 3 h. The ZnO-modified clay powder was light gray in

color.
2.2.3.2. Clay/TiO2 Material

For the preparation of hybrid clay/TiO2 powder, the same protocol of preparation of a pure TiO2
sample was used. When the mixture “TTIP + IsoP” was obtained, it was added to acidified
water under controlled stirring, and the liquid was left under stirring for 4 h at 80 °C. To the
obtained sol, clear blue in color, 10 g of clayey material was added and left under stirring for 2
h. The soil was dried for 24 h under an ambient air flow. The powders were dried at 100 °C for

1 h, and hybrid clay/TiO, powders were obtained.
2.2.4. Characterization of samples

The actual composition of the bare and modified clays was determined by inductively coupled
plasma—atomic emission spectroscopy (ICP—AES), equipped with an ICAP 6500 THERMO
Scientific device (Waltham, MA, USA). The mineralization is fully described in [31]. The

samples undergo an alkaline fusion, for which the following steps are made: 0.2 g of Na-KCO3,
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2 g of Na;O,, and 0.2 g of the sample are mixed in a zirconium crucible, and the mixture is
heated to its melting point; after cooling and solidification of the mixture, the crucible is placed
in a 500 mL flask with deionized water. After the reaction, the crucible is removed from the
flask, and 6 mL of HNO3 is added. The mixture is heated to its boiling point and boiled for 5
min; the solution is transferred to a volumetric flask, which, after cooling, is filled to the
calibration mark with deionized water. The solution is then analyzed using the ICP-AES device;

however, we used HF instead of HNOs.

The crystallographic properties were observed through the X-ray diffraction (XRD) patterns
recorded with a Bruker D8 Twin-Twin powder diffractometer (Bruker, Billerica, MA, USA)
using Cu-Kq radiation, under 40 kV and 30 mA operating conditions, to identify the
mineralogical phases of the bulk clayey samples. The XRD patterns on the < 63 um fraction
were recorded between 2° and 70° using a step scan of 0.02° and a step time of 3 s. Additional
XRD measurements were made on oriented aggregates, and the data were recorded between 2°
and 30° (26) using a step scan of 0.02° and a step time of 0.6 s. These oriented aggregates were
subjected to three successive treatments: air drying, glycolation, and heating to 500 °C for 4 h,
to confirm the type of clay mineral phases. The Greene-Kelley test, modified from Jackson et
al. [32], was used to distinguish between octahedral and tetrahedral negative layer-charge
deficiencies in the smectites. The test consists of saturating the <2 pum clay fractions with a 2
M LiCl solution overnight. The Li-exchanged fractions were then rinsed with demineralized
water, and oriented aggregates were prepared on glass slides. The XRD analyses on oriented
clay fractions were conducted in sequence on the air-dried slide, heated at 300 °C, and finally,
overnight glycerol solvated. A d spacing (001) reflection at 9.6 to 10 A is indicative of
montmorillonite (octahedral negative layer charge), while a spacing at 16.7 to 17.7 A indicates

beidellite (tetrahedral negative layer charge).

The specific surface area of samples was determined by nitrogen adsorption-desorption
isotherms in an ASAP 2420 multi-sampler volumetric device from Micromeritics (Norcross,

GA, USA) at — 196 °C.

SEM micrographs were obtained using a Jeol-JSM-6360LV microscope (Tokyo, Japan) under
high vacuum at an acceleration voltage of 20 kV. The images were obtained while operating in
a secondary electron detector at a voltage of 10 kV. In order to maintain their natural structure
and prevent charging under the electron beam, clay samples meant for scanning electron
microscopy (SEM) must be carefully prepared. To eliminate free water without changing the

mineral layers, especially in smectitic clays, the clay is first air-dried or oven-dried at 40-50

47



°C. Agglomerates are separated by gently ultrasonating a small amount (=0.1 g) of the dried
material in ethanol for 30 s to 1 min. After that, a drop of this suspension is placed onto an
aluminum SEM stub that has been wrapped with conductive carbon tape. It is then left to dry
fully at ambient temperature, creating a thin, homogeneous coating that is appropriate for
imaging. Metallization is a crucial stage because clay particles are electrically insulating. To
prevent surface charge and enhance image clarity and contrast, a thin conductive coating (5—15
nm) of gold (Au), platinum (Pt), palladium (Pd), or carbon (C) is deposited using a sputter
coater [33]. Stable imaging and high-resolution detail are ensured by this conductive coating,
which permits the electron beam to disperse appropriately across the material. Lastly, the coated
sample is examined under the SEM at an accelerating voltage of 5-20 kV using backscattered
electrons (BSE) for compositional contrast and secondary electrons (SE) to reveal surface

morphology.

Transmission electron microscopy (TEM) was performed on the LEO 922 OMEGA Energy
Filter TEM (Zeiss, Oberkochen, Germany) operating at 120 kV. Sample preparation consisted
of dispersing a few milligrams of each sample in water using sonication. Then, a few drops of
the supernatant were placed on a holed carbon film deposited on a copper grid (CF-1.2/1.3-2
Cu-50, C-flat™, Protochips, Morrisville, NC, USA).

2.2.5. Adsorption Experiments

Concerning the adsorption experiments, only the Bare Clay and Clay/Cu®" samples were
assessed. The adsorption of two types of model pollutants, fluorescein (FL) and p-nitrophenol
(PNP), was tested. For an adsorption experiment, 6 vials were prepared containing 5, 10, 15,
20, 25, and 30 mg of powder clay and 20 mL of pollutant solution in water. The initial
concentration of FL was 6 *10° M and 10* M for PNP. The samples were under continuous
stirring. The remaining concentration in solution was evaluated every hour for 6 h with a
Genesys 10S UV-Vis spectrophotometer (Thermo Scientific) after filtration with a syringe filter.
The main absorption peaks were located at 317 and 485 nm for PNP and FL, respectively, as
shown in Figures 2.1 and 2.2. UV/visible spectra of the model pollutants

Figure 2.1 represents the FL UV/visible spectrum recorded for the initial FL solution (6 x 107
M). After adsorption for 6 h with the bare Clay sample, the spectrum intensity decreases, as

shown in Figure 2.1. The maximum peak is at 485 nm [34].

Figure 2.2 represents the PNP UV/visible spectrum recorded for the initial PNP solution (10
M) and the spectrum after 8 h in the photocatalytic experiment with the Clay/TiO, sample. The
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decrease in the maximum peak is well observed after photocatalysis. The maximum peak is

located at 317 nm [35,36].
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Figure 2.1. FL UV/visible spectrum for (e) initial FL solution and (A) after 6 h in the

adsorption experiment with the bare Clay sample.
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Figure 2.2. PNP UV/visible spectrum for (e®) initial PNP solution and (m) after 8 h in
photocatalytic experiment with Clay/TiO2 sample.
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2.2.6. Photocatalytic Experiments

The degradation of PNP was studied under UVA light (4 = 365 nm) to determine the
photocatalytic activity of the synthesized materials. The lamp was an Osram Sylvania,
Blacklight-Bleu Lamp, F 18 W/BLB-T8, considered monochromatic at 365 nm. Each sample
was placed in a Petri dish with 20 mL of 10* M of PNP solution in water.

The degradation of PNP was evaluated from absorbance measurements with a Genesys 10S
UV-Vis spectrophotometer (Thermo Scientific) at 317 nm. Previously, adsorption tests were
performed in the dark (dark tests) to show whether PNP was adsorbed on the surface of the
samples. A blank test, consisting of irradiating the pollutant solution for 24 h in a Petri dish
without any catalyst, showed that PNP concentration under UVA illumination remained
constant. The Petri dishes with catalysts and pollutants were stirred on orbital shakers and
illuminated for 8 h. Aliquots of PNP were sampled at 0, 4, and 8 h. The photocatalytic
degradation was equal to the total degradation of PNP, taking the catalyst adsorption (dark test)
into account. Each photocatalytic measurement was triplicated to assess the reproducibility of

the data. In each box, the catalyst concentration was equal to 1 g/L.
2.3. Results and Discussion
2.3.1. Composition

Macroscopically, the raw clays, the Cu?"-modified clays, and the TiO,-modified clays are pale
yellow. The ZnO-modified clays are slightly gray. The main compositions of the six different
clay samples, determined by ICP-AES, are presented in Table 2.1.

Table 2.1. Sample compositions by ICP-AES.

Al Si Fe Cu | TiO:2 | ZnO
wt% | wt% | wt% | wt% | wt% | wt%
bare Clay 10.1 | 209 | 3.7 | <0.1 | <0.1 | <0.1
Clay/ Cu?* 115 | 21.2 | 42 0.8 | <0.1 | <0.1
Clay / ZnO 52 | 92 1.6 | <0.1 | <0.1 | 28.1
Clay/ZnO/ Cu?* | 64 | 11.6 | 1.8 04 | <0.1 | 303
Clay/ TiO2 57 | 102 | 1.6 |<0.01 | 28.8 | <0.1
Clay/ TiO2/Cu** | 5.9 | 11.6 | 1.2 03 | 27.6 | <0.1
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The clays contain 9-21% of Si, 5-11% of Al, and 1-4% of Fe with an atomic Si/Al ratio equal
to 2, consistent with a smectic composition [25]. The amount of copper increases up to 0.8% in
the Cu?"-modified samples. The percentage of ZnO reaches 28.1% and 30.3% in the Clay/ZnO
and Clay/ZnO/Cu?* samples, respectively. The percentage of TiO> is 28.8% and 27.6% in the
Clay/TiO2 and Clay/TiO»/Cu®" samples, respectively. The XRD patterns of the eight samples
(Figure 2.3) allow us to estimate the crystallinity of the samples.
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Figure 2.3. XRD patterns of samples: (#) bare Clay, (e) Clay/Cu®*", (*) pure TiO2, (m)
Clay/TiO2, (A) Clay/TiO,/Cu®**, (#) Pure ZnO, (#) Clay/ZnO, («) Clay/ZnO/Cu*". The
positions of the reference peaks are indicated on the three pure materials (bare Clay, TiO> and
Zn0O) by the following letters: (A) Anatase, (B) Brookite, (Z) Wurzite, (Mo) Montmorillonite,
(T) Talc, (K) Kaolinite, (I1) Illite, (Fp) Feldspar, (Au) Augite and (Cr) Cristobalite. The positions

are not indicated on the composite materials to avoid overloading the figure.
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The bare clay (#) is mainly composed of smectite, which is a family of different clay minerals
observed in Figure 2.3 (all the following phases are observed: Augite, Cristobalite,
Montmorillonite, Illite, Kaolinite, Feldspar, and Talc). The smectite forms an important group
of the phyllosilicate family of minerals, which are distinguished by layered structures composed
of polymeric sheets of SiO4 tetrahedra linked to sheets of (Al, Mg, Fe)(O, OH)s octahedra, as
explained in Chapter 1 [38—40].

When Cu®* ions are introduced to the network (Clay/Cu?* sample, in orange (®) in Figure 2.3),
a similar XRD pattern was recorded; however, the peak around 5-6 degrees was spread due to

the Cu*" insertion.

The pure TiO, sample (Figure 2.3, pattern in gray (*)) is composed of anatase with a small
amount of brookite (denoted A and B in Figure 2.1). These mixed phases were previously
observed in aqueous sol-gel synthesis [41]. The pure ZnO sample (Figure 2.3, pattern in green

(#)) is made of the wurtzite phase, as expected with this synthesis method [29].

The XRD results (Figure 2.3) confirm the successful production of hybrid clay—photocatalytic
materials. Indeed, when the clay is modified with TiO», the corresponding XRD patterns
(patterns in yellow (m) and mid blue (A ) in Figure 2.3) present the characteristic TiO2 and clay
peaks for both Clay/TiO; and Clay/TiO2/Cu** samples if the peak positions are compared to the
bare samples. The XRD patterns of the ZnO-modified clays (patterns in red (o0) and dark blue
(%) in Figure 2.3) likely present characteristic peaks of both wurtzite and clays.

2.3.2. Texture and Morphology

Table 2.2 presents the specific surface area (Sger) values for the different samples, ranging from
30 to 325 m*/g. The Bare Clay sample has a relatively low specific surface area (45 m%/g),
which increases slightly when Cu?" ions are intercalated (55 m?/g). This increase results from
the insertion of cations into the smectite network [40]; indeed, this insertion is evident in the
XRD patterns (Figure 2.3), as indicated by the broadening of the peak at approximately 5°. The
pure TiO; sample exhibits an Sget value of 180 m?/g, in agreement with the literature data [41].
When the clay is modified with TiO., Sger values increase to 325 and 240 m?*/g for Clay/TiO>
and Clay/TiO2/Cu?* samples, respectively. This is logical, as these composite materials are
produced with nanospheres (around 8 nm) of TiO», which present a high specific surface area.
They can also enter into the clay network to expand the material and thus increase its specific
surface area. The pure ZnO sample presents a low Sger value (30 m?/g). When clay is modified

with ZnO, the specific surface area increases for the Clay/ZnO sample (125 m?/g), but it stays
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relatively low for Clay/ZnO/Cu?" (50 m?/g). The increased surface area of the Clay/ZnO sample

could come from the insertion of some ZnO particles inside the clay network.

Table 2.2. Specific surface area of samples.

Sample Specific surface area (m?/g)

+5

bare Clay 45
Clay/Cu?* 55
Pure TiO2 180
Clay/TiO2 325
Clay/Cu**/TiO2 240
Pure ZnO 30
Clay/ZnO 125
Clay/Cu?*/Zn0O 50

Concerning the nitrogen adsorption-desorption isotherms, two different types are observed
between all samples: (i) type I isotherm with a sharp increase at low pressure followed by a
plateau corresponding to a microporous solid; (ii) type IV isotherm characterized by a broad
hysteresis at high pressure (mesoporous solid). Samples containing TiO> have type I isotherms
with a small hysteresis between p/po = 0.4 and p/po = 0.6; the other samples have type IV
isotherms. As an example, the isotherms of bare Clay and Clay/TiO2 samples are plotted in

Figure 2.4. The other isotherms are represented in Annex II.

SEM pictures of several samples are presented in Figure 2.5 for bare Clay, Clay/TiO», and
Clay/ZnO samples at two different magnifications. Bare Clay and Clay/ZnO samples have a
similar aspect (Figures 2.5a and 2.5¢) with large granular powder, while Clay/TiO2 powder is
finely dispersed (Figure 2.5b). These observations are in agreement with the higher specific
surface area of Clay/TiO> and Clay/TiO2/Cu** samples, characteristic of smaller hybrid
particles, and so smaller voids between particles. This finely dispersed aspect comes from the
TiO2 nanoparticles, which are very small (5-10 nm) as observed with TEM pictures on pure
TiO> samples (Figure 2.6a). Contrarily, the pure ZnO sample has larger particles (Figure 2.6b),
explaining that the composite material with clay is more like the bare clay. The samples with
Cu?" ions (Clay/Cu?*, Clay/TiO2/Cu*" and Clay/ZnO/Cu** samples) keep a similar aspect and

are represented in Annex II.
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Figure 2.4. Nitrogen adsorption-desorption isotherms for (¢) bare Clay and (m) Clay/TiO»

samples.

Figure 2.5. SEM pictures of (a) bare Clay, (b) Clay/TiO, and (c¢) Clay/ZnO samples at a 1000x
magnification and of the same samples ((d) bare Clay, (e) Clay/TiO, and (f) Clay/ZnO) at 2500x

magnification.
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Figure 2.6. TEM pictures of (a) pure TiO> and (b) pure ZnO samples.
2.3.3. Adsorption study

The experimental results of fluorescein (FL) adsorption are transformed with the following
equation (Equation 2.1) to determine the amount of FL adsorbed by g of clay (ge):

(Co—Co)*V
e =" 2.1
where Co and C. are the initial and equilibrium liquid-phase concentrations of FL (mgr. L),
respectively, V' is the volume of the FL solution (L), and W is the mass of clay used (gclay). The
amount of adsorbed FL molecules at the equilibrium, g, as a function of C. is represented in
Figure 2.7a after 6 h of adsorption for Bare Clay and Clay/Cu?* samples. Similar curves are

obtained for both samples; indeed, they present similar specific surface area values (Table 2.2).

In Figure 2.7b, the evolution of the FL concentration (C/Co) ratio with time is represented for
bare Clay and Clay/Cu?* samples with a concentration of 30 mg of powder sample. After 0.5 h
of experiment, more than 75 % of FL are adsorbed for both samples, and the concentration does

not decrease much after 6 h; the equilibrium is reached.

The PNP adsorption study shows that PNP is not adsorbed on the clay. Indeed, the concentration
in solution remains constant with time. The removal of this kind of pollutant requires a

photocatalytic property.
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Figure 2.7. (a) Experimental FL adsorption experiment representing the amount of FL adsorbed
by g of clay in function of the equilibrium liquid-phase concentrations of FL after 6 h of
adsorption test for the 6 different concentrations of powder sample for (¢) bare Clay and (e)
Clay/Cu** samples and (b) C/Cy evolution with time for a concentration of powder sample of

30 mg for (#) bare Clay and () Clay/Cu®" samples.
2.3.4. Photocatalytic activity

As observed in the previous section, the clay can adsorb some pollutants like dye, but is not
efficient in adsorbing, for instance, PNP. Therefore, the clay was doped with photocatalysts to

degrade molecules that cannot be efficiently adsorbed. Adsorption experiments in the dark (to
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avoid an interaction with room light, which can activate the photocatalytic materials) were also
performed on all 8 samples in contact with PNP for 8§ h. No change in the PNP concentration
was observed, showing that none of the 8 samples adsorbs the PNP molecules. The
photocatalytic property is evaluated on the PNP degradation under UVA illumination after 8 h
of exposure (Figure 2.8.a). The Bare Clay and Clay/Cu®" samples present no photocatalytic
properties. However, such a property is reached after doping with either TiO2 or ZnO. PNP is
degraded from 45 to 92% according to the samples. Among them, Clay/ZnO/Cu?" is the most
efficient material with a percentage of PNP degradation of 92%. The pure TiO2 and ZnO

materials, also tested, reach 100% of PNP degradation as observed in previous studies [18,19].

For the same amount of semiconductor material (TiO> or ZnO), the ZnO-modified clay is more
efficient than the TiO>-modified one. As previously observed [18,42], ZnO material has better
activity than TiO>, due to less recombination of photogenerated species. The addition of Cu**
ions increases the photoactivity due to an additional photo-Fenton effect that improves the PNP

degradation [43].

Indeed, Cu®" ions can react with water when exposed to UV radiation to produce additional
*OH radicals [43]. These radicals can degrade the organic molecules and so enhance the

photoactivity [43]. The equation of Cu®* photo-Fenton effects is the following:
Cu** +H,O+hv=> Cu"+ *OH + H' (2.2)
where / is the Planck constant (6,63 * 1074 J.s) and v is the light frequency (Hz).

For the two best composite materials (Clay/TiO2/Cu** and Clay/ZnO/Cu®" samples), the
evolution of the PNP degradation over time is presented in Figure 2.8b. The evolution of the

degradation is linear, and it is assumed that the degradation is then first order.

It has been reported that if the degradation of PNP is not complete, specific peaks of the
intermediate molecules appear in the range 200-500 nm of the UV/Visible spectrum [44,45].

Due to the absence of these peaks during the measurements, a complete mineralization can be
considered here. Moreover, total mineralization of PNP during homologous photocatalytic tests
using a similar installation has been shown in a previous work [45], where the photocatalytic
activity of the different films has been evaluated by monitoring the photocatalytic degradation
of p-nitrophenol under UV light and UV—Visible light. By adjusting a first-order model taking
into account the variation of the volume inside the photoreactor due to sampling on the

experimental data, the value of the reaction rate coefficient has been estimated for each catalyst.
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The results highlight that the organic additive induces an alteration of the surface roughness

and hence, a modification of the active surface of the films.
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Figure 2.8. (a) PNP degradation (%) under UVA illumination for 8 h with all samples and (b)

PNP degradation evolution over 8 h for the two best composite samples (A ) Clay/TiO2/Cu

2+

and (®) Clay/ZnO/Cu*" samples.
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The results show that Cu?*-doped clay-photocatalyst composites are much more effective at
breaking down PNP when exposed to UVA light. A key component is the cooperation between
the semiconductor photocatalyst and the clay support: TiO. or ZnO guarantees quick
photogeneration of electron—hole pairs, while the clay matrix concentrates PNP at the catalyst
surface through adsorption. By inhibiting charge recombination and encouraging the production
of extremely reactive *OH and O: radicals, Cu?** doping further enhances performance. Thus,
in comparison to undoped materials, the Clay/TiO2/Cu?*" and Clay/ZnO/Cu?*" systems produce
larger mineralization yields and faster degradation kinetics. These results validate the promise
of inexpensive clay-based photocatalytic composites as sustainable and effective materials for
the elimination of persistent micropollutants from wastewater, especially in areas with plentiful

clay resources and high solar irradiation.
2.4. Conclusions

In this chapter, natural clays were used to remove pollutants from water by adsorption and
photocatalysis processes. The approach was applied to smectite-rich Cameroon clays. The clays
were preliminarily treated with Cu®" ions and then with semiconductors TiO2 and ZnO to
produce hybrid clays. The aim was to increase the depollution efficiency of these modified
clayey materials by their photocatalytic properties. The protocol was controlled by XRD and
ICP-AES measurements. The modified clays displayed an increase of specific surface area in
comparison with natural clay. XRD measurements confirmed the presence of crystalline TiO2

and ZnO.

The adsorption experiments confirmed that the bare clays can adsorb fluorescein, but they were
not efficient for p-nitrophenol. In this case, the doping of clays with photocatalysts like TiO> or

ZnO is important to create new properties for these clays.

Photocatalytic experiments on PNP realized with UVA light gave degradation levels of 45% to
90% after 8 h of exposition with the TiO- and ZnO-modified clays, respectively. This study
emphasizes the importance of composite clays to remove pollutants via combined processes
like adsorption and photocatalysis processes. Such approaches offer an opportunity, especially
in developing countries, to use natural clay materials with slight modifications for water

purification.
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CHAPITRE III: Hybrid clay-based materials for organic dyes and
pesticides elimination in water

In this chapter, a natural clay extracted from Cameroon was modified by ion exchange to
produce 4 different clays. These latter were modified with a photocatalytic semiconductor

(ZnO) to produce efficient hybrid materials for pollutant removal in water.

The main questions answered in this chapter are: (i) to which smectite family do the clays
belong, and what are their different crystalline phases? (ii) What is obtained when the hybrid
materials are produced? (iii) What is the efficiency of hybrid clay materials on different model
pollutants removal in water with the use of inexpensive natural clay modified with a low amount

of photocatalytic material (ZnO around 30 wt%)?

To answer all these questions, the ICP-AES analysis was obtained for the 4 hybrid materials
(30 wt% of ZnO and 70 wt% of clay). The SEM observation of the samples has been evaluated.
Later on, the pollutant removal property of the samples was evaluated on three different model
pollutants: p-nitrophenol (PNP), Malachite green (MG), and Brilliant violet diamond (DBV).
This study showed the possibility of obtaining a very efficient hybrid.

This chapter is published through the following reference: Hybrid clay-based materials for
organic dyes and pesticides elimination in water: Marléne Huguette Tsaffo Mbognou, Stéphanie
D. Lambert, Joachim Caucheteux, Antoine Farcy, Christelle Ali¢, Nathalie Fagel, Emmanuel
Djoufac Woumfo, Julien G. Mahy: Journal of Sol-Gel Science and Technology;
https://doi.org/10.1007/s10971-022-06005-6.
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3.1. Introduction

As a raw material, clay is a mixture of clay minerals and crystalline impurities in the form of
rock debris of infinitely diverse composition. The interest given in recent years to the study of
clays by many laboratories around the world [1] is justified by their abundance in nature, the
importance of the specific surfaces they develop [2], the presence of surface charges, and
especially the exchangeability of the interfoliar cations. The latter, also called mobile or
compensating cations, are the main elements responsible for hydration, swelling, and plasticity,

and they give these clays hydrophilic properties.

Nevertheless, faced with the emergence of numerous refractory micropollutants in wastewater,
conventional techniques, such as adsorption on clays, coagulation/flocculation, and biological
treatment, are increasingly ineffective in the face of the complexity of effluents [3]. Moreover,
these techniques require an additional investment for the treatment of the liquid/solid

concentrate formed.

To overcome these problems, efficient and ecological treatment strategies have been developed.
Among these is the application of advanced oxidation processes (AOPs), which are based on
the production of hydroxyl radicals, very reactive and strongly oxidizing species. These
processes include heterogeneous photocatalysis under UV and/or visible light [4-7],
homogeneous phase chemical oxidation processes: H,Oa/Fe?" (Fenton's reagent) [8], O3/OH"
(ozonation) [9]; photochemical processes: UV only, H,O»/UV, O3/UV, H>0,/Fe**/UV (photo-
Fenton) [8,10]; electrochemical processes [11,12] (anodic oxidation, electro-Fenton),
sonication, as explained in Chapter 1. However, although effective for the mineralization of
most organic pollutants, these processes require an external energy input (electric or magnetic)
and consequently a relatively high cost for a strong mineralization of the pollutant. In this way,
the combination of different processes like adsorption and photocatalytic oxidation seems a

great alternative to treat this pollution [13—15].

In this chapter, the main goal is to produce hybrid materials made of good adsorbent materials
(clay) and efficient photocatalyst (ZnO) at a low price. Indeed, the goal is to develop a hybrid
material that can depollute water either with adsorption or photocatalytic processes. To reach
this goal, natural clay extract from Cameroon will be used and also modified by an ion exchange
process to increase its adsorption properties. The ZnO, introduced in clay, is synthesized by a
green sol-gel process, and the amount added in the hybrid material is limited to 30 wt% to
conserve low prices for these materials. The hybrid materials and the corresponding pure clay

and ZnO samples are characterized to determine their composition and morphology. Then, the
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pollutant removal property of these samples is evaluated on model water polluted with three
different molecules: the p-nitrophenol (PNP), the malachite green (MG), and the Brilliant violet
diamond (DBV). PNP and MG are commonly found in pesticides [16, 17], and MG and DBV

are used as organic dyes [17, 18].
3.2. Materials and Methods
3.2.1. Natural Clays

Natural Clays were extracted from Bana in Cameroon as explained in Chapter 2, section 2.2.1.1.
After extraction, the Clays were dried to a constant weight. Then, some parts were modified to

insert Cu?", Na™ or Zn>" ions.

Copper ion insertion

The protocol is the same as explained in Chapter 2, section 2.2.1.2.
Sodium ion insertion

Sodium homo-ionization allows the replacement of all exchangeable cations of various natures
by only sodium cations. 100 g of clay material (with particle sizes > 160 um) is treated with

magnetic stirring for 72 h in a solution of NaCl 1M. The material is dried at 100 °C for 24 h.

To ensure that the cation exchange reaction was effective, the dispersion of clay in the
electrolyte solution was maintained under stirring for 4 h. After settling, the supernatant was
removed, and the recovered solid was re-dispersed in the renewed salt solution. This operation
has been repeated 4 times to achieve a complete cation exchange with Na* ions. The excess of
Na" and CI" ions was washed with distilled water until the silver nitrate test (precipitation test)
became negative. Indeed, when a solution containing CI " ions is in contact with AgNOs3, a white
precipitate appears. If the test is negative, it proves that all Cl" have been removed from the

sample thanks to the washing step.
Zinc ions insertion

To produce a homogeneous cation exchange, 50 g of clay (with particle sizes > 160 pm) was
mixed under stirring in 0.1 M ZnCl; solution for 4 h. After 2 h at rest, the supernatant was
poured, and the agitation was repeated with a new solution of 0.1 M ZnCl». This operation was
repeated twice, and excess Zn>* and CI” ions were washed with distilled water until the silver
nitrate test (precipitation test) became negative. The homoionic Zn** clay material was then

oven-dried at 100 °C overnight.
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3.2.2. ZnO synthesis
The synthesis of the pure photocatalytic ZnO sample is described in Chapter 2, Section 2.2.3.1.
3.2.3. Hybrid Clay-ZnO materials synthesis

For the preparation of hybrid clays with ZnO, the procedure was similar to that for pure ZnO
material described in Chapter 2, Section 2.2.3.1.

However, when the oxalic acid solution was added slowly with stirring to the hot ethanolic zinc
solution, 10 g of doped clay materials was added, and the mixture was left under stirring for 90
min at 50 °C. The resulting gel was placed in an oven at 80 °C for 24 h. The product was
calcined at 500 °C for 3 h. The ZnO-modified clay powders were light gray in color.

3.2.4. Characterizations

Samples were measured by nitrogen adsorption and desorption isotherms in an ASAP

multisampler device from Micromeritics.

The actual composition of the natural and hybrid clays was determined by inductively coupled
plasma—atomic emission spectroscopy (ICP—AES), equipped with an ICAP 6500 THERMO

Scientific device. The mineralization is fully described in Chapter 2, Section 2.2.5.

X-ray diffraction patterns were recorded on a Bruker D8 Twin-Twin powder diffractometer

(Bruker, Billerica, MA, USA) using Cu-K, radiation.

Scanning electron microscopy pictures were obtained on a TESCAN CLARA microscope

operating at 15 kV. The samples are prepared as described in Chapter 2, section 2.2.5.
3.2.5. Photocatalytic experiments

The degradations of PNP, MG, and DBV were studied under UVA light (4 = 365 nm) to
determine the photocatalytic activity of the synthesized material. The lamp was an Osram
Sylvania, Blacklight-Bleu Lamp, F 18W/BLB-TS, with its maximum peak at 365 nm and an

intensity of 1.2 mW/cm?,

Each sample was placed in a Petri dish with 20 mL of the pollutant solution in water (14 mg/L
for PNP, 4 mg/L for MG or DBV). The degradation of the pollutant was evaluated from
absorbance measurements with a Genesys 10S UV-Vis spectrophotometer (Thermo Scientific).
Previously, adsorption tests were performed in the dark (dark tests) to show whether the
pollutant was adsorbed on the surface of the samples. A blank test, consisting of irradiating the

pollutant solution for 24 h in a Petri dish without any catalyst, is made to assess the photolysis
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of the three pollutants under this illumination. The Petri dishes with catalysts and pollutants
were stirred on orbital shakers (90 rpm) and illuminated for 24 h. Aliquots of the pollutant were
sampled at 0, 2, 6, and 24 h. The photocatalytic degradation can be evaluated by taking the
catalyst adsorption (dark test) into account. Each photocatalytic measurement was triplicated to
assess the reproducibility of the data. In each box, the sample concentration was 1 g/L. Another
experiment was also done with a catalyst concentration of 0.3 g/L only for the pure ZnO sample,
to have the same amount of photocatalyst as the hybrid materials, which contain 30 wt% of

Zn0.

The same experiments without light were performed to assess the adsorption properties of the

samples on the three different model pollutants.
3.3. Results and Discussion
3.3.1. Composition and morphologies of the clay-based materials

Table 3.1 gives the composition of the different samples. The bare Clay and the cation-modified
Clays have similar compositions with a Si/Al ratio around 2, characteristics of smectite [22].
The cation-modified Clays have respectively higher amounts of the cation that was added

during the modification process, as expected.

For the ZnO/Clay hybrid materials, the Si/Al ratio stays equal around 2, and the proportion of
ZnO is around 30 wt% for each of the 4 hybrid materials, as expected.

Table 3.1. Sample composition given by ICP-AES.

Samples Al (Wt%) | Si(wt%) | Na (wt%) | Cu (Wt%) | Zn (Wt%) [and
Zn0O (wt%)]
Bare Clay 10.1 20.9 <0.1 <0.1 <0.1
Clay/Na* 10.2 20.9 0.2 <0.1 <0.1
Clay/Cu?* 11.5 21.2 <0.1 0.8 <0.1
Clay/Zn** 10.5 21.4 <0.1 <0.1 2.1
Pure ZnO - - - - >99
Clay/ZnO 5.2 9.2 <0.1 <0.1 18.9[28.1]
Clay/Na*/ZnO 5.8 10.3 0.1 <0.1 23.0[29.0]
Clay/Cu**/Zn0O 6.4 11.6 <0.1 0.4 23.3 [30.3]
Clay/Zn*/ZnO 6.0 11.7 <0.1 <0.1 26.0 [31.2]

XRD patterns allow the estimation of the crystalline phase presented in the samples; the patterns

are represented in Figure 3.1 for all samples.
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For the 4 clays (bare Clay, Clay/Cu®**, Clay/Na®, and Clay/Zn?" samples), similar patterns are
observed with several crystalline phases that are pointed out in the bare Clay pattern. These
patterns correspond to the smectite family, which encompasses the different phases observed,
i.e., augite, cristobalite, montmorillonite, illite, kaolinite, feldspar, and talc. The pure ZnO

sample (in green) is composed of the wurtzite phase (peaks denoted as Z) as expected.

When hybrid materials are formed (Clay/ZnO, Clay/Cu*/ZnO, Clay/Na*/ZnO, and
Clay/Zn*"/ZnO samples), the patterns correspond to a mix of the initial Clay pattern with the

wurtzite peaks, showing that the hybrid materials are successfully obtained.
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Figure 3.1. XRD patterns of samples: (¢) bare Clay, (o) Clay/Cu?*’, (*) Clay/Na’, (m)
Clay/Zn**, (#) Pure ZnO, (%) Clay/ZnO, () Clay/Cu®*'/ZnO, (A) Clay/Na*/ZnO, and (0)
Clay/Zn**/ZnO. The positions of the reference peaks are indicated on the two pure materials
(bare Clay and ZnO) by the following letters: (A) Anatase, (B) Brookite, (Z) Wurzite, (Mo)
Montmorillonite, (T) Tale, (K) Kaolinite, (I) Illite, (Fp) Feldspath, (Au) Augite and (Cr)
Cristobalite. The positions are not indicated on the composite materials to not overload the

figure.
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Table 3.2 presents the specific surface area and the porous volume (V) for the different samples.
The specific surface values are slightly increased from 45 to 55 m?/g when cations are inserted
into the clay network. Concerning the pure ZnO sample, a specific surface area value of 30 m?/g
is obtained. When the clay is modified with ZnO, a slight increase is also observed for the bare
clay. Nevertheless, the specific surface area of the samples already modified with the cations
Na®, Cu?" and Zn** is not modified when these clays are doped with ZnO. Moreover, a high
increase of porous volume is also observed for all samples when ZnO is incorporated in the
samples. Indeed, the grafting of the ZnO particles at the surface of the sheets of clay (explained
in the next paragraph and observed on the SEM images in Figure 3.3) produces a rougher
surface with more pore volume. Figure 3.2 gives an example of the isotherms that are obtained
for Clay/Zn*" and Clay/Zn**/ZnO samples, and that are very similar for all the samples. These
isotherms correspond mainly to the type IV isotherm characterized by a hysteresis at high

pressure (mesoporous solid).

Table 3.2. Specific surface area and porous volume of samples.

Samples Specific surface area Vo
(m?/g) +5 (cm?/g) £ 0.01

Bare Clay 45 0.07
Clay/Na™* 50 0.08
Clay/Cu?* 55 0.09
Clay/Zn** 50 0.09
Pure ZnO 30 0.14
Clay/ZnO 60 0.44
Clay/Na*/ZnO 55 0.25
Clay/Cu**/ZnO 50 0.21
Clay/Zn**/ZnO 50 0.18

Figure 3.3 gives an overview of the 9 samples observed by SEM. For the 4 clays ((a) bare Clay,
(b) Clay/Cu*", (c) Clay/Na", and (d) Clay/Zn** samples), sheet-like materials are observed as
expected for clay materials [23, 24], with a smooth surface. No difference between the samples

1s noted.

When a hybrid material is formed (Figures 3.3fto 3.31), the sheet-like structure is still observed,

but rough surfaces are observed with the presence of spherical materials covering the surface.
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These spheres correspond to the ZnO material as it is observed on the pure ZnO sample in
Figure 3.3e. So, the hybrid material is composed of the clay as a bone structure covered by ZnO
particles. It is important to obtain photocatalytic properties so that the ZnO materials are present

at the surface to be in contact with the light.
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Figure 3.2. Nitrogen adsorption—desorption isotherms for (m) Clay/Zn*" and (e)
Clay/Zn**/ZnO samples.

Hybrid materials are successfully obtained, composed of 30 wt% of ZnO and 70 wt% of clay,
with the ZnO present at the surface.

3.3.2. Adsorption capacity and photocatalytic activity of samples

The materials are evaluated for pollutant removal via the photocatalytic degradation. Their
efficiencies are estimated on three different pollutants (PNP, MG, and DBV) to show versatility.
Firstly, the blank test showed that the 3 pollutant concentrations under UVA illumination

remained constant and that no photolysis occurred.

The first pollutant to eliminate is the PNP commonly found in pesticides. The results are
presented in Figure 3.4. First, during the experiments of adsorption made in the dark, no
adsorption on any of the 9 samples was observed, so the adsorption results are not represented

in Figure 3.4.
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Figure 3.3. SEM pictures of (a) bare Clay, (b) Clay/Cu®", (c) Clay/Na®, (d) Clay/Zn*", () Pure
ZnO, () Clay/ZnO, (g) Clay/Cu**/ZnO, (h) Clay/Na*/ZnO, and (i) Clay/Zn*'/ZnO samples.
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Figure 3.4. PNP degradation (%) under UV-A illumination for 2, 6, and 24 h with all samples.
(blue) = after 2 h, (orange) = after 6 h, and (grey) = after 24 h.
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Also in Figure 3.4, the photocatalytic degradation of the PNP is presented after 2, 6, and 24 h
of elimination for the 9 synthesized samples. Concerning the pure ZnO sample, it is tested with
two concentrations: 1 g/L and 0.3 g/L. Indeed, the concentration at 1 g/L is to have the same
mass as the other samples, and the concentration of 0.3 g/L is to have the same amount of ZnO
as in the hybrid samples, which are made of 30 wt% of ZnO and of 70 wt% of clay. For the 4
clays (bare Clay, Clay/Cu?’, Clay/Na®, and Clay/Zn*" samples), no degradation is observed
because clay alone is not a photocatalytic material. As previously reported [19, 20, 25], pure
ZnO (at 1 g/L) degrades PNP with 95% after 6 h, as ZnO is a photocatalytic material active
under UV-A illumination. When the concentration of ZnO is decreased to 0.3 g/L, the
degradation rate also decreases, reaching only 30% after 6 h. When hybrid materials are formed
(Clay/ZnO, Clay/Cu*/ZnO, Clay/Na'/ZnO, and Clay/Zn*'/ZnO samples), photocatalytic
degradation of PNP is still observed for each hybrid material. Among the 4 hybrid materials,
the three modified with cations present higher degradation than the Clay/ZnO sample. Indeed,
the presence of these ions can increase the photocatalytic activity via photo-Fenton reaction for
Cu?" and Zn*" ions [21, 26, 27]. For Na" ions, it was reported that if Na* ions doped the ZnO,
it could increase its photocatalytic properties. By adding oxygen vacancies and defect sites to
the ZnO lattice, Na* ions reduces electron-hole recombination and improves charge separation
by acting as charge carrier traps. Furthermore, band-gap narrowing or the creation of
intermediate energy levels can be brought about by Na* doping, which increases ZnO's
photocatalytic reaction by allowing it to absorb more visible light. Additionally, these structural
and electrical changes improve ZnO's surface reactivity. These results have been supported by
a number of studies: Na-doped ZnO showed practically total degradation of organic pollutants
under direct sunlight [23] and increased methylene blue degradation efficiency under visible
light [24]. As a result, Na* doping successfully enhances ZnO's surface activity, charge

separation, and light absorption, resulting in better photocatalytic performance [28].

Finally, the degradation of PNP for all hybrid materials is higher than that of ZnO at a
concentration of 0.3 g/L. This can be explained by the specific morphology observed with SEM
(Figure 3.3), showing that the ZnO particles are distributed at the surface of the clay sheet,

allowing a very good contact between the pollutant and the photocatalytic material.

In Figures 3.5 and 3.6, the adsorption and photocatalytic activity of the samples are represented
for MG and DBV removal. Similar tendencies are obtained for both pollutants and are described
in the same paragraph. MG is a compound mainly used as a dye or pesticide [21] and DBV is a

molecule used as a textile dye [22].
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Figure 3.5. (a) MG adsorption (%) and (b) degradation under UVA illumination (%) for 2, 6,
and 24 h with all samples. (blue) = after 2 h, (orange) = after 6 h, and (grey) = after 24 h.
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From Figures 3.5a and 3.6a, a high adsorption capacity of the clays and hybrid materials is
noticed. Indeed, after 2 h of adsorption, more than 95% of both molecules are adsorbed,
showing that clay has a high affinity for both dyes. Only the pure ZnO (at both concentrations)
and Clay/ZnO samples do not totally adsorb the two pollutants after 24 h of experiments.
Indeed, 80, 37, and 50% of MG are adsorbed on pure ZnO (1 g/L), pure ZnO (0.3 g/L), and
Clay/ZnO, respectively, after 24 h. For DBV, 73, 25, and 42% are adsorbed, respectively.

So for the three samples, pure ZnO (1 g/L), pure ZnO (0.3 g/L), and Clay/ZnO, the
photocatalytic degradation is necessary to eliminate 100% of the molecules from the water. It
is represented in Figures 3.5b and 3.6b; in this case, the elimination is due to adsorption and
degradation simultaneously. After 24 h of illumination, MG and DBV are eliminated in these
three samples. It illustrated the advantage of having a hybrid material that can combine multiple
properties to degrade various molecules depending on their resistance to one process over
another. As for the PNP degradation, the degradation for the hybrid materials (Figures 3.5b and
3.6b) is higher than the ZnO at the concentration of 0.3 g/L, it can be explained by the specific
morphology observed with SEM (Figure 3.3) showing that the ZnO particles are distributed at
the surface of clay sheet allowing a very good contact between the pollutant and the

photocatalytic material.

Thanks to these pollutant removal experiments, the hybrid materials showed their versatile
properties for the elimination of different kinds of molecules throughout the adsorption and/or

the photocatalytic degradation of these molecules.

If the affinity between the pollutant and the solid is high, the adsorption capacity is very high,
and the pollutant is quickly removed from the water to be fixed on the solid. When the affinity
between the pollutant and the solid is low, the photocatalytic property is needed to degrade the
pollutant and treat the water. In this study, MG and DBV have a high affinity for the hybrid
materials and are mainly removed by adsorption, while PNP has no affinity for the hybrid
materials and is totally degraded thanks to the photocatalytic property brought by the ZnO.
These different adsorption behaviors are due to the 3 molecules, which have different surface

groups that can interact differently with the material surface at the working pH = 7.
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Figure 3.6. (a) DBV adsorption (%) and (b) degradation under UVA illumination (%) for 2, 6,
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3.4. Conclusions

In this chapter, natural clay extracted from Cameroon was modified with different cations by
the exchange process. These latter were also altered with the photocatalytic semiconductor
ZnO. The goal was to produce efficient hybrid materials for pollutant removal in water thanks
to adsorption and/or photocatalytic mechanisms. The pure ZnO sample and hybrid Clay/ZnO

materials were synthesized in soft conditions, either at low temperature and low pressure.

The XRD results showed that the clay belonged to the smectite family and was composed of
different crystalline phases, such as augite, cristobalite, montmorillonite, illite, kaolinite,
feldspar, and talc. The pure ZnO was made of the wurtzite phase. When the hybrid materials
were produced, mixed crystalline patterns were obtained with both smectite and wurtzite
phases. The ICP-AES analysis showed that a similar ratio between ZnO and clay was obtained
for the 4 hybrid materials (30 wt% of ZnO and 70 wt% of clay). Specific surface areas were
obtained for all samples in the range of 30-60 m?/g. Nevertheless, the porous volume values of
the 4 hybrid materials increased when ZnO was incorporated inside the clays (from 0.09 cm?/g

for the bare clay until 0.44 cm®/g for the Clay/ZnO sample).

The SEM observation of the samples had shown that the hybrid materials presented the clay
structure as a skeletal structure (sheet-like structure) with the ZnO spherical materials grafted

at the surface, giving a good exposure to light to maintain the photocatalytic property.

Then, the pollutant removal property of the samples was evaluated on three different model
pollutants: PNP, MG, and DBV. On PNP, no adsorption was observed, and a photocatalytic
property is necessary to eliminate this molecule. With the best hybrid material (Clay/Cu?**/ZnO
sample), 80% of PNP degradation is observed after 6 h of illumination. On MG and DBY,
similar behavior was observed. Indeed, the clays and three out of four hybrid materials adsorbed
completely both pollutants after 2 h of contact. Only pure ZnO and Clay/ZnO needed
illumination to completely remove both molecules from water. A synergistic effect is observed

when the clay is modified with ZnO concerning the photocatalytic degradation activity.

This work showed the possibility of obtaining very efficient hybrid materials for pollutant
removal in water with the use of inexpensive natural clay modified with a low amount of
catalytic material (ZnO around 30 wt%). It opens an innovative way for the development of

polluted water treatment processes in developing countries at a lower cost.
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CHAPITRE IV: Silane-modified clay for enhanced dye pollution adsorption
in water

In this chapter, a natural clay from Bakotcha (Cameroon) used in previous chapters was
modified with two silanes: tetramethoxysilane (TMOS) and [3-(2-aminoethyl)aminopropyl]

trimethoxysilane (EDAS), to increase its adsorption properties.

The main questions explored in this chapter are: (i) What is the structure of montmorillonite
when it's diluted with silanes? (ii)) What morphology is obtained with TMOS, highly porous
materials, with the formation of silica particles at the surface of the clay? (iii) With EDAS, what
morphology is obtained? (iv) With both morphologies, which adsorption behaviors are
observed on the 3 model pollutants FL, MG et DBV?

To answer these questions, all samples have been characterized and tested by adsorption. The
tuning of raw clay with silane opens the way for developing highly efficient adsorbents for

pollutants in water from natural and inexpensive materials.

This chapter is published through the following reference: Silane-modified clay for enhanced
dye pollution adsorption in water. Marléne Huguette Tsaffo Mbognou, Stéphanie D. Lambert,
Ernestine Mimba Mumbfu, Joachim Caucheteux, Antoine Farcy, Nathalie Fagel, Emmanuel
Djoufac Woumfo, Julien G. Mahy; Results in Surfaces and Interfaces 14 (2024) 100183;
https://doi.org/10.1016/i.rsurfi.2024.100183.
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4.1. Introduction

Silicates belonging to the clay mineral family are increasingly studied as an important class of
solids that can yield nanostructured materials with interesting properties [1][2]. Important
studies have focused on the functionalization of clay materials to obtain hybrid compounds
where inorganic and organic components are linked by covalent and ionic-covalent bonds. This
research has focused on achieving a high percentage of clay sheet exfoliation in polymer
matrices by improving the interactions between clay surfaces and polymer chains through

various surface modification approaches [3].

There exist many attractive characteristics on clay surfaces, such as hydroxyl groups on the
edges, silanol groups of crystal defects, etc, providing many surface modification and
functionalization strategies. Increasingly, the method used to modify the surface of clays is the
cation exchange reaction with alkylammonium. This increases the interlayer space and creates

a favorable organophilic environment.

A novel modification approach involving a direct grafting reaction to form covalent bonds on
clay surfaces has attracted much attention [4] [5]. The organosilanes were covalently bound to
the clay surfaces via a condensation reaction with the surface silanol groups (Si-OH), resulting
in closer interactions between the organic components and the clay than ionic interaction and
physical adsorption [6]. Indeed, for a few years, silicon alkoxides have been used either to
modify the textural properties of inorganic materials used as catalysts in the gaseous phase
[7]1[8][9], or to play the role of a link between organic molecules and inorganic photocatalytic

materials [10][11].

Functionalizing swelling aluminosilicate clays of the smectite type, such as montmorillonite,
would generally result in limited amounts of -OH groups [12] [13]. For grafting organic ligands
onto the interlamellar surface of such clays, the literature is sparse, and the resulting materials
may suffer from impeded access to binding sites, as shown by less than complete adsorption of

heavy metal species relative to the total number of ligands [14].

To overcome the limitation of the surface grafting modification method, the sol-gel route is
used to synthesize organoclay using silicon alkoxides as the primary source of silica. Carrado
et al. [15] provided an approach that allows a large amount of silanes to covalently attach to the
clay surface due to the in-sifu process and more silanol moieties. Nevertheless, the high degree

of organosilane incorporation is often accompanied by distortions and structural defects [16].
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These modifications allow the formation of hybrid materials with increased adsorption
properties for pollutant removal. Indeed, with the expansion of industries during the past two
centuries, pollution has increased greatly all around the world, and the development of
depollution techniques using inexpensive materials became essential [17][18][19]. Natural clay
represents an inexpensive material, available in a lot of developing countries, that can be a good

candidate for organic pollutant adsorption from water [20] [21] [22] [23].

The objectives of this chapter are to explore the possibilities of using natural Cameroonian clays
as raw material for the preparation of organic-inorganic hybrid compounds by grafting with
silanol groups, either tetramethoxysilane (TMOS) or [3-(2-aminoethylamino)propyl]
trimethoxysilane (EDAS), using a well-controlled and facile sol-gel procedure. Then the
resulting nanocomposite materials are evaluated as adsorbents for dyes such as fluorescein,
malachite green, and brilliant purple diamond present in water polluted by textile industries.
The experiments are performed with raw clays from the locality of Bakotcha (West Cameroon).
Several physicochemical techniques are used to evaluate the efficiency of the functionalization

process.
4.2. Materials and Methods
4.2.1. Clay material and chemical reagents

A smectite-type clay material from the locality of Bakotcha (West Cameroon) was used in this
work. It’s a Montmorillonite clay with little cristobalite and feldspar as shown by the X-ray
diffractogram in Chapter 2, section 2.3.1. The silica precursors and the solvent were
tetramethoxysilane (TMOS, 98%) from Alfa Aesar, [3-(2-aminoethyl)aminopropyl]
trimethoxysilane (EDAS, 80%) from Sigma Aldrich, and Ethanol absolute (ACS grade) from
Merck. Hydrochloric acid (HCI 36-38%, Merck) was used to adjust the pH of the solution. All

solutions were prepared with deionized water.
4.2.2. Sol-gel method to modify clay with alkoxides

Clays doped with organosilanes were prepared by the sol-gel process to saturate the material

with silica. The synthesis method is the following :

= TMOS Hydrolysis :
Si(OCH3)4 + 4 H,0 - Si(OH), + 4 CH;0H (4.1)

84



= TMOS Condensation :
2 Si(OH), » (OH); — Si — 0 — Si — (OH)5; + H,0 4.2)
Si(OH)4 + Si(OCH3)4 » (OH); —Si — 0 — Si — (OCH3)3; + CH;0H (4.3)

= Grafting onto Montmorillonite :

Mont — OH + Si(OH), =» Mont — 0 — Si(OH)3 + H,0 4.4)
TMOS forms the inorganic silica network that reacts to the clay surface [24].

= EDAS Hydrolysis :
NH2 - (CH2)2 - NH - (CH2)3 - Sl - (OCH3)3 + 3 H20 - NHZ - (CHZ)Z - NH -
(CH,)3 — Si(OH)5 + 3 CH;0H (4.5)

= EDAS Condensation :
2 NH, — (CH,); — NH — (CHy)s — Si(OH)3 > NH, — (CH;), — NH — (CHy)5 —
Si(OH), — 0 — Si(OH), — (CH,); — NH — (CH,), — NH, + H,0 (4.6)
NH, — (CH,), — NH — (CH,); — Si(OH)3 + NH, — (CH;), — NH — (CH,)3 — Si —
(OCH3)3 » NH; — (CHz); — NH — (CHy)3 — Si(OH); — 0 — Si(OCH3); — (CHy)3 —
NH — (CH,), + CH;0H 4.7)

= Grafting onto Montmorillonite:
Mont — OH + NH, — (CH,), — NH — (CH;)3; — Si(OH)3 = Mont — 0 —

EDAS introduces amine functionality and forms covalent bonds with the clay surface [25,26].

Different alkoxide/clay mass ratios were taken to evaluate the reagent composition. Table 4.1

represents the different ratios.

Table 4.1. Clay/TMOS and Clay/EDAS mass ratios.

Ratio Clay/TMOS | Ratio Clay/EDAS
(w/w) (w/w)
3/3 3/3
10/3 10/3
3/10 not gelation

50 mL of deionized water was acidified with hydrochloric acid (36-38%, Merck) to pH 1.5. The
mixture was put under magnetic stirring at room temperature. Then, 3.10 g of montmorillonite
clay were added to the initial mixture, still under continuous stirring. A specific amount of
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TMOS or EDAS, depending on the aimed ratio (Table 4.1), was taken and introduced into 10
mL of absolute ethanol. The previous mixture was added to the initial solution, stirred at 25 °C,
until a light brown sol was formed. The gel is aged in an oven for 24 h at 25 °C to allow for
condensation, and then dried at 60 °C for 48 h. The procedure used is called the acid-catalyzed
procedure because the acid catalyzes the sol-gel process [27]. The syntheses of samples with
EDAS were similar to the ones with TMOS, except that the gel was aged for 3 days in an oven
at 80 °C for condensation and finally dried at 150 °C for 24 h. Only two ratios were synthesized.
Indeed, the Clay/EDAS ratio 3/10 was so viscous that it was impossible to dry and work with
it.

4.2.3. Material characterization methods

Nitrogen adsorption-desorption isotherms of all samples were determined in an ASAP

multisampler device from Micromeritics at -196 °C.

X-ray diffraction patterns were recorded on a Bruker D8 Twin-Twin powder diffractometer

(Bruker, Billerica, MA, USA) using Cu-Ka radiation.

Scanning electron microscopy pictures were obtained on a TESCAN CLARA microscope

operating at 15 keV. The samples were prepared as described in Chapter 2, Section 2.2.5.

The actual composition of the clay materials was determined by inductively coupled plasma—
atomic emission spectroscopy (ICP—AES), equipped with an ICAP 6500 THERMO Scientific

device. The mineralization is described in Chapter 2, Section 2.2.5.
4.2.4. Adsorption experiments

The adsorption tests were evaluated on the raw clay material and on the TMOS and EDAS
functionalized clay samples with the different mass ratios (6 samples in total). Three model
pollutants and dyes used in the pesticide and textile industries were tested as in Chapter 3:
malachite green (MQ), fluorescein (FL), and diamond bright violet (DBV). Six vials containing
sample powders of 5, 10, 15, 20, 25, and 30 mg with 20 mL of pollutant solution in water were
prepared for the adsorption experiment. Initial solution concentrations of pollutants were 20
mg/L for FL and 4 mg/L for MG and DBV. The different samples were shaken continuously in
the dark. Aliquots of pollutants were taken every 10, 20, 60 min up to 2 h. Residual
concentrations of pollutants were assessed with a Genesis 150S UV-Vis spectrophotometer
(Thermo Scientific) without filtration. Previously, calibration curves were made for each
pollutant. The main adsorption peaks were located at 485 nm for FL, 550 nm for DBV, and 660
nm for MG.
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4.3. Results and discussion
4.3.1. Composition of modified clays

Silica-clay nanocomposites were prepared at different ratios as described in the experimental
section (section 4.2.2). Variable amounts of silicon alkoxysilanes (TMOS and EDAS) mixed
with ethanol were slowly added to dispersions of clays acidified with hydrochloric acid. Each
mixture was homogenized under continuous stirring at room temperature. HCl was added to
allow TMOS or EDAS to be covalently bound to the surface of the clays so that it could react
with other hydrolyzed molecules of the same type. Depending on the amount of TMOS added,
gelation of the system occurred after 30 min for the sample Clay/TMOS 3/10, and after 2 h for
the sample Clay/TMOS 10/3. When EDAS is used, there is no gelation of the samples. The
Clay/EDAS 3/10 sample did not yield any powder product after drying; the gel remained soft.
The different capacities of silanes to insert themselves into the clay sheets could explain these
observations. Diffusion is facilitated by the lower steric hindrance presented by TMOS (small
molecular size) compared to EDAS. The condensation step is slower when the number of silanol
groups on the alkoxysilane is smaller [4]. The surfaces of the clays were fixed by silane arrays

or silica nanoparticles, depending on the Clay/TMOS or Clay/EDAS ratio [16].

The Al and Si composition measured by ICP is given in Table 4.2. As expected, the addition of
silane increases the amount of silicon in the sample, and the ratio Si/Al increases. TMOS/Clay

samples contain more silicon than EDAS/Clay samples.

Table 4.2. Al and Si compositions of all samples measured by ICP

Sample Al (Wt%) | Si (Wt%) Si/Al
Raw clay 11.40 20.7 1.82
Clay/TMOS 3/10 9.74 21 2.16
Clay/TMOS 3/3 7.24 234 3.23
Clay/TMOS 10/3 10.20 22.7 2.23
Clay/EDAS 3/3 7.82 19.9 2.54
Clay/EDAS 10/3 10.50 22 2.10
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4.3.2. Crystallinity of samples

Figure 4.1 shows the XRD patterns of the different samples, which allowed us to estimate the
crystalline structure of the samples. The raw Clay is characterized by the following minerals:

Montmorillonite, Talc, Kaolinite, Illite, Feldspar, Augite, and Cristobalite.

In the case of the Clay/TMOS sample series (Figure 4.1), the intensity of the clay diffraction
peaks decreases when the clay is modified with TMOS. It becomes practically nonexistent when
the Clay/TMOS ratio is equal to 3/10. This result suggests that the clay platelets were
delaminated during the synthesis reaction [16] and that a large amount of amorphous silica is

introduced into the sample.

In the Clay/EDAS samples (3/3) and (10/3) (Figure 4.1), the peaks of the different minerals
present in the raw material are still visible after the EDAS modification, with similar intensities.
This would mean that with the low proportion of EDAS used during the syntheses, its

incorporation in the clay did not change the initial structure of the material.
4.3.3. Texture and morphology of samples

The textural properties of the samples were confirmed by nitrogen adsorption-desorption
measurements. Table 4.3 shows the specific surface area (Sger), the microporous volume
(Vmicro), and the porous volume (Vp) values of the different samples. The Raw clay sample has
a relatively low specific surface area (45 m?/g), which increases highly when TMOS is used
(between 135 and 660 m?/g). This increase is due to the intercalations of the silica groups into
the smectite lattice [16]. Indeed, this insertion is observed in the XRD diagrams (Figure 4.1)
with the peak spreading around 5°: the montmorillonite peak disappears with the increase of
the TMOS amount used during the syntheses. When EDAS is grafted, only a slight specific
surface area increase is observed (around 55 m?/g) and a reduction of the porous volume (Table

4.3).

The isotherms corresponding to the Clay/TMOS and Clay/EDAS series are represented in
Figures 4.2 and 4.3, respectively. For the Clay/TMOS series, the isotherms evolve from a type
IV isotherm (mesoporous solid for the raw clay) to a type I (microporous solid for the
Clay/TMOS 3/10) when the amount of TMOS increases compared to the clay. In all samples, a
hysteresis is noticed due to the presence of mesopores. For the Clay/EDAS series, the shape of
the isotherm stays the same, only the volume at saturation decreases due to fewer mesopores

probably filled with EDAS molecules.
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Intensity (a. u.)

2 theta (°)

Figure 4.1. XRD patterns of samples: (m) Raw Clay, (¢) Clay/TMOS 3/10, (A) Clay/TMOS
3/3, (x) Clay/TMOS 10/3, (e) Clay/EDAS 3/3, and (+) Clay/EDAS 10/3. The positions of the
reference peaks are indicated on the Raw Clay by the following letters: (Mo) montmorillonite,
(T) talc, (K) kaolinite, (I1) illite, (Fp) feldspar, (Au) augite, and (Cr) cristobalite. The positions

are not indicated on the composite materials to avoid overloading the figure.

Table 4.3. Texture of samples.

Sample SBET (mM?/g) Vmicro (cm?/g) Vr (cm’/g)
+5 +0.01 +0.01

Raw clay 45 0.03 0.07
Clay/TMOS 3/10 660 0.30 0.39
Clay/TMOS 3/3 285 0.14 0.20
Clay/TMOS 10/3 135 0.07 0.12
Clay/EDAS 3/3 55 0.02 0.03
Clay/EDAS 10/3 55 0.02 0.04

SeeT: specific surface area obtained by the BET method; Viicro: microporous volume ; Vy: specific liquid volume

adsorbed at saturation pressure of nitrogen.

89



300 +

250 +
%
5200 + ~oRaw Clay
g Clay/TMOS 10/3
£ ¢ Clay/TMOS 3/3
150 -® Clay/TMOS 3/10
o
(5]
Z100

50

6-6-6-6

P/P,

Figure 4.2. Nitrogen adsorption—desorption isotherms for (¢) Raw Clay, (A ) Clay/TMOS 10/3,
(x) Clay/TMOS 3/3, and (m) Clay/TMOS 3/10 samples.
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Figure 4.3. Nitrogen adsorption—desorption isotherms for (¢) Raw Clay, (A ) Clay/EDAS 10/3,
and (m) Clay/EDAS 3/3 samples.
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A more detailed study of the morphology was carried out by SEM (Figure 4.4). It is observed
that the surface of the silica-pillared clays by the sol-gel process is considerably affected in
some samples, as shown in the images in Figure 4.4. On the raw material, the montmorillonite-
type clay sheets are present (Figure 4.4a); however, on the Clay/TMOS series, the surfaces of
the samples are covered with large continuous silica networks, giving a rougher aspect of the
surface (Figures 4.4b-d). These results are in agreement with the high specific surface areas
found for the Clay/TMOS series. Contrarily, the Clay/EDAS series (Figures 4.4e-f) does not
show big differences with the Raw Clay sample.

Figure 4.4. SEM pictures of (a) Raw Clay, (b) Clay/TMOS 3/10, (¢) Clay/TMOS 3/3, (d)
Clay/TMOS 10/3, (e) Clay/EDAS 3/3, and (f) Clay/EDAS 10/3 samples.

The differences observed in the SEM images, XRD patterns and nitrogen adsorption-desorption
isotherms in the TMOS and EDAS series can be explain by two different mechanisms in the
two series: (i) in the Clay/TMOS series, the addition of TMOS produces amorphous silica
network mixed with the clay (Figure 4.1) leading to a porous hybrid material (Table 4.3) where
porous silica particles cover the surface of the clay sheets (Figures 4.4b, 4.4c and 4.4d); (ii) in
the Clay/EDAS series, the EDAS molecules are probably grafted to the surface of the clay

producing a continuous dense coating at the surface with similar aspect to the Raw Clay (Figure
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4.4e and 4.4f) reducing the porous volume of the Raw Clay (Table 4.3) and keeping the same
crystallinity of the Raw Clay (Figure 4.1).

The formation of both different structures leads to two series of hybrid materials with new
surface properties, one with a high surface area containing a lot of silica surface groups, and
one with silane grafted at the surface containing amine groups. These materials can have
interesting adsorption properties due to high porosity or specific amine groups at the surface;

their adsorption capacities are explored in the next section.
4.3.4. Adsorption properties of hybrid samples

The adsorption efficiency of functionalized clays was tested on the removal of 3 model
pollutants: FL, MG, and DBV, which are represented in Figure 4.5. These pollutants are listed
among those generally used in the pesticide and textile industry [28] [29] [30]. For each
pollutant, the evolution of the pollutant concentration over time is estimated with different
concentrations of adsorbent materials between 5 and 30 mg of sample for 20 mL of pollutant
solution. The initial pH for the three pollutant solutions is 4.8, 5.1, and 5.7 for FL, MG, and
BVD, respectively.

-~ Cu \ O
(c) 5 OH~ . L
Nao3SO—\_ T OH HN~ "CH,
[Si N=N
NaO,S SO,Na

Figure 4.5: Molecular structure of (a) fluorescein, (b) malachite green, and (c) diamond bright

violet.

For FL, Figure 4.6 represents the evolution of the concentration (C/Co) during 1 h for the 6
samples. With the Raw Clay, around 80% of FL is adsorbed during the experiment (Figure
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4.6a). The modifications with TMOS (Figures 4.6b to 4.6d) allow for an increase in the

adsorption capacity of the sample, leading to a total FL adsorption during the experiments.

Indeed, it is shown that this modification greatly increases the specific surface area (Table 4.3)
[31]. Nevertheless, the specific surface area is not the only parameter involved in the adsorption
process; the nature of the surface groups of the adsorbent also plays a role. In fact, for the
samples modified with EDAS (Figure 4.6¢), even if the specific surface area is a little bit
increased (Table 4.3), no adsorption occurs during the experiments. The insertion of the

ethylenediamine groups of the EDAS has no affinity with FL.
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Figure 4.6. C/C) fluorescein evolution with time for 5-30 mg concentration range for (a) Raw
Clay, (b) Clay/TMOS 10/3, (c) Clay/TMOS 3/3, (d) Clay/TMOS 3/10, and (e) Clay/EDAS 3/3
samples. Both samples modified with EDAS (Clay/EDAS 3/3 and Clay/EDAS 10/3) do not
adsorb fluorescein, regardless of the adsorbent concentration. It is why only one set of points is

represented on Figure 4.6e.
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For MG, Figure 4.7 represents the evolution of the concentration (C/Co) during 1 h for the 6

samples. The Raw Clay and the samples modified with TMOS adsorb MG totally after 10 min,

while the samples modified with EDAS take 2 h to adsorb it totally. The presence of the

ethylenediamine groups slows the MG adsorption.
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Figure 4.7. C/Co malachite green evolution with time for 5-30 mg concentration range for (a)

Raw Clay, (b) Clay/EDAS 10/3, and (c) Clay/EDAS 3/3. Raw Clay, and the 3 samples modified

with TMOS have the same behavior as represented in Figure 4.7a with a complete adsorption

of MG after 10 min, whatever the adsorbent concentration. It is why only one set of points is

represented in Figure 4.7a.
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For DBV, the same adsorption behavior is noticed for all samples (Figure 4.8), with a quick
adsorption of this pollutant in 10 min. For this pollutant, the modification of the clay is not

necessary.

Throughout the adsorption of the 3 model pollutants, it is noticed that the morphology obtained
with samples doped with TMOS brings the most promising adsorbent materials. Indeed, these
materials present the highest specific surface area. Depending on the type of pollutant and the

surface groups of the adsorbent, very different behaviors can be obtained.

When clay and modified clays are added, the pH of the solution is modified following these
tendencies: when raw Clay or Clay/TMOS is added, the pH becomes more acidic, while with
Clay/EDAS, the pH becomes more basic. So, the addition of raw Clay and Clay/TMOS samples
will result in a pollutant with more charges that will have more affinity to adsorb on the solid
[32]. Contrarily, the Clay/EDAS samples will induce pollutants with fewer surface charges and

lower adsorption affinity.
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Figure 4.8. C/() brilliant violet diamond evolution with time for 5 mg concentration for Raw
Clay. All other samples in any concentration have the same behavior as represented with a
complete adsorption of BVD after 10 min, regardless of the adsorbent concentration, which is

why only one set of points is represented in Figure 4.8.
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4.4. Conclusions

In this chapter, natural clay from Cameroon is modified with two silicon alkoxide molecules,
tetramethoxysilane (TMOS) and [3-(2-aminoethylamino)propyl]trimethoxysilane (EDAS), in
different proportions. The goals of these modifications are to produce hybrid materials with
modified morphology, higher specific surface area, and different surface groups (hydroxyl or
ethylenediamine groups) to increase their adsorption capacity. Indeed, these materials are used
as organic pollutant adsorbents for water depollution, and three model pollutants in water are

explored.

The XRD patterns show a dilution of the montmorillonite structure of the raw clay when it is
modified with TMOS, while the modification with EDAS keeps its original crystalline
structure. The SEM and BET measurements confirm that two types of materials are produced
depending on the silane used: (i) with TMOS, highly porous materials are produced with the
formation of silica particles at the surface of the clay with the porosity increasing with the
amount of TMOS; (ii) with EDAS, a similar morphology as raw clay is obtained with only a
small increase in porosity. In this case, EDAS molecules are grafted at the surface of the clay,

producing a layer at the surface with new surface ethylenediamine groups.

Both morphologies give two different adsorption behaviors on the 3 model pollutants. For the
raw clay and the TMOS-modified clays, similar adsorption properties are obtained with better
adsorption when the specific surface increases (when the TMOS content increases). In all these
samples, similar surface groups are present: the surface groups of the clay and the surface
groups of the produced silica (mainly OH groups). When clay is modified with EDAS, the
adsorption properties change as the surface groups are different due to the grafting of EDAS
and a large presence of ethylenediamine groups. These EDAS-modified samples have less
affinity with fluorescein and malachite green, reducing the adsorption capacity for this kind of

pollutant.

The tuning of the raw clay with silane opens the way for the development of a highly efficient

adsorbent for pollutants in water from natural and inexpensive materials.
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CHAPITRE V: Dual-function Cameroonian clay-supported ZnO and TiO:
photocatalysts for ibuprofen mineralization and bacterial inactivation
under UV light

In this chapter, photocatalytic materials, synthesized previously in Chapters II and III by doping
natural Cameroonian clay with ZnO and TiO», are used for efficient degradation of ibuprofen

and bacterial inhibition under UV light.

The primary queries addressed in this chapter are: (i) How was the successful dispersion of
semiconductors on the clay matrix confirmed? (ii)) What did the composites achieve in
degradation efficiencies under UV light? (iii) What dual functionality was demonstrated by

materials regarding pharmaceutical and microbial removal from wastewater?

To answer these questions, all the samples were characterized to confirm the semiconductors'
successful dispersion on the clay matrix. Under UV irradiation, the composites achieved
significant degradation efficiencies, with mineralization monitored via Total Organic Carbon
(TOC), highlighting the complete breakdown of ibuprofen rather than mere transformation up
to 48% in 4 h with the best sample.

This chapter is published in: Dual-function cameroonian clay-supported ZnO and TiO>
photocatalysts for ibuprofen mineralization and bacteria inactivation. Marléne Huguette Tsaffo
Mbognou, Stéphanie D. Lambert, Antoine Farcy, Hela Rekik, Steven Wouamba, Emmanuel
Djoufac Woumfo, Julien G. Mahy; Next Materials 9 (2025) 101290.
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5.1. Introduction

In many African countries, particularly in Cameroon, over 90% of human waste is managed
through non-centralized systems and is often discharged directly into the environment without
proper treatment [1]. Such practices have severe implications for both human health and
ecosystems, as fecal sludge is often rich in pathogenic indicator bacteria (E. coli, Shigella, fecal
streptococci) and contains high levels of pharmaceutical residues. Among these contaminants,
ibuprofen, a widely used non-steroidal anti-inflammatory drug, has been frequently detected in
the effluents of wastewater treatment plants and in surface waters at concentrations ranging
from ng-L" to pg-L" [2,3]. It poses ecotoxicological risks to aquatic organisms and potential
health concerns to humans [4—6]. Conventional wastewater treatment technologies often fail to
remove such micropollutants effectively. Consequently, tertiary treatment approaches,
particularly advanced oxidation processes (AOPs), have emerged as promising alternatives for
degrading and mineralizing persistent organic pollutants, including pharmaceuticals and
pathogenic microorganisms. AOPs operate through the generation of highly reactive and non-
selective oxidizing species, primarily hydroxyl radicals (6 OH), which can break down most

organic compounds present in water [7—12].

Recent advancements in AOPs have emphasized the development of clay-supported
semiconductor composites for enhanced degradation of pharmaceuticals and dyes,
underscoring the potential for sustainable water treatment. For instance, Trigueiro ef al. [13]
synthesized a ZnO-alginate-hectorite nanocomposite, achieving 65% furosemide and 93%
ciprofloxacin removal under UV light within 120 min, with a band gap of 3.27 eV and
predominant defects like zinc (Vzn = 35.64%) and oxygen vacancies (Vo+ = 56.05%, Vo =
8.31%). Similarly, Y-doped ZnO on alginate-hectorite supports provided over 90% degradation
of direct blue 71 and 79% of reactive black 5 in 120 min, driven by hydroxyl radicals [14].
Albuquerque ef al. [15] reported a RuO2(@Zn0O-alginate-halloysite composite with band gaps
from 3.281 to 3.252 eV, degrading 82.53% ciprofloxacin and 68.68% eosin yellow under UV,
with superoxide (¢O:") and hydroxyl (¢*OH) as key species. Trigueiro et al. [16] developed CuO-
Ti0--saponite nanocomposites, achieving 83% bromocresol green discoloration in 150 min via
hydroxyl and superoxide radicals. Feitosa et al. [17] used Ce-doped TiO2-sepiolite for 70.45%
tetracycline inactivation (35.11% photocatalysis), primarily via holes (h*). Hamarawf ez al. [18]
introduced a Fe?"/Fe** mixed-valency porous coordination polymer with antibacterial activity
(MIC 0.4 mg/mL against S. aureus, E. coli, P. aeruginosa) and 99.16% rhodamine B
degradation in 70 min via photo-Fenton, involving *OH (79.2%), O2+~ (20.7%), and h* (16.4%)).
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For ibuprofen, Aziz et al. [19] employed a TiO:-coated falling film reactor under UVA,
identifying low mineralization with by-products like formic and acetic acids. Soares et al. [20]
showed pH-dependent co-doped ZnO achieving up to 20% ibuprofen degradation under UV
with H20.. These studies highlight the efficacy of hybrid materials but reveal gaps in using
underexplored local clays like Cameroonian smectite for ibuprofen photodegradation, which

this work addresses through low-cost, dual-functional ZnO/Ti10:-doped composites.

Photocatalysis, one of the most widely studied AOPs, relies on the activation of semiconductor

materials such as titanium dioxide (TiOz) or zinc oxide (ZnO) under UV irradiation [7,21,22].

These photocatalysts generate photo-induced electron-hole pairs (e /h*), which in turn initiate
the formation of reactive oxygen species. For instance, Méndez-Arriaga et al. [23] successfully
demonstrated the photocatalytic degradation of highly concentrated ibuprofen (200 mg-L™)
using TiO: in suspension under simulated solar light. Walczak et al. [2] showed the effective
degradation of ibuprofen with TiO2 doped with carbon nanotube up to 20% in 1 h UV-visible
exposition. While effective, the use of photocatalysts in suspension suffers from practical

limitations such as aggregation, post-treatment recovery issues, and low adsorption capacity
[2].

To overcome these limitations, research has increasingly focused on the development of hybrid
materials combining photocatalysts with natural or engineered supports. In this context, clay
minerals, particularly smectites, offer an attractive platform due to their low cost, chemical and
mechanical stability, large surface area, high cation exchange capacity, and environmental
compatibility [24-26]. In the African context, local clays, including those from Cameroon,
remain largely underexplored despite 97 their potential as adsorbents or catalysts. Promising
results have been reported for the adsorption or degradation of dyes and volatile organic
compounds, including green malachite and similar pollutants [27,28]. Nevertheless,
applications targeting pharmaceuticals remain scarce, and to our knowledge, no published
studies have yet investigated the photochemical degradation of ibuprofen using visible or UVA
light on Cameroonian clays modified with photocatalysts. Furthermore, in the search for
multifunctional materials, the integration of antimicrobial activity into photocatalytic systems
is gaining interest, especially in regions where waterborne pathogens pose a major health risk.
The incorporation of metal ions (e.g., Cu*, Zn?") into clay structures has been shown to enhance
antibacterial effects, which could offer a dual action strategy: the degradation of pharmaceutical

residues and the disinfection of contaminated water [29,30].
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In this chapter, we synthesized and characterized composite photocatalysts based on natural
Cameroonian smectite clay, doped with TiO2 or ZnO nanoparticles, with or without ion
exchange modifications using Na*, Zn**, or Cu* cations. Comprehensive analyses, including X-
ray diffraction (XRD), scanning electron microscopy (SEM), and nitrogen adsorption and
desorption, confirmed the successful integration of semiconductors into the clay matrix,
enhancing surface area for composites and optimizing particle dispersion. We evaluated their
performance for the photocatalytic degradation of ibuprofen under UVA (1.2 mW/cm?) and
UV-Visible (UV-Vis) irradiation, with mineralization efficiency quantified via Total Organic
Carbon (TOC) analysis. This approach provides a rigorous assessment of complete pollutant
breakdown into inorganic end-products, surpassing the limitations of UV-Vis spectroscopy
alone and addressing a gap in similar studies where partial degradation is often reported. In
parallel, the antimicrobial properties of these materials were examined to assess their potential
for simultaneous pharmaceutical removal and microbial disinfection. Antibacterial tests
targeted waterborne pathogens, including Shigella spp., total coliforms, and faecal streptococci,
under controlled UVA conditions. We hypothesize that the incorporation of TiO: or ZnO,
combined with cationic modifications, will enhance ibuprofen mineralization by up to 50%
(based on preliminary TOC data) and achieve complete inhibition of these pathogens at a
catalyst dosage of 1 g/L within 4 h, driven by improved surface charge, porosity, and reactive
oxygen species (ROS) generation. This work proposes a multifunctional strategy, using locally
sourced Cameroonian clay to develop low-cost, eco-compatible photocatalysts that integrate
adsorption, photocatalysis, and antibacterial activity. By targeting this underexplored research
niche, the study contributes to an innovative solution for sustainable water treatment

technologies tailored to the needs of developing regions, particularly in the African context.

5.2.Materials and Methods
All synthesis protocols concerning the doping of montmorillonite with Na™ Cu?**, Zn**, ZnO,
and TiO; are described in chapters II and III. Nine samples are prepared: raw clay, pure ZnO,
Clay/ZnO/Na*, Clay/ZnO/Cu**, Clay/ZnO/Zn*', pure TiO», Clay/TiO2/Na*, Clay/TiO»/Cu**,
and Clay/TiO»/Zn*".

5.2.1 Characterization Techniques

The apparent density was measured using a Micromeritics AccuPyc 1330 helium pycnometer
at 20 °C and 1.2 bar. Three replicates per sample were performed, and average values were

reported with < 1% standard deviation.
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Specific surface area was determined by nitrogen adsorption—desorption isotherms at 77 K

using a Micromeritics ASAP 2420 instrument.

SEM imaging (15 kV) was performed using a Bruker TESCAN CLARA. Samples were

sonicated in acetone, deposited on slides, and gold-coated before observation.

Zeta potential and hydrodynamic diameter were measured by dynamic light scattering (DLS)
using a Beckman Coulter DelsaNano C. The procedure consists of mixing 10 mg of clay with
10 mL of ultrapure water (18.2 MQ-cm), clay powder (montmorillonite), and hybrid materials
were disseminated at a concentration of 0.1 wt%. To guarantee uniform dispersion, the
suspension was sonicated for five minutes and swirled for thirty minutes. For DLS and zeta
potential measurements, the stock was diluted to 0.1 weight percent to create the working
suspension. The pH was adjusted to pH 7.0 using diluted 0.1 M HCI or 0.1 M NaOH, and the
suspension ionic strength was changed using 1 mM NaCl for zeta potential analysis. After 10
min of equilibration, each sample was placed into either folded capillary cells (zeta potential)

or clean disposable cuvettes (DLS). At 25 °C, measurements were made.

The point of zero charge (PZC) of each sample was determined using the method described by
[22]. Eleven vials were prepared, each containing 10 mL of Milli-Q water. The initial pH of
each vial was adjusted using diluted HCI or NaOH to cover a pH range from 2 to 10, with an
increment of 1 pH unit between successive vials. An equal volume of the sample suspension
was then added to each vial. The amount of sample added was calculated to achieve a surface
concentration of 1000 m*-L™', corresponding to a total surface area of 10 m? in 10 mL,
depending on the specific surface area of the material. The vials were then shaken for 1 h to
allow equilibration. After this time, the final pH of each solution was measured. A graph was
plotted comparing the final and initial pH values, and the PZC was determined as the pH value
at which the curve reaches a plateau, as described by [22]. All pH measurements were carried

out using a Systronics p 362 pHmeter (India).

ICP-AES (ICAP 6500 THERMO Scientific) was used to determine elemental composition. HF
digestion was used for mineralization, and the protocol is the same as that described in Chapter

IT.

XRD analysis was performed using a Bruker D8 Twin-Twin diffractometer with Cu-Kq

radiation.
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5.2.2. Analytical Methods
5.2.2.1. Photocatalytic Activity

The photocatalytic activity of the synthesized materials was evaluated by monitoring the
degradation of ibuprofen (IBU) under UV irradiation. The experiments were performed using
2 types of UV lamps: one emitting at 365 nm (Osram F18W/BLB-T8) and one halogen lamp
(with a continuous spectrum from 300 to 800 nm (300 W, 220 V)) placed in a homemade
irradiation chamber, maintaining a constant distance of 20 cm between the light source and the

sample surface.

For each material, 50 mL of an aqueous ibuprofen solution (initial concentration: 52 mg/L) was
placed in a flat Petri dish with a diameter of 8.5 cm. All tests were conducted under magnetic
stirring in the dark for 30 min before irradiation to ensure adsorption—desorption equilibrium.
After this equilibration period, the samples were irradiated for up to 4 h. The reactor temperature

was maintained at 25+ 2 °C.

Three independent replicates were performed for each material. Control experiments were
conducted under the same conditions using (i) raw clay, (ii) TiO2 or ZnO alone, and (iii) the
ibuprofen solution without any added material to distinguish between adsorption, photolysis,

and photocatalytic degradation.

At regular intervals (typically every 2 h), 20 mL aliquots were withdrawn, filtered through 0.45
um membranes, and stored at 4 °C before analysis. The degradation of ibuprofen was monitored
using Total Organic Carbon (TOC) analysis. TOC was performed using a Shimadzu TOC-L
analyzer equipped with an autosampler and a high-sensitivity catalyst. TOC reduction was used

to assess the mineralization efficiency of each material.

All measurements were conducted in triplicate, and the mean values are reported with standard

deviations below 5%.

For the two best composite samples, a kinetic study is performed under UV A light. From [31],
IBU degradation can be described by the following equation:

C = Coe('kvﬁot) 5.1)

Where C is the concentration of the pollutant (mol/L), Co is the initial concentration of the
pollutant (mol/l), k is the kinetic constant (L g™ s™), m is the mass of the catalyst (g), Vo is the
initial solution volume (L), and ¢ is the time (s). By plotting “-In(C/Co)” as a function of time ¢,

the constant reaction rate k can be determined [32].
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The amount of metal ion released during photocatalytic experiments under UVA after 4 h was
also measured for TiOa, Clay/TiO2, ZnO, and Clay/ZnO/Cu?** samples. After 4 h of
photocatalytic experiments under UVA light, the water medium is filtered with a syringe filter
(polypropylene, 13 mm diameter, 0.2 um pore size, Whatman™, 261 VWR), and the metal ion
(Ti, Zn, Cu) content in the filtrate is measured by ICP-AES.

5.2.2.2. Scavenger experiments

Ammonium oxalate (AO, 5 mM), isopropanol (ISOP, 5 mM), and p-benzoquinone (PB, 0.5
mM) are used as, respectively, hole, hydroxyl radical and superoxide scavenger in ibuprofen
aqueous solution filled with the two best composite samples (Clay/ZnO and Clay/TiO2/Cu*")
with a photocatalyst concentration of 1 g/L, inspired by [31,33,34]. Measurements are
performed after 4 h (under UV A light) using TOC measurements previously calibrated with the

scavengers.
5.2.2.3. Antibacterial Assay

Wastewater was collected from the wastewater treatment plant « Cité verte », Yaounde,
Cameroon, and used for the antibacterial experiments. 50 mL of this wastewater was stirred
with the samples (with a concentration of 0.5, 1, or 10 g/L) under UVA illumination (365 nm)
for 4 h at a control temperature of 25 °C. Then the bacterial content (3 types: total coliforms,
faecal coliforms, and faecal streptococci) was evaluated with the protocol below. Control
experiments were made without samples, both with and without illumination, to highlight the

effect of the materials on the bacteria.
a) Bacterial Strains analyzed
The culture media used were as follows:

XLD agar (Xylose-Lysine-Deoxycholate agar): a moderately selective and differential medium
for the isolation and differentiation of Gram-negative enteric pathogens. It was specifically used

for the identification of Salmonella and Shigella species.

Endo agar: a slightly selective and differential culture medium for the detection of coliforms
and other enteric bacteria. It was primarily used to identify Escherichia coli and to enumerate

total and faecal coliforms.

BEA agar (Bile Esculin Agar): a selective and differential medium used to detect group D

Enterococci and Streptococcus. Only colonies forming black precipitates were counted.
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b) Bacteriological Analysis

The bacteriological analysis focused on indicator organisms of microbial contamination,

namely: total coliforms, faecal coliforms, and faecal streptococci.

Colonies were enumerated using two complementary techniques for data validation: surface
plating and flooding on nutrient agar. Incubation was performed at 37 °C for 24 h for total and

faecal coliforms, and 48 h for faecal streptococci.

The antibacterial activity of the hybrid materials was also assessed using the dilution method
on Mueller-Hinton agar. In this assay, bacteria were cultured in the presence of increasing
concentrations of the hybrid material (0.5 g-L™*, 1 g-L™", and 10 g-L™"). After incubation, the
presence or absence of bacterial colonies was macroscopically examined to evaluate bacterial

growth inhibition.

Sterilized distilled water (autoclaved at 121 °C for 15 min) was used as a diluent, with serial
dilutions being performed up to 1:100.000 for highly contaminated samples. Three agar plates
per dilution were inoculated using both surface plating and flooding methods. Colony counts
were performed after incubation (37 °C for 24 h for total coliforms and Salmonella/Shigella;
37 °C for 48 h for faecal streptococci), and the results were corrected based on the dilution

factors.

Results are expressed as log colony-forming units per milliliter (log (CFU-mL™)) according to
established procedures [23]. Colonies were counted only on plates with 15 to 300 colonies. If
all plates contained fewer than 15 colonies, all observed colonies were counted, considering the

total inoculated volume.

5.3.Results and discussion
5.3.1. Composition and crystallinity of samples
The elemental composition of the synthesized samples was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and is reported in Table 5.1. As expected, the
raw clay 1s primarily composed of aluminum and silicon, with an Al/Si ratio close to 2, which
is characteristic of smectite-type clays [10]. Upon incorporation of metal ions (Cu, Na, or Zn),
a corresponding increase in the concentration of these elements is clearly observed, confirming

the success of the ion-exchange process.

For the composite materials, the incorporation of 30 wt% photocatalyst (either TiO2 or ZnO)

was achieved as intended, according to the measured compositions. These values are consistent
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with similar materials described in Chapters II and III, supporting the reproducibility and

reliability of the synthesis route employed.

Table 5.1. Sample compositions by ICP-AES.

Al Si Fe Cu TiO2 ZnO
wt% wt% wt% wt% wt% wt%
Raw clay 10.1 20.9 3.7 <0.1 <0.1 <0.1
Clay/ZnO 5.2 9.2 1.6 <0.1 <0.1 28.1
Clay/Cu/ZnO 6.4 11.6 1.8 0.4 <0.1 30.3
Clay/Na/ZnO 5.9 11.7 1.7 <0.1 <0.1 29.6
Clay/Zn/ZnO 6.2 12.1 1.8 <0.1 <0.1 28.5
Clay/ TiO2 5.7 10.2 1.6 <0.01 28.8 <0.1
Clay/Cu/ TiO2 59 11.6 1.2 0.3 27.6 <0.1
Clay/Na/ TiO2 5.8 11.2 1.4 <0.01 29.1 <0.1
Clay/Zn/ TiO2 6.1 11.6 1.5 <0.01 28.6 0.4

The crystalline structure of the samples was analyzed by X-ray diffraction (XRD), and
representative diffractograms are presented in Figure 5.1. The raw clay exhibits a complex
mineralogical composition, including phases such as augite, cristobalite, montmorillonite, illite,
kaolinite, feldspar, and talc. These phases remain identifiable in the cation-exchanged clays,

indicating that the structural integrity of the clay matrix is largely preserved after modification.

The diffractograms of the pure ZnO and TiO» photocatalysts show diffraction peaks
corresponding to the wurtzite structure for ZnO and a mixture of anatase and brookite for TiO».
Accordingly, these crystalline phases are also observed in the composite samples, confirming
the successful integration of the photocatalyst without significant alteration of its crystal

structure. These findings are consistent with those reported in our previous chapters.

Overall, the XRD and ICP-AES results jointly demonstrate that the synthesis procedure yields
stable and well-defined clay-based composite materials with preserved crystalline properties

and controlled photocatalyst loading.
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Figure 5.1. XRD patterns of samples: raw clay, TiO, Clay/TiO,, Clay/Cu/TiO2, ZnO,
Clay/ZnO, Clay/Cu/ZnO. Reference peak positions of the different phases of the raw clay are
indicated directly on the diffractogram by the following letters: (A) anatase, (B) brookite, (Z)
wurzite, (Mo) montmorillonite, (T) talc, (K) kaolinite, (11) illite, (Fp) feldspar, (Au) augite, and
(Cr) cristobalite. The positions are not indicated on the composite materials to avoid
overloading the figure. The reference patterns of anatase ((A) from JCPDS 71-1167) [35],
brookite ((B) from JCPDS 29-1360) [35], and wurzite (W) from JCPDS 36-1451) [36] are

represented in the range 2 to 60°.

5.3.2. Texture and morphology of samples
The textural properties and colloidal behavior of the prepared composites were assessed through
BET surface area analysis (Sger), pore volume (V}), apparent density (papp), zeta potential
measurements, and dynamic light scattering (DLS). These parameters are summarized in Table

5.2.

The raw clay exhibited a modest surface area (45 m?/g) and low pore volume (0.07 cm?/g),

consistent with the compact structure of untreated layered silicates. Upon modification with
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ZnO or TiO3, the surface area and porosity were significantly altered depending on the nature

of the inserted ion and photocatalyst.

Table 5.2. Physico-chemical properties of samples.

Sample Papp SBET Ve Zeta pH of DLS PZC
(g/em3) | (m?/g) (cm3/g) | potential zeta (nm) ®)

+0.01 +5 +0.01 (mYV) potential +10 +0.1

+0.01 )
+0.1
Raw clay 2.29 45 0.07 -10.94 54 4860 5.5
Zn0O 6.23 30 0.14 14.61 7.1 6088 7.2
Clay/ZnO 2.64 125 0.44 2.20 53 2786 5.2
Clay/Cu/ZnO 3.09 50 0.21 12.22 7.2 4318 7.4
Clay/Na/ZnO 3.15 55 0.25 13.24 7.3 3503 7.4
Clay/Zn/ZnO 3.19 50 0.18 13.24 7.2 1612 7.1
TiO> 2.98 180 0.12 24.51 2.7 1554 3

Clay/TiO: 2.90 325 0.23 2.50 3.2 10648 3.1
Clay/Cu/TiO> 2.56 240 0.15 -3.27 3.1 6451 33
Clay/Na/TiO; 2.48 110 0.11 -12.99 4.0 3761 4.1
Clay/Zn/TiO: 2.48 130 0.14 -4.15 4.3 1461 4.1

Papp: apparent density measured by helium pycnometry; Sger: specific surface area determined by the BET method;
Vp: specific liquid volume adsorbed at saturation pressure of nitrogen; DLS: hydrodynamic diameter of TiO; particle

aggregates measured by DLS; Zeta potential analysis and pH at different zeta potential; PZC: point of zero charge.

Among ZnO-based composites, the Clay/ZnO material showed a considerable increase in
specific surface area (125 m?/g) and pore volume (0.44 cm?/g), suggesting that ZnO
nanoparticles were well-dispersed within the clay matrix, creating additional porosity. In
contrast, ion-inserted ZnO composites such as Clay/Cu/ZnO, Clay/Na/ZnO, and Clay/Zn/ZnO
displayed reduced surface areas (5055 m?/g) and moderate pore volumes (0.18-0.25 cm?/g),
likely due to partial pore blocking or aggregation of ZnO particles in the presence of the inserted
metal ions. Notably, the apparent density increased significantly in these doped samples (above

3.0 g/cm?), indicating a more compact or denser composite structure.

The pure ZnO material had a low surface area (30 m?/g), highlighting the beneficial role of the

clay as a structuring and dispersing matrix for photocatalysts. Moreover, the DLS data suggest
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that ZnO formed relatively large aggregates (hydrodynamic diameters above 1600 nm),
especially in Clay/Zn/ZnO, possibly limiting accessibility to active sites.

TiOz-based composites exhibited distinct behavior. The Clay/TiO> sample demonstrated a
remarkably high surface area (325 m?%/g), which is significantly higher than both the raw clay
and the pure TiO> (180 m?/g). This suggests that TiO, was homogeneously distributed over or
within the clay layers, contributing to extensive mesoporous features. However, the inclusion
of cations (Cu?*, Na*, Zn*") generally led to surface area reductions (110-240 m?/g), in line
with a potential pore-blocking effect or formation of larger aggregates. For instance,
Clay/Cu/TiO2 and Clay/Zn/TiO; retained relatively high values (240 and 130 m?g,
respectively), while Clay/Na/TiO, dropped to 110 m?/g, possibly reflecting a higher degree of

TiO> particle clustering or coverage by exchanged ions.

In terms of particle aggregation, the TiO>-based composites presented larger DLS values than
their ZnO counterparts, with Clay/TiO; reaching 10648 nm, suggesting the formation of large
agglomerates in suspension. This behavior may stem from the higher surface energy and

propensity for aggregation of anatase/rutile nanoparticles.

Overall, these results highlight that the presence of clay not only acts as a structural support but
also significantly modifies the textural features of the photocatalysts. The cation-exchange step
appears to modulate porosity and particle dispersion, impacting potential photocatalytic and

antimicrobial performances.

Scanning Electron Microscopy (SEM) was employed to investigate the surface morphology of
the prepared materials in greater detail (Figure 5.2). The raw clay (Figure 5.2a) displays the
typical lamellar structure characteristic of montmorillonite-type clays, with stacked and slightly
curved platelet-like layers. However, significant morphological transformations are observed

after the sol-gel deposition of photocatalysts.

In both Clay/ZnO (Figure 5.2b) and Clay/TiO> (Figure 5.2¢) samples, the clay surfaces appear
to be homogeneously covered with granular particles, leading to a distinctly rougher and more
textured surface. These particles correspond to ZnO or TiO; crystallites successfully deposited
onto the clay layers. The absence of large aggregates and the relatively uniform distribution of

the particles suggest an effective dispersion of the photocatalyst phase within the clay matrix.

This morphological evolution is consistent with the increase in specific surface area observed
in the BET results (Table 5.2), particularly for Clay/TiO», which exhibits a highly porous

structure. The intimate contact between the photocatalyst particles and the clay support is
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expected to enhance interfacial charge transfer and reduce recombination of photogenerated

electron—hole pairs during photocatalytic processes.

Furthermore, the microstructural features observed by SEM support the role of the clay as a
dispersing scaffold, preventing photocatalyst agglomeration and promoting a higher density of
accessible active sites. This structural synergy between the clay and the metal oxide phase likely
contributes to the improved photocatalytic and antibacterial performances observed in

subsequent experiments.

(a)

Figure 5.2. SEM micrographs of (a) raw clay, (b) Clay/ZnO, and (c) Clay/TiO> samples.

5.3.3. Zeta potential and surface charge

Zeta potential measurements (Table 5.2) provide valuable insight into the surface charge
properties and colloidal stability of the materials in aqueous suspension. These characteristics
are crucial in governing particle aggregation, photocatalytic behavior, and interactions with

charged pollutants or microbial membranes.
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The raw clay exhibited a moderately negative zeta potential of —10.94 mV at pH 5.4, reflecting
the natural surface charge of aluminosilicate layers due to isomorphic substitution and edge
hydroxyl group ionization. Upon deposition of ZnO onto the clay (Clay/ZnO), a shift toward a
slightly positive zeta potential (2.20 mV at pH 5.3) was observed. This indicates a successful
surface modification and partial masking of the native clay charge by ZnO nanoparticles, which

are typically amphoteric in character.

The ion-modified ZnO composites (Clay/Cu/Zn0O, Clay/Na/ZnO, Clay/Zn/ZnO) all displayed
increasingly positive zeta potentials, with values exceeding +12 mV. This substantial shift
confirms that the surface is dominated by the basic character of ZnO and/or the inserted metal
ions. These positively charged surfaces may favor the adsorption of negatively charged
pharmaceutical contaminants such as ibuprofen (predominantly anionic at neutral pH), as well

as promote antibacterial effects through electrostatic interactions with bacterial cell walls.

Conversely, the TiO2-based composites showed more variable zeta potential values, depending
on the inserted ion. The undoped Clay/TiO, composite exhibited a mildly positive zeta potential
(+2.50 mV at pH 3.2), whereas the Cu- and Zn-modified samples (Clay/Cu/TiO, and
Clay/Zn/TiO2) showed slightly negative values (-3.27 and —4.15 mV, respectively).
Interestingly, Clay/Na/TiO2 had a strongly negative zeta potential (-12.99 mV), even more so
than the raw clay. This suggests that sodium ions enhance surface deprotonation or favor a more
hydrated, negatively charged layer at the interface. Such surfaces may be less prone to

aggregation but could exhibit reduced affinity for anionic molecules.

The point of zero charge (PZC) values, determined by electrokinetic measurements, further
support these observations. ZnO-based composites showed PZCs ranging from 5.2 to 7.4,
depending on the dopant, while TiO>-based materials had lower PZCs (3.1 to 4.3), consistent
with their more acidic surface characteristics. Notably, Clay/Cu/ZnO and Clay/Na/ZnO had
PZCs well above neutral pH, suggesting a strongly basic character, whereas Clay/Na/TiO> and
Clay/Cu/TiO2 had PZCs around 3.1-4.1, making them negatively charged under environmental

pH conditions.

These findings demonstrate that the surface charge of the composites can be finely tuned by
both the nature of the photocatalyst and the inserted cations. This tunability is key for
optimizing adsorption and photocatalytic efficiency toward charged pharmaceutical compounds

and for enhancing bactericidal action via electrostatic mechanisms.
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5.3.4. Ibuprofen degradation
The photocatalytic activity of the synthesized materials was evaluated by monitoring the
degradation of ibuprofen under UVA and UV-Vis irradiation, with results presented in Figure
5.3. All experiments were performed in triplicate using a total catalyst concentration of 1 g/L,
and mineralization was assessed via total organic carbon (TOC) analysis. Only ZnO and TiO>
samples were also evaluated at 0.3 g/L to obtain the same mass of photocatalyst present in clays.
The kinetic study of IBU degradation under UVA light with Clay/ZnO and Clay/Cu/TiO>

composite samples is shown in Figure 5.4.

The raw clay exhibited no photocatalytic activity under either light condition, as expected due
to the absence of photoactive components. In contrast, all composite materials demonstrated
some degree of ibuprofen degradation, highlighting the contribution of the embedded
photocatalytic phase.

Among the ZnO-based samples (Figure 5.3), the pure ZnO reference (1 g/L) reached a
maximum degradation efficiency of 30% under both UVA and UV-Vis, whereas the Clay/ZnO
composite reached 23% under UVA and 10% under UV-Vis. The lower activity of the Clay/ZnO
composite relative to pure ZnO may be attributed to a partial coverage of active sites by the
clay matrix or to reduced light absorption due to increased scattering. Additionally, ion-
modified ZnO composites (Clay/Cu/ZnO, Clay/Na/ZnO, Clay/Zn/ZnQ) exhibited significantly
lower activities (8—10%), suggesting that metal ion insertion may hinder charge separation or

promote charge carrier recombination.

TiO:-based materials exhibited overall superior performance (Figure 5.3). The pure TiO2 (1
g/L) achieved 45% and 50% degradation under UVA and UV-Vis, respectively. Notably, the
Clay/TiO> composite also displayed high degradation rates, reaching 40% under UVA and 35%
under UV-Vis, confirming efficient photocatalyst dispersion within the clay matrix. Among the
doped TiO2 composites, Clay/Cu/TiO; outperformed all others under UVA (48%), while its
performance dropped under UV-Vis (22%), possibly due to limited visible-light absorption or
dopant-induced recombination sites. In contrast, Clay/Na/TiO, and Clay/Zn/TiO> showed
moderate activities (20% or less), in line with their lower surface areas and less favorable

textural and surface charge characteristics.

To better assess the intrinsic activity of the composites, control experiments were conducted
using pure ZnO and TiO- at a lower dosage of 0.3 g/L, corresponding to the actual photocatalyst
content in the composites (30 wt% in 1 g/L of material, as confirmed by ICP-AES, Table 5.1).
Under these conditions, the degradation efficiency of ZnO decreased to 22% (UVA) and 10%
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(UV-Vis), closely matching that of Clay/ZnO. Similarly, TiO> at 0.3 g/L. showed reduced
degradation efficiencies (25% UVA, 15% UV-Vis), while Clay/TiO; still achieved significantly
higher performance (40% and 35%, respectively).

These results clearly underline the beneficial role of the clay matrix in enhancing the effective
utilization of the photocatalyst. The composite architecture, particularly in the case of
Clay/TiOz, appears to facilitate better dispersion of active sites, limit particle aggregation, and
improve pollutant—catalyst interactions, leading to higher photocatalytic efficiency per unit
mass of active material. Such features make these hybrid materials promising candidates for

cost-effective water treatment applications where minimizing photocatalyst dosage is essential.
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Figure 5.3. Ibuprofen mineralization under UVA or UV-visible light after 4 h of illumination.

Figure 5.4 shows that the kinetics of IBU degradation under UVA light are first order, as the
fitted curve of -In(C/Co) vs. time is linear for the 2 best composite samples, as previously
observed in [31,32]. The kinetic constants can be calculated for each sample and are the slopes
of the fitted curves in Figure 5.4. The sample with the highest degradation (Clay/Cu/Ti02) has

the highest kinetic constant.
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To elucidate the reactive species involved in ibuprofen (IBU) degradation, scavenger
experiments were conducted using the two most effective composite photocatalysts, Clay/ZnO
and Clay/Cu/TiOz, under UVA irradiation (1.2 mW/cm?) for 4 h. The results, presented in
Figure 5.5, compare IBU degradation with and without the addition of three scavengers:
ammonium oxalate (AO) for holes (h*), isopropanol (ISOP) for hydroxyl radicals (*OH), and
p-benzoquinone (PB) for superoxide radicals (O27¢). For both samples, the degradation trends
were consistent. The addition of AO significantly reduced IBU degradation (by ~70-80% based
on preliminary data), as it scavenges photogenerated holes, thereby inhibiting the formation of
*OH radicals via water oxidation, a key pathway in the process. Similarly, ISOP led to a
comparable decrease (~65-75%), confirming the dominant role of *OH in IBU breakdown,
consistent with the upstream inhibition observed with AO. In contrast, PB induced a moderate
reduction (~20-30%), suggesting that O2"¢ contributes less significantly to the degradation
mechanism. These findings align with previous studies on photocatalytic systems, where
hydroxyl radicals and holes have been identified as the primary species responsible for IBU

degradation [31,33].
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Figure 5.4. Experimental determination of the kinetic constant of IBU degradation for pure

Clay/ZnO (black) and Clay/Cu/TiO; (red) samples under UVA light.
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Figure 5.5. IBU degradation with and without scavengers during 4 h under UVA light for
(orange) Clay/ZnO and (green) Clay/Cu/TiO2 samples. AO = ammonium oxalate, ISOP =

isopropanol, PB = p-benzoquinone.

Metal leaching, particularly of zinc from ZnO-doped composites, is a critical factor to consider
during photocatalytic degradation to prevent secondary pollution. In this study, ICP-AES
analysis after 4 h under UVA (Table 5.3) revealed leaching levels of <0.01 mg/L for Ti (TiO-,
Clay/Cu/Ti02), 4 mg/L for Zn (ZnO), 0.1 mg/L for Zn (Clay/Zn0O), and <0.01 mg/L for Cu
(Clay/Cu/Ti0O2), indicating significant Zn release from unsupported ZnO compared to clay
supported Clay/ZnO, where leaching was reduced by 40-fold. These values remain below the
WHO guideline of 3 mg/L for drinking water [37], suggesting acceptable environmental safety
under tested conditions. Compared to Rahman et al. [38], who reported low copper leaching
(<3 mg/L) with good reusability over five cycles in Fenton-like catalysts for ibuprofen
degradation, our clay-supported composites demonstrate enhanced stability, particularly
Clay/ZnO. However, the high Zn leaching from ZnO (4 mg/L) highlights the need for further
optimization. Future studies should include extended cycle testing and ICP monitoring to ensure

long-term stability and compliance with stricter environmental standards.
5.3.5. Bacteriological assay

The antibacterial properties of the synthesized materials were evaluated against several
indicator microorganisms, including total coliforms, faecal coliforms, Escherichia coli,
Salmonella/Shigella, and faecal streptococci. The tests were carried out using two
complementary approaches: (i) culture on selective differential agars (XLD, Endo, and BEA)
to monitor inhibition or reduction of target bacterial colonies, and (ii) a dilution-based viability
assay on Mueller-Hinton agar with various catalyst dosages (0.5, 1, and 10 g/L) to assess dose-
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dependent bactericidal effects. All tests were conducted under identical incubation conditions

(37 °C, 24-48 h), and colony counts were expressed in log(CFU/mL).

Table 5.3. ICP-AES measurement of metal leaching content after the photocatalytic experiment

under UVA (4 h).

Samples [Ti] after 4 h [Zn] after 4 h [Cu] after 4 h
under UVA under UVA under UVA
(mg/L) (mg/L) (mg/L)
TiO2 <0.01 - -
Clay/Cu/TiO2 <0.01 - <0.01
ZnO - 4 -
Clay/ZnO - 0.1 -

- :not present in the sample initially

Control experiments were performed in the dark (with the materials, referred to as the Dark
control in Figures 5.4), under UVA alone (without materials, referred to as the Light control),
and in the dark without the materials; all these conditions showed no reduction in bacterial
populations. Light control and dark control without materials are not represented in Figure 5.4

to avoid overloading.

As shown in Figure 5.4a, Clay/ZnO, and Clay/TiO> composites led to a drastic reduction in the
population of total and faecal coliforms, including E. coli, with complete inhibition observed at
1 g/l and above. This bactericidal effect was confirmed for enteric pathogens such as
Salmonella and Shigella (Figure 5.4b), as well as for Gram-positive faecal streptococci (Figure

5.4c), demonstrating the broad-spectrum antimicrobial activity of these hybrid materials.

The raw clay already exhibited some antibacterial activity, especially against
Salmonella/Shigella and faecal streptococci (Figures 5.4b and 5.4c), while the ion-modified
composites (Clay/Cu/ZnO, Clay/Na/ZnO, and their TiO; analogues) showed moderate activity,
generally requiring 10 g/L to achieve a significant reduction in CFU counts. This suggests that
ion exchange alone is insufficient to induce bactericidal effects and that the photocatalyst plays

a central role, even in the absence of light activation.

The strong antibacterial performance of Clay/ZnO and Clay/TiO-, observed consistently across
all tested strains and confirmed in Figures 5.4a—5.4c, is likely related to the generation of
reactive oxygen species (ROS) at the catalyst surface. These ROS, including hydroxyl radicals
and superoxide anions, are known to damage bacterial membranes, proteins, and DNA [24,25].
Moreover, the surface charge of the composites may facilitate electrostatic interactions with
negatively charged bacterial membranes, enhancing particle adhesion and subsequent
membrane disruption.

119



Overall, these findings indicate that the developed hybrid materials, particularly Clay/ZnO and
Clay/TiO2, possess potent antibacterial activity, which complements their photocatalytic
capabilities. This dual functionality is particularly advantageous for water treatment

applications targeting both chemical micropollutants and microbial contamination.

Light control and dark control without materials show no effect on any of the three bacteria (as

Dark control) and so, are not represented on the figures to avoid overloading them.
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Figure 5.4. Antibacterial activity on (a) total coliforms, (b) Salmonella/Shigella, and (c) faecal
Streptococci from the real wastewater. Before bacterial development, the wastewater was

stirred with the different samples under UVA illumination for 4 h.

5.3.6. From Material Design to Environmental Performance: A Comparative
Perspective

The structure—function analysis of our hybrid materials reveals clear relationships between their

physicochemical properties, such as specific surface area, zeta potential, and morphology, and

their functional performance, including photocatalytic activity and antibacterial efficacy. These

findings are consistent with recent literature on clay—photocatalyst composites.

Specific surface area plays a crucial role in pollutant degradation and antibacterial activity. For
instance, the Clay/TiO2 composite exhibits an exceptionally high specific surface area (325
m?/g), while Clay/ZnO shows a respectable value (~125 m?/g). These characteristics promote
catalyst dispersion and access to active sites, as demonstrated by Adesina et al. [24], who
reported approximately 84% tetracycline removal after 2 h of exposure under UV and natural
light with a kaolin—TiO>—orange-peel biochar composite, attributing the performance to
enhanced porosity and improved photocatalyst dispersion. Similarly, Yuan et al. [41] described
montmorillonite/TiO2 composites containing 30 wt% TiO: that achieved nearly complete dye

degradation, correlating performance with superior dispersion and surface properties.

Zeta potential is another key factor influencing pollutant adsorption and microbial interactions
at the composite surface. Our ZnO-based composites acquire positive surface charge (up to +12

121



mYV), favouring electrostatic attraction toward anionic contaminants, whereas TiO: variants
have slightly negative to neutral charges, aligning with their distinct photoreactivity. Bai et al.
[42] emphasized in their review that modulation of the zeta potential of clay-supported
TiO2/ZnO photocatalysts enhances affinity for anionic contaminants and improves

photocatalytic efficiency.

When normalized to active-phase mass, our Clay/Ti102 composites clearly outperform pure TiO-
at equivalent loadings, highlighting the benefits of clay-supported systems. These results align
with those of Karchiyappan et al. [43], who demonstrated that kaolin/TiO. composites
synthesized via sol-gel methods deliver higher photocatalytic removal rates than pure TiO-.
Additionally, pillared montmorillonite (Ti-PILC) structures exhibit improved surface area and

stability, further enhancing performance compared to unmodified oxide powders [25].

Regarding antibacterial activity, our Clay/ZnO and Claly/TiO2> composites produced near-
complete bacterial inhibition at concentrations >1 g/L. Wu et al. [40] reported similar outcomes
for montmorillonite—Ag/TiO- composites under visible light, attributing bactericidal efficacy
to reactive oxygen species (ROS)-induced membrane damage. Li ef al. [39] also achieved
remarkable antibacterial and pharmaceutical degradation performance using a kaolinite—TiO>—

g-CsNa heterojunction, confirming the synergy between clay support and photocatalyst.

Overall, our hybrid materials offer performance comparable to or superior to other clay—
photocatalyst systems reported in the literature for dye removal, micropollutant degradation, or
microbial decontamination. For example, orange-peel biochar/clay/Ti0. composites
demonstrated 89-92% tetracycline degradation with 50% of mineralization under UVB for 2 h
and efficient E. coli inactivation without forming toxic intermediates [24]. In that study, the
illumination was much more energetic than in the present work. Similarly, a 3D-printed
ZnO/clay architecture showed effective methylene blue degradation with 100% degradation in

40 min under solar irradiation [44] but no mineralization was assessed.

Concerning the photocatalytic mineralization of ibuprofen, our study demonstrates a
compelling 48% Total Organic Carbon (TOC) reduction within 4 hours using the ClayCu/Ti0>
composite under UVA irradiation with low intensity (1.2 mW/cm?) [45], surpassing several
literature benchmarks in terms of efficiency, practicality, and multifunctionality. For instance,
Tanveer et al. [46] achieved 47% TOC removal with UV/ZnO after only 15 min but required
artificial UVC lamps (254 nm) and showed lower performance under solar conditions with
quartz or borosilicate reactors, highlighting the limitations of non-supported catalysts in real-

world applications, while at catalyst dosing of 1.5 g/L TiO2 and 0.5 g/LL ZnO, degradation rates
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were similar, with UV lamp-based photocatalysis yielding higher TOC and COD reduction than
solar irradiation. Similarly, Loaiza-Ambuludi ef al. [47] reported up to 90% TOC abatement
via UVC/H:202/Fe photo-Fenton after 8 h, yet this homogeneous process necessitates high
oxidant doses and lacks the catalyst recovery ease offered by our clay-supported system, with
pseudo-second-order kinetics observed for TOC decay. Mendez-Arriaga et al. [48] attained
80% Dissolved Organic Carbon (DOC) removal in 240 min through sonophoto-Fenton/TiO-
hybrids under UV-Vis or visible light, but relied on energy-intensive ultrasound and extended
reaction times without integrating 633 antimicrobial properties, achieving up to 90%
mineralization with US/UV/Ti02/H20-/Fe. Jimenez-Salcedo et al. [49] focused on degradation
pathways using TiO/UV and g-CsNa/visible light, identifying intermediates like 2-(4-
acrylphenyl)acetic acid and 4-propenylbenzoic acid but not quantifying mineralization,
highlighting incomplete breakdown and potential toxicity persistence absent in our approach,
with degradation efficiencies varying by pH and light intensity. More recently, Pylarinou et al.
[50] achieved efficient ibuprofen degradation with TiO2/Mo-BiVO. bilayers under
photoelectrocatalysis, yielding photocurrent densities up to 0.5 mA/cm? and 90% removal in
120 min, yet mineralization data were not emphasized, and the complex electrode fabrication
contrasts with our low-cost, natural smectite-derived composites. Across these studies and
others, such as Braz et al. [51] with 50% mineralization using pure TiO: under UV after 60 min,
Candido et al. [30] reporting up to 78% TOC reduction with TiO2z in 60 min under UV lamp,
Gong et al. [52] achieved higher mineralization rates (up to 60% in 20 min) with a
Fe**/Oxone/UV process, but required higher oxidant doses and showed toxicity evolution, and
Feng et al. [53] using YMO-SO photocatalysts, reached 70-80% degradation under visible light
but reported lower mineralization (typically <40% TOC removal) and relied on complex
synthesis methods, typical mineralization ranges from 20-80% over 2-6 h with photocatalytic

systems, often facing recovery challenges and higher costs.

Direct comparison between these studies is challenging due to significant variations in
experimental conditions, such as the type and intensity of illumination (e.g., UVA vs. UVC
lamps or solar simulators), pollutant and catalyst concentrations, and irradiation durations,
which can range from 120 to 360 min across different setups. Moreover, not all articles provide
comprehensive details on these parameters, including precise light power outputs or exact
catalyst loadings, making quantitative benchmarking challenging. Despite these
inconsistencies, our Clay/Cu/Ti0: system stands out for its balanced efficiency under practical

UVA conditions, highlighting its potential for scalable applications.
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5.3.7. Limitations of this work
Despite the promising results, this study presents several limitations that warrant consideration.
First, the photocatalytic performance under visible light remains suboptimal, with lower
degradation rates compared to UVA conditions, indicating a need for further optimization to
enhance visible-light responsiveness. Second, the long-term stability and reusability of the clay-
supported composites were not fully assessed, as tests were limited to some cycles, potentially
underestimating material degradation or leaching over extended use, but giving first promising
results. Third, the experiments were conducted under controlled laboratory conditions, which
may not fully replicate the complex matrix of real wastewater, including varying pH, competing
pollutants, and microbial loads. Finally, the scalability of the synthesis process and its economic
viability in resource-limited settings require further investigation to ensure practical

implementation in decentralized treatment systems.

5.4. Conclusions
In this study, a series of clay-based photocatalytic composites incorporating ZnO or TiO2, with
or without additional ion exchange (Cu, Na, Zn), was successfully synthesized and
characterized. Elemental analysis and XRD confirmed the effective incorporation of
photocatalyst phases without significant alteration of either their crystalline structure or clay
matrix. Textural analysis revealed a substantial influence of both the photocatalyst type and the
exchanged cations on surface area, porosity, and particle dispersion. TiO2-based materials
generally exhibited higher surface areas and more favorable morphologies than their ZnO-based

counterparts, especially in undoped configurations.

Zeta potential and point of zero charge analyses showed that the surface charge of the
composites could be finely tuned via cationic modification, influencing their colloidal stability
and potential interaction with charged pollutants or microbial membranes. SEM imaging further
confirmed the homogeneous dispersion of photocatalyst particles on the clay surface,

contributing to the accessible active surface.

Photocatalytic degradation tests using ibuprofen as a model contaminant demonstrated that all
composites exhibited measurable activity under UVA and UV-Vis irradiation, with TiO2-based
composites showing superior performance overall. Among these, the Cu-doped TiO: sample
(Clay/Cu/Ti0O2) achieved the highest degradation under UV A, suggesting a synergistic effect
between copper doping and the clay support. However, performance under visible light was

generally lower, indicating room for improvement in enhancing visible-light responsiveness.
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Overall, the results highlight the potential of these hybrid materials as efficient and tunable

photocatalytic platforms for water treatment applications. The structural, textural, and surface

properties can be adjusted by choice of photocatalyst and exchanged ions, enabling the rational
design of multifunctional materials for both pollutant degradation and antimicrobial
applications. Future work will focus on optimizing the photocatalyst loading, improving
visible-light activity, and assessing long-term stability and regeneration potential in real water

matrices.
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General conclusions and perspectives

The overall objective of this thesis was to contribute to the project of valorizing clay materials
in Cameroon and remedying the pollution of micropollutants present in water, specifically in
wastewater from treatment plants. To achieve this, an advanced oxidation process such as
photocatalysis was used. The approach taken consisted of developing, characterizing, and

optimizing suitable materials. The work was divided into five chapters.

The main wastewater problems in Cameroon and the demand for effective, reasonably priced
treatment options were discussed in Chapter 1. The useful qualities of clay materials, which are
widely accessible in the area, for the removal of pollutants have been demonstrated. In addition,
Photocatalysis as a viable solar-powered method and examined Advanced Oxidation Processes,
highlighting their capacity to break down persistent pollutants. All things considered,
integrating photocatalytic AOPs with clay materials seems to be an economical and sustainable

way to enhance wastewater treatment in Cameroon.

Chapter II focused on synthesizing raw clays extracted from Bana, in western Cameroon. They
were modified with semiconductors (TiO> and ZnO) to improve their pollution control
properties, with the addition of photocatalytic properties. Cu?" ions were also added to the clay
by ion exchange to increase the specific surface area. The presence of TiO2 and ZnO was
confirmed by the detection of anatase and wurtzite, respectively, using X-ray diffraction. The
composite clays showed increased specific surface areas. The adsorption property of the raw
clays was evaluated on two pollutants, namely fluorescein (FL) and p-nitrophenol (PNP). The

experiments showed that the raw clays can adsorb FL but are not effective for PNP.

In the third part of this work, the clay material extracted from Cameroon was modified by ion
exchange to produce four different types of clay, which made it possible to produce hybrid
materials effective for removing pollutants from water. The results showed that the clay
belonged to the smectite family and was composed of different crystalline phases. Mixed
crystalline patterns were obtained with both smectite and wurtzite ZnO phases. SEM
observation of the samples showed that the hybrid materials had a clay structure as a skeletal
structure (sheet structure) with spherical ZnO materials grafted onto the surface, providing good
light exposure to maintain the photocatalytic property. Next, the pollutant removal property of
the samples was evaluated on three different model pollutants: p-nitrophenol (PNP), Malachite
Green (MQG), and Diamond Bright Violet (DBV). No adsorption was observed on PNP, and a
photocatalytic property was required to remove this molecule.
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Chapter IV involved modifying the clay material with two silanes, tetramethoxysilane (TMOS)
and [3-(2-aminoethyl)aminopropyl]trimethoxysilane (EDAS), to increase its adsorption
properties. The modified clay was intended to be used as an effective adsorbent for the removal
of organic pollutants from water. Three Clay/TMOS samples and two Clay/EDAS samples with
different [silane]/[clay] ratios were produced and characterized. Their adsorption properties
were evaluated on three model organic pollutants (i.e., fluorescein, malachite green, and
diamond bright violet). A dilution of the montmorillonite structure of the raw clay was observed
when modified with TMOS, while its original crystalline structure remained preserved with
EDAS. The morphologies depended on the silane used: (i) with TMOS, highly porous materials
with the formation of silica particles on the clay surface; (ii) with EDAS, a morphology similar
to raw clay with EDAS grafted onto the clay surface. The two morphologies exhibit two
different adsorption behaviours on the three pollutants. For raw clay and TMOS-modified clays,

similar adsorption properties showed better adsorption as the specific surface area increased.

The increasing presence of pharmaceuticals in wastewater, such as ibuprofen, which raises
serious environmental and public health concerns, particularly in developing regions, was
demonstrated in Chapter V. In this study, photocatalytic materials were used to ensure effective
degradation of ibuprofen and bacterial inhibition under UV light. Characterization confirmed
the successful dispersion of semiconductors on the clay matrix. Under UV irradiation, the
composites achieved significant degradation efficiencies, highlighting the complete
decomposition of ibuprofen rather than simple transformation, reaching up to 48% in 4 h with
the best sample. In parallel, antibacterial tests revealed notable inhibition against Shigella spp.,

supporting the dual functionality of the materials.

At the end of this study, a few areas that warrant further investigation have emerged. For
example, to gain a better understanding of smectites in Cameroon, it would be interesting to
explore and characterize clays from other regions to enrich the database of clay materials in

Cameroon.

Similarly, it would be interesting to evaluate the metabolites initially formed during degradation

into ibuprofen and estimate the energy used during the degradation process.

Finally, to exploit these clay materials in other industrial applications (cosmetics,
pharmaceuticals, drilling mud, mineral fillers), it is important to take into account the specific
requirements of each field of application. Purification processes using particle size fractionation

could be considered.
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ANNEXES

Annex I: Description of the wastewater treatment process of the Camp of the “Cité-Verte”

The WWTP of the camp of the “Cité-Verte” is a station that treats wastewater, including a
hybrid system, filters, and plants. The four steps of the treatment are as follows: (i) the network
for collecting wastewater; (ii) pre- and primary treatment; (iii) secondary (biological) treatment;
and (iv) release into the environment. The network used to collect wastewater is unique. Hence,
it is made up of: (i) a collection of primary sewer/manhole shapes that enable wastewater to be
collected from homes and dumped into a public sewer, and (i) a set of collectors/intermediate
manholes that accept wastewater that also comes from private collectors [56]. Preparing
wastewater for further treatment is the goal of pretreatment or primary treatment. This is done
to get rid of substances that can obstruct further purification in the rest of the WWTP. It consists
of two parts: (i) a screen to catch coarse materials that are likely to wind up in the wastewater,
and (i1) a desander to get rid of suspended solids. (iii) a degreaser/oil remover to remove fats
and oils through the flotation process. These particles can harm or clog pipes. Skimming the
surface removes these fats and oils, which can then be used, for instance, to make biogas; (iv)
settling tanks are used to collect the streams of sludge produced by the degreaser/oil remover
(caused by the outlet water). This prevents the biological basin from becoming overloaded with
sludge, which would increase the water's turbidity, and (v) a transition and appreciation tank to
monitor the effectiveness of the pre-treatment. Whenever water from primary treatment is being
analyzed, it also functions as a sampling location. A transition tank between primary and
secondary (biological) treatment is also provided by it [57]. A hybrid system, filters, and plants
are used for secondary treatment. The filter/plant basin, which consists of an artificial tank filled
with water, substrate, and vascular plants, receives wastewater. The substrate is made up of
stones, gravel, and sand (ballast). These materials' permeability will be used to keep the waste
and sediment in the treated water in place. Pollutants like metals and nitrogen can be removed

since the saturation of the substrate renders it anaerobic.

The effluent is evacuated and directed through PolyVinyl Chloride (PVC) pipes to the receiver
after treatment. The Abiergue watercourse, a tributary of the Mfoundi River, serves as the
receiving system. When more stringent regulations are in place, preventing eutrophication does

not suffice. What techniques, then, can a WWTP use to further purify water?

Distillation could be considered, but that would be incredibly expensive, so this application is

limited to the production of distilled water. Mechanical evaporators, which are cheaper to
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operate, are an option when the water is highly polluted and the flow rates are low. Solvent
extraction can be used to transfer toxic organic pollutants to a non-aqueous phase. lon exchange

is sometimes used to exchange toxic ions in water with non-toxic ions present in a solid.

Micro-filtration, ultra-filtration, and reverse osmosis are all based on membranes and can treat
very small particles or even dissolved matter. This makes reverse osmosis a technique widely

used for the production of potable water from saline water.

Annex II: Additional figures from Chapter 2

The adsorption-desorption isotherms are represented in Figure AIl.1 for pure TiO> and pure
ZnO samples and in Figure AIL2 for Clay/Cu®*", Clay/TiO»/Cu**, Clay/ZnO/Cu*", and
Clay/ZnO samples. As explained in section 2.3.2, two types of isotherms are clearly observed:
(i) type I isotherm (microporous solid) for pure TiO2 and Clay/TiO2/Cu** samples; and (ii) type
IV isotherm (mesoporous sample) for pure ZnO, Clay/Cu®*, Clay/ZnO/Cu?**, and Clay/ZnO

samples.
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Figure AIl.1: Nitrogen adsorption desorption isotherms for (¢) pure TiO2 and (m) pure ZnO

samples.
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Figure AIL2: Nitrogen adsorption desorption isotherms for (¢) Clay/Cu®*", (A)
Clay/TiO2/Cu?", (x) Clay/ZnO/Cu*" and (m) Clay/ZnO samples.

The samples with Cu®" ions (Clay/Cu2+, Clay/TiO2/Cu2+, and Clay/ZnO/Cu2+ samples) keep

are represented in Figure AIL3.

Figure AIL3: SEM pictures of (a) Clay/Cu®*, (b) Clay/TiO2/Cu** and (c) Clay/ZnO/Cu**

samples at a 1000x magnification.
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