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General Introduction  

Due to the steady increase in population, along with rapid industrial and agricultural 

expansion, access to clean, potable water sources have become more and more difficult, this 

has led to the discharge of a wide variety of non-biodegradable, hazardous organic 

contaminants, including dyes, pharmaceuticals, and pesticides, into aquatic system. When 

their persistence poses significant threats to aquatic biota, human health, and overall 

environmental sustainability [1].     

Conventional water treatment processes often fail to completely degrade these 

pollutants owing to their complex chemical structures and high stability, which highlights the 

urgent need for advanced and sustainable treatment technologies to achieve high removal 

efficiencies. Consequently, advanced oxidation processes and other non-conventional 

approaches have gained considerable attention recently, as effective solutions for water 

pollution control. In this context, layered double hydroxides based materials have emerged as 

promising multifunctional systems combining excellent adsorption capacity with 

photocatalytic activity, due to their unique thermal decomposition, memory properties, 

tunable interlayer metal cations, and their ability to modify the band gap                              

[2,3].   

This present work is organized into three chapters: 

The first chapter I provides a theoretical review of the current state of water pollution 

with different organic pollutants and their associated environmental impact, it also examines 

the conventional and non-conventional water treatment technologies including the advanced 

oxidation processes (AOPs), nanotechnology, and nanoparticles. With a particular emphasis 

on the layered double hydroxides (LDHs) and layered double oxides (LDOs), their structure, 

synthesis methods, and application in photocatalysis and adsorption processes. With special 

focus on NiZnFe-based LDO.  

The second chapter II describes the materials, synthesis procedures, and 

characterization techniques employed for the preparation of the LDO-based catalyst, 

additionally it provides an overview on the anionic dye Congo Red (CR) selected as the target 

organic pollutant, for evaluating the behaviour of the synthesized material as both an 

adsorbent and a photocatalyst.  
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The third chapter presents the characterization techniques, including UV-Vis 

spectrometry, X-rays diffraction (XRD), three-dimensional profilometry, Fourier-Transform 

InfraRed (FTIR) spectroscopy, and simultaneous thermogravimetric analysis (TGA/DSC) 

employed to investigate the structural, morphological, optical, and physicochemical properties 

of the synthesized NiZnFe-based LDO, It also discusses the adsorption process, including the 

experimental methodology, adsorption performance, and the factors influencing the removal 

of organic dye CR from aqueous media.  
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Chapter I : Aquatic pollution & remediation technologies 

I.1 General Intro to aqueous pollution 

While chemical substances have undeniably improved our lives, they come with a 

serious downside; they can be harmful to both human health and the environment. Years of 

uncontrolled and poorly regulated use of man-made chemicals have pushed humanity past the 

safe limits our planet can tolerate [1]. Aquatic pollution stands at the forefront of both 

scientific and public concern, as ecosystems face mounting pressure from a diverse array of 

chemical substances originating from agricultural, industrial, and domestic activities. 

Although beneficial to human well-being but their overuse still represents one of the pressing 

challenges nowadays threatening drinking water security [2].  

 Contaminants such as: Pesticides, heavy metals, polycyclic aromatic hydrocarbons and 

more, recently microplastic particles, pharmaceuticals, and dyes are continuously introduced 

into water bodies as a result of anthropogenic activities. Their presence raises serious alarms 

regarding the health of plants, animals, and humans alike, owing to their acute toxicity and the 

risk of accumulating within living organisms [3].  

I.1.1 Organic pollutants 

Besides the previously mentioned contaminants, emerging pollutants encompass a 

wide variety of compounds including personal care products (PCPs), organic dyes, per- and 

polyfluoroalkyl substances (PFAS), micro- and nano-plastics (MNPs). The presence of these 

ECs across various environmental matrices has grown steadily, driven by the relentless rise in 

human activities [4], once released into the aquatic environment, these compounds exhibit 

persistent behavior, as many are resistant to natural biodegradation, and tend to accumulate in 

sediments and living organisms through bioaccumulation and biomagnification along the food 

chain [5].  

I.1.2 Pharmaceutical products 

Pharmaceuticals and PCPs have become an integral part of daily life providing 

substantial benefits to human health and well-being, medications ranging from antibiotics to 

antidepressants have become indispensable in modern healthcare, contributing greatly to 

improved life expectancy and enhanced quality of life [6], Pharmaceuticals are known to be 

chemically stable active substances intended to trigger biological responses in target 

organisms [7], yet they constitute a significant class of aquatic contaminants and can seriously 

threaten the health of non-target organisms [2], through the discharge of raw, contaminated, 
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and inadequately treated pharmaceutical wastewater into water supplies and river channels 

that contribute to short, medium, and long- term environmental and human health impacts 

[8,9]. 

As shown in the figure (I.1) these drugs impact growth, reproduction, development, 

physiology, behaviors, and mortality in coastal and marine organisms, the rise of antibiotic-

resistant bacteria in marine ecosystems, combined with disrupted animal behavior and 

impaired reproductive patterns, has become a growing concern. On top of that, 

antihypertensive drugs, beta-blockers in particular, interfere with cardiovascular function in 

marine fish, slowing heart rate and disturbing blood pressure regulation [6].  

Fig.I.1. Pathways and Environmental Consequences of Pharmaceutical Pollutants in Aquatic Systems 

(AI generated). 

Emerging pollutants also known as “emerging contaminants” ECs, are biological 

agents, organic or inorganic compounds of anthropogenic or natural origin, mostly found at 

trace concentrations (ng.L
−1

 and μg.L
−1

) in the environment [9], also considered as ubiquitous, 

toxic and persistent in the environment, and represent long-term and unpredictable threats to 

human beings and ecosystem [10].   

I.1.3 Pesticides  

Pesticides are chemicals deliberately introduced into the environment to eliminate 

specific pests, serving not only to control plant-based diseases but also to boost agricultural 
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output. Their consumption has grown steadily, driven by the increasing demand for food 

production and crop storage to meet the needs of a rising global population. Being synthetic in 

origin and highly stable, these compounds do not break down easily in the environment. Their 

inappropriate and unscientific use, poor handling, and careless disposal have allowed them to 

find their way into water bodies, causing serious damage to the ecosystem and the 

environment [11].  

Once in aquatic systems, pesticides pose a direct threat to non-target species, fish 

being among the most vulnerable where acute exposure has led to death while milder 

exposure has caused irreversible damage to vital organs such as the liver, kidneys, gills, and 

the brain. Beyond aquatic life, human exposure through contaminated water has been linked 

to a range of chronic diseases including cancer, diabetes, cardiac conditions, and 

neurobehavioral disorders [12].  

I.1.4 Synthetic Organic dyes  

Dyes are complex unsaturated chemical compounds with the ability to absorb a 

portion of light in the visible range (380-750 nm). This absorption occurs through 

chromatophoric groups, specific clusters of atoms [13], selectively absorb energy and change 

white light into colored light when it reflects off of a body or diffuses through the air, those 

groups are :   

 Chromophores (the color-bearing groups): The active sites of the dyes that govern 

the spatial arrangement of light-absorbing atoms are unsaturated regions where single 

and double bonds alternate in a conjugated and resonant pattern, enabling the 

absorption of visible light. These regions typically contain heteroatoms such as N, O, 

and S and feature characteristic bonds including -N=N- (azo), =C=O (carbonyl), NO 

or N-OH (nitrous), -NO2 or NO-OH (nitro) and C=S (sulfur) [14, 15].  

 Auxochromes (the color helpers): are functional groups that are not responsible for 

color but are for intensity (tone) and affinity for the fiber, some of them are-NH3 

(amine), -COOH (carboxyl), HSO3 (sulphonate) and –OH (hydroxyl) [14].   

While their persistence and resistance to biodegradability under normal 

environmental conditions alter both the physical and biological characteristics of aquatic 

ecosystems, they interfere with photosynthesis in marine plants by triggering 

eutrophication through the uncontrolled discharge of mineral elements namely nitrates, 

nitrites and phosphates. 
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This disrupts the balance of the aquatic environment, giving rise to long-term hazards 

including mutagenicity, bioaccumulation, and carcinogenicity [17].  

  

S

N

NH2

N N

N

S

H2N

O
O

O- Na+

O
O

O- Na+

 

Chromophore (azo group –N=N–)                                      Auxochrome (–NH₂) 

Fig.I.2. Chemical structure of Congo red highlighting its chromophore and auxochromic groups [16].  

I.1.5 per- and polyfluoroalkyl substances 

Per- and polyfluoroalkyl substances (PFAS) commonly referred to as “forever 

chemicals”, are a group of synthetic compounds defined by an exceptionally stable 

hydrophobic carbon-fluorine (C–F) bond backbone [18]. This amphiphilic structure is 

responsible for their distinctive properties and has made them a worldwide environmental 

concern, due to their serious impacts on biological health. PFAS are widespread contaminants 

in aquatic ecosystems, exhibiting significant bioaccumulation and biomagnification across 

trophic levels, generating considerable ecotoxicological risks [19], even at environmentally 

relevant concentrations, they are capable of triggering multiple toxic effects in organisms at 

different trophic levels, including potential carcinogenicity, reproductive developmental 

toxicity, immunosuppression, and endocrine disruption [20].  

These effects not only pose a direct threat to aquatic organisms, but may also pose a 

potential risk to human health through the food chain. Their persistence and mobility allow 

them to spread through water systems, and accumulate in aquatic organisms, making aquatic 

environments a major exposure route [21].  

I.2 Water treatment technologies 

The growing burden of environmental contamination in aquatic ecosystems, spanning 

the pollution of aquifers and groundwater, affecting water quality, and increasing the risk of 

diseases [22], has underscored the urgent need for reliable access to clean, safe water for 

public health, quality of life, and long-term environmental sustainability, in response to these 
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pressing challenges, a range of  advanced and innovative water treatment technologies such as 

advanced oxidation processes (AOPs), adsorption-based processes, and other 

physicochemical treatment methods,  has emerged as essential solutions. The technologies to 

be chosen for each individual pollutant depend on the presence of other pollutants, their 

concentration, the quantity of water to be treated, and the intended use of the water [23].   

I.2.1 Conventional treatment approaches   

Water treatment processes offer multiple effective mechanisms for pollutants removal in 

water treatment systems, and they can be integrated with other treatment methods. These 

techniques are broadly categorized into two types: conventional as shown in Table I.1 and 

non-conventional approaches. Treating water traditionally goes through a few stages: 

 Preliminary treatment: involves the initial removal of large solids and debris 

through screening and grit removal, to protect downstream equipment from damage 

and clogging. 

 Primary treatment: then removes suspended solids and organic matter via 

sedimentation and flotation, reducing the organic load and turbidity of the wastewater 

for further processing. 

 Secondary treatment: air is introduced through aeration to stimulate microbial 

activity (oxidation), which in turn facilitates the biodegradation of organic pollutants 

employing microorganisms, including activated sludge, trickling filters, and 

sequencing batch reactors. 

 Tertiary treatment: purifies water quality through filtration, chemical treatment, and 

advanced biological processes. Disinfection is achieved using techniques such as 

chlorination, UV irradiation, and ozonation to eliminate residual pathogens, while 

sludge management through digestion, dewatering, and incineration ensures safe 

disposal or reuse of byproducts [24,25].  

These techniques often fall short for achieving higher treatment efficiency, which has 

driven the development of non-conventional approaches, among which photocatalysis and 

advanced adsorption processes have emerged as particularly promising methods [22]. 
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Table I.2 : Main conventional water treatment processes. 

Technology  Stage  Advantages  Limitations  Ref 

Screening/ 

sedimentation  

Primary  No chemical addition. 

Simple & low cost. 

Reduces load for next 

stages.   

 

Cannot remove 

dissolved pollutants. 

Large sludge volume 

generated. 

[26] 

Biological 

treatment  

Secondary  Environmentally 

friendly. 

Cost effective at scale. 

Removes organic 

load.  

 

Slow 

biodegradation. 

Ineffective for 

refractory 

compounds. 

[27] 

Coagulation & 

flocculation  

Tertiary  Widely established  

Effective turbidity 

removal. 

Simple operation. 

 

Large sludge 

production. 

Poor removal of 

dissolved ions. 

[28] 

I.2.2 Non-conventional treatment approaches   

The evolving range of contaminants in wastewater highlights the need for continuous 

innovation and the integration of advanced treatment methods. Prioritizing research and 

development in wastewater management is essential to overcome the limitations of 

conventional systems and maintain their effectiveness against emerging environmental 

concerns. Consequently, alternative methods that provide enhanced efficiency, cost-

effectiveness, and environmental sustainability are increasingly sought after. Non-

conventional water treatment approaches have therefore emerged as promising solutions, 

offering novel and effective strategies to address the complex nature of wastewater 

contamination [25].   

I.2.2.1 Nanoparticles 

The British Standards Institution, proposed the following definitions; 

“Nanotechnology” as the manipulation and control of matter on the nanoscale dimension by 

using scientific knowledge of various industrial and biomedical applications, typically; within 

the range of one billion of a meter 1nm = 1*10
-9

 [29]. “Nanoparticle” is a nano-object with 

three external nanoscale dimensions. When the longest and shortest axes of the nano-object 

have different lengths, the terms "nanorod" or "nanoplate" are used instead of nanoparticle 
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(NP), and “Nanostructure” which is the Composition of interconnected constituent parts in the 

nanoscale region.  

NPs are broadly classified according to their composition into: Carbon-based, 

Inorganic-based, Organic-based, and Composite-based nanomaterials; among which 

inorganic-based materials particularly metal oxides and layered double hydroxides (LDH) 

have garnered growing research interest in water treatment applications owing to their tunable 

surface properties and high adsorption capacity [30]. 

I.2.2.2 Photocatalysis as an AOP  

Photocatalysis is a photochemical process within advanced oxidation processes AOPs. It 

is a light-induced oxidative reaction capable of degrading a wide variety of ECs in water, 

operating under mild conditions and compatible with solar energy. The photocatalytic 

reaction can occur in two ways: homogeneously or heterogeneously depending on the 

relationship between the photocatalyst (i.e. semiconducting material), and the reactant [31].  

 Heterogeneous photocatalysis: Refers to the process in which both the reactant and 

the photocatalyst are present in the same phase.  

 Homogeneous photocatalysis: The reactant and photocatalyst are present in distinct 

phases [32].  

As shown in Figure I.3 Upon light irradiation with photon energy equal to or greater than 

the band gap of the photocatalyst, electrons (e
−
) in the valence band (VB) are excited to the 

conduction band (CB), leaving behind positively charged holes (h
+
) in the VB.  

The photo generated charge carriers subsequently migrate toward the catalyst surface, where 

they participate in redox reactions. Electrons (e
−
) in the CB reduce molecular oxygen (O2) to 

superoxide anions (O2•
−
) while holes (h

+
) in the VB oxidize hydroxide ions (OH

−
) to generate 

hydroxyl radicals (•OH). The overall photocatalytic efficiency depends on the balance 

between light absorption, charge carrier separation, and interfacial redox dynamics [33].  
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Fig.I.3. Mechanism of heterogeneous photocatalysis for ECs degradation (AI generated). 

I.2.2.3 Photocatalysis using mixed oxides 

Mixed oxides exhibit desirable properties, including high surface area, enhanced 

thermal and structural stability, and tunable composition and porosity [34]. Among their most 

notable properties is what commonly known as “memory effect”. This particular property 

allows MOs to recover their original LDHs structure under mild conditions (ambient 

temperature, atmospheric pressure) [35], following upon prolonged exposure to aqueous 

solutions or air; this behavior introduces a distinctive approach to modifying LDH materials, 

as it preserves their original active sites while simultaneously increasing the number of 

accessible sites, thereby expanding their potential for applications in adsorption and catalytic 

processes.  

However, it is very important to emphasize that the reconstruction of layered structure 

is possible only for certain calcination temperatures. When calcination temperatures exceed 

600°C and spinel phase formation occurs, the memory effect will not take place or it will be 

insignificant [36].  

MOs have attracted considerable attention as promising nanomaterials, capable of 

acting both as independent absorbent and as key constituents in the fabrication of composite 

adsorbent systems, owing to their distinctive physicochemical properties [37].   

I.2.2.3.1 Layered Double Hydroxides 

Layered double hydroxides (LDHs) , also known as anionic clays or hydrotalcites, are 

two-dimensional materials (2D) lamellar materials, the LDH structure consists of positively 
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charged brucite-like layers composed of  metal hydroxide octahedral units, with anions and 

water molecules intercalated in the interlayer space, forming catalysts with enhanced 

properties, the general formula is as follows [38];  

[M
II
 1−xM

III
 x (OH)2]

x+
(A

n−
)x/n  

Where:   

 M
II
 is a bivalent metal cation, such as Mg

2+
, Zn

2+
 or Ni

2+
. 

 M
III

 is a trivalent metal, such as Al
3+

, Ga
3+

, Fe
3+

. 

 x is the mole ratio of M
III

/(M
II
 + M

III
), (normally between 0.17 and 0.33). 

The figure I.4, shows their structure that resembles of brucite [Mg(OH)2], where Mg
2+

 

ions form sheets of octahedral coordination stacked together through hydrogen bonding, 

Structural properties, surface area, interlayer anion exchange capacity, tunability, and memory 

effect of LDHs render them suitable for a broad range of applications. 

 

Fig.I.4. Schematic view of the M
2+

M
3+

 LDH general structure [39]. 
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They can be created utilizing simple approaches that regulate the layer structure, 

chemical composition, and shape of the crystals generated by adapting production parameters, 

the most commonly used synthesis methods are summarized in the table I.2. 

Table I.2 : Comparative overview of LDH synthesis methods. 

Method Principle Morphology Advantages Ref 

Co-

precipitation           

Alkaline medium 

(NaOH/Na2CO3); 

Simultaneous 

precipitation of 

metal salts. 

Nanoparticles, 

Sheets. 

Irregular aggregates. 

Moderate crystallinity. 

 

Simple and cost-

effective. 

High purity and 

homogeneity. 

Large scale 

production. 

 

[40] 

[41] 

Sol gel Poly-condensing a 

molecule precursor 

using liquid. 

Porous nanostructures. 

Amorphous particles. 

Core-shell. 

High crystallinity. 

High purity and 

uniformity.  

Efficient conducted at 

low temperature. 

 

[42] 

 

Urea 

hydrolysis  

Using urea as the 

primary precipitating 

agent, inducing 

homogeneous 

precipitation of metal 

salts. 

Porous platy & 

monodisperse 

particles. 

High crystallinity. 

 

High purity. 

Better cyclic stability. 

 

[43] 

 

Hydrother

mal  

Crystallizing metal 

salt precursors under 

high temperature and 

autogenous pressure 

in a sealed aqueous 

medium. 

Well-ordered 

nanoplates/ 

nanosheets 

High crystallinity. 

Controlled 

morphology 

Tunable size/structure. 

Large surface area. 

[44] 

[43] 

 

I.2.2.3.2 Layered double oxides LDOs 

Layered double oxides are synthesized through the calcination of LDHs, a thermally 

driven process that decompose the interlayer structure, ultimately yielding highly dispersed 

metal oxide phases [45]. This thermal treatment induces a structural transformation in the 

crystalline framework of LDH, transforming from an octahedral to a tetrahedral configuration, 

thereby facilitating the formation of mixed metal oxides [46].  

The process effectively generates an increased concentration of positively charged 

cations, with the crystalline structures developing compensating defects. These defects 

include the presence of oxygen and cationic vacancies, to produce the well-defined 3D 

framework of diverse metal oxides as shown in Figure I.5 three systematic reactions occur 
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during the calcination of LDHs: the efficient removal of adsorbed and interlayer water 

molecules, followed by the controlled dihydroxylation of the layers, and finally the productive 

decomposition of the anions [47].   

 

 

Fig.I.5. Mixed metal oxide in a 3D LDH structure [47]. 

I.2.2.3.2.1 Iron-based LDHs 

Iron-based LDHs are considered as superior photocatalysts, due to their layered 

structure, compositional flexibility, and cost-effectiveness; Fe-based LDHs are characterized 

by easy production, low-cost growth, a high specific surface area, and a dense concentration 

of active centers that enhance their catalytic performance. Furthermore, their narrow 

bandgaps, make them ideal for photoelectrochemical applications under visible light [48]. 

Table I.3 summarizes the key properties of Fe³⁺ in the LDH structure. 

Table I.3 : Properties of Iron (Fe) in LDHs [50].  

Properties Value/description 

Oxidation state Fe
3+

(trivalent)  

Bandgap ~2.2 eV (visible light absorption). 

Redox couple Fe³⁺/Fe²⁺ (facilitates electron transfer). 

Photocatalytic role Generates OH
-
and O2 

– 
radicals.  

Advantages Low cost, abundant, easy production. 
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I.2.2.3.2.2 Nickel-based LDHs 

Nickel (Ni), the most active catalytic materials is widely exploited as a co-catalyst and 

to modify the electrode surfaces, in both electrocatalysis and photocatalysis respectively, 

Table I.4 summarizes the key properties of Ni²⁺ in the LDH structure [50].  

Table I.4 : Properties of Nickel (Ni) in LDHs [50]. 

Properties Value/description 

Oxidation state Ni
2+

(divalent)  

Bandgap ~4,47 eV  

Redox couple Ni
2+

/Ni
3+

 (enhances charge transfer). 

Photocatalytic role Excellent inhibitor vanquishes the back 

reaction. 

Advantages Low cost, good conductivity, availability of 

abundant active sites. 

I.2.2.3.2.3 Zinc-based LDHs 

Zinc oxide (ZnO) is a low cost, abundant, biocompatible, wide-bandgap 

semiconductor with easily tunable morphologies and properties, making it one of the most 

studied metal oxides. Due to its versatility, straightforward bandgap engineering, with 

transition and rare-earth metals, and diverse nanomorphologies, ZnO serves as a promising 

photocatalyst [51], Table I.5 summarizes the key properties of Zn²⁺ in the LDH structure. 

Table I.5 : Properties of Zinc (Zn) in LDHs [51]. 

Properties Value/description 

Oxidation state Zn
2+

(divalent)  

Bandgap ~ 2,5 eV  

Redox couple Redox inert  

Photocatalytic role High photostability, broad range of 

radiation absorption. 

Advantages Optical and electrical properties 

(transparency, electrical mobility)  
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I.3 Advanced adsorption process  

Adsorption is a unit operation occurs through contact between a liquid phase 

containing one or more contaminants (adsorbate) to be removed, and a solid material 

(adsorbent), this process is driven by a surface imbalance whether attractive or repulsive, that 

pulls the contaminant toward the solid through physical or chemical interactions. This mass 

transfer continues until a balance is established between the contaminant retained on the solid 

and the amount remaining in the liquid phase, this is termed equilibrium [52].  

 

Fig.I.6. Classification of adsorption mechanisms [53]. 

According to Crini et al.(2019), in an adsorption process using a specific adsorbent, more 

than one of these mechanisms may occur simultaneously depending on the nature of the 

adsorbent, the properties of the contaminants, and the solution conditions such as pH, ionic 

strength, temperature [53]. 

 I.3.1 Factors affecting the adsorption  

  The high anion exchange capacity and large surface area of LDHs, their flexible 

interlayer region that is accessible to various ionic and non-ionic compounds are important 

characteristics promising their better removal performance of contaminants from aqueous 

system [54]. However, the efficiency of the adsorption process is not governed only by the 

properties of the adsorbent, several operational and physicochemical parameters as shown in 

Table I.6 significantly influence adsorption behavior and overall removal efficiency.  
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Table I.6 : Operational Parameters Affecting Adsorption Efficiency [55]. 

Parameter Influence on the Adsorption 

pH 

Controls the surface charge of the adsorbent and the 

speciation of pollutants in solution, affecting 

electrostatic interactions. 

Contact Time 

Determines the time required to reach adsorption 

equilibrium. 

Initial Pollutant 

Concentration 

Influences the adsorption capacity and the degree of 

active site saturation. 

Adsorbent Dosage 

Higher dosage increases the number of available 

active sites and the removal rate, but decreases the 

adsorption capacity per unit mass. 

Temperature 

Favors adsorption by increasing diffusion rate, 

reducing solution viscosity, and increasing surface 

area though some systems show exothermic 

behavior where adsorption decreases with 

temperature. 

I.3.2 Adsorption isotherms  

Adsorption isotherms describe the equilibrium distribution of the adsorbate molecules 

between the liquid phase and the adsorbent surface. In addition, isotherms help to provide 

information for evaluating adsorption performance and optimizing adsorbent utilization. 

 Among the various empirical models that have been used to describe how adsorbates 

interact with adsorbents, the Langmuir and Freundlich models are the most widely used for 

LDO-based adsorbents, in which The Langmuir model assumes monolayer adsorption on a 

homogeneous surface with identical adsorption sites, as described by Eq (I.1), whereas the 

Freundlich model describes adsorption on heterogeneous surfaces and is particularly suitable 

for low adsorbate concentrations Eq (I.2) [54]. 

qₑ = (qₘ Kᴸ Cₑ) / (1 + Kᴸ Cₑ)        Eq (I.1) [56] 
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Where :  

                 qe = amount adsorbed at equilibrium (mg g⁻¹) 

                 qm: maximum adsorption capacity (mg g⁻¹)  

                 Ce = equilibrium concentration (mg L⁻¹)  

                  KL = Langmuir constant (L mg⁻¹) 

                  qe=kfCe
1/n                                  

Eq (I.2) [56] 

Where: 

                n: adsorption intensity parameter 

I.4 Conclusion 

LDHs exhibit excellent adsorption and photocatalytic properties; however several 

challenges still limit their widespread application [54]: 

 The low mechanical resistance that may causes problem for continuous water 

treatment units and in certain regeneration processes, as LDHs can be exfoliated 

[52].  

 Due to their small particle size, that causes filter clogging, particle wear, breakage, or 

loss during the adsorption process [57].  

 Reduced specific surface area and narrow interlayer spacing, which may limit the 

accessibility of active adsorption sites and negatively affect adsorption performance 

[58].  

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/materials-science/adsorption
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Chapter II : Materials & Techniques 

This chapter aimed to synthesize and characterize the LDO-based catalysts for the 

degradation of an organic dye in aqueous media; this catalyst is obtained by the calcination 

of LDH at high temperature, which is elaborated via the co-precipitation method.  

II.1 Chemicals   

Zinc nitrate hexahydrate (Zn(NO₃)₂·6H₂O), nickel (II) nitrate tetrahydrate 

(Ni(NO₃)₂·4H₂O), and sodium carbonate (Na₂CO₃) were procured from Sigma-Aldrich, 

Co., Germany. Iron (III) nitrate nonahydrate (Fe(NO₃)₃·9H₂O) and sulfuric acid (H₂SO₄, 

95–97%) were obtained from Honeywell Fluka, Co., Germany. Sodium hydroxide (NaOH) 

was supplied by SpeciLab. These chemicals were used as precursors, pH-regulating agents, 

and precipitating agents during the synthesis process. Congo Red (CR, C₃₂H₂₂N₆Na₂O₆S₂), 

an anionic diazo dye commonly used in the textile industry, was employed as the adsorbate 

in the experiments.  

All chemicals were of analytical grade and were used as received without further 

purification.  

II.2 Target pollutant: Congo red dye (CR) 

Congo Red (CR) is a water-soluble anionic diazo dye extensively employed in 

textile, plastic, cosmetic, and pharmaceutical applications. The dye contains azo (–N=N–) 

linkages that impart high chemical stability and resistance to biodegradability.  

 

Fig.II.1. Congo red’s 3D chemical structure [1].  
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Due to its persistence in the environment and its potential harmful effects, including 

carcinogenicity and toxicity to the skin, respiratory, ocular, and reproductive systems, the 

effective removal of CR from wastewater has become an important objective in 

environmental remediation and water treatment processes [2, 3]. 

The main characteristics and the three-dimensional chemical structure of CR are presented 

in Table II.1 and Fig.II.1 respectively. 

Table II.1: Main characteristics of CR as an adsorbate [4]. 

Property Description 

Common name Congo red 

IUPAC name 
Sodium salt of 3,3’-([1,1’-biphenyl]-4,4’-diyl) bis 

(4-aminonaphtalene-1-sulfonic acid) 

Molecular formula C32H22N6Na2O6S2 

Molecular weight 696,67g/mol 

Dye class Anionic azo dye (-N=N-) 

Λmax 497nm 

II.3 Required equipment 

The successful implementation of the experimental protocol required the use of 

specialized equipment available in our Chemistry Laboratory of the University of Chadli 

Bendjedid El-Tarf.  

The instruments listed in Table II.2 were carefully selected based on the specific 

requirements of each stage of the synthesis and treatment process. Each piece of equipment 

plays a distinct and essential role, ranging from the precise preparation and weighing of 

reagents, to the control of solution pH, thermal treatment, and the separation and 

homogenization of the synthesized materials. The model and function of each instrument 

are specified to ensure reproducibility and to guide the procurement process.   
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Table II.2: Required laboratory equipment, models, and their functions. 

Equipment Model / Product Image Function 

Magnetic Hotplate 

Stirrer 

Stuart Hotplate 

Stirrer 

 

Heating and stirring 

of solutions. 

Analytical Balance OHAUS Pioneer 

PX Series 

 

Precise weighing of 

reagents and 

samples. 

pH Meter Bench-top pH 

Meter 

 

Measurement and 

adjustment of pH. 

Centrifuge Sigma 3-16L 

Benchtop 

Centrifuge 

 

Separation of 

precipitates from 

suspensions by 

centrifugal force. 

Drying Oven Memmert 

Laboratory Oven 

 

Drying of 

synthesized 

materials. 

Muffle Furnace Nabertherm Muffle 

Furnace 

 

Calcination and 

thermal treatment 

of samples. 

Mortar and pestle Agate Mortar and 

Pestle 

 

Grinding and 

homogenization of 

powders. 

II.4 Co-precipitation synthesis method  

The co-precipitation method is considered as the most commonly used technique to 

produce LDHs. In this process, metal cations (M²⁺ and M³⁺) are simultaneously 

precipitated from an aqueous solution by raising the pH to alkaline conditions using a base, 
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while the anions meant to fill the interlayer space are incorporated at the same time, 

resulting in the direct formation of the LDH structure [5]. 

II.5 Synthesis procedure  

The synthesis of the catalyst was carried out through a series of sequential steps. 

The procedure involves dissolving the precursor reagents, followed by precipitation, aging, 

washing, drying, calcination, grinding, and finally catalyst activation. Each step was 

carefully controlled to ensure the production of a material with optimal physicochemical 

properties.   

a. Dissolving : The metal salts Zn(NO3)2, Ni(NO3)2, and Fe(NO3) 3 were 

dissolved/dispersed individually in a partial volume of water, then mixed and adjusted to 

the final volume 150 mL at a final concentration of 0.1 M, under magnetic stirring at 400 

rpm and room temperature.   

 

 

 

 

 

 

Fig.II.2. Preparation of precursor solution. 

b. Precipitation: A mix of the basic solution was prepared from a 75 mL of NaOH (2 M) 

and 75 mL of Na2CO3 (0.5 M) at a ratio 1:1, which was added dropwise while the pH was 

continuously monitored.  

If necessary, adjustment was carried out using the diluted NaOH solution to reach pH = 9, 

with the temperature maintained ± 2°C.  

c. Aging: the mixture was left stirring (400 rpm) for 18h at 60°C. 
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Fig.II.3. Aging of the precipitate. 

d. Washing : the precipitate was washed by centrifugation at 4000rpm for 10min, 

followed by the elimination of supernatant. Then a 10 to 20mL of distilled water was 

added and stirred for 2 to 3min before each cycle, this step was repeated at least 5 times 

until the final pH reached 7. 

e. Drying : after washing the solution, the recovered solid was dried in a ventilated oven at 

70°C for 12 to 16 h before it was stored in a glass box or crucible for drying. 

f. Calcination : heat treatment process that thermally decomposes the LDH precursor into 

a mixed metal oxide (LDO) by eliminating water and carbonate groups through successive 

temperature stages.  

 Table.II.3: Calcination conditions used for LDH synthesis. 

 

 

Transformation: LDH→Fe2O3+NiO+CuO+H2O+CO2 

Temperature Duration Purpose 

120°C 1h Evaporation of residual 

moisture. 

300°C 2h Decomposition of hydroxyl 

groups and carbonates. 

550°C 3h Complete conversion into 

LDO phase. 

Room temperature Natural Slow cooling to avoid thermal 

shock and stabilize the oxide 

phase. 
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g. Grinding: was carried out using an agate mortar for 10-15 min until a fine 

homogeneous powder was obtained.  

h. Catalyst activation: under 110 °C for an hour the catalyst was activated, to eliminate 

the residual moisture and was then stored in an airtight container away from humidity. 

Fig.II.4. Experimental workflow of Fe-Ni-Zn LDH/LDO synthesis. 

II.6 Characterization techniques  

The characterization techniques were performed to confirm the successful synthesis 

of the LDH and to evaluate its structural, morphological, thermal, and optical properties.   

II.6.1 UV-visible spectroscopy 

UV-Vis spectroscopy is a qualitative and analytical method based on the 

measurement of discrete UV or visible light wavelengths that are either absorbed or 

transmitted by a sample when compared to a blank or reference sample.  

The technique operates within a wavelength range from 200 nm to 800 nm, 

covering the UV region from 200 nm to 400 nm and the visible region from 400 nm to 800 

nm. When light interacts with the sample, adsorption peaks appear in the spectrum at 

positions corresponding to specific electronic transitions occurring within the sample 

molecules, providing valuable information for the identification and quantification of the 

compound present [6].  
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It’s used to investigate the optical properties of the synthesized LDH and LDO 

samples practically to identify the characteristic absorption bands associated with the metal 

ions (Ni
2+

, Zn
2+

, Fe
3+

) and to estimate the optical band gap energy.  

     

Fig.II.5. Rayleigh UV-2601 double beam spectrophotometer used for UV-Vis analysis. 

II.6.2 X-Ray diffraction (XRD)    

X-Ray Diffraction (XRD) is a non-destructive analytical technique that delivers 

comprehensive information on a materials crystallographic structure, chemical 

composition, and physical properties. XRD peaks arise from the constructive interference 

of a monochromatic X-ray beam as it is scattered at specific angles by the various lattice 

planes within a sample (Fig.II.6).  

The intensity of each peak reflects the spatial arrangement of atoms within the 

crystal lattice. As a result, the X-ray diffraction pattern serves as a unique fingerprint 

representing the periodic atomic arrangement of a given material [7].  

 
Fig.II.6. Schematic Diagram of X-Ray Diffraction (XRD) Based on Bragg's Law [8]. 
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When a beam of X-ray photons interacts with a crystalline sample, part of the radiation is 

diffracted with a wavelength λ at specific angles θ. These angles are directly related to the 

interplanar spacing d through Bragg’s law: 

                                                                        

Where λ is the wavelength of the incident X-ray beam, θ is the Bragg angle, n is an 

integer representing the order of diffraction, and dₕₖₗ is the spacing between 

crystallographic planes belonging to the same family (hkl). Fig.II.6 and 7 illustrates the 

diffraction principle for a family of crystallographic planes. The diffraction peaks are 

identified by comparison with the standard JCPDS-ICDD database (Joint Committee on 

Powder Diffraction Standards_ International Centre for Diffraction Data), which allows the 

indexing of crystallographic planes and the determination of the material structure. 

XRD measurements of the investigated samples were performed using a Bruker D8 

diffractometer Fig.II.6 in Bragg–Brentano (θ–2θ) geometry, employing Cu Kα radiation 

with a wavelength of λ = 0.154056 nm. The samples were carefully prepared to ensure a 

homogeneous surface area of at least 1 cm².   

To achieve good data quality, the scans were recorded with an angular step size of 

2θ = 0.02°, and a counting time of 9 s per step. This technique enables the determination of 

crystallographic parameters as well as the identification of microstructural imperfections 

such as crystallite size reduction and lattice distortions.   

 

 

Fig.II.7. BRUKER D8 ADVANCE X-ray Diffractometer used machine. 



Chapter II                                                                                                       Materials & Techniques 

p. 33 
 

II.6.3 FTIR spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR, Fig.II.8), relies on the fact that 

different bonds in a molecule will vibrate at very specific frequencies when exposed to 

infrared (IR) light. Such vibrations are directly related to the molecular structure, rendering 

FTIR a very important tool for the identification and characterization of chemical 

compounds through the measurement of its interaction with IR radiation.  

The IR radiation spectrum covers three main regions: the near-IR from 14000 to 

4000cm
-1

, the mid-IR 4000 to 400cm
-1 

, and the far-IR from 400 to 10cm
-1

 [9]. 

 

Fig.II.8. Principle of Fourier Transform Infrared (FTIR) spectroscopy [10].  

II.6.4 Simultaneous thermal analysis (STA) 

According to the International Confederation for Thermal Analysis (ICTA) 

recommendation on nomenclature in thermal analysis, the term “simultaneous techniques” 

is defined as the application of two or more techniques to the same sample at the same time 

[11].  

The differential scanning calorimetry (DSC, Fig.II.9), coupled with 

thermogravimetric analysis (TGA), allows the simultaneous investigation of thermal 

effects and mass variations associated with physicochemical transformations of materials 

as a function of temperature. This combined technique is particularly useful for analyzing 

dehydration, decomposition, crystallization phenomena, as well as phase transitions. The 

measurement principle is based on the comparison of heat flow between a sample and an 

inert reference, while simultaneously recording the mass changes of the sample during 

heating [12].   
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Fig.II.9. Q600 simultaneous TGA/DSC instrument. 

The DSC signal corresponds to enthalpic events (endothermic or exothermic 

processes), whereas the TGA signal monitors mass losses or gains associated with 

chemical transformations. For the materials investigated in this work, this technique is 

particularly effective in identifying successive stages of dihydroxylation, decarbonation, 

and phase transformation, especially the conversion of layered double hydroxides (LDH) 

into mixed oxides (LDO). The obtained thermograms therefore allow correlation of 

thermal events with structural changes observed by X-ray diffraction (XRD) [13].    

 

Fig.II.10. Schematic diagram of the TGA/DSC principle. 

 

Thermal analyses were performed using a Q600 simultaneous thermogravimetric 

analyzer coupled with differential scanning calorimetry (TGA/DSC), under an argon 

atmosphere in order to avoid any undesired oxidation during heating. The heating rate was 

set at 10 °C/min, with a temperature precision of approximately ± 0.01 °C. The analyzed 

samples had a typical mass of 16 ± 2 mg and were heated over a temperature range from 

25 to 1000 °C. Characteristic temperatures (such as mass loss, decomposition, or phase 
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transformation temperatures) were determined from the TGA and DSC curves with an 

estimated uncertainty greater than 0.2 °C [13].   

II.6.5 3D Optical Profilometry  

An optical 3D surface profilometer, also referred to as optical surface profiler, is a 

non-contact instrument designed to precisely capture the surface morphology of an object 

and extract three-dimensional depth information through optical means. Its primary 

function is to map surface elevation as a function of lateral position across a defined area, a 

capability that sets it apart from conventional microscopes, where image contrast is 

governed by various optical properties of the sample that often has no direct relation to the 

actual topological features of the surface [14]. Typically, these systems rely on an optical 

beam pattern generator module to produce various structured light patterns; from which 

depth data is derived by analyzing the distortions introduced when the patterns are 

projected onto the target surface [15].  

II.7 Conclusion  

This chapter described the materials and experimental procedures used in our work, 

including the synthesis LDO, and its characterization by various analytical techniques, the 

adopted methodology ensures the reliability and reproducibility of the obtained results, 

which are analyzed and discussed in the next chapter. 
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Chapter III: Results and Discussion 

This chapter brings together the experimental results obtained throughout our work. 

We begin by examining the characteristics of the synthesized NiZnFe-LDO, before turning to 

its behavior in the adsorption of Congo red dye, with the aim of understanding how and why 

the process unfolds the way it does.  

III.1 UV-visible spectroscopy 

The CR stock solution was prepared by dissolution of the dye in distilled water of a 

concentration of 1000 mg L
−1

. The prepared stock solution was then diluted into different dye 

concentrations 2-12 mg·L⁻¹ (ppm) as shown in Figure III.1 (b). The quantitative determination 

of CR demonstrated in Figure III.1 (a) was performed by Rayleigh UV-2601 double beam 

spectrophotometer. At a maximum absorption wavelength of λmax = 497 nm, the calibration 

curve was constructed by measuring the absorbance the series of the standard aqueous 

solutions over the previously mentioned concentration. The resulting linear regression 

equation was : 

                                                                               

Where A is the absorbance, and C is the concentration expressed in mg·L⁻¹. The coefficient of 

determination (R² = 0.99934) confirms excellent linearity over the investigated concentration 

range, demonstrating full compliance with the Beer-Lambert law. The high R² value, 

approaching unity, validates the reliability and accuracy of the calibration model and its 

suitability for the quantitative spectrophotometric determination of CR in aqueous media.  
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Fig.III.1. Standard Preparation and Calibration Curve for Quantitative Analysis: (a) Standard calibration plot; 

(b) Corresponding volumetric flask standards. 
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III.2 X-ray Diffraction Analysis (XRD)  

X-ray diffraction (XRD) analysis was performed to investigate the crystalline 

structure, phase purity, and structural transformation of the synthesized ZnNiFeCO₃-LDH 

precursor and the corresponding calcined ZnNiFeCO₃-LDO material. The XRD patterns of 

both samples are presented in Fig.III.2. 

The XRD pattern of the ZnNiFeCO₃-LDH precursor exhibits a series of sharp and 

well-defined diffraction peaks, indicating a high degree of crystallinity and the successful 

formation of a hydrotalcite like layered double hydroxide (LDH) structure. The most intense 

basal reflections are observed at low diffraction angles, particularly at 2θ values around 11° 

and 23°, corresponding to the (003) and (006) crystallographic planes, respectively. These 

characteristic reflections confirm the regular stacking of positively charged brucite like layers, 

where Zn²⁺ and Ni²⁺ divalent cations are partially substituted by Fe³⁺ trivalent cations. This 

cationic substitution creates a positive charge imbalance in the hydroxide sheets, which is 

compensated by the intercalation of carbonate anions (CO3²⁻) and water molecules within the 

interlayer galleries [1,2]. 

20 30 40 50 60 70 80 90 100
1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

6500

(2
2

2
)

(4
2

2
)

(4
4

0
)

(5
1

1
)

(4
0

0
)

(3
1

1
)

(2
2

0
)

(1
1

0
)

(0
1

8
)

(1
1

3
)

(0
1

5
)

(0
1

2
)

(0
0

6
)

In
te

n
s
it

y
 (

a
.u

.)

2

 NiZnFe-LDO

 NiZnFe-LDH

 

Fig.III.2. XRD patterns of NiZnFe CO₃-LDH and NiZnFe CO₃-LDO.  

Additional reflections appearing at approximately 2θ ≈ 34°, 39°, 46°, 60°, and 62° are 

indexed to the (012), (015), (018), (110), and (113) planes, respectively, further confirming 

the formation of a well-crystallized LDH phase with a typical rhombohedral layered structure. 

The absence of additional peaks corresponding to individual hydroxides or oxides such as 
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Zn(OH)₂, Ni(OH)₂, or Fe₂O₃ suggests that Zn²⁺, Ni²⁺, and Fe³⁺ ions are homogeneously 

incorporated into the LDH lattice rather than forming separate phases [1,3]. 

The structural parameters of the LDH phase can be determined from the interplanar 

distances calculated using Bragg’s law. The lattice parameter a, related to the average 

distance between neighboring metal cations within the brucite-like sheets, is calculated from 

the (110) reflection according to the relationship : 

a = 2d110                                                                                   (III.2) 

whereas the lattice parameter c, corresponding to the periodicity along the c-axis and related 

to the interlayer distance, can be estimated from the basal (003) reflection using: 

c=3d003                                                                                    (III.3) 

These parameters provide insight into the structural organization and cationic distribution 

within the LDH framework [2,4]. 

After calcination at 550 °C for 3 h, significant changes are observed in the XRD 

pattern of the resulting ZnNiFeCO₃-LDO material. The complete disappearance of the 

characteristic LDH reflections, especially the (003) and (006) peaks, confirms the collapse of 

the layered structure due to the dehydroxylation of hydroxide layers and the decarbonation of 

interlayer carbonate species, resulting in the release of H2O and CO2 molecules [1,5].  

The thermal treatment promotes the rearrangement of Zn²⁺, Ni²⁺, and Fe³⁺ cations into a new 

mixed oxide phase. Consequently, new diffraction peaks emerge at approximately 2θ ≈ 30.2°, 

35.6°, 43.1°, 57.0°, and 62.8°, corresponding to the (220), (311), (400), (511), and (440) 

crystallographic planes, respectively. These reflections are characteristic of a cubic spinel 

structure with the Fd-3m space group, corresponding to Zn–Ni–Fe mixed oxides such as 

ZnFe₂O₄ and NiFe₂O₄. The absence of diffraction peaks associated with separate ZnO, NiO, or 

α-Fe₂O₃ phases indicates the formation of a homogeneous mixed spinel oxide [6,7].  

The crystallite size of the obtained ZnNiFeCO₃-LDO material can be estimated from 

the broadening of the most intense (311) diffraction peak using the Debye–Scherrer 

equation:  
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where D is the average crystallite size, K is the shape factor (0.89), λ is the wavelength of Cu 

Kα radiation (0.15406 nm), β is the full width at half maximum (FWHM) of the diffraction 

peak expressed in radians, and θ is the Bragg angle. 

The average crystallite size was estimated to be approximately 11.5 nm, indicating the 

formation of nanocrystalline spinel particles. The nanoscale dimensions are expected to 

contribute to a higher specific surface area and a larger number of surface defects, which are 

beneficial for adsorption processes. Furthermore, the cubic lattice parameter of the spinel 

phase is calculated using the following equation: 

   
    √        

                                                                    

The lattice parameter of the cubic spinel phase was determined from the main 

diffraction reflections ((220), (311), (400), (511), and (440)) using Bragg’s law to calculate 

the interplanar spacing (dhkl) and the cubic lattice equation. The average lattice parameter was 

found to be approximately 8.36 Å, which lies between the reported values of ZnFe₂O₄ (≈ 8.44 

Å) and NiFe₂O₄ (≈ 8.33 Å), confirming the successful incorporation of Zn²⁺ and Ni²⁺ ions into 

the spinel lattice and the formation of a homogeneous Zn–Ni–Fe mixed spinel solid solution 

[7,8].  

Overall, the comparison of the XRD patterns before and after calcination clearly 

demonstrates the successful transformation of the ZnNiFeCO₃-LDH precursor into a 

ZnNiFeCO₃-LDO mixed oxide. The collapse of the layered structure and the formation of a 

nanocrystalline spinel phase are accompanied by the generation of structural defects and 

mesoporous domains due to the removal of interlayer water, hydroxyl groups, and carbonate 

anions. These characteristics, combined with the homogeneous distribution of metal cations 

and small crystallite size, are expected to enhance the adsorption performance of ZnNiFeCO₃-

LDO toward the removal of pollutants from aqueous solutions [5,6].  

III.3 Zero-charge point (pHPZC)  

The point of zero charge (pHPZC) is an important surface property that determines the 

surface charge behavior of an adsorbent in aqueous solutions and significantly influences the 

adsorption of ionic pollutants. The pHPZC corresponds to the pH value at which the net surface 

charge of the adsorbent is zero. At pH values below the pHPZC, the surface hydroxyl groups 

become protonated, resulting in a positively charged surface, while at pH values above the 

pHPZC, deprotonation of these groups occurs, generating a negatively charged surface [9,10].  
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The pHPZC of ZnNiFe-LDO was determined using the pH drift method. The variation 

of the final pH (pHf) as a function of the initial pH (pHi) and the plot of ΔpH (pHf - pHi) 

versus pHi are presented in Fig.III.3(a) and Fig.III.3(b), respectively.   
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Fig.III.3. Determination of the pHPZC of ZnNiFe-LDO: (a) final pH (pHf) as a function of 

initial pH (pHi); (b) ΔpH (pHf − pHi) as a function of initial pH. 

The pHPZC value was determined from the intersection point where pHf = pHi or where 

ΔpH = 0, and was found to be approximately 6.9. 

The obtained pHPZC value indicates that the surface of ZnNiFe-LDO is positively 

charged under acidic conditions (pH < 6.9) due to the protonation of surface hydroxyl groups 

(–OH  + H
+
 → –OH2

+
). Under these conditions, strong electrostatic attractions occur between 

the positively charged surface of the adsorbent and the negatively charged sulfonate groups (–

SO₃⁻) of Congo Red molecules, leading to enhanced adsorption efficiency [11,12]. 

In contrast, at pH values higher than 6.9, the surface hydroxyl groups undergo deprotonation 

(–OH → –O⁻ + H⁺), resulting in a negatively charged surface. Consequently, electrostatic 

repulsion between the negatively charged ZnNiFe-LDO surface and the anionic CR molecules 

may reduce the adsorption capacity. Nevertheless, the adsorption process is not exclusively 

controlled by electrostatic interactions. Other mechanisms, including hydrogen bonding, 

surface complexation, and possible interactions between the aromatic structure of CR and 

active surface sites, may also contribute to the adsorption process [2,13]. 

The pHPZC value close to neutrality (6.9) indicates a balanced surface acidity/basicity, which 

is advantageous for practical wastewater treatment because many natural waters exhibit a 
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near-neutral pH. Combined with the nanocrystalline spinel structure, a high density of active 

surface sites, and the porous structure commonly obtained after the calcination of LDH 

precursors, ZnNiFe-LDO exhibits favorable physicochemical characteristics for the efficient 

adsorption and removal of CR from aqueous solutions. 

III.4 Three-dimensional optical microscopy analysis 

The three-dimensional optical microscopy image of the synthesized ZnNiFeCO₃-LDO 

material recorded at a magnification of ×50 is presented in Fig.III.4. The surface topography 

reveals a relatively homogeneous distribution of irregular elevations and depressions, 

resulting in a rough and heterogeneous surface morphology. The 3D height profile and color 

contrast indicate significant variations in surface relief, suggesting the presence of numerous 

surface asperities and valleys distributed over the analyzed area. 

The observed roughness can be associated with the structural modifications induced 

by the calcination of the ZnNiFeCO₃-LDH precursor, including the removal of interlayer 

water, hydroxyl groups, and carbonate species, leading to the collapse of the layered structure 

and the formation of mixed metal oxides. 

      

Fig.III.4. Three-dimensional optical microscopy image of ZnNiFeCO₃-LDO recorded at ×50 

magnification, showing the surface topography and roughness of the synthesized material.  

Such morphological changes after thermal treatment of LDH precursors have been 

widely reported and are generally accompanied by the generation of a more defective and 

irregular surface [1,2].  

The presence of surface cavities and interparticle spaces observed in the 3D image may 

improve the accessibility of adsorption sites and facilitate the diffusion of Congo Red 

molecules toward the adsorbent surface. However, optical microscopy alone cannot provide a 
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quantitative determination of pore size distribution or specific surface area; therefore, 

complementary techniques such as nitrogen adsorption–desorption analysis (BET/BJH 

method) are required for an accurate evaluation of the textural properties [14]. 

Overall, the rough surface texture of ZnNiFeCO₃-LDO, together with its mixed spinel 

structure confirmed by XRD, nanoscale crystallite size, and suitable surface charge 

characteristics (pHₚzc = 6.9), is expected to contribute to its favorable adsorption 

performance toward the removal of Congo Red from aqueous solutions.  

III.5 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

The FTIR spectrum of the synthesized ZnNiFeCO₃-LDO material is presented in 

Figure III.5. The spectrum exhibits several characteristic absorption bands associated with 

surface hydroxyl groups, residual carbonate species, and metal–oxygen vibrations 

characteristic of the mixed oxide structure.  
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Fig.III.5. FTIR spectra of ZnNiFeCO₃-LDO calcined at 550 °C with assigned vibrational 

bands, including surface hydroxyl groups (O–H), adsorbed water (H–O–H), residual 

carbonate species (CO₃²⁻), C–O / M–OH vibrations, and metal–oxygen (Zn–O, Ni–O, Fe–O) 

lattice vibrations confirming the formation of a mixed oxide (LDO) structure. 

A broad absorption band centered around ~3400 cm⁻¹ is attributed to the stretching 

vibration of hydroxyl groups (O–H) originating from surface hydroxyl species and physically 

adsorbed water molecules. The weak absorption band observed around ~1630 cm⁻¹ 

corresponds to the bending vibration of H–O–H groups, confirming the presence of 

Physisorbed water on the surface of the material [1, 2]. 
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The absorption bands located in the range of 1500–1350 cm⁻¹ are assigned to the 

asymmetric stretching vibration (ν₃) of carbonate ions (CO3²⁻). The persistence of these bands 

after calcination indicates either incomplete decomposition of interlayer carbonate species or 

re-adsorption of atmospheric CO₂ due to the strong basic character and high CO2 affinity of 

LDH-derived mixed oxides [1–15]. Additional absorption bands between 1000 and 800 cm⁻¹ 

are associated with C–O stretching vibrations and surface M–OH interactions, confirming the 

existence of residual carbonate-related species and surface hydroxyl groups. 

The most intense features are observed in the low-wavenumber region below 700 

cm⁻¹, where the bands are assigned to metal–oxygen (Zn–O, Ni–O, Fe–O) and metal–oxygen–

metal (M–O–M) vibrations, confirming the formation of a Zn–Ni–Fe mixed oxide network. 

In particular, the absorption bands located between 600 and 450 cm⁻¹ are attributed to 

tetrahedral and octahedral metal–oxygen vibrations characteristic of spinel-type ferrite 

structures. The reduction of LDH-related bands after calcination confirms the dehydroxylation 

and decarbonation processes leading to the transformation of the LDH precursor into a mixed 

oxide (LDO) phase, in agreement with the XRD results [2–16]. 

Overall, the FTIR analysis provides clear evidence of the successful conversion of 

ZnNiFeCO₃-LDH into ZnNiFeCO₃-LDO. The formation of a metal–oxygen framework, 

together with the persistence of surface hydroxyl and carbonate species, may contribute to the 

surface reactivity and adsorption performance of the material. 

Table III.1 : FTIR Band Assignments and Vibrational Interpretations of the Calcined Zn–Ni–Fe 

Mixed Double Oxide.  

Wavenumber (cm⁻¹) Assignment Interpretation 

~3400 O–H stretching vibration Surface hydroxyl groups and adsorbed H₂O 

~1630 H–O–H bending vibration Adsorbed water molecules 

1500–1350 ν₃(CO₃²⁻) asymmetric stretching Residual/intercalated carbonate species 

1000–800 C–O stretching and surface M–OH vibrations Residual carbonate and surface groups 

600–450 
M–O and M–O–M vibrations (Zn–O, Ni–O, Fe–

O) 

Formation of Zn–Ni–Fe mixed oxide/spinel 

phase 
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III.6 Thermal stability and structural evolution of NiZnFe-LDO (DSC/TGA analysis) 

The coupled thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) of the NiZnFe-LDO material provide detailed insight into its thermal stability and 

successive physicochemical and structural transformations upon heating. The TGA profile 

reveals a very limited overall mass loss of approximately 0.9% between 300 K and 1200 K, 

confirming the high thermal stability of the material and the absence of significant 

decomposition processes. This slight weight variation is mainly attributed to the removal of 

weakly adsorbed species, including physisorbed water and residual surface hydroxyl groups 

associated with the layered double oxide (LDO) precursor [1, 2]. 

The DSC curve exhibits several distinct thermal events. In the low-temperature region 

(300-350 K), a weak endothermic signal is observed, corresponding to the desorption of 

physically adsorbed water molecules, a typical behavior reported for LDH- and LDO-derived 

mixed oxides [1, 2]. 

Figure III.6 presents the DSC (Fig.III.6a) and TGA (Fig.III.6b) curves of NiZnFe-

LDO. Between 400 K and 500 K, a broad endothermic feature accompanied by a slight mass 

loss is detected. This stage is associated with progressive dehydroxylation of surface groups 

(–OH) and condensation reactions leading to the formation of metal–oxygen–metal (M–O–M) 

bonds (M = Ni, Zn, Fe), resulting in a more condensed and stable oxide network [1, 3]. 

At approximately 600 K, a pronounced exothermic peak appears without any 

significant mass variation. This thermal event is attributed to the crystallization and structural 

ordering of the NiZnFe₂O₄ spinel phase from an initially amorphous or poorly crystallized 

oxide matrix. This solid-state transformation represents the key step toward the formation of 

the stable cubic spinel structure and is consistent with previous studies on Ni–Zn ferrites 

derived from LDH/LDO precursors [4, 5].  

In the intermediate temperature range (700–800 K), the DSC profile remains stable, 

indicating that the spinel phase is fully formed and thermally stable in this region. Above 850 

K, weak but progressive endothermic effects are observed up to approximately 1150 K. These 

phenomena are likely associated with subtle cation redistributions between tetrahedral (A) and 

octahedral (B) sites within the spinel lattice, as well as thermally activated redox equilibria 

involving Fe³⁺/Fe²⁺ species, which are commonly reported in ferrite systems at elevated 

temperatures [17, 18].  
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Finally, at around 1200 K, a more pronounced endothermic peak accompanied by a minor 

mass loss is detected. This behavior suggests the onset of partial structural destabilization of 

the spinel framework, possibly due to zinc volatilization or advanced reduction processes 

affecting iron species. However, the overall spinel structure remains largely preserved, 

confirming the strong thermal robustness of the material. 

Overall, the NiZnFe-LDO exhibits excellent thermal stability up to approximately 850 K, 

while complete crystallization of the NiZnFe₂O₄ spinel phase occurs around 600 K. The 

observed thermal events are predominantly associated with dehydration, dehydroxylation, and 

structural ordering rather than decomposition, highlighting the suitability of this material for 

high-temperature applications such as heterogeneous catalysis, magnetic devices, and 

functional ceramic systems. 

Fig.III.6. Thermogravimetric and differential scanning calorimetric analysis of NiZnFe-

LDO: (a) DSC thermogram; (b) TGA curve.  

IIII Adsorption study 

Adsorption experiments were conducted using the synthesized NiZnFe-LDO 

adsorbent to investigate the adsorption behavior of Congo Red (CR), including adsorption 

kinetics, equilibrium isotherms, and thermodynamic aspects. All experiments were performed 

in triplicate to ensure reproducibility, and the reported results represent the average values. A 

stock solution of CR dye (1000 mg.L⁻¹) was prepared using deionized water and diluted to the 

required concentrations for all experiments. The effects of contact time, adsorbent dosage, 

initial pH, temperature, and initial dye concentration on CR adsorption were systematically 

investigated.  
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The adsorption experiments were carried out in 250 mL beakers containing 100 mL of 

CR solution under continuous magnetic stirring. In a typical experiment, an initial CR 

concentration of 20 mg.L⁻¹ was used and the adsorbent dosage was fixed at 0.5 g.L⁻¹ 

(corresponding to 50 mg of NiZnFe-LDO for 100 mL of solution). The suspension was stirred 

in the dark for 30 min to ensure adsorption–desorption equilibrium. After adsorption, the solid 

phase was separated by filtration using a 0.45 μm syringe membrane filter.  

The residual concentration of CR was determined using a Rayleigh UV-2601 double-beam 

UV–Vis spectrophotometer at the maximum absorption wavelength of CR (λmax = 497 nm). 

The adsorption capacity at equilibrium, Qe (mg.g⁻¹), was calculated using Equation (III.6) 

[19]: 

   
 

 
                                                                               

where Qe (mg.g⁻¹) is the amount of CR adsorbed at equilibrium, C0 and Ce (mg.L⁻¹) are the 

initial and equilibrium concentrations of CR, respectively, V (L) is the volume of working 

solution, and m (g) is the mass of adsorbent (NiZnFe-LDO). 

For kinetic studies, batch experiments were performed using 100 mL of CR solution with an 

initial concentration of 20 mg L⁻¹ and 50 mg of NiZnFe-LDO [20]. Samples were collected at 

different time intervals ranging from 0 to 180 min to monitor the adsorption process. 

The influence of adsorbent dosage was studied by varying the amount of NiZnFe-LDO at 

0.15, 0.25, 0.5, and 0.1 g.L⁻¹. The effect of temperature was investigated at 20, 30, 40, and 50 

°C using a thermostatic system. The effect of initial pH on CR adsorption was evaluated by 

adjusting the solution pH to 2, 3, 4, 5, 9, and 11 using 0.1 M H2SO4 or 0.1 M NaOH solutions 

[21]. 

For adsorption isotherm studies, batch experiments were carried out using CR 

solutions with initial concentrations of 20, 30, 40, and 50 mg L⁻¹ under identical experimental 

conditions. The adsorption equilibrium data were analyzed using Langmuir and Freundlich 

isotherm models, while kinetic data were fitted using pseudo-first-order and pseudo-second-

order models. In addition, thermodynamic parameters including Gibbs free energy (ΔG°), 

enthalpy (ΔH°), and entropy (ΔS°) were evaluated to assess the spontaneity and feasibility of 

the adsorption process. 
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IIII.1 Effect of contact time and kinetic modeling 

The effect of contact time on the adsorption of Congo Red (CR) by NiZnFe-LDO was 

investigated under controlled conditions (C₀ = 50 mg.L
-1

, pH ≈ 7, T = 25 °C). The kinetic 

behavior of CR adsorption onto NiZnFe-LDO is illustrated in Figure III.7.  

The adsorption process exhibits a strong dependence on contact time, characterized by a rapid 

initial uptake followed by a gradual decrease in adsorption rate. During the first 15 min, a fast 

adsorption was observed, attributed to the abundance of available active sites on the external 

surface of NiZnFe-LDO. This stage corresponds to a dominant surface adsorption mechanism. 

Between 15 and 30 min, the adsorption capacity increased significantly, indicating an 

enhanced interaction between CR molecules and the active sites of the adsorbent. This 

behavior reflects a transition stage where both surface adsorption and initial diffusion into 

internal sites contribute to the overall process. 
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Fig.III.7. Kinetic modeling of Congo Red adsorption onto NiZnFe-LDO showing (a) pseudo-

first-order model and (b) pseudo-second-order mode (adsorbent mass = 50 mg.L
-1

; C0 = 20 

mg.L
-1

; pH~ 7 ; T= 25 °C). 

After 30 min, the adsorption rate gradually decreased due to progressive occupation of 

active sites and reduction in available binding sites. The system continued to evolve up to 180 

min, indicating that adsorption was still ongoing but at a much slower rate. This suggests that 

the system approaches a pseudo-equilibrium state without reaching a strict equilibrium within 

the studied time range, likely due to intraparticle diffusion limitations.  
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The experimental values of concentration (Cₜ), adsorption capacity (Qₜ), and removal 

efficiency (R%) are summarized in Table III.2 

Table III.2: Time-dependent adsorption data for Congo Red removal by NiZnFe-LDO under 

optimized conditions (C₀ = 50 mg/L, pH ≈ 7, T = 25 °C). 

Time (min) Abs Ct (mg.L
-1

) Qt (mg.g
-1

) R (%) 

0 1.08 C0= 20.00 00 0.00 

5 1.05 C5 = 19.43 1.14 2.80 

10 1.01 C10 = 18.65 2.7 6.75 

15 1.00 C15 = 18.46 3.08 7.70 

20 0.96 C20 = 17.68 4.64 11.60 

30 0.89 C30 = 16.32 7.36 18.40 

60 0.82 C60 = 14.96 10.08 25.20 

120 0.73 C120 = 13.22 13.56 33.90 

180 0.66 C180 = 12.86 16.28 40.70 

To elucidate the adsorption mechanism, kinetic data were analyzed using pseudo-first-order 

(PFO) and pseudo-second-order (PSO) models. The pseudo-first-order model is expressed as: 

     (        )                                                            

while the pseudo-second-order model is given by: 

   
     

    

         
                                                               

The fitting results indicate that both models adequately describe the adsorption 

behavior of CR onto NiZnFe-LDO. The pseudo-second-order model shows a slightly higher 

correlation coefficient (R² = 0.9930) compared to the pseudo-first-order model (R² = 

0.99079).  

However, the pseudo-first-order model provides a closer agreement between experimental and 

calculated adsorption capacity (Qₑ, exp = 16.28 mg/g vs Qₑ, cal = 16.67 mg.g
-1

), while the 

pseudo-second-order model overestimates Qₑ (22.81 mg.g
-1

).  
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Table III.3 : Kinetics model parameters of CR adsorption over NiZnFe-LDO. 

Pseudo-first order model 

Qexp (mg.g
-1

) Qe (mg.g
-1

) k1 (g.mg.min
-1

) R
2
 

16.28 16,67 0,01615 0,99079 

Pseudo-second order model 

Qexp (mg.g
-1

) Qe (mg.g
-1

) k2 (g.mg.min
-1

) R
2
 

16.28 22,80956 0,0005787 0,9930 

These results suggest that the adsorption mechanism cannot be attributed exclusively to either 

physisorption or chemisorption. Instead, it involves a combined mechanism governed by 

surface interactions and intraparticle diffusion processes within the adsorbent structure. 

IIII.2 Effect of adsorbent mass 

Figure III.8 illustrates the effect of NiZnFe-LDO dosage on the adsorption capacity 

(qₑ) of Congo Red (CR). The results reveal a clear and monotonic decrease in qₑ from 

approximately 139.6 mg.g⁻¹ at 0.15 g.L⁻¹ to 39.33 mg.g⁻¹ at 1.0 g.L⁻¹, demonstrating a well-

defined inverse relationship between adsorbent dosage and adsorption capacity per unit mass. 

This behavior can be rationalized through several complementary physicochemical 

mechanisms. At low adsorbent dosages, the number of available active sites is limited relative 

to the high concentration of CR molecules in solution. Under these conditions, each unit mass 

of NiZnFe-LDO is exposed to a large number of dye molecules, ensuring maximum 

occupancy of adsorption sites and consequently yielding the highest qₑ values. This suggests 

that at low doses, the adsorbent operates near its full adsorption potential, with minimal waste 

of surface capacity.  

As the adsorbent dosage progressively increases, the total number of active sites available in 

the system exceeds the amount required to adsorb the fixed quantity of CR present in solution. 

This imbalance between available sites and dye molecules results in a significant 

underutilization of the adsorbent surface, reflected in the steady decline of qₑ. In other words, 

while the total amount of CR removed from solution may increase or stabilize, the adsorption 

capacity per gram of adsorbent decreases substantially. 
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Furthermore, at elevated dosages, interparticle interactions become more pronounced. The 

tendency of NiZnFe-LDO particles to aggregate at higher concentrations leads to a reduction 

in the effective surface area exposed to the solution, thereby limiting the accessibility of 

active sites to CR molecules. This aggregation phenomenon not only diminishes the available 

surface for adsorption but may also create diffusion barriers that slow the transport of dye 

molecules to the interior adsorption sites, further reducing the overall efficiency per unit mass 

[23].  
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Fig.III.8. Effect of adsorbent dosage of NiZnFe-LDO on the adsorption capacity of CR (C₀ = 

20 mg.L
-1

, pH ≈ 7, T = 25 °C). 

From a practical standpoint, these findings highlight the importance of optimizing the 

adsorbent dosage to achieve the best balance between adsorption capacity and removal 

efficiency. A dosage of 0.15 g.L⁻¹ appears to maximize qₑ under the studied conditions, 

making it the most efficient dose in terms of adsorbent utilization, while higher doses may be 

considered when total pollutant removal is prioritized over adsorption capacity.  

IIII.3 Effect of pH 

The effect of solution pH on the adsorption capacity (qₑ) of Congo Red (CR) onto 

NiZnFe-LDO presented in Figure III.9 The adsorption capacity increased from 

approximately 6.8 mg g⁻¹ at pH 2 to about 9.8 mg g⁻¹ at pH 3, after which it remained nearly 

constant between pH 3 and 9. This behaviour indicates that the adsorption process is effective 
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over a wide pH range, suggesting a strong affinity between CR molecules and the active sites 

of the adsorbent.  

The relatively lower adsorption capacity observed at pH 2 may be attributed to the 

modification of the adsorbent surface under strongly acidic conditions, which may reduce the 

accessibility of active sites and consequently limit the interaction between CR molecules and 

the NiZnFe-LDO surface. In contrast, the sharp decrease in adsorption capacity observed at 

pH 11 indicates that strongly alkaline conditions are unfavorable for adsorption. This decline 

may result from the abundance of OH⁻ ions, which compete with CR molecules for 

adsorption sites and reduce the electrostatic interactions between the dye and the adsorbent 

surface [24].  
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Fig.III.9. Effect of solution pH on the adsorption capacity (qₑ) of CR onto NiZnFe-LDO 

(adsorbent dosage = 0.5 g.L
-1

; C₀ = 20 mg.L
-1

; T = 25 °C). 

IIII.4 Effect of the initial concentration 

Figure III.10 illustrates the effect of initial CR concentration on the adsorption 

capacity (qₑ) of NiZnFe-LDO. The results show a significant increase in qₑ from 3.58 mg.g⁻¹ 

at 20 ppm to 67.42 mg.g⁻¹ at 50 ppm, reflecting a strong dependence of the adsorption process 

on the initial dye concentration. 

At low concentrations (20–30 ppm), the relatively limited number of CR molecules in 

solution compared to the abundance of available active sites on the NiZnFe-LDO surface 
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results in modest qₑ values. As the concentration increases from 30 to 40 ppm, a sharp rise in 

adsorption capacity is observed (+40 mg.g⁻¹), which can be attributed to the enhanced 

concentration gradient acting as a driving force for mass transfer, promoting the diffusion of 

CR molecules toward the adsorbent surface and facilitating their interaction with active 

adsorption sites. 

Beyond 40 ppm, the rate of increase in qₑ slows considerably, with only a marginal 

gain of approximately 4 mg.g⁻¹ between 40 and 50 ppm. This behavior indicates the 

progressive saturation of available adsorption sites, as the surface of NiZnFe-LDO becomes 

increasingly occupied by CR molecules. The adsorption capacity thus approaches a maximum 

plateau value of approximately 67.42 mg.g⁻¹, suggesting that the adsorbent has reached near-

complete site occupancy under the studied conditions. 

This trend, characterized by an initial increase followed by a progressive approach to 

saturation, suggests the gradual occupation of available adsorption sites on the NiZnFe-LDO 

surface. However, a detailed determination of the adsorption mechanism and surface 

heterogeneity requires adsorption isotherm modeling (e.g., Langmuir and Freundlich models). 

These results confirm the high affinity of NiZnFe-LDO toward CR molecules and 

demonstrate its effectiveness as an adsorbent for dye removal from aqueous solution [25]. 
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Fig.III.10. Effect of initial concentration on the adsorption capacity (adsorbent mass = 20 

mg.L
-1

; pH~ 3 ; T= 25 °C).  



Chapter III                                                                                                                  Results and Discussion 

p. 55 
 

IIII.5 Effect of the temperature 

The thermodynamic parameters of the adsorption process were evaluated using the 

distribution coefficient (Kd), Gibbs free energy change (ΔG°), enthalpy change (ΔH°), and 

entropy change (ΔS°). These parameters were determined over the temperature range 293–

323 K (20–50 °C) using the Van't Hoff approach, according to the following equations : 

                                                                           

                                                                        

where R is the universal gas constant (8.314 J.mol
-1

.K
-1

) and T is the absolute 

temperature in Kelvin. The values of ΔH° and ΔS° were extracted from the slope and 

intercept of the linear plot of ln(Kd) versus 1/T, which yielded a high correlation coefficient 

of R² = 0.987, confirming the validity and reliability of the Van't Hoff model for this 

adsorption system.  
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Fig.III.11. Effect of temperature on the adsorption capacity.  

Fig.III.11 illustrates the variation of the equilibrium adsorption capacity (qₑ) of Congo 

Red onto NiZnFe-LDO as a function of temperature over the range 20–50 °C. The results 

reveal a slight but consistent decrease in qₑ from 65.04 mg.g⁻¹ at 20 °C to 64.18 mg.g⁻¹ at 50 

°C, indicating that elevated temperatures are unfavorable for CR adsorption onto NiZnFe-

LDO. 

This behavior is consistent with the exothermic nature of the adsorption process, as 

confirmed by the negative value of ΔH° (−0.363 kJ.mol⁻¹). According to Le Chatelier's 

principle, increasing the temperature shifts the adsorption equilibrium toward desorption, 
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thereby reducing the amount of dye retained on the adsorbent surface. The low absolute value 

of ΔH° further suggests that the process is governed by weak physical interactions — 

including van der Waals forces, electrostatic attractions, and hydrogen bonding — rather than 

strong chemical bonds, classifying the adsorption as predominantly physisorption in nature 

[25]. 

Furthermore, the slight decrease in the distribution coefficient (Kd) with increasing 

temperature, from 65.04 at 293 K to 64.18 at 323 K, corroborates this interpretation, as 

elevated thermal energy progressively weakens the physical interactions between CR 

molecules and the active surface sites of NiZnFe-LDO. From a practical perspective, these 

findings indicate that ambient temperature (293.15– 298.15 K) represents the optimal 

operating condition for CR removal, which is advantageous for real-scale wastewater 

treatment applications as no external heating is required. 

The negative values of ΔG° at all studied temperatures, ranging from −10.18 kJ.mol
-1

 

at 293 K to −11.18 kJ.mol
-1

 at 323K; confirm the spontaneous and thermodynamically 

favorable nature of CR adsorption onto NiZnFe-LDO under all tested conditions. The gradual 

increase in the magnitude of ΔG° with increasing temperature suggests that the spontaneity of 

the process is marginally enhanced at higher temperatures, which may be attributed to the 

growing contribution of the entropic term (TΔS°) at elevated thermal conditions.  

The negative value of ΔH° (−0.363 kJ.mol
-1

) confirms the exothermic nature of the 

adsorption process. The low absolute value of ΔH° suggests that physical interactions, 

including van der Waals forces, hydrogen bonding, and electrostatic attractions, play a 

significant role in the adsorption of CR onto NiZnFe-LDO. This result indicates that the 

adsorption process is mainly governed by weak interactions rather than strong chemical 

bonding. The exothermic character is further corroborated by the slight but consistent 

decrease in Kd with increasing temperature, as elevated thermal energy progressively weakens 

the physical interactions between the adsorbate and the adsorbent surface.  

The positive value of ΔS° (+33.47 J.mol
-1

K
-1

) reflects an increase in randomness and 

disorder at the solid–liquid interface during the adsorption process. This behavior is attributed 

to the displacement and release of water molecules previously coordinated to the CR 

molecules and to the surface hydroxyl groups of NiZnFe-LDO, which increases the 

translational entropy of the system. Additionally, the structural rearrangements occurring at 

the adsorbent surface upon CR binding may contribute to the overall increase in interfacial 

disorder.  

The calculated thermodynamic parameters are summarized in Table III.4.  
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Table III.4 : Thermodynamic parameters for CR adsorption onto NiZnFe-LDO at different 

temperatures.  

T (°C) T (K) Kd ln(Kd) ΔG° (kJ.mol
-1

) 

20 293.15 65.04 4.1750 −10.18 

30 303.15 64.80 4.1713 −10.51 

40 313.15 64.40 4.1651 −10.84 

50 323.15 64.18 4.1617 −11.18 

  ΔH° −0.363 kJ.mol
-1

  

  ΔS° +33.47 J.mol.K
-1

  

  R² 0.987  

Collectively, the thermodynamic analysis confirms that the adsorption of CR onto 

NiZnFe-LDO is a spontaneous and exothermic process, mainly governed by physical 

interactions and accompanied by an increase in interfacial disorder.  
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Fig.III.12. Van't Hoff plot for the adsorption of CR onto NiZnFe-LDO. 

These results highlight the thermodynamic feasibility of the adsorption process across 

the entire studied temperature range and support the potential of NiZnFe-LDO as an efficient 

and thermodynamically favorable adsorbent for the removal of CR from aqueous solutions 

[25]. 

IIII.6 Mechanism of adsorption on NiZnFe-LDO  

To elucidate the adsorption mechanism of Congo Red (CR) dye on NiZnFe-LDO, both 

surface chemistry and structural transformation phenomena must be considered. The 
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adsorption process is mainly governed by surface interactions in combination with possible 

reconstruction behavior in aqueous medium.  

NiZnFe-LDO, obtained by calcination of layered double hydroxide precursors, consists of 

mixed metal oxides with abundant surface metal–oxygen (M–O) sites. When placed in 

aqueous dye solution, the material exhibits high affinity toward anionic Congo Red 

molecules. The adsorption process is primarily driven by electrostatic attraction between 

negatively charged dye species (–SO₃⁻ groups of CR) and positively polarized surface sites, 

as well as surface complexation involving metal centers (Ni²⁺, Zn²⁺, Fe³⁺). 

In addition, upon contact with water, the NiZnFe-LDO surface undergoes partial hydration, 

leading to the formation of hydroxylated species (M–OH).  

These newly generated active sites further enhance dye adsorption through hydrogen 

bonding and ligand-like interactions. Furthermore, the material may exhibit a partial ―memory 

effect‖, where the mixed metal oxide structure tends to reconstruct into a layered double 

hydroxide-like phase in aqueous media. This reconstruction can contribute to dye uptake by 

increasing surface ordering and providing additional adsorption sites. However, in the case of 

Congo Red adsorption, the dominant mechanism remains surface adsorption rather than 

complete intercalation.  

The overall mechanism is schematically illustrated in Figure III.13. Schematic representation 

of the proposed mechanism of Congo Red adsorption on NiZnFe-LDO involving surface 

complexation, electrostatic interactions, and partial hydration-induced reconstruction 

(memory effect). 
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Fig.III.13. Schematic representation of the proposed adsorption mechanism of Congo Red 

onto NiZnFe-LDO, involving four pathways: electrostatic interaction, surface complexation, 

hydrogen bonding / ligand-like interactions via M–OH species, and partial LDH 

reconstruction (memory effect) (AI generated). 

Therefore, the adsorption mechanism of NiZnFe-LDO can be described as a combined 

process involving : 

 electrostatic interaction between dye molecules and surface sites, 

 surface complexation with metal–oxygen centers, and 

 partial hydration-induced reconstruction (memory effect), which enhances adsorption 

performance. 

Overall, the calcination-derived LDO structure provides a highly reactive surface, making 

it an efficient adsorbent for Congo Red removal through mainly surface-controlled adsorption 

processes.   
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V Conclusion 

The present chapter demonstrated the successful synthesis and characterization of 

NiZnFe-LDO as an efficient adsorbent for Congo Red removal from aqueous solution. XRD 

confirmed the formation of a nanocrystalline cubic spinel phase (crystallite size ≈ 11.5 nm), 

while TGA/DSC revealed excellent thermal stability up to 850 K. The determined pHPZC of 

6.9 confirmed favorable surface charge conditions for the adsorption of anionic CR 

molecules. 

Adsorption experiments showed that the process follows pseudo-first-order kinetics, is 

effective over a wide pH range (3–9), and reaches a maximum adsorption capacity of 67.42 

mg.g⁻¹ at 50 ppm. Thermodynamic analysis confirmed that the adsorption is spontaneous, 

exothermic, and physisorption-dominated, with ambient temperature identified as the optimal 

operating condition. 

The proposed mechanism involves a combination of electrostatic interactions, surface 

complexation, hydrogen bonding via M–OH species, and partial LDH reconstruction 

(memory effect), with surface adsorption as the dominant pathway. Collectively, these 

findings establish NiZnFe-LDO as a promising and thermodynamically favorable adsorbent 

for the treatment of dye-contaminated wastewater. 
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General Conclusion 

The present work focused on the synthesis, characterization, and application of 

NiZnFe-layered double oxide (NiZnFe-LDO) for the removal of organic pollutants from 

aqueous media, with particular emphasis on the anionic dye Congo Red (CR). This study was 

motivated by the growing concern over water contamination by refractory organic pollutants 

and the recognized limitations of conventional treatment processes in achieving complete and 

cost-effective dye removal. 

NiZnFe-LDO was successfully prepared via the co-precipitation method followed by 

calcination of the NiZnFe-LDH precursor at 550 °C. Comprehensive physicochemical 

characterization (XRD, FTIR, 3D optical microscopy, STA/DSC-TGA, and UV–Vis 

spectroscopy) confirmed the formation of a nanocrystalline cubic spinel phase (crystallite size 

≈ 11.5 nm, lattice parameter ≈ 8.36 Å) with excellent thermal stability up to 850 K and a 

pHPZC of 6.9. 

The adsorption performance of NiZnFe-LDO toward CR was systematically 

evaluated, yielding a maximum adsorption capacity of 67.42 mg.g⁻¹. The process followed 

pseudo-first-order kinetics, remained effective over a broad pH range (3–9), and was 

confirmed to be spontaneous (ΔG° = −10.18 to −11.18 kJ.mol⁻¹), exothermic (ΔH° = −0.363 

kJ.mol⁻¹), and governed by physisorption through a combined mechanism involving 

electrostatic interactions, surface complexation, hydrogen bonding via M–OH species, and 

partial LDH reconstruction (memory effect). 

Based on these encouraging results, future work should focus on optimizing the 

synthesis parameters of NiZnFe-LDO to further enhance both its adsorption capacity and 

photocatalytic activity, while maintaining a simple, cost-effective, and environmentally 

friendly preparation route. 



Abstract 

In this work we present the synthesis, characterization, and application of NiZnFe-

Layered double oxide (NiZnFe-LDO), the catalyst was synthesized via the co-precipitation 

method, and was subsequently characterized using various analytical techniques to investigate 

its structural, morphological, optical, and physicochemical properties. As an excellent adsorbent 

and photocatalyst for the removal of different organic contaminants from aqueous media, 

particularly the anionic Congo Red (CR) dye. 

The adsorption and photocatalytic efficiencies of the synthesized material were evaluated under 

various operating conditions to determine its suitability for wastewater treatment applications. 

Keywords: Emergent contaminants (ECs), Advanced oxidation processes (AOPs), Layered 

double hydroxides (LDHs), Layered double oxides (LDOs), adsorption, Congo Red (CR). 

Résumé 

Dans ce travail, nous présentons la synthèse, la caractérisation et l'application de l'oxyde 

double en couches NiZnFe-LDO. Ce catalyseur a été synthétisé par la méthode de co-

précipitation, puis caractérisé à l'aide de diverses techniques analytiques afin d'étudier ses 

propriétés structurelles, morphologiques, optiques et physicochimiques. Il s'agit d'un excellent 

adsorbant et photocatalyseur pour l'élimination de différents contaminants organiques des 

milieux aqueux, en particulier le colorant anionique rouge Congo (CR). 

Les efficacités d'adsorption et de photocatalyse du matériau synthétisé ont été évaluées dans 

diverses conditions de fonctionnement afin de déterminer son adéquation aux applications de 

traitement des eaux usées. 

Mots-clés : Contaminants émergents (CE), Procédés d'oxydation avancés (POA), Hydroxydes 

doubles en couches (LDH), Oxydes doubles en couches (LDO), adsorption, Rouge Congo (CR). 

 الملخص 

 في هذا العمل، نقدم تخليق وتوصيف وتطبيق أكسيد الهيدروكسيد المزدوج الطبقات القائم على النيكل والزنك والحديد

(NiZnFe-LDO).   تم تحضير هذا المحفز باستعمال طريقة الترسيب المشترك، ثم تم توصيفه باستخدام مجموعة من التقنيات

الكيميائية والفيزيائية  والبصرية  والمورفولوجية  البنيوية  لدراسة خصائصه  المختلفة  كفاءة   .التحليلية  المحضر  المركب  أظهر 

ومحفزًا ضوئيًا لإزالة مختلف الملوثات العضوية من الأوساط المائية، مع التركيز بشكل خاص على   ة ممتازعالية بوصفه مادة  

  (Congo Red, CR)الأنيونية صبغة الكونغو الأحمر 

تم تقييم كفاءة الامتزاز والتحفيز الضوئي للمادة المحضرة تحت ظروف تشغيل مختلفة بهدف تحديد مدى ملاءمتها لتطبيقات  

 .معالجة مياه الصرف الصحي وإزالة الملوثات العضوية من المحاليل المائية

المفتاحية الناشئة :الكلمات  المتقدمة(ECs) الملوثات  الأكسدة  عمليات   ، (AOPs)الطبقات المزدوجة  الهيدروكسيدات   ، 

(LDHs) الطبقات ، الأكاسيد المزدوجة(LDOs)، الأحمرالكونغو   ،مصاصدالا. (CR) 


