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    ABSTRACT  

ABSTRACT 

The discharge of heavy metals into the environment represents a significant threat to 

ecosystems and human health. Among the available strategies, adsorption is widely considered to 

be the most promising due to its clarity, affordability, and high efficiency in eliminating metal 

ions, even in small amounts. 

 The objective of this thesis is to enhance the adsorbent capacity of kaolin-type (from 

Guelma, east of Algeria) clays through chemical means, with the subsequent intention of 

utilizing these materials to remove heavy metals from an aqueous phase.   

The initial modification entailed the use of diphenylamine to synthesize DPA-Kaolin, with 

the objective of efficiently removing lead (II) and copper (II) from aqueous solutions. The 

subsequent modification involved the modification of kaolin with surfactants (SLS, SDBS, and 

their mixture), with the aim of efficiently removing mercury (II) from aqueous solutions. 

The characterization of the samples was conducted through a range of analytical 

methodologies, encompassing X-ray diffraction (XRD) and Fourier-transform infrared 

spectroscopy (FTIR) to ascertain their structural composition. In addition, scanning electron 

microscopy (SEM), energy dispersive X-ray (EDX) and Brunauer-Emmett-Teller (BET) analysis 

were employed to determine their morphological characteristics. 

The findings showed an increase in the BET specific surface area of kaolin by nearly 25% 

(from 66.69 m².g−1 to 71.35 m².g−1) after DPA modification, and this increase demonstrated 

significantly greater maximum adsorption capacities for Pb(II) and Cu(II) on DPA-kaolin than 

on Nat-kaolin, with values of 151 µmol.g-1 and 134 µmol.g-1, respectively, suggesting an 

enhanced adsorption capacity, which confirmed the successful modification of kaolin using 

DPA. 

Conversely, the specific surface area of kaolin increased significantly with the addition of 

surfactants, reaching 38.3%, 31.9%, and 17.5% for K-SLS, K-SDBS, and K-M, respectively. This 

finding indicates that the mercury adsorption capacity of kaolin modified with anionic surfactant 

SLS surpasses that of kaolin modified with a mixture of surfactants (SLS+SDBS) and finally 

kaolin modified with anionic surfactant SDBS. The corresponding values for mercury adsorption 

capacity were determined to be 17.77mg.g-1, 15.77mg.g-1, and 13.45 mg.g1, respectively. 

 

Keywords: Kaolin; Surfactants; heavy metals; Water treatment; Adsorption; Chemical 

modification. 



    RESUME  

RESUME 

 

Le rejet de métaux lourds dans l'environnement représente une menace importante pour les 

écosystèmes et la santé humaine. Parmi les stratégies disponibles, l'adsorption est largement 

considérée comme la plus prometteuse en raison de sa clarté, de son coût abordable et de sa 

grande efficacité dans l'élimination des ions métalliques, même en petites quantités. 

 L'objectif de cette thèse est d'améliorer la capacité d'adsorption des argiles de type kaolin 

(de Guelma, à l'est de l'Algérie) par des moyens chimiques, avec l'intention ultérieure d'utiliser 

ces matériaux pour éliminer les métaux lourds d'une phase aqueuse.   

 La première modification a consisté à utiliser de la diphénylamine pour synthétiser le 

DPA-Kaolin, dans le but d'éliminer efficacement le plomb (II) et le cuivre (II) des solutions 

aqueuses. La modification suivante a consisté à modifier le kaolin avec des surfactants (SLS, 

SDBS et leur mélange), dans le but d'éliminer efficacement le mercure (II) des solutions 

aqueuses. 

 La caractérisation des échantillons a été effectuée à l'aide d'une série de méthodologies 

analytiques, comprenant la diffraction des rayons X (XRD) et la spectroscopie infrarouge à 

transformée de Fourier (FTIR) pour vérifier leur composition structurelle. En outre, la 

microscopie électronique à balayage (MEB), les rayons X à dispersion d'énergie (EDX) et 

l'analyse Brunauer-Emmett-Teller (BET) ont été utilisés pour déterminer leurs caractéristiques 

morphologiques. 

 Les résultats ont montré une augmentation de la surface spécifique BET du kaolin de près 

de 25 % (de 66,69 m².g-1 à 71,35 m².g-1) après modification par DPA, et cette augmentation a 

démontré des capacités maximales d'adsorption de Pb(II) et Cu(II) significativement plus 

importantes sur le kaolin DPA que sur le kaolin Nat, avec des valeurs de 151 µmol.g-1 et 134 

µmol.g-1, respectivement, suggérant une capacité d'adsorption améliorée, ce qui a confirmé la 

réussite de la modification du kaolin par DPA. 

 Inversement, la surface spécifique du kaolin a augmenté de manière significative avec 

l'ajout de tensioactifs, atteignant 38,3 %, 31,9 % et 17,5 % pour K-SLS, K-SDBS et K-M, 

respectivement. Cette constatation indique que la capacité d'adsorption du mercure du kaolin 

modifié avec le tensioactif anionique SLS dépasse celle du kaolin modifié avec un mélange de 

tensioactifs (SLS+SDBS) et enfin celle du kaolin modifié avec le tensioactif anionique SDBS. 

Les valeurs correspondantes pour la capacité d'adsorption du mercure ont été déterminées 

comme étant respectivement de 17,77 mg.g-1, 15,77 mg.g-1, et 13,45 mg.g-1. 

 

Mots-clés : Kaolin ; Surfactants ; métaux lourds ; Traitement de l'eau ; Adsorption ; 

Modification chimique. 

 



  ملخص    

 ملخص

لمتاحة، راتيجيات ان الاستالمعادن الثقيلة في البيئة تهديداً كبيراً للنظم الإيكولوجية وصحة الإنسان. ومن بي رمييمثل 

في  ته العاليةوكفاء يعُتبر الامتزاز على نطاق واسع أكثر الاستراتيجيات الواعدة نظرًا لوضوحه وقدرته على تحمل التكاليف

 .إزالة أيونات المعادن حتى بكميات صغيرة

الهدف من هذه الأطروحة هو تحسين قدرة امتزاز الطين من نوع الكاولين )من قالمة في شرق الجزائر( بالوسائل  

 الكيميائية، بهدف استخدام هذه المواد لإزالة المعادن الثقيلة من الوسط اللمائي.  

 والنحاس(II)بهدف إزالة أيونات الرصاص DPAلإنشاء كاولين (DPA) تم إجراء التعديل الأول باستخدام ثنائي الفينيل أمين

(II) ( بكفاءة من المحاليل المائية، بينما تم تعديل الكاولين في التجربة الثانية باستخدام مواد خافضة للتوتر السطحيSLS ،

SDBS ،SLS+SDBSلإزالة أيونات الزئبق ) (II) بكفاءة. 

قياس الطيف و (XRD) ا في ذلك حيود الأشعة السينيةتمت دراسة جميع العينات باستخدام طرق تحليلية مختلفة، بم

ليل ، وتح(SEM) سحلتحديد البنية التركيبية، بالإضافة إلى الفحص المجهري الإلكتروني الما (FTIR)بالأشعة تحت الحمراء 

 .لوجيةورفولدراسة البنية السطحية والم (BET) تيلر-إيميت-، وتحليل برونور(EDX) الأشعة السينية المشتتة للطاقة

 66.69)من    DPA% بعد التعديل بـ25أظهرت النتائج زيادة في المساحة السطحية النوعية للكاولين بنسبة تقارب 

 (II) حاسوالن (II) غ(، مما أدى إلى ارتفاع ملحوظ في سعات الامتصاص القصوى لأيونات الرصاص/²م 71.35غ إلى /²م

ي، غ على التوالميكرومول/ 134ميكرومول/غ و 151طبيعي، حيث بلغت القيم مقارنة بالكاولين الDPAعلى كاولين المعدل بـ 

 .DPAمما يشير إلى زيادة  قدرة الامتصاص وهو ما يؤكد نجاح تعديل الكاولين باستخدام

تر ة للتومن ناحية أخرى، ازدادت المساحة السطحية النوعية للكاولين بشكل ملحوظ مع إضافة المواد الخافض

اولين ك، SDBS، كاولين المعدل بـSLS% لكل من كاولين المعدل بـ17.5% و31.9% و38.3غت الزيادة السطحي، حيث بل

تر لخافضة للتواأدى إلى ارتفاع امتصاص الزئبق في الكاولين المعدل بالمادة مما  على التوالي.(SLS+SDBS) المعدل بـ 

لخافضة للتوتر ا، وأخيرًا الكاولين المعدل بالمادة SLS+SDBS)أكثر من الكاولين المعدل بمزيج ) SLS السطحي الأيونية

 .ملغ/غ على التوالي 13.45، و15.77، 17.77، حيث بلغت القيم SDBS السطحي الأيونية 

 

 .ييل الكيميائمتصاص؛ التعدالكاولين؛ المواد الخافضة للتوتر السطحي؛ المعادن الثقيلة؛ معالجة المياه؛ الا :الكلمات المفتاحية
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GENERAL INTRODUCTION 

Water is the quintessence of life, an irreplaceable resource that supports the survival and 

well-being of all living organisms on Earth. It is the primary component of cells, making up 60-

70% of the human body, and is essential for physiological processes such as digestion, nutrient 

transport, temperature regulation, and the elimination of toxins. For plants, water facilitates 

photosynthesis and nutrient absorption, forming the basis of all terrestrial and aquatic ecosystems 

[1, 2]. 

Beyond its biological role, water sustains communities and economies; it is crucial for 

agriculture (providing irrigation for crops that feed billions of people), for industry (powering it, 

driving energy production), and for sanitation and public health (in fact, access to clean water is 

directly linked to improved living standards and reduced mortality rates worldwide [3].  

The accelerated processes of industrialization and urbanization that are characteristic of 

modern society have resulted in the pervasive contamination of water resources by heavy metals, 

thereby posing a considerable threat to ecosystems and human health. Among the most 

hazardous pollutants are lead (Pb), copper (Cu), and mercury (Hg), which are characterized by 

their non-degradable nature and bioaccumulative potential [4, 5]. The elimination of such 

pollutants poses a considerable challenge, and the effective remediation of this critical issue 

necessitates the development of efficient, cost-effective, and sustainable technologies. 

Adsorption has emerged as a promising method for heavy metal removal, offering advantages 

such as simplicity, scalability, and the ability to utilize natural or modified adsorbents [6].  

Kaolin, a naturally occurring aluminosilicates clay mineral, has attracted attention as a 

potential adsorbent due to its abundance, low cost, and inherent ion-exchange properties. 

Nevertheless, the adsorption capacity of raw kaolin is frequently constrained by its surface area, 

porosity, and chemical reactivity [7, 8]. In order to overcome these limitations, chemical 

modifications such as surfactant intercalation and organic molecule modification have been 

explored with a view to enhancing its physicochemical properties [9, 10].    

The objective of this research endeavor is twofold: firstly, to devise a novel adsorbent, 

modified with diphenylamine, derived from kaolin and treated with acid, for the efficient 
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removal of Pb(II) and Cu(II) from aqueous solutions; and secondly, to enhance the efficiency of 

kaolin using two surfactants and their mixture for the removal of Hg(II) from wastewater. This 

thesis is organized into five chapters: 

The initial chapter comprises a bibliographic study. This study commences with a review 

of fundamental notions of clay minerals, including their chemical composition, structural 

properties, classification, and industrial applications. It then progresses to a discussion of heavy 

metals, addressing their sources, applications, and toxicities. The chapter concludes with an 

examination of the phenomenon of adsorption, encompassing its definition, types, influencing 

factors, and practical applications. 

The second chapter details the experimental methods employed for the characterization of 

clay minerals (kaolin) such as: scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDX), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), 

thermogravimetric and differential thermal analyses (ATG), and Brunauer-Emmett-Teller (BET) 

analysis. 

The third chapter of this study presents the adsorption capacities of natural kaolin (Nat-

kaolin) and modified kaolin (DPA-kaolin) for the removal of lead (Pb) and copper (Cu) ions 

from aqueous solutions. Furthermore, a comprehensive analysis of the kinetics, thermodynamics, 

isothermal absorption lines, and adsorption mechanisms of Pb(II) and Cu(II) on both types of 

kaolin is conducted. The study places particular emphasis on understanding how diphenylamine 

alteration affects adsorption efficiency and the impact of factors including temperature, pH, 

contact time, and metal ion concentration. 

The fourth chapter focuses on the detailed characterization of natural kaolin (K) and its 

modifications using two anionic surfactants, sodium lauryl sulfate (SLS) and sodium 

Dodecylbenzene sulfonate (SDBS), as well as their mixture (K-M). A range of analytical 

techniques have been employed to evaluate the structural, thermal, and textural properties of 

these kaolin samples. Contact time analysis, adsorption kinetics, and equilibrium models, 

employing Langmuir, Freundlich, and Sips models.  

Finally, we will end with a general conclusion and the perspectives to give to this work. 
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LITERATURE REVIEW 

Kaolin clay has attracted considerable attention for applications in water purification due 

to its abundance and affordability. However, the effectiveness of kaolin in adsorbing 

contaminants is limited by its relatively small surface area and cation exchange capacity. 

Previous studies have indicated that these restrictions can be overcome by alterations including 

thermal treatment, chemical modification, acid activation, cation exchange, etc…to enhance the 

adsorption properties of the clay mineral (Kaolin). 

For instance, when Dinh et al., [1] created HTDMA-modified Bentonite clay to effectively 

remove Pb (II) from the aqueous solution. According to the Langmuir model, the maximum 

adsorption capacity of this modified clay was approximately 36.5% higher than the value 

obtained for the unmodified sample. 

In another study reported by Hezil et al., [2] where they employed modified kaolin with 

dodecyl trimethyl ammonium chloride (DTAC) to adsorb Cr (VI) in water, they discovered that 

the adsorption capacity increased from 48.75 m2/g to 63.7 m2/g.   

One effective way to increase kaolin's adsorption and cation exchange capacity was to 

activate it with Humic acid Al-Essa and Khalili., [3] discovered that whereas modified kaolin 

clay adsorbed roughly 22 mg/g of Cd (II), or nearly twenty times more than that of natural clay, 

it was only 1 mg/g of Cd (II) was adsorbed by natural clay. Following chemical treatment with 

sulfuric acid. 

Chai et al., [4] observed an increase of 84.58% in the specific surface area and a rise of 

3.57% in the pore volume of Malaysian kaolin clay after the treatment. 

Belachew and Hinsene., [5] observed that the removal of Cr (VI) from aqueous solution 

reached 99% after the modification of Ethiopian kaolin by cationic surfactant (cetyl trimethyl 

ammonium Bromide).  

In another research reported by Putra et al., [6] they modified kaolin with Hexadecyl 

trimethyl ammonium bromide anionic surfactant for the removal of mercury ions from water 



                                                                                                               LITERATURE REVIEW 

 

5 
 

where they found the maximum adsorption of mercury on modified kaolin is better than on 

natural with 94.57% and 73.83% respectively. In addition, Merrikhpour et al., [7] mentioned that 

using SDS to modify bentonite to remove Cd2+, Cu2+, and Ni2+ from water demonstrated a 

notable increase in adsorption efficiency compared to Na-Bentonite. 

Mudzielwana et al., [8] mentioned that the intercalation of HDTMA-Br surfactant onto 

natural kaolin successfully increased the pore diameter from 9.53 to 20.41 nm and decreasing the 

total surface area from 18.61 to 3.39 m2/g thus improving the adsorption of As(III) and As(V) 

from groundwater the same author Mudzielwana et al., [9] showed that the pore volume and 

specific surface area increased from 0.04 to 0.083 cc/g and 19.02 m2/g to 29.8 m2/g, respectively. 

This might be explained by the parent clay mineral interlayer structure being propped up during 

alteration. Following alteration, the pore diameter dropped from 9.54 to 8.5 nm. The reduction in 

pore diameter would suggest that during modification, the Fe and Mn oxides permeated into 

RK's pores. The clay can be categorized as a mesoporous material based on the range of average 

pore diameters. 

 

 

 

 

 

 

 

 

 

 



                                                                                                               LITERATURE REVIEW 

 

6 
 

REFERENCES 

[1] Dinh, V., Nguyen, P., Tran, M., Luu, A., Hung, N. Q., Luu, T., Kiet, H. T., Mai, X., Luong, 

T., Nguyen, T., Ho, H. T., Nguyen, D., Pham, D., Hoang, A., Le, V., & Nguyen, T. (2021). 

HTDMA-modified bentonite clay for effective removal of Pb(II) from aqueous solution. 

Chemosphere, 286, 131766. https://doi.org/10.1016/j.chemosphere.2021.131766. 

 [2] Hezil, N., Fellah, M., Assala, O., Touhami, M. Z., & Guerfi, K. (2018). Elimination of 

Chromium (VI) by Adsorption onto Natural and/or Modified Kaolinite. Diffusion 

Foundations, 18, 106–112. https://doi.org/10.4028/www.scientific.net/df.18.106. 

[3] Al-Essa, K. (2018). Heavy Metals Adsorption from Aqueous Solutions onto Unmodified and 

Modified Jordanian Kaolinite Clay: Batch and Column Techniques. American Journal of 

Applied Chemistry, 6(1), 25. https://doi.org/10.11648/j.ajac.20180601.14. 

[4] Chai, J., Au, P., Mubarak, N. M., Khalid, M., Ng, W. P., Jagadish, P., Walvekar, R., & 

Abdullah, E. C. (2020). Adsorption of heavy metal from industrial wastewater onto low-cost 

Malaysian kaolin clay–based adsorbent. Environmental Science and Pollution Research, 

27(12), 13949–13962. https://doi.org/10.1007/s11356-020-07755-y. 

[5] Belachew, N., & Hinsene, H. (2019). Preparation of cationic surfactant-modified kaolin for 

enhanced adsorption of hexavalent chromium from aqueous solution. Applied Water Science, 

10(1). https://doi.org/10.1007/s13201-019-1121-7. 

[6] Putra, A., Zaimahwati, N., Syahyadi, R., Rihayat, T., & Aidy, N. (2021). Removal of Hg(II) 

metal ions using kaolin adsorbents modified with anionic surfactant and efficient ultrasonic 

assisted. International Journal of Research -GRANTHAALAYAH, 9(11), 72–84. 

https://doi.org/10.29121/granthaalayah.v9.i11.2021.4379. 

[7] Merrikhpour, H., Mobarakpour, S., & Azimi, S. B. (2022). Adsorption of Cd2+, Cu2+, and 

Ni2+ onto surfactant modified bentonite. Desalination and Water Treatment, 271, 157–165. 

https://doi.org/10.5004/dwt.2022.28768. 

 

[8] Mudzielwana, R., Gitari, M. W., & Ndungu, P. (2019). Performance evaluation of surfactant 

modified kaolin clay in As(III) and As(V) adsorption from groundwater: adsorption kinetics, 

isotherms and thermodynamics. Heliyon, 5(11), e02756. 

https://doi.org/10.1016/j.heliyon.2019.e02756. 

 

[9] Mudzielwana, R., Gitari, M. W., & Ndungu, P. (2019). Uptake of As(V) from Groundwater 

Using Fe-Mn Oxides Modified Kaolin Clay: Physicochemical Characterization and 

Adsorption Data Modeling. Water, 11(6), 1245. https://doi.org/10.3390/w11061245. 

 

 

 

https://doi.org/10.1016/j.chemosphere.2021.131766
https://doi.org/10.4028/www.scientific.net/df.18.106
https://doi.org/10.11648/j.ajac.20180601.14
https://doi.org/10.1007/s11356-020-07755-y
https://doi.org/10.1007/s13201-019-1121-7
https://doi.org/10.29121/granthaalayah.v9.i11.2021.4379
https://doi.org/10.5004/dwt.2022.28768
https://doi.org/10.1016/j.heliyon.2019.e02756
https://doi.org/10.3390/w11061245


 

 

 

 

 

 

 

 

 

 

CHAPTER I 

BIBLIOGRAPHIC STUDY 
 



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDY 
  
 

7 
 

INTRODUCTION  

Clay minerals have long been recognized as essential components of the Earth’s crust and 

are pivotal to human civilization and industry. The term “clay,” which originates from the Greek 

word “Argilos,” reflects the historical and scientific significance of the material. Over the 

centuries [1], clay has evolved from a basic building material for bricks and ceramics to an 

indispensable resource in advanced applications such as wastewater treatment and environmental 

remediation [2-5]. Among these applications, the ability of clay to adsorb various contaminants 

plays a crucial role in environmental sustainability and industrial processes. 

The adsorption phenomenon, first identified in the late 19th century, is a critical process in 

both natural and industrial systems. Initially distinguished from absorption by Kayser in 1881 

and later expanded upon by McBain in 1909 [6], adsorption is now recognized as one of the most 

effective separative technologies. Its simplicity and efficiency have made it particularly 

appealing in water treatment, where it serves as a powerful tool for removing pollutants such as 

heavy metals. In this context, clay minerals, due to their high surface area and unique structural 

properties, exhibit remarkable adsorption capacities, making them highly effective materials for 

capturing and immobilizing toxic metal ions from contaminated water sources. 

Heavy metals, owing to their non-degradable and accumulative nature, have become a 

critical environmental concern. These elements, widely present in both natural and 

anthropogenic sources, can have severe consequences for both ecosystems and human health. 

While some heavy metals, such as iron, zinc, and copper, are essential in trace amounts for 

biological processes, others, like arsenic, lead, and mercury, poses significant toxicity risks even 

at low concentrations. Given their persistent nature, the removal of these pollutants from water 

bodies is imperative, further highlighting the significance of adsorption-based treatment methods 

using clay minerals. This part aims to explore the characteristics, sources, applications, and 

toxicities of various heavy metals, emphasizing their impact on the environment and public 

health [7]. 

The first chapter is a bibliographic study, which is divided into three parts. In the first part, 

we described Clay minerals (exploring their chemical composition, structural properties, 
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classification, and industrial applications…). The second part consists of some notions about the 

adsorption phenomenon and their Factors influencing. The final section provides an overview of 

Heavy metals, a description of their Utilization and toxicity. 

I.1 CLAY MINERALS 

I.1.1 Definition  

The term “clay” applies to the materials having a particle size of less than 2 micrometers, 

and also to the family of minerals having similar chemical compositions and common crystal 

structural characteristics [8]. 

Hydrated alumina silicates make up the majority of the chemical components of clays, 

with some related minerals like iron oxides and hydroxides, carbonates, quartz, etc., also present 

[9]. 

I.1.2 Chemical composition of clay minerals  

Clay, as a raw material, is a mixture of clay minerals (kaolinite, montmorillonite, etc.) and 

crystalline impurities, in the form of rock debris of infinitely diverse composition [10].  

Impurities consist of: 

- Silicon oxides and hydroxides: (quartz and cristobalite).  

- Ferriferous minerals: Fe2O3 hematite, Fe3O4 magnetite. 

 - Carbonates: CaCO3 calcite, CaMg dolomite (CO3)2. 

 - Aluminum oxides and hydroxides: Gibbsite Al (OH)3. 

 - Organic matter. 

I.1.3 Structure of clay minerals 

Clay minerals are mainly characterized by a leaf structure in most cases, hence their 

designation of phyllosilicates. These sheets consist of two types of layers, octahedral and 

tetrahedral, the vertices of which are occupied by the O2- and OH- ions. These negatively charged 

ions tend to repel and form a structure where cations can be lodged that ensure the electrostatic 

stability of the entire structure [1, 11].  The structural representation of clay minerals can be 
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schematized as a unit that combines a sheet and an interfoliar space. Generally, the sheet is 

formed by two types of layers. 

I.1.3.1 The tetrahedral layer 

Four oxygen atoms (O) surround a silicon atom (Si) to form a tetrahedron. These 

tetrahedrons combine to form hexagonal meshes by sharing oxygens; this gives rise to a 

tetrahedral layer as shown in Figure I.1. 

I.1.3.2 The octahedral layer 

Metal cations like Mg+2 and Al+3are surrounded by six oxygen atoms to form an 

octahedron (O). A chain of octahedrons makes up the octahedral layer as shown in Figure I.1. 

I.1.3.3 Interfoliar space  

Interfoliar space refers to the gap between two parallel primary sheets in the structure of 

clays. Every clay has a unique interfoliar area. 

 

Figure I.1: Representation of tetrahedral and octahedron layers. 
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I.1.4 Classification of clay minerals 

The following two criteria are typically used to categorize clay minerals [1]:  

Type of sheet 

 Total charge of sheets 

We divide the clay into three main families according to the constitution or thickness of the 

sheet.  

I.1.4.1 Minerals T/O or type 1/1 of 7 Å 

      The combination of a tetrahedral layer and an octahedral layer (T/O or 1/1) defines this 

mineral group. It consists of nacrite, halloysite, and kaolinite. Kaolinites have a limited number 

of cationic substitutions and have the chemical formula Al2Si2O5(OH)4 [12]. 

a. Kaolinite 

The Chinese Kao-Ling site, where this clay rock was found, is where it gets its name. Its 

name is a corruption of the Chinese word "gao ling," which means "high hills." It is also known 

as kaolinite clay mineral and kaolin rock, its structure is represented in Figure I.2. 

 This white clay is refractory, soft, and friable [13]. It is used to make porcelain and 

ceramics because it is high in silica and low in mineral salt concentration. One of the rare clays 

that are chemically inert is this one [14]. 
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Figure I.2: Schematic representation of a kaolinite sheet [11, 15]. 

I.1.4.2 Minerals T/O/Tor type 2/1 of 10Å 

The T/O/T series of three-layer minerals is also known as the 10Å series. The sheets are 

composed of two tetrahedral layers and one octahedral layer with the second tetrahedral layer 

reversed from the first. The sheet's thickness can range from 9.3 to 15. 

a. Illite 

The term illite was proposed by Grim et al., [16]. As a general term and not as a specific 

clay name. The name was derived from the abbreviation for the state of Illinois in the USA. The 

structure of illite is a combination of an octahedral layer and two tetrahedral layers (T/O/T or 2/1 

diocesan or trioctahedral). Cations (K+) are adsorbed into the interfacial space to compensate for 

the imbalance of charges. These ions fit tightly into the bases of the silica layer and are therefore 

fixed and not exchangeable [17]. The general formula for illite is KyAl4 (Si8−y,Aly)O20(OH)4, the 

value of y usually between 1 and 1.5. Illites are non-inflating clays due to the presence of 

intercalary cations (K+) that prevent the intrusion of water molecules into the structure as shown 

in (Figure. I.3) [18].  
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Figure I.3: Schematic representation of an illite sheet [19].  

b. Vermiculites 

Vermiculites Figure I.4 are clays of volcanic origin, rich in magnesium [20].  They are 

formed by the hydrothermal modification of mica minerals. When heated, it experiences a 

phenomenon of expansion, making it particularly useful as thermal insulation for constructions, 

this material has a low mass, an inability to burn, and is imputrescible and unalterable [21].   
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Figure I.4: Schematic representation of a vermiculites sheet. 

c. Smectites 

These different clays are known for their ability to trap water molecules. They are called 

inflating clays. Under the action of water, they can increase their volume by up to 30%. By 

trapping water, they also fix cations allowing exchanges by adsorption. They take a gel-like 

texture, able to carry ions or active molecules; this property is the basis of dressing technologies 

for the digestive tract [22]. Montmorillonites, bentonites, saponites, nontronites, and beidelites 

are members of this clay family. 

d. Montmorillonite 

Clay most commonly harvested, it is usually sold green but can be found in other colors: 

gray, white, bluish. Its name comes from its original town, Montmorillon in Vienna [23]. It has a 

high concentration of silica, minerals including potash, oxides of magnesium, iron, manganese, 

aluminum, soda, etc as shown in Figure I.5. 
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Figure I.5: Schematic representation of a montmorillonite sheet [19]. 

I.1.4.3 Minerals T/O/T/O or type 2/1/1 of 14 Å 

The 2:1:1 sheet consists of the alternating T-O-T sheet and an interfoliar octahedral layer. 

The characteristic equidistance is about 14 Å. This type of mineral belongs to the chlorite family 

[24].  

 

a. Chlorites 

This term, derived from the Greek word "chloros" for green, was given to them because of 

their greenish color. There are other chlorites that are yellow, red, or white, similar to Illites and 

Smectites in structure [25]; they have an extra layer of magnesium hydroxide, iron, aluminum, 

etc. between their leaves as shown in Figure I.6.  
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Figure I.6: Schematic representation of a chlorites sheet [19]. 

I.1.4.4 Interstratified clay minerals 

Interstratified minerals are characterized by a vertical stacking of two (or more) types of 

sheets. These minerals are common in the natural environment [26].  

These minerals are formed by the superposition of sheets that are either: 

 Of a different nature (illite-smectite, vermiculite-smectite, etc.); 

 Of the same nature but which differ by their interfoliar fillings (case of the 

hydrated Montmorillonite where the interfoliar space may contain one, two, three or four 

layers of water) 

 By nature, and interfoliar filling: illite-smectite with Smectite sheets in varying 

states of hydration  

Of these minerals, illite/Smectite interstratifies are the most studied, if we consider an 

interstratified mineral that contains two types of A and B sheets, we can consider essentially 

three types of interstratified [26].  
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1-segregated: a given particle has AAABBB sequences; 

2- regular: a given particle then has sequences ABABAB… AB; 

3- Random: all intermediate cases, between the first two described above, are represented 

in Figure I.7. 

 

 

 

 

 

 

 

 

 

Figure I.7: Different modes of leaf succession within an interstratified unit. 

I.1.5 Properties of clay minerals 

Clay minerals are characterized by several main properties such as: 

 Charge of clay surfaces 

 The specific surface area  

 Water adsorption capacity (swelling) 

  Cation exchange capacity 

I.1.5.1 Charge of clay surfaces 

Most clay has an electric, non-neutral surface that results from isomorphic replacements as well 

as the environment.There are two categories of charges. 

A 

B 

1 Segregated 2 Regullar 3 Random 
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 permanent charge 

It is mainly negative and located on the surface. It comes from isomorphic substitutions 

within the sheet, resulting from the replacement of metal cations by those of another metal of 

lower valence. It therefore leads to a deficit in the surface of the slips, offset by the presence of 

compensating cations such as Na+,Ca2+, K+, or Mg+2 

 The variable charge 

 It can be positive or negative and is located at the edges of the sheets. It only appears in 

suspension. This is a charge dependent on the pH of the solution. In acidic medium, the 

positively charged species is predominant, while in basic environment, it is the negatively 

charged species that is the majority. 

Clay has a high anionic exchange capacity at low pH levels: Compared to OH-ions, H+ ions 

bind more frequently, and a positive charge results Figure I.8. 

A cationic exchange capacity (CEC) emerges at high pH. More OH- than H+ ions bind, 

indicating a growing negative charge Figure I.9. 

There is no exchange capability in a state of balance Figure I.10. 

 

 

 

 

 

 

 

 

Figure I.8: Clay surface charge at low pH. 
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Figure I.9: Clay surface charge at high pH. 

 

 

 

 

 

 

 

 

 

Figure I.10: Clay surface charge at neutral pH. 
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I.1.5.2 The specific surface area  

Clays have a substantial specific surface area despite their small size. The characteristic 

surface values of the major clay families are provided in Table I.1. The inner surface 

corresponding to the interfoliar gap and the outer surface between the clayey particles make up 

the overall surface area [27].  

Table I.1: Specific surface area of some clay minerals [28].  

Mineral Inner surface 

(m2/g) 

External surface 

(m2/g) 

Total surface 

(m2/g) 

Kaolinite 0 10-30 10-30 

Illite 20-55 80-120 100-175 

Smectite 600-700 80 700-800 

Vermiculite 700 40-70 760 

Chlorite - 100-175 100-175 

 

I.1.5.3 Cation exchange capacity 

One of the crucial characteristics of clay minerals is their cationic exchange capacity 

(CEC). This gauges the clay mineral's capacity to swap out the solution's cations. The CEC 

fluctuates with pH and is evaluated at pH 7 because surface loading depends on pH [11]. The 

values of the cation exchange capacity of several clays are given in Table I.2. 

Table I.2: Cation Echange Capacities (meq/100g) of clay Minerals [1]. 

Cation Echange Capacities (meq/100g) of clay Minerals 

Smectite 

Vermiculite 

Illite 

Kaolinite 

chlorite 

80-150 

120-200 

10-40 

1_10 

<10 

 



CHAPTER I                                                                                          BIBLIOGRAPHIC STUDY 
  
 

20 
 

I.1.5.4 Water adsorption capacity (swelling) 

The ability of various clay families to adsorb water varies. Some clay minerals can 

incorporate water molecules into their structure Figure I.11. This water makes the layer swell, 

which alters its size. They are known as swelling clays. The basic structure of the expanding 

minerals is 10 Å. A layer of water with a thickness of 2.5 or 5.2 Å develops depending on 

hydration. A 95% increase in volume results from this hydration. 

 

 

 

 

 

 

 

 

 

 

Figure I.11: Location of water in clay particles. 

I.1.6 The use of clay 

Clay minerals are widely employed in numerous fields (industry, environment, etc.) as a result of 

its physico-chemical characteristics. 
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Table I.3: Different fields of clay use. 

 

Fields of use Application 

Food industry Discoloration of oils 

The clarification of beverages 

Petroleum industry used as drilling mud and catalyst in oil refining 

Cosmetics industry Preparation of toothpastes and shampoos, creams, soaps, masks...)etc. 

 

Chemical industry 

Production of paints, paper, porcelain, pottery, bricks, and other 

building materials 

Environment Treatment of discharge wastewater. 

 

I.1.7 Activation of clay 

The adsorption capacity of natural clay is low, but activated clay is a method that increases 

these qualities by several techniques. The common modification techniques proposed mainly 

include thermal activation, chemical activation, and surfactant modification. 

I.1.7.1 Thermal activation 

Thermal treatment, also known as calcination, entails heating the clay material to a 

specified temperature in order to cause the octahedral layer to undergo dehydroxylation. All 

atoms in the octahedral sheet have less bonding coordination as a result of the dehydroxylation 

process, making them more reactive. Many variables, such as heating rate, holding temperature 

and time, atmosphere (oxidizing or reducing), and cooling rate, affect the precise nature of the 

structural alteration [29].  

I.1.7.2 Chemical activation 

       In order to increase the SSA and porosity of clay, the naturally existing cations in the 

interlayers are frequently removed by proton exchange through activation with an acid solution 

(HCl, H2SO4, HNO3, and H3PO4). 
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Additionally, the opening of the platelet edges caused by the cations' escape from the octahedra 

and tetrahedra during pickling increases the SSA of clays. 

Although inorganic acids have received the majority of attention when using acid reagents, 

research has revealed that organic acids like acetic acid and oxalic acid are also useful. 

The main variables influencing the characteristics of acid-washed clays are the acid dosage and 

treatment time [30].  

I.1.7.3 Surfactant modification 

Interlayer cations play a significant part in surfactant modification due to their capacity to 

exchange with organic cations and their ability to create pathways for surfactants to enter the 

interlayer. Additionally, certain surfactants may stick to the clay's surface, serving as the 

pollutants' adsorption sites. Since clays are always negatively charged, cationic surfactants attract 

more attention than anionic and nonionic ones [30].  

I.2 ADSORPTION PHENOMENON 

I.2.1 Definition 

Adsorption is the process in which molecules contained in a fluid (gas or liquid) and called 

(adsorbate) attach to the surface of a solid called (adsorbent). Sites where adsorbate molecules 

bind are called active sites [31].  

The transference of the adsorbate from the liquid phase to the solid phase continues until 

the equilibrium is reached between the amount of adsorbate linked to the adsorbent and the 

amount of adsorbate remaining in the solution. The affinity degree between the adsorbent and 

adsorbate determines this distribution in liquid and solid phases [32].  

I.2.2 Types of adsorption 

Depending on the value and nature of the adsorbent/adsorbate bonding energy, there are 

two types of adsorption processes: physical adsorption or (physisorption) and chemical 

adsorption or (chemisorption). 
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I.2.2.1 Physical adsorption 

In physisorption, the cohesion forces between the adsorbent/adsorbent pair are relatively 

low, and of an electrostatic nature (Van der Waals, dipole). The interaction energy is about 5 to 

40 kJ mol-1. The phenomenon is rapid and reversible [33].  

I.2.2.2 Chemical adsorption 

In chemisorption, there is electron exchange and thus the formation of a chemical bond 

between the adsorbent and the adsorbent surface. 

The interaction energy involved varies from 200 to 400 kJ mol-1. The process is slow, 

irreversible, and excludes any possibility of multimolecular (multilayer) layer formation [33].  

I.2.2.3 Differences between physical and chemical adsorption  

Table I.4 shows the differences between the two types of adsorption. 

Table I.4: Differences between physical and chemical adsorption. 

Parameter  physical adsorption chemical adsorption 

Type of binding Van der Waals Chemical 

Specificity Non-specific process Specific process 

Process temperature Less than the boiling 

temperature of the adsorbate 

Elevated 

Kinetic Quick Slow 

Desorption Easy Difficult 

Adsorption energy <50 kJ/mol >100 kJ/mol 

Reversibility Reversible Irreversible 

Layer formation Monolayer or multilayer 

formation 

Monolayer formation 
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I.2.3 The main adsorbents 

The main adsorbents used in the industry are: 

 Activated carbon 

 Zeolite 

 Activated clay 

 Silica gel 

 Activated alumina 

I.2.4 Factors influencing adsorption 

The adsorption equilibrium between adsorbent and adsorbate depends on many factors, the 

main ones being: 

I.2.4.1 Influence of pH 

pH is a predominant parameter in the adsorption process. It directly affects the load state of 

the adsorbent and adsorbate. Its effect on contaminant retention is often studied. In most cases, 

the low pH promotes the adsorption of anions while the alkaline medium promotes that of 

cations [34].  

I.2.4.2 Specific surface area  

One of the main factors affecting the absorption capacity is the surface area because the 

amount absorbed is directly proportional to the surface area, the increase in specific surface area 

provides more active sites to increase the amount absorbed [35].  

I.2.4.3 Influence of temperature 

Adsorption is generally an exothermic process; thus, increasing the temperature can 

decrease adsorption capacity, as higher temperatures may reduce the interaction between 

adsorbate and adsorbent. However, in chemisorption, there might be an initial increase in 

adsorption with temperature due to activation energy requirements, followed by a decrease at 
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higher temperatures. Thus, the increase in temperature promotes the processes of chemisorption 

while its lowering promotes physical adsorption [36].  

I.2.4.4 Nature of adsorbate 

The physical and chemical properties of the adsorbate, such as molecular size, polarity, 

and ability to be liquefied, influence adsorption. For there to be good adsorption there must first 

be an affinity between the solid and the solute. In general, polar solids preferentially adsorb polar 

bodies. In contrast, non-polar solids preferentially adsorb non-polar substances and the affinity 

for the substrate increases with the molecular weight of the adsorbate [34].  

I.2.4.5 Nature of adsorbent 

The structure and nature of adsorbents play an important role in trapping the various 

organic and inorganic compounds present in the waters. Particle size, specific surface area, and 

porosity are the main properties that affect the affinity of an adsorbent for the solute.  

The adsorption of a substance increases proportionally to the decrease in the size of the 

particles of the adsorbent, which promotes the penetration of the compounds of the solution into 

the capillaries of the substance, therefore the subdivision of the particle of the solid directly 

influences the pores of the latter as well as its specific surface which will be developed [37].  

I.2.5 Adsorption isotherms 

Adsorption isotherm models can provide mechanism information on the adsorption 

process, the maximum adsorption capacity, as well as the properties of adsorbents. Where it 

describes the interaction of adsorbate with adsorbent. An isotherm is a plot of the amount of 

solute adsorbed per unit of adsorbent (Qads) as a function of the equilibrium concentration of the 

solute in the bulk solution (Ce) at constant pH and temperature [38].  

The amount adsorbed per unit mass can be calculated according to the following equation 

[39].  
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𝐐𝐚𝐝𝐬 =
(𝐂𝐢 −𝐂𝐞)𝐕

𝐦
….………………………………………………………………...…..…(Eq. I.1) 

Where:  

Qads: Adsorbed amount expressed as mg solute per gram adsorbent (mg.g-1). 

Ci: Initial concentration of solute (mg.l-1). 

Ce: Equilibrium solute concentration in (mg.l-1). 

V: volume of solute in liters (L). 

m: mass of adsorbent in grams (g).  

I.2.5.1 Classification of adsorption isotherms 

Giles et al., [40] classified adsorption isotherms in the case of liquids for solutions of low 

concentrations in four main classes generally observed. These classes are shown in Figure I.12. 

S Curves 

The S-type isotherm exhibits a gradual incline, followed by a vertical orientation. At the 

outset, as the concentration of the adsorbate rises, there is an opportunity for the adsorbate to 

locate an available site to which it can attach itself, due to competition between solute molecules. 

Consequently, the adsorption capacity is constrained and reaches a plateau. However, this 

behavior in type S isotherms is contrary, resulting in an increase in the curve's slope. This is due 

to a vertical orientation tendency of the solute molecules at a higher concentration, which results 

in an increased availability of sites for adsorption [31].  
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L Curves  

The Langmuir isotherms are most commonly observed in the context of solute adsorption 

in aqueous solutions. The initial shape of the equilibrium curve is consistent with the 

fundamental premise that the higher the solute concentration, the greater the adsorption capacity. 

However, this capacity is ultimately limited by the number of available adsorption sites, which 

can be occupied by competing solute molecules. In most cases, this indicates that the molecules 

are adsorbed flat on the surface or, on occasion, vertically oriented with adsorbed ions exhibiting 

particularly strong intermolecular attraction.  

 This isotherm type indicates that the adsorption occurs due to relatively weak forces, such 

as van der Waals forces [31].  

H Curves  

The fundamental distinction between the standard isotherms, designated as L-type, and the 

high-affinity isotherm can be observed at the initial point of the equilibrium curve. The L-type 

isotherm commences at the origin, whereas the H-type isotherm exhibits an initial portion with a 

vertical orientation and qe values exceeding zero, even when the concentration of solute 

approaches zero.. The adsorbed species are often large units, such as, ionic micelles or polymeric 

molecules However, sometimes, they can be simple ions, that exchange with others of much 

lower affinity with adsorbent surface. An example of this is the sulfonate dye. This isotherm type 

indicates chemisorption and adsorption by electrostatic forces. Other classifications commonly 

used for H type isotherms include irreversible isotherm, as when an adsorption occurs at a high 

concentration, a concentration reduction does not change the adsorption capacity [31].  

C Curves  

The isotherms with partition constant are characterized by a linear behavior of the 

equilibrium data at low concentrations of solute. This behavior follows Henry’s law for ideal gas 

equilibrium phases, which when translated to adsorption processes, suggests that the adsorption 

capacity is proportional to the solute concentration, up until the maximum possible adsorption, 

where an abrupt change to a horizontal plateau occurs. This is the type of curve that is obtained 
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for the partition of a solute between two practically immiscible solvents. In such cases, the 

affinity of the solute for the solid is greater than its affinity for the solvent. Alternatively, when 

the adsorption sites are available in quantities sufficient for the adsorption of all the solute, but 

the bonding forces between the solute and the solvent are weak and depend on the liquid phase 

concentration [31].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.12: Classification of adsorption isotherms. 
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I.2.5.2 Modeling of adsorption isotherms 

Isotherm modelling is used to represent experimental data and describe the performance of 

the adsorbent/adsorbate system in a wide range of concentrations. 

There are several isotherm models available to analyze experimental data and to describe 

adsorption equilibrium. These are the isotherms of Langmuir, Freundlich, Sips, Temkin, etc…. 

used in the solid-liquid system to describe adsorption isotherms. 

The adsorption models used in our study for the adjustment of experimental data are: 

I.2.5.2.1 Freundlich isotherm 

The Freundlich model is the first empirical model and is based on the relationship between 

the adsorbed amount (Qads) and the concentration in the aqueous solution of the solute (Ce). It is 

considered to be applicable in many cases, particularly in the case of multilayer adsorption with 

possible interactions between adsorbed molecules [41].  

The non-linear form of this model is expressed by the following equation:  

𝐐𝐚𝐝𝐬 = 𝐊𝐅𝐂𝐞

𝟏

𝐧………………………………………………………………………..…..…(Eq. I.2) 

Where:  

Qad: Amount of adsorption in (mg.g-1). 

KF: Freundlich constant.  

Ce: Equilibrium concentration of solute (mg.L-1). 

1/n: Freundlich constant that reflects adsorption intensity. 

The KF and 1/n constants can be determined from the following linear form: 

𝐥𝐧𝐐𝐚𝐝𝐬 =  𝐥𝐧𝐊𝐅 +
𝟏

𝐧
𝐥𝐧𝐂𝐞…………………………………………………………...….… (Eq. I.3) 
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I.2.5.2.2 Langmuir isotherm 

The Langmuir isotherm was proposed in 1918 and is based on the following assumptions: 

[42].   

 Adsorption is limited to single layer 

 Only one molecule is adsorbed per site 

 All adsorption sites are energy equivalent 

 There are no interactions between adsorbed molecules 

The non-linear form of this model is expressed by the following equation: 

𝐐𝐚𝐝𝐬 =
𝐐𝐦𝐊𝐋𝐂𝐞

𝟏+𝐊𝐋𝐂𝐞
…………………………………………………….…………………..…(Eq. I.4) 

Where: 

Qads: Amount of adsorption (mg.g-1). 

Qm: The maximum adsorption capacity (mg.g-1). 

Ce: Equilibrium concentration of solute in (mg.L-1). 

KL: Langmuir Constant. 

The KL and Qm constants can be determined from the following linear form: 

The maximum adsorption capacity (Qm) and constant KL are determined from the linear form of 

the Langmuir equation. 

𝐂𝐞

𝐐𝐚𝐝𝐬
=

𝐂𝐞

𝐐𝐦
+

𝟏

𝐊𝐋𝐐𝐦
………………………………………….……………………………..…(Eq.I.5) 

Langmuir parameters can be used to show the affinity between adsorbate and adsorbent 

using the dimensionless separation factor RL [43].  

𝐑𝐋 =
𝟏

𝟏+𝐊𝐋𝐂𝐢
……………………………………………………………………………..…(Eq. I.6) 
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Where: 

Ci: This is the initial concentration of solute in the liquid phase (mg.L-1). 

RL values are classified essentially into four groups and indicate the shape of the isotherm 

as shown in the following Table I.5. 

Table I.5: The types of Langmuir isotherm. 

RL Type of isotherm 

RL> 1 Unfavorable 

RL= 1 Linear 

0 <RL <1 Favorable 

RL= 0 Irreversible 

 

I.2.5.2.3 Sips isotherm 

The Sips isotherm, which combines the Langmuir and Freundlich isotherms, can be used to 

predict adsorption on heterogeneous surfaces. It predicts the Freundlich model at low adsorbate 

concentrations and the Langmuir model at high adsorbate concentrations [44].  

The non-linear form of this model is expressed by the following equation: 

𝐐𝐚𝐝𝐬 =
𝐐𝐬𝐊𝐬𝐂𝐞

𝐧𝐬

𝟏+𝐊𝐬𝐂𝐞
𝐧𝐬…………………………………………………………………………..…(Eq. I.7) 

Where: 

Qs: The highest possible adsorption level (mg.g-1). 

 Ce: The equilibrium concentration of the adsorbate (mg.L-1). 
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 KS: The equilibrium binding constant (L.mg-1). 

 ns: The constant related to the heterogeneity of adsorbent without unit. 

The highest possible adsorption level (Qs) and constants (Ks, ns) are determined from the 

linear form of the Sips equation:  

𝐥𝐧 (
𝐐𝐚𝐝𝐬

𝐂𝐞
) =  𝐥𝐧 (𝐐𝐬𝐊𝐬) + 𝐧𝐬𝐥𝐧 (𝐂𝐞)……………………………………………….…..…(Eq. I.8) 

I.2.5.2.4 Temkin isotherm 

Temkin and Pyzhev examined the effects of certain adsorbate /adsorbent interactions on 

adsorption isotherms and suggested that, because of these interactions, the heat of adsorption of 

all molecules in the layer would decrease linearly [45]. 

A common form of the Temkin isotherm as used in environmental adsorption research can 

be written as 

𝐐𝐚𝐝𝐬 =  
𝐑𝐓

𝐛𝐓
𝐥𝐧 (𝐊𝐓𝐂)……………………………………………………………………..…(Eq.I.9) 

 

Where: 

Qads: Amount of adsorption in (mg.g-1). 

R: The universal constant of perfect gas. 

T: Is the temperature in (K). 

bT: Is related to the heat of the adsorption (J.mol-1). 

KT: Is the equilibrium binding constant (L.mg-1). 

C: Is the concentration of the equilibrium solute (mg.L-1). 
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The Temkin isotherm, as defined by Eq. I.9, is called the Tempkin isotherm in several 

sources. Is typically rewritten as Eq. I.10 in order to fit it to a type I isotherm using a linear 

regression technique. Plotting q against ln(c) should result in a straight line if this equation is 

followed [46].  

𝐐𝐚𝐝𝐬 =  
𝐑𝐓

𝐛𝐓
𝐥𝐧 (𝐊𝐓) +

𝐑𝐓

𝐛𝐓
𝐥𝐧𝐂………………………………………………………….… (Eq. I.10) 

I.2.6 Adsorption kinetics 

Adsorption kinetics determines the time required to balance the solute and adsorbent. It 

also gives an idea of the adsorption mechanism and the transfer mode between the liquid and 

solid phases. Several kinetic models have been developed to describe adsorption kinetics and to 

specify the nature of interactions at the solid-liquid interface [47].  

Among these adsorption kinetics models, there are those: 

I.2.6.1 First order pseudo kinetic model 

This kinetic model was proposed by Lagergren and supposes that the adsorption rate at a 

time (t) is proportional to the difference between the adsorbed amount at equilibrium (Qe) and 

that at time (Qt) [48].  

𝐝𝐐

𝐝𝐭
= 𝐊𝟏(𝐐𝐞 − 𝐐𝐭) ………………………………………………………...…………..…(Eq. I.11) 

Where: 

Qt: Amount adsorbed at time t in (mg.g-1). 

Qe: Equilibrium adsorbed amount in (mg.g-1). 

K1: First order speed constant (min-1). 

After integration, linearization of the previous equation: 
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𝐥𝐧(𝐐𝐞 − 𝐐𝐭) = 𝐥𝐧𝐐𝐞 − 𝐊𝟏𝐭………………………………………………………...… (Eq. I.12) 

Plot of ln (Qe-Qt) = f(t), gives a line of slope K and of ordered to the origin ln Qe 

I.2.6.2 Second order pseudo kinetic model 

The equation of adsorption of the pseudo-second-order allows us to characterize the 

adsorption kinetics taking into account both the rapid fixation of the solutes on the most reactive 

sites and the slow fixation on the sites of low energy; it depends on the amount adsorbed on the 

surface of the adsorbent and the amount adsorbed in equilibrium [49].  

 The equation of pseudo-second-order kinetics obeys the following relation: 

𝐝𝐐

𝐝𝐭
= 𝐊𝟐(𝐐𝐞 − 𝐐𝐭)

𝟐…………………………………………………………………..…(Eq. I.13) 

Where: 

Qt: Amount adsorbed at time t in (mg.g-1). 

Qe: Equilibrium adsorbed amount in (mg.g-1). 

K2:constante de vitesse du pseudo-second ordre (g. mg-1. min-1). 

After integration, linearization of the previous equation. 

𝐭

𝐐𝐭
=  

𝟏

𝐊𝟐𝐐𝐞
𝟐 +

𝟏

𝐐𝐞
𝐭……………………………………………………………...………..…(Eq. I.14) 

The adsorbed quantity qe and the velocity constant K2 can be determined from the slope 

and the ordinate at the origin of the t/Qt curve as a function of t. 
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I.2.6.3 Intra particle diffusion 

The intra-particle diffusion model is proposed by [50]. It is represented by the following 

equation.  

 

𝐐𝐭 = 𝐊𝐈𝐃√𝐭 + 𝐂…………………………………………………………………..…..… (Eq. I.15) 

Where: 

Qt: The adsorption capacity at time t (mg.g-1). 

KID: The intraparticle diffusion constant (mg.g-1. min1/2). 

t: The time (min). 

C: Constant. 

The values of kID and constant C can be determined from the slope and the ordinate at the 

origin of the Qt curve as a function of √t. 

I.2.7 Thermodynamic study  

Thermodynamic parameters offer further details about energetic changes in the adsorption 

process (exothermic or endothermic, spontaneity or no spontaneity) 

The variation of a system is accompanied by a variation of the Gibbs free enthalpy (ΔG°), 

this variation depends on the initial state and the final state of the free enthalpy 

The Gibbs energy [51] is calculated using the following equation Eq.I.16 

𝚫𝐆° = 𝚫𝐇° − 𝐓𝚫𝐒°…………………………………………………………………...… (Eq.I.16) 

Therefore the Van’t Hoff equation becomes as following [52].  
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𝐥𝐧 𝐊𝐝 =
𝚫𝐒°

𝐑
−

𝚫𝐇°

𝐑𝐓
……………………………………………………………………...… (Eq.I.17) 

The ΔS° and ΔH° values are calculated only after studying the influence of temperature on 

adsorption, so an equation is determined from the graph designed by ln Kd as a function1/T, with 

T the temperature studied during the adsorption reaction. 

Where: 

ΔH°: enthalpic which expresses the interaction energies between the molecules and the surface 

of the adsorbent. 

ΔS°: entropic which expresses the modification and arrangement of the molecules in the liquid 

phase on the surface. 

Kd: Equilibrium constants of the adsorption reaction. 

T: Temperature studied (K). 

 R: Perfect gas constant (J/mol K). 

If 

ΔG°< 0 the adsorption process is spontaneous. 

ΔG°> 0 the adsorption process is no spontaneous. 

If 

ΔH°< 0 the adsorption process is exothermic. 

ΔH°> 0 the adsorption process is endothermic. 
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I.3 HEAVY METALS 

I.3.1 Definition 

Heavy metals are defined as natural metal elements with a density greater than 5g.cm-3. 

They occur naturally in our environment (water, air, and soil). Generally emitted as very fine 

particles, they are carried by the wind and spread in soils and aquatic environments, 

contaminating flora and fauna and ending up in the food chain [53].  

I.3.2 Emission source 

Heavy metals are present in rocks (safe nature reserves). However, the exploitation of 

deposits, erosion and volcanic eruptions spread traces of these elements in the environment. 

They can then become toxic if they are found in sufficient quantities in living organisms. In 

addition to these natural phenomena, human activity, (vehicle exhaust, mining, agriculture, waste 

incineration, domestic and industrial effluents, liquid and solid discharges, etc.). Even if it does 

not create, heavy metals participate in their diffusion into the environment. 

I.3.3 Many Heavy Metals 

I.3.3.1 Copper 

Copper is a semi-noble, ductile and malleable metal with high electrical and thermal 

conductivity and good resistance to corrosion and fatigue. Copper is a chemical element bearing 

the symbol Cu and atomic number 29, belonging to group 11 of the periodic classification, and is 

in the same column as silver and gold. Its electronic configuration is: [Ar] 4s1 3d10[54].  

There are three different types of copper: metal (Cu0), cupric ion (Cu2+), and cuprous ions 

(Cu+). Cupric ions are more poisonous and are abundant in the environment [55].  
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Figure I.13: Copper [56]. 

a) Utilization of copper  

One of the heavy metals that is frequently used in many different applications is copper 

(Cu). It is typically used in 

 Electrical and electronic equipment: (electrical magnets, batteries, mobile 

phones, keys). 

 Architecture: roofs, lightning rods. 

 Chemical compounds: dietary supplements and fungicides for agriculture, 

fertilizer industry, catalysts. 

 Drugs: Manufacture of antimicrobial compounds. 

 Pulp and Paper Industry. 

 Kitchen equipment and metal processing products. 

 

b) Toxicity of copper  

Cu is essential for proper growth. In any event, People who are deficient in copper may 

experience anemia, bone and cardiovascular problems, weakening of the nervous and sensory 

systems, hair loss, a drop in synapses, dopamine, and nor ephedrine levels, and faulty 

myelination in the brain stem and spinal cord [57]. Due to its toxicity and broad use in industrial 

applications, copper is of particular concern. Copper contamination of drinking water can result 
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in dermatitis, keratinization of the hands and feet's soles, and itching.  In numerous occasions, 

symptoms such as nausea, vomiting, diarrhea, and other acute symptoms have been described as 

being caused by local irritation brought on by ingested copper (II) ions. Based on health 

considerations, 2.0 mg/l of copper is the maximum permissible concentration in drinking water 

[35].  

To comply with environmental regulations for different bodies of water, the concentration 

of copper in drinking water must be decreased. 

I.3.3.2 Lead 

Lead is a chemical element bearing the symbol Pb and atomic number 82, belonging to 

group 14 of the periodic classification, and is in the same column as Tin and carbon. Its 

electronic configuration is: [Xe] 6s² 4f¹ 5d¹ 6p².  

Hazardous metal lead is easily accumulated in the human body. In the form of cerussite 

(PbCl2), galena, and sulfide, it is a heavy and soft metal [58].  

In nature, lead has four isotopes and is found under degrees of oxidation (+II) and (+IV). 

Inorganic species are most often in the (+II) state, while the degree of oxidation (+IV) occurs in 

lead organic compounds. Lead is resistant to sulphuric acid. However, it is rapidly dissolved by 

nitric acid and solubilized by organic acids (acetic acid, acidic foods) as well as by water, 

especially if it contains nitrates or ammonium salts. On the other hand, the presence in water of 

calcareous salts can prevent its solubilization [59].  
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Figure I.14: Lead [60]. 

a) Utilization of Lead  

The usage of lead, a hazardous, non-biodegradable heavy metal, is widespread in a variety 

of industries, including. 

 transportation (vehicle manufacturing, brake pads, tires and lubricating 

additives) 

 agriculture (insecticide as lead arsenate) 

 Alloys, mainly tin-lead alloys (solder), mainly in industry 

 electronics Glass and ceramic products 

 paints and batteries 

 Cable sheaths 

 

b) Toxicity of Lead 

Lead contamination of soil and water has been acknowledged as a severe concern to 

human health. Pb(II) is known to harm the brain, liver, kidney, reproductive system, and basic 

biological activities [61]. Exposure to lead can cause serious adverse health effects and even be 

fatal at high doses. Lead can accumulate in the body and its exposure, even at very low doses, 

can be dangerous. Lead is particularly harmful to infants, young children, and pregnant women, 

and can permanently impair child development, intellectual and behavioral development [62]. 
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The World Health Organization (WHO) has set a0.01 mg/L maximum allowable level for Pb(II) 

in drinking water [63].  

I.3.3.3 Chromium 

Chromium (Cr) is a silver-colored hard metal naturally occurring in rocky soils, and 

volcanic dust [64]. Chromium is a chemical element bearing the symbol Cr and atomic number 

24, It is the first element in group 6 of the periodic classification, is in the same column as 

molybdenum (Mo)and tungsten (W), also called wolfram. Its electronic configuration [Ar] 

3d54s1).Although it can exist in a variety of oxidation states, the most prevalent and stable forms 

are "trivalent" Cr (III) and "hexavalent" Cr (VI). According to reports, Cr (VI) is more hazardous 

than Cr (III) [65].  

 

Figure I.15: Chromium [66]. 

a) Utilization of chromium 

Chromium is utilized in a wide range of industrial processes, including those that create 

stainless steel that can withstand high temperatures, refractory materials like brick and mortar, 

and pigment synthesis. In the chemical industry, it is used as an oxidant and in the production of 

other chromium compounds, as well as for treating metal surfaces, tanning leather, and 

preserving wood [67].  

https://en.wikipedia.org/wiki/Group_6_element
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b) Toxicity of chromium  

Chromium (Cr) is a group 1 carcinogen classified by the International Agency for 

Research on Cancer (IARC) and is pervasive throughout the environment. 

I.3.3.4 Nickel  

Nickel is a hard, ductile, silvery-white transition metal [68]. It is resistant to very high 

temperatures, corrosion and oxidation. Nickel is a chemical element bearing the symbol Ni and 

atomic number 28, belonging to group 10 of the periodic classification, is in the same column as 

palladium and platinum. Its electronic configuration [Ar] 3d84s2). 

Nickel is a crucial commercial element in industrialized cultures and is mostly found in 

nature as the sulfide, oxide, and silicate minerals [68]. Although it can exist in a number of 

oxidative states (ranging from 1 to +4), the +2 oxidationstate (Ni2+) is the most prevalent in the 

environment and biological systems [69].  

 

Figure I.16: Nickel [70]. 
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a) Utilization of Nickel  

Nickel is one of the transition metals that is currently employed most frequently in a 

variety of sectors. Because of its unique (catalytic) qualities as a conductor of electricity and 

heat.  It is applied in: [71].  

 alloys for the production of jewelry and coins 

 used in stainless steel fabrication 

 metal mining and painting 

 dye manufacturing 

 battery manufacturing industries 

 resistance wires and machinery parts 

 burning of fossil fuels 

 

b) Toxicity of Nickel  

At low quantities, Ni (II) is an essential macronutrient for life, but at excessive 

concentrations, it can have harmful consequences on health, including cancer, cardiovascular 

disease, and kidney disease [71].  

Nickel is heavily used, which causes a number of environmental issues. Nickel can cause a 

dry cough, chest pain, breathing difficulties, nausea, diarrhea, skin eruptions, pulmonary fibrosis, 

gastrointestinal pain, renal edema, and other adverse consequences [55].   

The permissible nickel concentration in drinking water is 0.01 mg.L−1, and in wastewater is 

2.0 mg.L-1 [72]. However, the maximum contaminant level (MCL) for Nickel in drinking water, 

as defined by Environmental Protection Agency (EPA), is 0.02 mg.L−1 [73].   
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I.3.3.5 Mercury 

Mercury, represented by the symbol Hg and atomic number 80, is a heavy, silvery-white 

metallic element that is liquid at room temperature [74], belonging to group 12 of the periodic 

table, in the same column as Zinc and Cadmium is classified as a d-block. Its electronic 

configuration [Xe] 4f145d106s2) known as quicksilver. It is unique among metals for remaining in 

a liquid state at standard conditions, with a melting point of −38.83°C and a boiling point of 

356.73°C. In nature Mercury is found in three chemical forms such as inorganic mercury, 

elemental mercury, and organic forms like methyl mercury [75].   

 

 

 

 

 

 

 

 

 

 

Figure I.17: Mercury [76]. 

a) Utilization of Mercury  

Mercury (Hg) has various applications: 

 Thermometers and Barometers: Its thermal expansion properties make it ideal for 

measuring temperature and pressure. 

 Electrical Switches: Mercury's conductivity allows it to be used in electrical components. 

 Dental Amalgams: It forms amalgams with metals like silver and tin for dental fillings. 

 Fluorescent Lamps: Mercury vapor produces ultraviolet light, which excites phosphors to 

emit visible light. 
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 Chemical Industry: Used as a catalyst in various chemical processes. 

            However, due to its toxicity, many uses are being phased out. 

 

b) Toxicity of Mercury 

Mercury (II) has attracted particular attention as an important pollutant because of its 

toxicity and bio accumulative properties, when mercury is detected above the maximum level in 

the human body, it can cause serious health risks such as cancer, hypertension, headache, 

gastrointestinal damage, liver damage, and kidney failure [77, 78].  Therefore, the World Health 

Organization (WHO) has set the maximum permissible dose of 10 μg/L-1 for mercury in 

wastewater and the highest allowable limit in drinking water to 1 µg/L due to its extreme toxicity 

[79, 80].    

I.4 CONCLUSION  

This chapter of the literature review examined three fundamental issues: clays, the 

adsorption process and the problem of heavy metals. Firstly, clays were presented not only as 

geological entities, but also as materials with multiple industrial and environmental applications. 

Their varied structures, from kaolinite to expandable smectites, offer a complex balance between 

chemistry and functionality. Various activation processes, whether thermal, chemical or 

surfactant-based, optimize their properties, making them adaptable to contemporary challenges.   

Secondly, adsorption has been thoroughly studied as an essential process, playing a 

central role in many scientific and industrial applications. Its ability to effectively eliminate 

contaminants and its flexibility depending on the type of adsorbent and experimental conditions 

make it an essential technique, particularly in the fields of pollution control and water treatment. 

Finally, the issue of heavy metals was addressed, highlighting their ubiquitous presence 

in the environment and the risks they pose. While some of these elements are essential to 

biology, their toxicity at high concentrations necessitates rigorous management, and 

anthropogenic pollution exacerbates this threat, underlining the urgent need to develop effective 

mitigation strategies.   
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INTRODUCTION 

This chapter comprehensively overviews the methodologies utilized to characterize natural 

and modified kaolin samples. It highlights various analytical techniques, including thermal 

analysis, morphological, and structural characterization methods, to examine the properties and 

behavior of materials.  

These techniques are indispensable for understanding the samples' physical, chemical, and 

thermal attributes. By detailing each technique's principles, apparatus, and procedures, this 

chapter ensures a robust understanding of the experimental process and its applications to 

material science. 

II.1 Characterization Methods 

II.1.1 Morphological Characterization 

Several Morphological Characterization techniques were used to analyze the samples 

obtained including them: scanning electron microscopy (SEM) coupled with energy dispersive 

spectroscopy (EDS) and Brunauer-Emmett-Teller (BET) analysis.  

 

II.1.1.1 Scanning Electron microscopy  

The scanning electron microscope is a powerful imaging technique used to identify the 

morphology and structure of samples and is equipped with an energy dispersive spectroscopy 

(EDS) device to examine chemical elements. 

a. Principle 

Scanning electron microscopy is based on the interaction between an electron beam and 

the surface of the sample to be analyzed. The impact of this beam, secondary electrons, 

backscattered electrons, and X-ray photons are emitted by the target. The electrons are 

selectively collected by detectors that transmit the signal to a cathode screen whose scanning is 

synchronized with the scanning of the beam on the sample and reconstructs a three-dimensional 
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image of the sample surface, where the secondary electrons provide topographic information 

while the backscattered electrons highlight the chemical contrast of the sample [1]  

Figure II.1 displays the SEM principle schematic diagram. 

 

 

 

 

 

 

 

 

 

 

 

Figure II.1: Schematic representation of the principle of SEM. 

b. Apparatus 

The technique of scanning electron microscopy (SEM, TESCAN MIRA Germany) was 

employed to identify the morphology and structure of specimens (clays).  
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Figure II.2: SEM type TESCAN MIRA, Germany. 

II.1.1.2 Surface Area Analysis 

The determination of the specific surface area represents an essential parameter to obtain 

information on the structure and morphology of samples, especially for porous materials such as 

clays, and it has been estimated by the so-called BET method (Brunauer, Emmett and Teller, 

which is based on the adsorption of gas (nitrogen) on the surface of the material, the amount of 

gas adsorbed, at a given pressure, makes it possible to determine the specific surface area, the 

volume and the distribution of the pores as well as the energies of the adsorption and desorption 

reactions. 

The BET model is based on the following assumptions: 

- The surface of the adsorbent is considered homogeneous, without significant irregularities. 

- All adsorption sites are equivalent in energy (Identical adsorption sites). 

- Formation of multilayers. 

- The interactions between the adsorbed molecules are negligible due to weak Van Der Waals 

type bonds. 
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The specific surface area can be determined from the following equation (Eq. II.1). 

SBET   =    
𝐯𝐦  ∗𝐬 ∗ 𝐍

𝐕∗𝐦
 ............................................................................................................... (Eq. II.1) 

Where: 

SBET : specific BET surface  (m2.g -1). 

vm:  monolayer volume  (cm3). 

s  : Surface area occupied by an adsorbate molecule  (cm2). 

N : Avogadro number (molecule.mol-1). 

V : the molar volume of the adsorbate gas  (L.mol-1). 

m : masse of the sample (g). 

The monolayer volume is determined by the following BET equation (Eq. II.2). 

𝐏

𝐕(𝐏𝟎−𝐏)
 = 

𝟏

𝐕𝐦 𝐂
+  

𝐂−𝟏

𝐕𝐦𝐂

𝐏

𝐏𝟎
....................................................................................................... (Eq. II.2) 

Where: 

P:  Equilibrium pressure. 

P0 : Saturation pressure at the adsorption temperature. 

V: Volume of the adsorbed gas. 

Vm: monolayer volume.  

C:  BET constant. 

This equation is valid only in the range for which the relative pressure is between 0.05 and 0.3. 
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a. Apparatus 

The surface area, pore size, and volume of Nat-kaolin and DPA-kaolin were characterized 

by using (BET, NOVA 4000e) N2 sorption-desorption at 77 K. 

 

 

 

 

 

 

Figure II.3: BET, NOVA 4000e. 

II.1.2 Structural Characterization 

Structural Characterization techniques are essential for analyzing a material’s properties 

and behaviors include: X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy 

(FTIR), and Thermogravimetric Analysis (TGA). 

II.1.2.1 X-ray diffraction  

X-ray diffraction is a fundamental technique for the characterization of materials. It 

consists of diffracting X-rays on a flat solid sample or a powder, and it is used to identify the 

nature and structure of crystallized products. Indeed, this method only applies to crystalline 

media (rocks, crystals, minerals, pigments, clays, etc.) presenting the characteristics of the 

crystalline state. 
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a. Principle of X-ray diffraction  

This technique relies on projecting an X-ray beam onto the crystalline sample. This 

phenomenon results from an interaction between the X-ray beam and the crystalline sample [2].  

The crystalline property of the latter requires preferred directions for the incident X-ray beam. 

This phenomenon was discovered by Max Von Laue [3] (Figure II.4).  

Bragg [3] suggested a different measurement method and a straightforward explanation for 

monochromatic X-ray diffraction. Bragg's analysis assumes that the crystals or atomic planes 

(lattice planes—hkl) are in layers, and we can determine the interplanar distance dhkl from the 

following formula ( Eq. II.3). 

2.dhkl.sinθ = n.λ………………………………………...………………..……………… (Eq. II.3) 

Where:  

dhkl is the interplanar distance (Å). 

θ is the diffraction angle (°). 

n is the order of reflection. 

λ Wavelength of radiation used (nm). 

 

 

 

 

 

   Figure II.4: Schematic representation of the principle of XRD. 
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b. Apparatus 

Powder XRD was utilized to record the X-ray diffractogram using Cu-kα copper radiation 

of (λ = 1.5406 Å works in the 2θ range between (2-80) with a step of 0.02° and a scan time of 1 

s/step at 40 KV and 20 mA. 

II.1.2.2 FTIR Analysis 

Fourier transform infrared spectroscopy (FTIR) is an analytical technique used to identify 

functional groups in organic and inorganic compounds by measuring their absorption of infrared 

radiation across a range of wavelengths.  

a. Principle of FTIR Analysis 

To obtain an infrared spectrum (a fingerprint) of the sample, the absorption of 

electromagnetic radiation by chemical species in the infrared region of the electromagnetic 

spectrum from 4000 to 400 cm-1 will excite the vibrational movements of chemical bonds. These 

vibrations can be classified into two types: elongation vibrations (symmetric and asymmetric), 

called valence vibrations. They occur when two atoms periodically move closer or further apart 

along their common axis, and the second type, angular deformation vibrations, correspond to a 

modification of the bond angle. There are four possible vibrations (rocking, scissoring, wagging 

and twisting) [4].   

 

 

 

 

 

 

Figure II.5: Schematic representation of the principle of FTIR. 
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b. Apparatus 

Infrared spectroscopy (PerkinElmer) (Figure II.6) was utilized to recognize the chemical 

substances found in our samples. Approximately 1 mg of the sample was mixed with 250 mg of 

KBr powder to obtain pellets. The pellets were obtained after applying a pressure of 10 bars for 

one minute using a Uniaxial press machine (Figure II.7). The measurements were carried out in 

the range 4000-400 cm-1 in transmission mode, with a resolution of 4 cm-1.  

 

 

 

 

 

 

 

Figure II.6: Infrared spectroscopy (PerkinElmer). 

 

 

 

 

 

Figure II.7: a) Uniaxial press machine b) a mortar. 
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II.1.3 Thermal Analysis 

a. Thermogravimetric and differential thermal analyzes 

Gravitational thermal analysis (TGA) coupled with differential thermal analysis (DTA) 

allows for monitoring of the physicochemical properties of materials during heating: TGA 

consists of monitoring the mass loss of a material as a function of the treatment temperature, 

which allows monitoring the phenomena of dehydration, dehydroxylation, and combustion. On 

the other hand, DTA consists of monitoring the evolution of the heat flow of a material within its 

environment, which allows for monitoring the thermal reactions (endothermic, exothermic) and 

the oxidation phenomena of organic matter that occur when a compound is heated.  

b. Apparatus 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the 

materials were performed on a TGA instrument (TGA/ DSC 3+ 1600°, METTLER TOLEDO) 

under an argon atmosphere. The instrument was heated from room temperature to a maximum 

temperature of 1000 °C at a rate of 10 °C per minute. 

 

 

 

 

 

 

 

Figure II.8: TGA instrument (TGA/ DSC 3+ 1600°, METTLER TOLEDO). 
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II.2 Materials and methods of study 

II.2.1 Material  

Diphenylamine DPA (Figure II.9) (C12H11N; MW = 169.23 g/mol) was purchased from 

Fluka (purity > 99 %), and their properties and chemical compositions are shown in Table II.1. 

BIOCHEM Chemopharma (France) supplied lead nitrate [Pb(NO3)2], copper nitrate [Cu(NO3)2], 

Sodium hydroxide (NaOH), and hydrochloric acid (HCl) were acquired from Merck in Germany. 

Sodium lauryl sulfate (SLS) (Figure II.10) (C12H25SO4Na; 288,38 g/mol) and Sodium 

dodecylbenzenesulfonate (SDBS) (Figure II.11) (C18H29NaO3S; 348,48 g/mol), these products 

were purchased from Fluka (purity > 99 %), and their properties and chemical compositions are 

shown in Table II.2. Mercuric sulfate (HgSO4) was acquired from Merck in Germany. The 

solutions of these products were prepared in double-distilled water. 

 

 

H
N

 

Figure II.9: Chemical formula of DPA. 

 

Table II.1: Properties and chemical compositions of DPA. 

Properties DPA 

Chemical formula C12H11N 

Purity >98% 

Solubility 0.05 g/l 

Melting point 53 °C 

Density 1.2 g/cm3 
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Figure II.10: Chemical formula of SLS 
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Figure II.11: Chemical formula of SDBS. 

 

Table II.2: Properties and chemical compositions of SLS, and SDBS. 

Properties SLS SDBS 

Chemical formula NaC12H25SO4 C12H25C6H4SO3Na 

Purity >99% >99% 

Solubility 100 g.L-1 100 g.L-1 

Melting point 204 to 207 °C 287.63 °C 

Density 1.01 g.cm-3 1.02 g.cm-3 
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II.2.2 Sampling of kaolin studied 

 

The kaolin utilized in this paper was acquired from the Guelma region in northeastern 

Algeria. Its chemical composition examined using X-ray fluorescence is as follows. 45.12 % 

SiO2, 11.20% Al2O3, 24.03% Fe2O3, 0.24% MnO, 0.53% MgO, 0.15% CaO, and 18.73% H2O.  

 

II.2.3 The modification of kaolin 

The kaolin powder was subjected to a triple cleaning cycle with deionized water, followed 

by a drying process at 105°C for a duration of six hours in an oven, with the objective of 

achieving complete elimination of contaminants. 

II.2.3.1 The modification of kaolin by DPA 

Kaolin powder was cleaned three times with deionized water and dried for twenty-four 

hours at 105 °C in an oven to eliminate contaminants. At first, the solid (kaolin) is treated with 

HCl solution, concentration 1 M, after filtration and washing with deionized water several times 

to remove chloride ions, then the kaolin is modified by adding DPA (0.5M) solution, and the 

organic cations tend to occupy each exchangeable site on the surface as they exchange with the 

mineral cations. After the reaction is complete, the altered clay is rinsed with deionized water, 

dried, and ground again. 

II.2.3.2 The modification of kaolin by SDBS, and SLS 

In order to prepare kaolin modified with sodium dodecyl benzene sulfonate (K-SDBS) and 

sodium lauryl sulfate (K-SLS), it is necessary to first disperse 25 g of kaolin powder into 500 ml 

of deionized water. Subsequently, 0.015 mol of SDBS solution and 0.017 mol of SLS solution 

are introduced into the kaolin emulsion in a stepwise manner, with continuous stirring, at a 

temperature (approximately 25 °C) higher than the critical micelle concentration (CMC) of 

SDBS and SLS. The resulting modified kaolin is then subjected to filtration, washing, and drying 

at 105 °C for 6 h and then ground using a mortar passing through a 200 μm sieve. 
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II.2.3.3 The modification of kaolin by mixture of (SLS+SDBS) 

The preparation of K-M involves the gradual addition of a solution consisting of a mixture 

of sodium dodecyl benzene sulfonate (SDBS) 0.015 mol and sodium lauryl sulfate (SLS) 0.017 

mol in equal proportions to the kaolin emulsion, while stirring continuously. Subsequent to this,  

the kaolin is washed, filtered, and dried. 

Figure II.12 represents an overview of the preparation of natural and modified Kaolin, as 

well as the characterization techniques employed. 

 

II.2.4 Preparation of metal solutions 

Stock solutions of Pb(II) (1g/L), Cu(II) (1g/L), and Hg(II) (1 g/L) were prepared by 

dissolving a known quantity of metal salts of Pb(NO3)2, Cu(NO3)2, and HgSO4, respectively, in 

deionized water. The desired concentrations were obtained by diluting the stock solution to 

defined concentrations, ranging from 10 to 100 mg/L. Calibration curves were established to 

determine the equilibrium concentrations. 
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Figure II.12: Sample preparation process and characterization methods of both natural kaolin and modified kaolin. 
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II.3 CONCLUSION  

This chapter underscores the significance of experimental techniques in characterizing and 

understanding material properties. The integration of thermal, morphological, and structural 

analyses provides a holistic approach to investigating the complex nature of kaolin samples. The 

detailed descriptions of methodologies and their applications pave the way for reproducibility 

and further advancements in material characterization studies. In addition to the characterization 

techniques, this chapter also presents the materials and methods used for the modification of 

kaolin and for adsorption experiments. The methodological details presented in this chapter 

ensure a comprehensive understanding of the experimental approach and contribute to the 

reliability and reproducibility of the study. 
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 INTRODUCTION 

This chapter focuses on the detailed characterization of natural kaolin (K) and its 

modifications using diphenylamine and two anionic surfactants, sodium lauryl sulfate (SLS) and 

sodium Dodecylbenzene sulfonate (SDBS), as well as their mixture (K-M). Various analytical 

techniques have been employed to evaluate these kaolin samples' structural, thermal, and textural 

properties. The objective is to understand how surfactant modification influences kaolin's 

physical and chemical behavior, particularly its thermal stability, morphology, and surface 

properties. The chapter explores these aspects through thermal analyses (TG/DTA), infrared 

spectroscopy (FT-IR), microscopy (SEM), elemental analysis (EDX), X-ray diffraction (XRD), 

and nitrogen sorption-desorption isotherms. 

III.1 DPA modified-kaolin characterization 

III.1.1 Particle size distribution of Nat-kaolin 

The determination of the particle size distribution of kaolin involves analyzing the range 

and proportion of particle sizes present in the sample. This process is essential for understanding 

and optimizing kaolin's properties. 

The particle size distribution of Nat-kaolin and DPA-kaolin is shown in Figure III.1 The 

results of this analysis indicate that half of the particles were smaller than 30 µm, as shown by 

Nat-kaolin in Figure III.1 These results are consistent with earlier studies [1,2] which found that 

the majority of kaolin particle sizes were in the 25–35 µm range. There is not much of a change 

in the profile of the DPA-kaolin particle size curve displayed in Figure III.1 Thus, it may be said 

that the particle size is unaffected by the alteration. 
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Figure III.1: Particle size distribution on Nat-kaolin and DPA-kaolin. 

III.1.2 Microscopy analysis 

Scanning electron microscope (SEM) observation was used for the sole purpose of 

examining the morphology of the different adsorbents prepared. 

The SEM pictures of the Nat-kaolin and DPA-kaolin are shown in Figure III.2 Regarding 

the Nat-kaolin clay, Figure III.2a demonstrates that the sample is made up of platelet-shaped, 

fine, flat, hexagonal particles [3,4]  The crystalline structure of the minerals that make up kaolin, 

primarily kaolinite, is responsible for this shape [5,6], in addition to sizable white clusters of 

undesirable particles. A similar result was found by Hezil et al., [7] when the cationic surfactant 

DTAC modified kaolin. Figure III.2b shows that the altered sample retained some structural 

resemblance to Nat-kaolin [8-10].    

Nevertheless, it was found that the DPA-kaolin's morphology had a slight distortion in the 

particles due to impurities, which make up nearly all of Nat-kaolin's surface, being treated with 

HCl [11-13], after the removal of big white clusters.. Additionally, the successful alteration of 

kaolin by acid and then DPA was validated by the findings of the morphological change (SEM) 

of Nat-kaolin and the characteristics XRD and FTIR of DPA-kaolin. 
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Figure III.2: Scanning electron microscopy of the Kaolin, a) natural Kaolin, b) modified Kaolin. 

III.1.3 Energy dispersion X-ray (EDX) 

Energy dispersion X-ray (EDX) is primarily used to identify and quantify the elemental 

composition of materials. it is a technique often integrated with scanning electron microscopy to 

provide compositional information at the micro or nanoscale. 

The energy dispersive X-ray values of Nat and DPA kaolin are shown in Table III.1 The 

measured concentrations of Si, Al, and O are significantly higher, coming in at 29.52, 32.00, and 

38.48 percent, respectively, as shown in Table III.1 They are caused by the layered 

aluminosilicates structures seen in Nat-kaolin. (Al2O3 and SiO2 layer) [14].    

When kaolin is treated with inorganic acid (HCl), the kaolin particles disintegrate and 

impurities are removed, changing the kaolin's chemical compositions and structures and resulting 

in a decrease of approximately 10.76% in Al and 10.38% in Si in the DPA-kaolin [15]. This 

result aligns with the conclusions reached by Yahaya et al., [16]. The presence of DPA in the 

DPA-kaolin sample was verified by the arrival of trace amounts of C and N, roughly 5.13 and 

3.16 percent, respectively. According to Zhang et al., [17], this result is in line with their study, 

which found that the kaolin was modified by 3-(aminopropyl) triethoxysilane (C9H23NO3Si) and 

that nitrogen was present on its surface at a weight percentage of 1.98 and carbon at a weight 

percentage of 7.35. 
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Table III.1: EDX analysis of Nat-kaolin and DPA-kaolin. 

 O Al Si C N 

wt.% Error 

% 

wt. 

% 

Error 

% 

wt. 

% 

Error 

% 

wt. 

% 

Error 

% 

wt. 

% 

Error 

% 

Nat-

kaolin 

38.48 1.29 32 1.13 29.52 1.32 / / / / 

DPA-

kaolin 

51,32 1.41 21,24 1.25 19,14 1.17 5.13 0.845 3.16 0.787 

 

III.1.4 X-ray Diffraction Analysis 

The XRD diffraction pattern of both Nat-kaolin and DPA-kaolin is shown in Figure III.3 

Large, asymmetric peaks from the mineral kaolinite (K) are visible on the diffractogram, along 

with small-intensity peaks from impurities including mica (M) and quartz (Q). The International 

Centre for Diffraction Data (ICDD) card numbers 14–164 state that kaolinite, which has the 

chemical formula Si2Al2O5(OH)4, is a component of Nat-kaolin, while ICDD card numbers 33–

1161 show quartz, which has the chemical formula SiO2. [18,19] Using ICDD 00–029–1490 

[20], ICDD 001–0527 [21], ICDD 00–014–016 [22], and ICDD 00–029–1488 [23], as reference 

codes, the crystalline planes of (001), (-110), (002), (-202), and (-133) are identified as belonging 

to the diffraction patterns of 12.3, 20.7, 23.8, 38.4, and 55.12◦, respectively, and are suggestive 

of kaolinite. Furthermore, additional patterns that corresponded to the codes ICDD 070–3755 

showed the presence of quartz [21, 24], and ICDD 00–046–1045 [23]. Similar outcomes were 

mentioned by Shaban et al., [25], Khabbouchi et al., [26], and Aimdate et al., [27]. The presence 

of quartz was demonstrated by the discovery of additional peaks at two theta angles of roughly 

26.88° [26, 27]. The presence of DPA chains between the kaolin sheets is demonstrated by the d-

spacing value of kaolin increasing from 7.15 Å to 7.25 Å and the recognizable diffraction peak 

of kaolin moving from 12.3◦ to 12.5◦ following the alteration of kaolin by DPA. Similar 

outcomes were noted by Maged et al., [28] for a functionalized biochar-clay composite 

containing a particular chemical. The kaolinite interlayer spacing in the composite increased 

from 7.26 Å to 10.17 Å. Belachew and Hinsene [29] also reported the similar performance 

during the CTAB surfactant modification of kaolin. 
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Figure III.3: The XRD pattern of Kaolin, a) Nat-kaolin and b) DPA-kaolin. 

III.1.5 Thermogravimetric and differential thermal analyses of kaolin 

The results of the thermogravimetric and differential thermal analyses performed on kaolin 

are shown in Figure III.4 There was a two-step weight decrease on the TG curve, as seen in 

Figure III.4 At 60°C, the evaporation of adsorbed water and the production of kaolin caused the 

first weight loss (1.5%), whereas at 500°C, the dehydroxylation of kaolin caused the second 

weight loss (9%), which corresponded to the endothermic peak at 500°C. [14, 30-32]. As the 

DTA curve (Figure III.4) illustrates. According to Torres-Luna and Carriazo [33], commercial 

natural kaolin (Caomin C08) caused weight loss of roughly 4.5% and 13.5% at 45 and 500 ◦C, 

respectively. Additionally, these findings are consistent with those reported by Saukani et al., 

[34]. Kaolin was pre-dehydroxylated between 20 and 50 °C, and during the dehydroxylation 

process, which took place between 430 and 650 °C, 9.3% of its mass was lost. 
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Figure III.4: DTA/TG curves of Nat-kaolin at a rate of 10° C/min. 

III.1.6 Fourier-transform infrared spectroscopy 

The bands at 3698.61 cm−1 and 3467.41 cm−1 in Figure III.5 relate to the OH stretching 

vibration of inner-surface hydroxyl groups in the Nat-kaolin clay. Furthermore, it was 

determined that the OH inner-hydroxyl group was responsible for the band at 3623.28 cm−1 [35, 

36] In the meantime at 1091.04, 1035.32, and 470.82 cm−1, respectively, the bands emerged, 

corresponding to the Si-O bending vibration. [37, 38]. The band at 911.67 cm− 1 represented the 

Al–OH bending vibration [39, 40].  The bands that appeared at 752.42 cm− 1 and 690.74 cm−1 

were due to the Al-OH deformation [36]. Finally, the band at 535.22 cm−1 corresponded to the 

Si-O-Al stretching vibration [38]. The occurrence of absorption bands at 528 cm-1 and 460 cm-1, 

which correspond to the bonding of Si-O, was proof of Si-O-Al bonding in previous research 

[28].     

The DPA-kaolin shown in Figure III.5 exhibits the typical absorption bends of Nat-kaolin 

with the appearance of new vibration bands at 1248 cm− 1, corresponding to the C-N of DPA 

[41]. According to a different study the C-N mode appears at about 1235 cm−1. The aromatic C-

H stretching vibration band is located at 3032 cm−1 [42].       
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On the other hand, the phenyl ring C––C vibration was represented by the bands at 1528 

cm−1, 1597 cm−1, and 1662 cm−1, whereas the N-H bonds (amine group) of DPA were 

responsible for the band at 3360 cm−1. An Ag/ESM sample showed N-H stretching at about 3275 

cm⁻¹ in research by Maged et al., [28]. The results showed that the kaolin modification was 

effective. 

By adding arginine salt (Arg salt) to montmorillonite [43], achieved the same outcomes. 

The C-N stretching vibration was found to be an absorption peak at 1348 cm−1 in their 

investigation. Additionally, the carboxyl vibration was identified as the band that emerged at 

1502 cm−1, whereas the N-H vibration was identified as the band at 3377 cm−1. Additionally, 

when they synthesized a cobalt-diphenylamine complex to explore the removal of heavy metals 

from wastewater, another study [44, 24],  discovered infrared spectroscopy results comparable to 

ours. 
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Figure III.5: The FT-IR spectral of Nat-kaolin and DPA-kaolin from 4000 to 400 cm-1. 
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III.1.7 Nitrogen adsorption-desorption isotherms and specific surface area of both Nat-

kaolin and DPA-kaolin 

The N2 adsorption-desorption isotherms of Nat-kaolin and organic DPA-kaolin at 77 K, as 

shown in Figure III.6a, show that both kaolin’s isotherms closely resemble the category IV 

isotherm according to the International Union of Pure and Applied Chemistry's (IUPAC) 

isotherm categorization [45]. Since the amount of N2 adsorbed by both kaolin increased 

gradually, each sample also contained H3 hysteresis loops made up of irregularly sized 

agglomerated particles [46]. However, because the modification altered the pore size of the 

Kaolin, the amount of N2 adsorbed by organically altered kaolin was greater than that of Nat-

kaolin. It is possible to calculate the BET plot, which is shown in Figure III.6b. The 

measurement values in the relative pressure area between 0.05 and 0.35 are applied to determine 

the Brunauer-Emmett-Teller (BET) surface area in accordance with IUPAC guidelines [47].      

The obtained surface area increased by 25% after the modification (from 66.69 m².g−1 to 71.35 

m².g−1)  Chai et al., [48] reported similar outcomes, finding that after acid treatment, the specific 

pore volume and BET surface area of raw kaolin from Malaysia Sdn increased by 3.57% and 

84.58%, respectively, with the BET surface area of modified kaolin being 1.85 times greater than 

that of unprocessed kaolin. 
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Figure III.6: a) Adsorption / desorption isotherms of nitrogen and b) the BET surface area plot on Nat-kaolin and 

DPA-kaolin. 

III.2 Surfactants modified-kaolin characterization 

III.2.1 Thermal analyses  

In order to perform thermogravimetric and differential thermal analyses (TG/DTA), the 

mass change and the heat flow of each specimen were plotted against temperature. The 

differential thermal analysis and thermogravimetric curves for the four kaolin types (K(a), K-

SLS(b), K-SDBS(c), and K-M(d)) are shown in Figure III.7.  

Within the temperature range of 100 °C to 200 °C, the TG curves of K (Figure III.7a) show 

a 1.5% mass loss, indicative of the loss of interlayer and adsorbed water. A mass loss of 3.27% 

was found between 400 °C and 600 °C. This is attributed to the process of dehydroxylation of 

kaolinite, which results in the formation of metakaolin through the removal of hydroxyl groups 

from the kaolin structure.  

The DTG curves (Figure III.7a) exhibited two endothermic peaks that corresponded to the 

weight loss phases. These peaks, indicative of thermal processes such as dehydration and 

dehydroxylation, occurred at approximately 400 °C and 600 °C, respectively. At 995 °C, an 
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exothermic signal was detected, indicating the transformation of metakaolin into amorphous 

silica SiO2 and mullite [49, 50]. These results are consistent with those of [30], where two 

endothermic peaks and one exothermic peak were discovered on Algerian Tamazarte kaolinite at 

133 °C, 580 °C, and 995 °C, respectively, along with a 1.5% weight loss at 114 °C and a 10% 

weight loss at 580 °C. 

TG curves for modified kaolin K-SLS (Figure III.7b) demonstrate a weight loss of 1.18% 

at approximately 300 °C, attributable to the removal of adsorbed water, which corresponds to the 

endothermic peak between 100 and 300 °C. At approximately 600 °C, a more pronounced 

weight loss of 5.39% is observed. This observation indicates the occurrence of a significant 

dehydroxylation process, a phenomenon that may be amplified by the incorporation of chemicals 

(SLS) that serve to reduce the decomposition temperature. This reduction in temperature 

corresponds to the aforementioned endothermic peak, which is observed between 400 and 600 

°C [51]. These findings are consistent with those reported by Zuo et al., [52], who identified an 

endothermic peak accompanied by a mass loss of 2.2% between 400 and 600 °C. Furthermore, a 

notable endothermic peak with a mass loss of 12.5% between 60 and 200°C was identified on 

kaolinite treated with sodium dodecyl sulfate [52]. 

In addition, the TG/DTA curves of K-SDBS (Figures III.7c) demonstrate an initial weight 

loss of only 0.5%, the smallest among the samples, suggesting minimal moisture content or 

reduced water adsorption capability. The major thermal decomposition stage shows a weight loss 

of 2.35%, which is significantly lower than both K and K-SLS. This suggests that SDBS may 

inhibit the dehydroxylation process by increasing the structural stability of kaolin, and the 

numerous organic groups in SDBS may prevent hydroxyl from being released [53].   

Finally, K-M (Figure III.7d) displays an initial weight loss of 0.59%, which is greater than 

K-SDBS, although this is still minimal. However, due to the presence of additives, the main 

weight loss event is more significant at 4.85%. 
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Figure III.7: The thermogravimetric and differential thermal analyses (TG/DTA) of: K(a), K-SLS(b), K-

SDBS(c) and K-M(d). 

III.2.2 Infrared spectroscopy analysis 

The infrared spectrum of the four kaolin types, K(a), K-SLS(b), K-SDBS(c), and K-M(d), 

is displayed in Figure III.8. In the case of K (a) samples (Figure III.8), the bands situated at 3698 

cm-1 and 3623 cm-1 were assigned to the stretching vibrations of hydroxyl groups (OH) [54].  

The bands recorded at 3465 cm-1 and 1635 cm-1 correspond to the bending vibrations of water 

molecules [55]. Furthermore, the bands observed at 1090 cm-1, 1036 cm-1, and 471 cm-1 are 

attributed to Si-O the stretching vibrations [56]. Additionally, the sharp band at 912 cm-1 

represents the Al–OH bending vibration [39]. The two bands located at 753 cm-1 and 691 cm-1 

are attributed to Al-OH deformation [57]. The last band situated at 536cm-1is attributed to the Si-

O-Al stretching vibration [58]. As illustrated in Figure III.8, the typical absorption bends 
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observed in K(a) samples exhibit the emergence of new vibration bands located at 2927 cm-1 and 

2855 cm-1. These bands correspond to the C-C chain's symmetric and asymmetric stretching 

vibrations, respectively [52]. The bands situated at 1472 cm-1 and 1383 cm-1 are ascribed to C-O 

and S=O, respectively [59, 60], which suggests the existence of SLS. In addition to the 

analogous peaks observed in the K-SLS (b) samples, the K-SDBS (c) samples exhibit a novel 

band at 1600 cm-1, which is corresponding to the C=C vibration of the benzene ring. 

The K-M (d) samples (Figure III.8) exhibit comparable absorption bends to those observed 

in the K-SLS (b) and K-SDBS (c) samples, thereby confirming the successful alteration of kaolin 

by SLS, SDBS, and a combination of both. A previous investigation by Merrikhpoura et al., [61]   

has demonstrated that the formation of a bending vibration of the H–C–H groups between 1,625–

1,750 cm–1 in the region from 1,400 to 1,500 cm–1, after SDS modification of bentonite. In 

another investigation published by Andrunikand Bajda., [55] where they confirm the 

effectiveness of the modification of bentonite with TX100 by the presence of the following weak 

absorption bands, which represent methylene groups (-CH2), 1541 cm-1, 1354 cm-1, and 1246 cm-

1, which represent CH stretching and bending as well as CO and OH bending vibrations of 

TX100 molecules, and a band at 1643 cm-1, which represents C–C bonds of phenyl rings. 
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Figure III.8: a) The FT-IR spectral of K(a), K-SLS(b), K-SDBS(c) and K-M(d)from 4000 to 400 cm-1 and b) 

presentation of the peaks from 1000 to 500 cm-1. 

III.2.3 Microscopy analysis 

The pictures from the scanning electron microscope of the four kaolin types K(a), K-

SLS(b), K-SDBS(c), and K-M(d), are presented in Figure III.9. It was observed that the natural 

kaolin (K(a)) exhibits a relatively homogeneous and compact structure with irregularly shaped 

particles [62]. The particles appear relatively smooth with some larger aggregates visible [63].   

Moreover, the SEM image of K-SLS (b) displays a less compact structure in comparison to 

the natural kaolin K(a), resulting in a surface that is rough with noticeable voids or pores [64]. 

This evidence corroborates the assertion that the surfactant has altered the particle arrangement 

[65]. 

Furthermore, the K-SDBS(c) structure shows greater clarity in porosity and a more 

disordered particle arrangement than that observed in previous samples. The particles are more 

irregularly shaped and dispersed [66]. The increased porosity and surface irregularity are 

indicative of effective surface modification [66].  

Finally, the SEM of modified kaolin by the mixture of both surfactants K-M exhibits a 

structure that seems to combine characteristics of both K-SLS and K-SDBS. It shows a 
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moderately porous and less compact structure [55], with particles that are more uniformly 

dispersed compared to the natural kaolin.  

The modification of the kaolin by surfactants has resulted in notable alterations to its 

morphology, characterized by a rougher surface, a less compact structure and a clear porosity. 

These findings are in accordance with the findings of a previous research [52, 55, 60].   
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                Figure III.9. The SEM and EDS images of: K(a), K-SLS(b), K-SDBS(c)and K-M(d). 

III.2.4 Energy dispersion X-ray (EDX) 

Figure III.9 illustrates the EDS images of the four kaolin types K(a), K-SLS(b), K-

SDBS(c), and K-M(d), It is evident that the presence of Silicon (Si), aluminum (Al),and oxygen 

(O) in with a value of 18.03%, 19.11%, and 56.42%, respectively, on natural kaolin K(a) as 

munched in Table III.2 indicated that these elements constitute the main components of kaolin 

(Al2Si2O5(OH)4) [67], and the tiny carbon (C) peak around 6.44% could be due to surface 

contamination [68]. In contrast, the EDS spectrum of K-SLS (b) displays comparable peaks to 

those observed in natural kaolin K (a), albeit with diminished intensity, suggestive of surface 

alterations. The presence of carbon (C) by 23.97% is pronounced, potentially attributable to the 

hydrocarbon chains of the SLS surfactant [69]. Furthermore, in the case of K-SDBS(c), the 

existence of sulfur (S) peak at 0.76%, and the increase in the amount of carbon (C) at about 

19.21% confirmed the addition and adsorption of SDBS surfactant onto kaolin samples surface, 

in addition to the presence of oxygen (O), aluminum (Al), Silicon (Si) with a value of 54.13%, 

13.08%, and 12.83%, respectively [70]. 

Ultimately, the modified kaolin, K-M (d), exhibits analogous peaks to those observed in K-

SDBS (c), thereby substantiating the intercalation of SDBS surfactant between the silicate layers. 

Conversely, the overall diminution in the intensity of the Al and Si peaks indicates that both 

surfactants were involved in the modification process [70]. 
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Similar findings were also reported by Monteiro et al., [71] demonstrating the existence of 

ionic and nonionic surfactant mixture functional groups in between the bentonite's silicate layers. 

Table III.2: EDX analysis of four types of kaolin: K, K-SLS, K-SDBS, and K-M. 

 O Al Si C    S 

wt.% wt. % wt. % wt. % wt. % 

k 56.42 19 .11 18.03 6.44 / 

K-SLS 48.18 14.82 13.04 23.97 / 

K-SDBS 54.13 13.08 12.83 19.21 0.76 

K-M 56.79 14.13 14.28 14.80 / 

III.2.5 X-ray Diffraction Analysis  

The patterns of XRD diffraction of the four kaolin types K(a), K-SLS(b), K-SDBS(c), and 

K-M(d) are displayed on Figure III.10 Using the ICDD (International Centre for Diffraction 

Data) database cards to verifying and contrasting kaolin lines of diffraction. 

From Figure III.10 the natural kaolin K(a) (black spectrum) shows intense peaks mainly 

located around 2theta= 12.03°, 20.09°, 24.50°,26.47°,29.97°, 36.51°,54.75°,62.66°,73.93°, and 

77.15°. According to ICDD 00-029-1488 [72], ICDD 00-029-1490 [22], ICDD 00-014-016 [73], 

and ICDD 001-0527 [34], as reference codes. These peaks correspond to the crystal planes (001), 

(-110), (002), (012), (111), (003), (220), (222), (132), and (320) respectively, indicative of 

kaolinite. Other patterns revealed the presence of quartz in kaolin based on these codes JCPDS 

no. 46-1045 [39], and JCPDS no 085-0504 [74]. Whereas, the modified kaolin by SLS surfactant 

K-SLS (red spectrum),displayChanges in the intensity and two new peaks appearing at around 

2theta=21.00° and 42.58° are observed, the diffraction peak shifted from 12.3° to 12.6°indicating 

successful intercalation of SLS molecules onto kaolin samples. This modification enhances the 

hydrophobic properties of the kaolin, as the surfactant replaces exchangeable cations and alters 

the surface characteristics. a modification compared to natural kaolin. Bayram et al., [75]    

mentioned the same performance throughout the modification of montmorillonite using sodium 

dodecyl sulfate surfactant. 

Furthermore the modified kaolin by SDBS surfactant K-SDBS (blue spectrum) shows 

similair peaks to those observed in the natural kaolin they are often less intense with a new peak 
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appeared at 2theta=8.85° this demonstrates the interaction of SDBS surfactant on kaolin layers 

was sucssessfly. A similar finding was reported by Ni et al., [68] during the modification of 

montmorillonite by anionic surfactant sodium Dodecylbenzene sulfonate. 

Finally in the case of modified kaolin by mixture of both surfactant K-M (magenta 

spectrum) display a similair peaks of the natural kaolin K (black spectrum) with no change was 

observed after kaolin modification by the mixture of both surfactant this might suggest that the 

adsorption of each surfactant onto the surface of kaolin did not affect its interlayers. The same 

remarks were mentioned in a previous literature [55]. 
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Figure III.10: a)The XRD pattern of: K(a), K-SLS(b), K-SDBS(c)and K-M(d) from 10° to 80° and b) presentation 

of the peaks from 15° to 30°. 
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III.2.6 Nitrogen sorption-desorption isotherms and specific surface area  

Figure III.11a displays the N2 adsorption-desorption isotherms of four types of kaolin (K, 

K-SDBS, K-M, and K-SLS) at 77 K, based on the International Union of Pure and Applied 

Chemistry (IUPAC), the isotherms of all types of kaolin approximate the category IV isotherm 

[76]. Indicating that the mesoporous structures all samples were consistent with monolayer-

multilayer adsorption and included some macro- and micro porosity [76-78]. Every sample also 

contained H3 hysteresis loops, consisting of aggregated particles [78].    

According to the isotherms, the amount of nitrogen gas adsorbed by four types of kaolin is 

raised gradually until all of the pores are saturated, whereas the amount of N2 adsorbed by 

surfactant-modified kaolin K-SLS was higher than the other three types of kaolin due to 

enhanced mesoporosity by altering the arrangement of clay particles, creating more interparticle 

voids, improving the surface structure to allow more adsorption sites for nitrogen molecules.  

The BET transformation in Figure III.11b was performed by representing P⁄V(P0−P) as a 

function of the relative adsorbed pressures P⁄P0 from 0.05 to 0.35 to calculate the specific surface 

area BET of four types of kaolin, where the resulting surface area increased by 38.3%, 31.9% 

and 17.5% of K-SLS, K-SDBS and K-M respectively after modification, Budash et al., [79]     

obtained similar outcomes after treating montmorillonite with acid, they discovered that the 

montmorillonite's specific BET surface area increased from 83.61 to 216.43 m2/g. 

Table III.3: Total Pore Volume, Average Pore Size, and BET surface area values of four types of kaolin: 

K, K-SLS, K-SDBS, and K-M. 

Adsorbent BET surface 

area(m².g-1) 

Average Pore Size    

(A°) 

Total Pore Volume   

(cm3.g-1) 

K 44.6 93.2 0.082 

K-SLS 82.9 93.2 0.139 

K-SDBS 62.1 98.3 0.103 

K-M 76.5 87.6 0.127 
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Table III.3 provides an overview of Total Pore Volume, Average Pore Size, and BET 

surface area of four types of kaolin. According to the Table III.3, the value of specific surface 

area of natural kaolin increased by 38.3% from44.6 m².g-1 to 82.9 m².g-1 after the modification of 

kaolin by sodium lauryl sulfate (SLS) anionic surfactant, and by 17.5% from 44.6 m².g-1 to 62.1 

m².g-1after the modification of kaolin by sodium lauryl sulfate (SDBS) anionic surfactant, and by 

31.9% from 44.6 m².g-1 to 76.5 m².g-1 after the modification of kaolin by the mixture of two 

anionic surfactant (SLS) and (SDBS). After these results, we can conclude that the ideal 

surfactant used to modify kaolin is sodium lauryl sulfate (SLS) anionic surfactant which had a 

higher BET surface. 
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Figure III.11: a) Adsorption/desorption isotherms of nitrogen and b) The BET surface area plot of K, K-SLS, K-

SDBS and K-M. 
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III.3 CONCLUSION 

The characterization of diphenylamine-modified kaolin revealed significant structural and 

textural changes. FT-IR spectra confirmed the presence of diphenylamine functional groups, 

indicating successful modification. XRD analysis showed slight shifts in diffraction peaks, 

suggesting interactions between diphenylamine and the kaolin layers. SEM images displayed 

noticeable modifications in surface morphology, with an increase in porosity. BET surface area 

analysis demonstrated an enhancement in surface area and pore volume, contributing to 

improved adsorption performance. These results highlight the potential of diphenylamine-

functionalized kaolin as an advanced adsorbent for heavy metal removal. 

This chapter has also successfully demonstrated the impact of surfactant modification on 

kaolin's thermal, structural, and morphological characteristics. Thermogravimetric analysis 

revealed changes in weight loss patterns, highlighting the influence of surfactants on 

dehydroxylation processes. FT-IR spectroscopy confirmed the successful adsorption of SLS and 

SDBS through the appearance of new vibrational bands. Microscopy and EDX analyses showed 

alterations in kaolin's surface morphology and elemental composition, while XRD results 

confirmed the intercalation of surfactants into the kaolin structure. Furthermore, BET surface 

area analysis indicated a significant increase in surface area, particularly for SLS-modified 

kaolin. Sodium lauryl sulfate (SLS) is the most effective surfactant for enhancing kaolin's 

surface properties. 
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INTRODUCTION 

This chapter discusses the adsorption capacities of natural (Nat-kaolin) and modified 

kaolin (diphenylamine-modified kaolin (DPA-kaolin), sodium lauryl sulfate-modified kaolin (K-

SLS), sodium dodecyl benzene sulfonate- modified kaolin (K-SDBS), and SLS/SDBD modified 

kaolin (K-M) for the removal of lead (Pb(II)), copper (Cu(II)) and mercury (Hg(II)) Hg ions 

from aqueous solutions. Furthermore, the adsorption mechanisms, kinetics, thermodynamics, and 

isothermal absorption lines of Pb(II), Cu(II) and Hg(II)on all types of kaolin are analyzed in 

detail. Emphasis is placed on understanding the effect of the modification on the adsorption 

efficiency, as well as the influence of variables such as contact time, temperature, pH, and metal 

ion concentration. Equilibrium models, employing Langmuir, Freundlich, and Sips models are 

studied. 

IV.1 Study of Lead and Copper adsorption capacity onto Nat-kaolin and DPA-kaolin 

IV.1.1 Lead and Copper adsorption  

Lead and copper adsorption onto Nat-kaolin and DPA-Kaolin was investigated as a 

function of time, temperature, and pH. At room temperature, the experiments were conducted in 

batch reactors that were closed.  

IV.1.2 Effect of contact time on the adsorption of Pb, Cu on Nat-kaolin and DPA- Kaolin 

The main objective of the study of the effect of contact time on adsorption is to determine 

the time required (ideal time) to reach the adsorption equilibrium. We therefore studied the effect 

of contact time on the adsorption of lead and copper on Nat-kaolin and DPA- Kaolin. Taking 50 

ml of lead or copper solution with an initial concentration of C0 = 0.1 g/L, it is put in contact 

with 0.2 g of NAT kaolin or DPA kaolin. The whole is put at a stirring speed of 4000 rpm for 9 

hours at room temperature and pH equal to 7, aliquots of 2 ml of the solution are taken during 

different time intervals and are centrifuged for 5 min at 450 rpm. The supernatant is immediately 

dosed by an atomic absorption spectrometry (PinAAcle 900 T). 
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Contact time is a crucial parameter that can markedly influence the adsorption process. 

Understanding its impact can assist in optimizing the design of effective DPA-kaolin for the 

removal of Pb(II) and Cu(II) from aqueous solutions.  

As illustrated in Figure IV.1, there is an initial rapid adsorption of both Pb(II) and Cu(II) 

on DPA-kaolin, followed by a slower equilibrium phase in which the adsorption rate gradually 

decreases. Indeed, after 120 minutes, the adsorption rates for Pb(II) and Cu(II) reached 77 % and 

65 %, respectively. Similar results were observed by Musumba et al.,[1] in their investigation 

into the removal of Pb, Cu, and zinc from waste rubber tires. However, in a study of the 

adsorption of Pb(II) and Cu(II) on biochar [1], demonstrated that equilibrium was reached after 

60 minutes. Another study carried out by Hilal and Nassif [2] on kaolin demonstrated that 

equilibrium was reached after 100 minutes. This is due to the fact that at the outset of the 

process, there are more adsorption sites available on the kaolin surface for the metal ions to bind 

to. As these sites become occupied, the rate of adsorption slows. 
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Figure IV.1: Effect of the contact time on the Adsorption of Pb(II) and Cu(II) by DPA-kaolin. 
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IV.1.3 Adsorption kinetic 

The adsorption kinetics of heavy metals (Pb, Cu) on our clay adsorbents (natural and 

modified kaolin) was carried out using pseudo first order, pseudo second, and intraparticle 

diffusion models. The conformity between the experimental data and the model is based on the 

values of the correlation coefficients (R2). The closer R2 is to unity, the more adequate the model 

is to correctly describe the adsorption kinetics considered. 

The experimental data obtained from Pb(II) and Cu(II) adsorption onto DPA-kaolin were 

analyzed using the pseudo-first-order (Figure IV.2), pseudo-second-order kinetic (Figure IV.3), 

and Weber-Morris intraparticle diffusion models (Figure IV.4).  

Figure IV.3 illustrates the fitting of the pseudo-second-order kinetic models for Pb(II) and 

Cu(II) adsorption, with the parameters of the model listed in Table IV.1.  

The curves in Figure IV.3 fit well with the pseudo-second-order model for both the Pb(II) 

and Cu(II) adsorption systems, with R2 values of 0.999 and 0.996, respectively, which are higher 

than that of the pseudo-first-order (Figure IV.2). This indicates that chemisorption is the rate-

controlling step in the adsorption process of Pb (II) ions and Cu (II) ions on natural kaolin [3, 4]. 

Congruent results were reported by Trikkaliotis et al., [5] for the adsorption of Cu ions onto 

chitosan/poly (vinyl alcohol) beads.  

The predicted Qe values are in accordance with experimental data for both Pb(II) and 

Cu(II). The rate constants for Pb(II) and Cu(II) adsorption were calculated as 0.002 ± 5.82E-05 

g.µmol− 1
⋅h

− 1 and 0.006 ± 1.49E-04 g.µmol− 1.h− 1 , respectively, based on the PSO kinetic data. 

For instance, the calculated qe of Pb(II) was 156 ± 0.025 µmol.g− 1 , which is almost similar to 

the experimental Qe value of 151 µmol.g− 1 . However, qe calculated by the pseudo-first-order 

model is considerably different from the experimental value of 134 µmol.g− 1. The same findings 

were observed for Cu(II).  

Figure IV.4 illustrates the plot of Qt versus t 1/2. The fitted curves of the intraparticle 

diffusion model have R2 greater than 0.9 for both Pb (II) and Cu(II) and did not pass through the 

origin, suggesting that mechanisms other than intraparticle diffusion may be at play [6].  The 

boundary layer also influences the adsorption process [7].   
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The higher Kid for Pb(II) compared with that of Cu(II) indicated a higher surface 

adsorption reaction of Pb(II) with the active sites of DPA-kaolin. 

Table IV.1: Parameters of the PFO, PSO, and intraparticle diffusion kinetic models from the adsorption  

of Pb(II) and Cu(II) onto DPA-kaolin. 

 

 PFO PSO Intraparticle 

diffusion  

k1 

(g.µmol-

1.h-1) 

Qe 

(µmol.g-

1) 

R2 k2 

(g.µmol-1.h-

1) 

Qe 

(µmol.g-

1) 

R2 Kid R2 

Pb(II) 0.704 ± 

0,450 

673 ± 

0.072 

0.91

2 

0.002 ± 

5.82E-05 

156 ± 

0.025 

0.99

9 

7.37 ± 

0,622 

0.938 

Cu(II) 0.288 ± 

0.214 

259 ± 

0.034 

0.88

4 

0.006 ± 

1.49E-04 

 

130 ± 

0 .065 

0.99

6 

5.94 ± 

0,480 

0.933 
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                   Figure IV.2: PFO Adsorption Kinetic of Pb(II) and Cu(II) ions adsorption by DPA-kaolin. 
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                   Figure IV.3: PSO Adsorption Kinetic of Pb(II) and Cu(II) ions adsorption by DPA-kaolin. 
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                Figure IV.4: Weber-Morris intraparticle diffusion of Pb(II) and Cu(II) ions adsorption by DPA-kaolin. 
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IV.1.4 Effect of temperature on the adsorption of Pb, Cu by DPA-Kaolin and 

thermodynamic study 

To understand the effect of temperature on the adsorption efficiency of lead and copper on 

Nat kaolin and DPA kaolin, 50 ml of artificial solutions of Pb, Cu with a concentration equal to 

0.1 g/L were mixed in 0.2 g of solid (Nat kaolin or DPA kaolin) with stirring at 4000 rpm for one 

hour, and the temperature was varied in each operation for values of 25, 35, 45, 55 and 65 ° C, 

using a water bath to keep the temperature constant during the contact period. At the end, the 

samples were separated from the solid and kept until analysis by an atomic absorption 

spectrometry (PinAAcle 900 T). 

The effect of temperature on adsorption is always accompanied by a thermal process 

because adsorption involves energy exchanges between the adsorbates (metal ions) and the 

adsorbent (kaolin) this process can be classified as exothermic or endothermic, depending on the 

interactions between the particles. Consequently, we have carried out the thermodynamic study 

on the adsorption of lead and copper on Nat-kaolin and DPA-Kaolin using the Gibbs free energy 

(ΔG) which is composed of two terms, an enthalpic term (ΔH) which expresses the interaction 

energies between the molecules and the surface of the adsorbent, and an entropic term (ΔS) 

which expresses the modification and arrangement of the molecules in the liquid phase on the 

surface. 

Figure IV.5 illustrates the impact of temperature on the adsorption of Pb and Cu on DPA-

kaolin. The temperature range tested was 25 ◦C to 65 ◦C with a 10 ◦C increment. The results 

demonstrate a decrease in the adsorption of both PTEs as temperature increases. Notably, the 

decrease is more significant for Pb than for Cu. The amount of Pb adsorbed decreases from 

102.95 µmol.L−1 at 25 °C to 56.88 µmol.L−1 at 65 °C, while for Cu, the adsorbed quantity 

decreases from 76.88 µmol.L−1 at 25 °C to 59.14 µmol.L−1 at 65 °C. Cu adsorbs better than Pb, 

while at 65 °C, adsorption is better for Cu. This indicates that adsorption is exothermic. Several 

studies have found the same results concerning the effect of heavy metal adsorption [8-11].   

 The decrease in Pb(II) and Cu(II) adsorption onto DPA-kaolin at higher temperatures can 

be attributed to the acceleration of the desorption process due to the rise in temperature, causing 

previously adsorbed metal ions to detach from the surface of the DPA-kaolin particles.  
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This phenomenon occurs due to increased thermal energy, which promotes the movement 

and diffusion of metal ions away from the adsorption sites [12, 13]. Higher temperatures can also 

alter the structure of kaolin particles, leading to changes in surface properties such as surface 

area and surface charge, which can affect the adsorption capacity. 

Additionally, increased temperature can enhance the solubility of metal ions in the solution 

phase, reducing their availability for adsorption onto the kaolin surface. These combined effects 

contribute to the observed decrease in Pb(II) and Cu(II) adsorption onto DPA-kaolin with 

increasing temperature.  

In order to study the thermodynamics parameters, the obtained data was fitted by the 

formula in (Eq. IV.1), and (Eq. IV.2): 

ΔG = ΔH – TΔS……………………………………………………………………...….(Eq. IV.1) 

Ln (
𝐐𝐚𝐝𝐬

𝐂𝐞
) =    

𝚫𝐒

𝐑
  −  

𝚫𝐇

𝐑𝐓
…………………………………………………………………....(Eq. IV.2)  

Where: 

 Ce (µmol.L−1) is the equilibrium ion concentration, Qads (µmol.g−1) is the adsorption capacity, T 

(K) is thermodynamic temperature, and R is the universal gas constant.  

The plot of Ln (Qads/Ce) as a function of 1/T (Figure IV.6) has enabled us to calculate the 

thermodynamic parameters: Gibbs free energy ΔG, entropy change ΔS, and enthalpy change ΔH 

shown in Table IV.2. 

An examination of Table IV.2 reveals that the enthalpy values are negative, thereby 

confirming that the adsorption process for the two studied PTEs, Pb(II) and Cu(II), is 

exothermic. The negative values of Gibbs free energy (ΔG) for both heavy metals indicate that 

the process is thermodynamically favorable, meaning that it tends to occur spontaneously. As the 

absolute value of ΔG decreases with increasing temperature, it can be inferred that the adsorption 

process becomes increasingly unfavorable as the temperature rises. This could be attributed to a 

reduction in thermal energy, which impairs the mobility of adsorbate molecules and hinders their 

interaction with the adsorbent surface. 
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Figure IV.5: The effect of temperature on the adsorption of Pb(II) and Cu(II) ions by DPA-kaolin. 
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Figure IV.6: Thermodynamic study of Pb(II) and Cu(II) ions adsorption by DPA-kaolin. 
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Table IV.2: Thermodynamic parameters. 

 

IV.1.5 Effect of pH on the adsorption of Pb, Cu by DPA-Kaolin 

The pH is an influential factor in all adsorption processes as it can affect the structure of 

the adsorbent and adsorbent as well as the adsorption mechanism. Therefore, we studied the 

effect of pH on the adsorption of lead and copper on natural kaolin by adding 50 ml of lead and 

copper ion solutions at the same concentrations with 0.2 g of natural kaolin or kaolin DPA and 

placing the mixture at a stirring speed of 4000 rpm for 9 hours at room temperature. The pH was 

changed in each process to values of 1, 2, 3, 4, 5, and 6 using a laboratory pH meter based on a 

microprocessor type "HANNA, HI 8521". The pH was adjusted by adding a few drops of sodium 

hydroxide (0.1M ) and hydrochloric acid (0.1). Finally, the samples were separated from the 

solid material and stored until analysis by atomic absorption spectroscopy (PinAAcle 900 T). 

The study investigated the effect of pH on the adsorption behavior of Pb(II) and Cu(II) on 

modified kaolin. The pH levels varied between 1 and 6 [14-17]. While the initial concentration 

of Pb(II) and Cu(II) in the solution was maintained at 25 mg.L−1 . The experimental procedure 

involved the preparation of solutions with varying pH levels, with the objective of examining the 

effect of pH on the adsorption of Pb(II) and Cu(II) onto the DPA-kaolin. This experimental 

approach enables a comprehensive understanding of the influence of pH on the adsorption of 

Pb(II) and Cu(II) on modified kaolin, which is essential for optimizing the removal of these 

heavy metal ions from aqueous systems.  

The study of the influence of pH on the adsorption of Pb(II) and Cu(II) on DPA-kaolin 

revealed interesting results (Figure IV.7). At low pH values of around 1–3, the adsorption of 

Pb(II) and Cu(II) onto the DPA-kaolin is the lowest due to the protonation reaction that competes 

with heavy metal ions for adsorption sites on DPA-kaolin. As the pH rises to 4–5, the removal of 

 ΔS (J.mol-

1.K-1) 

ΔH (J.mol-

1.K-1) 

ΔG (KJ.mol-1) 

298.15 K 308.15 K 318.15 K 328.15 K 338.15 K 

Pb(II) -248 -123010 -49.11 -46.62 -44.13 -41.65 -39.17 

Cu(II) -132 -72839 -6898 -688 -686 -685 -684 
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both metals improves significantly. This is due to the fact that as the pH increases, the surface of 

DPA-kaolin becomes more negatively charged, which increases the electrostatic attraction 

between the positive charge of heavy metal ions and the adsorbent [18, 19].   

Thus, the adsorption of Pb(II) is significantly better at a pH of 5, with an adsorption rate of 

around 83 %. In contrast, Cu(II) adsorption at the same pH is less effective, at only 52 %. These 

results indicate that the adsorption of Pb(II) on DPA-kaolin is more favorable than that of Cu(II) 

at pH 5. The difference in adsorption rates can be attributed to the physico-chemical properties of 

Pb(II) and Cu(II) ions, as well as their interactions with DPA-kaolin. pH plays a pivotal role in 

the speciation of metals and influences their adsorption behavior. At pH 5, Pb can form more 

stable complexes with the active sites of the kaolin, thus favoring its adsorption [20, 21].  
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                               Figure IV.7: Effect of the pH on the Adsorption of Pb(II) and Cu(II) by DPA-kaolin. 

IV.1.6 Lead, Copper adsorption isotherm 

To study the adsorption isotherm of Pb and Cu onto Nat-Kaolin and DPA-Kaolin. A 

specific quantity of Pb(NO3)2 and Cu(NO3)2 were dissolved in deionized water (1000 ml) to 

prepare the metal ion solutions Concentrations of various metal ions ranging from 10 to 100 

mg.L−1 were created through dilution of the standard solutions. 0.5 g of Nat-kaolin or DPA-
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Kaolin was mixed with an aqueous solution (100 ml) comprising Pb(II) and/or Cu(II) at varying 

concentrations. After that, the mixture was agitated for 24 hours at 25 ◦C until equilibrium was 

achieved then the supernatant was subsequently centrifuged at 4000 rpm for half an hour. The 

residual concentration of Pb(II) and Cu(II) was determined using an atomic absorption 

spectrometry (PinAAcle 900 T). The quantity of metal (Pb or Cu) adsorbed onto Nat-kaolin or 

DPA-Kaolin (the adsorption capacity) was estimated using (Eq. IV.3).  

Qads = (C0 − Ce).V / m ………………...………………………………………………..(Eq. IV.3)  

Where: 

Qads (µmol.g− 1): The equilibrium adsorption capacity. C0 (µmol.L−1): The starting concentration 

of (Pb or Cu).Ce (µmol.L−1): The equilibrium concentration of (Pb or Cu).V (mL): The volume 

of solution. m(g): The weight of the solid. The study examined the effect of contact time, pH, 

temperature, and thermodynamics on the adsorption of Pb(II) and Cu(II) ions.  

The adsorption isotherm study examined Pb(II) and Cu(II) adsorption on Nat-kaolin and 

DPA-kaolin at 25 °C. Both materials demonstrated an increase in adsorption with elevated metal 

concentrations, resulting in the formation of L-type isotherms (monolayer adsorption). The 

adsorption of Pb(II) and Cu(II) (Figure IV.8) by Nat-kaolin was found to be 103 µmol.g-1 and 91 

µmol.g-1, respectively. In comparison, DPA-kaolin exhibited higher adsorption capacities of 151 

µmol.g-1 for Pb(II) and 134 µmol.g-1 for Cu(II). This is attributed to the larger surface area of 

DPA-kaolin [15-17, 22]. In comparison, [23, 24] reported adsorption capacities of 30 mg⋅g-1 for 

Pb and 4.41 mg⋅g⁻¹ for Cu on raw and heat-treated attapulgite clay. Additionally, Kypritidou and 

Argyraki, [25]   Dikra et al., [16]  observed that the adsorption capacities on palygorskite clay, 

Fe-smectite clay, and a natural palygorskite-Fe-smectite mixed clay ranged from 27.6 to 52.1 

mg⋅g⁻¹ for Pb and 7.7–17.6 mg⋅g⁻¹ for Cu. These results highlight the performance of DPA-

kaolin in adsorbing both Pb and Cu as compared to other modified and natural clays.  

The enhanced adsorption observed in DPA-kaolin was attributed to its chemical 

modification, which resulted in an expansion of the pore size [20, 26]. Pb(II) formed insoluble 

complexes with DPA, leading to precipitation, while Cu (II) showed a lower affinity for DPA.  

 



CHAPTER IV                                                                                              ADSORPTION TESTS 
 

108 
 

2 4 6 8 10
0

20

40

60

80

100

120

140

160

180

Q
a
d

s 
 (

µ
m

o
l/

g
)

Ce (µmol/L)

 Pb-Nat-kaolin

 Pb-DPA-kaolin
a)

 

2 4 6 8 10
0

20

40

60

80

100

120

140

160

180

Q
a

d
s 

(µ
m

o
l/

g
)

Ce (µmol/L)

 Cu-Nat-kaolin

 Cu-DPA-kaolin

b)

 

Figure IV.8: The adsorption isotherms of a) Pb(II) and b) Cu(II) onto 0.5 g of Nat-kaolin and DPA-kaolin at 25 °C, 

free pH. 
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IV.1.7 Lead, Copper isotherm models  

To deepen the understanding of the mechanisms and physicochemical interactions between 

the adsorbates (Pb, Cu) and the adsorbent (kaolin), the adsorption isotherms for Pb(II) and Cu(II) 

were analyzed by fitting them to the linearized forms of the Freundlich and Langmuir adsorption 

models Using equations Eq. I.3 and Eq.I.5 (Chapter I), respectively. 

The adsorption isotherms for Pb(II) and Cu(II) were analyzed by fitting them to the 

linearized forms of the Langmuir and Freundlich adsorption models (Figure IV.9 a and b).  

Table IV.3 indicates that the R2 values of the Langmuir model are 0.983 and 0.952, 

respectively, for the adsorption of Pb(II) and Cu(II) on DPA-kaolin. In comparison, the R2 values 

of the Freundlich model are 0.939 and 0.902, respectively. These results indicate that both 

models describe this adsorption process well. However, the values for the maximum adsorbed 

quantity are significantly different from the experimental values. The Freundlich fitting of the 

adsorption of Pb(II) and Cu(II) on DPA-kaolin suggests that the adsorption is not uniform and 

that there is a distribution of surface-active sites with different adsorption energies [27].   

 Therefore, when considering the adsorption of Pb(II) onto Nat-kaolin and DPA-kaolin, as 

well as Cu(II) on Nat-kaolin, it appears that higher concentrations of adsorbate Pb to more 

favorable adsorption, as indicated by n values greater than 1. Conversely, the n value less than 1 

for Cu(II) adsorption on DPA-kaolin suggests that favorable adsorption occurs at lower 

concentrations of adsorbate in solution. 
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Figure IV.9: a) Langmuir isotherms b) Freundlich isotherms of Pb(II) and Cu(II) ions adsorption onto Nat-

kaolin and DPA-kaolin. 
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Table IV.3: displays the constants calculated using the Langmuir and Freundlich models. 

 
Freundlich constants Langmuir constants 

KF N R2 Qm KL R2 

Cu/Nat-kaolin 27.58 ± 0.204 1.46 ±0.127 0.628 108±6.47E-05 
2.29±6.71E-04 

 
0.876 

Pb/Nat-kaolin 23.77 ± 0.238 1.09 ± 0.154 0.823 
161±7.24E-05 

 
1.75±4.99E-04 0.892 

Cu/DPA-

kaolin 

23.721 ± 

0.109 
1.49 ± 0.079 0.902 

115±4.95E-04 

 

0.429±0.00306 

 
0.952 

Pb/DPA-

kaolin 
0.27 ± 0.103 

0.972 

±0.066 
0.939 

162 ±1.19E-

04 

 

0.551±6.71E-

04 
0.983 

 

IV.1.8 Adsorption mechanism  

The adsorption of Pb(II) and Cu(II) onto diphenylamine-modified kaolin is facilitated by a 

number of mechanisms, including electrostatic interactions [28, 16], ion exchange, 

complexation, and precipitation. The diphenylamine modification of kaolin increases the surface 

area and introduces functional groups, including amino and hydroxyl, which collectively 

enhance the binding of metals [29].  This results in the formation of stable coordination 

complexes between the metal ions and these functional groups. This complexation mechanism is 

particularly effective in enhancing the adsorption of Pb (II) due to its higher affinity for the 

diphenylamine functional groups in comparison to Cu (II).  

The precipitation of Pb(II) and Cu(II) as hydroxides (Pb(OH)2 and Cu(OH)2) at higher pH 

levels facilitates the adsorption process. The functional groups on the modified kaolin promote 

complex formation with metal ions, enhancing the adsorption process. At lower pH values, 

electrostatic attraction dominates, while precipitation and complexation play a more significant 

role at higher pH values, making this adsorption mechanism highly pH-dependent. 
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IV.1.9 Desorption  

Figure IV.10 illustrates the desorption isotherms of Pb(II) and Cu(II) on DPA-Kaolin as a 

function of time. For both Pb (II) and Cu (II), the desorption capacity on DPA-Kaolin exhibited a 

similar trend, increasing with time.  

With regard to Cu desorption, an initial rapid increase in the desorption capacity from 2.5 

% to 15 % was observed after approximately an hour, followed by a faster desorption until it 

reached 50 % after six hours. In contrast, Pb desorption increased slowly by 20 % during the first 

three hours and then remained constant by 20 % for approximately three hours. Consequently, 

the desorption of Cu from DPA-Kaolin is greater than that of Pb from DPA-Kaolin due to the 

adsorption capacity differences. Cu exhibits a stronger adsorption capacity on DPA-Kaolin in 

comparison to Pb, and Cu forms weaker bonds with DPA-Kaolin, which makes it more easily 

desorbed. 
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Figure IV.10: Desorption of Pb(II) and Cu(II) ions on DPA-kaolin. 
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IV.2 Mercury adsorption onto K, K-SLS, K-SDBS, K-M 

IV.2.1 Mercury (II) adsorption isotherm 

Considered a fundamental concept in the explanation of the process of metal adsorption on 

the surface of the adsorbent. These isotherms effectively illustrate the manner in which the metal 

and sorbent surfaces interact. Figure IV.11 presents the adsorption isotherms of mercury (II) on 

the four kaolin types K, K-SLS, K-SDBS and K-M at 25 °C. Figure IV.11 illustrates that the 

mercury adsorption capacity increases with increasing equilibrium Hg (II) concentrations, 

reaching an adsorption equilibrium of 17.77 mg.g-1, 15.77 mg.g-1, 13.45 mg.g-1, and 12.77 mg.g-1 

for K-SLS, K-M, K-SDBS, and K, respectively. Natural kaolin (K), shows the lowest adsorption 

capacity among the samples with a saturation of around 12.77mg.g-1. This indicated that the 

natural porosity, active sites, and surface chemistry of kaolin are not efficient enough to capture 

mercury ions optimally. Whereas the kaolin modified by sodium lauryl sulfate surfactant (K-

SLS) shows the highest adsorption capacity at nearly 17.77mg.g-1. The modification of kaolin by 

SLS creates new adsorption sites or increases the density of effective sites, enhancing the 

hydrophobicity of the kaolin surface, this promotes stronger and more numerous interactions 

with mercury ions, probably through hydrophobic bonds, thus improving the adsorption capacity 

[30].   

Similar findings have been documented by Harutyunyan et al., [31] With regards to the 

adsorption affinity rate of copper (II) on sodium dodecyl sulfate-modified bentonite, it is evident 

that this is higher than that of natural bentonite. 

Mercury adsorption on K-SLS occurred through two distinct mechanisms, surface 

complexation and ion exchange. Throughout the ion exchange reaction, mercury ions are 

introduced into the inner layers of K-SLS via channels and pores. The exchange of these ions is 

facilitated by exchangeable cations. The diffusion rate of mercury ions is rapid within the pores, 

but then decreases as the ions pass through narrow channels, this is precisely when slow 

diffusion reactions occur at the interface between the channels and the surrounding environment 

[32]. The adsorption of metals ions such as Pb(II), Hg(II), and Cu(II) on anionic surfactant-

modified clays is responsible for the formation of the cationic complexes on the clay surface 

[33].   
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Figure IV.11: The adsorption isotherms of Hg(II) onto K, K-SLS, K-SDBS and K-M. (Mass of adsorbent = 0.5 g; 

Volume of solution = 100 ml; Stirring speed150 rpm.min; pH = 7; Temperature = 25°C). 

IV.2.2 Effect of contact time 

One crucial factor that can significantly affect the adsorption process is the duration of 

contact. The adsorption mechanism is comprised of two distinct phases: A rapid initial phase, 

followed by a slower subsequent phase. 

Figure IV.12 illustrates the effect of the contact time on the adsorption capacity and 

removal efficiency of mercury by the four kaolin types K, K-SLS, K-SDBS and K-M. 

As can be observed within initial 90-minute period, the removal efficiency of mercury by 

the four kaolin types increased rapidly with an increase in contact time until reaching a plateau 

with values of 8.74mg.g-1, 9.30mg.g-1, 10.1mg.g-1, and 11.5mg.g-1 for K-M, K, K-SDBS, and K-

SLS, respectively. This is explained by the fact that there are a greater number of adsorption sites 

accessible on the kaolin surface for mercury adsorption [34]. Subsequently, the rate of reduction 

slowed as the duration of the experiment exceeded 300 minutes. This was due to the occupation 

of available sites by mercury ions. 
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The higher adsorption of mercury on kaolin modified by the surfactant sodium lauryl 

sulfate (K-SLS) was observed as a consequence of the increase in surface area and pore volume 

that resulted from the modification [35], which led to increased availability of binding sites 

between the mercury ion and the kaolin surface. The negatively charged lauryl sulfate anions 

covered the kaolin surface, which encouraged an increase in the sorption of mercury ions [33].   

Castro-Castro et al., [36], found that by increasing the contact duration from 5 to 30 

minutes, the removal of Cr (VI) from organo bentonite improved quickly, thus the elimination of 

Cr (VI) rose considerably between 30 and 60 minutes, and the adsorption reached equilibrium 

 after 90 minutes. 
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Figure IV.12: Effect of contact time on the adsorption of Hg(II) onto K, K-SLS, K-SDBS and K-M.(Mass of 

adsorbent = 0.5 g; Volume of solution = 100 ml; Stirring speed150 rpm.min; pH = 7; Temperature = 25°C;Time = 0-

420 min). 
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IV.2.3 Kinetic Study 

The examination of the adsorption rate and the adsorption mechanism plays an essential 

role in the design of adsorption systems. Various mathematical models can describe the kinetics 

of adsorption processes, with the pseudo-first-order and pseudo-second-order kinetic models 

being the most widely applied. 

To investigate the adsorption system of mercury onto four types of kaolin (k, k-SLS, k-

SDBS, and K-M) two kinetic models were used the pseudo-first-order model (Figure IV.13a) 

and the pseudo-second-order model (Figure IV.13b) with their parameters mentioned in Table 

IV.4.   

According to correlation coefficients R2 from Table IV.4, it is evident that the adsorption 

of mercury on four types of kaolin was more suitable in the pseudo-second-order model with R2> 

0.99 than in the pseudo-first-order model with R2 between (0.77-0.96).This suggests that the 

pseudo-second-order model presupposes that the Chemisorption mechanisms are the step that 

restricts the rate of adsorption, specifically the sharing or exchange of electrons between Hg(II) 

and adsorbent, indicating the formation of chemical bonds X [37,38].  

Mudzielwana et al., [38] evaluated the kinetic of As(III) and As(V) adsorption on kaolin 

modified with hexadecyltrimethylammonium bromide (HDTMA-Br) cationic surfactant. They 

found that the adsorption of As(V) was better explained by pseudo-second-order whereas the 

adsorption of As(III) was better explained by pseudo-first-order. This suggests that the 

adsorption of As(III) onto modified kaolin  corresponds to physisorption while the adsorption of 

As(V) corresponds to chemisorptions.  
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Table IV.4: Parameters of the PFO, and PSO kinetic models from the adsorption of Hg(II) onto four 

types of kaolin (K, K-SLS, K-SDBS, and K-M). 

 PFO PSO 

K1 Qe R2 K2 Qe R2 

K 0.006± 3.54E-4 4.19±0.078 0.963 0.007±0.203 9.70±8.24E-4 0.999 

K-SLS 0.006± 2.33E-4 11.01±0.051 0.979 0.001±0.466 11.6±0.001 0.993 

K-SDBS 0.005± 4.15E-4 7.47±0.092 0.920 0.001±0.584 13.9±0.002 0.984 

K-M 0.005± 8.07E-4 2.07±0.178 0.773 0.014±0.198 8.98±8.02E-4 0.999 
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Figure IV.13: a)PFO Adsorption Kinetic and, PSO Adsorption Kinetic b) of Hg(II) ions adsorption by K, K-SLS, 

K-SDBS, and K-M.(Mass of adsorbent = 0.5 g; Volume of solution = 100 ml; Stirring speed150 rpm.min; pH = 7; 

Temperature = 25°C). 

IV.2.4 Adsorption isotherm models 

In order to examine the adsorption technique and the interaction between mercury ions and 

kaolin, the Langmuir, Freundlich, and Sips isotherm models were used in their nonlinear forms 

as shown in Figure IV.14a, b, and c respectively. 

Equations (Eq. IV.4) represent the nonlinear Langmuir equation [39]: 

𝐐𝐚𝐝𝐬 =
𝐐𝐦𝐊𝐋𝐂𝐞

𝟏+𝚪𝐊𝐋
………………………..………….………………….……..…….( Eq. IV.4) 

Where: 

 Qads represents the quantity of mercury ions adsorbed at time (mg.g-1), Ce is the equilibrium 

concentration of mercury in the solution (mg.L-1), Qm is the maximum monolayer adsorbed 

amount in mg.g-1, KL is the equilibrium constant of Langmuir (L.mg-1).  
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The following Equation (Eq. IV.5) apply to the nonlinear Freundlich isotherm [40], 𝐐𝐚𝐝𝐬 =

𝐊𝐅𝐂𝐞

𝟏

𝐧……………………………………...….…………………………... (Eq. IV.5) 

Where: 

 KF (L.mg-1)and n are the Freundlich equilibrium constant, which indicates the adsorption 

capacity of the adsorbent and the adsorption intensity, respectively 

The Sips nonlinear equation represented by equations (Eq. IV.6) below [41]. 

𝐐𝐚𝐝𝐬 =
𝐐𝐬𝐊𝐬𝐂𝐞

𝐧

𝟏+𝐊𝐬𝐂𝐞
𝐧…………………………..………………………...…………….... (Eq. IV.6) 

Where: 

Qs is the highest possible adsorption level (mg.g-1), Ce is the equilibrium concentration of the 

adsorbate (mg.L-1), KS is equilibrium binding constant (L.mg-1), n is constant related to the 

heterogeneity of adsorbent without unit.   
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Figure IV.14: a) Langmuir isotherms, b)  Freundlich isotherms, c) Sips isotherms of Hg(II) ions adsorption onto K, 

K-SLS, K-SDBS and K-M. .(Mass of adsorbent = 0.5 g; Volume of solution = 100 ml; Stirring speed150 rpm.min; 

pH = 7; Temperature = 25°C). 
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Table IV.5 presents the nonlinear adsorption isotherm parameters for the adsorption of 

mercury (II) on four distinct types of kaolin, as determined by the Langmuir, Freundlich, and 

Sips models. According to the correlation coefficient R2 values shown in Table IV.5, we noticed 

that the Sips adsorption isotherms demonstrated superior fit compared to the Langmuir and 

Freundlich isotherms. The correlation coefficient R2 for the Sips isotherms reached a value of 

0.99 for all kaolin types. The R2values for Langmuir are 0.99, 0.99, 0.98, and 0.99 for K, K-

SDBS, K-SLS and K-M, respectively. In contrast, Freundlich's correlation coefficient R2 values 

are 0.95, 0.96, 0.90, and 0.93 for K, K-SDBS, K-SLS, and K-M, respectively. The results 

confirmed that Sips isotherm can be used to predict the adsorption on heterogeneous surfaces 

[42]. This isotherm predicts the Langmuir model (monolayer adsorption) at high adsorbate 

concentrations, but at low adsorbate concentrations it is in accordance with the Freundlich model 

[43].  

The highest possible adsorption level Qm was found to be 16.4mg.g-1, 18.7mg.g-1, 

21.1mg.g-1, and 19.9mg.g-1for the removal of mercury on K, K-SDBS, K-SLS, and K-M, 

respectively. This indicates that the adsorption of mercury is more effective on the Sips isotherm 

and the kaolin modified by the SLS surfactant was successful. 

Table IV.5: The constants determined by the Langmuir, Freundlich, and Sips models. 

 

Langmuir constants Freundlich constants Sips constants 

R2 
KL(L.

mg-1) 

Qm(m

g.g-1) 
R2

 
KF(L.m

g-1) 
N R2

 
KS(L.m

g-1) 

QS(mg.

g-1) 
n 

K 0.990 

0.265

±0.02

3 

18.2±

0.662 
0.954 

4.33±0.

344 

1.97±0.

164 

0.995 0.816±0

.271 

16.4±0.

458 

1.98±0.

466 

K-

SDBS 
0.991 

0.229

±0.01

7 

20.0±

0.655 
0.962 

4.27±0.

278 

1.86±0.

120 

0.992 0.386±0

.114 

18.7±0.

782 

1.31±0.

213 

K-SLS 0.986 

0.567

±0.04

1 

21.9±

0.470 
0.905 

8.36±0.

533 

2.65±0.

250 

0.998 1.118±0

.363 

21.1±0.

479 

1.55±0.

343 

K-M 0.990 

0.342

±0.02

3 

21.3±

0.543 
0.939 

6.04±0.

405 

2.17±0.

171 

0.993 0.739±0

.199 

19.9±0.

491 

1.59±0.

282 
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IV.3 CONCLUSION  

The present chapter provides a detailed investigation into the adsorption capabilities of 

both diphenylamine-modified kaolin (DPA-kaolin) and surfactant-modified kaolin for the 

removal of heavy metal ions. The results demonstrate that modifying kaolin with diphenylamine 

enhances its adsorption capacity due to increased surface area and the introduction of functional 

groups, while surfactant modifications significantly improve surface properties, porosity, and 

active adsorption site availability. The adsorption studies for lead and copper ions confirmed that 

DPA-kaolin follows a pseudo-second-order kinetic model, indicating chemisorption as the 

predominant mechanism, with thermodynamic analyses revealing an exothermic and 

spontaneous process. Similarly, surfactant-modified kaolin exhibited superior adsorption 

performance for mercury, with K-SLS achieving the highest adsorption capacity of 21.1 mg.g-1. 

Isotherm modelling demonstrated that the Sips model best described mercury adsorption, 

reflecting a heterogeneous adsorption process, while kinetic studies supported a chemisorption-

dominated mechanism. The influence of contact time emphasized the rapid initial phase followed 

by slower adsorption due to site saturation. Overall, these findings highlight the potential of both 

diphenylamine- and surfactant-functionalized kaolin as highly effective adsorbents for heavy 

metal removal. 
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GENERAL CONCLUSION 

In our study, we synthesized and characterized kaolin-type mineral clay from Djebel 

Dabagh region, Guelma, northeastern Algeria, for the removal of heavy metals. 

The first synthesis was performed with diphenylamine to efficiently remove lead (II) and 

copper (II) from aqueous solutions, while the second synthesis was modified with surfactants to 

efficiently remove mercury (II) from aqueous solutions. 

Our main objective was to synthesize and characterize new kaolin-based adsorbents for 

the adsorption of heavy metals (Pb, Cu, Hg). Thus, we have successfully achieved the synthesis 

and characterization of four different types of adsorbents. 

A range of characterization techniques used in this investigation (FTIR, XRD, SEM, 

EDX, and BET) have effectively demonstrated the alteration of kaolin by diphenylamine.  

Following the addition of diphenylamine, the specific surface of natural kaolin rose from 

66.69 to 71.35 m².g−1. New vibration bands were detected in the DPA-kaolin's FTIR spectra at 

1248 cm−1, which matched the C-N of DPA. Furthermore, the stretching vibration of aromatic C-

H was found to be the cause of the band at 3032 cm−1. On the other hand, the phenyl ring C=C 

vibration was represented by the bands at 1528 cm−1, 1597 cm−1, and 1662 cm−1, while the N-H 

bonds (amine group) of DPA were responsible for the band at 3360 cm−1. These outcomes offer 

convincing proof of the kaolin alteration process's efficacy. The adsorption capacity of Pb on 

NAT-kaolin and DPA-kaolin was found to be 103 µmol.g−1 and 151 µmol.g−1, respectively. In 

comparison, the adsorption capacity of Cu on Nat-kaolin and DPA-kaolin was 91 µmol.g−1 and 

134 µmol.g−1, respectively. Pb(II) and Cu(II) adsorption is improved by the chemical 

modification of DPA-kaolin in comparison to Nat-kaolin. Adsorption of Pb(II) and Cu(II) to 

kaolin is greatly enhanced by diphenylamine's affinity for these metals. The pH is the dominant 

factor in the adsorption process because the change in pH of a solution leads to the change in the 

surface of the adsorbents. In our study, we note that the adsorption of Pb(II) and Cu(II) is 

significantly better at pH 5, with an adsorption rate of about 83% and 52%, respectively. This is 

because as pH increases, the surface of DPA-kaolin becomes more negatively charged, which 

increases the electrostatic attraction between the positive charge of heavy metal ions and the 
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adsorbent. The latter is also favored by a decrease in temperature in the case of the adsorption of 

Pb(II) and Cu(II), and this for a DPA-kaolin type of clay. The adsorption process is therefore 

exothermic in nature. The experimental kinetics data were tested using pseudo-first-order, 

pseudo-second-order, and Weber-Morris Intraparticle models. The results showed that the 

pseudo-second-order model is the most suitable for determining the order of adsorption kinetics 

of Pb(II) and Cu(II) adsorption processes on DPA-kaolin, because its correlation coefficient R2 

is close to unity 0.999 and 0.996, respectively. The Langmuir and Freundlich adsorption models 

are in good agreement with the experimental adsorption results, as evidenced by the high values 

of their correlation coefficients and the correlation between the calculated and experimentally 

adsorbed amounts of Pb (II) and Cu (II). 

Research on the effective modification of kaolin using sodium lauryl sulfate (SLS), 

sodium dodecyl benzene sulfonate (SDBS), and a combination of the two surfactants is 

intriguing, especially in light of the potential improvements in characteristics. 

An overview of the main findings from each characterization technique used to examine 

both natural and modified kaolin can be seen below. 

The modified kaolin surface showed holes or pores and became rougher, according to the 

SEM data, indicating that the surfactants changed the particle arrangement. 

According to the TG/DTA study, the thermal peaks of the modified kaolin may shift or 

change in intensity, indicating alterations with SDBS or SLS that alter thermal behavior.  

Two new peaks appeared at roughly 2theta = 21.00° and 42.58° in the FTIR spectra of 

kaolin treated by SLS, along with variations in intensity. Furthermore, the SDBS surfactant-

modified kaolin showed a new peak at 2theta = 8.85°.  

These outcomes verify that the kaolin alteration was successful. For K-SLS, K-M, and K-

SDBS, the specific surface area rose by roughly 38.3, 31.9, and 17.5%, respectively. Compared 

to kaolin modified with a combination of both surfactants (SLS+SDBS) and, lastly, kaolin 

treated with the anionic surfactant SDBS, the adsorption of mercury was higher on kaolin 

modified with the anionic surfactant SLS. 
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