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 الملخص:
هذا العمل هو استغلال اثنين من المواد الماصة الحيوية، وهما بذور الشمر وجذور  الهدف من الهدف من هذه الدراسة هو

وجرى   .(MB) والميثيلين الأزرق HCl (CTC-HCl) الثابسيا، لامتصاص الملوثات الصيدلانية مثل الكلورتتراسيكلين

عن نتائج محسنة من حيث تنشيط بيولوجي لبذور الشمر، وكشفت مقارنة بين البذور المنشطة والبذور غير المنشطة 

الامتزاز   isotherm الكمية الممتزة عند التوازن. تم تطبيق التصاميم التجريبية لتحسين ظروف الامتزاز، وتم تنفيذ نمذجة

  296.43وتعطي النتائج قدرة امتزاز قصوى تبلغ  .Dragonfly نموذجًا تم تحسينها بواسطة خوارزمية 32باستخدام 

 وبذور الشمر (FBIO) م/غرام للألياف الحيوية الناتجة عن المعالجة البيولوجية لبذور الشمرملغ 179.39ملغم/غرام و
(FEN) على التوالي.  

الامتزازات الحيوية، بذور الشمر، جذور الثابسيا الناعمة، الامتزاز، النمذجة، التحسين، خوارزمية   الكلمات الرئيسية:

Dragonfly .  

Résumé: 
Le but de ce travail est de valoriser deux bioadsorbants, à savoir les graines de fenouil et les 
racines de thapsie, pour l'adsorpƟon de polluants pharmaceuƟques tels que la 
chlortétracycline HCl (CTC-HCl) et le bleu de méthylène (MB). Une acƟvaƟon biologique des 

graines de fenouil a été réalisée, et une comparaison entre les graines acƟvées et non 
acƟvées révèle des résultats améliorés en termes de quanƟté adsorbée à l'équilibre. Des 

plans d'expérience ont été appliqués pour opƟmiser les condiƟons opƟmales d'adsorpƟon, 

et une modélisaƟon des isothermes d'adsorpƟon a été réalisée en uƟlisant 32 modèles 
opƟmisé par l'algorithme Dragonfly. Les résultats donnent une capacité d'adsorpƟon 

maximale de 296,43 mg/g et de 179,39 mg/g pour les fibres biologiques résultant du 
traitement biologique des graines de fenouil (FBIO) et des graines de fenouil (FEN) 

respecƟvement. 

Mots-clés: bioadsorbants, graines de fenouil, racines de thapsie, adsorption, modélisation, 
optimization, algorithme Dragonfly. 
 

Abstract: 
The aim of this work is to exploit two bio-adsorbents, namely fennel seeds and sweet thapsia 
roots, for the adsorption of pharmaceutical pollutants such as chlortetracycline HCl (CTC-
HCl) and methylene blue (MB). Biological activation of fennel seeds was carried out, and a 

comparison between activated and non-activated seeds revealed improved results in terms 

of the quantity adsorbed at equilibrium. Experimental designs were applied to optimise the 
adsorption conditions, and adsorption isotherm modelling was carried out using 32 models 

optimised by the Dragonfly algorithm. The results give a maximum adsorption capacity of 
296.43 mg/g and 179.39 mg/g for the bio-fibres resulting from the biological treatment of 
fennel seeds (FBIO) and fennel seeds (FEN) respectively. 

Keywords: bio-adsorbents, fennel seeds, smooth thapsia roots, adsorption, modelling, 
optimization, Dragonfly algorithm.
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General introduction 

Water has always been the core of life on earth; many living things depend on it. It is a 
fundamental resource for all forms of life and specifically for mankind, and its scarcity has 

become a criƟcal environmental issue during the last few years. Humans are an integral part 

of the earth’s ecosystem, and their influence on ecosystems is unmeasurable. The consistency 
of human needs, in health specifically, made them create and synthesize all sorts of complex 
molecules, such as medicines for medical or veterinary use, plant protecƟon products, 
plasƟcizers, etc. However, the increased producƟon and uƟlizaƟon of chemicals have raised 

concerns regarding their presence in the environment [1]–[3]. 

Human acƟviƟes in modern society heavily depend on chemicals and the chemical industry, 

which play a vital role in various aspects of our lives and mainly introduce and generate the 

natural presence of other contaminants [2]. 

Water polluƟon is a serious problem today, in spite of human efforts to control it. Many of 
these waters are suffering the effects of indirect or diffuse discharges of pollutants associated 
with stormwater runoff from adjacent lands. It can be caused mainly by bacterial or chemical 

pollutants [4]. The fight against chemical pollutants, both mineral and organic, has given rise 

to many quesƟons in recent years: Can this polluƟon be controlled? 

The treatment of industrial effluents has become a major concern in the environmental 

sciences due to the varied nature of the toxic substances they contain and the various stages 
of their degradaƟon. Many Wastewater treatment Plants were created to reduce and control 

water polluƟon. The treatment involves physical, chemical, and biological processes such as 

coagulaƟon, filtraƟon, ion exchange, and aerobic and anaerobic treatment, but it wasn’t 
enough to be totally treated [5], [6]. 

Advanced water treatment processes are used to remove contaminants from water sources 
that tradiƟonal treatment methods cannot remove. They involve advanced oxidaƟon 

processes (Djakaou, n.d.; Gertsen & Sønderby, 2009; Zaviska et al., 2009), membrane 
technologies (Baruth et al., 2005; Crini & Lichƞouse, 2019; Sonune & Ghate, 2004), adsorpƟon 

(Baruth et al., 2005; Singh et al., 2021; Sonune & Ghate, 2004), nanomachine technology, 

electrolysis, microbial reducƟon, and acƟvated sludge, which offer different levels of polluƟon. 
However, most of these advanced processes require a significant financial input, which limits 

their use and puts the "cost" factor ahead of the issue of polluƟon control [7]. 

Faced with this problem, The acƟvated carbon adsorpƟon technique was introduced as an 
interesƟng alternaƟve, leading to numerous studies into the process of adsorpƟon of organic 

and pharmaceuƟcal compounds present in aqueous soluƟons onto acƟvated carbons [8]. 

AcƟvated carbon was chosen as an adsorbent because of its high adsorpƟon capacity, but its 

relaƟvely high cost limits its use. This has encouraged the emergence of research into 
treatment processes using less expensive and widely available biomaterials, which refer to a 
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large number of products of biological or plant origin capable of fixing organic or inorganic 
pollutants without prior transformaƟon[9]. 

The main objecƟve of this study was to develop composite biomaterials based on Fennel seeds 
and Thapsia roots with different treatments for the eliminaƟon of organic compounds likely to 
pollute water in batch systems in order to model their kineƟcs and equilibrium and the factors 

influencing the adsorpƟon in order to opƟmize the eliminaƟon. 

This thesis is divided into three parts: 

 Firstly, a bibliographical study is presented in three different chapters: 
 The first chapter presents a literature review, focusing first on water polluƟon and 

pharmaceuƟcal pollutants; 
 The second chapter presents a general descripƟon of the adsorpƟon phenomenon and 

covers the essenƟal data and mathemaƟcal models for it; 

 The third chapter presents all the theoreƟcal concepts of modelling and opƟmizaƟon, 
which cover the main aspects of the experimental design methodology, the evaluaƟon 

metrics, and a general descripƟon of the Dragonfly Algorithm (DA) used in nonlinear 
regression. 

 The second part presents the preparaƟon and characterizaƟon protocols for the 
biosorbents studied, as well as the experimental procedures used in Methylene Blue and 
Chlortetracycline Hydroxide adsorpƟon tests, with a study of all possible influencing 

factors. Followed by a presentaƟon and discussion of the various experimental results 
obtained relaƟng to the characterizaƟon of the biosorbents and the applicaƟon of the 

above-menƟoned model adsorbates in adsorpƟon tests in batch systems. 

 The third part presents modelling all the influencing factors on Chlortetracycline hydroxide 
adsorpƟon using Box-Behnken design to find the opƟmum operaƟon condiƟons and 

modelling of the above-menƟoned adsorbates adsorpƟon kineƟcs and equilibriums using 
the DA algorithm to help us in the nonlinear regression. 

Finally, the conclusions of the study and the prospects offered by the results obtained are 
presented.
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Chapter I: Water pollution 

I.1. Introduction: 

   Water is a fundamental resource for generally all forms of life and specifically human life, and 

its scarcity has become an increasingly criƟcal environmental issue. Despite scienƟfic and 
technological advancements, obtaining an adequate supply of clean water remains challenging 

due to factors like populaƟon growth and industrial demands. Water polluƟon has become a 
global concern that poses significant threats to the environment and human health. As 
socieƟes conƟnue to develop and industrialize, the discharge of various pollutants into water 

bodies has reached dangerous levels, especially in pharmaceuƟcal industries [1]. 

This chapter aims to provide an overview of water polluƟon, including some generaliƟes, the 

classificaƟon of pollutants based on some criteria, and the specific issue and effects of 
pharmaceuƟcal pollutants. AddiƟonally, we will explore various applied polluƟon treatment 
methods that are being employed to miƟgate the detrimental effects of water polluƟon. 

I.2. Generalities:  

   The modern society heavily depends on chemicals and the chemical industry, which play a 

vital role in various aspects of our lives. PharmaceuƟcal, petrochemical, industrial, agricultural 

and food chemicals all contribute to shaping our modern lifestyles. However, the increased 
producƟon and uƟlizaƟon of chemicals have raised concerns regarding their presence in the 

environment [1], [10]. 

   The release of these "foreign" chemical compounds into our environment stems from various 
sources, including pesƟcides, personal care products, cleaning materials, pharmaceuƟcals, and 
more. The presence of trace amounts of pharmaceuƟcals in water, designed to have potent 

physiological effects, is an emerging water issue. The intensificaƟon of land and water use for 
industry and agriculture has necessitated wastewater reclamaƟon, but it also increases the 

risk of water contaminaƟon. PharmaceuƟcals, due to their polar structure, can infiltrate 

groundwater and appear in trace concentraƟons in drinking water [1], [3], [10]. 

   To reconcile industrial acƟviƟes with environmental preservaƟon, many countries implement 
stringent environmental legislaƟon and prioriƟze Green Technology and Green chemistry, 

which promotes the use of environmentally friendly processes and the reducƟon of hazardous 

substances, plays a significant role in achieving sustainable development [1]. 

   To address concerns related to chemicals in the environment, the precauƟonary principle is 
oŌen employed. This principle advocates for seƫng targets of "no contaminaƟon" rather than 
simply reducing polluƟon. For example, The North Sea countries have agreed to condiƟonally 

reduce emissions and losses of hazardous substances, with the aim of decreasing 
concentraƟons in the marine environment to baseline values for natural substances and close 
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to null for syntheƟcs [10], and The Federal Water PolluƟon Control Act, known as Clean Water 
Act ,is the cornerstone of water quality legislaƟon in the United States [4]. 

 Impacts: 

   Water polluƟon arises from various human acƟviƟes, including the discharge of 

sewage, industrial waste, and improper waste management. Natural processes can also 
contribute to water polluƟon, but human acƟviƟes are the primary cause. Wastewater, 

a combinaƟon of liquid waste from different sources, contains oxygen-demanding 

wastes, pathogens, organic materials, nutrients, inorganic chemicals, minerals, and 
sediments. If leŌ untreated, it leads to serious polluƟon when released into waterways 

[6]. It can have devastaƟng consequences for aquaƟc organisms, wildlife, and human 
health. The introducƟon of pollutants into rivers and streams causes destrucƟon and 

disrupts the natural balance. Industrial and commercial waste, agricultural pracƟces, and 
transportaƟon contribute to the increasing variety and quanƟty of pollutants in water 

bodies. The growing populaƟon, rapid industrializaƟon, urbanizaƟon, and modern 
agricultural pracƟces further compound the issue[3], [6]. 

   It has significant impacts, and according to B. Crathorne et Al. 2001 [10], these impacts 
can be categorized as follows: 

- AestheƟc effects: Visual nuisances such as liƩer, discoloraƟon, and unpleasant 
odors. 

- Temperature effects: ElevaƟon of water temperatures, which negaƟvely 
impacts aquaƟc ecosystems. 

- DeoxygenaƟon: ReducƟon of oxygen levels in water, leading to harm to aquaƟc 

and human life. 

- Toxicity: ExhibiƟon of acute or chronic toxicity, causing harm to aquaƟc or 

human life. 

- Sublethal toxicity: Certain pollutants, such as those causing endocrine 

disrupƟon or biodiversity changes, can have subtle yet harmful effects. 

- Acidity/alkalinity disturbances: DisrupƟon of the pH balance of water bodies. 

- EutrophicaƟon: Excessive nutrient levels can trigger the overgrowth of certain 

organisms, disrupƟng the overall balance of ecosystems. 

   Freshwater contaminaƟon is a pressing concern as the global water supply is shrinking 

while polluƟon conƟnues to increase. Factors such as populaƟon growth, 
industrializaƟon, urbanizaƟon and modern agricultural acƟviƟes contribute to water 

polluƟon. Millions of tons of sewage, industrial waste and agricultural waste are dumped 
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into water bodies every day, causing harmful changes and threatening freshwater 
resources [3].  

   Water polluƟon was the cause of 1·4 million premature deaths in 2019, leading to 

829,000 annual deaths from diarrhea, including 300,000 children under five and other 
diseases like cancer, skin diseases, gastrointesƟnal illness, and Lack of water and 
sanitaƟon also increases diseases such as cholera, trachoma, schistosomiasis and 

parasiƟc diseases. The decline in the number of deaths was aƩributed to tradiƟonal 
polluƟon is most evident in Africa, where improvements in water supply, sanitaƟon, 

anƟbioƟcs, treatments and cleaner fuels have created measurable breakthroughs in 

mortality staƟsƟcs [11], [12]. 

 

Figure 1: EsƟmated deaths worldwide by major risk factor  [3] 
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Figure 2:  Global esƟmated deaths by major risk factor [11] 

I.3. Classification of pollution and pollutants: 

I.3.1. Based on the source:   

   Water polluƟon is oŌen aƩributed to many causes, namely stormwater runoff, 
domesƟc discharges, industrial discharges, and the use of water control structures. 

According to J. Peirce et al. 1997, water pollutants are categorized into:  

- Point-source polluƟon is one idenƟfiable local source that is relaƟvely easy to 
idenƟfy, quanƟfy, and control, mainly from industrial plants and domesƟc 
wastewater treatment plants. The types of pollutants in a sewage system depend 

enƟrely on what is thrown into it [3], [13]. 

- Non-point source polluƟon is characterized by several discharge points and cannot 

be traced to a single point. It’s difficult to monitor and control polluƟon from 
diffuse sources since all pollutants enter waterways during the dry season through 

pipes or canals (rainwater discharges, agricultural runoff, construcƟon sites, etc.). 
Agricultural acƟviƟes are considered as a major source of non-point polluƟon[3], 
[13]. 

I.3.2. Based on the mode of occurrence:  

They have been classified into physical, chemical and biological pollutants[3] with each 
class having the nature of the occurrence that effect the environment, according to 

Table 1: 

 

 

 

Table 1: ClassificaƟon of pollutants [3] 
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Occurrence Nature Example 

Physical Temperature turbidity Waste heat from industry, 
micropollutants  

Color Dyes and pigments 

Suspended and 
floaƟng maƩer 

Soil parƟcles, rubber and leather, 
woods…etc. 

Chemical Inorganic N, P, Cl, F, etc. 

PlasƟcs, detergent plasƟcs 

Organic PesƟcides, ferƟlizers  

Biological Pathogenic Microorganisms, bacteria and 
worms 

Nuisance organisms Algae 

 

I.3.3. Based on the nature of activity: 

   all human acƟvity causes some disturbance to the environment which pollutes the 
surrounding waters. AcƟviƟes such as such as eaƟng (bodily waste, food, etc.), gardening 
(ferƟlizing, etc.) or others leave behind byproducts that can enter the water cycle [3]. 

According to H. Qadri [3], we can classify the majority sources of water polluƟon to three 
categories: 

- Industrial wastes:  are the primary origin of all water pollutants. The producƟon 

sector is responsible for many extremely reacƟve and harmful pollutants, such as a 

range of organic substances and heavy metals. Although there are other industries 
with lower potenƟal for environmental impact, they are sƟll regarded as significant 

sources of polluƟon. For instance, power generaƟon industries are largely 
responsible for the emission of heat and radioacƟvity. 

- Agricultural wastes: growing crops and raising livestock are major contributors to 
sediment contaminaƟon, including culƟvaƟon and other acƟviƟes that remove 

vegetaƟon and destroy soil. Sediments from agricultural runoff affect water quality. 
This reduces the volume of freshwater bodies and also reduces the penetraƟon of 
light into the water, disturbing the underwater flora. As a result, the fish and other 

creatures that feed on flora are disturbed, affecƟng the enƟre food chain. 
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- DomesƟc wastes: they are household wastes, including sewage and sepƟc tank 
leakage, ferƟlizers used on lawns and gardens and syntheƟc detergents that oŌen 

contain phosphates, that cause natural water polluƟon, harm aquaƟc organisms and 
reduce water quality. Irresponsible liƩering in water bodies can lead to 
accumulaƟon of household items such as cans, boƩles and plasƟcs. Untreated or 

improperly treated sewage can introduce infecƟous diseases such as typhus, 
cholera, dysentery and skin diseases into the water supply. Different types of 

polluƟon have different effects on freshwater bodies, affecƟng their physical, 
chemical and biological aspects. 

I.4. Pharmaceutical pollutants: 

   PharmaceuƟcal pollutants are considered any wastes or discharges aŌer the usage of 
chemical substances in labor or during or aŌer a manufacturing process in the pharmaceuƟcal 

industry. AcƟve pharmaceuƟcal substances (APS), also known as pharmaceuƟcal acƟve 

compounds (PhAC), such as anƟbioƟcs, are created and uƟlized globally, and for most of their 
resistance genes, they have been discovered in microorganisms isolated from human socieƟes. 

The PhAC and its byproducts are introduced into the environment via the discharge of human 
waste and sewage. Insufficient wastewater treatment in low- and middle-income countries 

where pharmaceuƟcal industries exist contributes to the release of these compounds into the 
environment or wastewater systems. Expensive and labor-intensive techniques, such as 
nanotechnologies, membrane technologies, advanced oxidaƟon processes, or adsorpƟon, are 

required for eliminaƟng PhACs from wastewater. Water resources such as surface water, 
groundwater, and lake water are contaminated with PhACs due to overworked sewage 

treatment faciliƟes coupled with insufficient advanced treatment methods. Despite being a 

widespread issue, the study of water contaminaƟon caused by PhACs has predominantly 
centered on developed naƟons, including Japan, Europe, and the United States [14].  

   The industry responsible for producing medicine for both human and animal consumpƟon 

involves the producƟon, extracƟon, processing, purificaƟon, and packaging of chemical and 

biological substances in solid and liquid forms.  

Wastewaters within the pharmaceuƟcal manufacturing sector commonly stem from the 
producƟon and preparaƟon stages of pharmaceuƟcal synthesis and formulaƟon. The majority 
of the ApplicaƟon Programming Interfaces (APIs). Chemical synthesis is employed to produce 

products that are distributed globally, incorporaƟng organic, inorganic, and biological 
reacƟons. The amount of wastewater produced in a mulƟproduct pharmaceuƟcal industry is 

usually higher than necessary due to the reactors and separators being oversized or operated 
inefficiently, as they are not specifically designed for capacity. The level of producƟon has been 

enhanced. In the pharmaceuƟcal industry, numerous subprocesses take place making it 

challenging to categorize all forms of product waste. An aƩempt has been made to create a 
more comprehensive categorizaƟon system that takes into account factors such as the type of 
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materials used, the resulƟng products, and the disƟnct features of plants. Smartly 
paraphrased: The arrangement [5].  

This process adopts a similarity-based approach towards chemical operaƟons and treatments, 

along with specific product categories. PharmaceuƟcal industries can be categorized into five 
major subgroups based on their manufacturing procedures [5]:  

1) fermentaƟon plants; 

2) synthesized organic chemicals plants; 

3) fermentaƟon/synthesized organic chemicals plants; 

4) natural/biological product extracƟons (anƟbioƟcs, vitamins, etc.); 

5) drug mixing, formulaƟon, and preparaƟon plants (capsules, and soluƟons, etc.). 

The Table 2 summarizes the different pharmaceuƟcal processes and the categorizaƟon based 
on these processes. 

Table 2: CategorizaƟon of various manufacturing process based on the methods uƟlized for pharmaceuƟcals mass 

producƟon [5] 

chemical synthesis 
fermentaƟon natural product 

extracƟon 

anƟbioƟcs; 

anƟhistamines; 

cardiovascular agents; 
central nervous system 

(CNS) sƟmulants; CNS 
depressants;  hormones 

vitamins 

anƟbioƟcs; 

anƟneoplasƟc agents; 

therapeuƟc nutrients; 
 vitamins; steroids 

anƟneoplasƟc agents; 

enzymes and digesƟve 

aids; CNS depressants; 
 hematological agents; 

insulin; vaccines 

   One of the possible pharmaceuƟcal pollutants that has aƩenƟon due to its wide usage in the 
pharmaceuƟcal industry: the colorants.  

 Colorants: are chemicals compounds capable of dying objects or surfaces permanently or 
temporarily. they are mainly composed of chromophore groups, auxochromes and 

conjugated aromaƟc structures. They are widely used in the texƟle industry, tanneries, 
plasƟc (pigment) industry, pharmaceuƟcal industry, food industry, pulp and paper 
industry, cosmeƟc industry and soap industry. Therefore, the texƟle industry is sƟll the 

largest consumer of dyes [15].  
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Table 3: Main chromophore and auxochrome groups classified by increasing intensity [16] 

Groupe chromophores Groups auxochromes 

Azo (-N=N-) Amino (-NH2) 

Nitroso (-N=O-) Methylamino (-NHCH3) 

Carbonyl (>C=O) Di Methylamino (-N(CH3)2) 

Vinyl (-C=CH2) or 

methine (>C=) 

Hydroxyl (-OH) 

Nitro (-NO2) Alkoxy (-OR) 

Thiocarbonyl (>C=S)  

There are two main families of colorants: natural colorants (extracted from mineral or 

organic materials) and synthesis colorants [15]–[17]: 

 Natural colorants used by humans appear to come from minerals (colored 
earths), plant or animal origin, especially used when managing the weaving.  

 SyntheƟc colorants are gradually replacing natural dyes, and their value lies 
mainly in chemical and photolyƟc stability, ease of synthesis, and color variaƟon. 

They can be classified according to their chemical composiƟon (azo, anthraquinone, 
indigoid, xanthene, phthalocyanine, nitro and nitroso dyes, triphenylmethane) or 

according to the field of applicaƟon or Ɵnctorial classificaƟon (acid or anionic, basic or 
caƟonic colorants, vat colorants, mordant colorants, metal complex colorants type 1:1 and 

type 1:2, naphthol colorants, reacƟve colorants, sulfur colorants, and plastosoluble 
colorants) [16], [17]. 

I.5. Applied pollution treatment methods: 

   To assure the consistency of the producƟon, the pharmaceuƟcal industry requires a big 

amount of high-quality of water which imply big quanƟty of wastewater during or aŌer the 
process. Although the treatment of these wastewater in the past decade usually was dealt 

with terƟary wastewater treatment plants (WWTP) with some specific technologies that are 
shown in Table 3 [5]. 

   In general, wastewater treatment plants use the main wastewater treatment processes 
presented in Figure 3, but other technologies such as advanced oxidaƟon processes([1], [18]), 
membrane technologies([6], [7], [19]) or adsorpƟon ([6], [19], [20]) have also shown their 
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effecƟveness in wastewater treatment and other technologies that can be found in appendice 
1. 

Table 4: Wastewater treatment technologies with its cost [5] 

The technology Treatment methods Capacity Capital cost  

Decentralised wastewater 

treatment (DWWT) 

sedimentaƟon, anaerobic digesƟon, filtraƟon and 

phyto-remediaƟon 

1000 KLD 580-1200 

Soil biotechnology sedimentaƟon, filtraƟon, biochemical process 5 KLD to tens of MLD 160-250 

BiosaniƟzer/Ecochip biocatalyst: breaking the toxic/organic contents 100 mg/KLD 160 for chip only 

soil scape filter filtraƟon through biologically acƟvated medium 1-250 KLD 300-500 

EcosanitaƟon 

zero discharge toilets 

separaƟon of fecal maƩer and urine Individual to 

community level 

650-850 (excluding 

toilet 

construcƟons) 

Nualgi technology phyco-remediaƟon (use of micro/macro-algae): fix 

CO2, remove nutrients, and increase DO 

1 kg treats up to MLD 6 $/MLD 

BioremediaƟon decomposiƟon of organic maƩer using Persnickety 
713  

1 billion CFU/ml 3570-500 $/MLD 

Green bridge technology filtraƟon, sedimentaƟon, biodigesƟon, and 

biosorpƟon by microbes and plants 

50-200 KLD/m2 4-8 

With: KLD refers to Kiloliters per day and MLD refers to Megaliters per day; 

 

Figure 3: Main processes for the treatment of industrial wastewater [7] 
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I.6. Conclusion: 

Water polluƟon caused by chemical pollutants, parƟcularly pharmaceuƟcal pollutants, 

represents a major challenge for the environment and human health. By classifying pollutants 
and polluƟon according to their sources, the way they appear, and the nature of their acƟvity, 

socieƟes have made great progress in understanding their complexity and have been able to 
combat polluƟon effecƟvely by applying specialized treatment methods. However, this 

requires a collecƟve commitment from governments, industries, communiƟes, and individuals 
to implement regulaƟons, adopt sustainable pracƟces, and invest in advanced treatment 

technologies.  

AdsorpƟon is one of the most commonly used and proven treatment methods. 



 

 
 

Chapter II:  

Adsorption 

 



Chapter II   Adsorption 

29 | P a g e  
 

Chapter II: Adsorption 

II.1. Introduction: 

   AdsorpƟon plays an important role in many scienƟfic and technological applicaƟons. From 

environmental remediaƟon to industrial producƟon, the adsorpƟon process is an important 
means of purifying, separaƟng, and regeneraƟng substances. It is essenƟal to understand its 

principles and mechanisms in order to exploit its potenƟal and design efficient systems. 

This chapter reviews some of the fundamental aspects of adsorpƟon and examines its 

properƟes, mechanisms, equilibria, kineƟcs, types of adsorbents, and their characterisƟcs, as 
well as the factors that influence this interesƟng phenomenon. 

II.2. Definition:  

   AdsorpƟon is a physico-chemical process and an interfacial and reversal phenomenon in 

which molecules or atoms of a fluid solvent accumulate and adhere to a solid or liquid surface. 
It can also be defined as the accumulaƟon of chemical species from the fluid phase on the 
surface of solids or liquids [21], [22].  

During adsorpƟon, the substance is retained on the surface, in contrast to absorpƟon, which 

involves diffusion into soluƟon, and desorpƟon, which is the reversion (check  Figure ). 
This occurs through various mechanisms limited by the available surface area of the solid 

material and its nature (ion exchange, complexaƟon, or precipitaƟon at the surface). The solid 
material that forms the surface is the adsorbent, and the collected species are the adsorbates 

[21]. 

   The adsorpƟon at the solid-liquid interface can be seen in two different ways: it can be 

confined below the surface to a monolayer or a mulƟlayer (stacked monolayers).  AdsorpƟon 
is used in industrial applicaƟons such as water purificaƟon and syntheƟc resins. In the 

laboratory, adsorpƟon is oŌen studied using "batch" techniques, in which suspensions are 

sƟrred unƟl equilibrium is reached.  

 

 Figure 4: SchemaƟc representaƟon of adsorpƟon [21] 

  

II.3. Adsorbents: 



Chapter II   Adsorption 

30 | P a g e  
 

   According to the definiƟon Error! Reference source not found., adsorbent refers to a solid 
material that accumulates molecules of a solute present in either a gas or liquid. They are 

essenƟal for successful commercial separaƟon processes, whether they involve bulk 
separaƟon or purificaƟon. The key characterisƟcs of an adsorbent material, according to W. J. 
Thomas and B. CriƩenden [23], are: 

- High internal volume (easy accessibility to the components being removed from the 

fluid); 

- Highly porous solid; 

- High internal surface area; 

- Mechanical properƟes like strength and resistance to aƩriƟon  

- Good kineƟc properƟes (rapid transfer of adsorbing molecules to the adsorpƟon 
sites); 

- RegeneraƟon of the adsorbent aŌer use; 

- Cost-effecƟve materials and producƟon methods for adsorbents. 

Adsorbents can have internal surface areas ranging from approximately 100 m2/g to over 3000 

m2/g, but the pracƟcal range usually falls between 300 and 1200 m2/g. Most adsorbents 
consist of porous structures of varying sizes, such as micropores (diameter is lesser than 2 
nm), mesopores (diameter in the range 2–50 nm), and macropores (diameter exceeds 50 nm), 
which contribute to the creaƟon of the internal surface area. Common adsorbent materials 

are oŌen amorphous and has intricate networks of interconnected pores [23].  

 

Figure 5: General structure of adsorbent parƟcle and relaƟve resistance to absorpƟon of fluid molecules [23] 
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The most used adsorbents in the separaƟon processes are: 

II.3.1. Activated carbon:  

   AcƟvated carbon is created from carbon-rich materials like coconuts, wood, coal, 

peat, etc., through carbonizaƟon and subsequent acƟvaƟon using chemicals 
(dehydraƟng chemicals) or gases (air, steam, etc.). With internal surface areas of 
800-1,000 m2/g, it exhibits excellent adsorpƟon properƟes, especially for organic 

substances. It can be regenerated through thermal processes and finds wide 
applicaƟons in recovering organic vapors, decolorizing liquids, and treaƟng water 

supplies and wastewater [21], [22]. 

 

Figure 6: Structural of acƟvated carbons : (a) graphite structure, (b) graphite microcrystallites [21] 

II.3.2. Polymeric adsorbents:  

   Polymeric adsorbents produced by polymerizing styrene or acrylic esters with 
divinylbenzene as a cross-linking agent (as demonstrated in Figure 7), selecƟvely 

adsorb nonpolar organic substances from aqueous soluƟons or polar solvents. Their 
selecƟve adsorpƟon properƟes can be aƩributed to a controlled matrix structure, 
high surface areas that can reach up to 750–800 m2/g, and a precise, narrow pore-

size distribuƟon. Recovery can be achieved by a variety of methods, including steam 
desorpƟon, solvent eluƟon, pH changing, and chemical extracƟon. However, they 

are more expensive than other adsorbents and not ideal for large-scale water 

treatment. Nevertheless, they are highly beneficial for recycling chemicals from 
process wastewater and can recover a wide range of solutes, including phenol, 

benzene, pesƟcides, anƟbioƟcs, and more [21]. 



Chapter II   Adsorption 

32 | P a g e  
 

 

Figure 7: Styrene-divinylbenzene copolymer structure 

II.3.3. Zeolites:  

   Zeolites show a wide range of natural variaƟons. However, syntheƟc zeolites are 
generally preferred for pracƟcal applicaƟons. SyntheƟc zeolites are porous 

aluminosilicate crystalline ((MeII, MeI
2)O· Al2O3 ·nSiO2·p H2O) formed by mixing an 

alkaline aqueous of silicate SiO4 and AlO4 aluminate (soluƟon of silicium and 
aluminum compounds joined together through oxygen atoms) under hydrothermal 

condiƟons[21].  

   Zeolites have a porous structure characterized by windows and caves of specific 

dimensions. The crystalline form of zeolites differs from other adsorbents because 
there is no pore size distribuƟon. This uniform laƫce structure determines the 

access to adsorbate molecules. The cages of the crystal cells can seize adsorbates. 
With their high internal porosity, adsorpƟon usually happens internally and it’s 

controlled by the channel diameter, which is influenced by the crystal composiƟon. 
Due to this property, zeolites excel at effecƟve separaƟon based on size [21]–[24].  

AdsorpƟon and desorpƟon processes on zeolites depend on differences in 
molecular size, shape and other properƟes such as polarity. 
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Figure 8: The structure of two different zeolite (a) and (b) [23] 

And other adsorbents like acƟvated alumina, acƟvated silica, oxidic adsorbents and 

low-cost adsorbents as presented in Figure 9. 

 

Figure 9: Examples on low-cost adsorbents 

II.4. Adsorption mechanism:  

It depends on the physical and chemical characterisƟcs of the adsorbents (diameter, density, 
porosity, pore size and size distribuƟon) and the adsorbates, and the type of interfacial 

interacƟons (nature of the bonding) between them. Therefore, we can disƟnguish two types 
of absorpƟon:  

 PhysisorpƟon: is a non-specific adsorpƟon in which the adsorbate adheres to the 
adsorbent surface under the influence of van der Waals or electrostaƟc forces (dipoles, 
hydrophobics or hydrogen bond interacƟons). It can be mulƟlayer adsorpƟon under high 

relaƟve pressure. It is always exothermic and reaches equilibrium fairly quickly, but if the 
transport process is rate-determining, equilibrium may be slow. Physiosorbed molecules 
retain their idenƟty and, aŌer desorpƟon, return to the fluid phase in their original form 

[25]. 

Low-cost adsorbents

Natural materials

for instance
• Peat
• Wood
• Clays
• Coal
• Natural zeolites

Agricultural wastes

for instance:
• Shells, hulls, stones
• Sawdust
• Corncob waste
• cocnut shells
• Straw

Industrial wastes

for instance
• Fly ash
• Blast furnace slug
and sludge
• Bagasse, bagasse 
• Palm oil ash
• Shale oil ash
• Red mud



Chapter II   Adsorption 

34 | P a g e  
 

 ChemisorpƟon: involves chemical bonding to reacƟve parts of the adsorbent surface, 
forming a covalent, ionic or electrostaƟc bond with the adsorbate and the adsorbent, 
depending on their reacƟvity. This applies only to monolayer adsorpƟon. Chemisorbed 

molecules lose their idenƟƟes and cannot be recovered by desorpƟon. The chemisorpƟon 
energy is of the same magnitude as the energy change in comparable chemical reacƟons, 

and at low temperatures, it may not have enough heat energy to reach thermodynamic 
equilibrium. The distance between the surface and the adsorbed molecules is smaller than 

with physisorpƟon and chemisorpƟon [25]. 

II.5. Adsorption equilibrium:  

   AdsorpƟon equilibrium is crucial in understanding adsorpƟon processes, designing 
adsorbers, and assessing the adsorbability of water pollutants. It depends on interacƟons 

between the adsorbate, adsorbent, and the aqueous soluƟon, including factors like 
temperature, pH, and compeƟng adsorbates [21]. the relaƟonship between the amount of 

adsorpƟon and fluid concentraƟon at equilibrium may be expressed as:  

𝑞 = 𝑓(𝑇, 𝐶) (Eq  I) 

Where:  

- 𝑞: amount of adsorpƟon per unit adsorbent mass at temperature 𝑇; 

- 𝐶: adsorbate concentraƟon.  

Furthermore, if T is kept constant, (Eq I) becomes: 

𝑞 = 𝑓(𝐶) (Eq  II) 

which refers to as the isotherm equaƟon [22].  

   The pollutant content in the solid phase (Qe) is generally calculated from the difference 
between Co, the iniƟal concentraƟon of the pollutant in the soluƟon, and Ce, the final 

equilibrium concentraƟon [26], [27].  

𝑄௘ =
(𝐶଴ − 𝐶௘) × 𝑉

𝑚
 

(Eq  III) 

Where: 

- 𝑄௘: adsorbed quanƟty in equilibrium (mg/g) 

- C଴: the iniƟal concentraƟon of the adsorbate (mg/L) 

- Cୣ: the final equilibrium concentraƟon of the adsorbate (mg/L) 
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- V: soluƟon volume (L) 

- 𝑚: mass of the adsorbent (g) 

   The shape of the adsorpƟon isotherms depends on the nature of the pollutant, the solvent 
and the solid [26], [28]. It can provide informaƟon on the adsorpƟon mechanisms of pollutants 
on the surface of solids. According to Chi Tien (2019), there are five main types of isotherms 

[22]: 

 

Figure 10: The types of isotherms 

- Type I isotherms represent unimolecular adsorpƟon, are suitable for microporous 

adsorbents with small pores at low relaƟve pressures, and are usually described by 

the Langmuir isotherm. A strong interacƟon (probably chemisorpƟon) may be 
involved here. 

- Type II: Adsorbents exhibiƟng behaviour are characterized by a wide range of pore 

sizes (macroporous solids) or non-porous solids, so adsorpƟon can range from 

monolayer to mulƟlayer and ulƟmately to capillary condensaƟon. 
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- Type III: Adsorbents exhibiƟng behaviour are characterized by a wide range of pore 
sizes (macroporous solids) or nonporous solids, so adsorpƟon can range from 

monolayer to mulƟlayer. The adsorbate/adsorbent interacƟon is weak compared to 
the adsorbent/adsorbent (surface/surface) interacƟon. AdsorpƟon is easier on the 
first adsorpƟon layer than on the surface. 

- Type IV isotherms indicated that the adsorpƟon resulted in the formaƟon of two 

adsorbate surface layers. This is where mesopore filling and capillary condensaƟon 
in the pores take place. DesorpƟon is possible, which may be parallel to adsorpƟon 

or have a steeper slope than adsorpƟon. 

- Type V isotherms: their behaviour is found in the unfavourable adsorpƟon of water 
vapor by acƟvated carbon. As in type IV, there is mesopore filling and capillary 
condensaƟon in the pores, but the adsorbate/adsorbent interacƟon is weaker. 

- Type VI isotherms are relaƟvely rare and are associated with layer-by-layer 
adsorpƟon on very homogeneous surfaces. The formaƟon of mulƟlayer depends on 

the system and the temperature. 

AdsorpƟon isotherms can therefore be described by mathemaƟcal funcƟons of varying 

complexity that can be used to esƟmate the adsorpƟon [22], [28]. These esƟmaƟon models 
can be listed as follows:  

II.5.1. Irreversible isotherm and one-parameter isotherm:  

The irreversible isotherm equaƟon:  

𝑄௘ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (Eq  IV) 

describes a concentraƟon-independent course typically observed at high 
concentraƟons; it is valid at lower concentraƟons as the isotherm becomes more 

curved [21]. 

In the one-parametric, there is only one model which is: 

 Henry isotherm (linear model): is the most basic model of adsorpƟon isotherm, 
presenƟng a linear relaƟonship between the loading of the adsorbent and the 

concentraƟon, as KH the isotherm parameter: 

𝑄௘ = 𝐾ு𝐶௘ (Eq  V) 

Where: 

- 𝐾ு: Henry adsorpƟon constant (L/g). 
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This equaƟon is applicable only at very low concentraƟons. It's suitable for 
adsorpƟon onto natural adsorbents, where interacƟons between adsorbate and 

adsorbent are typically weaker compared to engineered adsorbents like acƟvated 
carbon. In geosorpƟon, the Henry constant is also known as the distribuƟon 
coefficient, Kd [21], [27], [28]. 

II.5.2. Two-parameter isotherms: 

The Langmuir and Freundlich equaƟons are the basic representaƟon of a two-
parameter isotherm system: 

 Langmuir isotherm: one of the first proposed isotherms, assumes that adsorbed 
and adsorbent interact in an ideal manner on equal surfaces. The equaƟon is [21], 

[27], [28]:  

𝑄௘ = 𝑄௠௔௫

𝐾௅𝐶௘

1 + 𝐾௅𝐶௘
 

(Eq  VI) 

And the linearized equaƟon is as follows: 

1

𝑄௘
=

1

𝑄௠௔௫
+

1

𝑄௠௔௫𝐾௅

1

𝐶௘
 

(Eq  VII) 

Where:  

- 𝑄௠௔௫: the maximum adsorpƟon capacity (mg/g); 

- 𝐾௅: the Langmuir isotherm constant or affinity constant (L/mg). 

   At low concentraƟons, the Langmuir equaƟon reduces to the linear Henry 
isotherm. whereas at high concentraƟons, a constant saturaƟon value (maximum 
loading) results in Qe = Qmax = constant [21]. 

   The descripƟon of experimental isotherm data obtained for aqueous soluƟons 
is frequently considered unsuitable. It is parƟcularly suitable for the monolayer 

coverage of the adsorbent surface and the energeƟc homogeneity of the 
adsorpƟon sites. And it turned out that someƟmes it’s applicable even when the 
assumpƟons are unfulfilled. Another assumpƟon of this isotherm model is the 

reversibility of the adsorpƟon desorpƟon process[21], [27]. 

 Freundlich isotherm: is the first isotherm model based on experimental results, 
proposed by Herber Freundlich. It is suitable for studying adsorpƟon on rough 
and mulƟsite surfaces, as well as mulƟsolute adsorpƟon. The model form is as 

follows:  
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𝑄௘ = 𝐾ி𝐶௘
௡ಷ  (Eq  VIII) 

And the linearized equaƟon is as follows:  

𝐿𝑛(𝑄௘) = 𝐿𝑛(𝐾ி) + 𝑛ி𝐿𝑛(𝐶௘) (Eq  IX) 

Where:  

- 𝐾ி: adsorpƟon potenƟal constant of Freundlich; 

- 𝑛ி: affinity (strength) constant of Freundlich (commonly between 
0.75 and 0.95); 

The 𝐾ி  parameter represents adsorpƟon strength, and higher values indicate 

higher adsorbent loading. 

The exponent 𝑛ி  determines the curvature of the isotherm and describes surface 
heterogeneity, with lower values leading to a more concave shape. 

 𝑛ி = 1 indicates a homogeneous surface, which means a linear 

model; 

 𝑛ி < 1 are considered favorable due to high adsorbent loadings at low 
concentraƟons; 

 𝑛ி > 1 are unfavorable. 

 

Figure 11: Influence of the parameters K (a) and n (b) on the isotherm 

𝐾ி  and 𝑛ி  depend on the adsorbent/molecule system studied and the physico-
chemical condiƟons of the medium (T, pH, etc.). 

   The Freundlich isotherm is commonly used to describe adsorpƟon from 
aqueous soluƟons and is a standard equaƟon in water treatment. It can be seen 

as a combinaƟon of Langmuir isotherms represenƟng different adsorpƟon 
energies. 
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 The Dubinin-Radushkevich (D-R) isotherm: is a model based on the theory of 
micropore volume filling for intermediate concentraƟons of adsorbates and is 
used to describe the adsorpƟon mechanism on heterogeneous surfaces, 

especially vapors and gases on microporous adsorbents [21], [29]. It has both 
non-linear and linear forms, represented by equaƟons (Eq  X) and (Eq  XI) 

respecƟvely: 

𝑄௘ = 𝑄௦𝑒ି௄ವೃఌమ
 (Eq  X) 

𝐿𝑛(𝑄௘) = 𝐿𝑛(𝑄௠௔௫) − 𝐾஽ோ𝜀ଶ (Eq  XI) 

Where:  

- 𝜀 = RTLn ቀ1 +
ଵ

஼೐
ቁ: Polanyi potenƟal; 

- 𝐾஽ோ: Dubinin-Radushkevich constant; 

- 𝑅: gas constant (8.31 Jmol-1 k-1); 

- 𝑇: absolute temperature (K); 

- 𝐸 = ට
ଵ

ଶ௄ವೃ
: adsorpƟon energy, it’s used to predict the adsorpƟon 

type. 

It can be suitable for high solvent acƟvity. However, it exhibits unrealisƟc 

asymptoƟc behaviour and fails to predict Henry's law at low pressure. Unlike the 
Langmuir and Freundlich models, the DR model assumes that adsorpƟon occurs 

through pore filling and is considered semi-empirical. A unique aspect of the DR 

model is its dependence on temperature. It is oŌen used to disƟnguish between 
the physisorpƟon and chemisorpƟon of metal ions [29], [30]. 

II.5.3. Three-parameter isotherms: 

   By adding an exponent "n" as an addiƟonal parameter, similar to the exponent 
found in the Freundlich isotherm, three-parameter isotherms can be obtained from 

the Langmuir isotherm. which creates a variety of models [21], such as: 

 Sips isotherm: developed by Sips (1948) and formed by combining the Langmuir 
and Freundlich isotherm models [31], as the following equaƟon: 

𝑄௘ = 𝑄௠௔௫

𝐾ௌ𝐶௘
௡ೄ

1 + 𝐾ௌ𝐶௘
௡ೄ

 
(Eq  XII) 

And its linearized form is: 
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𝑛ௌ𝐿𝑛(𝐶௘) = −𝐿𝑛 ൬
𝐾ௌ

𝑄௘
൰ + 𝐿𝑛(𝐾ௌ) 

(Eq  XIII) 

Where:  

- 𝐾ௌ: Sips isotherm constant (L/mg); 

- 𝑛ௌ: the Sips model exponent. 

It aims to predict the heterogeneity of adsorpƟon systems and overcome the 
limitaƟons associated with high adsorbate concentraƟons in the Freundlich 

model[30]. 

 Redlich-Peterson isotherm: Only the denominator has an exponent. The model 
is combined from Langmuir and Freundlich [30], and its equaƟon is:  

𝑄௘ = 𝑄௠௔௫

𝐾ோ௉𝐶௘

1 + 𝑏ோ௉𝐶௘
௡ೃು

 
(Eq  XIV) 

And its linearized form is: 

𝐿𝑛 ൬𝐾ோ௉

𝐶௘

𝑄௘
− 1൰ = 𝑛ோ௉𝐿𝑛(𝐶௘) + 𝐿𝑛(𝑏ோ௉) 

(Eq  XV) 

Where:  

- 𝐾ோ௉: Redlich-Peterson isotherm constant (L/g); 

- 𝑏ோ௉: Redlich-Peterson isotherm constant (L/mg); 

- 𝑛ோ௉: Redlich-Peterson model exponent (0 ≤ 𝑛ோ௉ ≤ 1). 

This model is applied when dealing with equilibrium scenarios involving a variety 

of adsorbent concentraƟons. It is versaƟle in its applicability to both 
homogeneous and heterogeneous systems and exhibits behaviour similar to 

Henry's region when the degree of diluƟon reaches infinity [30], [31]. 

And there are other isotherms with three parameters, such as the Toth isotherm, 
the Khan isotherm, the Dubinin-Astakhov (D-A) isotherm, etc. [28] 

II.5.4. More than three-parameters isotherms: 

   The number of parameters in a regression analysis should be less than the number 

of data pairs. Increasing the parameters requires more experimental effort, but does 

not necessarily improve the quality of the fit, as experimental error can lead to scaƩer 
in the data. Moreover, equaƟons with many parameters complicate numerical 
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soluƟons in pracƟcal applicaƟons. Therefore, isothermal equaƟons with more than 
three parameters are rarely used. As an example,  

 Baudu isotherm: is a four-parameters isotherm with the following expression: 

𝑄௘ = 𝑄௠௔௫

𝑏଴𝐶௘
(ଵା௫ା௬)

1 + 𝑏଴𝐶௘
(ଵା௫)

 
(Eq  XVI) 

Where:  

- b଴: the equilibrium constant;  

- x and y : Baudu parameters. 

This model was formulated to reduce inconsistencies in calculaƟng the Langmuir 
constant and coefficient using both gradient and tangent methods across 
different concentraƟons. it is suitable for concentraƟons where (1+x+y)<1 and 

(1+x)<1 [29], [31]. 

 Fritz–Schlunder isotherm: is five-Parametric empirical models are available for a 
wide variety of equilibrium data (experimental results). The model expression is 
shown below: 

𝑄௘ = 𝑄௠௔௫

𝐾ଵ𝐶௘
௡భ

1 + 𝐾ଶ𝐶௘
௡మ

 
(Eq  XVII) 

Where:  

- 𝐾ଵ, 𝐾ଶ, 𝑛ଵ and 𝑛ଶ : Fritz–Schlunder parameters. 

And there are a lot of isotherm models that u can find in Annepice 2. 

Modelling an isotherm using linear regression analysis requires a deep understanding 
of adsorpƟon equilibriums [28], [31] and the different types of equilibrium curves 
[26].  

By obtaining an equilibrium curve, we can idenƟfy the specific type of isotherm 

occurring. This informaƟon allows us to determine whether the adsorpƟon is 

monolayer or mulƟlayer, which in turn helps us narrow down our fiƫng and 
evaluaƟon of isotherm models based on our data [32]. The corresponding Figure 12 
provide visual explanaƟons for these concepts. 
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Figure 12: Models of monolayer and mulƟlayer adsorpƟon isotherms [32] 

II.6. Adsorption kinetics:  

   AdsorpƟon kineƟcs refers to the Ɵme progress of the adsorpƟon process, which is oŌen 

limited by diffusion processes occurring at the external surface of the adsorbent and within its 
porous parƟcles [33]. The progress of adsorpƟon can be characterized by four consecuƟve 

steps:  

- TransportaƟon of the adsorbate from the bulk liquid phase to the 

hydrodynamic boundary layer surrounding the adsorbent parƟcle. 

- Diffusion of the adsorbate through the boundary layer to reach the external 

surface of the adsorbent, known as film diffusion or external diffusion. 

- Entry of the adsorbate into the interior of the adsorbent parƟcle through 
intraparƟcle diffusion or internal diffusion. 

- Chemical interacƟons as adsorpƟon and desorpƟon occurring between the 
adsorbate molecules and the adsorpƟon sites. 

   AdsorpƟon diffusion models are commonly based on three steps: external diffusion, internal 

diffusion, and mass acƟon adsorpƟon. However, adsorpƟon reacƟon models, derived from 

chemical reacƟon kineƟcs, consider the overall process of adsorpƟon without explicitly 
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considering these steps. To encompass both surface reacƟons and diffusion, a new adsorpƟon 
kineƟc model combining these aspects has been developed [33], [34]. 

 

Figure 13: Mass transfer steps (AdsorpƟon kineƟc) [34] 

   Despite the existence of many kineƟc equaƟons, pseudo-first-order, intraparƟcle diffusion 

model, and especially pseudo-second-order equaƟons are sƟll the most popular and 

renowned kineƟc models. 

II.6.1. Pseudo-First-Order Equation (PFO):  

   Pseudo-First-Order EquaƟon known as the Lagergren equaƟon, which describes the 
adsorpƟon kineƟcs using a first-order rate equaƟon. The rate of adsorpƟon is 
proporƟonal to the difference between the iniƟal concentraƟon and the 

concentraƟon at any given Ɵme [33], [35]. It has the following differenƟal form:  

𝑑𝑞

𝑑𝑡
= 𝑘ଵ(𝑞௘ − 𝑞௧) 

(Eq  XVIII) 

And its linearized form (integraƟng Eq XVIII with boundary condiƟons: qt=0 at t=0 and 
qt=qt at t=t): 

𝑞௧ = 𝑞௘(1 − 𝑒𝑥𝑝(−𝑘ଵ𝑡)) ⇔ 𝑙𝑛(𝑞௘ − 𝑞௧) = 𝑙𝑛𝑞௘ − 𝑘ଵ𝑡 (Eq  XIX) 

Where:  

- 𝑞௧: the amount of solute per unit mass of adsorbent at Ɵme t, 𝑞௧ =
௏(େబି஼)

௠
; 

- 𝑞௧: the equilibrium value of 𝑞௧; 

- t : Ɵme; 

- 𝑘ଵ: PFO rate coefficient. 
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II.6.2. Pseudo-Second-Order Equation (PSO):  

   the simplest and useful model for fiƫng data, describes the adsorpƟon kineƟcs 

using a second-order rate equaƟon. The rate of adsorpƟon is proporƟonal to the 
product of the remaining adsorpƟon capacity and the square of the concentraƟon at 

any given Ɵme [33], [35]. It has the following differenƟal form:  

𝑑𝑞

𝑑𝑡
= 𝑘ଶ(𝑞௘ − 𝑞௧)ଶ 

(Eq  XX) 

And its linearized form (integraƟng Eq XX with boundary condiƟons: qt=0 at t=0 and 

qt=qt at t=t): 

𝑞௧ =
𝑘ଶ𝑞௘

ଶ𝑡

1 + 𝑘ଶ𝑞௘𝑡
⇔

𝑡

𝑞௧
=

1

𝑘ଶ𝑞௘
ଶ

+ ൬
1

𝑞௘
൰ 𝑡 

(Eq  XXI) 

Where:  

- 𝑘ଶ: PFO rate coefficient. 

The following figure shows the physical meanings of the PFO and PSO models: 

 

Figure 14: Physical meaning of PFO and PSO [34]  

II.6.3. Intraparticle Diffusion Model (IDM):  

It states that adsorbate diffusion in the adsorbent is assumed to be the slowest step, 

while that in the liquid film is instantaneous [34]. The three most widely used IDM 

models are the Boyd intraparƟcle diffusion model[33], the Weber and Morris 
model[36], and the phenomenological internal mass transfer model [34], [36]. For 
example: 

 Weber-Morris model: According to Weber-Morris, the phenomenon of 
adsorpƟon oŌen results in solute uptake having a nearly proporƟonal 
relaƟonship with t1/2 rather than contact Ɵme (t), which describes the 
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phenomenon of intraparƟcle diffusion. The W&M model is formulated as it’s 
shown below: 

𝑞௧ = 𝑘௜௡௧𝑡ଵ/ଶ + 𝑐 (Eq  XXII) 

Where:   

- 𝑘௜௡௧: the intraparƟcle diffusion rate constant (mg.g-1.s-1/2) ; 

- 𝑐: an intercept, represents the boundary layer thickness (mg/g). 

II.7. Factors affecting the adsorption: 

   The molecular mechanism of adsorpƟon depends on factors such as the chemical structure 

of the adsorbate. Although it is difficult to establish a direct relaƟonship between the 
adsorpƟon, adsorbent, and adsorbate properƟes, understanding these factors is crucial in 

designing effecƟve adsorpƟon system. 

According to R. Gourdon (1997) in his final report [27] and to the results and the remarks on 

the arƟcles of A.A. Inyinbor et al (2016) [37], Md. Ahmaruzzaman (2008) [38], Ziwen Du et al 
(2014) [39] and E.I. Ugwu et al (2020) [40], the factors can be idenƟfied as follows: 

II.3.1. Adsorbent properties:  

They have a large effect on the adsorpƟon: 

 Structure of the adsorbent: properƟes such as parƟcle size, pore size, surface 
area, surface homogeneity, and surface chemistry affect adsorpƟon capacity 

and rate. Smaller parƟcles, larger pore sizes, and highly porous structures 
generally improve adsorpƟon capacity, while surface chemistry, including 

funcƟonal groups, influences adsorpƟon behaviour. 

 Specific surface area: is the main factor in adsorpƟon. By increasing the surface 
area, more species are adsorbed. Therefore, to achieve significant adsorpƟon, 

an adsorbent with a large surface area is preferred. 

 Adsorbent concentraƟon: Increasing the amount will generally increase the 
adsorpƟon efficiency but decrease the adsorpƟon density. A higher dose 
provides more available adsorpƟon sites, increasing removal efficiency. 

However, parƟcle interacƟons and aggregaƟon can reduce the total surface area 

and increase the diffusion path length, thereby affecƟng adsorpƟon. 

II.3.2. Solvent/Adsorbate properties:  

   The properƟes of the adsorbed molecules, such as the presence and locaƟon of 

subsƟtuents, affect their polarity, solubility, and acid-base properƟes. 
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 Polarity: Polar solutes have a greater affinity for polar solvents or adsorbents, 
while nonpolar molecules prefer a nonpolar environment. Presence of other 
ions in soluƟon: If the adsorbate is a metal ion, the presence of other metal ions 

may compete for adsorpƟon sites on the adsorbent. 

 SoluƟon pH: In general, soluƟon pH affects adsorpƟon differently depending on 
the nature of the adsorbate and the pH of the adsorbent. Changes in Ph affect 
the polarity of the reacƟve moieƟes of the surface area, resulƟng in weakening 
electrostaƟc, ionic, and hydrogen bonding interacƟons between adsorbate and 

adsorbent.  

 Molecular size and shape: larger molecules may have difficulty accessing 
adsorpƟon sites in the pores of the material. 

 Solubility: less soluble substances generally get adsorbed more easily due to 
fewer interacƟons with ions in water. 

 Adsorbate concentraƟon: In general, at constant temperature, the amount of 
adsorpƟon increases with increasing concentraƟon. 

II.3.3. Operating/Process conditions: 

 Temperature: Effect, especially in the process of physical adsorpƟon Lower 
temperatures generally result in beƩer adsorpƟon because physical adsorpƟon 
is exothermic. At equilibrium, the amount of adsorbed species increases with 

decreasing temperature. However, as the temperature increases, adsorpƟon 
decreases because it is an exothermic process. 

 Contact Ɵme: Equilibrium between adsorbent and solute must be achieved for 
adsorpƟon to be complete. Therefore, equilibrium interacƟons require a certain 
amount of Ɵme to ensure adsorpƟon. The Ɵme required to reach equilibrium is 

called the contact Ɵme. 

II.8. Conclusion:  

   AdsorpƟon is an effecƟve and well-established technique for treaƟng various industrial 

effluents. Through conƟnuous research, the adsorpƟon process can be further improved and 

opƟmized, unlocking greater potenƟal for solving environmental and industrial problems. Its 
efficiency makes it an invaluable tool for creaƟng a cleaner, safer, and more sustainable future. 

All factors that can affect adsorpƟon must be taken into consideraƟon, as well as the nature of 

the pollutants (adsorbates) and the physiochemical characterisƟcs of the adsorbents, in order 

to achieve the desired results.



 

 

Chapter III: 
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Chapter III: Theorical concepts in optimization and 

modelling  

III.1. Introduction: 

   Knowledge of the theoreƟcal basis and concepts of the modelling and opƟmizaƟon process 
is essenƟal in order to develop and apply effecƟve and efficient mathemaƟcal models and 

techniques to solve real-world problems. 

This chapter reviews some of the theoreƟcal concepts of modelling and opƟmizaƟon, 
providing a solid foundaƟon for subsequent analysis and pracƟcal applicaƟons. It focuses on 
four key areas: the response surface method (RSM) and design of experiments (DOE), which 

will help us to model the factors that affect the adsorpƟon process in order to find the opƟmal 

operaƟon condiƟons to maximize the adsorpƟon; the dragonfly algorithm, which will help in 
the opƟmizaƟon of choosing the starƟng point; and finally, model validity checking. 

III.2. Response surface methodology (RSM): 

   Response surface methodology (RSM) is a mathemaƟcal technique used for analyzing 
relaƟonships between variables and responses. It was iniƟally developed by Box and Wilson in 
1951 and has since become a widely adopted approach for experimental design. It involves 

fiƫng mathemaƟcal models to experimental data to understand and opƟmize the underlying 
processes [41], [42]. 

RSM follows a six-step process: 

1) SelecƟon of independent factors and possible responses; 

2) screening experiments (choosing experimental designs such as full factorial 
designs or fracƟonal factorial designs) that can help idenƟfy the most influenƟal 
variables; 

3) SelecƟng appropriate ranges for these variables (which increases the chances of 

idenƟfying opƟmal condiƟons); 

4) SelecƟon of an experimental design strategy (central composite design (CCD), Box-

Behnken design (BB), etc.); 

5) Fiƫng mathemaƟcal surfaces to experimental data to capture the relaƟonship 

between the predictor variables and the response; 

6) Determine the opƟmal condiƟons. 

   By systemaƟcally varying parameters, RSM improves process performance and reduces 

variability. It is widely used in engineering and is supported by soŌware tools such as Design 
Expert, Minitab, StaƟsƟca, JMP, and Matlab. RSM provides a systemaƟc approach to process 
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opƟmizaƟon and efficiency improvement, reducing costs and minimizing experiment Ɵme 
[41], [42]. 

III.3. Design of experiments (DOE): 

   Design of experiments (DOE) is a systemaƟc staƟsƟcal method and a fundamental 
component of RSM for planning, conducƟng, analyzing, and interpreƟng experiments to 
understand the relaƟonships between input variables (factors) and specific output variables 

(responses) of interest. It enables opƟmizaƟon, predicƟon, and interpretaƟon of the process. 
This approach leads to enhanced process performance, a reduced number of variables by 

focusing on the most significant factors, and decreased operaƟon costs and experimental Ɵme. 
These features make it applicable in various industries and sciences and useful in making 

decisions to improve the efficiency, quality, and performance of processes and products, which 
is common across all disciplines [41], [43], [44]. 

   The purpose of DOE is to opƟmize and improve a process, product, or system by effecƟvely 
studying the effects of various factors and their interacƟons. This involves carefully selecƟng 

variables, defining their levels or seƫngs, and designing experiments so that valid conclusions 

can be drawn from a limited number of observaƟons    

   DOE enables opƟmizaƟon, predicƟon, and interpretaƟon of the process. This approach leads 
to enhanced process performance, a reduced number of variables by focusing on the most 
significant factors, and decreased operaƟon costs and experimental Ɵme. These features make 

it applicable in various industries and sciences and useful in making decisions to improve the 
efficiency, quality, and performance of processes and products, which is common across all 

disciplines [43]. 

   A response value is obtained from every experimental point, and this value is represented by 

a polynomial funcƟon with unknown coefficients that nee d to be determined. Upon 
compleƟon of the experimental layout, a system is presented with a set of n formulas involving 

p variables for which values need to be determined [44].  

According to Goupy (2013), this system can be wriƩen simply in matrix notaƟon: 

𝑦 = 𝑎𝑋 + 𝑒 (Eq  XXIII) 

Where: 

- 𝑦 : vector of responses; 

- 𝑋 : calculaƟon matrix, or model matrix, which relies on both the selected 

experimental data and the assumed model; 

- 𝑎 : coefficient vector; 

- 𝑒: deviaƟon (errors) vector. 
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In this system, there are n equaƟons and p + n unknowns. To solve it, we use a regression 
method based on the least-squares criterion. EsƟmates of the coefficients are denoted by 𝑎ු, 

and the result is:  

𝑎 = (𝑋ᇱ𝑋)ିଵ𝑋ᇱ𝑦 (Eq  XXIV) 

Where:  X' is the transposed matrix of X. 

Two matrices are constantly involved in experimental design theory:  

 The informaƟon matrix (𝑋ᇱ𝑋) 

 The dispersion matrix (𝑋ᇱ𝑋)ିଵ 

   The concepts and properƟes of the most classical experimental designs are needed to solve 
that system. Understanding the experimental design method is based on two essenƟal 
noƟons:  

III.2.1. Concept of experimental space:  

   Experimental space represents the space where experiments are conducted and 

visualized. It's a two-dimensional space that will facilitate graphical representaƟons, 
which make it easy to extend the concepts introduced to mulƟdimensional spaces [44]. 

It includes: 

 Factors: are any variables that are definitely controllable and can affect the observed 
response. It can be an assumpƟon or a specific cause of a phenomenon. The values 
assigned to the experimental factors are called levels. To study the effect of a given 

factor, its variaƟon is usually constrained between two limits. Lower limit (-1) and 
upper limit, which is called the factor's range of variaƟon, or simply the factor's 
domain. They are represented by axes, and points in the space represent specific 

experiments [44], [45].  

 

Figure 15:  The pump's flow variaƟon range 

 These values can have two important modificaƟons: the offset of the 
measurement start and the change in the unit of measurement. These two 

Pump flow rate  1 -1 
High level Low level 

Factor’s domain 
10 m3/s 50 m3/s 
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modificaƟons introduce new variables called reduced center variables (encoded 
variables). The advantage of coding units is that the design of experiments can 

be represented in the same way regardless of the field of study and factors [44]. 

𝑋 =
𝑥 − 𝑥଴

𝑆𝑡𝑒𝑝
 (Eq  XXV) 

Where: 

- 𝑆𝑡𝑒𝑝 =
୶శభି୶షభ

ଶ
 

- X: the centered (coded) variable 

- x଴ =
୶షభା୶శభ

ୗ୲ୣ୮
: the central value between high and low 

levels 

- 𝑥ିଵand 𝑥ାଵ: variables at low and high levels respecƟvely. 

 Responses: are quanƟty that is measured to determine the effect of factors on the 
system. it can be quanƟtaƟve or qualitaƟve. it's a variable of interest depends on 

factors, and their levels are represented on the axes [45].  

The definiƟons given above apply to conƟnuous variables. But there are other types of 
variables. There are discrete variables, orderable quanƟƟes such as distances. Here, the 

noƟon of experimental space sƟll exists, but this space has different properƟes. 

III.2.2. Concept of response surface:  

   The response surface is composed of all the points within the study domain, with each 
point represenƟng a response. The difficulty is to decide on the quanƟty and posiƟoning 

of experimental data points that can ensure the maximum precision of the response 
surface, but at the same Ɵme, reduce the number of conducted experiments to a 

minimum. To graphically represent the response space in experimental design, an extra 

dimension is needed in comparison to the experimental space [44]. 

III.2.3. Designing an experiment:  

It is usually divided into two phases: The first is to examine several important factors that 
are expected to have a significant impact on the final outcome, which is called the 
screening phase. This second is to select important factors that are systemaƟcally 

opƟmized to reach the best soluƟon, which is called opƟmizaƟon phase. 

a) Screening phase: is performed to idenƟfy factors and their interacƟons that have a 

significant impact on the final result. This is accomplished by using factorial designs, 
which test all factors simultaneously. [43], [46].  
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For k factors at two different levels (-1) for the lower level and (1) for the upper level, 

2௞ experiments with different results must be performed. All experiences can be 

represented in the form of a general matrix containing all combinaƟons of levels 
which can show that two types of effects can be derived: main effects of the factors 
(𝑥ଵ, 𝑥ଶ) and the possible interacƟon effects of the factors (𝑖𝑛 𝑓𝑜𝑟𝑚 𝑥ଵ𝑥ଶ 𝑜𝑟 𝑥ଵ𝑥ଶ𝑥ଷ) 

[43]. This means an outcome 𝑦 can be described as a funcƟon based on 
experimental factors, which is called the transfer funcƟon.  

It’s a mathemaƟcal model of the posed problem that can be obtained by a linear 
regression fit of the data obtained; it can be either linear or quadraƟc depending on 
the interacƟon of the factor with itself.  

Full factorial, fracƟonal factorial, and PlackeƩ-Burman designs for each two-level 

factor (k) are most commonly used in the factor selecƟon step because they are 
economical and efficient. The factorial fracƟonal design allows the assessment of 

numerous factors using only a few experiments by fracƟonaƟng a complete factorial 
2k design into a 2kp design, with "p" denoƟng the number of independent design 

generators chosen to fracƟonate the design [43], [46]. The basic model designs can 
be shown in the annepice 2 

All calculaƟons can be carried out using a spreadsheet program, but this requires 
programming and Ɵme. It is therefore preferable to use JMP8, a soŌware package 

that not only calculates the coefficients, but also performs all the staƟsƟcal 

calculaƟons needed to assess the quality of the mathemaƟcal model. 

b) OpƟmizaƟon phase: determining the opƟmum condiƟons for a process using 
opƟmizaƟon designs. Simple linear and interacƟon models might not provide a 

comprehensive understanding of the process, especially when curvature and local 

opƟma need to be considered. Therefore, quadraƟc models are oŌen employed, 
which include linear terms, squared terms, and products of pairs of factors.  

Central composite design (CCD) and Box-Behnken design (BBD) are commonly 
employed to fit quadraƟc models and determine the opƟmum points efficiently. 

CCD, as the 3n full factorial design, incorporates a factorial or fracƟonal factorial 
design with axial points, while BBD uses midpoints of edges and the center of a cube. 
These designs aid in exploring the system and achieving opƟmal results [41], [43], 

[46]. 
 

III.4. Dragonfly Algorithm (DA): 

   The Dragonfly Algorithm (DA) is an opƟmizaƟon algorithm inspired by the swarming 

behaviors of dragonflies. The algorithm mimics the two main swarming behaviors of 
dragonflies: staƟc swarm and dynamic swarm, which correspond to the exploraƟon and 

exploitaƟon phases of the opƟmizaƟon process, respecƟvely [47]. 
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In the staƟc swarm, small groups of dragonflies move in a small area to hunt for other insects. 
This behaviour involves local movements and abrupt changes. On the other hand, in the 

dynamic swarm, a large number of dragonflies form a single group and move together in one 
direcƟon for a long distance. The behaviors of these swarming types serve as the main 
inspiraƟon for the DA [47]. 

  

(a) (b) 

Figure 16 :Behaviour of dragonflies: (a) dynamic swarming and (b) staƟc swarming [47] 

To guide the arƟficial dragonflies in different paths, the algorithm uses six weights: separaƟon 
weight (s), alignment weight (a), cohesion weight (c), food factor (f), enemy factor (e), and 

inerƟa weight (w). 

MathemaƟcally, According to Mirjalili (2016) and Rahman & Rashid  (2019) each of the 

aforemenƟoned weight factors are shown in the following equaƟons: 

o The separaƟon for as menƟoned by Reynolds: 

𝑆௜ = − ෍ 𝑋 − 𝑋௞

ே

௞ୀଵ

 
(Eq  XXVI) 

Where:  

- 𝑋: The current posiƟon of the individual dragonfly; 
- 𝑋௞: The posiƟon of the kth neighbour; 

- 𝑁: Number of individuals in the dragonfly swarm; 

- 𝑆௜: separaƟon for the individual 𝑖. 
 

o The alighement: 
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𝐴௜ =
1

𝑁
෍ 𝑉௄

ே

௞ୀଵ

 
(Eq  XXVII) 

Where:  

- 𝑉௄: Velocity of the kth neighbour; 

- 𝐴௜: Alignement for the individual 𝑖. 
 

o The cohesion: 

𝐶௜ =
∑ 𝑋௄

ே
௞ୀଵ

𝑁
− 𝑋 

(Eq  XXVIII) 

Where:  

- 𝑋: The current posiƟon of the individual dragonfly; 
- 𝑋௞: The posiƟon of the kth neighbour; 

- 𝑁: Number of individuals in the dragonfly swarm; 
- 𝐶௜: Cohesion for the individual 𝑖. 

 

o AƩracƟon towards a food source: 

𝐹௜ = 𝑋௙௦ + 𝑋 (Eq  XXIX) 

Where:  

- 𝑋: The current posiƟon of the individual dragonfly; 

- 𝑋௙௦: The posiƟon of the food source. 
o DistracƟon outwards an enemy: 

𝐸௜ = 𝑋௘ + 𝑋 (Eq  XXX) 

Where:  

- 𝑋: The current posiƟon of the individual dragonfly; 
- 𝑋௘: The posiƟon of the enemy. 

These weights are adjusted during the opƟmizaƟon process to balance exploraƟon and 

exploitaƟon. High alignment and low cohesion weights are used for exploraƟon, while low 

alignment and high cohesion weights are used for exploitaƟon [47]. 

   The posiƟon updaƟng in the search space is performed using two vectors: the step vector 
∆𝑋 and the posiƟon vector 𝑋 [47]–[49]. The step vector represents the direcƟon of movement 
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and is calculated based on separaƟon, alignment, cohesion, food, and enemy factors, as shown 
in the following equaƟon: 

∆𝑋௧ାଵ = (𝑠𝑆௜ + 𝑎𝐴௜ + 𝑐𝐶௜ + 𝑓𝐹௜ + 𝑒𝐸௜) + 𝜔∆𝑋௧ (Eq  XXXI) 

Where:  

- 𝑆௜: separaƟon for the individual 𝑖; 

- 𝐴௜: Alignement for the individual 𝑖; 
- 𝐶௜: Cohesion for the individual 𝑖; 

- 𝐹௜: posiƟon of food source for the individual 𝑖; 

- 𝐸௜: posiƟon of the enemy for the individual 𝑖; 
- 𝜔 : inerƟa weight; 
- 𝑡 : iteraƟon. 

The posiƟon vector is then updated based on the step vector: 

𝑋௧ାଵ = 𝑋௧ + ∆𝑋௧ାଵ (Eq  XXXII) 

The DA algorithm also incorporates stochasƟc behaviour and exploraƟon of the search space 
by including a random walk (Levy flight) when no neighbouring soluƟons are available. This 

randomove increases randomness and enhances the exploraƟon of the arƟficial dragonfly 

individuals [47]. The DA algorithm is used in combinaƟon with the Support Vector Machine 
(SVM) technique for opƟmizaƟon. The DA-SVM model starts with a random combinaƟon of 

hyperplane parameters for the SVM algorithm. The DA then generates a new populaƟon of 
hyperplanes, and the opƟmizaƟon process is repeated to find the best root mean square error 

(RMSE) value[50]. 

 

Figure 17: Pseudo code of DA [48] 

Initialize the dragonflies population X௜  (𝑖 =  1, 2, … , 𝑛) 

Initialize step vectors ∆X௜  (𝑖 =  1, 2, … , 𝑛) 

while the end condition is not satisfied 

            Calculate the objective values of all dragonflies 

            Update the food source and enemy 

            Update w, s, a, c, f, and e 
            Calculate S, A, C, F, and E using equations (XXXIV)–(XXXVIII) 
            Update neighbouring radius 

            If a dragonfly has at least one neighbouring dragonfly 

                Update velocity vector using equation (XXXIX) 

                Update position vector using equation (XL) 

            Else 

                Update the position vector using Lévy flight 

            End if 

            Check and correct the new positions based on the  

            boundaries of variables 

End while 
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III.5. Verification of model validity: 

III.5.1. Evaluation Metrics:  

 Mean Absolute Error (MAE): Mean Absolute Error (MAE) is the most commonly used 
metric in regression problems; it measures the absolute difference between actual 

and predicted values. MAE provides simple and robust analysis, but its effecƟveness 
depends on the data and the presence of outliers [51]–[53]. The mathemaƟcal 

expression is wriƩen as:  

𝑀𝐴𝐸 =
1

𝑛
෍ ቚ𝑌௣௥௘௜

− 𝑌௘௫௣௜
ቚ

௡

௜ୀଵ

 
(Eq  XXXIII) 

Where:  

- 𝑌௣௥௘௜
: Predicted value of ith experiment/observaƟon; 

- 𝑌 ୶୮௜
: Actual or experimental value of ith experiment/observaƟon; 

- 𝑛: Total numbers of observaƟons/experiments. 

 Mean square error (MSE): is a widely used regression metric that measures the 
average of the squared differences between actual and predicted values. It 
emphasizes outliers that need to be detected, provides a smooth gradient for 

opƟmizaƟon, and is great for aƩribuƟng larger weights to the points. Lower MSE 
values (closer to zero) indicate beƩer model performance [51]–[53]. MSE penalizes 

the error more than MAE. The mathemaƟcal expression is wriƩen as:  

𝑀𝑆𝐸 =
1

𝑛
෍ ቀ𝑌௣௥௘௜

− 𝑌௘௫௣௜
ቁ

ଶ
௡

௜ୀଵ

 
(Eq  XXXIV) 

 Mean regression square sum (MSR): measures the average of the squared 
differences between the predicted values of a regression model and the mean of the 

true values[52]. The mathemaƟcal expression is wriƩen as:  

𝑀𝑆𝑅 =
1

𝑛
෍ ቀ𝑌௣௥௘௜

− 𝑌തቁ
ଶ

௡

௜ୀଵ

 
(Eq  XXXV) 

Where:  

- 𝑌ത =  
ଵ

௡
∑ 𝑌 ୶୮௜

௡
௜ୀଵ : the mean of the true values or the average of actual 

values. 
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 Mean total square sum (MST): measures the average of the squared differences 
between the actual values and the mean of the true values [52]. The mathemaƟcal 
expression is wriƩen as:  

𝑀𝑆𝑇 =
1

𝑛
෍ ቀ𝑌௘௫௣௜

− 𝑌തቁ
ଶ

௡

௜ୀଵ

 
(Eq  XXXVI) 

And according to Chicco et al (2021), it can also be wriƩen as: 

𝑀𝑆𝑇 = 𝑀𝑆𝐸 + 𝑀𝑆𝑅 (Eq  XXXVII) 

 Root mean square error (RMSE): is measured by the square root of MSE, which 
represents the average magnitude of errors. A higher RMSE value indicates a larger 

deviaƟon from the actual value, while the opposite indicates a beƩer predicƟon. It's 

valuable for assessing elemental validity[51], [52]. The mathemaƟcal expression is 
wriƩen as:  

𝑅𝑀𝑆𝐸 = √𝑀𝑆𝐸 = ඩ
1

𝑛
෍ ቀ𝑌௣௥௘௜

− 𝑌௘௫௣௜
ቁ

ଶ
௡

௜ୀଵ

 

(Eq  XXXVIII) 

 The coefficient of determinaƟon (R2): is expressed as the fracƟon of the variance of 
the dependent variable that can be predicted from the independent variables. If an 
R2 was: 

- 0.50 > R2> 0.66: discriminaƟon between high and low values 
- 0.66 > R2> 0.80: approximate quanƟtaƟve predicƟons. 

- 0.81 >R2> 0.90: good predicƟon 
- R2 > 0.90: excellent predicƟon. 

The mathemaƟcal expression can be wriƩen as: 

𝑅ଶ = 1 −
∑ ቀ𝑌௣௥௘௜

− 𝑌௘௫௣௜
ቁ

ଶ
௡
௜ୀଵ

∑ ቀ𝑌௘௫௣௜
− 𝑌തቁ

ଶ
௡
௜ୀଵ

 
(Eq  XXXIX) 

It can also be expressed as: 

𝑅ଶ = 1 −
𝑀𝑆𝐸

𝑀𝑆𝑇
=

𝑀𝑆𝑅

𝑀𝑆𝑇
 

(Eq  XL) 
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R2 is monotonically related to MSE (MST is fixed), this means that the order of the 
regression model based on R2 is the same as the model based on MSE or RMSE [53], 

[54]. 
 

 Adjusted R2: Adjusted R-squared is a modified version of R-squared that replaces the 
biased esƟmators with their unbiased counterparts while considering the biases and 
the number of independent variables in the model. The unbiased esƟmators, derived 

from MSE and MST, are used to calculate the adjusted R-squared, which is also known 
in the staƟsƟcal literature as the Ezekiel esƟmator. The formula for the custom Ezekiel 
R-squared calculator is as follows: 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 − 𝑅ଶ = 1 −
𝑁 − 1

𝑁 − 𝑃 − 1
(1 − 𝑅ଶ) 

(Eq  XLI) 

Where: 

- N: Number of observaƟons or experiments; 
- 𝑃: Number of predictors or predicted values. 

Adjusted R-squared provides a more accurate measurement of fit and helps prevent 
over-fiƫng [54]. 

 Mean absolute percentage error (MAPE) is a regression model performance metric 
that emphasizes relaƟve error. It is recommended when sensiƟvity to relaƟve 

variaƟons is more crucial than absolute variaƟons. However, MAPE has limitaƟons. It 
only works with strictly posiƟve data and is biased towards low forecasts, making it 

unsuitable for predicƟve models with expected large errors [52], [53]. The 

mathemaƟcal expression is wriƩen as:  

𝑀𝐴𝑃𝐸 =
1

𝑛
෍ ቤ

𝑌௘௫௣௜
− 𝑌௣௥௘௜

𝑌௘௫௣௜

ቤ

௡

௜ୀଵ

 
(Eq  XLII) 

III.5.2. Statistical analysis of coefficients: 

The student's test, also known as t-test, is a staƟsƟcal method that evaluates the 
effects of factors and their interacƟons, which are interpreted by the coefficients of 

the postulated model, by calculaƟng 𝑡௜ for each one of them and then comparing it 
with 𝑡௖௥௜௧ to decide whether they are significant or not [55]. The t-test evaluates the 

following hypothesizes:  

 𝐻଴: 𝑎௜ = 0, 𝑎௜  is not significant. 
 𝐻ଵ: 𝑎௜ ≠ 0, 𝑎௜ is significant 

𝑡௜  will be the raƟo of the coefficient 𝑎௜ to its variance𝑆௜: 
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𝑡௜ =
𝑎௜

𝑆௜
 (Eq  XLIII) 

Where 𝑆௜ is calculated as: 

𝑆௜ = ඨ
𝑆ଶ

𝑛
 

(Eq  XLIV) 

Where: 

𝑆ଶ = ෍ ቀ𝑌௣௥௘௜
− 𝑌௘௫௣௜

ቁ
ଶ

௡

௜ୀଵ

 
(Eq  XLV) 

To determine the significance of the t-staƟsƟc, it is compared to a criƟcal value from 
a t-distribuƟon table. The criƟcal value depends on the chosen significance level 𝛼 

and the degrees of freedom 𝑑𝑓 = 𝑛 − 𝑝, where 𝑛 is number of observaƟons and 𝑝 
is number of coefficients [55], [56]. It can be read directly from the Student table 
(Appendice 4).  

𝑡௖௥௜௧ = 𝑣(𝛼, 𝑑𝑓) (Eq  XLVI) 

According to Leon (1998), if: 

 |𝑡௜| > 𝑡௖௥௜௧: 𝐻ଵ is accepted, the effect is significant. 
 |𝑡௜| ≤ 𝑡௖௥௜௧: 𝐻଴ is accepted, the effect is not significant. 

 

III.5.3. Model validation test: 

 Analysis of Variance (ANOVA): is a staƟsƟcal method used to determine whether 
there is any significant difference between the means of two or more groups. It’s 
used to evaluate the overall quality of a regression model. It calculates an F-staƟsƟc, 

which is the raƟo of the between-group variaƟon to the within-group variaƟon [56], 
[57]. 

According to Leon (1998), to perform the ANOVA test, two hypotheses are 

supposed: 

 𝐻଴ : All parameters have a value equal to 0.  
 𝐻ଵ : All parameters have the value obtained aŌer esƟmaƟon. 
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Two degrees of freedom, 𝑑𝑓1 = 𝑝 − 1 (of regressen) and 𝑑𝑓2 = 𝑛 − 𝑝, and the 
chosen significance level 𝛼 used to determine the criƟcal value of the F-test using 

Fisher’s Table (Appendice 5) [56]. 

𝐹௖௥௜௧ = 𝑣(𝛼, 𝑑𝑓1, 𝑑𝑓2) (Eq  XLVII) 

If  

- 𝐹௖௔௟ > 𝐹௖௥௜௧ : 𝐻ଵ is accepted, the regression model is considered valid.  
- 𝐹௖௔௟ ≤ 𝐹௖௥௜௧ : 𝐻଴ is accepted, the model used is inadequate and considered 

invalid [56]. 

 𝐹௖௔௟ can be calculated using the following table, which summarizes all the 
informaƟon needed: 

Table 5: CalculaƟon of Fisher F-staƟsƟc, ANOVA [56] 

VARIATION 

SOURCE 

DEGREE 

OF 

FREEDOM 

VARIANCES MEAN SQUARE FISHER 

F-STATISTIC 

REGRESSION 𝑝 − 1 
𝑅𝑆𝑆 = ෍ ቀ𝑌௣௥௘௜

− 𝑌തቁ
ଶ

௡

௜ୀଵ

 𝑀𝑅𝑆 =
𝑅𝑆𝑆

𝑝 − 1
 𝐹௖௔௟ =

𝑀𝑅𝑆

𝑀𝐸𝑆
 

RESIDUAL 𝑛 − 1 
𝐸𝑆𝑆 = ෍ ቀ𝑌௣௥௘௜

− 𝑌 ୶୮௜
ቁ

ଶ
௡

௜ୀଵ

 𝑀𝐸𝑆 =
𝐸𝑆𝑆

𝑛 − 1
 

TOTAL 𝑛 − 𝑝 
𝑇𝑆𝑆 = ෍ ቀ𝑌 ୶୮௜

− 𝑌തቁ
ଶ

௡

௜ୀଵ

 𝑀𝑇𝑆 =
𝑇𝑆𝑆

𝑛 − 𝑝
 

 

 Chi-square test (𝝌𝟐): represents a useful staƟsƟcal method used to determine the 
associaƟon between two categorical variables. It measures the difference between 

experimental and predicted values based on a specific model. The test helps in 
assessing whether the experimental data deviates significantly from the expected 

values, and it is commonly employed for tesƟng the independence of variables in a 

conƟngency table, examining the goodness of fit of experimental data to an 
expected model, and detecƟng any deviaƟons from expected values [58], [59]. 

The formula for calculaƟng the chi-square for the goodness of fit, which is defined 
by Bevington & Robinson (2003), is: 
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𝜒ଶ
௖௔௟

=
∑ ቀ𝑌௘௫௣௜

− 𝑌௣௥௘௜
ቁ

ଶ
௡
௜ୀଵ

𝑆௒೎ೌ೗

ଶ  
(Eq  XLVIII) 

Where: 𝑆௒೎ೌ೗

ଶ =
ଵ

௡ିଵ
∑ ቀ𝑌௘௫௣௜

− 𝑌തቁ
ଶ

௡
௜ୀଵ is the sample variance of observed values 

𝑌௖௔௟. 

To conduct this test, two hypotheses are supposed to exist: 

 𝐻଴ : There is no significant difference between the 𝑌௘௫௣ and 𝑌௣௥௘. 

 𝐻ଵ : The is significant difference. 

𝜒ଶ
௖௔௟

 is compared to the criƟcal values from the chi-square distribuƟon 𝜒ଶ
௖௥௜௧

 with 

the corresponding degrees of freedom 𝑑𝑓 = 𝑛 − 1 and a chosen significant level 𝛼. 

These criƟcal values are available in staƟsƟcal tables in appendice 6 [58], [59]. 

According to Bevington & Robinson (2003), if:  

- 𝜒ଶ
௖௔௟

≥ 𝜒ଶ
௖୰୧୲

: the null hypothesis 𝐻଴ is rejected, then the regression model 

is considered invalid. 

- 𝜒ଶ
௖௔௟

< 𝜒ଶ
௖୰୧

: the null hypothesis is accepted 𝐻଴, then regression model is 

considered valid. 

For each test, the p-value which refers to the probability of null hypothesis can also 
evaluate the validaƟon of the model under one of the validaƟon tests and under a 

chosen significant level, if:  

 𝑝 − 𝑣𝑎𝑙𝑢𝑒 ≤ 𝛼: 𝐻଴ is rejected. 

 𝑝 − 𝑣𝑎𝑙𝑢𝑒 > 𝛼: 𝐻ଵ is rejected.
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Chapter IV: Experimental Study-Application of 

adsorption in wastewater treatment in SAIDAL 

IV.1. Introduction: 

   Low-cost adsorpƟon refers to the use of inexpensive materials as adsorbents for the removal 
of pollutants from wastewater. Some examples of low-cost adsorbents include by-products 

from the agricultural, household, and industrial sectors. The use of low-cost adsorbents is a 

sustainable soluƟon for wastewater treatment and has received much aƩenƟon in recent 
years. Developing adsorbents from plant waste and a biomaterial is interesƟng from an 
economic point of view. In fact, it is from simple formaƟons that these basic materials can be 
directly applied [60].  

The aim of our study is to exploit and use of agricultural by-products of our country as 
adsorbents to solve the problem of treaƟng chemical polluƟon in pharmaceuƟcal industries, 

like SAIDAL. The experimental study of this work was carried out in a quality control laboratory 
of the SAIDAL group. 

In this chapter, various pracƟcal aspects were presented in this study, namely: the 
methodologies employed for the preparaƟon of the adsorbents from Fennel seeds and Sweet 

Thapsia that exist in many internal states in Algeria, which is in Medea in our case, with two 
modificaƟons, a physical method and a biological method using the bacteria "Escherichia coli", 

the analysis and measurement techniques, as well as the operaƟng procedure followed for the 

study of the adsorpƟon kineƟcs of the pollutants Methylene blue (MB) and Chlortetracycline 
hydrochloride (CTC-HCl). 

The experimental procedure consists of characterizing the selected adsorbent and studying 

the influence of a number of physico-chemical parameters on the adsorpƟon capacity of this 

material, such as pH and the iniƟal concentraƟon of the pollutant. 

 

 

 

 

 

 

 

 

 



Chapter IV   Experimental Study 

64 | P a g e  
 

IV.2. Materials: 

IV.2.1. Equipment and instruments: 

Materials Brand ApplicaƟon 

Grinder - Grinding plants 

AnalyƟcal balance 

SARTORIUS 

and 
METTLER 

TOLEDO 

Weighing very light masses with great precision 

UV–Vis 
Spectrophotometry 

Perkin Elmer 
Lambda 25 

Measuring the absorbance or transmiƩance of light by 
a sample in the range of UV-Vis wavelengths region 

MagneƟc sƟrrer KMO 2 AgitaƟng to homogenize a blend. 

pH meter 
METROHM 
(827 pH lab) 

Measuring and adjusƟng hydrogen potenƟal pH of a 
sample 

ConducƟvity meter WTW Measuring the electrical conducƟvity of a soluƟon 

Hot plate with 
magneƟc sƟrrer 

Stuart HeaƟng soluƟons at the required temperature. 

Vacuum oven Memmert 
Vacuum drying equipment to speed up the drying 

process of various materials such as adsorbents. 

Drying Oven 

Salvislab 
Thermocente

r Oven Model 
DT-96 

Drying, sterilizaƟon, and thermal tesƟng 

Granulometric 
analysis sieves 

(20 µm, 100 µm, 200 

µm and 310 µm) 

- 

Determining the parƟcle size distribuƟon of a granular 
material by separaƟng it into different size fracƟons 
using a series of stacked sieves with varying mesh 

sizes 

Fourier-transform 

infrared spectroscopy 
(FTIR) 

- 

Analyzing the molecular composiƟon of a sample by 
measuring the absorpƟon of IR light, IdenƟfying of 

funcƟonal groups (Chemical characterizaƟon) 
 

Ultrasonic cleaner SELECTA® 

UƟlizes high-frequency sound waves to remove 

contaminants from objects through the creaƟon and 
implosion of microscopic bubbles in a cleaning 

soluƟon (destroying and separaƟng the adsorpƟon on 

the surface) 

Centrifuge 
ALC - Mod. 

4225 

SeparaƟng components based on density through 

high-speed rotaƟon, enabling sedimentaƟon 
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Volumetric flask (10 
ml, 200ml and 

1000ml) 
GLASSCO Preparing soluƟons with a specific volume accurately 

Graduated cylinder (5 
ml, 10 ml, 250 ml and 

500 ml) 

- 
Measuring volume and dispensing soluƟons with great 

accuracy 

Volumetric pipet (1ml 
and 3ml) 

- 
Measuring and transferring a specific fixed volume of 

soluƟons with high precision and accuracy 

Erlenmeyer flask (250 

ml and 500 ml) 
DURAN Used for mixing, heaƟng, and containing soluƟons 

Air filter - 
Removing airborne contaminants, ensuring a sterile 

environment for sensiƟve experiments. 

 

IV.2.2. Products: 

- Hydrogen chloride 𝐻𝐶𝑙 

- Sodium hydroxide 𝑁𝑎𝑂𝐻 

- Potassium hydroxide 𝐾𝑂𝐻 

- Sulfuric acid 𝐻ଶ𝑆𝑂ସ 

- Potassium chloride 𝐾𝐶𝑙 

- Bleach 𝑁𝑎𝐶𝑙𝑂 

 

IV.2.3. Biomaterials: 

 Smooth Thapsia: in French “Thapsia”, in Arabic “اسᗫدر” (Drias) and its 
scienƟfic name is “Thapsia garganica L.”, is a standing perennial toxic plant 

species in the Apiaceae or Umbelliferae family resembling a dill. The genus 
"Thapsia" comes from the ancient Greek " θαψι ໄα (thapsia)" because the 

plant was discovered on the island of Thapsos according to the Greeks, while 

Garganica is related to Mount Gargano in Italy. It’s found in hot countries, 
especially Algeria, Sicily in Italy, and other countries of the Mediterranean 
region extending into the AtlanƟc coasts of Portugal and Morocco [61], [62]. 
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Figure 18: A map shows regions where smooth Thapsia has grown in the last 3 years [63] 

It can grow up to 1.40 meters tall and is found in culƟvated fields, path and 
road sides, disturbed zones, pine wood, and shrubland with rosemary and 

thyme garigue [61], [62]. 

  

Figure 19: Smooth thapsia 

   It is a medicinally important plant, and its micropropagaƟon has been 
invesƟgated as an opƟon for conservaƟon purposes as wild populaƟons are 

becoming sparse [64]. It has been used in tradiƟonal medicine for over 2,000 

years for the treatment of pulmonary diseases, catarrh, fever, pneumonia, 
and as a counter-irritant for the relief of rheumaƟsm. The root of Thapsia 

garganica is a strong purgaƟve. Its rhizome is rough, the thickness of a cubit, 
striking the ground, gray in color, and submerged in water. Its peels contain 
20% amylum and 5% soŌ yellow gum, which is very reddish and consists of 
caprylic, angelic, and tapic acids and other nitrogen-neutral substances. They 

are highly ulcerated [61].  

   The main compound found in the roots of Thapsia garganica is thapsigargin 
𝐶ଷସ𝐻ହ଴𝑂ଵଶ , which is a sesquiterpene lactone. Thapsigargin has powerful 

irritant properƟes for the immune system (acƟvaƟon of a number of immune 
cells). It has also been idenƟfied as a complex molecule that has shown 
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potenƟal for use in modern medicine, parƟcularly in the treatment of 
malignant tumors, certain cancers, and possibly COVID-19 [65], [66]. 

   Ripe fruits contain the highest amount of thapsigargin (0.7% to 1.5% of the 
dry weight) followed by leaves (0.1% of dry weight) and roots (0.2%–1.2% of 
dry weight) [66]. 

 

Figure 20: Chemical Structure of Thapsigargine[65] 

 Fennel seeds: come from the plant Fennel, scienƟfically known as 
Foeniculum vulgare Mill., an aromaƟc plant belonging to the Apiaceae 

family. They are naƟve to the Mediterranean basin but are widely culƟvated 
in temperate and tropical regions worldwide. These versaƟle seeds have 

various applicaƟons. They are commonly used as a flavoring agent, and their 

essenƟal oil is uƟlized in cosmeƟcs and pharmaceuƟcal products. The oil is 
valued for its balsamic, cardiotonic, digesƟve, lactogogue, and tonic 
properƟes [67], [68]. 

 

Figure 21: Two figures shown the fennel seeds and the fennel plant respecƟvely 

The chemical composiƟon of fennel seeds includes compounds such as 
fenchone, methyl chavicol, and trans-anethole, 2-pentanone, and 
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benzaldehyde-4-methoxy. AddiƟonally, they contain moderate 
concentraƟons of limonene among the monoterpene hydrocarbons. Cluster 

analysis has idenƟfied disƟnct chemical subvariants within the (E)-anethole 
group[67], [69], [70]. 
CulƟvated for its aromaƟc fruits, fennel is used in culinary preparaƟons and 

finds applicaƟon in the cosmeƟc and pharmaceuƟcal industries. The 
essenƟal oil derived from fennel seeds consists of phenylpropanoid 

derivaƟves, monoterpenoids, and sesquiterpene hydrocarbons. Fennel 
seeds are rich in polyphenols and flavonoids, which contribute to their 

anƟoxidant acƟvity. The essenƟal oil from fennel seeds also exhibits 
anƟbacterial properƟes. Factors such as different accessions and culƟvaƟon 
methods can affect the yields, chemical composiƟon, and anƟoxidant and 

anƟbacterial acƟviƟes of fennel extracts and essenƟal oils [67], [69], [71]–
[73]. 
 

IV.2.4. Pollutants: 

Although there are a lot of chemical pollutants, not all pollutants can be adsorbed. 
In SAIDAIL, 5 pollutants: chlortetracycline Hydrochloride; dexamethasone; 

diclofenac; methylene blue and cyanocobalamin tested if they would be adsorbed 
or not by the biosorbents, and chlortetracycline Hydrochloride (CTC-HCl) and 

methylene blue (MB) were chosen to use them in all experiments because they 

meet all the following criteria: 

 High solubility in water 
 Low vapor pressure 

 Analysis by UV/visible spectrophotometer 

 CaƟonic structure model  
 Widely used in many fields 

 It’s either toxic or Its degradaƟon produces toxic compounds 

 Methylene blue: also known as tetramethylthionine chloride 
𝐶ଵ଺𝐻ଵ଼𝐶𝑙𝑁ଷ𝑆. 𝑥𝐻ଶ𝑂 and its nomenclatue is 3,7-
bis(dimethylamino)phenothiazin-5-ium, is a caƟonic dye of the xanthine family. 

It is a dark green crystalline powder that is soluble in water with deep blue color 
and slightly soluble in alcohol. It serves as a representaƟve model for medium-

sized organic pollutants. It’s extensively used in various fields, such as: plasƟcs 

industry (pigments), food industry (food coloring), cosmeƟcs industry (including 
hair dyes), pharmaceuƟcal industry (as a coloring and preservaƟve agent), etc  
[74], [75]. 
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Table 6: Physical and Chemical properƟes of Methylene Blue 

Name Methylene blue, tetramethylthionine chloride, 
Basic blue 9, Swiss blue, etc. 

Nomenclature Est 3,7-bis (diméthylamino) phenazathionium 

Family Xanthines 

Molecular Formula 𝐶ଵ଺𝐻ଵ଼𝐶𝑙𝑁ଷ𝑆. 𝑛𝐻ଶ𝑂 

Molecular Weight (g/mol) 319.86 

Topological Polar Surface 
Area (Å²) 

43.9 

Solubility in water(g/l) at 
25 °C 

43,6 

pKa 3.14 

λ max (mn) 659 

DecomposiƟon When heated to decomposiƟon it emits very 
toxic fumes of /nitrogen oxides, sulfur oxides 

and chloride/. 

Stability Stable under recommended storage condiƟons 

Solubility at various 

solvents 

Soluble in ethanol, chloroform; slightly soluble in 

pyridine; insoluble in ethyl ether 

Methylene blue can have harmful effects on living organisms and aquaƟc 
systems. The accumulaƟon of organic maƩer in water caused by dyes can lead 
to bacterial growth, putrid odors, and abnormal discoloraƟon. Their 
consumpƟon by micro-organisms and due to microbial acƟvity release nitrates 

and phosphates into the environment which promotes uncontrolled aquaƟc 
plant growth leading to reduce oxygen levels by inhibiƟng photosynthesis in 

deep aquifers aquaƟc plants in the deeper layers of watercourses and stagnant 
waters. [76]. 

Toxicity studies on methylene blue have shown that it is safe when administered 
in doses of less than 7 mg/kg. However, high doses can cause chest pain, 

dyspnea, anxiety, tremors, increased blood pressure, and skin discoloraƟon. 
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Although it is not directly toxic, a significant proporƟon of its metabolites may 
be mutagenic, teratogenic, or carcinogenic when broken down into oxidaƟon 

by-products [76], [77] [75], [78], [79]. 

 

Figure 22: InteracƟve Chemical Structure of Methylene Blue 

 

 Chlortetracycline hydrochloride (CTC-HCl): is a hydrochloride salt of an 
amphoteric chlortetracycline (CTC), from the tetracycline family, with broad-
spectrum anƟbacterial and anƟprotozoal acƟvity, produced and derived from 
Streptomyces aureofaciens (Fam. Streptomycetaceae) and discovered in 1948 
by Duggar. It is a yellow, odorless powder composed mainly of crystals in the 

shape of small hexagons. Stable in the air but is slowly affected by light. It is 
mulƟfuncƟonal with two chromophores with an α,β-unsaturated ketone in 

conjugaƟon: aparachlorophenol and an anomalously behaving amide. The 

terƟary amine is responsible for the basic character, and the phenolic group is 
acidic. It shares the tetracycline family's ability to form metallic complexes, 
which makes it useful in the purificaƟon and analysis of CTC [80].  
The physical and chemical properƟes are summarized in the following table. 
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Table 7: Physical and Chemical properƟes of Chlortetracycline hydrochloride [80], [81], [82, p. 64] 

Name  Chlortetracycline hydrochloride 

Nomenclature (4S,4aS,6S,12aS)-7-chloro-4-(dimethylamino)-
3,6,10,12,12a-pentahydroxy-6-methyl-1,11-dioxo-

1,4,4a,5,5a,6,11,12a-octahydrotetracene-2-

carboxamide hydrochloride 

Family Tetracyclines 

Molecular Formula 𝐶ଶଶ𝐻ଶସ𝐶𝑙ଶ𝑁ଶ𝑂଼ 

Molecular Weight (g/mol) 515.35 

Topological Polar Surface 

Area (Å²) 

182 

Solubility in water(g/l)  about 8.6 mg/mL 

pKa 3.30, 7.44, 9.27 

λ max (mn) 376 

Solubility at various solvents 1 M NaOH (50 mg/mL), methanol (17.4 mg/mL), 1M 
NaOH (50 mg/mL) and ethanol (1.7 mg/ml) 

 

   CTC-HCl is the most widely used anƟbioƟc in treaƟng humans, farming 
animals, and agricultural planƟng. It acts by inhibiƟng bacterial protein 

synthesis by binding to the 30S ribosomal subunit (prevenƟng the addiƟon of 

amino acids to the pepƟde chain) [83]. It is highly effecƟve against a wide range 
of gram-posiƟve and gram-negaƟve bacteria like rickeƩsial species, certain 

protozoa, spirochetes, etc. However, certain bacterial strains, such as 
Staphylococci, have developed resistance to CTC-HCl [80], [81]. 

   The difficulty humans and animals face in metabolizing CTC-HCl leads to its 
accumulaƟon within their bodies, where it is precisely absorbed, bound to 

plasma proteins, metabolized in the liver, and excreted in urine and feces in a 
biologically acƟve form. The chemical stability and resistance of convenƟonal 

processes make it challenging to eliminate CTC-HCl in wastewater treatment 

plants. This accumulaƟon and persistence of CTC-HCl residues in the 
environment can help:  
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 InhibiƟng the growth of freshwater algae; 
 having significant toxic effects on phytoplankton species;  

 disrupƟng the acƟvity of anaerobic bacteria, affecƟng their 
consumpƟon of aceƟc acid and butyric acid.  

which harm the aquarium system and would leave harmful effects, disrupƟng 
the equilibrium of the ecosystem [84]–[87]. 

 

Figure 23: Chemical structure of Chlortetracycline Hydrochloride [81] 

IV.3. Methods: 

IV.3.1. Preparation of bioadsorbents:  

To prepare the biomaterials (Fennel seeds and Sweet Thapsia roots) to be used in 
the experiments in this study, the following steps were taken: 

1) CollecƟng: obtaining the materials from nature by harvesƟng or cuƫng the 

needed parts. Sweet Thapsia roots and fennel seeds were obtained from the 
commune of Ksar El-Boukhari, wilaya of Medea. 

2) Washing: The biomaterials obtained are washed several Ɵmes with disƟlled 
water to eliminate any dust or adhering impuriƟes unƟl clear washing water 

is obtained. 

3) Peeling and slicing: AŌer washing them, peeling is carried out to remove the 

protecƟve layer from the biomaterials, if found, to obtain pure fiber-rich the 
parts of the plants and to not prevent the absorpƟon during experiments. 
Then they are cut into small pieces and soaked in disƟlled water for 24 hours 

to get rid of the oils and adsorbed substances. All this is done to facilitate the 
juicing, washing, and grinding processes. 

4) Juicing: They are placed in a mesh cloth with very small diameter holes, 

wrapped, and pressed well to get rid of all possible fluids and oils contained 

inside the plant Ɵssue if possible. 
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5) Drying: the materials are leŌ under the sun for 24 hours, then placed in an 
oven for 3 to 5 hours between 105°C and 150°C depending on the type of 

biomaterial. 

6) Grinding: Grinding was carried out using an electronic mill in order to obtain 
homogeneous-size materials for laboratory studies, giving small grain sizes. 

7) Sieving: The parƟcle sizes used for the adsorpƟon tests were mechanically 
isolated using granulometric analysis sieves with mesh sizes of 315 µm, 100 

µm and 20 µm. 

Finally, the samples were stored in flasks for subsequent tesƟng away from any 

external disturbance and protected from possible contaminaƟon or accidents and 
the final results are showing in Figure 24.  

 

Figure 24: the result of the preparaƟon for biosorbents based on Fennel seeds on the leŌ and Sweet Thapsia on the 
right 

IV.3.2. Treatment of bioadsorbents:  

In order to improve the adsorpƟon capacity of the obtained bioadsorbents, two 

experiments have been conducted with the purpose of enhancing their properƟes. 

In most cases, the treatments applied have oŌen resulted in an improvement in 
adsorpƟon capacity and/or kineƟcs. These treatments have the purpose of 

disposing of all possible remaining adsorbed substances in the fibers of the obtained 
bioadsorbents to improve their surface areas. 

a. Rinse method:  

   A quanƟty of bioadsorbent is placed in two 400-mL Erlenmeyer flasks filled with 
disƟlled water, heated to a temperature of between 50 and 70 °C using a hot 
plate, sƟrred using a magneƟc sƟrrer, and then placed in the ultrasound bath for 

15 minutes. The aim of these steps is to separate the dirty adsorpƟon on the 
surface of the bioadsorbent and dissolve and destroy any adsorbed substances 

using high-temperature ultrasound and sedimentaƟon.  



Chapter IV   Experimental Study 

74 | P a g e  
 

The contents of the flasks are then filtered and sieved using 200 µm, 100 µm, and 
20 µm mesh sieves to dispose of the used water. The bioadsorbent obtained was 

then placed in another two 400-mL Erlenmeyer flasks filled with heated disƟlled 
water and placed in the ultrasound bath for another 15 minutes unƟl it seƩled 
down. The electrical conducƟvity of the mixture aŌer it cools down is measured 

using the conducƟvity meter to check for the presence of freed substances from 
the adsorbed substances. AŌer that, the blend is filtrated to get the 

bioadsorbant. The previous steps are repeated unƟl the conducƟvity is ≤ 20 
µS/cm. 

 

Figure 25: The difference on turbidity and electric conducƟvity before and aŌer 

b. Biological modification:  

   In this operaƟonal method, the bacterium "Escherichia coli" (E. coli) was 

selected due to its advantageous characterisƟcs, including extensive research, 
fast growth, high yield, living on a variety of substrates, safety (non-
pathogenicity), and facile containment during experimentaƟon [88], [89]. 

   To iniƟate the process, a specific amount of bioadsorbent (fennel seeds in this 
case) was added to a boƩle containing disƟlled water and vigorously sƟrred. Next, 

a small quanƟty of E. coli was introduced into the boƩle and sƟrred gently, aŌer 

which the boƩle was placed in an environment with a room temperature of 25 
and without light for a period of 3 to 5 days. This allowed the E. coli to culƟvate, 
grow, and consume the substances adsorbed on the fiber surfaces of the 
biomaterial. 

   Once the designated Ɵme had elapsed, the mixture was empƟed through a 100-

μm sieve, followed by treatment with bleach and a substanƟal volume of disƟlled 
water to ensure thorough purificaƟon and the eradicaƟon of all bacteria. 
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Furthermore, the steps of the rinse method were performed to guarantee the 
complete removal of any remaining substances.  

 

Figure 26:The boƩle that contain the culture of E. coli in Fennel seeds with air filters and the final results of 

the treatment 

IV.3.3. Physico-chemical characterisation of bioadsorbents:  

a. Analysis by Fourier-transform infrared spectroscopy (FTIR): 

   The analysis by Fourier transform infrared spectroscopy was carried out at the 

Laboratory of Physical and Chemical Analysis of the Faculty of Technology, Ouzera 
University Centre, Yahia Fares University in Medea, for a wavelength range of 
400–4000 cm-1 in order to idenƟfy the chemical structure and the nature of the 

funcƟonal groups on the surface of the biosorbents. The KBr pellet technique was 
used for preparing solid samples for preparaƟon of solid samples for IR analysis 

by crushing the sample into fine parƟcles and then mixed uniformly with KBr 
powder then pressed to form a 'KBR pellet'. 

b. Bulk (apparent) density: 

According to Ebelegi et al. 2022, The bulk density of each sample is usually 

determined based of the Archimedes’ principle [90], by using the following 
equaƟon: 

𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑀ଵ − 𝑀଴

𝑉
 

(Eq  XLIX) 
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Where:  

- M଴: weight of the empty graduated cylinder; 

- Mଵ: weight of the fully packed graduated cylinder with the sample; 

- 𝑉: volume of the graduated cylinder. 

By using the taring opƟon in the analyƟcal balances, a 5-mL measuring cylinder 
is placed on the balance, tare it (set it to zero), and weighted aŌer it is packed 

with 3-mL of each bioadsorbent and tapped three Ɵmes. The weight displayed 
on the balance and the exact volume in the measuring cylinder are noted. Bulk 

density is calculated by using the following equaƟon: 

𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑀ᇱ

𝑉ᇱ
 

(Eq  L) 

Where:  

- Mᇱ: the weight difference displayed on the balance; 

- 𝑉ᇱ: the exact volume of bioadsorbent. 

c. Determination of pH0 (or pHpzc): 
   The pH of point zero charge (PZC) corresponds to the value of pH for which the 

components of surface charge equal zero for specified condiƟons. The charges at 
the surface for the pH of PZC are equally disturbed (negaƟve and posiƟve charges 
are equal) [91]. 

According to Al-Maliky et al. (2021), the method consists of preparing 7 boƩles 
containing 100 mg of the biomaterial and a mixture of NaOH 0.1 M, HCl 0.1 M, 

and disƟlled water with different concentraƟons to vary the pH of the medium 
with agitaƟon for 1 hour in the magneƟc sƟrrer (shown in the table), and the pH 

was determined as pHi. Then 2 mL of KCL 2M was added to each boƩle, which 

was shaken again for 1 hour. The final pH is measured for each suspension again 
as pHf. The pH corresponding to equality between the final pH and the iniƟal pH 

is referred to as the zero charge point [91]. 
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Table 8: The prepared soluƟons for pHpzc determinaƟon 

BOTTLE VOLUME OF 

0.1M OF HCI 

(ML) 

VOLUME OF 0.1 

M OF NAOH 

(ML) 

VOLUME OF 

WATER (ML) 

1 5 0 15 

2 4 0 16 

3 3 0 17 

4 2 0 18 

5 0 0 20 

6 0 3 17 

7 0 5 15 

IV.3.4. The effect of some operating parameters (Batch adsorption):  

   AdsorpƟon tests were carried out in a batch system for the removal of methylene 
blue and CTC-HCl from used water using three adsorbents: Fennel seeds and Sweet 
Thapsia roots from the rinse method (abbreviated as FEN and TH, respecƟvely), and 

fennel seeds from the biological modificaƟon (abbreviated as FBIO). 
   If a mass “m” of adsorbent in (g) is in contact with a volume “V” (mL) of a soluƟon 

with an iniƟal concentraƟon “C0” of pollutant (adsorbate) and a concentraƟon “Ce” 
at equilibrium, the quanƟty of pollutant adsorbed “Qe” expressed in mg/g is given 
by the following formula: 

𝑄௘ =
𝑉(𝐶଴ − 𝐶௘)

𝑚௔ௗ௦
 

(Eq  LI) 

Where:  

- 𝑚௔ௗ௦ : mass of adsorbent (g); 

- C଴: iniƟal concentraƟon of adsorbate (pollutant) (mg/mL); 

- Cୣ : equilibrium concentraƟon of adsorbate (pollutant) (mg/mL); 

- 𝑉ᇱ: Volume of experimental soluƟon (mL). 

The adsorpƟon yield %R  is given by: 
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%𝑅 =
𝐶଴ − 𝐶௘

𝐶଴
× 100 

(Eq  LII) 

The effects on adsorpƟon in the batch system were studied under the following 
operaƟng condiƟons: sƟrring: 300 rpm; temperature: 25°C; quanƟty of 

bioadsorbent: 50 mg (for all the effect studies besides the adsorbent dose); volume: 
200 mL; Ɵme of the experiments: 3 hours (besides the study of the effect of the Ɵme 

contact) and concentraƟon of the stock soluƟon: 0.1 mg/ml (for the effects studies 

of ph and the adsorbent dose). 

The determinaƟon of calibraƟon curves of MB and CTC-HCl is explained in details at 
Appendice 3. 

a. Effect of initial pH: 

   The pH of the medium is an important parameter that greatly affects the 

adsorpƟon capacity of natural adsorbents and biosorbents in parƟcular. It can 
affect both the surface charge of the adsorbent and the structure of the 
adsorbate, which makes the opƟmum pH value vary from one sample to another 

depending on the adsorbent and the adsorbate used. It is a parameter that must 
be taken into consideraƟon in any adsorpƟon study. 

   To do this, the iniƟal pH of the soluƟons of pollutant MB C0=0.1 mg/mL was 

adjusted using potassium hydroxide KOH (1M) and sulfuric acid H2SO4 (1M) 
soluƟons for the different pH values studied, ranging from 2 to 12 for the 

bioadsorbents FEN, TH and FBIO sƟrred for 3 hours. AŌer sƟrring, the 
suspensions were centrifuged for 15 minutes at 6000 rpm in the centrifuge and 

then analyzed at the required wavelength. 

The opƟmum medium for adsorpƟon of the pollutants was determined by 
ploƫng the percentage eliminaƟon and the quanƟty of pollutant adsorbed 
versus pH curve. 
 

b. Effect of the adsorbent dose: 
   The mass of the adsorbent is one of the most important influencing parameters 
in the retenƟon and adsorpƟon of pollutants. AdsorpƟon tests were carried out 

with a 200-ml volume of different iniƟal concentraƟon of the pollutant MB mixed 
with different masses of bioadsorbents FEN, TH, and FBIO 0.02, 0.05 and 0.1 g, 

then adding KOH to adjust the pH to 10, sƟrred for 3 hours. AŌer sƟrring, the 

suspensions were centrifuged for 15 minutes at 6000 rpm in the centrifuge and 
then analyzed at the required wavelength. 
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c. Effect of the initial concentration of the pollutant: 
   Pollutant concentraƟon is a very important parameter in wastewater treatment 

in general and in adsorpƟon in parƟcular. To demonstrate the influence of this 
parameter on the adsorpƟon rate: 

 Five samples of 50 mg of FEN and TH bioadsorbent and 20 mg of FBIO 

bioadsorbent were brought into contact with aqueous soluƟons of 200 ml 
volume at different concentraƟons of CTC-HCl between 0.02 and 0.3 
mg/mL, plus a few droplets of 1 M NaOH to adjust the pH to 10. 

 Six samples of 50 mg of FEN and TH bioadsorbent and 20 mg of FBIO 

bioadsorbent were brought into contact with aqueous soluƟons of 200 ml 

volume at different concentraƟons of BM between 0.005 and 0.1 mg/mL, 
plus a few droplets of 1 M NaOH to adjust the pH to 10. 

The operaƟng condiƟons for these experiments were PH = 10 (adjusted by adding 
a few droplets of KOH), temperature = 25 (room temperature), Ɵme = 3 hours, 
and sƟrring speed = 300 rpm. 

d. Effect of contact time: 
   Knowledge of adsorpƟon kineƟcs is of great pracƟcal interest for opƟmal use of 
adsorbents in industrial operaƟons and for controlling the factors that need to be 
opƟmized to manufacture or improve adsorbents. By determining the Ɵme 

corresponding to adsorpƟon equilibrium, adsorpƟon isotherms for each 
adsorbent could be constructed. Knowing this Ɵme is essenƟal for calculaƟng the 

maximum adsorpƟon capacity and determining the type of adsorpƟon that 
occurs in monolayers or mulƟlayers.  

   To do this, the following protocol was followed: A mass of 50 mg of the 
biosorbents FEN, FBIO, and TH with 200 mL soluƟons of the pollutant CTC-HCl 
with an iniƟal concentraƟon of C0 = 0.1 mg/mL was placed in Erlenmeyer flasks 

for every bioadsorbent-pollutant duo combinaƟon. then sƟrred for 3 to 4 hours. 
At the end of the Ɵme, the suspension was separated by centrifugaƟon for 15 

minutes. Supernatants were analyzed by UV-Vis spectroscopy at appropriate 

wavelengths. 
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IV.4. Results and discussion: 

IV.4.1. Physico-chemical characterisation of bioadsorbents:  

a. Analysis by Fourier-transform infrared spectroscopy (FTIR): 

   The adsorpƟon capacity of bioadsorbents depends on the chemical reacƟvity 

of the funcƟonal groups on the acƟve side in the surface. Therefore, knowledge 
of the funcƟonal groups on the surface would provide a beƩer understanding of 
these adsorpƟon capaciƟes. 

The results of the FTIR spectro are shown in the figures Figure 27, Figure 28 and 
Figure 29. The FTIR spectra presented in the Figure 27 and Figure 28 show that 

the two spectra FEN and FBIO are similar and exhibit the same characterisƟcs 
with some modificaƟons to the intensity of the bands. Several peaks were 

observed from the spectra indicaƟng that the Fennel seeds and Sweet Thapsia is 
composed of various funcƟonal groups. 

 

Figure 27:  Infrared spectrum for FEN 
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Figure 28: Infrared spectrum for FBIO 

According to the FTIR spectra of the adsorbents are shown in figures 29 and 30 

and to Kawther & Jasim (2019) and Mabungela et al. (2023) in their FTIR study, 
which indicate that: 

- The band on FEN at 3495.13 cm-1 and on FBIO at 3325.39 cm-1 represented 
the stretching frequency for the hydroxyl (-OH) group. 

- The two small, sharp absorpƟon peaks at 2924.18 and 2854.74 cm-1 for FEN 
and FBIO were linked to the frequencies of C-H (carboxylic) stretch vibraƟon 

in CH3 and CH2, respecƟvely. 
- The peak on FEN and FBIO at 1743.71 cm-1 (for an ester) and at 1651.15 cm-1 

represents the C=O group, although 1651.15 cm-1 can also represent a C=C 

bond. 
- The peak was observed for the carboxylic group (-COOH) at 1543.10 cm-1 at 

both. 
- The peak at 1435.09 cm-1 represents the stretch of the (-CO) group for primary 

alcohol for FEN, but it shiŌed to 1458.23 cm-1 for FBIO. 

- The peaks at 1257.63 cm-1 and 1149.61 cm-1 represent C-O group and -C-O-C-
, respecƟvely, for FEN and at 1265.35 cm-1 and 1165 cm-1 for FBIO. 

- Several unique peaks were observed for FEN at 817.85 cm-1 and 717.54 cm-1 
for FEN, which is assigned for C=C deformaƟon and a C-H deformaƟon for a 

CH2, and 725.26 cm-1 for FBIO, which is assigned for C-H for a CH2. 

In general, for both FEN and FBIO, the range of wavelengths is from 1460 cm-1 to 

1063 cm-1 due to C-O group for a primary alcohol. 
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The possible funcƟon groups that could exist in both FEN and FBIO surfaces can 
be acids carboxylic, esters, aldehydes, and maybe primary alcohols. There isn’t 

much difference between them [92], [93]. 

 

Figure 29: Infrared spectrum for TH 

According to the FTIR spectra of the adsorbents are shown in Figure 29 and to 
Machrouhi et al (2019) in their FTIR study, which indicate that: 

- The broad band on TH at 3394.83 cm-1 represented the stretching frequency 
for the hydroxyl (-OH) group, or N-H group. 

- The small, sharp absorpƟon peaks at 2924.18 cm-1 are linked to the 
frequencies of C-H (carboxylic) stretch vibraƟon in CH3 or CH2. 

- The peak was in 1735. 99 cm-1 represents C=O groups for an ester (generally 

for lactones) or an acid carboxylic. 
- The peak was in 1627. 97 cm-1 represents C=O groups for an amide, although 

it can also represent a C=C bond. 
- The peak at 1427.37 cm-1 represents deformaƟon of the O-H group for a 

primary alcohol. 

- The band at 1373.36 cm-1 represents C-H groups for methyl (RCH2CH3), and at 
1334.78 cm-1 is for a N-O nitro composiƟons. 

- The peaks at 1249.91 cm1 and 1033.88 cm1 represent the C-O bond for an 
alcohol and the -C-O-C- bond since it’s a biomaterial (cellulose). 

- There is a hidden peak approximately at 1150 cm-1, which represents the C-O 

bond for esters. 
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- Peaks in the region of wavenumbers lower than 800 cm-1, like the peak at 
578.68 cm-1, could be aƩributed to N-containing bioligands, which are C-N 

bonds. 

In general, the possible funcƟon groups that the surface can be composed of in 
TH are acid carboxylic, ester, primary amide, primary alcohol and maybe an 
aldehyde. The Infrared spectroscopy correlaƟon tables were used in this study 

[95], [96], [97].  

b. Bulk (apparent) density: The results are shown in the following table:  

Table 9: Bulk density for bioadsorbents FEN, TH and FBIO 

 VOLUME 
(CM3) 

MASS (G) 
MEAN 

VOLUME 
MEAN 
MASS 

BULK 

DENSITY 

Fennel seeds 

FEN 

3.1 0.8848 

3.1333 0.8850 0.2824 3.1 0.8849 

3.2 0.8852 

Biological fibers from 
fennel seeds 

FBIO 

3.1 1.1286 

3.1000 1.1283 0.3640 3.1 1.1278 

3.1 1.1285 

Sweet Thapsia Roots 

TH 

3.2 1.1165 

3.1667 1.1162 0.3525 3.2 1.1168 

3.1 1.1154 

   Table 9 shows the bulk densiƟes obtained for bioadsorbents: FEN (0.2824 
g/cm3), FBIO (0.364 g/cm3) and TH (0.3525 g/cm3). The FBIO has the highest bulk 

density, followed by the TH, and FEN which has the least bulk density. 

   These results show that all biosorbents used in this study have bulk densiƟes 
that are lower than those found in previous studies by Chen et al (2012), Ebelegi 

et al (2022) and Stanford et al (2020) [90], [98]–[100].  
   Therefore, bulk densiƟes obtained for the bio-sorbents were within the 

recommended values for bulk density, making them ideal for absorpƟon higher 

than the minimum requirement of 250 kg/m3 for applicaƟon in the removal of 
pollutants from waste water. [90], [101].  



Chapter IV   Experimental Study 

84 | P a g e  
 

 
c. Determination of pH0 (or pHpzc): 

The adsorpƟon of a solute onto a solid surface is highly dependent on the pH of 
the soluƟon and the pHPZC of the surface of the adsorbent used. At solute pH 

values below pHPZC (pH< pHPZC), the bioadsorbent surface is posiƟvely charged, 

and at solute pH values above pHPZC (pH> pHPZC), the acƟve site of the surface is 
negaƟvely charged. These pHPZC values indicate whether adsorpƟon is favorable 
or not (Al-Maliky et al., 2021; Bouchareb, 2023). 

Figure 32 indicates that the pHPZC values are approximately 6 for both FEN and 

FBIO since they have similar funcƟonal groups on their surfaces, and 7 for TH, 
which can be explained by the existence of acidic funcƟonal groups on their 

surfaces. Above these pH values of the biosorbents, the adsorpƟon of caƟonic 
substances is favorable, and the opposite for the second case [91]. 

 

 

Figure 30:DeterminaƟon of the point of zero charge for FEN, FBIO and TH 

IV.4.2. The effect of some operating parameters (Batch adsorption):  

a. Effect of initial pH: 

   The pH effect is dependent on the adsorbent's surface charge. The pH 

contributes to the adsorbent's surface charge, ionizaƟon potenƟal, and 

distribuƟon of metal ions. Its effect on the biosorpƟon capacity can be 
interpreted by the compeƟƟon of the hydronium ions and metal ions for binding 

sites. 
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   Figure 31 shows that the shape of the six graphs is almost similar for the three 
biosorbents, where maximum MB eliminaƟon is obtained at pH = 10 for FBIO, 

FEN, and TH, maximum CTC-HCl eliminaƟon is observed at pH = 10 for FEN and 
FBIO, and at pH = 11 for TH, and the minimum is at pH = 2. 
The maximum values obtained for the eliminaƟon rate and the adsorpƟon 

capacity are: 

Table 10: Maximum adsorpƟon capaciƟes and eliminaƟon rates of biosorpƟon at opƟmal pH 

POLLUTANT BIOADSORBENT PH(OPT) QE R% 

MB TH 10 272.0596 85.58921 

FEN 10 178.0207 51.47567 

FBIO 10 206.599 25.48507 

CTC-HCL TH 11 26.592 8.061634 

FEN 10 213.544 64.72301 

FBIO 10 64.192 7.921102 

   These results generally show that when the pH of the soluƟon is increased, the 
quanƟty of MB and CTC-HCl adsorbed by the bioadsorbents increases. This can 
be explained by the fact that: 

 At low iniƟal pH values, the negaƟvely charged surface of the bioadsorbents 
is neutralized by the H+ ions, which are observed in large numbers and in 

turn obstruct the diffusion of the pollutant ions, which reduces the 
interacƟon of the MB and CTC-HCl ions (caƟonic pollutants) with the 
adsorbent acƟve surface sites (compeƟƟon between pollutant ions and 

protons H+) and considerably reduces adsorpƟon. It can also be explained by 
the repulsive forces between pollutant caƟons in soluƟon and biosorbent 

surfaces charged posiƟvely at high pH values [40]. 
 On the other hand, at high pH values, the H+ concentraƟon decreases and 

the number of negaƟve charges on the surface increases, resulƟng in good 

interacƟon between the dye ions and the surface sites. The net electro-
negaƟvity of the biosorbent increases due to the deprotonaƟon of different 

funcƟonal groups present on the biosorbent surface, which means an 
aƩracƟon of posiƟvely charged pollutant ions to the negaƟvely charged 

biosorbent [40], [102].  
Similar results were found in the literature by De Gisi et al., 2016; Kim et al., 2006; 

Maurya & MiƩal, 2011 and Ugwu et al., 2020. 
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Figure 31: the influence of pH on adsorpƟon of MB and CTC-HCl by bioadsorbents FEN, FBIO and TH 

b. Effect of the initial concentration of the pollutant: 

The aim of this invesƟgaƟon is to determine the efficacy of the adsorpƟon system 

in treaƟng effluents containing pharmaceuƟcal pollutants at different 
concentraƟons (from 0.02 mg/mL to 0.3 mg/mL for CTC-HCl and from 0.005 to 

0.04 mg/mL for MB) at operaƟon condiƟons: temperature = 25, sƟrring speed = 

300 rpm, Ɵme = 3 h, and pH = 10. 
Figure 32 indicates that: 

 The adsorpƟon amount Qe of the pollutants MB and CTC-HCl by the 
biosorbents FEN, FBIO, and TH increases with an increase in the iniƟal 
concentraƟon of the pollutants unƟl it reaches their maximums:  

- For adsorpƟon of CTC-HCl by FEN: at C0=0.225 mg/mL, Qemax= 
286.47 mg/g. 

- For adsorpƟon of CTC-HCl by FBIO: at C0=0.237 mg/mL, Qemax= 
141.40 mg/g. 

- For adsorpƟon of CTC-HCl by TH: at C0=0.082 mg/mL, Qemax= 

26.86 mg/g. 
- For adsorpƟon of MB by FEN: at C0=0.023 mg/mL, Qemax= 66.16 

mg/g. 
- For adsorpƟon of MB by FBIO: at C0=0.036 mg/mL, Qemax= 213.49 

mg/g. 
- For adsorpƟon of MB-HCl by FEN: at C0=0.032 mg/mL, Qemax= 

98.92 mg/g. 
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 The removal efficiency increases with an increase in the iniƟal 
concentraƟon unƟl it reaches a maximum then decreases which is the 

case for the adsorpƟon of MB and CTC-HCl by FEN (R%(CTC-HCl)max= 51.78 
% at C0=0.082 mg/mL; R%(MB)max= 80.32 % at C0=0.0094 mg/mL) and the 
adsorpƟon of CTC-HCl by TH (R%(CTC-HCl)max= 8.58 % at C0=0.082 

mg/mL). 
 The removal efficiency decreases with increase of the iniƟal 

concentraƟon that’s the case of adsorpƟon of CTC-HCl and MB by FBIO, 
which means it reached its maximum at an iniƟal concentraƟon lower 

than C0=0.018 mg/mL for CTC-HCl (R%max= 15.95 %) and C0=0.006 mg/mL 
for MB (R%max= 78.72 %). 

 The removal efficiency increases with an increase in the iniƟal 

concentraƟon which is the case of the adsorpƟon of MB by TH. That 
means it didn’t reach it 

This can be explained by: When the concentraƟons are low, the raƟo of the 
surface of acƟve sites to pollutants ions in soluƟon is high, meaning all pollutants 

ions can be retained by the bioadsorbent and completely removed from soluƟon, 
which implicates that the rate of adsorpƟon increased due to the availability of a 
larger surface area of the adsorbent unƟl it reached its maximum because of the 

saturaƟon of the surface of acƟve sites [104]. However, at high concentraƟons, 
the ficƟonal force drag-out force due to the concentraƟon gradient is stronger, 

and the quanƟty of adsorbent is greater, causing saturaƟon, which leŌ most 

pollutant ions un-adsorbed, giving a low removal efficacy and a plateau indicaƟng 
the start of saturaƟon of the adsorpƟon sites. 
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Figure 32: the influence of the iniƟal concentraƟon on the adsorpƟon capacity and removal efficiency 

c. Effect of the adsorbent dose: 

The experiments were carried out with a 200-ml volume at a temperature of 25 

at different iniƟal concentraƟons of MB, to which different quanƟƟes of FEN, 
FBIO, and TH were added (0.02g, 0.05 g, and 0.1g). 

 



Chapter IV   Experimental Study 

89 | P a g e  
 

 

Figure 33: the influence of the dose of bioadsorbents on the adsorpƟon capacity 

Figure 33 shows that the quanƟty of MB adsorbed at equilibrium is inversely 

proporƟonal to the mass of biosorbents. The opƟmum dose is 0.02 g for FEN, 
FBIO, and TH. 
The results obtained indicate that increasing the dose of adsorbent has a negaƟve 

influence on the adsorpƟon capacity, which shows a decrease in the quanƟty of 
MB adsorbed and in the number of adsorpƟon sites, which increases with the 

dose of adsorbent towards a state of saturaƟon. 
The decrease in adsorpƟon capacity with increasing quanƟƟes of FEN, FBIO, and 

TH is probably due to interacƟons between the parƟcles (aggregaƟon) resulƟng 
from the high quanƟty of adsorbent. This aggregaƟon would lead to a decrease 
in the specific surface area of the adsorbent. 

On the other hand, increasing the dose of biosorbent had a posiƟve influence on 
the yield of MB eliminaƟon by the adsorbents studied. 

d. Effect of contact time: 

The determinaƟon of the Ɵme corresponding to adsorpƟon equilibrium enabled 
adsorpƟon isotherms to be established for each adsorbent. Knowledge of this 

Ɵme is essenƟal for calculaƟng the maximum adsorpƟon capacity and idenƟfying 

the type of adsorpƟon that should occur in monolayers or mulƟlayers. 

 

Figure 34:evoluƟon of the adsorpƟon capacity and removal efficiency of CTC-HCl by FEN, FBIO and TH as a funcƟon of 

contact Ɵme 
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The results obtained from these experiments, shown in Figure 34, show that: 

 The evoluƟon of the adsorpƟon capacity of CTC-HCl by FEN. FBIO and TH as a 
funcƟon of contact Ɵme have the same shape as the saturaƟon curves, but 

adsorpƟon on the three bioadsorbents manifests itself differently. 

 The evoluƟon of the adsorpƟon curves for FEN and TH can be broken down into 
three phases: an iniƟal fast phase, followed by a second phase of moderate 
speed, to finally reach saturaƟon. This phenomenon can be explained by the 
existence of an iniƟal stage of adsorpƟon of CTC-HCl on easily accessible sites 

(explained by the high affinity of the bioadsorbent for CTC-HCl), followed by 

molecular diffusion of the laƩer towards less accessible adsorpƟon sites before 
reaching an equilibrium where all the sites become occupied. 

 In the case of FBIO, there is a noƟceable increase unƟl it reached a max of 106.28 
mg/g at 120 min, then a decrease in the quanƟty adsorbed and reaching 
equilibrium over Ɵme, indicaƟng a great desorpƟon of CTC-HCl from the soluƟon. 

 For the FEN and TH, the Ɵme required to reach maximum saturaƟon is much 
longer—more than 175 min of contact Ɵme respecƟvely. Extending this Ɵme to 
more than those max does not lead to a significant improvement in the 

percentage of eliminaƟon of this compound. This jusƟfies taking this contact Ɵme 
into account for the other adsorpƟon experiments. 

 FEN is the most profitable when it comes to removing CTC-HCl by 180 min as the 
opƟmum Ɵme with 64.12% removal efficacy compared to FBIO (topt=120 min and 

%R=32.79%) and TH (topt =150 min and %R=6.40%). 
 

IV.5. Conclusion: 

   The study was conducted in three main parts: preparaƟon of the bioadsorbents, 

characterizaƟon of the adsorbents, and examinaƟon of various parameters influencing the 
adsorpƟon of MB and CTC-HCl onto the bioadsorbents. These parameters included iniƟal 
concentraƟon, iniƟal pH, contact Ɵme, and bioadsorbent dosage. The bioadsorbents were 
processed to obtain powders with a parƟcle size of less than 350 nm. The overall results of this 

study are as follows: 

The physicochemical characterizaƟon of the bioadsorbents was conducted using FTIR and bulk 

density measurements. FTIR analysis revealed the presence of different funcƟonal groups on 
the surfaces of all three bioadsorbents, including hydroxyl groups, carboxylic groups, esters, 
aldehydes, primary alcohols, and addiƟonally amides in the case of TH. Bulk density 

measurements indicated that FBIO exhibited the highest bulk density (0.364 g/cm3), followed 
by TH (0.3525 g/cm3) and FEN (0.2824 g/cm3). The determinaƟon of the point of zero charge 

(pHPZC) indicated that FEN and FBIO had pHPZC values of approximately 6, while TH had a 
pHPZC value of 7.  
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Moreover, the effects of several operaƟng parameters on the batch adsorpƟon process were 
invesƟgated. The results demonstrated that: 

- The highest adsorpƟon capaciƟes and eliminaƟon rates were observed at pH 10 for FEN 

and FBIO and pH 11 for TH. (TH was the best for MB eliminaƟon by Qe=272.06 mg/g, R= 
85.59% and FEN for CTC-HCL eliminaƟon by Qe=213.54 mg/g, R=64.72%).  

- Qe increased with an increase in the iniƟal concentraƟon of the pollutants unƟl reaching 

a maximum value (C0opt: 0.225–0.237 mg/mL for MB and 0.023–0.036 mg/mL for CTC-
HCl). However, %R exhibited a maximum at a certain concentraƟon and then decreased. 

- Increasing the dosage of the adsorbent had a negaƟve influence on the adsorpƟon 

capacity but a posiƟve influence on the removal rate due to the availability of acƟve sites. 
- FEN demonstrated the highest removal efficacy for CTC-HCl at 180 minutes, with %R = 

64.12%, compared to FBIO (topt = 120 min and %R = 32.79%) and TH (topt = 120 min and 
%R = 6.40%). The performance between FEN and FBIO is balanced because the maximum 

adsorpƟon capacity of FEN at topt =180 min is similar to the adsorpƟon capacity of FBIO at 
topt =120 min, which indicates that the biological treatment made the bioadsorbent faster 

at geƫng to equilibrium.  

In conclusion, FEN, FBIO, and TH proved to be effecƟve low-cost adsorbents for organic 
pollutants, but in order to use them to a maximum efficiency, a modelling is needed for the 
opƟmisaƟon.



 

 

Chapter V:  

Modelling and optimisation 

by DOE and Dragonfly Algorithm 
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Chapter V: Modelling and optimisation by DOE and 

Dragonfly Algorithm 

V.1. Introduction: 

   Modelling and opƟmizaƟon are essenƟal techniques used in various fields to solve real-world 
problems. One of the most recent and promising opƟmizaƟon techniques is the Dragonfly 

Algorithm (DA) and Design of Experiments (DOE), which DA have the ability to opƟmize and 

select the most opƟmal posiƟons that would help in non-linear regression, while the DOE 
enables the study of the relaƟonship between mulƟple input variables and key output 
variables. DOE-based methods, such as response surface methodology (RSM), provide 
opƟmum cuƫng condiƟons, whereas in soŌ-compuƟng-based techniques, an objecƟve 

funcƟon is developed to determine a local opƟmal soluƟon, such as the geneƟc algorithm in 

the method [47], [105].  This chapter focuses on applying the vital aspects of modelling and 
opƟmizaƟon in the context of MB adsorpƟon by FEN, FBIO and TH. The applicaƟon of the 

Design of Experiments (DOE) and Dragonfly Algorithm (DA) takes center stage in this 
exploraƟon to invesƟgate and understand the factors that influence the adsorpƟon process 

and calculate the opƟmum and to find the best fit model for the adsorpƟon phenomenon with 
comparing the performance of linear and nonlinear regression. 

V.2. Modelling and optimisation of factors influencing adsorption and 

removal efficiency: 

   In order to opƟmize the MB removal process by the three bioadsorbents FEN, FBIO and TH, 
modelling the factors influencing the process was the first point of aƩenƟon. By focusing on 

understanding the interacƟons, effects and opƟmisaƟon of these factors, the response 
surface method emerged as the most appropriate approach to use. To this end, the Box-
Behnken Design (BBD), a very advantageous type of response surface design, similar to 

Central Composite Designs (CCDs), was chosen due to its greater efficiency and ability to 
generate higher order response surfaces while requiring less experimental tesƟng. The 

factors studied are quanƟtaƟve. 

The three factors and their areas of study are summarized in the table below.  

Figure 35: Factors and range of variaƟons considered 

Factors Unite Low level High level 

pH / 2 12 

C0 mg/mL 0.005 0.04 

M g 0.02 0.1 
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V.2.1. Adsorption of MB by FEN: 

Table 11 shows the matrix of experiments designed by the Box-Behnken design for 
the three factors pH, C0, and m and the responses Qe and R, which represent the 

quanƟty of MB adsorbed by FEN at equilibrium and the removal efficacy, 
respecƟvely, for each trial. 

Table 11: Box-Behnken Design for 3 factors 

 
Actual coordinates Coded coordinates 

  

Runs pH C0 m pH C0 m 
Qe 

(mg/g) R (%) 

1 2 0.005 0.06 -1 -1 0 5.137 44.36948 

2 12 0.005 0.06 1 -1 0 6.908 59.66603 

3 2 0.04 0.06 -1 1 0 42.658 55.6125 

4 12 0.04 0.06 1 1 0 54.098 70.52663 

5 2 0.0225 0.02 -1 0 -1 56.283 53.92859 

6 12 0.0225 0.02 1 0 -1 79.652 76.32002 

7 2 0.0225 0.1 -1 0 1 12.178 58.34287 

8 12 0.0225 0.1 1 0 1 17.235 82.57015 

9 7 0.005 0.02 0 -1 -1 18.80353 54.13685 

10 7 0.04 0.02 0 1 -1 152.642 66.33225 

11 7 0.005 0.1 0 -1 1 4.023 57.91267 

12 7 0.04 0.1 0 1 1 30.452 66.16625 

13 7 0.0225 0.06 0 0 0 29.265 84.12238 

14 7 0.0225 0.06 0 0 0 29.265 84.12238 

15 7 0.0225 0.06 0 0 0 29.265 84.12238 

 MathemaƟcal modelling:  
The model predicted by BBD design is a quadraƟc polynomial that describes the 

variaƟon of the responses (Qe and R) as a funcƟon of the three parameters studied 
(C0, pH, and m) and their possible interacƟons. AŌer applicaƟon to Minitab soŌware, 

the mathemaƟcal model is wriƩen as follows:  

For the respond Qe, the regression equaƟon in uncoded units is: 

𝑄௘ = 6.8 + 5.21𝑝𝐻 + 3265𝐶଴ − 1101𝑚 − 0.244𝑝𝐻ଶ + 13189𝐶଴
ଶ + 11360𝑚ଶ − 22.9𝑝𝐻𝑚

+ 27.6𝑝𝐻𝐶଴ − 38361𝐶଴𝑚 
(Eq  LIII) 

Which had R2 = 95.80% and AdjR2 = 88.24%. 

For the respond R, the regression equaƟon in uncoded units is: 
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𝑅 = −1.27 + 7.39𝑝𝐻 + 2838𝐶଴ + 538𝑚 − 0.3985𝑝𝐻ଶ − 54257𝐶଴
ଶ + 3981𝑚ଶ − 2.29𝑝𝐻𝑚

− 1.1𝑝𝐻𝐶଴ − 1408𝐶଴𝑚 
(Eq  LIV) 

Which had R2 = 98.33% and AdjR2 = 95.33%. 

 Significance of model coefficients (STUDENT t-test): 
   A factor is said to be significant at 5% when its observed Student's t value is greater 

than or equal to the criƟcal Student's t value at a 95% confidence level or its 
probability (p-value) is inferior to the chosen alpha, which here is 0.05. According to 

Student's table in appendice 4, at the risk threshold of 0.05 and a degree of freedom 

of 𝑑𝑓 = 𝑛 − 𝑝 = 15 − 10 = 5, Student's criƟcal value is equal to 2.571. The results 
of the coefficient analysis for coded coefficients are shown in the two tables below: 

Table 12:Analysis of model coefficients for the respond Qe 

TERM 
COEF STANDARD 

ERROR 
T-VALUE P-

VALUE 
TEST 

CONSTANT 29.27 7.56 3.872 0.012 Significant 

PH 5.2 4.63 1.123 0.312 Non-significant 

C0 30.62 4.63 6.613 0.001 Significant 
M -30.44 4.63 -6.575 0.001 Significant 

PH2 -6.1 6.82 -0.894 0.412 Non-significant 
C0

2 4.04 6.82 0.592 0.579 Non-significant 

M2 18.18 6.82 2.666 0.045 Significant 

PH*C0 2.42 6.55 0.369 0.727 Non-significant 
PH*M -4.58 6.55 -0.699 0.516 Non-significant 

C0*M -26.85 6.55 -4.099 0.009 Significant 

Table 13:Analysis of model coefficients for the respond R 

TERM 
COEF STANDARD 

ERROR 
T-VALUE P-VALUE TEST 

CONSTANT 84.12 1.64 51.38 5.28E-08 Significant 
PH 9.6 1 9.58 0.00021 Significant 

C0 5.32 1 5.3 0.003192 Significant 
M 1.78 1 1.78 0.135195 Non-significant 

PH2 -9.96 1.48 -6.75 0.001083 Significant 

C0
2 -16.62 1.48 -11.26 9.65E-05 Significant 

M2 -6.37 1.48 -4.32 0.007571 Significant 

PH*C0 -0.1 1.42 -0.07 0.946907 Non-significant 
PH*M 0.46 1.42 0.32 0.761908 Non-significant 

C0*M -0.99 1.42 -0.69 0.520906 Non-significant 

AŌer eliminaƟng the insignificant coefficients, the mathemaƟcal model became 
unsaƟsfactory, so we proceeded to replace in order to recƟfy the coefficients of 
determinaƟon. 
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 Effect of factors: 
   For the adsorpƟon capacity Qe, the most influenƟal factor is the iniƟal MB 

concentraƟon, since its coefficient is the highest, followed by the mass of FEN and 

the pH factor, which has the lowest coefficient in modulus. 
-The iniƟal concentraƟon, the mass of FEN and the pH factors have a posiƟve effect 

on adsorpƟon capacity, since its coefficient is posiƟve. Thus, an increase in any of 
them would increase the adsorpƟon capacity on FEN. 
-The factors pH of the soluƟon has a double effect but not significant since it has a 

non-significant posiƟve coefficient that’s not high and a negaƟve coefficient that is 
lower than the posiƟve coefficient for the squared term. Therefore, an increase in 

the pH of the soluƟon would result in a slight increase unƟl it reaches a maximum 
then starts decreasing in the adsorpƟon capacity. 

- The factors mass of FEN, it’s the opposite of the effect of the pH, has a significant 

negaƟve effect since it has a high negaƟve coefficient. Therefore, an increase in the 
mass would result in a decrease in the adsorpƟon capacity. 

 

Figure 36: effects of factors in the adsorpƟon capacity 

   For the removal efficacy R, the most influenƟal factor is the iniƟal MB 

concentraƟon, since its coefficient is the highest, followed by the mass of FEN and 
the pH factor, which has the lowest coefficient in modulus. They all have posiƟve 
coefficients, but all negaƟve coefficients are squared, which means they will all 
cause the removal efficacy to increase unƟl they reach a maximum, which is the 

maximum value, then decrease, which results in a decrease in removal efficacy. 
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Figure 37:effects of factors in the removal efficacy 

The interacƟon profile presented in Figure 38 shows the effect of each factor on the 
high and low levels of another factor. If the effect lines are not parallel, there is a 
significant interacƟon. The stronger the interacƟon, the greater the difference in the 

slopes of the lines.  

In the Qe, the interacƟon between ph and mass of FEN and the iniƟal concentraƟon 
isn’t significant at all, while the interacƟon between the mass and the iniƟal 

concentraƟon is significant. 

In the R, all the CriƟcal interacƟons are insignificant. 

 

Figure 38:Effect of InteracƟons between factors on the adsorpƟon capacity and removal efficacy respecƟvely 

 

 Analysis of variance (FISHER's test): 

Table 14:Analysis of variance for MB adsorpƟon by FEN 

Source 
Degree of 
freedom 

Sum of 
squares 

Mean sum of 
squares F-value P-value 

Model 9 19587.5 2176.39 
12.68 

  
0.0007 

  
Error 5 858.4 171.68 

Total 14 20445.9  
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Table 15:Analysis of variance for MB adsorpƟon by FEN 

Source Degree of freedom Sum of squares Mean sum of squares F-value P-value 

Model 9 2368.6 263.18 

32.73 
   

1.63E-05 
  

Error 5 40.22 8.04 

Total 14 2408.81  
 
In this test, the hypothesis H0 is rejected because Fobs, which equals 12.68 for 

respond Qe and 37.73 for the respond R, is greater than FcriƟcal= 3.4817, which we 
got from Fisher's table, Fobs>FcriƟcal and probability P = 0.0007 & 1.63E-05<0.05), 

therefore our model is therefore valid. 

 OpƟmisaƟon and desirability (D): 
According to Figure 39, the maximum adsorbed quanƟty is 145.4873 ± 15.5 mg/g. 

This value corresponds to a desirability of 0.9519, for which the opƟmum operaƟng 
condiƟons are as follows: 

- An iniƟal MB concentraƟon of 0.04 mg/mL; 
- A pH equal to 12; 
- A mass of adsorbent equal to 0.02 g 

 

Figure 39: PredicƟon profiler and desirability funcƟon for Qe 

According to Figure 40, the maximum removal efficacy is 86.9884 ± 1.54 %. This 

value corresponds to a desirability of 1, for which the opƟmum operaƟng 
condiƟons are as follows: 

- An iniƟal MB concentraƟon of 0.025 mg/mL; 

- A pH equal to 9.37; 
- A mass of adsorbent equal to 0.066 g. 
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Figure 40:PredicƟon profiler and desirability funcƟon for R 

According to Figure 41, the opƟmum operaƟng condiƟons to maximize Qe and R 

simultaneously for a, for which Qe = 122.89 ± 9.87 mg/g and R = 74.66 ± 2.14 % 
corresponding to a desirability of 1, are: 
- An iniƟal phenol concentraƟon of 0.034 mg/mL; 

- A pH equal to 9.56; 
- A mass of adsorbent equal to 0.02 g. 

 

Figure 41:PredicƟon profiler and desirability funcƟon for both Qe and R 

A spaƟal representaƟon (3D) of the response was produced using Minitab soŌware 

to help visualize the results obtained. 
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Figure 42:SpaƟal representaƟon of the quanƟty of MB adsorbed by FEN as a funcƟon of pH, C and m. 

 

Figure 43:SpaƟal representaƟon of the quanƟty of MB removed by FEN as a funcƟon of pH, C and m 
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V.2.2. Adsorption of MB by FBIO: 

Table 16: Box-Behnken Design for 3 factors 

 Actual coordinates Coded coordinates   

Runs pH C0 M pH C0 M 

Qe 

(mg/g) R (%) 

1 2 0.005 0.06 -1 -1 0 9.635 46.1250 

2 12 0.005 0.06 1 -1 0 19.650 94.0691 

3 2 0.04 0.06 -1 1 0 65.324 54.0364 

4 12 0.04 0.06 1 1 0 112.650 93.1847 

5 2 0.0225 0.02 -1 0 -1 34.562 19.0424 

6 12 0.0225 0.02 1 0 -1 77.896 42.9179 

7 2 0.0225 0.1 -1 0 1 14.630 40.3030 

8 12 0.0225 0.1 1 0 1 28.630 78.8705 

9 7 0.005 0.02 0 -1 -1 35.234 56.2245 

10 7 0.04 0.02 0 1 -1 312.658 86.2108 

11 7 0.005 0.1 0 -1 1 12.365 98.6569 

12 7 0.04 0.1 0 1 1 68.256 94.1029 

13 7 0.0225 0.06 0 0 0 56.986 94.1917 

14 7 0.0225 0.06 0 0 0 56.986 94.1917 

15 7 0.0225 0.06 0 0 0 56.986 94.1917 

 MathemaƟcal modelling:  
AŌer applicaƟon to Minitab soŌware, the mathemaƟcal model is wriƩen as follows:  

For the respond Qe, the regression equaƟon in uncoded units is: 

𝑄௘ = −61 + 23.2𝑝𝐻 + 2813𝐶଴ − 412𝑚 − 1.467𝑝𝐻ଶ + 102902𝐶଴
ଶ + 11643𝑚ଶ − 37𝑝𝐻𝑚

− 107𝑝𝐻𝐶଴ − 79119𝐶଴𝑚 
(Eq  LV) 

Which had S = 42.8135; R-sq = 88.18% and R-sq(adj) = 60.90%. 

For the respond R, the regression equaƟon in uncoded units is: 

𝑅 = −58.1 + 20.24𝑝𝐻 − 41𝐶଴ + 1871𝑚 − 1.217𝑝𝐻ଶ + 26412𝐶଴
ଶ − 11551𝑚ଶ + 18.4𝑝𝐻𝑚

− 25.1𝑝𝐻𝐶଴ − 1408𝐶଴𝑚 
(Eq  LVI) 

Which had S = 4.98451; R-sq = 98.73% and R-sq(adj) = 96.43%. 

 Significance of model coefficients (STUDENT t-test): 
   According to Student's table, at the risk threshold of 0.05 and a degree of freedom 

of 𝑑𝑓 = 𝑛 − 𝑝 = 15 − 10 = 5, Student's criƟcal value is equal to 2.571. The results 
of the coefficient analysis for coded coefficients are shown in the two tables below: 
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Table 17:Analysis of model coefficients for the respond Qe 

TERM 
COEF STANDARD 

ERROR 
T-VALUE P-

VALUE 
TEST 

CONSTANT 57 24.7 2.31 0.069 Non-significant 
PH 14.3 15.1 0.95 0.387 Non-significant 

C0 60.3 15.1 3.98 0.011 Significant 
M -42.1 15.1 -2.78 0.039 Significant 

PH2 -36.7 22.3 -1.65 0.161 Non-significant 

C0
2 31.5 22.3 1.41 0.216 Non-significant 

M2 18.6 22.3 0.84 0.441 Non-significant 

PH*C0 9.3 21.4 0.44 0.681 Non-significant 
PH*M -7.3 21.4 -0.34 0.746 Non-significant 
C0*M -55.4 21.4 -2.59 0.049 Non-significant 

 

Table 18:Analysis of model coefficients for the respond R 

TERM 
COEF STANDARD 

ERROR 

T-VALUE P-VALUE TEST 

CONSTANT 94.19 2.88 32.73 0 Significant 

PH 18.69 1.76 10.61 0 Significant 
C0 4.06 1.76 2.3 0.07 Non-significant 

M 13.44 1.76 7.63 0.001 Significant 
PH2 -30.43 2.59 -11.73 0 Significant 
C0

2 8.09 2.59 3.12 0.026 Significant 

M2 -18.48 2.59 -7.12 0.001 Significant 
PH*C0 -2.2 2.49 -0.88 0.418 Non-significant 

PH*M 3.67 2.49 1.47 0.201 Non-significant 
C0*M -8.64 2.49 -3.46 0.018 Significant 

AŌer eliminaƟng the insignificant coefficients, the mathemaƟcal model became 
unsaƟsfactory, so we proceeded to replace in order to recƟfy the coefficients of 

determinaƟon. 
 

 Effect of factors: 
   For the adsorpƟon capacity Qe, the most influenƟal factor is the iniƟal MB 
concentraƟon, since its coefficient is the highest, followed by the mass of FEN and 

the pH factor, which has the lowest coefficient in modulus. 

-The factors pH of the soluƟon has a double effect but not significant since it has a 
CriƟcal posiƟve coefficient that’s not high and a negaƟve coefficient that is lower 

than the posiƟve coefficient for the squared term. Therefore, an increase in the pH 
of the soluƟon would result in a slight increase unƟl it reaches a maximum then 
starts decreasing in the adsorpƟon capacity. 
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-The factors mass of FEN, has a significant negaƟve effect since it has a high negaƟve 
coefficient. Therefore, an increase in the mass would result in a decrease in the 

adsorpƟon capacity. 

 

Figure 44: effects of factors in the adsorpƟon capacity 

   For the removal efficacy R, the most influenƟal factor is the mass of FBIO, since its 

coefficient is the highest, followed by the iniƟal MB concentraƟon and the pH factor, 
which has the lowest coefficient in modulus.   

-The mass of FEN and the pH factors have a double effect, since its coefficient is 
posiƟve but the coefficients of its square terms are negaƟve and bigger. Thus, an 

increase in any of them would increase the adsorpƟon capacity on FEN unƟl it 
reaches maximum then it decreases. 

- The iniƟal concentraƟon has a double effect, but the opposite of the previous 2 

factors, it has a low negaƟve coefficient but a very high posiƟve coefficient for its 
square term which meant the more it increases, the removal decreases slowly unƟl 

it reaches a minimum than it starts increasing 

 

Figure 45:effects of factors in the removal efficacy 

The interacƟon profile presented in Figure 46 shows the effect of each factor on the 
high and low levels of another factor. If the effect lines are not parallel, there is a 

significant interacƟon. The stronger the interacƟon, the greater the difference in the 
slopes of the lines.  
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In the Qe, the interacƟon between pH and mass of FEN and the iniƟal concentraƟon 
isn’t significant at all, while the interacƟon between the mass and the iniƟal 

concentraƟon is significant. 

In the R, all the interacƟon between C0 and m are insignificant and the rest 2 

interacƟons are insignificant. 

 

Figure 46:Effect of InteracƟons between factors on the adsorpƟon capacity and removal efficacy respecƟvely 

 Analysis of variance (FISHER's test): 

Table 19:Analysis of variance for MB adsorpƟon by FBIO 

Source 

Degree of 

freedom 

Sum of 

squares 

Mean sum 

of squares F-value P-value 

Model 9 68364.5 7596 

4.144 0.03 Error 5 9165 1833 

Total 14 77528.9   

 

Table 20:Analysis of variance for MB adsorpƟon by FEN 

Source 

Degree of 
freedom 

Sum of 
squares 

Mean sum 
of squares F-value P-value 

Model 9 9630.7 1070.08 

43.06 5.11E-06 Error 5 124.23 24.85 

Total 14 9754.93   

 
In this test, the hypothesis H0 is rejected because Fobs, which equals 4.14 for respond 
Qe and 43.06 for the respond R, is greater than FcriƟcal= 3.4817, which we got from 
Fisher's table (Fobs>FcriƟcal and probability (P = 0.03 & 5.11E-06<0.05), therefore our 

model is therefore valid. 
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 OpƟmisaƟon and desirability (D): 
According to Figure 47, the maximum adsorbed quanƟty is 271.3678 ± 38.9 mg/g. 

This value corresponds to a desirability of 0.86.37, for which the opƟmum operaƟng 

condiƟons are as follows: 
- An iniƟal MB concentraƟon of 0.04 mg/mL; 

- A pH equal to 9.11; 
- A mass of adsorbent equal to 0.02 g. 

 

Figure 47: PredicƟon profiler and desirability funcƟon for Qe 

According to Figure 48, the maximum removal efficacy is 109.2192 ± 3.55 %. This 

value corresponds to a desirability of 1, for which the opƟmum operaƟng condiƟons 

are as follows: 
- An iniƟal MB concentraƟon of 0.005 mg/mL; 

- A pH equal to 8.87; 
- A mass of adsorbent equal to 0.085 g 

 

 

Figure 48:PredicƟon profiler and desirability funcƟon for R 

According to Figure 49, the opƟmum operaƟng condiƟons to maximize Qe and R 
simultaneously for a, for which Qe = 254.25 ± 34.4 mg/g and R = 89.20 ± 4.01 % 

corresponding to a desirability of 0.8434, are: 

- An iniƟal phenol concentraƟon of 0.034 mg/mL; 
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- A pH equal to 8.36; 
- A mass of adsorbent equal to 0.025g. 

 

 

Figure 49:PredicƟon profiler and desirability funcƟon for both Qe and R 

A spaƟal representaƟon (3D) of the response was produced using Minitab soŌware 
to help visualize the results obtained. 

 

Figure 50:SpaƟal representaƟon of the quanƟty of MB adsorbed BY FBIO as a funcƟon of pH, C and m. 
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Figure 51:SpaƟal representaƟon of the quanƟty of MB removed BY FBIO as a funcƟon of pH, C and m 

V.2.3. Adsorption of MB by TH: 

Table 21: Box-Behnken Design for 3 factors 

 Actual coordinates Coded coordinates   

Runs pH C0 M pH C0 m 

Qe 

(mg/g) R (%) 

1 2 0.005 0.06 -1 -1 0 4.028 35.5412 

2 12 0.005 0.06 1 -1 0 8.000 70.5882 

3 2 0.04 0.06 -1 1 0 37.652 34.9348 

4 12 0.04 0.06 1 1 0 91.265 84.6789 

5 2 0.0225 0.02 -1 0 -1 69.356 39.5191 

6 12 0.0225 0.02 1 0 -1 141.658 80.7168 

7 2 0.0225 0.1 -1 0 1 18.365 52.3219 

8 12 0.0225 0.1 1 0 1 32.560 92.7635 

9 7 0.005 0.02 0 -1 -1 16.356 48.1059 

10 7 0.04 0.02 0 1 -1 271.634 84.0105 

11 7 0.005 0.1 0 -1 1 4.237 62.3015 

12 7 0.04 0.1 0 1 1 54.230 83.8608 

13 7 0.0225 0.06 0 0 0 51.469 87.9812 

14 7 0.0225 0.06 0 0 0 51.469 87.9812 

15 7 0.0225 0.06 0 0 0 51.469 87.9812 

 MathemaƟcal modelling:  
AŌer applicaƟon to Minitab soŌware, the mathemaƟcal model is wriƩen as follows:  

For the respond Qe, the regression equaƟon in uncoded units is: 



Chapter V   Modelling and optimisation 

108 | P a g e  
 

𝑄௘ = −34.7 + 15.2𝑝𝐻 + 6062𝐶଴ − 1512𝑚 − 0.747𝑝𝐻ଶ + 7994𝐶଴
ଶ + 20436𝑚ଶ

− 72.6𝑝𝐻𝑚 + 142𝑝𝐻𝐶଴ − 73316𝐶଴𝑚 
(Eq  LVII) 

Which had S = 42.8135; R-sq = 92.28% and R-sq(adj) = 78.38%. 

For the respond R, the regression equaƟon in uncoded units is: 

𝑅 = −27.6 + 13.01𝑝𝐻 + 2600𝐶଴ + 563𝑚 − 0.696𝑝𝐻ଶ − 46214𝐶଴
ଶ − 2662𝑚ଶ − 0.9𝑝𝐻𝑚

+ 42𝑝𝐻𝐶଴ − 5123𝐶଴𝑚 
(Eq  LVIII) 

Which had S = 4.98451; R-sq = 95.97% and R-sq(adj) = 88.70%. 

 Significance of model coefficients (STUDENT t-test): 
   According to Student's table, at the risk threshold of 0.05 and a degree of freedom 

of 𝑑𝑓 = 𝑛 − 𝑝 = 15 − 10 = 5, Student's criƟcal value is equal to 2.571. The results 
of the coefficient analysis for coded coefficients are shown in the two tables below: 

Table 22:Analysis of model coefficients for the respond Qe 

TERM 
COEF STANDARD 

ERROR 

T-VALUE P-

VALUE 

TEST 

CONSTANT 51.5 18.5 2.78 0.039 Significant 

PH 18 11.3 1.59 0.173 Non-significant 
C0 52.8 11.3 4.65 0.006 Significant 

M -48.7 11.3 -4.29 0.008 Significant 
PH2 -18.7 16.7 -1.12 0.314 Non-significant 

C0
2 2.4 16.7 0.15 0.889 Non-significant 

M2 32.7 16.7 1.96 0.107 Non-significant 
PH*C0 12.4 16 0.77 0.474 Non-significant 

PH*M -14.5 16 -0.91 0.407 Non-significant 
C0*M -51.3 16 -3.2 0.024 Significant 

Table 23:Analysis of model coefficients for the respond R 

TERM 
COEF STANDARD 

ERROR 

T-VALUE P-VALUE TEST 

CONSTANT 87.98 4.14 21.23 4E-06 Significant 

PH 20.8 2.54 8.2 0.0004 Significant 
C0 8.87 2.54 3.49 0.0175 Significant 

M 4.86 2.54 1.92 0.1129 Non-significant 

PH2 -17.39 3.74 -4.66 0.0055 Significant 
C0

2 -14.15 3.74 -3.79 0.0128 Significant 
M2 -4.26 3.74 -1.14 0.3059 Non-significant 

PH*C0 3.67 3.59 1.02 0.3545 Non-significant 

PH*M -0.19 3.59 -0.05 0.9621 Non-significant 

C0*M -3.59 3.59 -1 0.3632 Non-significant 
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AŌer eliminaƟng the insignificant coefficients, the mathemaƟcal model became 
unsaƟsfactory, so we proceeded to replace in order to recƟfy the coefficients of 

determinaƟon. 
 

 Effect of factors: 
   For the adsorpƟon capacity Qe, the most influenƟal factor is the iniƟal MB 
concentraƟon, since its coefficient is the highest, followed by the mass of FEN and 
the pH factor, which has the lowest coefficient in modulus. 

-The factors pH of the soluƟon has a double effect (mainly posiƟve) since it has a 
CriƟcal posiƟve coefficient that’s not high and a negaƟve coefficient that is lower 

than the posiƟve coefficient for the squared term. Therefore, an increase in the pH 
of the soluƟon would result in a slight increase unƟl it reaches a maximum then 

starts decreasing in the adsorpƟon capacity. 

-The factors mass of FEN, has a significant negaƟve effect since it has a high negaƟve 
coefficient. Therefore, an increase in the mass would result in a decrease in the 

adsorpƟon capacity. 

 

Figure 52: effects of factors in the adsorpƟon capacity 

      For the removal efficacy R, the most influenƟal factor is the iniƟal MB 

concentraƟon, since its coefficient is the highest, followed by the mass of FEN and 
the pH factor, which has the lowest coefficient in modulus. They all have posiƟve 

coefficients, but all negaƟve coefficients for the squared terms, which means they 
will all cause the removal efficacy to increase unƟl they reach a maximum, which is 

the maximum value, then decrease, which results in a decrease in removal efficacy. 
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Figure 53:effects of factors in the removal efficacy 

The interacƟon profile presented in Figure 54 shows the effect of each factor on 

the high and low levels of another factor. 

In the Qe, the interacƟon between pH and mass of FEN are not that noƟceable and 
between pH and the iniƟal concentraƟon isn’t significant at all, while the 

interacƟon between the mass and the iniƟal concentraƟon is significant. 

In the R, all the interacƟons between the factors are insignificant. 

 

Figure 54:Effect of InteracƟons between factors on the adsorpƟon capacity and removal efficacy respecƟvely 

 Analysis of variance (FISHER's test): 

Table 24:Analysis of variance for MB adsorpƟon by TH 

Source 

Degree of 

freedom 

Sum of 

squares 

Mean sum 

of squares F-value P-value 

Model 9 61466.7 6829.6 

6.64 0.007 Error 5 5143.1 1028.6 

Total 14 66609.8   
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Table 25:Analysis of variance for MB adsorpƟon by FEN 

Source 

Degree of 

freedom 

Sum of 

squares 

Mean sum 

of squares F-value P-value 

Model 9 6128.2 680.91  

13.22 
  

 

6.34E04  Error 5 257.61 51.52 

Total 14 6385.8 
 

 
In this test, the hypothesis H0 is rejected because Fobs, which equals 6.64 for 
respond Qe and 13.22 for the respond R, is greater than FcriƟcal= 3.4817, which we 

got from Fisher's table (Fobs>FcriƟcal and probability (P = 0.007 & 6.34E-04< 0.05), 
therefore our model is therefore valid. 

 OpƟmisaƟon and desirability (D): 
According to Figure 55, the maximum adsorbed quanƟty is 265.6731 ± 37.9 mg/g. 
This value corresponds to a desirability of 0.9777, for which the opƟmum 

operaƟng condiƟons are as follows: 
- An iniƟal MB concentraƟon of 0.04 mg/mL; 

- A pH equal to 12; 
- A mass of adsorbent equal to 0.02 g. 

 

Figure 55: PredicƟon profiler and desirability funcƟon for Qe 

According to Figure 56, the maximum removal efficacy is 97.08 ± 3.83 %. This value 

corresponds to a desirability of 1, for which the opƟmum operaƟng condiƟons are 
as follows: 

- An iniƟal MB concentraƟon of 0.0287 mg/mL; 
- A pH equal to 10.18; 
- A mass of adsorbent equal to 0.076 g. 
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Figure 56:PredicƟon profiler and desirability funcƟon for R 

According to Figure 57, the opƟmum operaƟng condiƟons to maximize Qe and R 
simultaneously for a, for which Qe = 263.3783 ± 33.6 mg/g and R = 85.77 ± 7.52 % 

corresponding to a desirability of 0.9230, are: 
- An iniƟal phenol concentraƟon of 0.04 mg/mL; 

- A pH equal to 10.99; 
- A mass of adsorbent equal to 0.02g. 

 

 

 

Figure 57:PredicƟon profiler and desirability funcƟon for both Qe and R 

A spaƟal representaƟon (3D) of the response was produced using Minitab soŌware 
to help visualize the results obtained. 
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Figure 58:SpaƟal representaƟon of the quanƟty of MB adsorbed BY FBIO as a funcƟon of pH, C and m. 

 

Figure 59:SpaƟal representaƟon of the quanƟty of MB removed BY FBIO as a funcƟon of pH, C and m 

V.3. Modelling of adsorption equilibriums and kinetics using Dragonfly 

Algorithm (DA): 

   The problem that engineers face when regressing data is the starƟng point, or iniƟal 
point. Choosing the right starƟng point allows the data to be fiƩed as closely as possible 
to the chosen model. To solve this problem, the Dragonfly algorithm was chosen to select 

the best posiƟon with the lowest possible error. The best posiƟon contains the starƟng 

point of the regression model. The regression was carried using the funcƟon “Nlinfit” from 
MATLAB. 
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The algorithm shown in Figure 60 was followed with: max iteraƟon chosen was 300 and 
the number of search agents is 30. 

The results of the regression of 32 isothermal models of MB adsorpƟon by FEN, FBIO, and 

TH are presented in Appendix 3. The results of the regression of 15 kineƟc models of CTC-
HCl adsorpƟon by FEN, FBIO, and TH are presented in Appendix 3. 

 

Figure 60: DA-Nlinfit algorithm used in the modelling 

V.3.1. Modelling of adsorption equilibriums: 

For this, three isotherm models for BM adsorpƟon by the three were taken with high R2 
and Adjusted R2 resulted from the algorithm that contains the DA and the funcƟon 

“lsqcurvefit” from MATLAB which used with constraints with the same iniƟal point that 
was found by DA on the selected base model.  

 MB adsorpƟon by FEN: For this we picked 3 of empirical models with best fitness and 
compared with the most three famous isotherm model: Langmuir, Temkin and 
Freundlich. Then we will compare the empirical models to see which one is the best fit. 
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According to the results showing on Appendice 7 and to the Table 26, all empirical 
models with best fit and isotherms that are based on Langmuir isotherm have the same 

correlaƟons with Langmuir aŌer applicaƟng constraints on them while the modelling 
which means Langmuir is the best then them, that means the adsorpƟon is monolayer 
with heterogeneous surface of the bioadsorbent and favourable (nF<1). 

But aŌer the comparison that’s shown in Table 26, Brouers-Sotolongo isotherm model 

is the best fit model with R2=0.99371 and adjR2= 0.98426. 
According to Figure 61, the isotherm is a type I isotherm which is favorable. 

The model expression is shown as follows: 

𝑄𝑒 = 179.39(1 − 0.0559𝑒ଵ.ଶଶ஼೐) (Eq  LIX) 

 

Table 26: Comparison of the result of modelling of the isotherm models for BM adsorpƟon by FEN 

Model 
Empirical model 

parameters Validation parameters Validation 

Baudu 
  

Qmax 24.1258 R2 0.99634 Qmax 262.5585 R2 0.99033 
KB 0.07125 adjR2 0.98169 KB 0.054297 adjR2 0.95163 
x 5.6236 Chi 36.524 x -8.94E-10 Chi 96.495 
y 0.2455 RMSE 3.4892 y -1.17E-09 RMSE 5.6714 

Fritz-Shluender 4 
para 

  

C 1.7204 R2 0.99634 C 14.2561 R2 0.99033 
𝛼ிௌ 7.1671 adjR2 0.98169 𝛼ிௌ 1 adjR2 0.95163 
D 0.0713 Chi 36.524 D 0.0543 Chi 96.495 

𝛽ிௌ 6.6216 RMSE 3.4892 𝛽ிௌ 1 RMSE 5.6714 

Brouers-Sotolongo 
  

Qmax 179.3873 R2 0.99371 

  

K 0.0559 adjR2 0.98426 

𝛼஻ௌ 
  1.2194 

Chi 41.856 
RMSE 4.5747 

Langmuir 
 
  

Qmax 

  262.5586 
R2 0.99033 

adjR2 0.95163 
KL 
  0.0543 

Chi 96.495 
RMSE 5.6714 

Temkin 
 
  

B  50.8014 
R2 0.97697 

  

adjR2 0.96162 

KT  0.8355 
Chi 114.86 

RMSE 8.7505 

Freundlich 
 
  

KF  18.3148 
R2 0.97588 

  

adjR2 0.9598 

nF  0.6233 
Chi 120.28 

RMSE 8.9548 
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Figure 61: BM adsorpƟon by FEN isotherm (Brouers-Sotolongo isotherm) 

 MB adsorpƟon by FBIO: 

For this we picked 3 of those isotherm models and compared with the most three 

famous isotherm model: Langmuir, Temkin and Freundlich. Then we will compare the 

empirical models to see which one is the best fit. 

 

Figure 62: BM adsorpƟon by FBIO isotherm (Langmuir isotherm) 
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Table 27: Comparison of the result of modelling of the isotherm models for BM adsorpƟon by FBIO 

Model 
Empirical model 

parameters Validation parameters Validation 

Baudu 
  

Qmax 6.31E+08 R2 0.97213 Qmax 1327.8 R2 0.94779 
b0 7.14E-05 adjR2 0.86066 b0 36.9057 adjR2 0.73897 
x 3.1133 Chi 471.063 X -1.638E-08 Chi 882.49 
y -3.5059 RMSE 12.5308 Y -0.3041 RMSE 17.151 

Fritz-Shluender 4 
para 

  

CFS 45.1370 R2 0.97249 CFS 49.0158 R2 0.94779 
𝛼ிௌ 0.6061 adjR2 0.86243 𝛼ிௌ 0.6956 adjR2 0.73897 
DFS 1.234E-13 Chi 465.11 DFS 0.0369 Chi 882.49 
𝛽ிௌ 7.4326 RMSE 12.451 𝛽ிௌ 1 RMSE 17.151 

Vieth-Sladek 
  

Qmax 512.3732 R2 0.94357 Qmax 296.4331 R2 0.93446 
KVS -2.7431 adjR2 0.85894 KVS 2.77E-08 adjR2 0.83615 

𝛽௏ௌ 
  0.0714 

Chi 635.88 𝛽௏ௌ 
  

0.1509 
Chi 738.61 

RMSE 17.831 RMSE 19.217 

Langmuir 
 
  

Qmax 

  296.4331 
R2 0.93446 

  adjR2 0.89076 
KL 
  0.1509 

Chi 553.96 
RMSE 19.217 

BET 
 
  

Qmax 13213 R2 0.57541 

  

CBET 0.0085 adjR2 -0.06147 

Csat  154.9525 
Chi 4784.9 

RMSE 48.913 

Temkin 
 
  

BT  47.7346 
R2 0.89589 

  

adjR2 0.82649 

KT  2.7399 
Chi 879.93 

RMSE 24.22 

Freundlich 
 
  

KF 
  72.7461 

R2 0.87654 

  

adjR2 0.79424 
nF 

  0.3335 
Chi 1043.5 

RMSE 26.375 

AŌer the comparison that’s showing in Table 26, Langmuir isotherm model is the best 
fit model with R2=0.93446 and adjR2= 0.89076. that means the adsorpƟon is monolayer 
with heterogeneous surface of the bioadsorbent and favourable (nF<1). Then the 

model expression is shown as follows: 
 

𝑄𝑒 =
44.732𝐶௘

1 + 0.1509𝐶௘
 

(Eq  LX) 

According to Figure 62, the isotherm is a type I isotherm which is favorable. 
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 MB adsorpƟon by TH: 

For this we picked 4 of those isotherm models and compared with the most 4 famous 
isotherm model: Langmuir, Temkin, Freundlich. Then we will compare the empirical 
models to see which one is the best fit. 

Table 28: Comparison of the result of modelling of the isotherm models for BM adsorpƟon by TH 

Model 
Empirical model 

parameters Validation parameters Validation 

Khan 
 
  

Qmax 40373 R2 0.975 Qmax 1.4473 R2 0.55591 
bKH 1.048E-05 adjR2 0.9375 bKH 16.5526 adjR2 -0.1102 

𝛼௄ு  -61799 
Chi 446.22 

𝛼௄ு  6.837E-09 
Chi 7926.2 

RMSE 14.937 RMSE 62.953 

Koble-Corrigan 
 
  

aKC 

  5.1906 
R2 0.99712 aKC 

  0.01222 
R2 0.9624 

adjR2 0.9928 adjR2 0.90605 
bKC -0.4650 Chi 51.417 bKC 2.3384E-14 Chi 670.71 
nKC 0.3730 RMSE 5.07 nKC 5.1532 RMSE 18.313 

Oswin modified 
 
  

A’OS 3.324E12 R2 0.96250 A’OS 930 R2 0.69723 
B’OS 8.51E10 adjR2 0.9063 B’OS 1000.5 adjR2 0.24307 

n’OS 

  5.1198 
Chi 669.214 n’OS 

  
0.0015 

Chi 5403.9 
RMSE 18.292 RMSE 51.98 

Langmuir 
 
  

Qmax 

  40480 
R2 0.55481 

  adjR2 0.25802 

KL 
  5.898E-04 

Chi 5959.3 
RMSE 63.031 

BET 
 
  

Qmax 27.1547 R2 0.99766 

  

CBET 2.4678 adjR2 0.99415 

Csat  7.7378 
Chi 41.794 

RMSE 4.5713 

Temkin 
 
  

BT  19.0199 
R2 0.54413 

  

adjR2 0.24021 

KT  0.5147 
Chi 6012.3 

RMSE 63.782 

Freundlich 
 
  

KF 
  0.0122 

R2 0.9624 

  

adjR2 0.9374 
nF 

  5.1530 
Chi 503.03 

RMSE 18.313 

According to Appendice 7 and Table 26, BET isotherm model and all based isotherms 
on BET are the best fit isotherms but due to the nature of isotherm (liquid-solid 

adsorpƟon) and due to the poor predicƟon of results, Freundlich isotherm model is the 
best fit model with R2=0.9624 and adjR2= 0.9374. that means the adsorpƟon is 

monolayer and unfavourable (nF>1).  
According to Figure 63, the isotherm is a type V isotherm which is unfavourable. 

Then the model expression is shown as follows: 
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𝑄𝑒 = 0.0122𝐶௘
ହ.ଵହଷ଴ (Eq  LXI) 

 

 

Figure 63: BM adsorpƟon by TH isotherm (Freundlich isotherm) 

V.3.2. Modelling of adsorption kinetics: 

   The data from kineƟcs studies of CTC-HCl adsorpƟon were used to fit 15 models chosen 
from the known models (Appendice 8), three kineƟc models for each bioadsorbent were 

taken according to their high R2 and Adjusted R2 resulted from the DA and the funcƟon 
“lsqcurvefit” from MATLAB. The following table shows the result of the regression 

nonlinear using “lsqcurvefit” with the iniƟal point which is calculated from DA. 

All the results of fiƫng 15 models are shown in the appendice 8. 

According to Appendice 8 and Table 29, the best fiƫng model for the three adsorpƟon 

kineƟcs is Pseudo-first order model. 
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Table 29: Result of modelling adsorpƟon kineƟcs using DA opƟmizaƟon 

CTC-HCl adsorption by FEN 
Pseudo-first order 

model 
Avrami's model Pseudo-second order 

Qe k1 
R2 

Qe kav nav 
R2 

Qe k2 
R2 

0.996
5 0.9965 

0.995
4 

288.997
6 

0.006
8 

AdjR2 
288.9976 0.017 0.398 

AdjR2 
447.009

2 
1.03E-

05 

AdjR2 
0.995

3 0.9944 
0.993

4 

CTC-HCl adsorption by FBIO 
Pseudo-first order 

model Exponential form Pseudo-second order 

Qe k1 
R2 

Qe ke 
R2 

Qe k2 
R2 

0.788
8 

0.7742 
0.769

2 

87.5832 
0.012

3 

AdjR2 
96.1717 0.071 

AdjR2 
124.411 

7.41E-
05 

AdjR2 
0.718

4 0.6989 
0.692

3 

CTC-HCl adsorption by TH 
Pseudo-first order 

model 
Modification pseudo-second-

order model Pseudo-second order 

Qe k1 
R2 

Qe kflso a 
R2 

Qe k2 
R2 

0.991
6 

0.9896 0.988
9 

29.9401 0.011 
AdjR2 

37.2085 0.0002 1.1292 
AdjR2 

41.7526 
2.00E-

04 

AdjR2 
0.988

8 0.9833 
0.985

2 

The fiƫng data of the CTC-HCl adsorpƟon on the models wasn’t good or convincing 
because of the point (t=120min, Qt=106.28 mg/g), which did not fit to any of the models. 
AŌer repeaƟng the regression without that point, the results were convenient with R2 = 

0.9543 and AdjR2 = 0.9359 but there weren’t any big changes in the coefficients 
(Qe=87.7471 mg/g and k1=0.0095 min-1). 

 

Figure 64: CTC-HCl adsorpƟon kineƟc model for FEN, FBIO and TH (PFO model) 
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V.4. Comparison between modelling using linear and nonlinear regression: 

   Linear and nonlinear regressions are powerful methods for exploring relaƟonships or 

fiƫng a set of variables to a model. Linear models tend to be simple and easy to interpret, 
but they're limited to linear relaƟonships or equaƟons, while nonlinear regressions are 

more appropriate for fiƫng data on nonlinear equaƟons or for curve-fiƫng data to 
discover the relaƟonships between variables [106]. 

To compare between them, one model from the results of modelling from each adsorpƟon 
equilibrium and kineƟcs was taken and got compared with the results of linear regression 

of the linear form of the models.  

 Linear regression of BM adsorpƟon by FEN-Langmuir model: 

Using the data from the BM adsorpƟon by FEN equilibrium study, the data were fiƩed 
in the linear form of Langmuir model and the linearized equaƟon is as follows: 

𝐶𝑒

𝑄௘
=

𝐶𝑒

𝑄௠௔௫
+

1

𝑄௠௔௫𝐾௅
 

(Eq  LXII) 

The linear regression was done by the soŌware “OriginLab”, the results are shown in 
the figure bellow: 

 

Figure 65: Linear fit of the Langmuir isotherm of BM adsorpƟon by FEN     



Chapter V   Modelling and optimisation 

122 | P a g e  
 

Where: 𝑄௠௔௫ = 284.9 𝑚𝑔/𝑔 and 𝐾௅ = 0.17559 𝐿/𝑚𝑔, and aŌer evaluaƟon the 
model with these parameters, the model has: R2=0.9301 and AdjR2=0.8841. 

 Linear regression of CTC-HCl adsorpƟon by FEN-PFO model: 

Using the data from the CTC-HCl adsorpƟon by FEN kineƟc study, the data were fiƩed 

in the linear form of PFO model by supposing Qe=240 mg/g from the graph in Figure 

34 and the linearized equaƟon is as follows: 

𝑙𝑛(𝑞௘ − 𝑞௧) = 𝑙𝑛𝑞௘ − 𝑘ଵ𝑡 (Eq  
LXIII) 

The linear regression was done by the soŌware “OriginLab”, the results are shown in 

the figure bellow: 

 

  

Figure 66: Linear fit of the PFO kineƟc of CTC-HCl adsorpƟon by FEN     

Where: 𝑄௘ = 282.6784 𝑚𝑔/𝑔 and 𝑘ଵ = 0.01236 𝑚𝑖𝑛ିଵ, and aŌer evaluaƟon the 
model with these parameters the model has: R2=0.7052 and AdjR2=0.6069 which is so 
low compared to the evaluaƟon to the linear form as result of the choice of Qe value 
from the graph which it was supposed to be around 240 min but it appears that 

Qe=282.67 which is far from the supposed value. 
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 Comparison of the results between linear and nonlinear regression: 

Table 30:Comparison of results between linear and nonlinear regression 

 nonlinear regression Linear regression 
Langmuir 

model 
Qmax 262.5586 R2 0.9903 Qmax 284.9 R2 0.9301 

KL 0.0543 AdjR2 0.9516 KL 0.17559 AdjR2 0.8841 

PFO 
model 

Qe 288.9976 R2 0.9965 Qe 282.6784 R2 0.7052 
k1 0.0068 AdjR2 0.9953 k1 0.01236 AdjR2 0.6069 

According to Table 30, nonlinear regression was beƩer in term of fiƫng the data into 
a model with high precisions (high R2 and AdjR2) that thanks to the flexibility in curve-
fiƫng funcƟonality ,but in the other hand, it can take considerable effort to choose 
the nonlinear funcƟon that creates the best fit for the parƟcular shape of the curve 

which is the same thing that happened to the BET model in BM adsorpƟon by FEN 
which it can’t predict accurate results aŌer the maximum value in the data, and 

difficulty of choosing a starƟng point which can greatly affect the outcome . 

In the other side, linear regression was simpler and more performed incredibly on 

linear forms of Langmuir and PFO models (high R2 and AdjR2) but failed to fit the 
complex data like in the PFO model case (big difference between R2 and AdjR2 from 

linear and nonlinear form) because it only assumed the linear relaƟonship between 
variables. 

V.5. Conclusion: 

In this study, DOE were used to model and opƟmize the factors influencing adsorpƟon 

capacity Qe and eliminaƟon rate %R which indicates that the most opƟmum condiƟons to 
maximize the eliminaƟon and the adsorpƟon capacity of CTC-HCl are: 

- pH=9.56, C0=0.034 mg/mL and 0.02g of mass for FEN (Qe = 122.89 ± 9.87 mg/g and R 

= 74.66 ± 2.14 % with desirability = 1); 

- pH=8.36, C0=0.034 mg/mL and 0.025g of mass for FBIO (Qe = 254.25 ± 34.4 mg/g and 
R = 89.20 ± 4.01 % with desirability = 0.8434); 

- pH=10.99, C0=0.04 mg/mL and 0.02g of mass for TH (Qe = 263.3783 ± 33.6 mg/g and 
R = 85.77 ± 7.52 % with desirability = 0.9230). 

as TH and FBIO were the most performable adsorbents for eliminaƟng CTC-HCl. 

DA were used to opƟmize the search of the best starƟng point to model CTC-HCl 
adsorpƟon kineƟcs and BM adsorpƟon equilibriums based on 32 equilibrium model and 

15 kineƟc model using nonlinear regression MATLAB funcƟons “nlinfit” and “lsqcruvefit”. 

The results indicates that:  
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- BM adsorpƟon by FEN: was a Brouers-Sotolongo isotherm model (R2=0.99371), a 
Langmuir isotherm model (R2=0.93446) by FBIO and a Freundlich isotherm model 

(R2=0.9624) by TH. 
- CTC-HCl adsorpƟon kineƟc by FEN, FBIO and TH is PFO kineƟc model with R2 equals 

to 0.9965, 0.7888 and 0.9916, respecƟvely. 

AŌer comparing the results of linear and nonlinear regression for modelling BM and CTC-

HCl adsorpƟon kineƟc and equilibrium, nonlinear regression was more precise and 
accurate than the linear regression of the linear form of PFO (kineƟc) and Langmuir 

(equilibrium) model. 
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General conclusion 

The aim of this thesis work was to develop and prepare a bio-adsorbent with interesƟng 
properƟes at a lower cost for industrial applicaƟons using plant waste, capable of considerably 

reducing the organic pollutants in effluents. The effecƟveness of these materials in depolluƟon 

processes has met with great success, but their use remains limited in the recovery of these 
materials in the form of powder. 

In this study, Fennel seeds and Sweet Thapsia roots were used as biosorbents to eliminate two 

model organic pollutants: MB and CTC-HCl. The various materials produced will be used as 

adsorbents in the batch adsorpƟon process. 

These biosorbents, prepared in powder form with parƟcle sizes of 350 µm, were characterized 
using various physicochemical analysis techniques to determine their properƟes. The 

characterisƟcs examined were zero-charge pH, bulk density, and Fourier transform infrared 

spectroscopy (FTIR). 

A study of the influence of a number of factors (pollutant concentraƟon, adsorbent mass, and 
pH) on the adsorpƟon capacity of MB on FEN, FBIO, and TH led to the following conclusions: 

 AdsorpƟon capacity increases with increasing concentraƟons of MB. 
 Increasing the dosage of the adsorbent had a negaƟve influence on the adsorpƟon 

capacity but a posiƟve influence on the removal rate. 
 The highest adsorpƟon capaciƟes and eliminaƟon rates were observed at pH 10–11. 
 FEN demonstrated the highest removal efficacy for CTC-HCl at 180 minutes, with %R = 

64.12%, compared to FBIO (topt = 120 min and %R = 32.79%) and TH (topt = 120 min and 
%R = 6.40%). 

Applying the Box Behnken design to the adsorpƟon of CTC-HCl allowed us to determine and 

to model the effects of the factors considered on the response as well as any interacƟons 

between them which allowed us to opƟmize the system's response. 

AdsorpƟon tests on CTC-HCl, carried out in batch mode, showed that the adsorpƟon capacity 
is influenced by these parameters. The opƟmum condiƟons are: 

 pHopt between 8.36 and 10.99; 
 CTC-HCl concentraƟon C0opt between 0.03 and 0.04 mg/mL; 

 an adsorbent mass mopt of 0.02 to 0.025 g. 

Modelling of the adsorpƟon kineƟcs on FEN, FBIO, and TH by applying 15 kineƟc models using 

nonlinear regression coupled by DA led to the conclusion that in the tree studied cases, the 
experimental curves are generally well described by a pseudo-First-order equaƟon (FEN: Qe = 

288.99 mg/g, k1 = 0.0068; FBIO: Qe = 88.58, k1 = 0.0123; and TH: Qe = 29.94, k1 = 0.011. 
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Modelling of the adsorpƟon isotherm using 32 kineƟc models using nonlinear regression 
coupled by DA led to the conclusion that the Brourers-Sotolongo, Langmuir, and Freundlich 

models beƩer describe the phenomenon of MB adsorpƟon on FEN, FBIO, and TH, respecƟvely. 

The comparison between linear and nonlinear regression for modelling BM and CTC-HCl 
adsorpƟon kineƟcs and equilibrium allowed us to prove that nonlinear regression is more 
precise and accurate than linear regression. 

The comparison of the experimental study and the modelling and opƟmisaƟon study revealed 

that in, MB adsorpƟon, a maximum adsorpƟon capacity of 296.43 mg/g and 179.39 mg/g and, 

in CTC-HCl adsorpƟon, an opƟmal contact Ɵme of 120 min and 180 min for fennel seed-based 
organic fibres (FBIO) and fennel seeds (FEN) respecƟvely, which express the efficacity of using 
biological treatment in bioadsorbents developments.  

Through the work carried out, the feasibility of a process based on the use of biomaterials for 

the eliminaƟon of organic compounds was approved. However, certain aspects need to be 
taken into account to validate these materials and their use in water treatment. In order to 

propose a mechanism for the future, it would be interesƟng to complete the study with more 
in-depth characterizaƟon: 

 Use these materials for the eliminaƟon of other pollutants, both organic and inorganic, 
such as pharmaceuƟcals; 

 Physico-chemical surface analyses, such as Nuclear magneƟc resonance (NMR), 
electron photon spectroscopy (XPS), electron microscopy (SEM), and measurement of 

specific surface area (BET). 

 Carrying out studies in binary or ternary systems; 
 Carrying out studies in conƟnuous and semi-conƟnuous systems; 
 Studying the regeneraƟon process of these bioadsorbents; 
 A technoeconomic study of the manufacture of this bio-adsorbent
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Appendix 

Appendice 1: Technologies available for pollutant removal 

 

Fig a: Technologies available for pollutant removal [7] 
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Appendice 2: Respond surface methodology 

 

 

Fig b: Respond surface methodology 
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Appendice 3: MB and CTC-HCL calibraƟon curve 

A stock soluƟon of methylene blue and chlortetracycline hydroxide was prepared in a 100 ml 
flask using disƟlled water. The calibraƟon curve was established for a concentraƟon range from 
0 to 0.07 mg/ml of methylene blue, and the table and calibraƟon line giving concentraƟon as 

a funcƟon of absorbance are also provided at 𝜆௠௔௫(𝑀𝐵) = 659 and 𝜆௠௔௫(𝐶𝑇𝐶 − 𝐻𝐶𝑙) =

373. 

The experimental data reported below indicate a linear relaƟonship between absorbance 

and concentraƟon with a correlaƟon coefficient R2 =1. 

The methylene blue and chlortetracycline hydroxide concentraƟons determined from the 
equaƟon of the following regression line. 

 

Fig c: CTC-HCL calibraƟon curve 

 

Fig d: MB calibraƟon curve 
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Appendice 4: Student's t-test table 

Table A. 1: Student's t-test table 
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Appendice 5: Fisher's test table 

Table A. 2: Fisher's test table 
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Appendice 6: Chi square test table 

Table A. 3: Chi square test table 
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Appendice 7: Results of MB adospƟon equilibriums modelling 

Table A. 4: Results of MB adospƟon by FEN isotherm modelling 

Rank model RMSE CHI R^2 R2ADJ MAE MSE T_STAT MAPE 

1 'Baudu' 3.48923 59.5861444 0.996338 0.981691 2.596106 12.174703 0.000383 8.708304 

2 'Fritz-Shluender 4 para' 3.48923 36.5241076 0.996338 0.981691 2.596129 12.174703 0.000382 8.70777 

3 'Fritz-Shluender 5 para' 3.48923 74.9200335 0.996338 #NAME? 2.596183 12.174704 0.000378 8.70638 

4 
'Marczewski-Jaroniec ( Ce 

mg/g)' 
4.44195 

41.8563093 
0.994065 0.970327 3.770783 19.73094 0.00312 18.07577 

5 'Brouers-Sotolongo' 4.57473 19755.357 0.993705 0.984263 3.800476 20.928155 3.65E-03 19.97305 

6 'Hills' 4.57477 9877.6785 0.993705 0.984263 3.838275 20.928554 0.004053 19.76804 

7 'Koble-Corrigan' 4.57477 120.283389 0.993705 0.984263 3.838275 20.928554 0.004053 19.76804 

8 'Sips' 4.57477 45.0852334 0.993705 0.984263 3.838275 20.928554 0.004053 19.76804 

9 'Redlich-Peterson' 4.74397 36.5241079 0.993231 0.983077 4.163551 22.505295 0.113475 25.04621 

10 'Toth' 4.74398 73.0482229 0.993231 0.983077 4.16356 22.505366 0.113473 25.04623 

11 'Fritz-Shluender 3 para' 4.74791 96.4947298 0.99322 0.983049 4.169343 22.542617 0.114461 25.07927 

12 'Radke-Prausnitz' 4.74791 135.731906 0.99322 0.983049 4.169343 22.542617 0.114461 25.07927 

13 
'Modified Guggenheim-
Andersen-de Boer(GAB)' 

4.75626 
120.283389 

0.993196 #NAME? 3.330699 22.621984 5.05E-07 21.25347 

14 'Vieth-Sladek' 5.00751 121.769371 0.992458 0.981145 4.458199 25.075205 0.208025 27.63396 

15 'Khan' 5.19472 6649.50586 0.991884 0.979709 4.623121 26.985164 0.246081 28.99988 

16 'Aranovich' 5.4583 574.160114 0.991039 0.977598 4.82515 29.793072 0.268639 30.58433 

17 'Langmuir' 5.67141 41.8571084 0.990326 0.983876 4.971869 32.164866 0.266592 31.65902 

18 
'Guggenheim-Andersen-de 

Boer(GAB)' 
5.67141 

9877.6785 
0.990326 0.951628 4.97187 32.16491 0.26659 31.65903 

19 'Brunauer- Emmet-Teller(BET)' 6.12046 53.9703278 0.988733 0.971832 5.111922 37.460017 0.040364 33.74111 

20 'Temkin' 8.75051 41.8571084 0.976969 0.961616 7.747066 76.571366 4.93E-18 26.69919 

21 'Halsey' 8.95483 48.2472988 0.975881 0.959802 7.138694 80.188926 0.117992 45.47261 

22 'Freundlich' 8.95483 5520.34372 0.975881 0.959802 7.138687 80.188926 0.117994 45.47264 

23 'Henderson' 9.00997 59.1928193 0.975583 0.959305 7.180741 81.179581 0.117094 45.71262 

24 'Oswin modefid ce mg/ml' 9.06497 123.260423 0.975284 0.938211 7.222595 82.173615 0.116195 45.9515 

25 'Oswin ce mg/ml' 9.06497 164.34723 0.975284 0.958807 7.222594 82.173615 0.116195 45.9515 

26 'Smith ce( mg/ml)' 13.9832 45.0852335 0.94119 0.852974 11.51198 195.52959 2.51E-22 63.33943 

27 'Henry' 21.8739 45.0105904 0.85609 0.820112 17.43012 478.46676 3.57472 43.43926 

28 'MacMillan-Teller (MET)' 52.5373 41.8571084 0.169811 -1.07547 40.93112 2760.1719 0.037223 190.8413 

29 'Henderson modefid' 57.6607 
391.059189 

-1.17E-
07 

-1.5 43.32568 3324.7529 4.66E-11 190.2817 

30 'Dubinin-Astakhov (DA)' 81.1487 114.85705 -0.98063 -8.90317 57.09962 6585.119 4.903172 100 

31 'Dubinin-Radushkevich(DR)' 81.1487 45.010733 -0.98063 -2.30106 57.09962 6585.119 4.903172 100 

32 'Jovanovich' 81.1487 50.150409 -0.98063 -2.30106 57.09962 6585.119 4.903172 100 
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Table A. 5: Results of MB adospƟon by FBIO isotherm modelling 

Rank model RMSE CHI R^2 R2ADJ MAE MSE T_STAT MAPE 

1 'Brunauer- Emmet-Teller(BET)' 11.4302 261.2977 0.976814 0.942034 9.340804 130.64883 0.030961 11.48794 

2 'Fritz-Shluender 4 para' 12.4514 465.1107 0.972485 0.862427 9.574325 155.03689 0.060235 10.31781 

3 'Baudu' 12.5308 471.0654 0.972133 0.860665 9.629688 157.0218 0.060613 10.357 

4 'Vieth-Sladek' 17.8309 635.8828 0.943574 0.858936 12.77062 317.94139 0.333844 14.78428 

5 'Aranovich' 18.0623 652.4898 0.942101 0.855252 13.01592 326.24489 0.273946 14.47336 

6 'Khan' 18.0666 652.8066 0.942073 0.855182 13.08705 326.40332 0.345783 15.08926 

7 'Redlich-Peterson' 18.543 687.6888 0.938977 0.847444 13.57821 343.84441 0.285185 14.98873 

8 'Fritz-Shluender 3 para' 18.543 687.6888 0.938977 0.847444 13.57823 343.84441 0.285175 14.98867 

9 'Sips' 19.1113 730.4805 0.93518 0.837951 16.78461 365.24024 0.041701 15.8434 

10 'Koble-Corrigan' 19.1113 730.4805 0.93518 0.837951 16.78461 365.24024 0.041701 15.8434 

11 'Hills' 19.1113 730.4805 0.93518 0.837951 16.78462 365.24024 0.0417 15.8434 

12 'Toth' 19.1275 731.7228 0.93507 0.837675 15.49554 365.8614 0.160721 15.76247 

13 'Langmuir' 19.2174 553.9608 0.934458 0.890764 16.48689 369.30723 0.085811 16.14649 

14 
'Guggenheim-Andersen-de 
Boer(GAB)' 19.2174 1107.925 0.934458 0.672292 16.48572 369.30819 0.086003 16.14539 

15 'Temkin' 24.2202 879.9272 0.895892 0.826487 21.20774 586.6181 1.87E-16 20.87892 

16 'Fritz-Shluender 5 para' 26.0066 4058.057 0.879968 #NAME? 18.83306 676.34278 0.006727 13.54463 

17 'Freundlich' 26.3752 1043.476 0.876542 0.794236 19.7927 695.65076 0.014259 15.51052 

18 'Halsey' 26.3752 1043.476 0.876542 0.794236 19.79269 695.65076 0.014259 15.5105 

19 'Henderson' 26.5494 1057.307 0.874905 0.791509 19.92178 704.87156 0.014379 15.67614 

20 'Oswin modefid ce mg/ml' 26.7234 1428.281 0.87326 0.683151 20.04985 714.1404 0.014489 15.84088 

21 'Oswin ce mg/ml' 26.7234 1071.211 0.87326 0.788767 20.04985 714.1404 0.014489 15.84089 

22 'Radke-Prausnitz' 36.9039 2723.794 0.758302 0.395755 28.20342 1361.897 2.02419 19.16017 

23 'Smith ce( mg/ml)' 43.6013 3802.147 0.662614 0.156534 34.4418 1901.0737 2.24E-22 32.41596 

24 
'Marczewski-Jaroniec ( Ce 
mg/g)' 49.9952 7498.556 0.556407 -1.21797 42.6866 2499.5187 1.08499 45.1241 

25 'MacMillan-Teller (MET)' 61.6323 7597.091 0.325866 -0.68533 55.42152 3798.5455 0.04001 55.00163 

26 'Brouers-Sotolongo' 63.204 7989.493 0.291046 -0.77238 52.7242 3994.7465 3.41E-22 40.95627 

27 'Henry' 90.1082 9743.387 -0.44098 -0.80122 83.50077 8119.4895 4.862678 67.61107 

28 'Henderson modefid' 96.29 18543.52 
-6.45E-

01 -3.11368 84.90055 9271.7586 3.23E+00 102.4568 

29 
'Modified Guggenheim-
Andersen-de Boer(GAB)' 106.962 68645.43 -1.03044 #NAME? 54.66365 11440.905 0.967768 28.7287 

30 'Dubinin-Astakhov (DA)' 162.89 79599.4 -3.70888 -22.5444 144.5629 26533.135 18.54438 100 

31 'Dubinin-Radushkevich(DR)' 162.89 39799.7 -3.70888 -6.84813 144.5629 26533.135 18.54438 100 

32 'Jovanovich' 162.89 39799.7 -3.70888 -6.84813 144.5629 26533.135 18.54438 100 
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Table A. 6: Results of MB adospƟon by TH isotherm modelling 

Rank model RMSE CHI R^2 R2ADJ MAE MSE T_STAT MAPE 

1 
'Modified Guggenheim-Andersen-de 
Boer(GAB)' 2.72336 44.50022 0.999169 #NAME? 2.182758 7.4167039 1.70E-01 13.56723 

2 'Aranovich' 3.82999 29.33766 0.998356 0.995891 2.757802 14.668832 0.192799 15.55427 

3 'Guggenheim-Andersen-de Boer(GAB)' 4.57132 62.69082 0.997658 0.988292 3.601777 20.896942 0.016194 16.42867 

4 'Koble-Corrigan' 5.07035 51.41688 0.997119 0.992798 3.970614 25.708439 0.002236 17.83097 

5 'Brunauer- Emmet-Teller(BET)' 6.4045 82.03533 0.995404 0.988509 5.219112 41.017664 0.050389 28.75543 

6 'Khan' 14.9368 446.2168 0.974999 0.937498 11.97267 223.10839 0.919895 37.00093 

7 'Oswin modefid ce mg/ml' 18.2923 669.214 0.962505 0.906262 14.90828 334.60698 1.370891 47.31689 

8 'Henderson' 18.3025 502.4712 0.962463 0.937438 14.91687 334.98082 1.372482 47.34043 

9 'Freundlich' 18.3127 503.0327 0.962421 0.937368 14.92546 335.35515 1.374108 47.36403 

10 'Baudu' 18.3127 1006.065 0.962421 0.812105 14.92546 335.35515 1.374112 47.36404 

11 'Halsey' 18.3127 503.0327 0.962421 0.937368 14.92546 335.35515 1.374095 47.364 

12 'Fritz-Shluender 5 para' 18.3127 2012.131 0.962421 #NAME? 14.92606 335.35516 1.374569 47.36423 

13 'Fritz-Shluender 4 para' 18.3127 1006.066 0.962421 0.812105 14.92738 335.35521 1.375568 47.36464 

14 'Hills' 18.3127 670.7104 0.962421 0.906053 14.92546 335.35521 1.37411 47.36404 

15 'Redlich-Peterson' 18.3127 670.7104 0.962421 0.906053 14.92546 335.35521 1.374108 47.36403 

16 'Brouers-Sotolongo' 18.3163 670.974 0.962406 0.906016 14.92885 335.48698 1.37E+00 47.37054 

17 'Sips' 18.3186 671.1446 0.962397 0.905992 14.93109 335.57229 1.374213 47.37435 

18 'Oswin ce mg/ml' 18.5603 516.7249 0.961398 0.935664 15.46013 344.48325 0.788087 46.12936 

19 'Marczewski-Jaroniec ( Ce mg/g)' 38.6736 4486.943 0.832402 0.16201 25.86133 1495.6477 4.044369 66.66667 

20 'Fritz-Shluender 3 para' 42.4107 3597.331 0.798447 0.496117 34.00758 1798.6654 0.28386 41.01615 

21 'Radke-Prausnitz' 42.4876 3610.387 0.797715 0.494288 34.10955 1805.1934 0.286834 41.34954 

22 'Smith ce( mg/ml)' 51.116 5225.689 0.707212 0.268031 43.44547 2612.8445 4.39E-23 122.1292 

23 'Vieth-Sladek' 52.8444 5585.053 0.687078 0.217694 43.6734 2792.5265 0.017992 84.85652 

24 'Henry' 62.9531 4755.713 0.555907 0.444884 54.9564 3963.0943 0.280215 134.1627 

25 'Toth' 62.9531 7926.19 0.555907 -0.11023 54.95762 3963.0949 0.280321 134.1676 

26 'Langmuir' 62.9535 5944.715 0.555902 0.259836 54.95659 3963.143 0.280203 134.1636 

27 'Temkin' 63.7825 6102.309 0.544129 0.240215 56.05144 4068.2061 2.16E-21 161.7881 

28 'MacMillan-Teller (MET)' 92.2922 17035.7 0.045515 -1.38621 69.36618 8517.8494 0.002699 260.3607 

29 'Henderson modefid' 94.4671 17848.05 1.81E-08 -1.5 70.54568 8924.0237 5.05E-11 266.271 

30 'Dubinin-Astakhov (DA)' 131.655 51999.48 -0.9423 -8.71152 91.70133 17333.158 4.711515 100 

31 'Dubinin-Radushkevich(DR)' 131.655 25999.74 -0.9423 -2.23717 91.70133 17333.158 4.711515 100 

32 'Jovanovich' 131.655 25999.74 -0.9423 -2.23717 91.70133 17333.158 4.711515 100 
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Appendice 8: Results of CTC-HCl adospƟon kineƟcs modelling 

Table A. 7: Results of CTC-HCl adospƟon by FEN kineƟc modelling 

Rank model RMSE CHI R^2 R2ADJ MAE MSE T_STAT 

1 'pseudo-first-order model' 4.65497849 27.8599175 0.9965169 0.99535586 3.18756064 21.6688247 2.56E-01 

2 'Avramis model' 4.65497849 32.5032371 0.9965169 0.99442704 3.18756064 21.6688247 2.56E-01 

3 'pseudo-second-order' 5.37106972 37.0907871 0.99536284 0.99381711 3.75163173 28.8483899 0.253556 

4 'Bangham model' 9.89860125 125.977251 0.98425007 0.97900009 7.93355632 97.9823067 0.09266002 

5 
'intraparticle diffusion 
model' 13.5938257 237.589838 0.97029604 0.96039472 10.9505425 184.792096 3.82E-22 

6 'power model' 18.5479131 442.31796 0.94470052 0.92626736 14.7239141 344.02508 0.96000526 

7 'Ritchie second-order' 43.2616361 2406.3032 0.69915913 0.59887884 37.8705486 1871.56916 0.11688368 

8 'Boyds model' 46.7991287 2815.91801 0.64794826 0.53059768 42.434265 2190.15845 0.55316442 

9 'Marczewski mode' 67.5153401 6837.48172 0.26728366 
-

0.17234614 58.8506667 4558.32114 4.34E-20 

10 'exponential form' 67.5153401 5860.69861 0.26728366 0.02304488 58.8506667 4558.32114 1.48E-19 

11 
'modification pseudo-first-
order model' 67.5153401 6837.48172 0.26728366 

-
0.17234614 58.8506667 4558.32114 2.47E-21 

12 'Haerifar and Azizian 2013' 67.5153401 6837.48172 0.26728366 
-

0.17234614 58.8506667 4558.32114 3.93E-21 

13 
'modification pseudo-
second-order model' Nan Nan Nan Nan Nan Nan Nan 

14 
'modification mixed 1, 2-
order model' 67.5153401 8204.97806 0.26728366 

-
0.46543267 58.8506667 4558.32114 9.17E-16 

15 'Lagergren' 78.712103 7965.7652 0.004104 
-

0.32786133 71.567037 6195.59516 1.30E-19 
 

Table A. 8: Results of CTC-HCl adospƟon by FBIO kineƟc modelling 

Rank model RMSE CHI R^2 R2ADJ MAE MSE T_STAT 

1 'pseudo-first-order model' 15.3984047 304.856829 0.78876471 0.71835294 11.0260335 237.110867 5.46E-02 

2 'exponential form' 15.9213725 325.915847 0.77417291 0.69889722 11.5278234 253.490104 4.37E-02 

3 'pseudo-second-order' 16.0958824 333.099553 0.76919532 0.69226043 11.5707843 259.07743 0.02947873 

4 'Bangham model' 17.7016246 402.875373 0.72084766 0.62779688 13.0014023 313.347512 0.01332472 

5 'power model' 17.7808737 406.490747 0.71834257 0.62445675 13.452586 316.15947 3.86E-02 

6 
'intraparticle diffusion 
model' 17.7808737 406.490747 0.71834256 0.62445675 13.4525838 316.15947 0.03862073 

7 
'modification pseudo-
second-order model' 29.1669244 1276.06421 0.24212724 

-
0.21259641 25.3812385 850.709476 5.6108E-12 

8 'Avramis model' 29.1676815 1276.13046 0.2420879 
-

0.21265937 25.382 850.753642 2.8787E-19 

9 'Marczewski mode' 16.8768715 427.243187 0.74625417 0.59400667 12.4579697 284.828792 5.26E+00 

10 'Haerifar and Azizian 2013' 29.1676815 1276.13046 0.2420879 
-

0.21265937 25.382 850.753642 8.63E-16 

11 
'modification pseudo-first-
order model' 29.1676815 1276.13046 0.2420879 

-
0.21265937 25.382 850.753642 5.58E-21 

12 
'modification mixed 1, 2-
order model' 29.1676815 1531.35656 0.2420879 

-
0.51582421 25.382 850.753642 3.13E-15 

13 'Boyds model' 29.947652 1153.10811 0.2010114 
-

0.06531813 27.6239968 896.861862 0.01660496 

14 'Lagergren' 33.3501721 1430.01511 0.00914254 
-

0.32114328 30.4638519 1112.23398 5.93E-24 

15 'Ritchie second-order' 33.5036781 1443.20972 
-1.6825E-

10 
-

0.33333333 30.562617 1122.49645 6.05E-14 
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Table A. 9: Results of CTC-HCl adospƟon by TH kineƟc modelling 

Rank model RMSE CHI R^2 R2ADJ MAE MSE T_STAT 

1 'pseudo-first-order model' 0.85017489 0.92931087 0.99161201 0.98881601 0.71487769 0.72279735 8.88E-03 

2 
'modification pseudo-second-
order model' 0.94760332 1.34692807 0.98957935 0.98332696 0.78784446 0.89795204 8.21E-03 

3 'pseudo-second-order' 0.97762212 1.22881502 0.98890867 0.98521156 0.72430259 0.95574502 0.00096771 

4 'Bangham model' 1.49259791 2.86437668 0.97414603 0.96552804 1.08871063 2.22784853 0.019123 

5 'power model' 1.57949201 3.20759359 0.97104814 0.96139753 1.30426772 2.49479501 1.93E-01 

6 'intraparticle diffusion model' 1.57949203 3.20759365 0.97104814 0.96139752 1.30426776 2.49479506 0.19325866 

7 'Avramis model' 7.45494068 83.3642107 0.35504425 
-

0.03192921 6.6634278 55.5761405 1.1049E-17 

8 'Marczewski mode' 7.45494068 83.3642107 0.35504425 
-

0.03192921 6.6634278 55.5761405 1.8123E-16 

9 'exponential form' 7.45494068 71.4550378 0.35504425 0.14005899 6.6634278 55.5761405 4.42E-19 

10 'Haerifar and Azizian 2013' 7.45494068 83.3642107 0.35504425 
-

0.03192921 6.6634278 55.5761405 4.92E-16 

11 
'modification pseudo-first-order 
model' 7.45494068 83.3642107 0.35504425 

-
0.03192921 6.6634278 55.5761405 3.38E-17 

12 
'modification mixed 1, 2-order 
model' 7.45494068 100.037053 0.35504425 

-
0.28991151 6.6634278 55.5761405 5.61E-31 

13 'Boyds model' 7.79533595 78.1293375 0.29480177 0.0597357 7.41570246 60.7672625 0.02762954 

14 'Lagergren' 8.96369838 103.304428 0.06757049 
-

0.24323934 8.11080481 80.3478887 1.30E-03 

15 'Ritchie second-order' 9.28280507 110.790604 
-1.3977E-

10 
-

0.33333333 8.40172058 86.17047 9.76E-14 

 

 

 

 

 

 


