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Abstract  

This study focused on preparing activated carbon from pine cone using potassium 

hydroxide (KOH) activation for pesticide removal from water. Two activation methods were 

compared: one-step and two-step activation. The results showed that the two-step activation 

produced activated carbon with higher porosity and better adsorption properties. The best-

performing materials were the two-step activated carbon (K-AC2), prepared in a muffle furnace, 

and AC2', similarly prepared but in a tubular furnace under nitrogen. K-AC2 had a yield of 

72.25% and a BET surface area of 430.504 m2 g-1, an iodine number of 666.38 mg. g-1, and a 

Methylene blue index of 72.77 mg g-1, indicating a well-developed microporous structure. AC2' 

had a higher micropore surface area of 1039.22 m2 g-1, an iodine number of 888.51 mg g-1, and 

a yield of 72.57%, making it the most microporous material. The adsorption experiments 

demonstrated that these activated carbons effectively removed herbicides from aqueous 

solutions. For para-chlorophenoxyacetic acid (P-CPA), K-AC2 achieved a maximum adsorption 

capacity of 266.5 mg g-1, while AC2' exhibited an even higher capacity of 284.8 mg g-1. For 

Linuron (Lin), K-AC2 reached 43.76 mg. g-1, whereas AC2' achieved 62.37 mg g-1, where the 

adsorption isotherm was studied using several models (Langmuir, Freundlich, Temkin, Dubinin 

Radushkevich, and Redlich Paterson models). The kinetic study showed that the pseudo-

second-order kinetics confirmed strong interactions between the adsorbent and pollutants. 

Thermodynamic studies showed that P-CPA adsorption was spontaneous and endothermic for 

both activated carbons, while Lin adsorption was exothermic for AC2' but endothermic for K-

AC2. A desorption study revealed that K-AC2 could be regenerated with a 69.72% desorption 

rate, demonstrating its potential for reuse in multiple cycles. These findings highlight that pine 

cone-based activated carbon, particularly the two-step activated carbon prepared in a tube 

furnace under nitrogen (AC2') is a promising adsorbent material for herbicide removal and 

sustainable wastewater treatment. 

 

Keywords: Pine cone, activated carbon, controlled porosity, adsorption, wastewater, para-

chlorophenoxyacetic acid, Linuron. 
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Résumé 

Cette étude porte sur la préparation de charbon actif à partir de cônes de pin en utilisant 

une activation par l'hydroxyde de potassium (KOH) pour l’élimination des pesticides dans 

l’eau. Deux méthodes d’activation ont été comparées : un procédé en une seule étape et une 

procédure en deux étapes. Les résultats ont montré que l’activation en deux étapes a produit un 

charbon actif avec une porosité plus élevée et de meilleures propriétés d'adsorption. Les 

matériaux les plus performants étaient : K-AC2, préparé dans un four à moufle, et AC2', préparé 

dans un four tubulaire sous atmosphère d'azote. K-AC2 a présenté un rendement de 72,25 %, 

une surface BET de 430,504 m2g-1, un indice d’iode de 666,38 mg g-1, et un indice de bleu de 

méthylène de 72,77 mg g-1, indiquant une structure microporeuse bien développée. AC2' a 

affiché une surface microporeuse plus élevée de 1039,22 m2 g-1, un indice d’iode de 888,51 mg 

g-1, et un rendement de 72,57 %, ce qui en fait le matériau le plus microporeux. Les expériences 

d'adsorption ont démontré que ces charbons activés éliminent efficacement les herbicides des 

solutions aqueuses. Pour l'acide para-chlorophénoxyacétique (P-CPA), K-AC2 a atteint une 

capacité maximale d'adsorption de 266,5 mg g-1, tandis que AC2' a atteint 284,8 mg g-1. Pour le 

Linuron (Lin), K-AC2 a atteint 43,76 mg g-1, tandis que AC2' a atteint 62,37 mg g-1. L’étude des 

isothermes d’adsorption a été réalisée à l’aide de plusieurs modèles (Langmuir, Freundlich, 

Temkin, Dubinin-Radushkevich et Redlich-Peterson), et l’étude cinétique a montré que 

l’adsorption suivait un modèle cinétique du pseudo-second ordre, confirmant de fortes 

interactions entre l’adsorbant et les polluants. Les études thermodynamiques ont révélé que 

l’adsorption du P-CPA était spontanée et endothermique pour les deux charbons activés, tandis 

que l’adsorption du Lin était exothermique pour AC2' mais endothermique pour K-AC2. Une 

étude de désorption a montré que K-AC2 pouvait être régénéré avec un taux de désorption de 

69,72%, démontrant son potentiel de réutilisation sur plusieurs cycles. Ces résultats soulignent 

que le charbon actif dérivé des cônes de pin, en particulier AC2', est un matériau prometteur 

pour l’élimination des herbicides et le traitement durable des eaux usées. 

 

Mots clés : Cône de Pine, charbon actif, porosité contrôlée, adsorption, eaux usées, acide para-

chlorophénoxyacétique, Linuron. 
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 ملخص  

 تتمحور هذه الدراسة حول تحضير الكربون النشط من مخاريط الصنوبر باستخدام التنشيط بهيدروكسيد البوتاسيوم

(KOH)  لإزالة المبيدات من المياه. تم مقارنة طريقتين للتنشيط: عملية من خطوة واحدة وأخرى من خطوتين. أظهرت النتائج

أن التنشيط المكون من خطوتين أدى إلى إنتاج كربون نشط بخصائص مسامية أعلى وقدرة امتزاز أفضل. كانت أفضل المواد  

 2AC-K حقق  . ، المحضرة في فرن أنبوبي تحت غاز النيتروجين2AC'، المحضرة في فرن المفل، و2AC-Kأداءً هي  

ملغ/غ، ورقم أزرق الميثيلين  666,38 /غ، ورقم اليود ²م430,504 بلغت  BET ، ومساحة سطح %72,25مردوداً بنسبة 

أظهر  72,77  المقابل،  في  متطورة.  ميكروية  بنية  إلى  يشير  مما  بلغت   2AC 'ملغ/غ،  أعلى  ميكروية  سطح   مساحة 

أثبتت تجارب   .، مما يجعله المادة الأكثر مسامية%72,57ملغ/غ، ومردوداً بنسبة   888,51 /غ، ورقم اليود  ²م1039,22

بارا حمض  إلى  بالنسبة  المائية.  المحاليل  من  الأعشاب  مبيدات  إزالة  في  فعالة  النشطة  الكربونات  هذه  أن  -الامتزاز 

أظهر  2AC 'ملغ/غ، في حين أن  266,5إلى   2AC-K ، وصلت قدرة الامتزاز القصوى لـ CPA) -(Pكلوروفينوكسيسيتيك

 ملغ/غ لـ 43,76قد بلغ الامتزاز الأقصى  ، ف (Lin) أما بالنسبة إلى مبيد اللينورون .ملغ/غ 284,8قدرة امتزاز أعلى بلغت  

 2AC-K  2 '، بينما حققAC   تمت دراسة متساويات حرارة الامتزاز باستخدام عدة نماذج  . ملغ/غ  62,37قدرة امتزاز بلغت

باترسون(، وأظهرت الدراسة الحركية أن الامتزاز اتبع  -رادوشكيفيتش، وريدليش -)لانغموير، فروندليش، تيمكين، دوبينين

والملوثات الممتزة  المادة  بين  قوية  تفاعلات  وجود  يؤكد  مما  الكاذب،  الثانية  الدرجة  الديناميكية   .نموذج  الدراسات  كشفت 

كان تلقائيًا وماصًا للحرارة لكلا الكربونين النشطين، بينما كان امتزاز اللينورون طارداً للحرارة  P-CPA الحرارية أن امتزاز

يمكن تجديده بمعدل إزالة امتزاز  2AC -K أن  كما أظهرت دراسة إزالة الامتزاز   2AC-K .ولكنه ماص للحرارة لـ 2AC 'لـ

إمكانية إعادة استخدامه في دورات متعددة،  %69,72بلغ   المستخلص من   .مما يثبت  النشط  الكربون  النتائج أن  تؤكد هذه 

 .، هو مادة واعدة لإزالة مبيدات الأعشاب ومعالجة المياه العادمة بشكل مستدام 2AC' مخاريط الصنوبر، وخاصة

 

المنشط  ,مخروط الصنوبر  الكلمات المفتاحية: المتحكم فيها ,الكربون   مياه الصرف الصحي،  ,الامتزاز  ,المسامية 

 .لينورون, كلوروفينوكسيسيتيك-حمض بارا
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Introduction 

Water is essential for all living beings, playing a crucial role in growth, nutrition, and 

sanitation. The well-known phrase "water is life" reflects its importance for human survival and 

ecosystems. Despite covering about 70% of the Earth's surface, freshwater remains a limited and 

unevenly distributed resource [1]. In 2015, WHO and UNICEF estimated that approximately 844 

million people worldwide still lack access to safe drinking water [2] due to rapid population growth 

and climate change [3]. 

Sustainable water management has become a major challenge as water resources face both 

quantity and quality issues. One of the biggest concerns is the overuse of freshwater. Increasing 

demand from agriculture, industry, and households depletes groundwater and surface water reserves, 

leading to shortages in many regions [4]. At the same time, pollution from human activities further 

reduces water quality [5]. Industrial, agricultural, and domestic waste releases chemicals, heavy 

metals, and nutrients into water bodies, making them unsafe for consumption and harming aquatic 

ecosystems [6]. Pollution also includes synthetic compounds such as dyes, fertilizers, pesticides [7], 

and persistent organic pollutants from waste incineration [8]. 

Climate change complicates these issues by changing rainfall patterns, intensifying droughts 

and floods, and distorting the natural water cycle. These changes increase water stress and affect 

resource management. Furthermore, competition for water availability can lead to geopolitical 

tensions, resulting in confrontations between countries, regions, or communities [9]. These 

difficulties require long-term water management techniques that maintain both availability and 

quality [10]. According to the global sustainable development goals, preserving freshwater 

resources is vital for the planet and its inhabitants [11]. 

Pesticides are widely used in agriculture to protect crops from pests, weeds, and plant 

diseases. They are classified into different types, including herbicides (used to kill weeds), 

insecticides (targeting insects), rodenticides (for rodents), and fungicides (controlling fungi). 

Among these, herbicides make up about 45% of pesticide use, while insecticides account for around 

30%. Every year, approximately 3.5 million tons of pesticides are applied worldwide to increase 

agricultural productivity and ensure food security [12, 13]. However, despite their benefits, 

pesticides pose serious risks to both the environment and human health [14, 15]. Studies show that 

only about 0.1% of applied pesticides reach their intended targets, while the remaining 99.9% 

contaminate soil, water, and air. These chemicals can persist in ecosystems for long periods and 
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accumulate in living organisms through bioaccumulation, bioconcentration, and biomagnifications 

[16]. As a result, they enter the food chain and can cause harmful effects on wildlife and human 

health. Long-term exposure to pesticides has been linked to weakened immune systems, increased 

susceptibility to infections, and higher risks of cancer in both humans and animals [17]. 

Phenoxyacetic acids (PAAs) or chlorophenoxyacetic acids (CPAs), which include: 2,4-

Dichlorophenoxyacetic acid (2,4-D), 4-Chloro-2-methylphenoxyacetic acid (MCPA)[18, 19], 2-(4-

Chlorophenoxy)-2-methylpropionicacid (CFA or clofibric acid)[15], 2,4,5-Trichlorophenoxyacetic 

acid (2,4,5-T)[20], and p-chlorophenoxyacetic acid (p-CPA or 4-CPA)[18, 21], are herbicides that 

work by disrupting the growth of broadleaf weeds and dicotyledonous plants. However, they are 

resistant to biodegradation [22, 23], meaning they persist in the environment for a long time. This 

increases the risk of contamination in water and soil, making them dangerous to human health and 

wildlife. Studies have shown that exposure to PAAs can increase the risk of infectious diseases and 

cancer in mammals [17]. 

Linuron (3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea) is a widely used herbicide, often 

called "killer grass" due to its strong ability to eliminate weeds. It works by blocking photosynthesis, 

preventing unwanted plants from growing and competing with crops like carrots, potatoes, 

soybeans, and cereals [24]. While it is effective in improving agricultural productivity, Linuron also 

poses significant environmental and health risks. This herbicide remains in soil and water for long 

periods, leading to contamination of rivers, lakes, and groundwater. When washed away by rain, it 

can harm aquatic plants and animals. Because it does not break down easily, Linuron can accumulate 

in the food chain, affecting non-target organisms, including mammals [25]. 

Exposure to Linuron can be harmful to humans and animals [26]. It may interfere with 

hormone function, potentially leading to reproductive and developmental problems [27]. Some 

studies suggest that long-term exposure increases the risk of certain diseases, including cancer. Due 

to these risks, the European Union has banned or restricted its use, while other countries continue 

to monitor its effects closely [28]. 

Due to the environmental and health hazards posed by pesticides and herbicides, finding 

effective removal methods is essential [29]. Various techniques have been developed [30], including 

chemical degradation, which uses chemical reactions to break down pesticides, biodegradation, 

which uses bacteria and microorganisms to naturally degrade pollutants. Electrochemical methods 

use anodic oxidation and indirect electrooxidation to destroy harmful chemicals [31].  
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Adsorption is another removal method that has attracted the most interest due to its 

efficiency, low cost, and ability to produce high-quality treated water [15, 18, 20, 32-35]. Activated 

carbon, particularly derived from lignocellulosic waste materials, has proven to be the most effective 

adsorbent for removing a wide range of organic and inorganic contaminants, including herbicides, 

from industrial wastewater [36]. This method offers a simple and energy-efficient solution for 

pesticide removal, making it one of the most widely used techniques for sustainable water treatment 

[37]. 

One of the main challenges in the development of activated carbon is controlling its porosity 

to optimize its performance for specific applications. The adsorption capacity and efficiency of 

activated carbon depend on its pore size distribution, which includes micropores, mesopores, and 

macropores [38]. However, achieving the right balance between these pores is complex, as it is 

influenced by several factors, such as the choice of precursor, activation method, carbonization 

conditions, and post-treatment modifications. Improper control of porosity can lead to low 

adsorption efficiency, structural instability, or limited application in pollutant removal [39, 40]. 

Therefore, a major research focus is on optimizing the preparation process to achieve well-

controlled porosity, ensuring high-performance activated carbon for environmental and industrial 

applications [41, 42]. 

In this research, we selected pine cone as a raw material (PCP) to prepare activated carbon 

with controlled porosity. To achieve this, we conducted a series of activation experiments using both 

a muffle furnace and a tube furnace under a nitrogen atmosphere. We applied chemical activation 

using potassium hydroxide (KOH) as the activating agent. A comparative study was performed 

between one-step and two-step activation procedures, along with a parametric study by varying 

activation conditions to optimize porosity.  

After preparation, the activated carbons were characterized using the BET method to 

determine surface area and porosity, SEM-EDS, X-ray Diffraction, FT-IR, as well as overall quality 

parameters such as iodine number, Methylene blue index, yield, and burn-off etc. Based on these 

analyses, we selected the two best-performing activated carbons, one from the muffle furnace and 

the other from the tube furnace, according to their superior porosity, textural, and structural 

properties. These selected activated carbons were used for the removal of para-chlorophenoxyacetic 

acid (P-CPA) and Linuron (Lin) from aqueous solutions. 

Based on these research steps, and after a general introduction, our thesis is divided into two 

main sections:  
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Section A: provides a literature review consisting of three chapters: 

 Chapter I:  discusses wastewater treatment using the adsorption technique, highlighting its 

importance and effectiveness in removing pollutants.  

 Chapter II:  focuses on activated carbon, explaining its properties, preparation methods, and 

applications in adsorption.  

 Chapter III: examines pesticides and herbicides, their environmental impact, and the 

challenges they pose in water contamination.  

Section B: presents the experimental work and findings. It includes Chapters IV and V.  

 Chapter IV: provides materials and methods, describing the activated carbons preparation 

protocols, characterization techniques, and adsorption experiments.  

 Chapter V: includes results and discussions, analyzing the adsorption performance of 

activated carbon and evaluating its efficiency in removing para-chlorophenoxyacetic acid 

(P-CPA) and Linuron (Lin) herbicides. 

Finally, a general conclusion and future perspectives are presented. 
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Introduction 

Wastewater treatment is essential to remove contaminants before water is released into the 

environment or reused. This process generally occurs in wastewater treatment plants, which vary in 

size and complexity according to the community's or industry's needs. Various treatment methods 

are applied, depending on the quality of raw water, intended end use, and required standards [1]. 

Adsorption is a widely used separation and purification technique that finds applications in 

petrochemicals, chemicals, pharmaceuticals, and environmental protection [2]. It is also extensively 

used for air and water purification, where contaminants adhere to the adsorbent surface, improving 

environmental quality [3]. This process relies on intermolecular forces, such as van der Waals forces, 

to attract molecules to the surface of the adsorbent without modifying their structure, enabling 

molecule recovery and adsorbent regeneration [4]. 

Understanding the mechanisms and properties of adsorption is essential for advancing 

technologies in science and industry. By analyzing adsorption kinetics and isotherms, we can 

determine the adsorbent's reaction mechanisms and textural characteristics, enabling us to optimize 

treatment approaches. 

I.1. Adsorption phenomena  

Adsorption is a physical and chemical process that describes how molecules from a liquid 

or gas phase attach to the surface of a solid known as the adsorbent [5]. Kayser introduced this term 

in 1881 to explain the transfer of molecules from an effluent to a solid surface [6]. Adsorption is 

important in chemistry and physics because it occurs when molecules, atoms, or ions of a substance 

(called adsorbates) adhere to surfaces in a generally reversible manner [7]. 

Unlike absorption, where molecules penetrate inside a material, adsorption occurs only at 

the surface. It represents the transition of substances from a dissolved state to an adsorbed state, 

while desorption is the reverse process. This phenomenon applies to all dissolved substances, 

whether electrically charged or not, and access to the adsorption surfaces occurs through diffusion 

in pores, which can limit both the rate and the amount of adsorption [8]. 

To better understand adsorption, three types of experimental data are used [9]:  

• Adsorption isotherms, which show how many molecules are adsorbed at equilibrium, 

• Kinetic studies, which measure how fast adsorption occurs, 
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• Characteristics of the adsorbed molecules, which are related to their chemical structure and 

ability to desorb. 

I.2. Mechanism of the adsorption process 

 

 

Figure I.1: Solute transfer steps during adsorption onto a microporous material  

Adsorption involves the transfer of a solute from the liquid phase to a solid called the adsorbent. 

This process occurs in four main stages [10, 11]: 

1. Step 1 Transfer to the liquid film: The molecule is transported to the interface between the 

liquid and adsorbent (extra granular or bulk diffusion). The solute moves from the liquid 

phase to the liquid film surrounding the adsorbent through diffusion, driven by a 

concentration gradient. 

2. Step 2 Diffusion through the liquid film: Movement within the boundary layer near the 

substrate (external film diffusion). The solute diffuses through the liquid film to reach the 

surface of the adsorbent, moving through larger pores known as macropores and mesopores. 

3. Step 3 Diffusion into micropores: Diffusion within the pores (internal or pore diffusion). 

The solute travels toward the adsorbent's micropores, influenced by a concentration gradient, 

both in the free and bound states on the adsorbent surface. 

4. Step 4 Adsorption: The solute adheres to the adsorbent's internal surface via 

physicochemical interactions. It initially occupies the most active sites. The micropores fill 

up until a saturation point, after which multilayer adsorption can continue. 
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I.3. Factors affecting the adsorption process 

Several main factors influence the equilibrium between an adsorbent and an adsorbate in 

adsorption processes: 

a. Adsorbate Characteristics 

• Molecular size: The molecule size should be smaller than the adsorbent pore size for 

efficient adsorption to ensure rapid diffusion. Activated carbon, a microporous adsorbent, is 

especially effective for smaller molecules. 

• Solubility: According to Lun Delius’s rule, less soluble compounds are generally adsorbed 

more effectively. This principle aligns with observed relationships between adsorption 

constants and molecular properties. 

• Polarity and polarizability: The adsorption behavior is influenced by the molecule’s 

surface area, volume, and functional groups, as well as its polarity. Polar molecules tend to 

have a higher affinity for polar adsorbents. 

• Molecular orientation: The orientation of molecules on the adsorbent surface is determined 

by molecular interactions with the surface, although it can be complex to predict accurately. 

b. Adsorbent characteristics 

• Surface area: Adsorption is proportional to the adsorbent’s accessible surface area; 

however, pore dimensions also play a role, as large molecules cannot enter smaller pores. 

Increasing surface area through grinding can enhance adsorption. 

• Pore size distribution: A suitable pore size distribution is necessary to accommodate the 

adsorbate. Chemical activation can expand pore size, improving access for larger adsorbates. 

• Functional groups and pHpzc: The surface chemistry, including functional groups and pH 

at the point of zero charge (pHpzc), is critical in determining adsorption capacity by affecting 

interactions with the adsorbate [11]. 

c. Physical parameters [12] 

• Contact time: It plays a crucial role in the adsorption process, as it directly influences 

adsorption kinetics and, consequently, the economic efficiency of the process. Thus, 

optimizing contact time is essential for achieving high performance in adsorption. 

• Adsorbent dose: Generally, increasing the adsorbent dose enhances the adsorption of a 

solute due to the higher number of active adsorption sites. However, beyond a certain point, 
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the adsorption efficiency per unit weight of adsorbent may decrease. This is often due to 

interference from interactions between the adsorbent's active sites at higher concentrations. 

• pH: pH is a critical factor in the adsorption process, and has a significant influence on 

adsorption, as it can affect the structure and charge of both adsorbent and adsorbate. 

Adjusting the pH can significantly influence adsorption efficiency and capacity. 

• Temperature: Physical adsorption generally occurs at lower temperatures, while 

chemisorption can increase with temperature up to a certain point before declining. 

I.4. Adsorption types  

Adsorption can be classified into two types based on the underlying mechanisms: physical 

adsorption, or physisorption, and chemical adsorption, or chemisorption. Adsorbent/adsorbate 

interactions are often electrostatic, making them weak and reversible, which is characteristic of 

physisorption. In contrast, chemisorption is generally an irreversible process that involves the 

formation of a covalent bond between the adsorbate and the adsorbent [13]. 

I.4.1. Physical adsorption (physisorption) 

It involves a weak intermolecular interaction that occurs due to fluctuations in electronic charge 

and molecular polarization. The van der Waals forces responsible for physical adsorption mainly 

include[14]: 

• London dispersion forces: These forces arise from temporary fluctuations in the electronic 

distribution of atoms and molecules, creating attractive interactions between regions of 

temporary positive and negative charge. 

• Dipole-dipole forces: These forces occur when molecules have permanent dipole moments 

and interact due to their mutual orientation. 

• Hydrogen bonding (in certain cases): Although weaker than covalent bonds, hydrogen 

bonding can also contribute to physical adsorption when functional groups capable of 

forming hydrogen bonds are present on the adsorbent surface. 

Physical adsorption is generally reversible, meaning that adsorbate molecules can be released 

from the adsorbent surface by changing environmental conditions, such as temperature or pressure 

variations [15]. There is no chemical modification of the adsorbed molecules, which can form 

multiple layers. The adsorption energy is low, typically below 20 kJ/mol [16]. Physical adsorption 

is commonly observed in applications such as gas physisorption on activated carbons, the formation 
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of thin films on solid surfaces, the separation of chemical compounds by chromatography, and 

various fields in chemistry and materials science [17]. 

I.4.2. Chemical adsorption (chemisorption) 

Unlike physical adsorption, which relies on weaker intermolecular forces like van der Waals 

forces, chemisorption involves the formation of chemical bonds, such as covalent or ionic bonds, 

between the adsorbate and the adsorbent [18]. This process is typically slow, irreversible, and results 

in an alteration of the adsorbed molecules, forming a monolayer. The adsorption energy is relatively 

high, usually ranging from 20 to 200 kJ mol-1 [19]. 

Key characteristics of chemisorption include: 

• Chemical bonds: Adsorbate molecules bond to active sites on the adsorbent surface through 

strong, specific chemical bonds. These bonds can be covalent, ionic, or other types. 

• Irreversibility: Unlike physical adsorption, chemisorption is generally harder to reverse. 

Desorption of the adsorbate molecules often requires significant energy changes, such as a 

substantial shift in temperature or pH. 

• Selectivity: Chemisorption can be highly selective depending on the nature of the chemical 

bonds formed between the adsorbate and the adsorbent. This selectivity allows certain 

compounds to be adsorbed while others are excluded based on their chemical affinity with 

the adsorbent. 

• Potential for chemical reactions: In some cases, chemisorption can lead to additional 

chemical reactions between the adsorbate molecules and the adsorbent, which has 

applications in catalysis and surface modification. 

Chemisorption is widely used in various applications, including industrial chemistry, gas separation, 

heterogeneous catalysis, water purification, and selective adsorption of chemical compounds. It 

plays a crucial role in numerous industrial processes and is fundamental to many areas of research 

in chemistry and materials science [20]. 
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I.5. Adsorption isotherms  

Adsorption isotherms provide a valuable representation of the relationship between the 

concentration of the adsorbate (Ce) in the liquid or gas phase and the amount adsorbed (qe) at the 

solid-liquid or solid-gas interface at a given temperature. These are non-kinetic relationships 

expressed as qe= f (Ce), termed as isotherms. The adsorbed quantity can be calculated using the 

following equation:  

qe =
Co−Ce

1000×m
× V                                                 (1) 

Where: 

 - V is the volume of solution (mL),  

- m is the mass of adsorbent (g),  

- C0 is the initial concentration of adsorbate,  

- Ce is the equilibrium concentration of adsorbate. 

Many researchers have proposed models to describe the relationship between the adsorbed 

quantity at equilibrium, these isotherms are essential for understanding and characterizing 

interactions between the adsorbent and adsorbate, as well as for evaluating the efficiency of 

adsorbent materials in various applications. By examining different types of isotherms, such as the 

Langmuir isotherm, the Freundlich isotherm, the Temkin isotherm, and other models, we can obtain 

insights into the adsorption capacity, specific surface area, and other key properties of adsorbent 

materials[21]. 

I.5.1. Adsorption isotherms classification 

I.5.1.1. BET classification  

In 1940, Brunauer, Emmett, and Teller introduced six types of isotherm classifications, with 

illustrations that highlight each form [22]. The shape of these curves enables the development of 

hypotheses about the underlying mechanisms, including whether adsorption occurs in monolayers 

or multiple layers, and whether interactions exist among adsorbed molecules. 

• Type I: Also known as Langmuir isotherm, is characterized by monomolecular adsorption 

on homogeneous and uniform adsorption sites. The adsorbed quantity increases rapidly with 

pressure or concentration until reaching saturation. 
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• Type II: Commonly associated with the Freundlich model, represents multilayer adsorption 

on a heterogeneous surface. The adsorbed quantity gradually increases with pressure or 

concentration without reaching a definite saturation. 

• Type III: Reflects mixed isotherms, where initial multilayer adsorption is followed by 

monolayer adsorption at higher concentrations or pressures. 

• Type IV: This isotherm, often associated with porous materials, shows multilayer 

adsorption, beginning with an initial multilayer phase followed by monolayer adsorption, 

and then a gradual increase in the adsorbed layer. 

• Type V: Indicates initial multilayer adsorption followed by monolayer adsorption, similar 

to Type IV, but with a slower increase in the adsorbed layer at higher concentrations or 

pressures. 

• Type VI: Characterized by distinct steps, each indicating the successive formation of 

adsorbed layers on the surface of the adsorbent. 

 

Figure I.2: BET isotherm classification  

I.5.1.2. Classification of adsorption/desorption hysteresis loops  

The H1 and H2 hysteresis loops appear in type IV isotherms showing a saturation level and 

typically indicate mesoporous adsorbents. The H1 loop has almost vertical, parallel adsorption and 

desorption lines, often found in adsorbents with a very uniform mesopore size. The H2 loop occurs 

with adsorbents that have interconnected mesopores. 

Hysteresis loops H3 and H4 appear in Type II isotherms, which do not have a saturation point. 

In these cases, the desorption line may vary and often depends on the highest amount adsorbed at 

relative pressures close to 1. The H3 loop, observed in adsorbents that form aggregates, is due to 
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capillary condensation in a flexible structure and does not represent a specific mesopore size. The 

H4 loop is common with microporous adsorbents, where layers are loosely connected, allowing 

capillary condensation between them [23]. 

 

Figure I.3: Classification of adsorption/desorption hysteresis loops (IUPAC, 1985)  

I.5.1.3. Giles classification  

When an adsorbate comes into contact with a solute, a thermodynamic equilibrium is 

established between the adsorbed molecules and those remaining in the liquid phase. The adsorption 

equilibrium isotherm represents the number of molecules adsorbed per mass unit of adsorbent as a 

function of the concentration of the same molecule in the liquid phase when the system reaches 

equilibrium [24]. The shape of this curve provides insights into the mechanisms involved in 

adsorption. 

There are various ways to classify adsorption equilibrium isotherms. Giles et al. (1974) 

identified four types in the context of liquid-phase molecule adsorption [25]. 

• Type L isotherm is characteristic of microporous adsorbents and reflects a strong affinity between 

the adsorbate and adsorbent. 

• Type S isotherm corresponds to solids with heterogeneous porosity and suggests competitive 

adsorption, with interactions occurring between adsorbate-adsorbate and adsorbate-adsorbent. 

• Type H isotherm is an extreme case of the Type L isotherm and indicates a very high affinity 

between the adsorbate and adsorbent. 

• Type C or linear isotherm, represents a linear solute distribution between the solid and liquid 

phases (often used to remove organic micropollutants). 
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Figure I.4: Different types of liquid-phase adsorption equilibrium isotherms [26] 

I.5.2. Modeling of adsorption isotherms  

Isotherm adsorption modeling offers important data about the adsorption mechanism, 

adsorbent-adsorbate affinity, and adsorption type. It also describes the amount of adsorbate present 

on the adsorbent as a function of the amount of adsorbate left in the solution [27] when equilibrium 

is reached (between the two phases) at a certain temperature.  

I.5.2.1. Langmuir isotherm model  

Langmuir isotherm is an empirical model that considers the adsorbed layer thickness as one 

molecule (monolayer adsorption) and that the adsorption process happens in similar and equal 

localized locations [28]. The separation factor RL  (equation 2) is a dimensionless constant that 

expresses the crucial properties of the Langmuir isotherm [29]. The adsorption process is 

unfavorable when 𝑅𝐿 > 1, it is linear when 𝑅𝐿 = 1, favorable when 0 < 𝑅𝐿 < 1, and irreversible when 

𝑅𝐿 = 0 [30]. 

qe =
qm∗KL∗Ce

1+(KL∗Ce)
                                                         (2) 

RL  = 1 1 +  KL ∗ C0⁄                                                 (3) 
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qe: adsorption capacity in the equilibrium (mg. g-1), qm: maximum adsorption capacity (mg. g-1)  

KL: Langmuir constant (mg. g-1), Ce: equilibrium concentration (mg. L-1), RL: separation factor 

I.5.2.2. Freundlich isotherm model  

Unlike the Langmuir isotherm, the Freundlich isotherm describes multi-layer adsorption on 

a heterogeneous surface [31]. This isotherm is characterized by a continuous increase in adsorbed 

amount as pressure or concentration rises, without reaching a clear saturation point. The equation 

representing the Freundlich model is as follows [32]: 

qe = KF Ce1/n                                                       (4) 

 where KF is the Freundlich constant or adsorption capacity ((mg. L-1)n. (mg. g-1)) and n is a constant 

related to adsorption intensity/relative distribution of energy and the heterogeneity of adsorbate sites 

I.5.2.3. Temkin isotherm model  

Temkin assumes that the decrease in adsorption heat with increased surface coverage is not 

logarithmic, as in systems leading to the Freundlich equation, but rather linear, especially at medium 

and low coverage levels. This linearity may be due to: 

• Repulsion between adsorbed species on a uniform surface, 

• Surface heterogeneity [33]. 

The Temkin isotherm model is generally applied in the following form: 

qe = BT ln (KT ∗ Ce)                                            (5) 

BT =
RT

b
                                                                  (6) 

where BT is the retention capacity at equilibrium, KT is the Temkin constant, R is the ideal gas 

constant (8.314 J. mol-1. K-1), T is the absolute temperature (K), and b is a constant related to the 

heat of sorption in (J. mol-1). 

I.5.2.4. Dubinin-Radushkevich (D-R) model 

It is an empirical adsorption simulation that is commonly used to represent adsorption mechanisms 

on heterogeneous surfaces with Gaussian energy distribution. It adopts a multilayer nature with van 

der Waals forces, pertinent to physical adsorption processes [30, 34]. the adsorption potential for 
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this model is variable and the free enthalpy of adsorption is linked to the recovery rate [35]. It is 

assumed that the adsorption energy is independent of temperature and depends on the nature of the 

adsorbate/adsorbent pair. It is used to estimate the type of adsorption: if the value of E is between 

8-16 kJ mol-1, the adsorption process is chemical, and if E < 8 kJ mol-1, it is physical [29, 35]. 

qe = qmD−R × exp (−β ε2)                                     (7) 

ε = R × T × ln (1 +
1

Ce
)                                          (8) 

E =
1

√2×β
                                                                   (9) 

where qmD-R is the maximum adsorption capacity (mg. g-1), β: activity coefficient relative to 

adsorption energy (mol2. J-2), ε: the potential of Polanyi, and E: adsorption energy E (kj. mol-1). 

I.5.2.5. Redlich-Peterson isotherm model  

It is the most widely cited and used three-parameter model in the literature [36-38] because 

it can be applied over a wide concentration range, in either homogenous or heterogeneous systems, 

therefore, it is versatile. The empirical equation developed by Redlich-Peterson incorporates three 

parameters to improve the fit of the Langmuir and Freundlich equation [35], being a compromise 

between the Freundlich and Langmuir models; this model approaches the Freundlich model for high 

concentrations, and the Langmuir equation for low concentrations and has the benefit of 

approaching the Henry region at infinite dilution. the mechanism of adsorption is a mix and does 

not follow ideal monolayer adsorption [30, 35].        

𝑞𝑒 =
𝑎𝑟−𝑝∗𝐶𝑒

1+𝐾𝑟−𝑝∗𝐶𝑒𝛽                                                             (10) 

where 𝑎𝑟−𝑝 is the constant of Redlich-Peterson isotherm (L. g-1), Kr-p is a constant (L. mg-1) and β 

is a heterogeneity parameter (mol2. J-2). 
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I.6. Adsorption kinetics  

Adsorption kinetics examines the rate at which molecules or ions are attached to the surface 

of a solid or liquid material [39], focusing on the mechanisms and factors that influence the speed 

of this process, which is essential for understanding and optimizing adsorption applications [40]. 

Kinetic studies are a key element in this field, as they provide valuable information on the adsorption 

mechanism [41], determine the adsorption rate, and calculate the maximum adsorption capacity 

[42]. The major elements of adsorption kinetics are as follows: 

• Adsorption rate: This is the speed at which molecules or ions are retained on the surface of 

the adsorbent material. This rate can vary depending on factors like the concentration of the 

substances to be adsorbed, the nature of the adsorbent material, the temperature, etc. 

• Adsorption equilibrium: Adsorption kinetics often focuses on reaching adsorption 

equilibrium, the point at which the adsorption rate matches the desorption rate, with no 

significant change in the adsorption level. The time required to reach this equilibrium 

depends on the characteristics of the adsorption system. 

• Temperature effect: Temperature has a significant impact on adsorption kinetics. Generally, 

an increase in temperature speeds up adsorption by raising the kinetic energy of the 

molecules and enhancing interactions with the material’s surface. 

• Diffusion: The diffusion of molecules to be adsorbed through the liquid or gas phase to the 

adsorbent surface is often a limiting factor in adsorption kinetics. Diffusion can be 

influenced by factors like the pore size of the adsorbent material and the viscosity of the 

medium, among others. 

• Kinetic models: Various kinetic models describe adsorption kinetics across different 

systems, including Lagergren's pseudo-first and pseudo-second-order models that 

are applied to comprehend adsorption kinetics. In contrast, the intraparticle diffusion model 

proposed by Weber–Morris can be used to clarify diffusion mechanisms during adsorption 

[43, 44].  

I.6.1. Adsorption kinetic models  

The study of adsorption kinetic models is important for understanding and optimizing 

adsorption processes. 
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I.6.1.1. Pseudo-first order model  

The pseudo-first-order model is one of the simplest and most widely used kinetic models to 

describe adsorption kinetics. It is based on the assumption that the adsorption rate is proportional to 

the difference between the initial adsorption capacity and the amount of adsorbate at a given time.  

I.6.1.2. Pseudo-second order model  

The pseudo-second-order model is another widely used kinetic model for describing 

adsorption kinetics. Unlike the pseudo-first-order model, this model assumes surface-dependent 

adsorption kinetics, with a rate that decreases over time [45].  

I.6.1.3. Intraparticle diffusion model  

The intra-particle diffusion model, also known as the Weber and Morris model, posits that 

diffusion is the dominant rate-limiting step in adsorption, Thus, it is the slowest phase governing 

the adsorption process [46].   

Table I.1 summaries the equations of each model 

Table I.1: Kinetic model equations  

Kinetic Models Nonlinear Equation Linear Equation 

Pseudo first order     qt = qe(1 − eK1t) ln(qe − qt) = lnqe − K1t 

Pseudo second order 

 
qt  =  

qe
2  K2  t

1 +  qt   K2t 
 

t

qt
=

1

K2 qe
2

+
1

qe
t 

Intraparticle diffusion qt = Kid t
1

2⁄  + C qt = Kid t
1

2⁄  + C 

 

• Where qe is the quantity of herbicide adsorbed at equilibrium time (mg g−1), qt is the amount 

of herbicide adsorbed at time t (mg g−1), and k1 is the pseudo-first-order rate constant (min-

¹). qe and k1 are calculated by plotting ln(qe-qt) as a function of time, applying the nonlinear 

regression,  

• k2 is the pseudo-second-order rate constant (g mg-1 min-1), which is calculated using qe from 

the plot of t/qt as a function of t, applying the nonlinear equation, 

• The y-intercept (C) and intra-particle diffusion rate constant (Kid) can be obtained by plotting 

qt as a function of t1⁄2, in the nonlinear form. 
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I.6.2. Analysis by error functions  

In the field of adsorption, the use of error measurements can be highly relevant for assessing 

the goodness of fit of isotherm and adsorption kinetic models [47]. The root-mean-square error 

(RMSE), the chi-square statistic (χ²), and the average percentage error (APE) are the most used error 

analyses in research papers. The RMSE quantifies the difference between observed and predicted 

values, while the 𝜒² test assesses the fit between observed and theoretical distributions. A lower 

RMSE indicates a better model fit to the data, whereas a higher 𝜒² can suggest a poor alignment 

between the model's predictions and observations. By using these metrics, one can choose the most 

suitable model and refine adsorption process predictions. The equations are shown in Table I.2. 

 

Table I.2: Error functions  equations [48, 49]   

 

 

qe.exp and qe.cal is experimental and calculates adsorption capacities respectively 

 N is the number of observations in the experimental data 

I.7 Adsorption thermodynamic parameters  

Adsorption is generally an exothermic process that releases heat, causing the solid to warm 

up and reducing adsorbed amounts [50]. Temperature variations are often significant in industrial 

adsorption processes and can be one of the main factors leading to performance degradation [51]. 

Thermodynamic studies are useful for determining the Gibbs free energy change (ΔG°), which 

is a function of the equilibrium adsorption constant of the isotherm fit (Kd) (the equilibrium 

constant), enthalpy change (ΔH°) that provides the type of thermal process associated with 

Error function Equation 

χ² 
∑

(qe. exp − qe. cal)^2

qe. cal
 

RMSE 

√(
1

N − 2
) ∑(qe. exp − qe. cal)^2

N

1

 

APE 

(∑(
(|qe. exp − qe. cal| qe. exp )⁄

N
)

N

1

) x 100 
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adsorption [52], and entropy change (ΔS°) that indicates the degree of overall unrest at the 

liquid/solid interface during the adsorption process. These thermodynamic parameters can be 

determined following an experimental study of the influence of temperature on the adsorption 

process [53] and can be calculated from van't Hoff equations [54] : 

∆G° = ∆H° − T∆S°                                                          (11) 

∆G° = −RTLn(Kd)             (12) 

where T is the absolute temperature (Kelvin), R is the universal gas constant (8.314 J mol−1 

K−1.), Cs (mg. L-1) is the amount of herbicide adsorbed on adsorbent per liter of solution at 

equilibrium (Cs= Co-Ce), Co is the initial concentration (mg. L-1),  Ce is the equilibrium concentration 

(mg. L-1),  and Kd= 
𝐶𝑠

𝐶𝑒
 called the distribution coefficient. 

The distribution coefficient is a specific case of the Langmuir relationship, defined for 

adsorbed species at low concentrations. It is defined as the ratio of the amount adsorbed per gram 

of solid to the remaining solute per solution volume. The distribution coefficient characterizes the 

solute's affinity for the adsorbent and can be expressed by linking the formulas (10) and (11):             

                                             ln(Kd) =
−∆H°

R
 (

1

T
) + 

∆S°

R
                                       (13) 

Plotting ln Kd as a function of 1/T, which results in a straight line, allows the determination 

of the thermodynamic parameters ΔH° and ΔS° from the intercept and slope. For adsorption to be 

effective, the free energy must be negative. The negative ΔG° values demonstrate the spontaneous 

and thermodynamically favorable adsorption. Moreover, the decrease in the negative values of ΔG° 

with temperature indicates that adsorption is more advantageous at higher temperatures [55].  

A positive enthalpy value indicates that the process is endothermic, and a high value suggests 

that the behavior is of a chemical nature (chemisorption). If it ranges between 20 and 80 kJ mol-1, 

or less than 40 kj. mol-1, the process is physical [56]. The positive value of ΔSo indicates an increase 

in the randomness at the adsorbent/adsorbate interface during the adsorption process. In addition, a 

positive value gives an idea about the existing affinity of the prepared activated carbon towards 

pollutants.   
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Introduction 

In theory, all solids possess adsorptive characteristics. The most commonly used adsorbents 

in industry include activated carbon, zeolites, silica gels, and alumina. Their exceptional adsorption 

capacity is due to their porous structure and large surface area [1]. 

Charcoal is one of the first substances discovered by humans, and it appeared when the first 

fire was ignited. It is a material obtained by the calcination of any organic matter. Due to its 

medicinal properties, it was used as early as 1500 BC in Egypt as a common remedy for food 

poisoning for several centuries. The ancient Hindus also used charcoal to filter water and make it 

drinkable. Activated carbon production began in the early 20th century to meet the needs of sugar 

refineries, where it was used as a decolorizing agent. These initial activated carbons were obtained 

by carbonizing plant materials in the presence of metallic chloride and by treating charcoal with 

carbon dioxide or steam [2].  

 Nowadays, activated carbon is the most widely used industrial adsorbent. The U.S. 

Environmental Protection Agency (EPA) recognizes it as one of the best technologies for  

environmental control [3]. The low cost of activated carbon and its non-selective nature secure its 

position in the adsorbent market, with global annual production reaching 800,000 tons. Additionally, 

the variety of activated carbons in terms of chemical composition and texture accounts for their 

wide range of applications. It is estimated that the global consumption of commercial activated 

carbon (CAC) is around 400 kilotons per year, with 80% used in liquid-phase applications and the 

remainder primarily in the form of extruded carbon for gas-phase applications. Numerous sectors 

are involved, including those for treating water, air, and gases [4].  

 The global interest in preserving the environment from solid waste generated by various human 

activities and transformations has drawn researchers' attention to finding technical means to recycle 

these wastes[5]. Producing activated carbon from plant waste is economically attractive because it 

involves simple processes that enable direct applications of these materials [6]. 

 Another significant advantage of using activated carbon is that it does not generate by-products 

unlike chemical oxidation methods. Activated carbons are also used in industry for the production 

and recycling of process water and for treating water before discharge. The growing public interest 

in drinking water quality has increased the demand for activated carbon in household filters, which 

can be installed directly on taps or at the point of entry of water pipes in homes. This sector is 

currently experiencing rapid growth [7]. 
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II.1 Activated carbon 

 Activated carbon, also called activated charcoal, is a carbon-based material with a highly 

porous structure. It is processed at extremely high temperatures to develop an extensive specific 

surface area [8]. It is composed of carbon atoms arranged in layers with a structure similar to 

graphite [9]. These carbon sheets are grouped into a granular or monolithic structure (solid 

structure), containing pores that range from a few angstroms (interlayer spaces) to several dozen 

nanometers [10]. The interconnected pore system consists of channels formed within a rigid 

framework of disordered carbon atom layers that are unevenly stacked. This configuration produces 

a highly porous structure with various crevices, cracks, and voids between the carbon sheets [11]. It 

is characterized by an almost non-polar surface, allowing it to preferentially adsorb organic or non-

polar compounds over polar ones, such as water. Unlike most other adsorbents, this property enables 

its use in gas separation/purification operations without needing prior dehumidification [12]. 

 Activated carbon can be produced from a wide range of materials containing organic carbon 

of animal and plant origin. The raw materials (precursors) and the activation method used in its 

preparation influence the properties of activated carbon, which enhances its adsorption capacity for 

organic and inorganic substances [13]. 

 

Figure II.1: Structure of activated carbon [14] 

II.1.1 Activated carbon classification 

Activated carbon is a material commonly used for purification and filtration. It comes in 

different forms, each with specific properties suited to various applications. Based on particle size, 
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it is generally classified into four types: powdered activated carbon (PAC), granular activated carbon 

(GAC), fibrous activated carbon (FAC), and extruded activated carbon (EAC) [15-18]. 

a. Powdered Activated Carbon (PAC): These are very fine particles, generally less than 0.1 

mm, with a common particle size ranging from 0.015 to 0.025 mm. It is often used for 

drinking water treatment and in the purification processes of liquids and gases. 

b. Granular Activated Carbon (GAC): Composed of larger particles than PAC, it has an average 

particle size between 0.6 and 4 mm. Its high bulk density, high hardness, and low abrasion 

index make GAC more suitable than PAC for various applications. It is used in continuous-

flow filtration systems, such as water and air filters. 

c. Extruded Activated Carbon (EAC): Formed by an extrusion process into rods or cylinders, 

it offers good mechanical strength and is used in applications requiring low-pressure drop, 

such as air or gas filtration systems. 

d. Fibrous Activated Carbon (FAC): Presented in the form of fabrics, felts, or fibers, it is valued 

for its large specific surface area and rapid adsorption capacity. It is commonly used in filter 

masks, air filters, and applications requiring fast adsorption. 

 

Powdered Activated Carbon (PAC) 

 

 

Granular Activated Carbon (GAC): 

 

 

Extruded Activated Carbon (EAC) 

 

 

Fibrous Activated Carbon (FAC) 

 

Figure II.2: Forms of activated carbon  
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II.2 Sources of activated carbon  

II.2.1 Agroforestry coproducts 

 Trees and their elements, such as bark, needles, leaves, and branches, have been employed 

from the beginning of civilization. However, millions of tons of forestry residue such as bark, cones, 

needles, twigs, and so on, have been produced during wood harvesting in forested areas. These 

residues vary significantly in volume per hectare, size, and location. Furthermore, scientists and 

engineers have thoroughly researched a wide range of techniques to modify lignocellulosic materials 

chemically and physically to take advantage of their superior qualities and higher simplicity of use 

compared to their homologs [19]. 

 Agricultural waste is estimated to comprise about 80% of each cultivated plant [20], leading 

to significant yield losses during harvest. The European Union generates around 700 million tons of 

agricultural waste annually, while global figures reach tens of billions of tons [21]. According to the 

2020 report by the Food and Agriculture Organization (FAO), the world's forest cover now accounts 

for about 31% of total land area, compared to 66% four centuries ago, covering approximately 4.06 

billion hectares. The same report states that annual deforestation averaged 7.8 million hectares per 

year during the 2010-2020 decade [22]. 

 Most agricultural waste is typically burned, either as biomass fuel in power plants in 

developed countries or simply disposed of through open burning [23]. This process releases carbon 

dioxide, smog, particulate matter, and ash instead of being utilized to create added value. Plant 

biomass, which is made up of lignin, cellulose, and hemicellulose, could be repurposed for various 

uses, such as in the chemical industry, energy production, or composting [24]. 

 Due to its surfactant properties, lignin is used as a binder, stabilizer, or emulsifier in 

chemistry. It is valuable for synthesizing phenol, catechol, benzene, and their derivatives. Cellulose 

is used to make paper and cotton materials and as additives or binders in the production of tablets, 

capsules, or granules in the pharmaceutical industry [25]. Hemicelluloses can synthesize sugars and 

organic acids such as butyric, acetic, and lactic acids [26].  

 In the energy sector, plant biomass can be used as a raw material for producing bioenergy. 

This includes biofuels, heat, electricity, and biogas [27]. Agroforestry by-products are also used to 

create activated carbon [28], nanoparticles [29], and nanomaterials [30]. To preserve agroforestry 

resources, utilizing by-products from oilseed species, for instance, helps prevent the excessive 

cutting down of trees, which could lead to their decline.  
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 The production of activated carbon is a complex process that converts carbon-rich materials 

into a highly porous and reactive substance [31]. 

 The precursor materials are divided into three categories: fossil materials (such as coal, lignite, 

and wood), plant-based materials (like fruit pits, coconut shells, and palm oil), and synthetic 

materials (including cellulose, viscose, rayon, and polyvinylidene chloride, a homopolymer of 

vinylidene chloride of formula (C2H2Cl2)n) [32]. 

          In recent years, many fundamental studies have reported on the production of activated carbon 

from unconventional precursors, such as plant waste, agricultural by-products, and industrial by-

products. Some of the most effective sources include apricot pits [33], pomegranate peels [34], tea 

leaves [35], sawdust [36], rice husks [37], Doum fiber [38], seed shells [39], corn kernels [40], 

orange peels (Citrus sinensis) [41], and sludges [42]. Using these precursors is economically 

appealing and aligns with sustainable development and waste valorization [43]. 

 

II.2.2 Chemical composition of lignocellulosic precursors  

a. Cellulose is the most abundant natural polymer on Earth, as it is found in major proportions 

in nearly all plant species. It has always been widely used, especially in the manufacture of 

paper and cotton. Although the chemical structure of cellulose is well known, its tertiary 

structure, including its crystalline and fibrous structure, is not completely resolved. Cellulose 

is a homopolysaccharide (or carbohydrate polymer) composed of H-O glucopyranose units 

linked together by β (1-4) glycosidic bonds. 

b. Hemicellulose is a type of polysaccharide found in all plants. It has a lower molecular weight 

than cellulose and has fewer regular structures due to the presence of different units in its 

chains. Hemicellulose molecules are very hydrophilic (water-attracting) and adhesive. These 

molecules dissolve easily in alkaline and basic substances. The backbone of hemicellulose 

is similar to that of cellulose but can have cross-linking with hexoses (like glucose, mannose, 

and galactose) and/or pentoses (like xylose and arabinose), as well as aromatic acids [44]. 

c. Lignin is the main component of wood, making up about 20 to 30% of the carbon in plant 

biomass. It is the second most abundant organic compound in the biosphere after cellulose, 

which means it is a renewable and abundant natural resource. Lignin is not easily broken 

down by biological processes, creating a physical barrier that helps protect plants from 
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pathogens and pest attacks. The term 'lignin' refers to a group of high molecular weight 

polyphenolic polymers that have complex and variable compositions and structures. 

d. Extractives are not a part of the cell wall. They can be easily removed by natural solvents. 

They include various chemical substances such as certain fats, aromatic compounds, volatile 

oils, high molecular weight alcohols, and fatty acids. While extractives do not contribute to 

the mechanical properties of wood, they do add weight. They can also color the wood and 

give it a fragrance. Additionally, extractives are toxic and help make wood more resistant to 

decay and insect attacks [45]. 

II.2.3 Conversion of lignocellulosic waste into activated carbon 

 Research shows that the adsorptive properties of activated carbon depend on the raw 

materials used, particularly the biopolymers such as cellulose, hemicellulose, and lignin found in 

lignocellulosic precursors. These biopolymers are crucial for creating the porous structure of 

activated carbon. During carbonization and activation, they break down and are removed, forming 

pores. While the amount of these biopolymers can influence pore characteristics, their presence is 

essential for porosity, regardless of their specific ratios [46, 47]. Additionally, the type of 

lignocellulosic material chosen affects the surface area, pore volume, size, and distribution of the 

pores [48].  

 Compared to cellulose and hemicellulose, lignin has the highest carbon content, and a low 

oxygen content, while the water and hydrogen contents are similar and close [49]. It is generally 

accepted that lignin is responsible for microporosity, while hemicellulose and cellulose lead to 

mesoporous-activated carbons. Above 300 °C, lignin and cellulose decompose to produce three 

products: gas, tar, and a solid carbonaceous phase [50]. Furthermore, cellulose and hemicellulose 

are mostly released in the form of water vapor, carbon dioxide, and carbon monoxide, which leads 

to the formation of micropores [51]. 

 In studies on the preparation of activated carbons from different precursors, it was shown 

that materials with high lignin content, such as grape seeds and cherry pits, resulted in macroporous 

activated carbons [52], while those with a higher cellulose content (apricot pits, almond shells) 

produced microporous activated carbons [53]. A high lignin content compared to cellulose favors 

the formation of mesopores [54]. According to several authors, lignin is the main contributor to the 

final weight of carbon [55]. In another study, pyrolyzing lignin with potassium bicarbonate 

(KHCO3) led to the breakdown of hydroxyl groups in cellulose and hemicellulose, resulting in a 
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mainly macroporous structure, with hemicellulose and lignin having a higher ash content compared 

to cellulose [56, 57]. 

 It can be concluded that high lignin content leads to the formation of macro- and 

mesoporous-activated carbons. In contrast, higher levels of other biomass components are more 

likely to produce smaller pores. However, the differing results in the literature could be due to the 

type and quantity of activating agents used [58]. 

II.3 Pine cone tree - Maritime pine  

The trees from the Pinaceae family (i.e. pinus, Abies, Picea, Cedrus, Larix, etc.) are one of 

the most widely distributed worldwide. Pine cones (fruit from pine cone tree) are the most 

widespread conifer genus in the Pinaceae family, with over 10 genera and from 100 to 200 species 

[59], including the maritime pine (Pinus pinaster or Pinus maritima) [60].  

Most Pinaceae species have been in temperate climates, ranging from subarctic to tropical 

lands. However, due to their high tolerance to dryness, and chilly weather, many Pinaceae species 

have been planted for protection against tides, producing fuels and substitution of wood-based 

materials. 

The pine tree or maritime pine shares similar morphological characteristics with other 

species in the Pinus genus. It is native to the southwestern regions of Europe, with notable growth 

along the Atlantic coast of France, Spain, and Portugal, also in northwestern Africa and the 

Mediterranean region (Tunisia, Morocco, Algeria) [61]. It plays a key role in the production and 

consumption primarily along the Atlantic Ocean coasts and in North America, and even in the 

Mediterranean region [62]. It is considered invasive in South Africa, Australia, and Chile. In the 19th 

century, it was widely planted to drain wet soils and stabilize dunes. 

The Maritime Pine can tolerate temperatures above 40°C for extended periods, but is not 

resistant to prolonged and severe cold. It grows faster in deep, well-drained soils but does not thrive 

in calcareous soils. This tree can grow up to 30 meters in height, reaches maturity at 40 to 50 years, 

and can live for up to 500 years [63]. 

Algeria has an area of 2.388 million km², with forests and scrubland covering 4.1 million 

hectares. This represents a forest coverage rate of 16.4% in northern Algeria.  

The pine cone tree "Snouber" is the most dominant and common tree, which covers a surface 

area between 880,000 and 900,000 hectares and is mainly found in semi-arid areas [64, 65].  
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The fruits of the maritime pine are oval cones, brown in color, and about 2 cm long. The 

sapwood is pale yellow, while the heartwood is yellow with reddish-brown veining [47]. Pinus 

pinea, also known as the 'Stone Pine' or 'Umbrella Nut', gets its name from its ability to grow well 

in stony soil and its umbrella-like shape [66]. Another important species, maritime pine (Pinus 

pinaster Ait.), is widely used for producing wood-based panels and in the pulp and paper industry 

[67]. 

 

Figure II. 3: Photos of pine cone and maritime pine trees    

II.3.1. Chemical constituents of pine cone  

Several studies have shown that coniferous cones contain similar chemical components to 

wood, though in different proportions. Notably, they are rich in phenolic compounds. Typically, pine 

cones consist of approximately 41.7 % cellulose, 25.9 % lignin, and 20.5 % hemicelluloses [58]. It 

has also been found that a variety of compounds can be extracted from pine cones, including 

polysaccharides, lignin-related compounds, water- and solvent-soluble substances, and essential 

oils, with polysaccharides making up about 50 % (w/w) of the total content. It was proposed that 

the pinus and picea cone polysaccharides typically consisted of ribose, rhamnose, arabinose, xylose, 

mannose, glucose, and galactose in different molar ratios [19, 68, 69]. 
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II.4. Preparation of activated carbon   

The properties of activated carbons are greatly influenced by the choice of precursor, the 

activation process, the type of activating agent, as well as the temperature and duration of activation. 

Therefore, the process must be optimized to achieve the desired characteristics and meet the 

intended use of the final product [70]. In practice, there are two main methods for preparing 

activated carbon: single- and two-step activation [71]. The main goal of these processes is to develop 

a structure that is both durable and porous. 

 Single-step pyrolysis is commonly employed in the preparation of activated carbon using the 

chemical activation method. However, the traditional method for producing activated carbon 

through physical activation involves a two-step pyrolysis process, where carbonization and 

activation are conducted separately. There is also a two-step activation procedure using the chemical 

procedure, which involves initial carbonization to remove impurities and produce a base carbon. 

This is followed by activation carbonization that forms a porous structure with a chemical activating 

agent. Table II. 1 shows a comparison between the two processes used in the preparation of activated 

carbon. The product from two-step pyrolysis exhibits high surface area and porosity. 

Table II.1: Comparison between one-step and two-step activation [2]. 

One step activation Two-step activation 

- One-step process 

- Low energy consumption, inexpensive 

- Shorter process time 

- Modest surface and porosity 

- Two-step process 

- Energy consumption 

- Costly 

- Longer process times 

- High surface area and porosity 
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Figure II.4: Schematic diagram of the two procedures used to prepare activated carbon (one-step 

and two-step activation) 

II.4.1. Thermogravimetric analysis (TGA) - Importance and principle  

Pyrolysis is a thermal decomposition process in which organic material is heated to high 

temperatures without oxygen or other oxidizing agents, typically in specialized furnaces. During 

pyrolysis, macromolecules within the material undergo gradual decomposition through various 

thermochemical reactions. These reactions produce a range of gaseous compounds and leave behind 

a solid residue known as char, which has a dense carbon structure. The thermochemical changes 

occurring in biomass during pyrolysis have been extensively studied using thermogravimetric 

analysis (TGA). 

Thermogravimetric analysis monitors the mass change of a sample over time and 

temperature, providing insights into the degradation behavior of biomass, including the 

determination of ash and volatile content [72]. The goal is to identify the optimal temperature for 

the activation process, which will yield high-quality activated carbon with favorable properties such 

as good yield, activation rate, and specific surface area [73]. 



CHAPTER II                                                                                                 ACTIVATED CARBON   
 

 
41 

Three primary mechanisms occur almost simultaneously within the biomass during 

pyrolysis, as it is described in Figure II.5. 

 

Figure II.5: Processes involved in the main mechanisms for converting biomass components (M: 

monomer, MW: molecular weight) [74]  

II.4.2. Carbonization 

Carbonization is a specific and targeted type of pyrolysis process with the specific goal of 

producing carbon-rich solids [75, 76], It involves heating organic material (like wood or biomass) 

at high temperatures in an inert atmosphere [77]. Through carbonization, most volatile components, 

such as water, gases, and non-carbon organic elements, are removed through pyrolytic 

decomposition of the initial material, transforming it into a form suitable for activation.  

The remaining free carbon atoms are then organized into a crystalline structure known as 

elementary graphite crystallites. During carbonization, the product's carbon content reaches around 

80%. The carbonized product has low adsorption capacity because its minimal internal surface area 

lacks a well-developed porous structure, which will be further developed during the activation 

process [78]. 

The key factors that influence the quality, properties, and yield of the pyrolyzed product are: 

• Furnace heating rate (°C/min): This affects the pyrolysis process, a slower heating rate 

results in fewer volatile compounds and helps retain some of the original structure. 
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• Final carbonization temperature (°C): This controls the resulting carbon's mass loss and 

surface appearance. 

• Residence time in the furnace (hours or minutes): This is a critical factor in the initial 

carbonization stage and should be optimized to achieve good yield. 

• Nature of the starting material: The pyrolysis rate is highly impacted by the moisture 

content of the raw material [79]. 

 

II.4.3. Activation  

Activation is a crucial step in the production of activated carbon. In single-step activation, it 

serves as the primary phase, while in two-step activation, it follows carbonization, where carbonized 

particles are treated with an activating agent at high temperatures. The main purpose of activation 

is to create a porous structure on the carbon's surface, significantly enhancing its specific surface 

area. 

Two main activation methods are used: 

II.4.3.1. Chemical activation  

Chemical activation involves the thermal treatment of biomass or char previously 

impregnated with chemical substances [80, 81]. These substances can be either acidic or basic, 

depending on the specific properties desired in the activated carbon [82]. The main chemical agents 

used are acids (such as H3PO4, HCl, H2SO4) or bases like NaOH and KOH and also salts such as 

ZnCl2 [83]. Their presence catalyzes gasification reactions, which are responsible for creating pores 

in the carbon matrix of the charcoal. Additionally, these agents affect the surface chemistry of the 

activated carbon by catalyzing oxidation and reduction reactions [78]. When directly impregnated 

into the biomass, their strong acidic and basic properties play a key role in the depolymerization and 

fragmentation of macromolecules [84]. 

KOH is one of the most commonly used chemical agents. Researchers agree that K+ ions 

initially form bridges (bonds) between the molecules resulting from the fragmentation of 

macromolecules [85]. These ions gradually convert to their reduced form (mainly from ionic K+ to 

metallic K), then leave the carbon matrix as the temperature rises, creating a porous imprint in the 

solid structure [86]. KOH also plays a role after the charcoal has already been formed, acting both 

as a catalyst and a reactant to gasify part of the carbon in the charcoal. 
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Equations 1- 4 show some of the reactions involved in gasification in the presence of KOH [87]. 

2KOH H2O + K2O                     (1) 

C + H2O H2 + CO                     (2) 

C + O2 CO2                     (3) 

C + CO2 2CO                     (4) 

KOH tends to develop more micropores, whereas H3PO4 produces larger pore sizes [88]. 

II.4.3.2 Physical activation  

This physical activation method involves first carbonizing the biomass (between 400 and 

700°C) in an inert gas atmosphere (such as nitrogen, argon, or helium) [89]. The resulting charcoal 

is then gasified at temperatures between 750 and 1000°C using an oxidizing gas, like steam or CO2 

(or a mixture of both). The gasification process removes carbon atoms in a controlled and selective 

manner to create porosity [90]. The gasification reactions follow equations 2, 3, and 4 presented 

earlier [87]. 

Studies comparing both activation methods have shown that physical activation tends to 

produce more mesopores, while chemical activation generally creates more micropores and leads to 

higher specific surface areas. Additionally, chemical activation introduces more surface functional 

groups, allowing activated carbons (AC) to adsorb a broader range of pollutants compared to those 

produced through physical activation [87, 91]. 

II.5 Activated carbon properties  

II.5.1 Porous structure of activated carbon  

By definition, a pore is a cavity that is deeper than it is wide. The porous structures of 

adsorbents vary depending on the type of material used, the specific application, and the desired 

properties. For effective adsorption separation, the adsorbent must have a high internal volume 

(highly porous) [92]. 

According to the IUPAC (International Union of Pure and Applied Chemistry) classification, 

activated carbon porosity is divided into three main categories:  

• macropores, which have diameters greater than 50 nm, 

• mesopores, with diameters between 2 and 50 nm, 
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• micropores, with diameters below 2 nm. Micropores are further categorized as super 

micropores, with diameters between 0.7 and 2 nm, and ultra micropores, with 

diameters smaller than 0.7 nm. The total pore volume can be calculated based on the 

volume of fluid required to fill all open pores in one gram of the solid, which reflects 

the accessible surface area. 

 

Table II.2: Properties of activated carbon porosity (IUPAC classification)  

 Micropores Mesopores 

 

Macropores 

Diameter (Å) <20 20-500 >500 

Pore volume (cm3g-1) 0.15-0.5 0.02-0.1 0.2-0.5 

Specific pore surface (m2 g-1) 100-1000 10-100 0.5-2.0 

 

 

Figure II.6:  Porosity of activated carbon [93] 

II.5.2. Surface chemistry of activated carbon 

II.5.2.1. Surface functional groups of activated carbon  

The characteristics of activated carbon are shaped by its pore structure and surface chemistry. 

Activated carbon has oxygen-containing surface groups that play a crucial role in adsorption [94]. 

These surface groups are classified into two main types: acidic groups, which act as nucleophilic 

centers, and basic groups, which serve as electrophilic centers [95]. They are key in adsorbing polar 

or charged organic compounds in aqueous environments [96]. Acidic groups include carboxyl, 

hydroxyl, quinone, carbonyl, and lactone, while basic groups include pyrones and chromenes [97]. 

These groups contribute to the amphoteric nature of activated carbon, allowing it to develop either 

positive or negative charges depending on the pH of the environment, which in turn affects 
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contaminant adsorption [98]. The point of zero charge (PZC), where the surface has no detectable 

charge, is a critical factor in adsorption, especially when contaminants are near adsorption sites. 

These reactive sites enable interactions with a variety of pollutants in water [99]. 

Activated carbon is traditionally considered an adsorbent for non-polar compounds. Its 

arrangement of aromatic rings creates sites that encourage electrostatic interactions, such as van der 

Waals forces, which help adsorb non-polar pollutants and organic molecules with aromatic 

structures [100]. Thanks to its variety of chemical groups on the surface, the presence of 

heteroatoms, which impact its surface properties and its porous structure, activated carbon also 

adsorbs polar molecules [101]. As a result, activated carbon can efficiently adsorb a wide range of 

pollutants of different sizes and chemical characteristics [102]. 

II.6 Textural, structural, and chemical characterization of activated carbons 

II.6.1 Brunauer, Emmett, and Teller (BET) theory  

The first gas adsorption studies to determine the porosity of solids appeared in the early 19th 

century. In 1916, Irving Langmuir developed an ideal monolayer adsorption model, which assumes 

that adsorption occurs on a flat surface where all adsorption sites are identical [103].  

Stephen Brunauer, Paul Hugh Emmett, and Edward Teller improved this model, leading to 

the development of the BET theory, published in 1938 in the Journal of the American Chemical 

Society. This theory takes into account the uneven surface of solids and hypothesizes that the first 

adsorbed layer consists of tightly packed gas molecules that completely cover the surface. Each 

molecule occupies an average surface area corresponding to its transversal cross-section, making it 

possible to accurately calculate the specific surface area of the porous material [104].  

The BET isotherm is given by: 

                            
P

V(Po−P)
=

1

Vm.C
+

C−1

Vm.C
(

P

Po
)                                                   (5)                                                     
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V
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C.P

(Po−P).[1+(C−1)
1

P
]
                                                         (6)              

where V is the volume of adsorbed gas, P is the gas pressure, P0 is the vapor pressure above several 

layers of adsorbed molecules and Vm is the volume required to form a complete mono-molecular 
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layer on the surface of one gram of solid. C is a constant given by the expression:                         

                                C = exp (
HJ−HL

R.T
)                                                                 (7) 

where HJ is differential heat (cal) and HL is latent heat of evaporation (cal). 

By plotting 
𝑃

(𝑉(𝑃𝑜−𝑃))
 as a function of 

𝑃

𝑃𝑜
, we should obtain a straight line with slope 

𝐶−1

(𝐶×𝑉𝑚)
 and y-

intercept 
1

(Vm×C)
.  

We calculate the volume corresponding to a total overlap Vm, using the relationship: 

                                    Vm =
1

a+b
                                                                         (8) 

With "a" and "b" are the slope and the y-intercept, respectively. 

The specific surface Ssp can be directly calculated from Vm using the following relationship 

                              Ssp =
Pm.Vm

R.Tm
× 6.022 × 1023 × S o                                   (9) 

Where Pm and Tm are the pressure and temperature of the adsorbed gas, and So the surface area 

occupied by a molecule. So can be expressed by the following relationship:  

                                 So = 1.09 × [
M

6.022×1023× 
]2 3⁄                                           (10) 

Where M is the molecular mass of the adsorbed gas,  is the density of the pure liquid at the 

temperature of the experiment (for nitrogen at -195.8°C,  = 0.808 g/cm3). 

II.6.2. Iodine number 

Iodine number indicates the amount, in milligrams, of iodine adsorbed per gram of activated 

carbon when the residual equilibrium concentration is 0.02 N (ASTM D4607-94). Activated carbons 

with a high iodine number are suitable for adsorbing low-molecular-weight substances from 

aqueous solutions. This measure is essential for characterizing activated carbons, as it provides 

insight into the available surface area for capturing small substances that can reach micropores (an 

estimate of the micropores present in the activated carbon). 

II.6.3. Methylene blue index 

This measurement indicates the available mesoporous surface area in adsorbents. It 

represents the amount, in milligrams, of Methylene blue adsorbed per gram of activated carbon 
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when the equilibrium concentration of Methylene blue is 1 mg. L-1. Values for this measure can 

reach up to 300 mg. g-1 [105]. 

II.6.3.1. SEM-EDS  

SEM-EDS (Scanning Electron Microscopy with Energy-Dispersive Spectroscopy) is a 

combined technique that provides detailed information about the morphology and chemical 

composition of a sample. SEM uses an electron beam to scan the sample surface, producing high-

resolution images that reveal its texture, and structure. As the electrons interact with the sample, 

characteristic X-rays are emitted from each chemical element. These X-rays are detected by the EDS 

spectrometer, which analyzes their energy to identify and measure the elements in the sample. This 

combined approach enables the mapping of both the microscopic structure and the surface’s 

chemical composition, providing essential data for fields such as materials science, geology, 

chemistry, metallurgy, medicine, biology, and environmental protection [106]. 

II.6.3.2. X-ray diffraction 

X-ray diffraction (XRD) is a powerful analytical technique used to study the crystalline 

structure of materials. It is based on the interaction between X-rays and the atoms of a material: 

when X-rays reach the material, they are diffracted at specific angles that depend on the atomic 

arrangement. Analysis of these diffraction angles and associated intensities provides detailed 

information on crystallite size, interlayer spacing, and the crystalline phases present in the sample. 

XRD is commonly applied in materials science, chemistry, mineralogy, and physics to study solid 

materials, identify compounds in mixtures, and verify crystalline purity [107]. 

II.6.3.3. FT-IR analysis 

Infrared spectroscopy is a proven and simple technique. It provides information about the 

chemical composition of materials. This technique measures the decrease in intensity of radiation 

as it passes through a sample at different wavelengths. The absorption of radiation in this range 

induces molecular vibrations and rotations. These vibrations are mainly concentrated in functional 

groups without affecting the rest of the molecule. Therefore, functional groups can be identified by 

their unique absorption bands. Most applications use the near-infrared wavelength range (2.5 μm < 

λ < 50 μm), which corresponds to wavenumbers from 4000 cm⁻¹ to 400 cm⁻¹ (mid-infrared). Infrared 

spectroscopy is mainly used for qualitative analysis of a molecule, identifying the types of bonds 

present (functional groups) [108]. 
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II.6.3.4. Boehm method  

The Boehm titration method can be used to identify and quantify surface functional groups 

on activated carbon. The oxygen-containing functional groups on the carbon surface have different 

acidity levels, which can be assessed through acid-base titration with different basic solutions. In 

the Boehm method, the bases used are sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3), 

and sodium hydroxide (NaOH). NaHCO3 neutralizes only carboxylic groups, Na2CO3 neutralizes 

carboxylic and lactonic groups, and sodium hydroxide (NaOH) neutralizes acidic groups, including 

carboxylic, lactonic, and phenolic groups[109]. 

II.6.3.5. Point of zero charge (pHpzc) 

This physicochemical property is very important when using activated carbon for liquid 

phase adsorption. It is defined as the pH of the aqueous solution where the solid has a neutral 

electrical charge. In other words, at the point of zero charge (pHpzc), the positive charge of the surface 

sites is equal to the negative charge. If the pH of the solution is higher than pHpzc, cation adsorption 

is favored, while if the pH is lower than pHpzc, protonation occurs, favoring anion adsorption [110]. 

The experimental methodology will be described in Chapter Ⅳ: Materials and Methods.   

II.7. Activated carbon regeneration 

Activated carbon has many advantages over other adsorbent materials, however, it must be 

regenerated for industrial purposes and for increased added value. Regeneration is the process that 

removes or breaks down the pollutants trapped in saturated activated carbon (AC) so it can be 

used again. This allows AC to be reused for several months and is a major part of the activated 

carbon use costs. The regeneration method can vary based on the type of pollutant (organic or 

inorganic), its stability during regeneration, and the chosen method. Generally, these methods fall 

into three main categories: physical regeneration (including heat methods), microbiological 

regeneration, and chemical regeneration [111].
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Introduction 

 The pollution problems we face today result from a variety of human activities, 

including domestic, industrial, and agricultural practices [1]. Pollutants come not only from 

natural sources such as oil and minerals but also from waste produced by sewage treatment 

plants and persistent organic pollutants generated by waste incineration. However, most 

harmful substances come from synthetic products the chemical industry creates, such as dyes, 

fertilizers, and pesticides [2]. 

Technological advances and their industrial applications have considerably transformed 

human activities, producing toxic organic and inorganic substances [3, 4]. 

 A chemical pollutant is a toxic substance that has harmful effects on plants, animals, and 

human beings and is found in natural environments in concentrations sufficient to have an 

impact on ecosystems and human health [5]. Common examples of pollutants in effluents 

include nitrates, phosphates, detergents, chlorinated solvents, and various metals such as lead, 

nickel, mercury, chromium, and cadmium, as well as dyes and pigments [6].  

In addition, there are lesser-known pollutants classified as priority hazardous 

substances, which include volatile organic compounds (VOCs), polycyclic aromatic 

hydrocarbons (PAHs) such as pentachlorophenol (PCP), and agricultural chemicals such as 

pesticides [7]. 

 Recent studies have highlighted the presence of pesticide traces in food, as well as in 

groundwater and surface water. The toxicity of these organic pollutants is attributed to their 

stable molecular structure, which resists degradation, or to their breakdown into more harmful 

and carcinogenic by-products. Globally, hundreds of pesticide formulations and thousands of 

active ingredients are widely used to protect crops and enhance agricultural yields [8]. 

III.1. Pesticides 

III. 1.1. Definition  

 A pesticide is a chemical compound used to repel, eliminate, or control organisms 

deemed harmful or parasitic to crops [9]. Pesticides help improve production yields by 

regulating plant growth, minimizing fruit loss due to premature drop, and preserving quality 

during storage and transport [10]. 
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Pesticides fall into two broad categories: organic and inorganic, depending on their 

chemical composition. Organic pesticides contain carbon as their central element, meaning they 

are mainly derived from natural or synthetic organic materials. These pesticides are often more 

biodegradable and may include pyrethrins, organophosphates, or carbamates. Their versatility 

and targeted action mean that they are widely used in agricultural practices [11]. 

Inorganic pesticides, on the other hand, contain no carbon, except in specific forms such 

as carbonates or cyanides. They are generally derived from mineral sources and include 

compounds based on arsenic, mercury, fluorine, sulfur, and copper, as well as cyanide 

derivatives. Historically, inorganic pesticides were among the first to be used because of their 

availability and effectiveness. However, their environmental persistence and potential toxicity 

to non-target organisms have raised major environmental and health concerns [12]. 
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III.1.2 Pesticides classification  

Pesticides are classified according to their intended target and their application (Table III.1):  

Table III.1: Classification of some pesticides according to their target [13]  

 

 

 

 

 

Type of pesticide Target Example 

Herbicides To control weeds 

(unwanted plants) 

Chloroacetanilide herbicides like Alachlor, Metolachlor 

and Organic phosphorus herbicides like glyphosate 

Chlorophenoxy acid herbicides like 2.4-D, 2.4.5-T, MCPA, 

and Silvex. Triazine herbicides like atrazine, cynazine, 

hexazinone, metribuzin, and simazine. 

Fungicides To destroy fungi Captain, copper sulfate, folpet, mancozeb 

Insecticides To kill insects Organochlorides like cyclodienes (which include aldrin, 

dieldrin, chlordane, heptachlor, and endrin), DDT, BHC, 

lindane, Chlorobenzilate, and methoxychlor. 

Organophosphates and carbamates like parathion, 

Chlorpyrifos, diazinon, carbaryl, carbofuran, oxamyl, and 

aldicarb. 

Repellants like DEET (N, N-Diethyl-m-toluamide) and Bio 

insecticides like Bacillus thuringiensis, Beauveria Bassiana. 

Acaricides To target Mites, 

ticks and spiders 

DDT, Diazinon, carbaryl, permethrin, flumethrin, 

formamidines, and avermectins. 

Rodenticides To control moles 

(rats) and rodents 

Warfarin, 1080 (sodium fluoroacetate), and red squill 

Larvicides Larvae Microbial larvicides, Bacillus sphaericus and Bacillus 

thuringiensisisraelensis, temephos, methoprene, oils, and 

monomolecular films. 

Nematicides To control 

nematodes  

(Tiny worms) 

TeloneII, Paladin (dimethyl disulphide or DMDS), Aldicarb 

(Temik), chloropicrin, Vapam (metam sodium). 

Bactericide Bacteria Beta-lactam antibiotics and vancomycin, daptomycin, 

fluoroquinolones, metronidazole, nitrofurantoin, co-trimoxazole, 

and telithromycin. Amino glycosidic, antibiotics 

Fumigants Termites, 

bedbugs 

Sulfur dioxide, carbon monoxide, hydrogen cyanide, and 

methyl bromide 

https://www.britannica.com/science/sulfur-dioxide
https://www.britannica.com/science/carbon-monoxide
https://www.britannica.com/science/hydrogen-cyanide
https://www.britannica.com/science/methyl-bromide
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The most commonly used pesticides are [14, 15]: 

• Herbicides: These are the most widely used in quantity and treated areas. They are 

designed to eliminate unwanted weeds (adventitious plants) from crops. There are over 

35 chemical families within this category, including carbamates (e.g., carbaryl, 

chlorpropham, triallate), chlorophenoxy acids (e.g., 2.4-D, 2.4.5-T, 4-CPA), amides 

(e.g., alachlor, propyzamide), substituted ureas (e.g., diuron, chlortoluron), and triazines 

(e.g., atrazine, simazine). 

• Fungicides: These agents combat the spread of pathogenic fungi and address fungal 

diseases, such as potato blight, grapevine mildew, and cereal rusts, which historically 

caused significant agricultural losses. These diseases result from the invasion of plant 

tissues by fungal mycelium. The earliest fungicides were copper salts and sulfur-based 

products. Modern organic fungicides dominate the market, including triazoles (e.g., 

bromuconazole, triticonazole), benzene derivatives (e.g., chlorothalonil, quintozene), 

and dicarboximides (e.g., folpet, iprodione). 

• Insecticides: These are specifically formulated to eliminate harmful insects. Common 

insecticides include carbamates (e.g., carbosulfan), pyrethroid derivatives, and 

organophosphates (e.g., bromophos). 

Herbicides, fungicides, and insecticides can be designated according to the way they act 

on undesirable organisms [16]: 
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Table III.2: Classification based on how the pesticides act on undesirable organisms 

Herbicide 

Contact acts on plant parts with which it comes into contact. 

Systemic absorbed by the plant and moves within it. 

Selective targets only certain plants among those treated. 

Non-selective targets all treated plants 

Residual degrades slowly, providing long-term control of plants. 

Non-residual becomes inactive quickly after application and provides only short-term 

control 

Fungicide  

Preventive protects the plant by preventing the disease from developing. 

Curative Suppresses a disease that has already developed. 

Insecticide  

Contact acts when the insect comes into contact with the product. 

Inhalation acts when the insect breathes in the product. 

Ingestion acts when the insect consumes the product. 

 

III.1.3. Pesticides evolution and environmental impacts  

The use of pesticides dates back to antiquity when the insecticidal properties of arsenic 

were already known. However, their use increased considerably in the 19th century with 

advances in inorganic chemistry, particularly copper-based pesticides. 

The discovery of chemicals such as DDT during the Second World War marked a turning 

point in the use of pesticides [17]. Between 1945 and 1985, pesticide consumption doubled 
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every ten years, due to their important role in increasing agricultural yields and combating 

diseases such as malaria [18]. 

Today, the widespread application of pesticides underscores their continued importance 

in agriculture. For instance, as shown in Figure III.1, Brazil emerged as the world's largest 

pesticide consumer in 2022, utilizing approximately 800.65 thousand metric tons. The United 

States followed in second place with 467.68 thousand metric tons, while global pesticide 

consumption reached a total of 3.69 million metric tons. This surge reflects the reliance on 

pesticides in intensive farming systems, especially in countries with large-scale monoculture.  

 

Figure III.1: Setting countries in pesticide usage in worldwide agriculture by 2022 

(measured in thousand tons) [19] 

In Algeria, the use of pesticides in agriculture is extensive and primarily driven by the 

need to combat various pests in intensive farming systems. According to the 2015 Algerian 

Index of Phytosanitary Products, approximately 4517 tons of pesticides were imported for 

agricultural use, comprising 39% fungicides, 7% insecticides, and 5% herbicides. These active 

ingredients, classified into 757 commercial formulations, are dominated by insecticides (38%), 

fungicides (35%), and herbicides (19%) [20]. 

However, the use of pesticides to increase productivity was accompanied by serious 

environmental and health consequences. Some pesticides, such as DDT, are poorly 
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biodegradable and accumulate in living organisms, leading to their gradual banning [21]. 

Pesticides contaminate water, air, and soil, impacting all parts of the biosphere [22]. This 

growing pollution is exacerbated by uncontrolled use and agricultural practices such as 

monoculture and excessive fertilization, which attract pests and increase pesticide dependence 

[23]. 

Since the end of the 20th century, environmental concerns have prompted the 

development of targeted treatments to reduce the impact of pesticides, and efforts to limit their 

use have become a global priority [24]. While pesticides remain essential to agriculture, their 

increasing use represents a major environmental challenge, requiring sustainable approaches to 

balance agricultural needs and ecosystem protection. 

III.2. Pesticide toxicity 

 Pesticides are persistent organic pollutants (POPs) known for their stable physical and 

chemical properties, making them highly resistant to environmental degradation. They can also 

be transported over long distances, spreading through air, water, and soil. Once released, these 

chemicals often break down into various by-products, known as metabolites, which can remain 

in the environment for many years and continue to pose risks to ecosystems and health [25]. 

 The main risk posed by these persistent substances or their by-products is their ability 

to enter the food chain. Because of their toxicity and resistance to degradation, pesticides can 

accumulate in the environment and into the food chain, a process known as bioaccumulation, 

which poses a serious threat to living organisms.  

 These characteristics make pesticides highly hazardous, necessitating detailed studies to 

understand their fate and behavior in the environment. Evaluating the effects of pesticide-

related pollution on ecosystems is complex, as their impact depends on factors such as their 

mode of action (with some being significantly more toxic than others), their persistence over 

time (with some degrading much faster than others), and the nature of their degradation by-

products (metabolites) [26]. These metabolites are often more toxic and degrade slowly than 

the parent compound. 
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III.2.1. Presence and behavior of pesticides as POPs in the environment 

Research has confirmed the presence of organic pollutants in the environment, 

especially in aquatic ecosystems. The environmental impact of these compounds is closely tied 

to their behavior in soil. Once organic pollutants reach the soil, they follow three main pathways 

(Figure III.2):  

 

Figure III.2: Processes showing the fate of pesticides in the environment [27] 

 Degradation 

Pesticides can break down into smaller molecules and eventually into carbon dioxide 

and water through photochemical, chemical, or biological reactions. During this 

process, pesticides produce by-products known as metabolites, which often have unique 

chemical properties and can be more toxic than the parent pesticides. 

 Adsorption by soil and plants 

 Soil particles are crucial in trapping pesticides through adsorption, reducing their 

mobility, and preventing their spread. Plants can also absorb pesticides, lowering their 

availability and stopping further migration into the environment. Adsorption refers to the 

attachment of pesticides to soil particles and is influenced by factors such as soil characteristics 

and pesticide properties. The soil’s pH significantly affects the adsorption process by altering 

the chemical structure of the pesticide. 
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 Surface and subsurface movement 

 Pesticides move in the environment through rain-induced processes like runoff, 

infiltration, and transfer to groundwater and water bodies. They can also volatilize and be 

carried by air currents, with droplets smaller than 100 µm capable of traveling long distances 

before settling through dry deposition or being washed out by rain. The transfer of pesticides to 

groundwater (Figure III.2) is a significant concern due to its environmental and health 

implications [13]. 

III.2.2. Human toxicological aspects of pesticides 

 Environmental exposure to pesticides is well documented in cases of acute exposure, 

often caused by accidents in the chemical industry. However, the risks associated with daily and 

long-term exposure to low doses of pesticides from food and water are still poorly understood.  

This is concerning due to the toxicity of certain substances, which can specifically target 

the nervous system and cause various health effects. Chronic exposure to these substances has 

been linked to carcinogenic, immunosuppressive, mutagenic, neurotoxic, and teratogenic 

effects. Other studies suggest that some chemicals can also disrupt the human hormonal and 

immune systems [28, 29]. 

Long-term use of pesticides may also contribute to reduced sperm counts in men. These 

substances are most often ingested through food residues, but can also be absorbed through 

drinking water or inhaled air.  

Acute pesticide poisoning occurs when symptoms appear shortly after a significant 

exposure, and these types of poisoning are the most familiar to health professionals [30]. 

Farmers and workers responsible for preparing mixtures and applying treatments are the 

most exposed to pesticide-related risks. In addition to their toxic effects, these substances can 

affect water quality by causing organoleptic nuisances, such as persistent odors or flavors, 

detectable at thresholds ranging from 0.1 to 1000 μg L-1 depending on the molecule. The World 

Health Organization (WHO) estimates that around one million people worldwide are seriously 

poisoned by pesticides every year, with approximately 220,000 deaths. Acute pesticide 

poisoning mainly affects the mucous membranes and skin, as well as the digestive and 

respiratory systems [31]. 
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III.3. Herbicides  

Herbicides account for around 45% of all pesticides used in agriculture [32]. They 

consist of active ingredients or formulated products capable of eliminating undesirable 

vegetation. These chemical substances vary according to their composition, their mode of 

absorption, their impact on weeds, and their elimination process [33].  

Herbicides are essential products for controlling weeds that damage crops. Their use 

extends beyond agriculture to the maintenance of urban spaces, infrastructure such as railroads, 

and gardening.  

Herbicides can be selective, targeting specific plant species, or non-selective, killing a 

wide range of vegetation. Their action can be either contact, destroying the parts where they are 

applied, or systemic, penetrating the plant and spreading through the leaves or roots, resulting 

in a widespread toxic effect [34]. 

 

III.3.1. Herbicide mechanisms of action  

Herbicides exert their effects through a variety of mechanisms, including: 

 Disruption of the photosynthesis process, 

 Inhibition of lipid synthesis, 

 Blockage of amino acid synthesis, 

 Interference with auxin regulation, 

 Cell division arrest at the metaphase stage (a process involving plant hormones linked 

to growth and essential to development), 

 Inhibit the production of carotenoids, which protect chlorophyll pigments, 

 Inhibit the enzyme PPO (protoporphyrinogen oxidase), which is crucial for chlorophyll 

synthesis, 

 Causing pH imbalances in cellular compartments, 

 Disrupting overall plant growth. 

These mechanisms collectively target key physiological and biochemical processes in plants, 

leading to the elimination of unwanted vegetation [35]. 

III.3.2. Herbicide application methods and environmental impacts 

Herbicides can be applied before (pre-emergence) or after (post-emergence) weed 

growth. However, their propagation in the environment poses major problems. Only a small 

proportion of the herbicide reaches the target plants, the rest being intercepted by soil, 
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vegetation, or washed away by rain.  

Although some soils can retain herbicides and micro-organisms can break down some 

of them, many herbicides and their metabolites, which are often non-biodegradable, end up in 

surface and groundwater. These movements, through leaching or runoff, lead to the 

contamination of water resources, including those used for human consumption [36]. 

 

III.3.3. Herbicide toxicity in humans 

Herbicides are extensively utilized in agriculture for weed control, but they pose 

significant risks to human health. The adverse effects of herbicides depend on various factors, 

such as chemical class, dosage, exposure duration, and entry route into the body (ingestion, 

inhalation, or skin contact). Many herbicides target specific plant processes that may also occur 

in humans and animals, leading to potential toxicity upon exposure [37]. Both low and high 

doses can be harmful, with increased severity correlating with higher exposure levels [38].  

Long-term herbicide exposure is associated with numerous health issues, including 

cancers and neurodegenerative diseases like Parkinson's and Alzheimer’s [39, 40]. Glyphosate, 

a widely used herbicide, has been classified by some organizations as a possible human 

carcinogen. Additionally, herbicide exposure can result in respiratory problems and immune 

system suppression, heightening susceptibility to other diseases [41].  

Dietary exposure to herbicides through food residues is a critical concern. 

Approximately 35% of cancer cases in the U.S. are linked to diet, with herbicide residues 

contributing to this risk. Crops genetically modified for herbicide resistance often exhibit higher 

residue levels, increasing human exposure risk [42]. 

Beyond cancer risk, studies indicate that high doses of specific herbicides may lead to 

weight loss due to metabolic disruptions. Herbicides like paraquat are known for severe acute 

toxicity, causing gastrointestinal distress and lung damage, potentially resulting in death if 

ingested in large amounts [43]. Long-term exposure to atrazine has been linked to hormonal 

imbalances affecting reproductive health and development in children [44].  

While herbicides are vital for modern agriculture, their potential health impacts 

necessitate careful management. Enhanced regulations, improved application practices, and the 

development of safer alternatives are essential to reduce human exposure to these hazardous 

chemicals [45]. 
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III.3.4. Regulations governing herbicides in water 

Given the health and environmental risks posed by herbicides, the WHO, the European 

Union, and other national or international organizations have established guidelines since the 

late 1960s to control discharge concentrations, aiming to limit their impact and protect human 

health and the environment.  

For example, on November 3rd, 1998, the European Parliament adopted a directive 

concerning the quality of water intended for human consumption (Directive No. 98/83/EC, 

1998). Directive No. 98/83/EC allows a concentration of 0.1 µg L-1 for a single pesticide 

(herbicide, fungicide, or insecticide) and 0.5 µg L-1 for all pesticides combined in drinking 

water.  

  Later, on October 23, 2000, the European Union adopted Directive No. 2000/60/EC to 

enhance its water policy for the environment. This directive sets maximum acceptable pesticide 

and herbicide concentrations in groundwater and surface waters for member states [46]. 

Algeria, a key participant in the early stages of the United Nations Conferences on 

Environment and Sustainable Development, has been committed to promoting sustainable 

development that respects the global environment. 

Since the creation of the National Institute for Plant Protection (INPV) in 1975, the 

mission of controlling plant protection products was carried out by a central structure and 

decentralized research and experimental stations. In 1987, the phytosanitary law No. 87-17, 

passed on August 1st, 1987, expanded the scope of this mission to include all aspects related to 

the commercialization and storage of these products, including the involvement of 

phytosanitary inspectors at border posts. The approval process was overseen by the National 

Commission for Agricultural Phytosanitary Products. 

The Algerian government's commitment to rational resource management is evident 

through the strengthening of the legislative and institutional framework, as well as the many 

environmental education programs launched. 

In 2000, the Ministry of Agriculture established a central directorate for plant protection 

and technical controls. Executive Decree No. 2000-234, dated August 14th, 2000, transferred 

the responsibility for this task from INPV to the Directorate of Plant Protection and Technical 

Controls (DPVCT).  Since then, products subject to approval have been monitored by a 

biological evaluation committee, made up of experts from technical institutes under the 

Ministry of Agriculture and Rural Development (MADR), whose main task is to test these 

substances under real field conditions [47]. 
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III. 4. Pesticide treatment methods 

The treatment methods currently used for polluted water can be broadly divided into four 

categories: 

• Physical treatments 

• Chemical treatments 

• Biological treatment 

• Combined treatment methods  

Nowadays, several conventional and modified methods are available for pesticide 

removal, like: hydrolysis, incineration, advanced oxidation processes (O3/UV, Fenton 

oxidation, etc.), UV-TiO2-based photocatalytic degradation, combined photo-Fenton and 

biological oxidation, membrane-filtration methods like nanofiltration, ultrafiltration, reverse 

osmosis and electrodialysis, ozonation, coagulation, fluid extraction, solid phase extraction, and 

adsorption, absorption or sorption (inorganic, organic absorbents and activated carbon), 

composting, bioaugmentation, phytoremediation, and aerobic degradation [48]. 

III. 4. 1. Physical treatments 

Membrane Filtration Methods [49]: Effectively removing pesticide molecules based on 

size exclusion and chemical compatibility. Common techniques include:  

• Nanofiltration (NF): Capable of removing organic micro-pollutants like atrazine, 

achieving retention rates of over 95%. 

• Reverse Osmosis (RO): Can separate small pesticide molecules but requires high 

operational pressure, making it energy-intensive [50]. 

• Pre-treatment Integration: Membrane systems often incorporate pre-treatments like 

coagulation and adsorption to minimize fouling and enhance effectiveness. 

The adsorption technique is one of the most cost-effective methods, relying on materials 

like activated carbon. Due to its large surface area and porosity, activated carbon is highly 

efficient in adsorbing a wide range of pesticides [51-53]. 

• Biochar: A low-cost alternative derived from biomass. For example, biochar from 

wood or agricultural residues demonstrates high sorption capacities for herbicides 

like atrazine.  

• Synthetic Adsorbents: Engineered polymers, clays, and chitosan composites 

enhance adsorption capacities and reduce costs. 
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• Natural Adsorbents (Bio-adsorbents): Materials such as zeolites, clays, and ores 

offer eco-friendly options for water treatment. 

 

III. 4. 2. Chemical treatments  

Advanced Oxidation Processes (AOPs) [54, 55]: AOPs rely on highly reactive radicals 

like hydroxyl (OH•) or sulfate (SO₄•⁻) to degrade persistent pesticide molecules into simpler, 

less toxic forms. Key methods include: 

• Ozonation: Ozone breaks down pesticides either directly or via free radical 

generation. For instance, ozonation effectively removes pesticides like atrazine and 

diuron, but its efficiency depends on the molecule and system design. Limitations 

include high energy costs and the potential formation of toxic byproducts[56]. 

• Fenton Processes: Hydrogen peroxide (H2O2) and ferrous iron (Fe²⁺) are used to 

produce hydroxyl radicals. This method is particularly effective for degrading 

organic pollutants and can achieve high removal rates [57]. 

• Photochemical Degradation: Uses UV light and photocatalysts such as titanium 

dioxide (TiO2) to oxidize pesticides. This method has been successful in 

mineralizing carbofuran and atrazine. New methods incorporate green 

nanocomposites for greater efficiency [58]. 

 

III. 4. 3. Biological treatments 

This approach uses microorganisms or enzymes to degrade pesticides into less harmful 

components. Key strategies include: 

• Bioaugmentation: Addition of specific microbial strains that can metabolize 

pesticides, enhancing natural degradation. 

• Biomixtures and Biofilters: Contain humic materials, soil, and microorganisms 

tailored to degrade pesticides, particularly fungicides and herbicides. 

• Ligninolytic Fungi: These fungi produce enzymes that break down pesticide 

molecules containing lignin-like structures, for instance, Trametes versicolor 

effectively degrades triazoles. 
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• Aerobic and Anaerobic Processes: Under aerobic conditions, microorganisms 

oxidize pesticides into biodegradable intermediates. Anaerobic processes, such as 

using bioreactors, break down organochlorines and other toxic compounds [48, 59]. 

However, not all pesticides are easily biodegradable, so pretreatment steps like photochemical 

oxidation may be required to improve biodegradability. 

III. 4. 4. Hybrid methods - Integrated treatment approaches 

Hybrid treatments are a form of combined treatment, where two or more methods are 

integrated to take advantage of their combined benefits and overcome the limitations of 

individual processes. For pesticide removal, hybrid treatments combine physical, chemical, or 

biological methods to increase the performance of the treatment, reduce operational costs, or 

address specific challenges caused by persistent pollutants [60, 61]. 

• Photo-Fenton and Biological Oxidation: Combine the advanced oxidation of 

Fenton's reaction with biological treatment, achieving high removal rates of bio-

recalcitrant pesticides. 

• Adsorption-Coagulation Systems: Improve overall efficiency compared to 

standalone methods. For instance, coagulation with nano-clays followed by 

activated carbon adsorption achieves 60% higher removal than coagulation alone. 

• Membrane + Adsorption: Pairing ultrafiltration or nanofiltration membranes with 

powdered activated carbon enhances removal rates for persistent organics and 

reduces pollution [48, 62]. 
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Introduction  

This chapter provides information on the chemical reagents used in the application of 

the analytical methods, the materials prepared, the methodologies adopted for the methods used 

in the study, and the various experimental protocols applied. 

As part of our in-depth discussions, we explored the elaboration protocols and the 

various analytical methods implemented to characterize the prepared material, namely activated 

carbon. A detailed explanation of the techniques used to evaluate and understand the 

physicochemical properties, structures, and characteristics of the adsorbent material resulting 

from the protocols applied is given. 

 The growing demand for adsorbent materials for environmental protection processes 

has driven further research into the manufacture of activated carbons from alternative materials, 

in particular forestry waste. 

 In this study, we chose to produce activated carbons from a renewable and less expensive 

precursor, pine cone, also known as maritime pine, to obtain a product applicable to water 

treatment and, particularly, to the removal of herbicidal pollutants. We focused on two 

herbicides, para-chlorophenoxyacetic acid "P-CPA" and Linuron "Lin". 

This chapter is divided into three parts: 

The first part focuses on the protocols followed for preparing activated carbons, 

including the parametric study and optimization of activation parameters. It also covers the 

application of both chemical and physical methods to determine the most suitable protocol for 

obtaining activated carbon with controlled porosity. 

The second part addresses the analytical methods used to characterize the prepared 

activated carbons. It outlines the techniques for assessing the overall quality of the adsorbent 

materials, their physicochemical properties, and textural and structural studies to examine the 

features of the developed activated carbons. 

The third part is dedicated to application studies, including adsorption tests performed 

on the optimized activated carbons (prepared using chemical and physical activation) with these 

specific herbicides to evaluate their adsorption capacity and confirm the control of their 

porosity. 
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Ⅳ. 1. Part 1: Preparation of activated carbon from pine cone 

 

Ⅳ. 1.1. Choice of the precursor "pine cone" 

Pine cones are produced annually as a by-product of agriculture worldwide. Like all 

agricultural waste, this precursor primarily comprises lignin, cellulose, and tannins.  Some of 

these components, such as phenolic groups of lignin, polysaccharides, and tannins, can stain 

treated water [1]. Various activation techniques have been investigated to improve its adsorption 

capacity of pine cone [2-6].   

Several studies on Algerian pine have shown that stone pine cones are a valuable source 

of essential oils with therapeutic effects [7, 8]. However, activated carbon is made from the pine 

cones rejected by the tree, which are considered worthless waste. This aims to provide an 

alternative use for this waste and meet the needs of other industrial sectors [9]. 

Producing adsorbents from lignocellulosic materials helps preserve the environment and 

adds value to pine cone wood, which is often considered waste. Using pine cones to produce 

activated carbon addresses the issue of solid waste accumulation, including green waste from 

forestry and agriculture, while also finding applications for by-products from stone pine 

cultivation. This approach offers an environmentally friendly solution to managing large 

amounts of forestry waste left after fruit extraction. Therefore, the conditions of availability, 

abundance, and renewability, as well as the effectiveness of this waste, motivated us to valorize 

it as an adsorbent for removing herbicides [10].   

In our research, Algerian pine cones (pine cone precursor "PCP") were collected from 

the Touakas mountains in the Sig-Mascara area in western Algeria and served as raw material 

for preparing activated carbon. 
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Figure IV.1. 1: Photos of pine cones 

Ⅳ. 1. 2. Preparation of activated carbons 

 Ⅳ. 1. 2. 1 Chemical activation using KOH as an activating agent in a muffle oven  

IV. 1. 2. 1. a Comparison between one-step and two-step chemical activation 

protocols  

The activated carbon preparation processes were carried out under similar experimental 

conditions. The as-collected material (PCP) underwent a series of preparation steps. Initially, 

pine cones were cleaned of dust using tap water. Then, they were air-dried until completely free 

of moisture. After drying, the pine cones were fragmented into smaller pieces and ground and 

sieved using a Retsch siever to a size of 0.14 mm and were rinsed several times with distilled 

water until the color of the rinsing water completely disappeared. Finally, they were dried in a 

drying oven set at 70 °C (Consult Appendix 1).  

In the one-step activation process, 40 g of ground pine cone precursor "PCP" was 

directly impregnated at a 1:1 KOH activator/PCP impregnation weight ratio. The impregnated 

pine cones were filtered and placed in crucibles after being dried overnight in the oven at 70 

°C, then subjected to a temperature of 800 °C in a muffle oven (Consult Appendix 1) for 30 

min at a heating rate of 5 °C min-1 while in the two-step process, the PCP sample was first 

carbonized at 600 °C for 1 h at a 10 °C min-1 heating rate. The chemical activation procedure 

(impregnation and heating) was the same as the one-step activation procedure. Subsequently, 

the pyrolyzed material was rinsed with distilled water until it reached a neutral pH.  
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After drying, the resulting activated carbons, designated as K-AC1 and K-AC2, were 

mechanically ground using a laboratory grinder FRITSCH pulverisette type 02.102 N° 4439   

and finally sieved using a Retsch siever (Consult Appendix 1) to a particle size of 45 µm.  

 

Figure IV.1. 2: Description of one-step and two-step activation protocols 

IV. 1. 2. 1. b. Parametric study applied to control activated carbon’s porosity 

 To prepare an activated carbon with controlled porosity, it is important to select the 

appropriate protocol that gives either a microporous or mesoporous activated carbon. For that 

reason, a parametric study was conducted by optimizing the activating parameters, which are 
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carbonization temperature (T(°C)), activation time (hour), and impregnation ratio. In a muffle 

oven,  the activation parameters were optimized in one-step and two-step activation methods: 

In one-step activation, the carbonization time was set to 30 minutes and only the 

activation temperature was changed. In this process, a mass of ground PCP was impregnated 

in a 1:1 ratio and then carbonized at 600°C for 30 minutes to produce K-AC1'. 

For two-step activation, an initial carbonization step was applied 600°C for 1 hour by 

activation under controlled conditions, where the activation temperature was varied between 

600°C and 700°C for 30 minutes using an impregnation ratio of 1:1, leading to the formation 

of AC600.30 and AC700.30.  

To investigate the effect of the impregnation ratio on porosity, a two-stage protocol at 

800°C for 30 minutes was applied, with the impregnation ratio increased to 1:2, producing K-

AC2'.  

In addition, the activation temperature (for an impregnation ratio of 1:1) was varied to 

600°C, 700°C and 800°C, with activation times of 45 and 60 minutes for each temperature. 

This process led to the preparation of AC600.45, AC700.45, AC800.45, AC600.60, AC700.60 and 

AC800.60. 
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Figure IV.1. 3: Description of the parametric study protocols in a muffle oven 

Ⅳ. 1. 2. 2.  Combined activation using KOH as an activating agent in a tube furnace 

under nitrogen atmosphere 

This research part performed a combined activation method. The activated carbons 

synthesis was executed under controlled experimental conditions, utilizing a PROTHERM 

tubular furnace. (Consult Appendix 1) 

A mass of PCP was directly pyrolyzed for 30 min at 800°C in a PROTHERM tubular 

furnace under an inert nitrogen atmosphere to prepare AC as a charcoal. 

In the one-step chemical activation process, a quantity of ground PCP was directly 

impregnated at a 1:1 rate to prepare AC1 and a 1:2 ratio to prepare AC1'. The impregnated PCP 

were filtered and placed in crucibles after being dried overnight in the oven at 70 °C, then 
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subjected to a temperature of 800 °C for 30 min at a heating rate of 5 °C min-1 in a PROTHERM 

tubular furnace (Consult Appendix 1), this protocol was applied to prepare the AC1 and AC1'.  

In the two-step activation using the same tube furnace, we have also prepared AC2 and 

AC2'. A mass of PCP was first carbonized at 600 °C for 1 h at a 10 °C min-1 heating rate. The 

activation procedure was at two different impregnation ratios (1:1 and 1:2). The activation 

temperature and time were fixed at 800°C for 30min under an inert nitrogen atmosphere. The 

pyrolyzed materials were then washed with distilled water until they reached a neutral pH. After 

drying, AC, AC1, AC1', AC2, and AC2' were mechanically ground using a laboratory grinder 

FRITSCH pulverisette type 02.102 N° 4439 and finally sieved to a particle size of 63 µm. 

 

 

Figure IV.1. 4: Schematic description of the combined activation in a tube furnace under a 

nitrogen atmosphere 
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IV. 2. Part 2: Characterization methods and instruments used in the study 

 

This section presents an overview of the main instruments and equipment used to 

prepare, characterize, and test activated carbon in this study. Each device is described below to 

facilitate understanding of the applied methodologies. 

Ⅳ. 2. 1 Thermogravimetric analyzer (TGA) 

A thermogravimetric analyzer was used to investigate the precursor material's thermal 

stability and decomposition behavior, as well as to evaluate the activation process. 

Thermogravimetric analysis was carried out using a TGA analyzer, Discovery TA-SDT650. 

A quantity of the PCP sample was heated in an aluminum pan up to 800 °C at a ramp 

rate of 10 °C·min−1 in an inert atmosphere. The lost mass of the sample was plotted as a function 

of temperature (Fig Ⅴ. 1. 1. in results and discussion chapter) 

 

Figure IV.2. 1: Thermogravimetric analyzer Discovery TA-SDT650 used for thermal analysis 

Ⅳ. 2. 2. BET Surface area analyzer 

The standard method for measuring the specific surface area of an adsorbent is based on 

the physical adsorption of a gas on the surface of a solid. Nitrogen is commonly used for this 

purpose due to its low saturation vapor pressure at liquid nitrogen temperature. 

Experimental data from the adsorption isotherm, combined with the Brunauer-Emmett-

Teller (BET) equation, are used to determine the volume of gas required to form a monolayer 

on the surface of the sample. The amount of gas adsorbed at monolayer coverage is then used 

to calculate the specific surface area, expressed in m² g-1. The BET analyzer Micromeritics 
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3Flex instrument was used to measure specific surface area, pore volume, and pore size 

distribution of the activated carbon, along with other parameters such as BJH 

adsorption/desorption surface area, Langmuir surface area, Dubinin volume, and micropore 

surface area. The measurements were performed within a relative pressure range (P/P0) from 

0.01 to 1. Before analysis, the samples were degassed overnight at 200 °C under a vacuum of 

674.6 mm Hg. Nitrogen adsorption-desorption isotherms were then recorded, and the BET 

specific surface area was calculated using the BET equation. A sample weight of 0.2 g was used 

for each analysis. 

For measurements using the Quantachrome NovaTouch BET surface area analyzer, a 

smaller sample weight of 0.02 g was used, with analyses conducted at 77 K within the relative 

pressure range of 0.01 to 1.     

 

Figure IV. 2. 2:  a) Micromeritics 3Flex BET Surface area analyzer [11]. b) Quantachrome 

Novatouch BET surface area analyzer [12] (representative instrument picture)   

 

Ⅳ. 2. 3. Scanning electron microscope with energy dispersive spectroscopy (SEM-EDS) 

The scanning electron microscope (SEM) (Figure IV. 2. 3) coupled with energy 

dispersive spectroscopy (EDS) was employed to analyze the textural morphology, surface 

structure, and elemental composition of the activated carbon.  

a)  

    

b)  
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The SEM provided detailed images of surface features, such as pore structure, and the 

EDS functionality enabled qualitative and quantitative elemental analysis, offering insights into 

the distribution of chemical elements across the material’s surface. This combination was 

instrumental in correlating the morphological characteristics with the chemical properties of the 

activated carbon.  

These characterizations were investigated using a scanning electron microscope EDAX 

TEAM) equipped with an X-ray spectrometer for energy dispersive spectroscopy (EDS)  

Another instrument was also used named GRESHAM Sirius JEOL (JSM-6060LV) 

equipped with an X-ray spectrometer for energy dispersive spectroscopy (EDS).  

 

Figure IV. 2. 3: SEM-EDS used for morphological and elemental characterization 

Ⅳ. 2. 4. X-ray diffraction (XRD) 

The purpose of the X-ray diffraction (XRD) examination was to determine if the 

activated carbon was crystalline or amorphous. The method revealed details about the carbon 

atoms' structural arrangement as well as the existence of any residual crystalline phases from 

the activation process or precursor material. The instrument that was used for our 

characterization was named Rigaku X-Ray Diffractometer.  
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Figure IV. 2. 4: X-ray diffractometer (XRD) used for structural analysis 

Ⅳ. 2. 5. FT-IR spectrometer  

Infrared spectrometry is a nondestructive analytical method that studies the absorption 

of electromagnetic radiation by a sample in the wavelength range (𝜆) of 1 to 1000 μm, 

corresponding to wavenumbers (𝜈=1/λ) between 1 and 10−3 μm−1. Spectra were recorded in 

absorbance mode at room temperature over a wavenumber range of 4000–400 cm−1[13].  

The surface functional groups of the adsorbents were identified using Fourier Transform 

Infrared Spectroscopy (FT-IR). Two instruments were used: the IR Prestige-21 SHIMADZU 

spectrophotometer provided a resolution of 4 cm−1, (Figure IV.12 a) and the Perkin Elmer 

Spectrum Two spectrophotometer provided a resolution of 2 cm−1, (Figure IV.12 b). 

To prepare the KBr-supported sample pellets, a homogeneous mixture containing about 

1% of the adsorbent sample and KBr powder was prepared and finely ground.  

The mixture was placed into a mold and compressed under high pressure using a 

hydraulic press. The resulting pellet was removed from the mold, dried, and placed in the IR 

sample holder for analysis [14]. 
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Figure IV 2. 5: FT-IR spectrometers used for functional group identification, a) Prestige-21 

SHIMADZU spectrophotometer, b) Perkin Elmer Spectrum Two spectrophotometer. 

Ⅳ. 2. 6. Boehm method  

The Boehm method was applied as an additional experimental protocol to FT-IR for the 

chosen activated carbon to the adsorption test. It is a quantitative technique to describe surface 

functionalities. It revolves around identifying oxygenated acidic and basic functional groups on 

surfaces. These groups include acidic functions such as carboxylic, lactone, hydroxyl, and 

carbonyl groups, which are quantified using bases of varying strengths. Also, basic functions 

are determined using hydrochloric acid.  

0.15 g of the chosen activated carbon was placed into 100 mL Earlen meyer flasks. In 

each one, 50 mL of 0.1 N concentration alkaline solutions were introduced followed by 

continuous agitation for 48 h, at a temperature of (25 ± 2) °C.  

b) 

 

a) 
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Figure IV.2. 6: Boehm titration procedure  

The bases used in Boehm's method are sodium bicarbonate, NaHCO3, which neutralizes 

only carboxylic acid functions, sodium carbonate, Na2CO3 doses both carboxylic acid and 

lactone functions, and sodium hydroxide NaOH, which neutralizes all acidic functions [15]. 

After filtration, the amount of base consumed by the activated carbon was determined by 

titrating a known volume of filtrate (10 mL) with hydrochloric acid (0.1 N) by adding a color 

indicator to each base. The neutralized quantity was determined following the equation [16]. 

Quantity(meqg ) = (Nbase − (
NHCl  VHCl (mL)

Vdosed base
)) ×

Vbase

msample(g)
)             (1) 

Ⅳ. 2. 7. Determination of pH of zero-point charge (pHZPC)  

The nature of activated carbon can be acidic, neutral, or basic, depending on the pHpzc. 

The pHpzc depends on the precursor's origin and the preparation method (chemical or physical). 

The pHpzc serves as a valuable indicator of the chemical and electronic properties of functional 

groups. It is defined as the pH at which there is no positive or negative charge on the surface of 

the activated carbon, in other words, no discharge of H+ or OH- ions [17].  

50 mL samples of NaCl solution (0.01 M) were introduced in stoppered flasks while the 

pH was adjusted from 2 to 12 by adding sodium hydroxide NaOH (0.1 N) or concentrated 

hydrochloric acid HCl (0.1 N). 0.15 g samples of the activated carbon were then added to the 

NaCl solutions. After 48 h of stirring, the final pH was measured.  The pH value that 

corresponds to the point of intersection of the plot of (pHi-pHf) against the initial pH is the pHpzc 

of the carbon. If the pH is lower than the pHpzc, the adsorbent's surface charge becomes positive, 

promoting the adsorption of anionic species, conversely, at a pH higher than the pHpzc, cationic 

species are preferentially adsorbed due to the favorable surface charge [18].  
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Ⅳ. 2. 9. Parameters evaluating the overall quality of the prepared activated carbons 

IV. 2. 9. 1. Burn-off (%) is the mass percentage (%) that signifies the weight reduction 

observed during the activation process and that is calculated according to the following equation 

[19] : 

                      Burn − off(%) =
minitial−mfinal 

minitial
× 100                                (2)          

IV. 2. 9. 2. Yield (%) or The activation effectiveness was assessed using the following 

equation[14]:  

                         Yield(%) =
mfinal

minitial
× 100                                        (3)     

 

IV. 2. 9. 3. Volatile meter (VC) (%) or the evaporation matter was calculated as follows [20]: 

Volatile matter (%) =100(%) –yield (%)                   (4) 

Ⅳ. 2. 9. 4. Ash ratio (%)  

The ash content analysis is used to assess inorganic impurities in starting materials, It is 

conducted following the ASTMD2866-70 standard [21]. 

The procedure is as follows: 

- Heat an empty crucible for one hour at 650°C, then cool it in a desiccator and weigh it 

to record its mass. 

- Weigh a portion of the carbonized material and place the crucible with the sample in a 

furnace at 650°C for three hours. Weigh it again and return it to the furnace for another 

hour. 

- Repeat this process until the mass becomes constant. 

The ash content, expressed as a mass percentage (%), is calculated using the following equation: 

                         Ac =
F−G

B−G
× 100                                              (5) 

Where  

• B is the mass of the crucible plus the dried carbonized sample,  

• F is the mass of the crucible plus the ash,  



CHAPTER IV                                                                           MATERIALS AND METHODS  

 
96 

• G is the mass of the empty crucible. 

This protocol ensures an accurate determination of inorganic impurities in the material. 

Ⅳ. 2. 9. 5. Humidity rate (%)  

The oven-drying test method was used to measure moisture content according to  ASTM 

D2867-70 standard [21]. 

A 1 g sample of carbonized material is placed in a dry crucible with a cover (specified 

weight). The crucible containing the sample is precisely weighed before being placed in a 

preheated oven set to 150°C. The sample is dried for three hours under stable conditions before 

being taken from the oven (lid closed) and chilled to room temperature in a desiccator. The 

closed crucible is weighed again with precision. The percentage weight difference is calculated 

as the sample's humidity rate, using the following equation: 

                  Mc =
B−F

B−G
× 100                                                  (6) 

where 

• B is the mass of crucible with cover plus carbonized mass before drying, 

• F is the mass of crucible with cover plus carbonized mass after drying,  

• G is the mass of crucible and empty cover.  

Ⅳ. 2. 9. 5. Carbon yield (%)  

Carbon yield or fixed carbon is the carbon remaining after the elimination of volatile 

matter and ash. It is a value obtained by summing the percentage of moisture or the humidity 

rate, ash, and volatile matter subtracted from 100, according to ASTMD 3172-73  standard [22]. 

Carbon yield (%) = 100 −  (MC +  AC +  VC)                 (7) 

Mc is the Humidity rate (%), AC is the ash ratio (%), and VC is the volatile meter (%)  

Ⅳ. 2. 9. 6. Apparent density (g cm-3)  

The apparent density was determined by applying (ASTM D 2854-96) standard to 

estimate the amount of weight necessary to fill out a container. 1cm3 of activated carbon was 

placed in a small graduated cylinder and placed in the drying oven for 24h to be weighed the 

day after [23], and the apparent density was calculated according to the following equation:  



CHAPTER IV                                                                           MATERIALS AND METHODS  

 
97 

                      Ad =  
A−F

1
                                                             (8)                             

• F:  Mass of the empty crucible 

• A: Mass of the crucible with material after oven drying  

Ⅳ. 2. 9. 7. Iodine number  

Iodine number is defined as the quantity of iodine (in milligrams) absorbed per gram of 

adsorbent at a residual concentration of 0.02N and was evaluated by iodometric titration. This 

number represents the surface area available for adsorption.   

Iodine is a tiny molecule; consequently, the iodine number represents activated carbon's 

capacity to adsorb smaller molecules. Iodometry is a reaction with a standard iodine solution 

that is related to the titration of iodine produced during chemical reactions. 

I2 + 2 e−1 → 2 I−1                                                            (9) 

Strong reducing agents such as stannous chloride, sulfurous acid, hydrogen sulfide, and 

sodium thiosulfate react with iodine even in an acidic solution. 

2S2O3
−2 + I2 → S4O6

−2 + 2I−                                                     (10) 

 Reagents  

- Iodine solution (0.1 N) 

- Sodium thiosulfate pentahydrate solution (0.1 N) 

- Starch solution (1%) in boiling water 

- Hydrochloric acid (5% v/v) 

- Potassium dichromate solution (0.1 N) 

- Potassium iodide solution (0.1 N).  

 Procedure 

To determine the iodine number of our activated carbon, we followed the steps below:  

1. Accurately weigh 0.2 grams of the activated carbon and place it in a 250 mL Erlenmeyer 

flask. 

2. Add 10 mL of hydrochloric acid and stir until the activated carbon is completely wetted. 

3. Place the Erlenmeyer flask on a hot plate and heat until it starts boiling, then count for 

30 seconds. 
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4. Allow the mixture to cool, then add 100 mL of 0.1 N iodine solution. Close the flask 

immediately and shake vigorously for 30 seconds. 

5. Filter the solution using the Whatman N°2 paper. Take 50 mL of the filtrate and transfer 

it to another 250 mL Erlenmeyer flask. 

6. Titrate the filtrate with sodium thiosulfate solution. At the end of the titration, add 2 mL 

of starch solution. 

7. Record the final volume of sodium thiosulfate added and calculate the iodine number 

using the appropriate formula. 

 

Iodine index =
((V2−V1)×N×126.93)

m
                                       (11)                           

Where 

• m is the mass of activated carbon (g).    

• V2 is the volume of thiosulfate for blank titration (mL).  

• V1 is the volume of thiosulfate for titration after adsorption (mL).   

• N is the normality of thiosulfate solution used (eq-g L-1). 

The iodine values of the prepared activated carbons are shown in the results and discussion 

chapter. 

Ⅳ. 2. 9. 5. Methylene blue index 

The Methylene blue index measures the amount of Methylene blue, in milligrams, 

adsorbed by one gram of activated carbon. This index was determined by Chemviron-Carbon's 

TM-11 method, which involves measuring the adsorption of filtrate containing the residual 

concentration of Methylene blue after 30 minutes' contact with activated carbon.  

The Methylene blue index represents the quantity of Methylene blue, in mg g-1, adsorbed by 

the activated carbon tested. To determine the Methylene Blue Index (MBI) of each activated 

carbon, the following solutions are required:  

- 0.25% acetic acid solution  

- 50 % acetic acid solution  

- 1200 mg L-1 Methylene blue solution  
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 Preparation of solutions 

✓ To prepare a 0.25% acetic acid solution, add 2.5 mL glacial acetic acid to 900 mL of 

distilled water in a 1 L flask. Dilute the mixture to the calibration point. 

✓ To prepare a 50% acetic acid solution, measure 253.11 ml of glacial acetic acid into a 

flask and dilute to the mark. 

✓ To get 1200 mg L-1 of Methylene blue solution, weigh 1.2 grams of Methylene blue, 

dissolve it in 100 milliliters of 50% acetic acid, and dilute it to one liter. 

✓ to obtain 120 mg L-1 of Methylene blue intermediate solution: Dilute the 1200 mg L-1 

methylene blue solution with 0.25% acetic acid to a concentration of 120 mg L-1 per 

100 mL. 

 

Table IV. 1: Experimental data of the Methylene blue calibration curve  

0 2 4 6 8 10 12
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 Data points

 Linear fitting

C mg. L-1

y = 0.1098x

R² = 0.9997

 
Figure IV 2. 7. Calibration curve of Methylene blue at 620 nm 

 

 

 

 

C (mg. L-1) 0 2.4 3.6 4.8 9.6 10.8 

Absorbance 0 0.26 0.398 0.532 1.074 1.165 
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 Procedure  

1. Prepare different concentrations of Methylene blue solution (120 mg L-1) by pipetting 

specific volumes into 100 mL flasks and diluting with 0.25% acetic acid to the 1 L mark.  

2. Weigh 0.1 g activated charcoal and mix with 25 mL Methylene blue solution (1200 mg 

L-1). Shake the mixture for 30 minutes. The Methylene blue index is calculated using 

the equation below: 

MB index (mg g−1)  =
(1200−Ceq) V 

1000 m
                                         (12) 

 

➢ UV-Visible Spectrophotometer 

The UV-visible spectrophotometer was used to evaluate the adsorption ability of 

activated carbon by measuring the concentration of contaminants in the solution before and 

after treatment. UV-Visible analysis was based on the Beer-Lambert law: 

A = log
Io

I
= log

1

T
= ε × ℓ × C                                           (13) 

 where:  

- T : is the transmission factor or transmittance, 

- A : is the absorbance or optical density, 

- C : is the mass concentration of the compound being measured (mol. L-1),  

- I, I0 : are Intensities of the transmitted (emergent) and incident light beams, respectively, 

- ε : is the specific absorption coefficient (L. mol-1. cm-1), 

- ℓ is the path length (thickness of the cell), (cm).  

This method measured the light absorption of the material to estimate the band gap, 

providing important insights into the material’s electronic properties [24]. The analysis was 

carried out using a Shimadzu UV-1240 spectrophotometer (Figure IV.11.) equipped with quartz 

cells with a 1.0 cm optical path length, which was used to detect the UV absorption of each 

sample. 
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Figure IV.2. 8: UV-visible Shimadzu UV-1240 spectrophotometer used for adsorption studies  

 

IV. 3. Part 3: Adsorption application studies 

 

Ⅳ. 3. 1. Characteristics of the herbicide molecules studied   

To validate activated carbon's adsorption ability, we chose two herbicides as target 

pollutants: para-chlorophenoxyacetic acid (P-CPA) and Linuron (Lin). These substances were 

chosen since they are commonly used in agriculture, persist in water sources, and pose 

significant environmental hazards. 

Ⅳ. 3. 1. 1. Phenoxyacetic acids  

 The phenoxyacetic acids (PAAs) or chlorophenoxyacetic acids (CPAs) namely, 2,4- 

dichloro phenoxy acetic acid (2.4-D), 4-Chloro-2-methylphenoxyacetic acid (MCPA) [25, 26], 

2-(4-chlorophenoxy)-2-methylpropionic acid (clofibric acid, CFA)[27], 2.4.5-trichloro 

phenoxy acetic acid (2.4.5-T) [28], P-chlorophenoxyacetic acid or 4-chlorophenoxyacetic acid 

(P-CPA or 4-CPA) [25, 29] are herbicides that are commonly used in agriculture, they work by 

disrupting the growth of broadleaf weeds and dicotyledons, making them effective in 

controlling undesirable plants in crops [30]. However, their use requires careful handling and 

application to minimize environmental and human health risks. CPAs have been observed to be 

resistant to biodegradation [31, 32] and hazardous to people and animals since they make 

mammals more susceptible to infectious illnesses and cancers [33].  
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IV. 3. 1. 1. 1. para-chlorophenoxyacetic acid or 4-Chlorophenoxyacetic Acid (P-

CPA) 

 

Figure IV. 3. 1: Chemical structural formula of p-chlorophenoxyacetic acid (P-CPA) 

 This cost-effective, highly efficient, water-soluble herbicide belongs to the group of 

chlorinated herbicides. It is commonly used as a plant growth regulator, particularly for thinning 

peaches and controlling root growth in mung beans. Due to its high water solubility, it can easily 

enter surface or groundwater, causing contamination. P-CPA, identified as a priority pollutant 

by the US EPA because of its high water solubility, has been the focus of numerous studies to 

address this issue [34, 35]. As a result, there is considerable interest in developing innovative 

methods for removing this herbicide from water and soil, such as electrochemical techniques 

like anodic oxidation and indirect electrooxidation methods [30].  The adsorption technique has 

also attracted the interest of scientists. It has generally become the most widely used technique 

for wastewater treatment and herbicide removal [36-39]. 

Table IV. 2: Experimental data of the para-chlorophenoxyacetic acid (P-CPA) herbicide 

Calibration curve  

 

 

C(mg. L-1) 0 10 40 50 80 100 150 160 200 

ABS 0 0.05 0.275 0.339 0.542 0.694 0.989 1.071 1.306 
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Figure Ⅳ. 3. 2. Calibration curve of para-chlorophenoxyacetic acid (P-CPA) at 278nm 

 Table IV. 3: Properties of the para-chlorophenoxyacetic acid (P-CPA) herbicide [40, 41] 

 

*Source: Sigma cell culture (Information from the product bottle 

Chemical formula C8H7ClO3 

IUPAC name (4-Chlorophenoxy) acetic acid 

Appearance White powder 

Synonyms P-CPA, Penta chlorophenoxyacetic acid, 4-CPA, (4 

Chlorophenoxy) acetic acid, 2-(4 Chlorophenoxy) acetic 

acid 

Molecular weight 

(g/mol) 

186.59 

Maximum wavelength 

max (nm) 

278 

Water solubility(g/l) 0.957 

pKa  3.56 

*CAS number 122-88-3       /      C-0413 Lot 89F002125 

Chemical safety Irritant 
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Ⅳ. 3. 1. 2. Linuron 

 Linuron (3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea) "Lin" is an herbicide from 

the substituted urea family, commonly used to control broadleaf weeds and certain grasses in 

agricultural crops. While effective in managing weeds, its use must be carefully managed to 

minimize environmental and human health risks. This includes adopting responsible application 

practices and exploring sustainable alternatives when possible[42]. 

 Due to environmental and health concerns, linuron has been restricted or banned in 

several countries. For example, its approval was withdrawn in the European Union in 2017. 

However, it is still permitted in some other countries under strict regulations[43]. 

 

Figure Ⅳ. 3. 3. Chemical Structural Formula of Linuron (Lin) 

Linuron is applied to control the spread of grass and weeds, facilitating the growth of 

economically valuable crops [44], however, it is an herbicide that is often referred to as 'killer 

grass.' It functions as a chemical herbicide by inhibiting photosynthesis by binding to a specific 

site in chlorophyll, effectively killing various weeds and plants.  

Residues of linuron can pose risks to consumers and mammals. Alarmingly, only 0.1 

percent of pesticides effectively target pests, while 99.9 percent contaminate the environment, 

particularly soil and water, thereby impacting the ecosystem and food chain[45]. 

 

Table IV. 4: Experimental data of the Linuron (Lin) herbicide Calibration curve  

C (mg. L-1) 0 1 2 3 5 6 7 8 9 11 12 14 15 

ABS 0 0.049 0.107 0.18 0.365 0.492 0.565 0.641 0.724 0.89 0.964 1.118 1.184 
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Figure IV. 3. 4: Calibration curve of Linuron herbicide (Lin) at 247nm 

Table IV. 5: Properties  of Linuron (Lin) herbicide [46, 47]  

Chemical formulas C9H10Cl2N2O2 

IUPAC name 3-(3,4-dichlorophenyl)-1-methoxy-1-

methylurea 

Appearance colorless crystals 

Synonyms Linurex,  Methoxydiuron,  Afalon inuron, 

Liron, LOROX, LINEX, Lorex, LINNET, 

Laroks, Afolan, Norunil, Sarclex 

 

Molecular weight (g/mol) 249.09 

Maximum wavelength max (nm) 247 

Water solubility(g/l) 0.081 

pKa  12.13 

*CAS number 330-55-2 

Chemical safety Irritant- health hazard- environmental hazard 

https://pubchem.ncbi.nlm.nih.gov/#query=C9H10Cl2N2O2
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22Linurex%22%5bCompleteSynonym%5d%20AND%209502%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22Methoxydiuron%22%5bCompleteSynonym%5d%20AND%209502%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22Afalon%20inuron%22%5bCompleteSynonym%5d%20AND%209502%5bStandardizedCID%5d


CHAPTER IV                                                                           MATERIALS AND METHODS  

 
106 

Ⅳ. 3. 2. Application of the Adsorption Process 

Ⅳ. 3. 2. 1. Chemicals  

BIOCHEM Chemopharma supplied potassium hydroxide (KOH), hydrochloric acid 

(HCl), sodium hydroxide (NaOH), and iodine (I2) were purchased from SIGMA-ALDRICH 

and Biochemopharma, respectively, potassium iodide (KI) and Methyle Blue (MB) were 

supplied by MERCK company.  

Para-chlorophenoxyacetic acid (P-CPA) was obtained from SIGMA CELL CULTURE 

C-0413 Lot 89F002125. Stock solutions of P-CPA herbicide (˃ 98 % purity) of known 

concentrations were prepared following the conventional approach by dissolving 500 mg of the 

substance in a 500 mL flask. Distilled water was added to the 500 mL mark to reach a 

concentration of 1 g L-1.  

Linuron was obtained from SIGMA-ALDRICH. The mother solution was prepared 

following the classic method by dissolving 250 mg of Linuron (Lin) in a 500 mL flask. The 

stock solutions were diluted and used to prepare working solutions of lower concentrations.  

This study examined factors influencing herbicide adsorption, such as contact time, 

adsorbent dosage, and solution pH. Two of the best-activated carbons were chosen: one made 

in a muffle furnace (K-AC2) and the other in a tube furnace under a nitrogen environment 

(AC2'). 

IV. 3. 2. 2. Determination of Adsorption Equilibrium Time 

 To determine the adsorption equilibrium time, 25 mL volumes of known concentration 

solutions for each herbicide were successively brought into contact with 0.1 g of each adsorbent 

used. The mixtures were stirred for durations ranging from 10 to 150 minutes, then centrifuged 

at 5000 rpm for 15 minutes. A spectrophotometer (Shimadzu UV-mini-1240) was used to 

quantify the residual herbicide concentrations at the wavelength of the herbicide's maximum 

absorbance (𝜆𝑚𝑎𝑥). 

IV. 3. 2. 3. Effect of Activated Carbon Dose  

The dose of activated carbon is an important variable that affects adsorption 

effectiveness and may also be used to calculate the cost of activated carbon per unit of treated 

water. To determine the optimum adsorbent dose, 25 mL of the herbicide solution with a 
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specified concentration was mixed and agitated with 0.05 g, 0.1 g, 0.2 g, and 0.3 g of the studied 

activated carbons for a previously determined time.  The samples were then centrifuged, and 

the herbicide content in the supernatant was determined.  

IV. 3. 2. 4. Impact of pH 

pH is a crucial factor in regulating the adsorption process since it influences the amount 

of material adsorbed[48]. It can affect the adsorbent's surface charge, the ionization of the 

adsorbate, and the dissociation of functional groups at the adsorbent's active sites [49]. In this 

experiment, 25 mL of herbicide solution at a specified concentration was added to a series of 

flasks. The pH was changed from 2 to 12 by adding sodium hydroxide or hydrochloric acid (0.1 

N concentration). Each flask was then filled with the ideal amount of pine cone-derived 

activated carbon (K-AC2 and AC2'). This pH range was chosen to study how pollutant 

adsorption varies with the chemical forms present at different pH levels. Mixtures were stirred 

for a predetermined optimized time, filtered, and then analyzed using spectrophotometry to 

measure residual herbicide concentrations. 

IV. 3. 2. 5. Adsorption isotherms  

An adsorption isotherm is a curve that depicts the relationship between the amount of 

material adsorbed per unit mass of adsorbent and the concentration of the liquid phase at 

equilibrium and a constant temperature. This section of the study discusses the adsorption 

mechanism, such as whether it is single-layer (monolayer) or multi-layer adsorption, and 

whether lateral interactions occur between molecules [50]. The adsorption isotherm, which 

represents the thermodynamic equilibrium between an adsorbent and an adsorbate, is often 

determined by batch experiments [51]. These studies determine the stable residual equilibrium 

concentration of the adsorbate in the liquid phase after adsorption. The amount of adsorbate 

adsorbed is calculated using an equation mentioned in Chapter I- Section A. 

For this study, the appropriate amount (g) of activated carbon was added to a series of 

beakers containing 25 mL of herbicide solution with known initial concentrations. The mixtures 

were stirred for a predetermined contact time. The obtained adsorption isotherms were modeled 

with the simple and well-known Langmuir, Freundlich and Temkin models. In addition, the 

Dubinin-Radushkevich (D-R) and Redlich-Peterson (R-P) models were used to validate the 

classical model results [16]. The determination coefficient R2 was used to evaluate a theoretical 
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model's ability to accurately reflect experimental data. A value of R2 near 1 indicates a good 

model fit. 

IV. 3. 2. 6. Adsorption kinetics studies 

Kinetics describes the rate at which a solute is adsorbed over time and is one of the most 

important studies conducted for evaluating the effectiveness of adsorption. The adsorption 

kinetics of p-chlorophenoxyacetic acid (P-CPA) and Linuron (Lin) were investigated with the 

prepared activated carbons (K-AC2 and AC2') as adsorbents. To evaluate the adsorption kinetics, 

tests were performed with 25 mL of the solution under study. The solution was combined with 

an optimized appropriate amount of adsorbent at a specific pH and herbicide concentrations. 

The contact time of herbicide with adsorbent was varied from 5 to 80 minutes (5, 10, 15, 20, 

30, 40, 50, 60, 70, 80 min). 

IV. 3. 2. 7. Thermodynamic studies 

The temperature dependency of the adsorption process is a complex phenomenon. 

Thermodynamic characteristics such as heat of adsorption and activation energy are key 

predictors of adsorption behavior, and both are temperature dependent [52]. Numerous 

researchers have examined how temperature affects organic molecules adsorption [53, 54]. The 

relationship between temperature and adsorption is mostly determined by the 

adsorbent/adsorbate pair [14]. 

Using the Gibbs thermodynamic relation: 

 ΔG° =  ΔH° −  T ΔS°                                                                        (14) 

and the vant' Hoff equation: 

𝑙𝑛(𝐾𝑑) =
−∆𝐻°

𝑅
 (

1

𝑇
) + 

∆𝑆

𝑅
                                                                    (15), 

we can calculate the thermodynamic parameters (ΔG°, ΔH°, and ΔS°) of herbicides 

adsorption at different temperatures [55] (as described in Chapter I). 

To investigate the influence of temperature on the adsorption of organic compounds by 

adsorbents, bottles holding 25 mL of solution with a known concentration were mixed with a 

predetermined quantity of adsorbent. These were placed in a water bath with a thermostat to 

regulate the temperature (20, 25, 30, and 40 °C). The mixture was agitated for a predetermined 

contact time before being centrifuged and spectrophotometrically evaluated.  
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The measurement of the adsorption heat ΔH is the main criterion parameter to differentiate 

chemisorption from physisorption. The sorption process is typically accompanied by a heat 

exchange, which is exothermic when ΔH < 0 and endothermic when ΔH > 0. 

 

Ⅳ. 4. Part 4: Theoretical study of P-CPA (C8H7O3Cl) molecule  

 

Theoretical research is critical for understanding pollutant behavior at the molecular 

level, especially in adsorption processes. Computational chemistry approaches can help us 

understand the electrical characteristics, chemical reactivity, and adsorption mechanisms of 

organic pollutants. In addition to the experimental adsorption study, a theoretical investigation 

was conducted on para-chlorophenoxyacetic acid (P-CPA) to study critical electronic properties 

such as HOMO-LUMO energy gap, dipole moment, and global and local reactivity descriptors. 

The study also identified nucleophilic and electrophilic sites using Parr functions to predict 

potential interaction sites for adsorption. 

These simulations anticipate the stability of the molecule, reactivity, and favored 

adsorption sites, providing insight into adsorption interactions such as electrostatic attraction, 

hydrogen bonding, and π-π stacking. Theoretical modeling improves understanding of 

adsorption mechanisms by identifying the most reactive molecular areas, which aids in the 

improvement of the treatment of water contaminated by P-CPA herbicide. 

Ⅳ. 4. 1. HOMO-LUMO  

HOMO (The most or the highest occupied molecular orbital) and LUMO (the least occupied 

molecular orbital) are the most important energy levels of a molecule. The difference in energy 

between these orbitals, known as the HOMO-LUMO gap, determines the degree of stability 

and reactivity of the molecule [56]. A low energy gap between frontier orbitals increases the 

polarizability of a molecule, which tends to be linked to high chemical reactivity [57]. The large 

intermolecular charge transfer (ICT) between the electron donor (HOMO) and electron acceptor 

(LUMO) along the conjugated π-pathways resulted in a notable separation of the HOMO and 

LUMO energy states. Furthermore, the HOMO-LUMO energy gap proved the presence of 

intramolecular charge transfer (ICT).  

Using Global Chemical Reactivity Descriptor (GCRD) properties, the relationship between 

chemical reactivity and structural strength could be effectively demonstrated. Chemical 

reactivity descriptors, namely chemical potential (P) [58], electronegativity (χ) [59], hardness 



CHAPTER IV                                                                           MATERIALS AND METHODS  

 
110 

(η) [60], softness (S) [61], electrophilicity index (ω) and nucleophilicity index (N) [62], were 

derived from HOMO and LUMO energies and calculated using the following equations [63]:  

Electronegativity  𝜒 = −
1

2
(𝐸𝐿𝑈𝑀𝑂 + 𝐸𝐻𝑂𝑀𝑂)                              (16) 

Chemical potential  𝑃 =
1

2
(𝐸𝐿𝑈𝑀𝑂 + 𝐸𝐻𝑂𝑀𝑂)                                  (17) 

Global hardness  𝜂 =
1

2
(𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂)                                  (18) 

Global softness  𝑆 =
1

𝜂
                                                                 (19) 

Electrophilicity index  𝜔 =
𝑃2

2𝜂
                                                               (20) 

Nucleophilicity index  𝑁 = 𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂 (𝑇𝐶𝐸)                               (21) 

Ⅳ. 4. 2. Local chemical reactivity descriptors 

Research into the local selectivity of compounds involves the use of the Parr function 

P(r), derived from Mulliken atomic spin density (ASD) analysis at the radical anion and radical 

cation level of the corresponding reagents [64]. These local functions are used to determine the 

most electrophilic and nucleophilic locations in a molecule and are given by the equations that 

follow:  

𝑃𝑘
−(𝑟) = 𝜌𝑠

𝑟𝑐(𝑟)  for electrophilic attack              (22) 

𝑃𝑘
+(𝑟) = 𝜌𝑠

𝑟𝑎(𝑟)  for nucleophilic attack               (23) 

Where 𝜌𝑠
𝑟𝑐(𝑟) represents the atomic spin density (ASD) of the radical cation, and 𝜌𝑠

𝑟𝑎(𝑟) is the 

atomic spin density of the radical anion. Each condensed atomic spin density on the individual 

atoms of the radical cation and radical anion generates our nucleophilic Pk and electrophilic 

Pk+ functions in the neutral system framework. Using these nucleophilic and electrophilic Parr 

functions, we can redefine the local electrophilicity indices ωk and local nucleophilicity indices 

Nk as follows:  

 ωk = ω. Pk
+                                                                           (24) 

  Nk = N. Pk
-                                                                           (25) 

Where ω and N are the global electrophilicity and nucleophilicity indices  
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Introduction 

 Chemical activation is commonly used to produce activated carbons from various 

bioresources such as forestry waste using potassium hydroxide as the activating agent. This 

method has several advantages [1, 2]. but the disadvantages of using KOH have often been 

overlooked [3].  

 The activated carbons obtained were analyzed using the physicochemical methods 

described above to obtain an overall assessment of their quality. In addition, textural and 

structural analyses were carried out to confirm the activation process and porosity control in 

the prepared activated carbons.  

As mentioned in the materials and methods chapter, the prepared activated carbons were 

tested for the removal of two herbicides, para-chlorophenoxyacetic acid (P-CPA) and Linuron 

(Lin). 

 

Ⅴ. 1. Part 1:  Preparation of Activated Carbon from Pine Cones 

Ⅴ. 1. 1. Pine cones precursor (PCP) characterization  

Ⅴ. 1. 1. 1. Thermogravimetric analysis of PCP  

This characterization was applied before the selection of the activation temperature to 

determine the mass loss of the raw material (PCP) with temperature using a Discovery TA-

SDT650 thermogravimetric analyzer.  

The mass loss of the powdered precursor pine cone (PCP) was recorded over the 

temperature range from 19.397 to 800°C, as depicted in Figure V. 1. 1. The breakdown of the 

initial material occurred in four distinct phases. Initially, starting at 20°C and concluding around 

100°C, a minor release of volatile compounds was observed on the TG curve. This was 

primarily ascribed to the elimination of water vapor due to the drying process, resulting in the 

removal of moisture and lightweight substances from the sample's surface during this stage [4].  

Figure V. 1. 1 shows that the main breaking down range of the PCP started at 250°C 

and ended at 800°C. The raw material is a lignocellulosic biomass that consists of 

hemicellulose, cellulose, and lignin. As per the existing literature, the temperature intervals for 

the decomposition of hemicellulose, cellulose, and lignin are documented as 210–325, 310–

400, and 160–900°C, respectively [5].  



CHAPTER V                                                                            RESULTS AND DISCUSSIONS 

 

  

119 

As shown, hemicellulose underwent decomposition between 110°C and 290°C. 

Subsequently, a significant mass loss occurred between 300°C and 400°C, which was linked to 

the degradation of cellulose. It's noteworthy that cellulose degradation takes place at a higher 

temperature range compared to hemicelluloses [6].  

Finally, the lignin was decomposed in the range between 410°C to 800°C. Furthermore, 

we observed stabilization in the weight loss rate, revealing that the maximum decomposition 

temperature was 800°C. 

 

Figure V. 1. 1: TGA results for pine cone precursor 
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Ⅴ. 1. 1. 2. Global quality of the Pine cone raw material  

Table V. 1. 1: Parameters evaluating the overall quality of the raw material  

Properties Pine Cone Precursor (PCP) 

Volatile matter (%) 66.54 

Humidity rate (%) 5.7 

Ash ratio (%) 2.9 

Carbon yield (%) 24.86 

Apparent density (g. cm-3) 0.337 

Iodine number (mg. g-1) 101.544 

MB index (mg. g-1) 47.26 

 

According to Table V. 1. 1, the PCP exhibited a substantial volatile matter content of 

66.54% and a relatively low moisture content of 5.7%, which makes it suitable for 

thermochemical processes [6]. The immediate analysis of the PCP revealed low ash content 

(2.9 %) and a high carbon yield (24.86%). Consequently, pine cones are suitable for producing 

high-quality activated carbon due to their low ash content and high carbon yield [7]. 

Ⅴ. 1. 1. 3. SEM-EDS results for PCP  

The SEM image of the pine cone precursor presented in Figure V. 1. 2 shows a layered 

and uneven structure with apparent fissures and compact parts, which is typical of 

lignocellulosic materials made of cellulose, hemicellulose, and lignin [8, 9]. Small particles on 

the surface may be natural residues or fragments. At this point, the material has limited porosity, 

but the existence of cracks and voids suggests that pore creation could occur after activation.  

This structural framework suggests that the precursor is suitable for chemical or physical 

activation procedures that can increase its surface area and porosity, allowing it to function as 

an effective adsorbent [10]. 
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Figure V. 1. 2: SEM images of the PCP  

EDS analysis of the pine cone precursor (Figure V. 1. 3) revealed the elemental 

composition with dominant peaks for carbon (C) and oxygen (O), expected in lignocellulosic 

materials, mainly composed of cellulose, hemicellulose, and lignin [11, 12]. The high carbon 

content indicates the organic nature of the precursor, making it a suitable material for 

conversion into activated carbon [13]. 

Smaller peaks for elements such as magnesium (Mg), silicon (Si), and aluminum (Al) 

suggest the presence of trace minerals [14], probably derived from the natural structure of the 

pine cone or exposure to the environment during growth. These minerals are generally in low 

concentrations and may not significantly affect the activation process. 

The EDS results confirmed that the pinecone precursor is rich in carbon and oxygen, 

with minor amounts of mineral elements. This composition allows for further processing to 

develop porous activated carbon for adsorption applications. 
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Figure V. 1. 3: EDS spectrum of PCP 

Ⅴ. 1. 1. 4. FT-IR spectrum of PCP  

Figure V. 1. 4 depicts the FT-IR spectrum of the pine cone precursor (PCP), The FT-IR 

spectrum indicates the presence of hydroxyl groups, aliphatic hydrocarbons, carbonyl groups, 

and aromatic structures, following its composition of lignin, cellulose, and hemicellulose. This 

provides valuable information on the chemical structure and functional groups present before 

the activation process. The large peak at 3393.68 cm⁻¹ indicates O-H stretching, which is 

probably due to hydroxyl groups from water, alcohols, or phenols in the pine precursor. The 

peak at 2920.39 cm⁻¹ is associated with C-H stretching from aliphatic hydrocarbons, most likely 

representing –CH2 and -CH3 groups found in organic molecules such as cellulose and lignin. 

The band observed at 1732 cm-¹ corresponds to the C=O stretching of esters, carbonyl groups, 

or carboxylic acids, which may originate from hemicellulose or other organic precursor 

compounds. C=C elongation could indicate the presence of aromatic rings or conjugated 

alkenes in lignin at the 1621 cm-¹ wavelength. The peak at 1378 cm⁻¹ can be attributed to C-H 

bending (methyl or methylene groups), which is common in the structure of lignocellulosic 

materials. The signal at 1273.51 cm⁻¹ can be ascribed to C-O stretching of aryl ethers or C-O-

H deformation, observed in lignin or polysaccharides. Strong absorption band for C-O 

stretching in alcohols, ethers, or carbohydrates is observed at 1057.02 cm⁻¹ wavelength, 

common in cellulose or hemicellulose structures. Finally, the peak at 568.44 cm⁻¹ can be 

associated with out-of-plane bending of aromatic C-H bonds, possibly related to aromatic 

components in lignin [15-17]. 

Elt. Line Intensity 

(c/s) 

Error 

2-sig 

Conc Units   

C Ka 70.84 5.322 38.527 wt.%   

O Ka 68.53 5.235 58.963 wt.%   

Mg Ka 3.29 1.148 1.023 wt.%   

Al Ka 2.19 0.935 0.624 wt.%   

Si Ka 3.25 1.140 0.863 wt.%   

    100.000 wt.% Total 
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Figure V. 1. 4: FTIR spectrum of PCP 

 

Ⅴ. 1. 1. 5. X-ray diffraction analysis of the PCP 

The XRD pattern of PCP in Fig V. 1. 5 revealed a broad diffraction peak centered about 

20-30° (2θ), basically indicating an amorphous structure with a few low-degree crystalline areas 

[18, 19]. The broad peak indicates the presence of cellulose, hemicellulose, and lignin, the 

primary organic components of organic precursors [20].  

The lack of strong peaks suggests that the material has no well-defined crystalline 

domains, validating its classification as amorphous biomass [21]. Slight intensity changes in 

the 15-30° range may be due to residual semi-crystalline cellulose or inorganic components 

[22]. This amorphous nature is advantageous for activation operations because it promotes the 

formation of a porous structure during pyrolysis and activation, resulting in large-surface 

activated carbon [23].  
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Figure V. 1. 5: XRD pattern of PCP  

Ⅴ. 1. 2. Characterization results of the activated carbons prepared in a muffle oven 

Ⅴ. 1. 2. 1. Comparison between one-step and two-step chemical activation protocols   

V. 1. 2. 1. 1 Overall quality of the prepared activated carbon  

The overall quality parameters of the prepared activated carbon with one-step and two-

step are presented in Table V. 1. 2.  
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Table V. 1. 2: Parameters evaluating the overall quality of the activated carbons prepared using 

one-step and two-step activation processes (K-AC1 and K-AC2) 

Property    Adsorbent   

 K-AC1 K-AC2 

Burn-off (%) 63.55 27.74 

Yield (%) 36.44 72.25 

Volatile matter (%) 63.56 27.75 

Humidity rate (%) 2.4 2 

Ash ratio (%) 4 3 

Carbon yield (%) 30.04 67.25 

Apparent density (g cm-3) 0.227 0.451 

Iodine number (mg g-1) 767.92 666.38 

MB index (mg g-1) 122.859 72.768 

 

  Table V. 1. 2 and Figure V. 1. 6 show that there was a significant weight loss (burn-

off) during the activation process for K-AC1 (63.55%). However, for K-AC2, it was only 

27.74%. This difference was visually observed in the laboratory, where the resulting K-AC1 

prepared through one-step activation produced less quantity of K-AC1 than K-AC2 that was 

prepared by applying the two-step activation protocol. We also noticed that the yields were 

36.44% and 72.25% for K-AC1 and K-AC2, respectively. This result argues in favor of the 

synthesis of activated carbon from pine cone biomass using the two-step protocol, as only 

27.75% of the material would be volatile after carbonization [24]. 
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Figure V. 1. 6:  Burn-off and yield of K-AC1 and K-AC2 

As noticed from Table V. 1. 2, the resulting activated carbon samples K-AC1 and K-AC2 

exhibited a very low moisture content compared to the raw material. It is also evident that K-

AC2 had a significantly lower volatile matter content (27.75%), indicating that the two-step 

activation process enhances the quality of the pine cone precursor activated with the KOH 

activating agent.   

A low ash content was observed in the two-step prepared activated carbon K-AC2 (3%), 

unlike the directly impregnated activated carbon, which exhibited a 4% ash content.  

A low quantity of ash indicates the good quality of the adsorbent material [24]. A high 

ash ratio leads to contamination and clumping within the reactor. Simultaneously, it impacts the 

quality of pyrolysis, and results in higher operational expenses [25]. As a result, an adsorbent 

with high volatile and ash content is not appropriate [7]. 

Furthermore, the primary carbonization step applied to produce K-AC2 enhanced the 

carbon content quality of the activated carbon. As noted in Table V. 1. 2, it contained the highest 

percentage of carbon yield (67.25%). 

The iodine number is a parameter used to determine the presence of micropores in an 

adsorbent material. Figure V. 1. 7 shows that the samples exhibited a good iodine adsorption 

capacity, indicating the presence of micropores. Consequently, activation with potassium 

hydroxide significantly enhanced the iodine number. Indeed, this number increased from 

101.544 mg. g-1 for the raw material to 767.92 mg. g-1 for K-AC1 activated carbon and 666.38 
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mg. g-1 for K-AC2 activated carbon, in contrast to the activation of pine cones with phosphoric 

acid (H3PO4), which decreased this number according to the literature [24]. 

We also observe in Figure V. 1. 7 that the Methylene blue values (which analyzes 

mesoporosity) were lower than the iodine index (which analyzes microporosity), confirming 

that activation with potassium hydroxide results in predominantly microporous activated 

carbon [26, 27]. KOH demonstrates greater efficacy in micropore formation, primarily 

attributed to the presence of layer interactions [28].  

 

Figure V. 1. 7:  Histograms of iodine number and Methylene blue index of K-AC1 and K-AC2 

Ⅴ. 1. 2. 1. 2 Textural and structural properties of the K-AC2 

A. Characterization of porous texture 

Table V. 1. 3: BET adsorption-desorption results of K-AC2  

BET surface area (m² g-1) 430.504 

BJH surface Area (m² g-1) 144.809 

Langmuir surface area (m² g-1) 313.707 

Micropore surface area (m² g-1) 270.52  

Pore volume (cc g-1) 1.778 

Pore radius Dv(r) (nm) 1.879 
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The results in Table V. 1. 3 show that the activation process helped the prepared carbon 

acquire an acceptable specific surface area (430.5 m2 g-1). Consistent with the measured iodine 

number, the N2 adsorption/desorption isotherms depicted in Figure V. 1. 8 demonstrate an 

increase in adsorption at comparatively low pressures (P/P0 < 0.03), suggesting the existence 

of micropores. On the other hand, a shift from monolayer to multilayer adsorption was seen for 

intermediate and higher P/P0 levels. The isothermal curve exhibited a clear hysteresis loop and 

indicated the presence of a capillary condensation of N2 above P/P0 > 0.98 [29]. 

 

Figure V. 1. 8: N2 adsorption/desorption isotherms of K-AC2 activated carbon 

 

 

 

 

 

 

 

 

0 0,2 0,4 0,6 0,8 1

0

200

400

600

800

1000

1200

Relative pressure, P/Po

V
o
lu

m
e 

a
d

so
rb

a
d

 C
T

P
, 
V

a
d

s 
(c

c.
g

-1
)

Adsorption

Desorption



CHAPTER V                                                                            RESULTS AND DISCUSSIONS 

 

  

129 

Table V. 1. 4: Comparison of specific surface area and pore volume of KOH-activated carbons 

produced from different biomasses  

Biomass SBET (m² g-1) VTot (cm3 g-1) Reference  

Pine cone  430.5  1.778 This study 

Eucalyptus 92-200 / [30] 

Orange peel 592.471 0.242 [31] 

Sewage sludge 130.7 0.13 [32] 

Rice-husk 322.8 0.1734 [33] 

Vine leaf 538 0.236 [34] 

Sugar cane bagasse 851 0.442 [35] 

 

B. Morphological structure and elemental composition of K-AC2 by SEM-EDS 

 

 

 

 

 

 

 

 

 

Figure V. 1. 9: SEM micrographs of K-AC2 
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Figure V. 1. 9 shows the SEM images of K-AC2 activated carbon. The results revealed a 

heterogeneous, dispersed morphology and porous surface, as well as the presence of cavities 

indicating a well-developed pore structure, essential for adsorption applications, compared to 

the SEM images of PCP presented in Figure V. 1. 2, where almost a clear surface is shown.  

  Further EDS analysis would confirm the elemental composition and identify potential 

impurities likely to influence performance.  

The rise in carbon content in the activated carbon, from 38.527% from PCP EDS results 

that was presented in Figure V. 1. 3 to 66.757% from Figure V. 1. 10, signifies the completion 

of the chemical activation process of the PCP, with the carbonization step being the initial stage. 

Minor amounts of inorganic elements, including silicon (1.57%), aluminum (0.34%), 

magnesium (0.21%), and calcium (0.17%), probably originate from the precursor material and 

may contribute to surface chemical modifications, such as pH adjustments and specific binding 

sites [36]. These results confirm the previous finding of low ash content overall, suggesting a 

good-quality activated carbon with minimal inorganic residues, guaranteeing effective 

adsorption performance for the targeted pollutants. 

 

 

Figure V. 1. 10: EDS spectrum of K-AC2 

 

Elt. Line Intensity 

(c/s) 

Error 

2-sig 

Conc Units   

C Ka 325.91 11.416 66.757 wt.%   

O Ka 48.74 4.415 30.948 wt.%   

Mg Ka 1.69 0.823 0.213 wt.%   

Al Ka 2.88 1.074 0.338 wt.%   

Si Ka 14.06 2.371 1.574 wt.%   

Ca Ka 1.01 0.637 0.171 wt.%   

    100.000 wt.% Total 
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C. FTIR analysis of K-AC2 

 

Figure V. 1. 11: FT-IR spectrum of K-AC2 

The FT-IR spectrum of activated carbon (Figure V. 1. 11) revealed the key functional 

groups that contribute to its adsorption properties [37]. The broadband observed around 3200-

3500 cm-¹ indicates O-H stretching of hydroxyl groups [38], The signals between 2949 and 

2522 cm-1 can be attributed to the elongation vibrations of the C-H/OH and C-H groups of 

CHO, and the spectral bands around 2357 cm-1 for K-AC2 may be due to ketene or ketone [39]. 

The peaks located between 1713 and 1627 cm-1 can be attributed to the symmetrical C=C and 

C=O stretching of the pyrone, aldehyde, or carboxylic groups, also the peak at 1644.91 cm-1 

confirms the presence of the C=O carboxyl group and a weak carbonyl group peak at 1321.49 

cm-1 can be linked to the COO- ion. A band observed between 1044.14 and 1612 cm-1 can be 

ascribed to the elongation of the C-O group of the functions of carboxylic acids, esters, ethers, 

or alcohols [40]. Peaks below 1000 cm-¹ may indicate Si-O or metal-oxide bonds [41], 

consistent with EDS results showing traces of Si, Mg, and Ca. These functional groups play a 

crucial role in adsorption, enhancing interactions with polar pollutants in wastewater treatment 

applications [42]. 

The Boehm titrations result (Table V. 1. 5) revealed that the K-AC2 activated charcoal 

used in this study has a higher quantity of basic functional groups (4.666 meq g-1) compared to 

acidic groups (1.666 meq g-1). This is confirmed by its basic nature, as indicated by its pH value 

(pH at the point of zero charge = 7.6). 
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Table V. 1. 5: Boehm method results of K-AC2 activated carbon revealing the various groups 

Carboxylic = N [NaHCO 3] (meqg g-1) 0.666 

Lactone = N [Na 2 CO 3]- N [NaHCO 3] (meqg g-1) 0.167 

Phenol =N[NaOH]- N [Na 2 CO 3] (meqg g-1) 3.833 

Basic =N [NaOH] (meqg g-1) 4.666 

Acidic = N [HCl] (meqg g-1) 1.666 

D. pHpzc results of K-AC2  

Table V. 1. 6: Initial and final pH values for the determination of pHpzc of K-AC2 

 

 

The pHpzc (point of zero charge) corresponds to the point of intersection of the curve with 

the line defined by the equation pHfinal = pHinitial (Figure V. 1. 12). pHpzc of K-AC2 is 7.6. 

Consequently, K-AC2 exhibits a basic surface that releases OH- ions. The overall surface charge 

is positive for solutions with a pH lower than this value, and it becomes negative when the pH 

values exceed the pHPZC. 

 

Figure V. 1. 12: Determination of pHpzc of K-AC2 
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Ⅴ. 1. 2. 2. Results of the Parametric study  

Ⅴ. 1. 2. 2. 1 Overall quality of the prepared activated carbons  

 The parametric study was conducted by optimizing the activating parameters, which 

are the carbonization temperature (T(°C)), the activation period (hour), and the impregnation 

ratio. 

As mentioned in the Materials and Methods chapter, the yield of the activated carbon 

wasn’t acceptable or enough in the one-step activation, in this parametric study, we set the 

carbonization time to 30 min and varied only the temperature. We decreased the temperature to 

600°C to prepare K-AC1'.  

For the two-step activation process, we prepared AC600.30, AC700.30, K-AC2' (AC800.30), 

AC600.45, AC700.45, AC800.45, AC600.60, AC700.60, and AC800.60 activated carbons. (The protocols of 

each parametric study are detailed in the Materials and Methods chapter) 

The parameters that evaluate the overall quality of the activated carbon prepared in this 

section are presented in Tables: V 1. 7, V.1. 8, V. 1. 9, and V. 1. 10.   

 

 

 

 

 

 

 

 

 

 

 



CHAPTER V                                                                            RESULTS AND DISCUSSIONS 

 

  

134 

A. Activated carbons prepared by the one-step activation process 

Table V. 1. 7: K-AC1' and K-AC1 comparison results   

 AC prepared in one-step activation 

AC  K-AC1' K-AC1 

 

Activation parameter  

T= 600°C 

t = 30 min 

T = 800°C 

t = 30 min 

1:1 impregnation ratio 

Yield (%) 49.52 36.44 

Burn off (%) 50.47 63.55 

Iodine number (mg g-1) 545.8 767.92 

MB index (mg g-1) 20.4 122.86 

Micropore surface area (m2g-1) 320.32 758.8 

Limiting micropore volume (cm³ g-1) 0.135 0.27 

 

 The results in Table V. 1. 7 show that the activation temperature of 800°C significantly 

reduced the yield from 49.52% to 36.44%, with a corresponding increase in burn-off from 

50.47% to 63.55%. This indicates that higher temperatures led to excessive loss of material, 

resulting in a very low yield, which was also observed experimentally in the laboratory, where 

the amount of activated carbon prepared was insufficient for other adsorption applications.  
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Figure V. 1. 13: Burn-off and yield of K-AC1 and K-AC1' 

 To remedy this problem, the activation temperature was lowered to 600°C for the 

remainder of the study. However, this adjustment did not improve the yield or quantity of 

activated carbon obtained.  

 On the other hand, higher temperatures improved porosity and adsorption properties. 

The iodine value increased from 545.8 to 767.92 mg g-1, and the Methylene blue (MB) value 

strongly increased from 20.4   to 122.86 mg g-1 suggesting better development of micropores 

and mesopores in K-AC1' (Figure V. 1. 14).  

 

Figure V. 1. 14: Histograms of iodine number and Methylene blue index of K-AC1 and K-

AC1'  
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 Micropore surface area more than doubled, from 320.32 m² g-1 at 600°C to 758.8 m² g-

1 at 800°C, and micropore volume also increased, from 0.135 cm³ g-1 to 0.27 cm³ g-1, confirming 

that higher temperatures improved activated carbon porosity.  

 Although the 800°C temperature provided better textural and adsorption properties, the 

very low yield does not allow it to be used for large-scale applications, highlighting the need 

for further optimization. 

 For this reason, the two-stage activation process was selected for further optimization 

and parametric study.  
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B. Activated carbons produced by the two-step activation procedure 

Table V. 1. 8: AC600.30, AC700.30, K-AC2, K-AC2' comparison results 

 

 The initial carbonization step is crucial as it allows the precursor material to be partially 

decomposed at a lower temperature before the activation step. This pre-treatment reduces the 

mass of the material and eliminates volatile components, creating a more stable structure better 

suited to the following activation process [43, 44]. In addition, this pretreatment increases yield 

by reducing excessive material losses during the activation stage, ultimately resulting in more 

efficient carbonization and activation [45]. The two-stage process allows better control of 

activated carbon properties, ensuring higher yields and more desirable textural characteristics 

for adsorption applications [46]. 

 The results (Table V. 1. 8) of the two-stage activation process show that yield decreased 

with increasing activation temperature. The highest yield (74.75%) was obtained at 600°C for 

 ACs prepared by two-step activation  

AC  AC600.30 

 

AC700.30 

 

K-AC2 

(AC800.30) 

K-AC2' 

 

Activation parameter  

T = 600°C 

t = 30 min 

T = 700°C 

t = 30min 

T =800°C 

t = 30 min 

T = 800°C 

t = 30 min 

1:1 Impregnation ratio 1:2 Impregnation ratio 

Yield (%) 74.75 72.25 66.95 65.06 

Burn off (%) 25.24 27.74 33.047 34.94 

Iodine number (mg g-1) 507.72 539.45 666.38 609.27 

MB index (mg g-1) 25.90 35.90 72.77 69.58 

Micropore surface area (m2 g-1) 210.71 276.26 270.52 792.80 

Limiting micropore volume (cm³ g-1) 0.085 0.11 0.10 0.30 
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30 minutes, while the lowest yield (65.06%) was observed at 800°C for 30 minutes with an 

impregnation ratio of 1:2.  

 This finding indicates that higher temperatures lead to greater material loss due to 

increased combustion. Burn-off increased with temperature, reaching 34.94 % at 800°C (1:2 

ratio), confirming that more volatile components were removed at higher temperatures (Table 

V. 1. 8 and Figure V. 1. 15).  

 

Figure V. 1. 15: Burn-off and yield of AC600.30, AC700.30, K-AC2, and K-AC2' 

 The iodine number and MB index, which reflect the adsorption capacity and surface 

properties of activated carbon, also improved with higher activation temperatures. The highest 

iodine number (666.38 mg g-1) and MB number (72.77 mg g-1) were obtained at 800°C (1:1 

ratio) for K-AC2, indicating an improvement in porosity and adsorption capacity (Table V. 1. 8 

and Figure V. 1. 16).  
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Figure V. 1. 16: Comparative histogram of iodine number and Methylene blue index of 

AC600.30, AC700.30, K-AC2, and K-AC2'  

 The micropore surface area increased with temperature, but a significant improvement 

was observed when the impregnation ratio was increased to 1:2 at 800°C, where it reached 

792.80 m² g-1. This suggests that a higher impregnation ratio increases micropore surface area. 

meaning that a higher impregnation ratio improves pore development (Table V. 1. 8).  

 Similarly, the micropore volume limit increased from 0.085 cm³ g-1 at 600°C to 0.30 

cm³ g-1 at 800°C (1:2 ratio), confirming a substantial increase in microporosity. The increase in 

micropore surface area with a 1:2 impregnation ratio is mainly due to the higher concentration 

of KOH, which enhances the activation process [47, 48]. Excess KOH penetrates deeper into 

the carbon structure, resulting in a greater decomposition effect that removes disordered carbon 

and creates more micropores [49, 50].  However, according to our results, increasing the 

intensity of activation led to increased burn-off, which significantly reduced the overall yield 

of activated carbon. Although the 1:2 ratio favors the development of micropores, the loss of 

material makes it unsuitable for large-scale applications. In comparison (Table V. 1. 8.), the 1:1 

impregnation ratio achieved a better balance between yield and adsorption qualities. It 

preserved sufficient activated carbon while ensuring good porosity, making it a more feasible 

option for future research and real-world applications. Overall, the two-step activation process 

offers a higher yield than the one-step method, while allowing better control of porosity and 

adsorption properties.  
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 The results in Table V. 1. 8 suggest that optimization of activation temperature and 

impregnation ratio is essential to obtain high-quality activated carbon with desirable textural 

and adsorption characteristics. 

Table V. 1. 9: AC600.45, AC700.45, AC800.45 comparison results  

  

 The results of two-stage activation at 45 min show an improvement in yield compared 

with the two-stage activation process at 30 min. The yield was highest at 600°C (77.65%) and 

decreased with increasing activation temperature up to 700°C (75.01%) and 800°C (71.63%). 

This result is to be expected, as higher temperatures led to greater combustion, resulting in 

greater material loss (Table V. 1. 9 and Figure V. 1. 17).  

 

 AC prepared in two-step activation 

AC  AC600.45 AC700.45 AC800.45 

 

Activation parameter  

T = 600°C 

t = 45 min 

T = 700°C 

T = 45min 

T = 800°C 

T = 45min 

1:1 Impregnation ratio 

Yield (%) 77.65 75.01 71.63 

Burn off (%) 22.35 24.98 28.36 

Iodine number (mg g-1) 545.8 590.22 602.91 

MB index (mg g-1) 32.24 51.36 58.19 

Micropore surface area (m2 g-1) 234.32 327.08 301.90 

Limiting micropore volume (cm³ g-1) 0.084 0.117 0.115 
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Figure V. 1. 17: Burn-off and yield of AC600.45, AC700.45, and AC800.45 

 However, the iodine number, MB index, and micropore surface area all increased with 

temperature, indicating better pore development and adsorption properties (Table V. 1. 9 and 

Figure V. 1. 18). 

 

Figure V. 1. 18: Comparative histogram of iodine number and Methylene blue index of 

AC600.45, AC700.45, and AC800.45 

The two-stage 30 min-activation (Table V. 1. 8), compared to the 45 min-activation 

process, maintained higher yields while improving adsorption properties (Table V. 1. 9). The 

iodine number and MB index increased as the activation temperature rose, demonstrating that 

a longer activation time enables further pore formation.  
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However, the micropore surface area at 800°C (301.90 m2 g-1) was slightly lower than 

at 700°C (327.08 m2 g-1), suggesting that excessive activation may reduce microporosity. 

Compared with one-step activation (Table V. 1. 7), the two-step process produced a 

much higher yield and better overall activated carbon quality. The one-step activation at 800°C 

for 30 min gave only 36.44 % yield (Table V. 1. 8), while the two-step process at 800°C for 45 

min gave 71.63 % yield, almost doubling the yield (Table V. 1. 9). This confirms that initial 

carbonization before activation stabilizes the structure, reducing excessive combustion and 

improving carbon retention.  

Table V. 1. 10: AC600.60, AC700.60, AC800.60 comparison results  

 

Increasing the activation time to 60 min, with higher temperature, resulted in a 

significant yield loss due to excessive degradation of the carbon structure, which resulted in 

more combustion (Table V. 1. 10 and Figure V. 1. 19) 

 AC prepared in two-step activation 

AC  AC600.60 AC700.60 AC800.60 

 

Activation parameter  

T = 600°C 

t = 60 min 

T = 700°C 

t = 60 min 

T = 800°C 

t = 60 min 

1:1 Impregnation ratio 

Yield (%) 58.39 52.016 46.57 

Burn off (%) 41.61 47.98 53.42 

Iodine number (mg g-1) 571.19 593.4 507.72 

MB index (mg g-1) 34.06 45.44 54.09 

Micropore surface area (m2 g-1) 203.85 392.43 273.38 

Limiting micropore volume (cm³ g-1) 0.089 0.148 0.107 
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Figure V. 1. 19: Burn-off and yield of AC600.60, AC700.60, and AC800.60 

According to Table V. 1. 10 and Figure V. 1. 20, the iodine number rose at 700°C (593.4 

mg g-1) but decreased at 800°C (507.72 mg g-1), demonstrating that high activation inhibits 

micropore development [51]. Furthermore, the index of MB increased around 800°C, indicating 

the formation of a more mesoporous structure [52].  

 

Figure V. 1. 20: Histograms of iodine number and Methylene blue index of AC600.60, AC700.60, 

and AC800.60 

This confirms that high temperatures damage the walls between micropores, resulting 

in structural degradation and the conversion of micropores to mesopores [53], which promotes 

MB adsorption but decreases iodine adsorption capability (Figure V. 1. 20.). 
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Micropore surface area followed a similar pattern, first increased at 700°C (392.43 m2 

g-1), but then decreased at 800°C (273.38 m2 g-1), indicating that overactivation at higher 

temperatures can destroy micropores by transforming them into larger pores, as shown by 

several studies [51, 54].  

The parametric investigation showed that activation temperature and time have a 

considerable impact on yield, porosity, and adsorption characteristics. Prolonged activation 

reduces carbon, weakening the structure and increasing material loss. Potassium hydroxide 

creates a microporous structure [55]. However, an extended activation period permits the 

activating agent to continue interacting with the carbon structure, resulting in pore enlargement 

[56], as confirmed by an increase in the MB index at 800°C. 

As a result, while higher temperatures and longer activation durations may initially 

increase porosity, excessive activation reduces micropore volume and causes the material to 

develop a mesoporous texture. This emphasizes the importance of carefully controlling 

activation conditions to balance porosity enhancement and material conservation. Overall, the 

parametric study underlines the necessity to optimize activation parameters (temperature, time, 

and impregnation ratio) to balance yield, porosity, and adsorption capacity. 

 

Ⅴ. 1. 3. Characterization results of the activated carbon prepared in a tube furnace under 

nitrogen atmosphere 

 This section includes the results and discussion of activated carbon produced via 

physicochemical activation with potassium hydroxide in a tube furnace under an inert nitrogen 

atmosphere. Five activated carbons were prepared using various activation methods. In the one-

step activation technique, raw pine cones were immediately activated at 800°C for 30 minutes 

using two impregnation ratios (1:1 and 1:2). In the two-stage activation procedure, the material 

was first carbonized at 600°C for 1 hour, then activated at 800°C for 30 minutes, using the same 

impregnation ratios (1:1 and 1:2). The Materials and Methods chapter provides detailed 

experimental procedures. 
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Table V. 1. 11: Results of combined activation in a tube furnace under N2 atmosphere (AC, 

AC1, AC1', AC2, and AC2' activated carbons) 

 

In this part, we compare the effects of different activation methods (physical activation, 

one-step physical chemical activation, and two-step physical chemical activation) on yield, 

burn-off, adsorption power, and material porosity.  

The results (Table V. 1.11) reveal significant variations in these parameters, depending 

on the activation approach used. Physical treatment (Charcoal) (AC) produced the lowest yield 

(28.21%) and the largest burn-off (71.78%), demonstrating the aggressive nature of heat 

degradation in the absence of a chemical activating agent. One-step activation enhanced yield 

to 48.6% (AC1) and 56.18% (AC1'), while burn-off was reduced to 51.39% and 43.82%, 

respectively. A higher KOH ratio (1:2 in AC1') results in better material retention and lower 

burn-off. 

 Direct 

Pyrolysis 

One-step  

activation 

Two-step  

activation 

AC  Charcoal 

(AC) 

AC1 AC1' AC2 AC2' 

 

Activation parameters 

T = 800°C 

t = 30min 

T = 800°C 

t = 30min 

1:1 ratio 

T=800°C 

t = 30min 

1:2 ratio 

T=800°C 

t = 30 min 

1:1 ratio 

T=800°C 

t = 30min 

1:2 ratio 

Yield (%) 28.21 48.6 56.18 79.06 72.57 

Burn off (%) 71.78 51.39 43.82 20.93 27.42 

MB index (mg g-1) 80.51 95.67 96.89 174.23 50.60 

Iodine number (mg g-1) 469.64 507.72 837.73 539.45 888.51 

Micropore surface area (m2 g-1) 27.94 745.30 850.19 227.28 1039.22 

Limiting micropore volume (cm³ g-1) 0.014 0.267 0.265 0.087 0.357 
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 In contrast, two-step activation achieved the highest yields, with AC2 reaching 79.06 % 

and AC2' at 72.57 %, while their burn-off values were significantly lower (20.93% and 27.42%, 

respectively). The lower burn-off in this method suggests that the pre-treatment step in two-

step activation stabilized the material, reducing excessive mass loss and leading to better carbon 

retention (Table V. 1. 11 and Figure V. 1. 21).  

 

Figure V. 1. 21: Burn-off and yield of AC, AC1, AC1', AC2, and AC2' 

 As previously mentioned, the Methylene blue (MB) index measures the adsorption 

capacity of large molecules, indicating the presence of mesoporosity. In contrast, the iodine 

number measures the adsorption capacity of small molecules, giving an idea of microporosity. 

Physical treatment yielded an MB index of 80.51 mg g-1, indicating low mesoporosity. 

One-step activation resulted in a modest improvement, with values of 95.67 mg g-1 (AC1) and 

96.89 mg g-1 (AC1'). However, the two-step activation showed larger values, AC2 had the largest 

MB index (174.23 mg g-1), indicating substantial mesoporosity, while AC2' had the lowest MB 

value (50.60 mg g-1), indicating the dominance of microporosity. 

The iodine number showed a different pattern. AC yielded a value of 469.64 mg g-1, 

slightly enhanced by one-step activation (507.72 mg g-1 for AC1), and significantly increased 

with a higher KOH ratio (837.73 mg g-1 for AC1'). The two-step activation resulted in the highest 

iodine number for AC2' (888.51 mg g-1), indicating greater microporosity.  The value for AC2 

was 539.45 mg g-1, indicating a mesoporous structure.  

The results indicate that AC2' is extremely microporous, while AC2 has a more 

mesoporous structure (Table V. 1. 11. and Figure V. 1. 22) 
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Figure V. 1. 22: Histograms of iodine number and Methylene blue index of AC, AC1, AC1', 

AC2, and AC2' 

Microporosity was studied using micropore surface area and micropore volume. As 

shown in Table V. 1. 11, physical activation (AC) produced the smallest micropore surface area 

(27.94 m2 g-1) and volume (0.014 cm3 g-1), indicating ineffectual pore formation. 

One-step activation significantly improved microporosity, with AC1 achieving 745.30 

m² g-1 and AC1' increasing further to 850.19 m2 g-1. Their micropore volumes also improved 

(0.267 cm3 g-1 and 0.265 cm3 g-1, respectively), demonstrating that a higher KOH ratio (1:2) 

enhances micropore development. The greatest creation in micropores was seen after two steps 

of activation. AC2' activated carbon has the largest micropore surface area (1039.22 m2 g-1) and 

volume (0.357 cm3 g-1), indicating a superior microporous structure. AC2 had a reduced 

micropore surface area (227.28 m2 g-1) and volume (0.087 cm3 g-1), suggestive of its 

mesoporous nature. 

The choice of activation method plays a crucial role in studying the adsorption 

properties and pore structure of activated carbon. From our results, we can say that applying 

direct physical activation to the pine cone precursor (AC) produces low porosity and poor 

adsorption properties, making it the least effective process for the preparation of activated 

carbon by pine cone precursor.  

One-step activation improves adsorption performance significantly, particularly in AC1', 

which exhibited a high iodine number and enhanced micropore development.  
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However, the two-step activation yielded the best results, with AC2' achieving the 

highest microporosity and AC2 showing the best mesoporosity. 

Overall, using a tube furnace under nitrogen atmosphere produced AC1' and AC2' as the 

most suitable for applications requiring high microporosity and adsorption of small molecules, 

with AC₂' being the best one, while the produced AC₂ is more appropriate for large-molecule 

adsorption due to its higher mesoporosity.  

 Point of zero charge (pHpzc) of the AC2' activated carbon  

 

Figure V. 1. 23: pHpzc of AC2' 

Figure V. 1. 23 shows the point of zero charge (pHpzc) of AC2 illustrated by the 

intersection of the lines provided by the equation pHinitial-pHfinal=pHinitial. The pHzpc of AC2 was 

7.7. It is therefore a basic surface that releases OH- ions. The charge on the AC2 surface is 

positive for solutions with a pH below pHpzc and negative when the pH exceeds this value [57]. 

 

 Potassium Hydroxide chemical activation mechanism 

Potassium hydroxide plays a crucial role in porosity development through chemical 

attack, carbon oxidation, and gasification. The reaction between KOH and carbon at high 

temperatures generates potassium species: potassium metal (K), potassium oxide (K2O), and 

potassium carbonate (K2CO3) that intercalate into the carbon structure, creating well-developed 

micropores. The chemical activation process can be described according to the following 

reactions: 

4KOH + C → 4K + CO2 + 2H2O                   (1)       
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According to reaction (1), potassium hydroxide (KOH) reacts with carbon (C) at high 

temperatures to produce potassium metal (K), carbon dioxide (CO2), and water (H2O). 

Potassium hydroxide acts as an activator, facilitating the decomposition of pine precursor 

carbon (PCP) into potassium metal and carbon dioxide. This reaction results in the engraving 

and activation of the carbon structure by removing some of the carbon in the form of CO2, 

thereby increasing the number of pores (micropores and mesopores) in the carbonaceous 

material [58]. 

2KOH + CO2  →  K2CO3 +  H2O                        (2) 

Equation (2) shows the interaction between potassium hydroxide (KOH) and carbon 

dioxide (CO2) liberated in the first reaction. At 400°C, potassium hydroxide reacts with carbon 

dioxide to form potassium carbonate (K2CO3) and water (H2O). This is an oxidative reaction in 

which CO2 is captured and converted to potassium carbonate. In the context of activated carbon 

preparation, potassium carbonate (K2CO3) is the compound that can contribute to micropore 

development and enhance the activation process [59]. 

6KOH + 2C → 2K + 3H2 + 2K2CO3                (3) 

When the temperature reaches 700°C, potassium hydroxide (KOH) reacts with carbon 

(C) to produce potassium metal (K), hydrogen gas (H2), and potassium carbonate (K2CO3). 

Reaction (3) represents a more complicated activation process in which potassium 

hydroxide not only activates carbon, forming potassium metal and potassium carbonate but also 

liberates hydrogen gas. The formation of potassium carbonate suggests further oxidation of the 

carbon material, and the presence of hydrogen gas indicates gasification, which helps to open 

up the carbon structure and develop porosity [60]. 

  K2CO3 →  K2O + CO2                                         (4) 

Equation (4) presents a thermal decomposition reaction. Thermal decomposition of 

potassium carbonate generally takes place at high temperatures (800°C). Potassium carbonate 

(K2CO3) then decomposes into potassium oxide (K2O) and carbon dioxide (CO2). The 

formation of potassium oxide (K2O) is important in this stage since it can react with carbon to 

continue the activation process, facilitating the formation of pores in the carbonaceous material.  

                          CO2 + C → 2CO                                                 (5) 

      K2O + C → 2K + CO                                         (6) 
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The emission of CO2 gas in equation (4) also contributes to the removal of carbon from 

the structure, K2O is reduced by C to produce metal K, thereby increasing the porosity and 

surface area of the activated carbon [50, 61]. The reactions lead to gasification, oxidation, and 

the production of potassium compounds (K2CO3 and K2O), resulting in a more porous and 

reactive activated carbon structure [62]. These processes improve the adsorption capacity of the 

resulting activated carbon, making it useful in a variety of applications, including water 

treatment [63] and air purification [64]. 

 

 Effect of furnace type on activated carbon properties 

This comparative study analyzed the effects of different activation parameters, including 

time, temperature, and impregnation rate, using the muffle furnace and the tubular furnace 

under nitrogen environment. Both types of ovens were evaluated for their ability to produce 

activated carbons with high quality. The muffle furnace ensured uniform temperature 

distribution but did not provide the level of control offered by the tube furnace under nitrogen 

atmosphere. Both methods demonstrated that increasing the activation temperature increased 

porosity. The tube furnace was more effective in developing micropores and preventing 

oxidation degradation. Its nitrogen atmosphere enabled a more controlled activation process, 

ensuring that the carbon structure was optimized for pore development without excessive 

oxidation or surface degradation. 

Ⅴ. 2. Part 2: Adsorption application results 

 

Based on the results obtained, we selected the two prepared activated carbons K-AC₂ 

and AC₂' as the most suitable activated carbons for the removal of para-chlorophenoxyacetic 

acid (P-CPA) and Linuron (Lin) from aqueous solutions. These two materials demonstrated 

high surface area, well-developed microporosity, and superior adsorption capacity, making 

them ideal for pollutant removal. 

By way of reminder, the K-AC₂ activated carbon, was prepared via two-step KOH 

activation (1:1 ratio) at 800°C for 30 minutes in a muffle furnace, provided a balanced porous 

structure with an MB index of 72.768 mg g-1, a significant iodine number of 666.38 mg g-1, a 

BET surface area of 430.504 m² g-1, and a pore volume of 1.778 cm³ g-1, and a good yield (72.25 

%).  
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These characteristics suggest that K-AC2 activated carbon has a well-developed 

microporous structure suitable for the adsorption of small organic molecules. 

However, The AC₂' activated carbon, obtained via a combined  activation approach 

under inert nitrogen atmosphere in a tubular furnace using a higher KOH ratio (1:2), achieved 

the highest micropore surface area (1039.22 m² g-1) with an iodine number of 888.51 mg g-1, 

micropore volume (0.357 cm³ g-1), and 50.60 mg g-1 MB index, and a good yield (72.57%), 

indicating enhanced microporosity that can effectively fixe persistent pollutants from 

wastewater such as P-CPA and Lin herbicides. 

 

Ⅴ. 2. 1. P-CPA removal from aqueous solution by K-AC2 activated carbon  

Ⅴ. 2. 1. 1. Contact time effect  

The study investigated the effectiveness of adsorption over time to determine the contact 

time required for the adsorption of p-chlorophenoxyacetic acid onto the prepared K-AC2. Two 

initial concentrations (200 and 300 mg L-1) and the solution pH were fixed, while the contact 

time was varied from 10 to 60 minutes at 25 ± 1°C (using a thermostat). 

The removal efficiency of P-CPA significantly improved over time due to the abundance 

of empty sites [65]. The removal process progressively stabilized at equilibrium (60 minutes) 

between K-AC2 and P-CPA-herbicide. The optimal contact time was 45 minutes, as no 

significant increase in the elimination rate was observed beyond that. At the optimal time (45 

minutes), the corresponding adsorption elimination rates of P-CPA were 90.15% for Cinitial = 

200 mg L-1 and 84.70% for Cinitial = 300 mg L-1 (Figure V. 2. 1) 
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Figure V. 2. 1: Effect of contact time on P-CPA adsorption onto K-AC2 

Ⅴ. 2. 1. 2. Effect of K-AC2 dose on P-CPA adsorption 

To determine the optimal dose of K-AC2 for maximum P-CPA removal, we tested a 

range from 2 to 10 g L-1 activated carbon dose at ambient temperature and initial solution pH, 

with P-CPA concentrations of 200 and 300 mg L-1. The results, shown in Figure V 2. 2 

demonstrated a significant increase in the removal rate of P-CPA as the activated carbon dose 

was raised from 2 to 6 g L-1. For the 200 mg L-1 P-CPA concentration, the removal efficiency 

improved from 64.91% to 91.43%, and for the 300 mg L-1 concentration, it increased from 

68.99 % to 92.88 %. This enhancement in removal efficiency can be attributed to the increased 

surface area and the presence of more active sites and contact surfaces on the K-AC2 [65, 66]. 

However, at dose levels of 6 and 8 g L-1, the adsorption process tended to stabilize, reaching a 

saturation point at 91.43% for 200 mg L-1 and 92.88 % for 300 mg L-1. Beyond this stabilization 

point, further increases in the adsorbent dosage did not lead to higher adsorption efficiency. 

Higher doses (above 10 g L-1) resulted in decreased adsorption capacity [67, 68], with values 

of 89.24 % for 200 mg L-1 and 92.73 % for 300 mg L-1. Based on these results, the optimum 

activated carbon dose for P-CPA removal was 6 g L-1. 
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Figure V. 2. 2: Effect of K-AC2 dose on P-CPA adsorption 

Ⅴ. 2. 1. 3. Study of the pH effect  

The adsorption process is significantly influenced by the solution pH, which plays a 

critical role in various interactions, such as the surface charge of the adsorbent, electrostatic 

interactions, hydrogen bond formation, electron exchange, and π-π dispersion interactions in 

the solution [31, 69]. To investigate the impact of pH on P-CPA removal through adsorption on 

K-AC2, several experiments were conducted at fixed concentrations (200 and 300 mg L-1), a 

temperature of 25°C, an optimized adsorbent dosage of 6 g L-1, and a contact time of 45 minutes. 

The adsorption performance of P-CPA with the solution pH is depicted in Figure V. 2. 3. 

Observations revealed that the fixed amount of P-CPA adsorbed occurred at pH values 

of 2.1 and 3.75 (with 3.75 being the initial solution pH). As the solution pH increased, the 

elimination rate of P-CPA decreased, reaching 91.5 % to 65.68 % for the concentration of 200 

mg L-1 and 92.6% to 66.46% for the concentration of 300 mg L-1. According to the literature, 

in an aqueous environment with a basic solution pH, the carboxyl groups of P-CPA lose a proton 

(H+) and acquire a negative charge. It is worth noting that the specific pH at which this 

deprotonation occurs depends on the molecule's pKa value. For P-CPA, the reported pKa values 

are 3.56 (experimental) and 3.27 (calculated), indicating that the anionic form of P-CPA is 

predominant when the pH is greater than 3.56 [70]. Moreover, when the solution's pH surpasses 

the pKa value of the adsorbate, the adsorbate predominantly exists in its deprotonated form 

(RCOO-). This situation can enhance adsorption through electrostatic attraction with positively 

charged sites on the adsorbent surface, as supported by the pHpzc results. At low pH values or 

2 4 6 8 10

65

70

75

80

85

90

95

100

E
lim

in
a
ti
o

n
 r

a
te

 (
%

)

Dose (g/l)

 200 mg/l

 300 mg/l 
Dose Effect 



CHAPTER V                                                                            RESULTS AND DISCUSSIONS 

 

  

154 

when pH < pHpzc  (pHpzc= 7.76), the adsorbent surface acquires a positive charge, while P-CPA 

molecules become negatively charged within this pH range. Consequently, electrostatic 

attraction between the adsorbent surface and the pollutant occurs, resulting in a higher 

adsorption capacity [71]. Conversely, the opposite effect is observed when the pH is lower than 

the pKa value [72]. Furthermore, the activation of pine cone biochar using KOH introduced 

hydroxyl groups onto the adsorbent's surface. The adsorption process of P-CPA onto K-AC2  

possibly involved the substitution of the anionic group of P-CPA with the OH- group of the 

activated carbon [71]. 

Since the highest elimination rate was achieved at two different pH values, 2.1 and 3.75, 

we selected the pH value of 3.75 for subsequent steps in the study to avoid further adjustments. 

This choice aligns with findings from another scientific paper investigating the adsorption of 

chlorophenoxyacetic acid by OPAC (Orange Peals Activated Carbon), where authors also 

identified an optimum pH value of ʺ3ʺ [31]. 

 

Figure V. 2. 3: Effect of pH on percent removal of P-CPA 
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Ⅴ. 2. 1. 4. Applied isotherm models for P-CPA adsorption by K-AC2   

Table V. 2. 1: Isotherm adsorption parameters 

 

The adsorption data of P-CPA onto K-AC2 (Table V. 1. 1) were well fitted by the 

Langmuir isotherm (Figure V. 2. 4) model, with R2 > 0.97 and low error functions. We obtained 

a significant maximum monolayer adsorption capacity of 266.5 mg g-1 based on this model. 

The calculation of different initial concentrations revealed that RL of P-CPA adsorption on the 

studied activated carbon was 0<R< 1 for the Langmuir model, which confirms that the 

adsorption process is favorable. 

The Freundlich model (Figure V. 2. 4) fitted P-CPA adsorption data very well with a 

coefficient of determination of 0.99 and low error functions.  The higher R2 shows multi-layer 

adsorption, including interactions between herbicide molecules and heterogeneous adsorbent 

surfaces. A value of n > 1 shows that the prepared activated carbon has good adsorption 

properties. P-CPA is adsorbed in various ways due to powerful bonds between the adsorbent 

and adsorbate [73]. 

Model Isotherm parameters results                                                       χ²        RMSE     APE 

Langmuir R2 KL (mgg-1) qm (mgg-1)     

0.97              0.0185 266.5  28.90 1.44 11.51 

Freundlich R2 n KF ((mg. L-1)n. (mg g-1))    

0.99 2.64 28.44   51.85 19.63 24.76 

Temkin R2 BT b (Jmol-1) KT    

0.98 52.38 43.33 0.26 15.20 10.96 7.92 

(D-R) R2 β(mol2J-2) qmD−R(mgg-1) E    

0.97 3.3×10-8 224.7 3.892 46.49 16.27 15.39 

(R-P) R2 𝛽(mol2J-2) ar−p (Lg-1)  KRP (Lmg-1)    

0.98 0.87 7.17 0.059 20.65 11.03 12.48 
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The Temkin model described the adsorption of P-CPA by K-AC2 with a 0.98 

determination coefficient and lower error functions (Figure V. 2. 4). 

For the Dubinin-Radushkevich (D-R) model, the determination coefficient R 2= 0.97 

(Figure V. 2. 4) and the low value of the error function mean that this model accurately 

described P-CPA adsorption using K-AC2. The maximum adsorption capacity obtained by the 

Dubinin-Radushkevich (D-R) model (224.7 mg g-1) was close to that obtained by the Langmuir 

model (266.5 mg g-1). The value of adsorption energy obtained is lower than 8 kJ mol-1 (E = 

3.892 kJ mol-1) and denotes that the adsorption of P-CPA on K-AC2 is physical.  

   The Redlich-Peterson isotherm constant 𝛽 in between 0 and 1 (Table V. 1. 1) indicates 

that the isotherm approached the Freundlich isotherm (Figure V. 2. 4). It overlapped the 

Redlich-Peterson isotherm with a high coefficient of determination, up to 0.97, and a low error 

function, which confirms that the Freundlich isotherm is the most fitted isotherm model to the 

adsorption process of P-CPA on K-AC2. 
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              Figure V. 2. 4: Adsorption isotherm models of P-CPA on K-AC2 
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 Table V. 2. 2: Comparison of P-CPA maximum adsorption capacities on various adsorbents   

 

Ⅴ. 2. 1. 5. Kinetic study of P-CPA adsorption by K-AC2 

Table V. 2. 3: Fitting parameters for the pseudo-first-, the pseudo-second order adsorption 

kinetic and intraparticle diffusion models P-CPA adsorption by K-AC2  

 

 

Adsorbent  qm (mg g-1) Reference  

Commercial NSX2 powdered activated carbon  211.77 [74] 

Functionalized Physalis peruviana biomass 333.3 [75] 

Biomass-based ferrospinel composite 400 [76] 

Activated carbon from tea waste 58.8 [77] 

Activated carbon from Soybean waste 253.2 [78] 

Pine cone based activated carbon treated with KOH 266.5 This study 

Co (mg L-1) 200 300 

qe(exp) (mg g-1) 31.69 47.15 

Pseudo-first order model R2 = 0.98 R2 = 0.91 

qe(calc) (mg g-1) 2.247 2.218 

K1 (min-1) 0.0506 0.0693 

Pseudo-second order model R2 = 0.998 R2= 0.999 

qe(calc) (mg g-1) 32.33 47.73 

K2 (g mg-1 min-1) 0.0187 0.0257 

Intraparticle diffusion model R2=0.981 R2=0.96 

Ce (mg g-1) 25.008 41.9 

Kid (mg g-1 min-1/2) 0.9599 0.7746 
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The high values of the coefficient of determination (R2>0.9) show fairly good linearity 

of the log (qe-qt) =f(t) curve (Figure V. 2. 5).  The predicted adsorbed quantity values, qcalc 

(2.247 and 2.18 mg g-1 for 200 and 300 mg L-1 concentrations, respectively), were, however, 

lower than the experimentally measured values, qexp (31.69 and 47.15 mg g-1 for 200 and 300 

mg L-1 concentrations, respectively). This demonstrates that the pseudo–first–order model does 

not completely match the experimental data. 

The figure indicates that plotting t/qt vs t (Figure V. 2. 6) yields a good straight line with 

higher coefficients of determination (R2 = 0.999), and the values of qcalc computed (32.33 and 

47.73 mg g-1 for 200 and 300 mg L-1 respectively) using the pseudo-second-order equation are 

pretty similar to the experimental data for these two concentrations. 

 Table V. 1. 3 shows that the experimental results obtained perfectly follow the linear 

variation given by the pseudo-second-order kinetics equation for P-CPA adsorption on K-AC2. 

Therefore, the pseudo-second-order model matched the experimental data better than the 

pseudo-first-order model. Similar results were found in other experimental works on the 

adsorption of herbicides [72, 79]. 
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Figure V. 2. 5: Linear fit of the pseudo-first-order kinetic model of P-CPA adsorption onto K-

AC2. 
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Figure V. 2. 6: Linear fit of the pseudo-second-order kinetic model of P-CPA adsorption onto 

K-AC2. 

 Since the determination coefficient was greater than 0.98 (Figure V. 2. 7), we can say 

that intraparticle diffusion well fits the Lin adsorption process by K-AC2. Also, we noticed that 

the diffusion rate constant (kid) values decreased with increasing concentration, indicating that 

the diffusion rate within the adsorbent slows as the pollutant concentration rises [17]. 
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Figure V. 2. 7: Linear fitting of the intraparticle kinetic model of P-CPA adsorption onto K-

AC2  
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Ⅴ. 2. 1. 6. Thermodynamic study of the adsorption of P-CPA by K-AC2 

Table V. 2. 4: Thermodynamic parameters of P-CPA adsorption by K-AC2 

 

Figure V. 2. 8 shows the good linearity of the plots of ln (Kd) = f (1/T) with coefficients 

of determination greater than 0.94 and 0.99 for the concentration of 200 and 300 mg L-1 

respectively, which validates the estimated enthalpy ΔH° and entropy ΔS° values as obtained 

from the slope and intercept [80].   

The negative ΔG° values (Table V.1.4) denote the spontaneous and thermodynamically 

favorable adsorption. Moreover, the decrease in the negative values of ΔG° with increasing 

temperature indicates that adsorption is more advantageous at higher temperatures [81]. 

A positive value for ΔH° of each concentration signifies that the process is endothermic 

and ranges between 20 and 80 kJ mol-1 [82], also less than 40 kJ mol-1 [83], revealing that P-

chlorophenoxyacetic acid (P-CPA) adsorption by K-AC2 activated carbon is physical. The 

positive value of ΔSo indicated an increase in the randomness at the adsorbent/adsorbate 

interface during the adsorption process. In addition, this positive value shows the existing 

affinity of the prepared activated carbon toward the herbicide in an aqueous solution [31]. 

The adsorption power of K-AC2 improves at higher temperatures, thanks to its high 

porosity and large surface area. Similar results for endothermic adsorption of herbicides have 

been previously demonstrated on KOH-based activated carbon [31]. 

Co (mg L-1) ΔH° (kJ mol-1) ΔS° (kJ mol-1 K-1) 

 

ΔG° (kJ mol-1) 

293 K 298 K 303 K 313 K 

200 34.207 0.139 -6.52 -7.215 -7.91 -9.3 

300 38.103 0.151 -6.14 -6.895 -7.65 -9.16 
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Figure V. 2. 8: van’t Hoff plot lnKd versus 1/T for P-CPA on K-AC2  

Ⅴ. 2. 1. 7. Desorption test 

 A desorption study was carried out on the herbicide P-CPA, as this procedure is 

necessary if the adsorbent is to be reused. Desorption is the opposite of adsorption: it removes 

the pollutant bound to the adsorbent, making its pores available again. This enables us to 

understand how the pollutant is removed and recovered while allowing the adsorbent to be 

reused, thereby reducing costs and preserving the environment [65].  

We studied the desorption process by mixing 250 mL of distilled water with 1 g of K-

AC2 that had absorbed 266.5 mg of P-CPA per gram. The mixture was placed in a special flask, 

and desorption was carried out using a Soxhlet apparatus, with fresh distilled water added every 

2 hours. Over time, the water collected more of the released pollutant. The concentration of the 

desorbed pollutant in the solution was measured using a spectrophotometer at the same 

maximum wavelength. 
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Figure V. 2. 9: Desorption rate of P-CPA from K-AC2 

 As shown in Figure V. 2. 9, the amount desorbed was significantly higher at the start of 

extraction and stabilized thereafter, reaching a desorption rate of 69.72%. The results indicate 

that K-AC2 can be recycled and reused for the adsorption of the herbicide P-CPA. 

 

 

 

 

 

 

 

 

 

 

 

Figure V. 2. 10: SEM micrographs of K-AC2 after adsorption of P-CPA 

Figure V. 2. 10 shows that the P-CPA adsorbate occupied the pores and cavities of the 

K-AC2-activated carbon. The EDS results further revealed a notable decrease in carbon content. 
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For the K-AC2 activated carbon before P-CPA adsorption, the carbon content was 66.75% 

(Figure V.1.10), after adsorption, it was decreased to 56.6% in (Figure V. 2. 11) and an increase 

in oxygen content, shifting from 30.948 % (Figure V. 1. 10) to 31.773 % (Figure V. 2. 11), after 

P-CPA adsorption on K-AC2. Additionally, the results confirm the presence of chlorine after the 

adsorption of P-CPA by K-AC2. This occurrence is attributed to the binding of the adsorbate P-

CPA on the porous surface of the adsorbent, confirming the adsorption mechanism of P-CPA. 

 

 

Figure V. 2. 11: EDS data of K-AC2 after P-CPA adsorption 

Ⅴ. 2. 2. Lin removal from aqueous solution by K-AC2 activated carbon  

Ⅴ. 2. 2. 1. Effect of contact time   

Contact time is a key factor because it assesses the favorability of adsorption over time. 

We estimated the contact period required for the adsorption of Linuron (Lin) onto the prepared 

K-AC2.  

The removal process reached its maximum value at 90 min but decreased at 120 min for 

the 80 mg L-1 (86.89%). Thus, the optimum contact time was 90 min, with no substantial 

increase in removal rate observed beyond this time.  

At the optimal contact time (90 min), the corresponding adsorption removal rates of P-

CPA were 96.13 % for Cinitial = 70 mg L-1 and 90.24 % for Cinitial = 80 mg L-1 (Figure V. 2. 12). 

 

Elt. Line Intensity 

(c/s) 

Error 

2-sig 

Conc Units   

C Ka 96.29 6.205 56.601 wt.%   

O Ka 29.03 3.407 31.773 wt.%   
Mg Ka 4.30 1.312 1.011 wt.%   

Al Ka 7.95 1.783 1.752 wt.%   

Si Ka 11.57 2.151 2.452 wt.%   
Cl Ka 9.95 1.995 2.473 wt.%   

Ca Ka 6.91 1.662 2.157 wt.%   

Fe Ka 2.18 0.934 1.782 wt.%   

    100.000 wt.% Total 
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Figure V. 2. 12: Effect of contact time on Lin adsorption by K-AC2 

Ⅴ. 2. 2. 2. Effect of adsorbent dose  

To identify the optimal dose of K-AC2 for maximum Lin removal, we tested an 

adsorbent dose range of 2 to 10 g/L at room temperature and initial solution pH for Lin 

concentrations of 70 and 80 mg L-1. As shown in Figure V. 2. 13, the removal rate of Lin 

increased significantly as the activated carbon dose increased from 2 to 6 g L-1. For the 70 mg 

L-1 Lin concentration, the removal efficiency improved from 52.68% to 98.54%, and for the 80 

mg L-1 concentration, it increased from 48.05% to 98.79%.  This enhancement can be attributed 

to the larger presence of active sites and free pores [65, 66]. However, at dose levels of 6 and 

10 g L-1, the adsorption process tends to stabilize, reaching a saturation point at 98.22% for 70 

mg L-1 and 98.39% for 80 mg L-1. Beyond this stabilization point, further increase in adsorbent 

dose did not lead to higher adsorption efficiency.  

70mg L-1 

80mg L-1 
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Figure V. 2. 13 : Effect of adsorbent dose on Lin adsorption by K-AC2  

Based on these results, the optimum activated carbon dose for Lin removal is 6 g L-1. 

Ⅴ. 2. 2. 3. Effect of pH  

To investigate the impact of pH on Lin removal by adsorption on K-AC2, several 

experiments were conducted at 25 °C at fixed concentrations and an optimized adsorbent dose. 

Figure V. 2. 14 depicts the adsorption of Lin as a function of pH.  

A maximum removal rate of 99.84% and 99.61% was observed at pH values of 2.1 and 

4.05, respectively, for an initial concentration of 80 mg L-1. Similarly, at a concentration of 90 

mg L-1, removal rates of 98.49% and 98% were obtained at pH 2.1 and 7.07, respectively, with 

pH 7.07 representing the initial solution pH. 

The pKa of Lin (12.13) corresponds to the deprotonation of the secondary amine (-NH) 

group. Below this pKa, Lin remains predominantly in its neutral (non-ionized) form. Adsorption 

decreased above pH 7.07, likely due to changes in Lin’s charge state, the surface charge of K-

AC2, and competition with hydroxyl ions (OH⁻).  

The point of zero charge (pHpzc) is a key factor in the adsorption mechanism. When pH 

< pHzpc (7.6), the adsorbent surface becomes positively charged, which enhances adsorption 

due to interactions with polar functional groups on Lin. In acidic conditions, the high adsorption 

70mg L-1 

80mg L-1 
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capacity and possible interactions between K-AC2 and Lin include van der Waals forces, 

electron donor-acceptor (EDA) interactions, and hydrogen bonding [84]. 

 

Figure V. 2. 14:  Effect of pH on Lin adsorption by K-AC2  
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Ⅴ. 2. 2. 4. Isotherms modeling  

Table V. 2. 5: Fitting parameters of Linuron adsorption by K-AC2 for the models investigated  

 

 

The adsorption data matched Langmuir's non-linear isothermal model for Lin removal 

by K-AC2 activated carbon, with an R² greater than 0.84 but low error values. This model 

estimated a high maximum adsorption capacity of 43.76 mg per gram in a single layer. 

The calculation of different initial concentrations reveals that RL of Lin adsorption on the 

K-AC2 is 0<R< 1 for the Langmuir model, which confirms that the adsorption process is 

favorable. The Freundlich model is a well-fitted Lin adsorption with a coefficient of 

determination of 0.94 and low error functions. The higher R2 shows multi-layer adsorption 

between herbicide molecules and heterogeneous adsorbent surfaces. A value of n > 1 means 

that the prepared activated carbon has good adsorption properties (Table V. 1. 5).   

The Temkin model describes the adsorption of Lin by K-AC2 with 0.95 determination 

coefficient, and lower error functions. 

Model Isotherm modeling parameters                                                  χ²        RMSE      APE             

Langmuir R2 KL (mg g-1) qm (mg g-1)     

0.84 0.53 43.76  38.10 6.17 16.95 

Freundlich R2 n KF ((mg. L-1)n. (mg g-1))    

0.94 5.26 18.68   14.11 31.55 90 

Temkin R2 BT b (J mol-1) KT    

0.95 5.27 430.7 44.37 10.76 3.28 45.5 

(D-R) R2 β (mol2J-2) qmD−R(mg g-1) E    

0.7 1.05 38.17 0.68 82.03 38 100 

(R-P) R2 𝛽 (mol2 J-2) ar−p (L g-1) KRP (L mg-1)    

0.95 0.85 192.2 8.7 7.49 3.36 1.22 
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For the Dubinin-Radushkevich (D-R) model, the determination coefficient R2 = 0.7 and 

the high value of the error function mean that this model does not describe Lin adsorption using 

K-AC2. The maximum adsorption capacity obtained by the Dubinin-Radushkevich (D-R) 

model was 38.17 mg g-1. The value of adsorption energy obtained is lower than 8 kJ mol-1 (E = 

0.68 kJ mol-1) and denotes that the adsorption of Lin on Pines cones K-AC2 is physical.  

   The Redlich-Peterson isotherm with a high coefficient of determination (0.95) and a low 

error function shows that this model well describes the adsorption study of Lin by K-AC2. 

Furthermore, the Redlich-Peterson isotherm constant 𝛽 is between 0 and 1 (Table V. 1. 5) 

indicating that the isotherm approaches the Freundlich isotherm (Figure V. 2. 15). The good 

fitting and the 𝛽 value confirm that the Freundlich isotherm is the most fitted isotherm model 

for the adsorption process of Lin on K-AC2  
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Figure V. 2. 15: Fit to the adsorption isotherm models of Lin by K-AC2 
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Ⅴ. 2. 2. 5. Adsorption kinetics data of Linuron by K-AC2 

Table V. 2. 6: Adsorption fitting parameters for pseudo-first-order, pseudo-second-order 

kinetics and intraparticle diffusion models of Lin adsorption by K-AC2 

Co (mg L-1) 80 90 

qe (exp) (mg g-1) 13.26 14.86 

Pseudo-first order R2 = 0.99 R2 = 0.99 

qe(calc) (mg g-1) 13.21 14.86 

K1 (min-1) 1.013 0.516 

Pseudo-second order R2=0.99 R2 = 0.99 

qe(calc) (mg g-1) 13.23 14.8 

K2 (g mg-1 min-1) 1.5 1.3 

Intraparticle diffusion R2 = 0.96 R2=0.95 

qe(calc) (mg g-1) 13.08 14.62 

Kid (min-1) 0.018 0.025 

 

The high coefficient of determination values (Table V. 1. 6) (R2>0.9) show that the 

pseudo-first-order kinetic model well describes the Lin adsorption by K-AC2, moreover, the 

predicted adsorbed quantity values, qcalc (13.21 and 14.86 mg g-1 for 80 and 90 mg L-1 

concentrations, respectively), are very near, and almost equal to the experimentally measured 

values, qexp (13.26 and 14.86 mg g-1 for 80 and 90 mg L-1 concentrations, respectively) (Figure 

V. 2. 16). The pseudo-second-order equation is similar to the experimental data for both 

concentrations, with high coefficients of determination (R2 = 0.99), and the values of qcalc 

computed (13.23 and 14.8 mg g-1 for 80 and 90 mg L-1 respectively) (Figure V. 2. 17). 
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Figure V. 2. 16: Adsorption kinetics for K-AC2 with pseudo-first-order fitted model   
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Figure V. 2. 17: Adsorption kinetics for K-AC2 with pseudo-second order fitted model        

We can say that intraparticle diffusion well controlled the Lin adsorption process by K-

AC2 (Figure V. 2. 18) as coefficient of determination was higher than 0.90. Additionally, we 

notice that the diffusion rate constant (kid) values increased with increasing concentration, 

which indicates that the rate of diffusion into the K-AC2 pores is faster when pollutant 

concentrations are higher [85] (Table V. 1. 6).  
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Figure V. 2. 18: Intraparticle diffusion fitting of Lin adsorption by K-AC2 

 

V. 2. 2. 6. Thermodynamic study of Linuron adsorption by K-AC2 

Table V. 2. 7: Thermodynamic parameters of Lin adsorption by K-AC2     

 

The plot of ln (Kd) = f (1/T) as depicted in Figure V. 2. 19 shows the good linearity of 

the plots with coefficients of determination greater than 0.99 for both concentrations of 80 and 

90 mg L-1, demonstrating that the estimated enthalpy ΔH°, as well as entropy ΔS° values, were 

valid [80]. The negative ΔG° values in Table V. 1. 7 are indicative of the spontaneous and 

thermodynamically favorable adsorption. Moreover, the increase in the negative values of ΔG° 

with increasing temperature indicates that adsorption was more advantageous at lower 

temperatures [81]. 

Co (mg L-1) ΔH° (kJ mol-1) ΔS° (kJ mol-1 K-1) 

 

ΔG° (kJ mol-1) 

293 K 298 K 303 K 313 K 

80 27.51 0.121 -7.943 -8.548 -9.153 -10.363 

90 36.58 0.147 -6.491 -7.226 -7.961 -9.431 
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The positive value of ΔH° of each concentration signifies that the process is endothermic 

[82]. The obtained value lower than 40 kJ mol-1 and ranges between 20 and 80 kJ mol-1  [83] 

reveals that the Lin adsorption process by K-AC2 was physical. 

Table V. 2. 7 shows the positive value of ΔSo, indicating an increase in the randomness 

at the adsorbent/adsorbate interface during the adsorption process. In addition, this positive 

value shows the existing affinity of the prepared activated carbon toward the herbicide in an 

aqueous solution[31]. 
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Figure V. 2. 19: Plot of ln(kd) versus 1/T for the determination of thermodynamic parameters 

of Lin adsorption by K-AC2 

Ⅴ. 2. 3. P-CPA removal from aqueous solution by AC2' activated carbon  

Ⅴ. 2. 3. 1. Contact time effect  

As mentioned in the previous adsorption applications, it is essential to determine at first 

the contact time as the initial parameter before conducting the adsorption investigation.  As it 

is clear from Figure V. 2. 20, the removal process onto AC2' of P-CPA-herbicide progressively 

stabilized at 60 minutes. We fixed 45 minutes as the optimal contact duration, even though the 

corresponding adsorption elimination rates of P-CPA by AC2' at this period were 97.35 % for 

Cinitial = 200 mg L-1 and 95.05 % for Cinitial = 300 mg L-1. For the 60-minute contact time, these 

were 97.42 % for 200 mg L-1 and 96.67 % for 300 mg L-1. The absorbance values observed 

were very close (0.035, 0.034, and 0.025 for the periods 45, 60, and 75, respectively, for 200 

mg L-1 and 0.098, 0.066, and 0.074 for 45, 60, and 75 min, respectively, for the concentration 
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of 300 mg L-1. Hence, we selected 45 minutes as optimal contact time for P-CPA adsorption by 

AC2'. 

 

Figure V. 2. 20: Effect of contact time on P-CPA adsorption by AC2' 

Ⅴ. 2. 3. 2. Dose effect  

To determine the optimal dosage of AC2' for maximum P-CPA removal, we varied the 

dose values from 2 to 10 g L-1 at ambient temperature and initial solution pH, with P-CPA 

concentrations of 300 and 400 mg L-1. The results show (Figure V. 2. 21)  a significant increase 

in the elimination rate of P-CPA as the AC2' dose increased from 2 to 6 g L-1. For the 300 mg 

L-1 P-CPA concentration, the removal efficiency improved from 83.18% to 98.64%, and for the 

400 mg L-1 concentration, it increased from 87.2% to 97.16%. This improvement in the 

elimination rate can be attributed to the increased surface area and the presence of more active 

sites and contact surfaces on the AC2 ' [65, 66]. However, at adsorbent dose levels from 6 to 10 

g L-1, the adsorption process tended to stabilize, reaching a saturation point at 97.78% for 300 

mg/L and 97.92% for 400 mg L-1. As in earlier sections, the optimum activated carbon dose for 

P-CPA removal is 6 g L-1. 
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Figure V. 2. 21: Effect of adsorbent dose on the adsorption of P-CPA by AC2'  

 

Ⅴ. 2. 3. 3. pH effect  

The pH effect was studied in the range of 2–10. The results in Figure V. 2. 22 show the 

adsorption elimination rate of P-CPA herbicides onto AC2' as a function of pH. At pH 2.1, 

maximum elimination of the herbicide P-CPA was observed, reaching 99.36% for the 400 mg 

L-1 concentration and 99.27% for the 500 mg L-1 one. As the pH of the solution increased, the 

elimination rate decreased significantly, falling to 58.14% for 400 mg L-¹ and 50% for 500 mg 

L-¹ concentrations, respectively. At pH values above 3.56 (the pKa of P-CPA), the herbicide 

exists mainly in its deprotonated anionic form, reducing its interaction with the adsorbent 

surface. High adsorption at low pH is due to a strong electrostatic attraction between the 

positively charged AC2' surface (pH < pHpzc = 7.7) and the negatively charged P-CPA 

molecules. However, as pH increases above pHpzc, the AC2' surface becomes negatively 

charged, resulting in electrostatic repulsion and reduced adsorption.  
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Figure V. 2. 22: Effect of pH on P-CPA adsorption by AC2'  

Ⅴ. 2. 3. 4. Isotherm Models  

Table V. 2. 8: Isotherm parameters of P-CPA adsorption by AC2' 
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pH
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Nonlinear Model                     Adsorption Isotherm parameters                    χ²          RMSE       APE 

Langmuir R2 KL (mg g-1)     qm(mg g-1)  32.99 24.22 0.42 

0.87 0.12 284.8   

Freundlich R2 n KF ((mg. L-1)n. (mg g-1)) 10.34 12.35 4.53 

0.97 6.72 110.27  

Temkin R2 BT b (J mol-1) KT 5.36 9.08 3.27 

0.98 33.05 68.7 9.98  

(D-R) R2 β(mol2 J-2) qmD−R(mg g-1) E 79.59 36.41 13.73 

1 4.521×10-6 270.35 0.13  

(R-P) R2 𝛽(mol2 J-2) ar−p (L g-1) KRP (L mg-1) 4.94 9.02 2.79 

0.98 0.9 102.94 0.73  
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Figure V. 2. 23 shows that the experimental data for P-CPA adsorption on AC2' does not 

fit the Langmuir isotherm model, with a coefficient of determination (R² > 0.87), a Chi-square 

error of 32.99, and an APE of 0.42. The maximum monolayer adsorption capacity was 284.8 

mg g-1.  

The Freundlich isotherm had the highest R² value (>0.96), suggesting multilayer 

adsorption on a heterogeneous surface.  

The Temkin model also accurately described adsorption, with a high coefficient of 

determination and low error values, indicating that interactions between the adsorbate and 

adsorbent are crucial in the process.   

The Dubinin-Radushkevich (D-R) model also gave good results, with a predicted 

adsorption capacity of 270.3 mg g-1, which is close to the Langmuir value. Adsorption energy 

(E = 0.13 kJ mol-1) was less than 8 kJ mol-1, confirming that P-CPA adsorption on AC2' is 

physisorption (Table V. 1. 8). 

The Redlich-Peterson fit was superimposed on the Freundlich fit, thus confirming that 

Freundlich is the best fit for P-CPA adsorption by AC2'. 
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Figure V. 2. 23: Isotherm fitting of P-CPA adsorption by AC2' 
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Ⅴ. 2. 3. 5. Kinetic Study  

Table V. 2. 9: Adsorption fitting parameters for pseudo-first-order, pseudo-second-order 

kinetics and intraparticle diffusion models of P-CPA adsorption by AC2'  

Co (mg L-1) 400 500 

qe (exp) (mg g-1) 66.62 83.13 

Pseudo-first order R2 = 0.99 R2 = 0.99 

qe (calc) (mg g-1) 66.38 82.95 

k1 (min-1) 0.976 0.926 

Pseudo-second order R2 = 1 R2 = 1 

qe(calc) (mg g-1) 66.58 83.22 

k2 (gmg-1min-1) 0.257 0.183 

Intraparticle diffusion R2 = 0.97 R2 = 0.99 

qe(calc) (mg g-1) 65.83 82.48 

kid (min-1) 0.112 0.097 

 

To clarify the adsorption kinetics of P-CPA on AC2', two different concentrations (400 

mg L-1 and 500 mg L-1) were tested using the non-linear form. The results, summarized in Table 

V. 1. 9, show high coefficients of determination (R² = 0.99) for the pseudo-first-order model 

and (R² = 1) for the pseudo-second-order model at both concentrations (Figure V. 2. 24). In 

addition, the experimental adsorption capacity (qₑ(exp) = 66.62 mg g-1 for 400 mg L-1 and 83.13 

mg g-1 for 500 mg L-1 closely matched the calculated capacities (qₑ(calc) = 66.38 mg g-1 and 

82.95 mg g-1 for the pseudo-first-order model, and qₑ(calc) = 66.58 mg g-1 and 83.22 mg g-1 for 

the pseudo-second-order model) (Figure V. 2. 25). 
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Figure V. 2. 24: Adsorption kinetics for P-CPA adsorption by AC2' with pseudo-first 

order fitted model      
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Figure V 2. 25: Adsorption kinetics for P-CPA adsorption by AC2' with pseudo-second 

order fitted model      

The intraparticle diffusion model also indicates that diffusion plays a role in adsorption, 

with the diffusion rate constant (kid) increasing from 0.112 min-1 for the 400 mg L-1 

concentration to 0.097 min-1 for the 500 mg L-1 concentration. This result suggests that the 
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adsorption mechanism is faster at low concentrations and becomes slow at higher 

concentrations (Table V. 1. 9 and Figure V. 2. 26). 
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Figure V. 2. 26: Intraparticle diffusion model of P-CPA adsorption by AC2' 

Ⅴ. 2. 3. 6. Thermodynamic Study  

Table V. 2. 10: Thermodynamic parameters of P-CPA adsorption by AC2' 

 

The good linearity observed in the ln Kd = f(1/T) plots (Figure V. 2. 27), with 

coefficients of determination exceeding 0.99 for P-CPA (400 and 500 mg L-1), confirms the 

reliability of the estimated thermodynamic parameters.  

The positive values of enthalpy (ΔH°), 33.072 kJ. mol-1 and 40.217 kJ. mol-1 for the 

concentrations 400 and 500 mg. L-1 respectively, indicate that the adsorption process is 

endothermic.  

Herbicide Co (mg L-1) ΔH° (kJ mol-1) ΔS° (kJ mol-1 K-1) -ΔG° (kJ mol-1) 

293 K 298 K 303 K 313 K 

P-CPA 400 33.072 0.131 5.311 5.966 6.621 7.931 

 500 40.217 0.157 5.784 6.569 7.354 8.924 
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The positive entropy (ΔS°) values, 0.131 kJ mol-1 for 400 mg L-1 and 0.157 kJ mol-1·K-

1 for 500 mg L-1, suggests increased randomness at the AC2'/P-CPA interface during adsorption 

(Table V. 2. 10). The negative Gibbs free energy (ΔG°) values at all temperatures, such as -

5.311 kJ mol-1 at 293 K and -7.931 kJ mol-1 at 313 K for 400 mg L-1 and -6.569 kJ mol-1 at 298 

K and -8.924 kJ mol-1 at 313 K for 500 mg L-1, confirms that the process is spontaneous and 

thermodynamically favorable (Table V. 2. 10). The decrease in the magnitude of ΔG° with 

increasing temperature shows improved adsorption at higher temperatures, likely due to the 

high porosity and large surface area of AC2'. 
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Figure V. 2. 27: Thermodynamic fitting of P-CPA adsorption by AC2' 

 

Ⅴ. 2. 4. Lin removal from aqueous solution by AC2' activated carbon  

Ⅴ. 2. 4. 1. Contact time effect 

Depending on the results depicted in Figure V. 2. 28, it is noticed that the maximum 

adsorption elimination rate was at 90 minutes as an equilibrium rate is observed beyond this 

period, the removal rate at that time was 99.66% for the 70 mg L-1 and 99.83% for the 75 mg 

L-1 concentrations. After that, the equilibrium reached 99.41% and 99.11% for 70 and 75 mg L-

1 respectively. 
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Figure V. 2. 28: Contact time effect of Lin adsorption by AC2' 

Ⅴ. 2. 4. 2. Dose effect  

The optimum dose of AC2' is 4 g L-1 as shown in the following figure with maximum 

adsorption rates of 96.66 % for 70 mg L-1 and 96.95 % for 75 mg L-1 solute concentrations. A 

constant rate was then observed reaching 98.94 % for both concentrations at 12 g L-1 adsorbent 

dose, hence the optimum AC2' dose is found to be 4 g L-1. 
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Figure V. 2. 29: Effect of adsorbent dose on the adsorption of Lin by AC2'  
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Ⅴ. 2. 4. 3. pH effect  

The pH impact was investigated in the range of 2 to 10. Figure V. 2. 30 shows the 

adsorption elimination rate of Lin herbicide onto AC2' as a function of pH. Lin herbicide showed 

strong adsorption at acidic pH levels. The removal rate remained stable at 99% from pH 2 up 

to solution pH (7.07) for both concentrations (80 and 90 mg L-1). Adsorption began to decrease 

above pH 7.07 due to changes in Lin's ionization state. With a pKa of 12.1, Lin remains in its 

non-ionized form at pH values below this value. The high adsorption efficiency below pHzpc = 

7.7 suggests that electrostatic interactions play a minor role in Lin adsorption and that other 

mechanisms such as van der Waals forces, electron donor-acceptor interactions, and hydrogen 

bonding contribute significantly. Above pH 7.07, adsorption decreased as the AC2' surface 

becomes negatively charged, affecting interactions with Lin molecules. 

 

Figure V. 2. 30 : pH effect of Lin adsorption by AC2'   
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Ⅴ. 2. 4. 4. Isotherm models  

Table Ⅴ. 2. 11: Isotherm applied models of Lin adsorption by AC2'  

 

 

The Langmuir isotherm model provided a good fit, with R² > 0.94 (Figure V. 2. 31), a 

Chi-square error of 6.18, and an APE of 2.66. The maximum monolayer adsorption capacity 

was 62.37 mg g-1.  

The Freundlich isotherm provided the best fit (R² > 0.97), suggesting multilayer 

adsorption on heterogeneous AC2' surfaces.  

The Temkin model also described Lin adsorption well, highlighting the role of 

adsorbate-adsorbent interactions in the process.  

  Lin adsorption did not fit well with the Dubinin-Radushkevich (D-R) model (R² = 0.87), 

due to high error values (χ² = 88.1, APE = 100), confirming that this model is not suitable for 

describing Lin adsorption. Adsorption energy (E = 1.6 kJ mol-1) was less than 8 kJ mol-1, 

confirming that Lin adsorption on AC2' is mainly physisorption (Table V. 2. 11). 

The Redlich-Peterson isotherm aligned well with the Freundlich model (R² up to 0.93), 

underscoring the fact that Lin adsorption follows a multilayer adsorption process. 

   Isotherm parameters                                                          χ²                  RMSE        APE 

Langmuir R2 KL (mg g-1) qm (mg g-1)  6.18 5.29 2.66 

0.95 0.766 62.37   

Freundlich R2 n KF ((mg. L-1)n. (mg g-1)) 3.33 4.11 5.9 

0.93 3.62 21.12  

Temkin R2 BT b (J mol-1) KT 6.76 4.15 9.51 

 0.89 9.86 230.19 9.63  

(D-R) R2 β (mol2 J-2) qmD−R(mg g-1) E 88.1 53.62 100 

0.87 0.2 59.33 1.6  

(R-P) R2 𝛽 (mol2 J-2) ar−p (L g-1)  KRP (L mg-1) 3.34 4.11 5.95 

0.93 0.72 7.55 x 1010 3.58 x 109  
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Figure V. 2. 31: Adsorption isotherm of Lin by AC2' 

 

Ⅴ. 2. 4. 5. Kinetic study  

Table V. 2. 12: Fitting parameters for the pseudo-first-order, the pseudo-second order 

adsorption kinetic and intraparticle diffusion models Lin adsorption by AC2'  

Co (mg L-1) 80 90 

qe (exp) (mg g-1) 19.98 22.44 

Pseudo-first order R2 = 0.98 R2 = 0.96 

qe (cal) (mg g-1) 19.32 21.92 

k1 (min-1) 0.362 0.134 

Pseudo-second order R2 = 0.99 R2 = 0.97 

qe(cal) (mg g-1) 20.13 23.97 

k2 (g mg-1 min-1) 0.04 0.009 

Intraparticle diffusion R2 = 0.94 R2 = 0.83 

qe(calc) (mg g-1) 19.29 21.12 

kid (min-1) 0.077 0.152 
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Table V. 2. 12 shows that Lin adsorption kinetics by AC2' had high R² values of 0.98 

and 0.96 for the pseudo-first-order model (Figure V. 2. 32) and 0.99 and 0.97 for the pseudo-

second-order model at initial concentrations of 80 mg L-1 and 90 mg L-1, respectively. The 

experimental adsorption capacities (qₑ(exp)) were 19.98 mg g-1 and 22.44 mg g-1, closely 

aligned with the calculated values (qₑ(calc)) from the pseudo-first-order model, 19.32 mg g-1 

and 21.92 mg g-1, and corresponding values for the pseudo-second-order model (Figure V. 2. 

33): 20.13 mg g-1 and 23.97 mg g-1. This confirms the applicability of these kinetic models.  
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Figure V. 2. 32: Pseudo-first-order model for the adsorption of Lin on AC2' 

0 20 40 60 80

0

5

10

15

20

25

 80 mg. L-1

 90 mg. L-1

 Fit to pseudo second order 

q
t 
(m

g
. 
g
-1

)

t (min)

 

Figure V. 2. 33: Pseudo-second-order model for the adsorption of Lin on AC2' 
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The intraparticle diffusion model suggests that diffusion significantly influences the 

adsorption process, as indicated by the calculated values of qₑ(calc) (19.29 mg g-1 and 21.12 mg 

g-1). It shows that the diffusion rate constant (kid) increased from 0.077 min-1 to 0.152 min-1 

with the initial concentration, which means that the adsorption procedure of Lin by AC2' is 

faster at a higher concentration (Table V. 2. 12 and Figure V. 2. 34). 
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Figure V. 2. 34: Fit to intraparticle diffusion model of Lin adsorption by AC2' 

 

Ⅴ. 2. 4. 6. Thermodynamic Study  

   Table V. 2. 13: Thermodynamic parameters of Lin adsorption by AC2' 

 

The ln (Kd) = f(1/T) plots for Lin adsorption at 80 and 90 mg L-1 (Figure V. 2. 35) 

showed high coefficients of determination exceeding 0.98, supporting the reliability of the 

thermodynamic parameters.  

Herbicide Co (mg L-1) ΔH° (kJ mol-1) ΔS° (kJ mol-1 K-1) -ΔG° (kJ mol-1) 

293 K 298 K 303 K 313 K 

Lin 80 -54.526 -0.145 12.041 11.316 10.591 9.141 

 90 -65.565 -0.183 11.946 11.031 10.116 8.286 
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The negative enthalpy (ΔH°) values of -54.526 kJ mol-1 and -65.565 kJ mol-1 for 80 and 

90 mg L-1, respectively, indicate that the process is exothermic. The negative entropy (ΔS°) 

value is -0.145 kJ mol-1K-1 for the concentration 80 mg L-1 and -0.183 kJ mol-1 K-1 for the 

concentration 90 mg L-1, which indicates decreased randomness at the AC2'/Lin interface (Table 

V. 2. 13). The Gibbs free energy (ΔG°) values remain negative across all temperatures, such as 

-12.041 kJ mol-1 at 293 K and -9.141 kJ mol-1 at 313 K for 80 mg. L-1 and 11.946 kJ mol-1 at 

293 K and 8.286 kJ mol-1 at 313 K for the concentration of 90 mg L-1, confirming that Lin 

adsorption is spontaneous and thermodynamically favorable. However, the decrease in the 

value of ΔG° with higher temperatures indicates reduced adsorption efficiency at elevated 

temperatures (Table V. 2. 13). 
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Figure V. 2. 35: Thermodynamic fitting of Lin adsorption by AC2' 
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V. 3. Part 3: Theoretical Study Results of P-CPA (C8H7O3Cl) molecule 

 

In Figure V. 3. 1., the gap energy of C8H7O3Cl (0) was calculated by the B3LYP 

approach using the 6 – 311 G(d,p) basis set, which is found to be 5.568 eV (Table V. 3. 1). The 

HOMO density distribution of the neutral molecule extends over its entire surface, excluding 

the carbonyl group. In contrast, the LUMO density is spread over the aromatic ring.  

 

Figure V. 3. 1: The HOMO-LUMO diagram of P-CPA (C8H7O3Cl) molecule 

 

It can also be observed that the HOMO-1 density is strongly present in the chlorine atom 

and the region surrounding it. On the other hand, LUMO+ 1, is concentrated in the part of the 

aromatic ring and the chlorine atom. Indeed, once electrons are delocalized, they can interact 

more effectively with other compounds, forming preferred adsorption sites.  
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Table V. 3. 1: Global chemical reactivity descriptors of P-CPA (C8H7O3Cl) molecule 

 

Parameter  P(1) P(0) P(-1) 

Dipole moment (Debye) 3.060 3.202 2.826 

EHOMO (eV) -11,569 -6.416 -1.828 

ELUMO (eV) -6.098 -0.848 3.716 

ΔE (eV) 5.471 5.568 5.545 

Electronegativity χ (eV) 8.834 3.632 -0.944 

Chemical potential P (eV) -8.834 -3.632 0.944 

Chemical hardness 𝜂 (eV-1) 2.736 2.784 2.772 

Chemical softness S (eV) 0.182 0.179 0.180 

Electrophilicity index ω (eV) 14.262 2.369 0.161 

Nucleophilicity index N (eV) 0.949 6.102 10.690 

 

Additionally, the small energy gap (5.471 eV) observed (Table V. 3. 1) in the C8H7O3Cl 

(1) molecule suggests that its cationic form is polarizable, resulting in increased reactivity 

compared to the other forms of C8H7O3Cl.  

Our calculation shows that the C8H7O3Cl (1) compound has the highest molecular 

electronegativity of 8.834 eV, which means that the compound of interest is more susceptible 

to gaining electrons rather than losing them. Additionally, the same molecule has a high 

electrophilicity index of 14.262 eV which is a good electrophile. Otherwise, the C8H7O3Cl (-1) 

indicates a high nucleophilicity index, suggesting its nucleophilicity character is higher than 

C8H7O3Cl and C8H7O3Cl (1). Moreover, other calculation results include chemical hardness 

and chemical softness values that confirm the stability of the C8H7O3Cl (0) molecule. 

The dipole moment is a further measurement that was theoretically measured. It allows 

us to quantify how electric charges are distributed within a molecule. An increase in dipole 

moment intensifies the attraction between two molecules, as the opposite charges interact more 

strongly. The dipole moment is thus an important measure of molecule reactivity. 
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Our study assessed the dipole moment (μ) of the C8H7O3Cl molecule at 3.202 Debye in 

its neutral state. This measurement shows a large separation of charges within the molecule, 

which increases the contact between the molecules.  

Table V. 3. 2: Quantum chemical parameter of P-CPA (C8H7O3Cl) molecule 

Atoms Pk
+ 𝐏𝐤

− ωk Nk 

1C 0.0102 0.3078 0.0241 1.8780 

2C 0.0874 0.1359 0.2071 0.8290 

3C 0.1813 -0.0559 0.4296 -0.3410 

4C 0.1323 0.2879 0.3135 1.7570 

5C -0.0590 0.1569 -0.1397 0.9573 

6C 0.3157 -0.0639 0.7478 -0.3898 

7H -0.0020 -0.0208 -0.0047 -0.1271 

8H -0.0056 -0.0101 -0.0134 -0.0614 

9H 0.0014 -0.0117 0.0032 -0.0714 

10Cl 0.1418 -0.0005 0.3359 -0.0033 

11O 0.1936 -0.0040 0.4587 -0.0246 

12C -0.0138 -0.0126 -0.0327 -0.0767 

13H 0.0119 0.0346 0.0283 0.2109 

14H 0.0119 0.0346 0.0283 0.2109 

15C 0.0000 0.1637 0.0001 0.9986 

16O -0.0003 0.0716 -0.0007 0.4367 

17O 0.0010 0.0062 0.0024 0.0378 

18H -0.0001 -0.0006 -0.0002 -0.0035 

19H -0.0079 -0.0190 -0.0187 -0.1158 

 

Table V. 3. 2 and Figure V. 3. 2 present the characteristics of the Parr functions for the 

nucleophiles of the cationic system, as well as the Parr Pk
+ functions for the electrophiles of the 

anionic system, in addition to the local electrophilicity and nucleophilicity values of the 
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compound under examination. In our case, chlorine (10Cl), oxygen (11O), and carbon (6C) 

atoms show the highest local electrophilicity (ωk) values, indicating that they are likely to be 

the preferred sites for nucleophilic attack. However, 15 C, 16 O, and the aromatic ring show the 

highest local nucleophilicity (Nk) values, indicating that such sites are the most suitable for 

electrophilic attack. 

 

Figure V. 3. 2. The distribution of (a) the Parr functions, (b) electrophilicity (ωk), and 

nucleophilicity (Nk) of C8H7O3Cl 

The results indicate that C8H7O3Cl (P-CPA) has more electrophilic sites than 

nucleophilic ones, but its nucleophilic sites are stronger in reactivity compared to its 

electrophilic regions. The chemical potential (µ) of the anionic form C8H7O3Cl (-1) (µ = 0.944 

eV) is higher than that of the neutral C8H7O3Cl (0) (µ = −3.632 eV) and cationic C8H7O3Cl (1) 

(µ = −8.834 eV) forms, suggesting that the anionic form is more reactive. 
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The nucleophilicity index (N = 10.690 eV) of the anionic species is significantly greater 

than that of the neutral and cationic forms (N = 6.102 eV and −0.949 eV, respectively), 

confirming its strong nucleophilic character. A similar observation in the electrophilicity index 

values reinforces that the anionic form of P-CPA is highly reactive and less kinetically stable 

compared to the neutral and cationic species. This increased reactivity makes the anionic form 

more likely to participate in electron donation. 

Furthermore, theoretical calculations suggest that P-CPA interacts strongly with 

activated carbon through electrostatic interactions when the adsorbent surface is positively 

charged (at pH below pHzpc 7.6). The most nucleophilic centers, identified as C1, C2, C4, C5, 

and C15, play a crucial role in this interaction. Overall, the molecule exhibits a strong tendency 

to donate electrons rather than accept them, confirming its behavior as a nucleophile in chemical 

reactions. 
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Conclusion 

 

This study successfully prepared activated carbon from pine cones using chemical 

activation with potassium hydroxide. The results confirmed that the two-step activation process 

produced activated carbon with superior porosity and higher yields compared to the one-step 

method. Among the prepared materials, K-AC2 and AC2' activated carbons exhibited the best 

textural and adsorption properties, making them highly effective for pollutant removal.  

K-AC2, which was synthesized using two-step KOH activation in a muffle furnace at 

800°C for 30 minutes with a 1:1 impregnation ratio, achieved a yield of 72.25%, a BET surface 

area of 430.504 m2 g-1, a micropore surface area of 270.52 m2 g-1, an iodine number of 666.38 

mg g-1, and a Methylene blue index of 72.77 mg g-1. On the other hand, AC2', which was 

prepared in a tube furnace under nitrogen atmosphere using a 1:2 impregnation propotion, 

offered even greater microporosity with a micropore surface area of 1039.22 m2 g-1, an iodine 

number of 888.51 mg g-1, a Methylene blue index of 50.60 mg g-1, and a yield of 72.57%. 

The parametric study confirmed that activation temperature, contact time, and 

impregnation ratio had a significant impact on the yield and porosity of the activated carbon. 

Increasing temperature and activation time improved porosity but led to greater material loss, 

reducing the final yield. The highest yields were obtained for AC600.45 (77.65%), AC700.45 

(75.01%), AC600.30 (74.75%), AC700.30 (72.25%), AC800.45 (71.63%), K-AC2 (66.95%), and K-

AC2' (65.06%), confirming that a two-step activation approach provides a balance between 

material retention and enhanced porosity.  

Pesticides, particularly herbicides, are important for modern agriculture, however, they 

pose serious hazards to the environment and human health. Their persistence in soil and water 

requires effective removal procedures to mitigate their negative impacts. Activated carbon 

adsorption has proven to be one of the most successful techniques for removing pesticides from 

wastewater, serving to maintain ecosystems and provide clean water for future generations.  

In our research, the adsorption experiments demonstrated the effectiveness of these 

activated carbons in removing herbicides from aqueous solutions.  

The findings showed that adsorption of para-chlorophenoxyacetic acid followed several 

models (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, and Redlich-Paterson), with 
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the Freundlich model providing the best fit. K-AC2 achieved a maximum adsorption capacity 

of 266.5 mg g-1, while AC2' exhibited an even higher adsorption capacity of 284.8 mg g-1. 

Similarly, for the adsorption of Linuron (Lin), K-AC2 reached a maximum adsorption 

capacity of 43.76 mg g-1, whereas AC2' gave a superior performance with an adsorption capacity 

of 62.37 mg g-1. The adsorption kinetics followed a pseudo-second-order model, indicating that 

both physical and chemical interactions can play a role in the adsorption process. The 

thermodynamic study confirmed that adsorption was spontaneous and endothermic for P-CPA 

adsorption by AC2' as well as for P-CPA and Lin adsorption by K-AC2, but exothermic for Lin 

adsorption by AC2'. Furthermore, the desorption study showed that K-AC2 could be regenerated, 

achieving a 69.72% desorption rate, which improves its applicability for reuse in multiple 

adsorption cycles. 

 

Perspectives  

 

To further enhance the performance of pine cone-based activated carbon, several aspects 

could be investigated.  

First, optimizing the activation process by optimizing the impregnation ratio using 

another ratio or using another activating agent, such as phosphoric acid or sodium hydroxide, 

could further improve the adsorption capacity and material stability. 

Moreover, introducing CO2/steam in a tubular furnace with nitrogen (N2) could improve 

the activated carbon porosity. In addition, testing these activated carbons on other contaminants, 

inorganic elements such as heavy metals, could enlarge the potential applications of this 

material in environmental remediation.  

Another important perspective is to test the applicability of these materials in real 

wastewater treatment systems. Since this study focused on synthesized solutions, future 

research should evaluate the adsorption performance in complex wastewater containing 

multiple organic and inorganic contaminants.  

Also, long-term stability and regeneration efficiency of the activated carbon after 

multiple adsorption-desorption cycles would be essential for practical applications. 
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Finally, combining adsorption by activated carbon with other treatment techniques, such 

as advanced oxidation processes or membrane filtration, could also enhance the overall 

efficiency of water purification systems.  

To realize these prospects, the findings of this study could contribute to the development 

of a more sustainable and efficient approach to wastewater treatment using renewable-based 

activated carbons (Pine cone-based activated carbon).  
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I. 1. Muffle Furnace  

Used for carbonization and activation of precursors at high temperatures to prepare 

activated carbons. A muffle furnace operates on the principle of controlled heating in an 

insulated chamber, providing a high-temperature environment for thermal processes. It is 

commonly used in the preparation of materials for processes such as carbonization and 

activation. 

The characteristics of the muffle furnace, such as uniform temperature distribution, 

precise temperature control, and insulation, make it ideal for these processes, guaranteeing 

consistent material properties for the activated carbon obtained. 

 

Figure I .1: Muffle furnace used for pyrolysis and activation (Carbolite furnace) 

 

I. 2. Tube furnace under an inert nitrogen atmosphere 

The tubular furnace was used for carbonization under an inert nitrogen atmosphere to 

avoid oxidation and effectively monitor the pyrolysis environment. This ensures that the 

precursor material is efficiently converted into activated carbon, and the activation process is 

completely performed under an inert and unoxidized atmosphere.  
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Figure I. 2: Tube furnace used under nitrogen atmosphere (Protherm furanace) 

I. 3. Laboratory grinder      

The laboratory grinder was used to reduce the size of the raw material before activation 

and to homogenize the activated carbon samples to conduct uniform characterization and 

adsorption experiments. 

 

Figure I. 3: Laboratory grinder used for sample preparation (Fritsch pulverisette ) 

I. 4. Laboratory siever 

The laboratory siever was used to get specific particle size fractions for the precursor 

and the prepared activated carbon, guaranteeing uniformity for further characterization and 

adsorption tests. 
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Figure I. 4: Laboratory Siever used during the preparation of the activated carbons (Retsch) 

I. 5. Drying oven  

The drying oven was used to remove moisture from the precursor material and activated 

carbon samples before further processing or characterization. This equipment provided an 

accurate assessment of adsorption characteristics. 

    

Figure I. 5: Drying oven used in the Laboratory (HRDH-71 and venticell) 

I. 6. pH meter 

The pH meter was used to measure the pH of solutions during adsorption experiments 

and parametric adsorption studies. It also measured the point of zero charge pH (pHₚzc) of 

activated carbon, which is an important parameter for understanding adsorption behavior. 
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Figure I. 6: pH meter used for pH measurement (ADWA Hungary pH and Conductivity 

Meter) 

I. 7. Centrifuge 

The centrifuge was used to separate the solid and liquid phases of the activated carbon 

during the depollution tests, ensuring effective isolation of the material. 

 

Figure I. 7: Centrifuge used for solid-liquid separation in our study (Hettich EBA III 

centrifuge) 
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