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This study emphasizes the importance of efficiently treating sewage sludge (SS) in 

contemporary wastewater management. It explores SS as a valuable resource for producing 

activated carbon (AC) through thermal and chemical treatments. The resulting carbon-rich 

materials exhibit robust adsorption capabilities, and wide perspective for electrochemical 

applications.  

In this research, the use of potassium carbonate (K2CO3) and the inaugural use of 

monopotassium oxalate (KHC2O4) in activation methods demonstrated significant 

effectiveness. These agents demonstrated superior performance, enhancing surface area 

(SA) and porosity of 2213 m2 g-1 and 2165 m2 g-1 respectively and pore volume 1.6 cm3 g-1 

for both. Notably, this method stands out for its simplicity, eliminating the need for solution 

preparation and significantly reducing activation time. Optimum conditions were also 

investigated in terms of reaction temperature, reaction time, and the ratio of activation 

material and SS. 

The synthesized KHC2O4-activated carbon (MonoP700) underwent a thorough 

electrochemical characterization using electrochemical impedance spectroscopy (EIS) and 

cyclic voltammetry (CV), providing valuable insights into its electrochemical behavior and 

potential applications. Subsequently, a comprehensive study evaluated MonoP700's 

adsorption capabilities for pharmaceutical compounds (Tetracycline, Diclofenac, and 

Carbamazepine) was also investigated. Optimization parameters included pH, adsorbent 

dosage, contact time, and concentration, with a systematic examination of competing ions' 

influence on the adsorption process to enhance understanding of the MonoP700 performance 

and mechanism. 
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1  Introduction 

Sewage presents a significant challenge in modern societies due to its mixture with health 

and environmental hazards. The untreated accumulation of sewage can lead to serious 

problems, including odorous gases from organic decomposition and the presence of harmful 

germs. While sewage contains beneficial nutrients for plants, it may also harbor toxic 

compounds harmful to the environment and public health. Proper sewage discharge, along 

with improved systems for collection, treatment, recycling, community education, and 

stricter policies, is crucial for public health and environmental protection (Tchobanoglous, 

2014). 

Sewage sludge (SS), generated during sewage treatment, contains a range of impurities, 

including solids, organic matter, pathogens, heavy metals, nutrients, pharmaceuticals, 

microplastics, and contaminants. The treatment of SS is a critical aspect of sewage 

engineering, aiming to remove impurities and safely manage this byproduct. Effective 

treatment and stabilization of SS enable various beneficial uses such as land filling 

application, incineration for energy recovery, or utilization in cement kilns. Most countries 

have easy access to SS, which can produce between 1.4 and 38.7 kg of dry SS annually per 

person (Liu et al., 2021). Finland contributes roughly 160 kilotons of the more than10 million 

tons of dry SS produced yearly in Europe (Grobelak & Jaskulak., 2019). As a result, the 

enormous amount of SS produced globally, which includes a significant amount of carbon, 

making it an appealing source for the manufacturing of activated carbon (AC). 

Via thermal and chemical treatments, SS can be converted into carbon-rich substances, 

serving as an abundant source of carbon. This transformation yields materials characterized 

by elevated porosity and extensive surface area (SA). These resulting carbonaceous 

materials exhibit exceptional attributes, including robust adsorption capabilities, catalytic 

potential, and energy storage efficiency, making them appropriate for a wide variety of uses. 

The first stage of preparing AC is carbonizing SS, which is usually done in an inert gas 

environment and turns SS into porous carbon. According to the cracking technique used 

during carbonization, three types of AC carbonization exist: hydrothermal carbonization (Ge 

et al., 2017), cracking in the microwave (Li et al., 2019), and pyrolysis (Du et al., 2020). AC 

produced by direct carbonization usually has a limited capacity for electrosorption in terms 
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of its physical and electrochemical characteristics. As a result, several modification 

techniques have been created to improve the electrosorption performance and properties of 

AC. These techniques consist of heteroatom doping, activation, and template use (Chu et al., 

2022). The chemical activation method, particularly the alkali activation approach, emerges 

as the most prevalent technique in AC synthesis. The chemical activation of AC typically 

involves two steps: chemical activator impregnation, and elevated temperature heating in an 

inert environment (Chu et al., 2022). This method stands out as a widely employed and a 

successful route for enhancing the properties and electrosorption performance of AC. 

In this thesis, various activation materials were explored and optimization studies for alkali 

activation conducted. The assessment focused on three key experimental variables-

carbonization temperature, reaction time, and activation ratio-each influencing the 

morphology, specific surface area (SSA) and chemical composition. The operational 

effectiveness of AC underwent a detailed electrochemical analysis through the application 

of electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). 

Furthermore, an extensive investigation was carried out to assess the AC's ability to adsorb 

pharmaceutical compounds (Tetracycline, Diclofenac, and Carbamazepine). The study 

systematically explored optimization factors such as pH, adsorbent dosage, contact time, and 

concentration, along with a thorough examination of the impact of competing ions. 

The following section, chapter 2 describes the theoretical foundations of different activation 

methods applied to AC, exploring their suitability for electrochemical applications and 

pharmaceutical adsorption. Chapter 3 delineates the precise aims and purposes of this thesis. 

The equipment, chemicals, and experimental procedures used in the study are described in 

detail in Chapter 4. The study results are discussed and given. in the following Chapter 5. 

As a conclusion, Chapter 6 offers a summary of the thesis along with recommendations for 

more study. 
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2  Literature review 

2.1  Activated carbon in general 

AC, an esteemed adsorbent boasting a flexible porous structure, is crafted from 

carbonaceous materials, including wood, coconut shells, coal, and cones (Sing, 2013). The 

production process encompasses carbonization and activation, where the initial 

carbonization step subject precursors to high temperatures (400–900 °C), expelling volatile 

components like hydrogen, oxygen, and nitrogen. This yields char with elevated carbon 

content but restricted SA. The subsequent activation phase enhances pore size by opening 

previously inaccessible pores, selectively activating for new pore development, and 

widening existing pores. AC, formed through physical or chemical activation, showcases a 

noteworthy SSA varying from 300 to 1500 m2 g-1. Widely applied in water treatment and 

gas purification, AC finds utility in pharmaceuticals, food, and the automotive industry 

(Boos, 1970; Matranga et al., 1992). Derived sustainably from agricultural and waste 

products, AC emerges as an environmentally friendly substitute for non-renewable 

resources. The evident 2021 AC market of about 1.6 million tons signifies its global demand 

(Mordor Intelligence, 2022). Furthermore, its applications extend to gas storage (adsorbed 

natural gas) and electrical charge storage (supercapacitors) (Marsh & Rodríguez-Reinoso, 

2006a). 

 

Figure 2.1. Applications of AC in numerous sectors (Azad et al., 2020). 
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As mentioned in Figure 2.1, AC demonstrates multifaceted applications across various 

sectors. Within the food sector, AC is employed for the purification and decolorization of 

food and beverages. In drinking water treatment, it serves as an effective adsorbent, 

enhancing water quality by removing contaminants and improving taste and odor. The 

pharmaceutical industry utilizes AC for purification processes and as a carrier for drug 

delivery systems. AC's role extends to energy storage, where its high SSA and electrical 

conductivity make it valuable in devices such as supercapacitors and batteries. sewage 

treatment benefits from AC to remove pollutants as an adsorbent. In the chemical and 

smelting industry, AC contributes to purification processes by capturing impurities. 

Furthermore, AC plays a crucial role in atmospheric pollution control, acting as an adsorbent 

for pollutants in air purification systems. Its versatility expands to catalysis, where it 

functions as a support or carrier for catalysts in a range of chemical processes. In the 

automobile industry, AC is integrated into systems for air purification, reducing emissions 

and enhancing air quality within vehicles. Additionally, AC-based air purifiers find 

application in indoor spaces for the decontamination of air, contributing to improved indoor 

air quality. 

2.2  Activated carbon preparation 

The creation of AC comprises two primary phases: activation and carbonization. In the stage 

of carbonization, biomass undergoes the pyrolysis process, leading to the generation of AC, 

biogas (CH4, CO2, and potentially other small molecules that are formed during the 

pyrolysis), and bio-oil (Pan et al., 2021). This step involves the removal of volatile 

components from carbonaceous materials, with crucial parameters such as: temperature, 

heating rate, flow of gas, and length of stay, playing a significant role (Radenahmad, et al., 

2020). Activation is indispensable for improving adsorption capability and fostering the 

development of pore volume and SA. This process entails the elimination of volatile carbon, 

exposure to activating agents, and the improvement of porosity. Furthermore, the 

incineration of pore walls widens small pores, augmenting inter-pore and macro-porosity 

while diminishing micropores volume (Reza et al., 2020). Activation methods encompass a 

range of processes, including physical, chemical, physiochemical, or microwave radiation 

methods (Ahmed., 2016). The level of burn-off and the grade of activation markedly 

influence the preparation of porous AC (Temdrara et al., 2015). Diverse carbonization 
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techniques, such as hydrothermal carbonization, microwave heating, and pyrolysis, 

contribute to the overall process, with pyrolysis being the most widely adopted. Pyrolysis 

offers both rapid and slow variants, each yielding distinct quantities of AC and bio-oil (Wang 

and Wang, 2019). Microwave heating ensures uniformity and swift heating, while 

hydrothermal carbonization relies on high-temperature water vapor to convert biomass into 

AC, influencing its porosity and characteristics (Chen et al., 2016). 

2.2.1  Physical activation 

The heat-based physical activation process's objective is to raise the porosity of disorganized 

biocarbon materials, utilizing gases similar to CO2, steam (H2O), and NH3 (Bardestani and 

Kaliaguine, 2018, Hou et al., 2015; Li et al., 2016). Implemented within the temperature 

range of 500 to 1200 °C, this method selectively gasifies individual carbon atoms, leading 

to increased SSA and pore volume (Zhang et al., 2004). Figure 2.2. a) shows the water steam 

activation process schematically. The interaction of CO2 or steam with biomass during 

physical activation, as represented in reaction (2.1) and reaction (2.2), eliminates volatile 

components, thereby enhancing the pore volume and SSA of the substance. This dual-phase 

process begins with carbonization to remove volatile substances at lower temperatures, 

followed by activation at higher temperatures using inert gases such as steam (H2O), 

nitrogen, CO2, or argon (Hales., 2002). In reaction (2.3) the contribution of carbon monoxide 

(CO) with the water steam activation process removes CO from the process. It is crucial to 

remember that an extended activation time may damage the pore structure, resulting in a 

decrease in pore volume and SSA (Tuomikoski et al., 2019, Hou et al., 2015). Prolonged 

exposure to activation conditions can cause the collapse of the porous network within the 

AC, leading to a reduction in both pore volume and SSA as some pores close. Therefore, the 

optimization of activation time is crucial to balance the enhancement of these characteristics 

against the risk of structural degradation. 

 

C  +  CO2  →  2CO              (2.1) 

C  +  H2O  →  CO + H2            (2.2) 

CO  +  H2O  →  CO2 + H2           (2.3) 
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The activation yield, a vital factor influenced by the heating approach, notably rises in the 

case of CO2-activated biochar when subjected to microwave heating, as opposed to 

traditional heating. Meanwhile, the impact on steam-activated biochar yield is comparatively 

minimal (Xin-hui et al., 2011). Moreover, the pore volume and SSA of steam-activated 

biomaterial depend significantly on the heating method, exhibiting a twofold increase under 

microwave heating conditions when contrasted with conventional heating (Cuong et al., 

2021). During physical activation, the formation of porosity is influenced by several factors, 

including precursor form, starting material texture, ash composition and amount, activation 

gas, temperature, activation time, gas flow, pressure, and the interaction between gas and 

solid (Yue & Economy, 2017). 

 

 

Figure 2.2. Schematic diagram for the manufacture of AC utilizing a) steam activation and 

b) chemical processes. 

PyrolysisPrecusors Char Activation Carbon active

Steam 
recovery

Steam or CO2
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Steam 
recovery

N2 or Ar
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2.2.2  Chemical activation 

There are many benefits of chemical activation, representing a one-step blending and 

activation process conducted at lower temperatures compared to physical activation, 

resulting in a superior porous structure (Hales., 2002). This method is chosen because it is 

easier to use, increases production rates, shortens activation times, and improves the porous 

structure. However, challenges arise, such as the need to eliminate inorganic substances from 

the final product, posing potential pollution issues (AO et al., 2018). Acid activation 

enhances SA and porosity, contributing to pollutant removal, and can introduce or enhance 

the various functional groups that appear on the AC surface (Thwe et al., 2018). The 

chemical activation of biomass typically involves two steps: chemical activator 

impregnation and elevated-temperature heating in a non-reactive atmosphere (argon or 

nitrogen). Various substances, including alkaline hydroxides (NaOH, KOH), alkali 

carbonates (KHCO3, K2CO3, Na2CO3), ammonium dihydrogen phosphate (NH4H2PO4), 

ZnCl2, and certain acids (H3PO4, H2SO4), serve as chemical activators. Potassium hydroxide 

(KOH) is a prevalent activator, as demonstrated in reactions (2.4) -(2.9). KOH contributes 

to the creation of potassium oxide (K2O).  

 

2KOH → K2O + H2O      (2.4)  

C + H2O → CO + H2      (2.5)  

CO + H2O → CO2 + H2      (2.6)  

CO2 + K2O → K2CO3      (2.7)  

K2CO3 + 2C → 2K + 3CO     (2.8)  

K2O + C → 2K + CO      (2.9) 

 

The chemical activation using KOH significantly enhances the AC material by creating an 

abundance of pores and a high SSA through a series of complex processes. These processes 

include redox reactions, gasification, and intercalation, collectively leading to the creation 

of an incredibly porous structure (Wang and Kaskel, 2012). The ratio of activator to biomass 
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plays a significant role in determining the KOH activation's result. The physicochemical 

characteristics of the final AC material are significantly influenced by the proper ratio. When 

the ratio is carefully tuned, it leads to the creation of ample pores and an interconnected pore 

structure, both of which are critical for ensuring excellent electrochemical properties (Phiri 

et al., 2019). 

It is noteworthy that the advantages of KOH activation go beyond the mere enhancement of 

porosity and SSA. The utilization of KOH in biomass activation provides specific conditions 

for optimal results, making it a preferred choice. These conditions ensures that the activation 

process is finely tuned, and the resulting AC exhibits remarkable characteristics ideal for 

electrochemical applications. Comparatively, chemical activation, particularly when 

employing KOH, offers distinct advantages over physical activation methods. While 

physical activation plays a crucial role in enhancing the AC's properties, chemical activation, 

driven by mechanisms like pore formation initiated by chemical reactions, goes a step further 

in significantly increasing the SSA and the pore volume (Foo and Hameed, 2011, 2012; 

Dehkhoda et al., 2016a, b). 

2.2.3  Physiochemical activation 

Physiochemical activation involves the simultaneous application of physical and chemical 

activators following the stage of carbonization, typically conducted at high temperatures 

between 600 and 850 °C. Substances like as KOH, H3PO4, ZnCl2, CO2, or H2O (steam) are 

utilized in this process, contributing to a costlier and time-consuming yet effective activation 

method. The combined activation process impacts pore opening, resulting in a robust porous 

structure with significant surface properties. This approach, despite its challenges, is known 

to create AC, exhibiting advantageous mesoporosity tailored for specific applications 

(Hazzaa and Hussein, 2015; Hameed et al., 2007; Fiuza et al., 2015). A well-developed 

porous structure results from the joint activation procedure's influence on the pore cavity 

(El-Hendawy, 2005). As an illustration, using KOH with CO2 during physiochemical 

activation yields a configuration characterized by a heightened proportion of macropores 

and mesopores, so that the AC matrix's mass transfer is increased (Tseng et al., 2006). 
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2.2.4  Microwave activation 

Microwave activation has emerged as a practical substitute in the manufacturing of AC, 

offering unique advantages over conventional methods. This method is characterized by 

features such as selective, rapid, and eventual heating to the sample, as well as precise control 

over the activation process. Key considerations in microwave activation include the strength 

of microwave radiation, properties of the precursor, activation time, and chemical 

constituents (AO et al., 2018). In microwave heating, energy transformation into heat within 

particles is efficiently achieved through ionic conduction coupled with dipole rotation. When 

exposed to a high-frequency voltage, molecules in a material, whether possessing induced 

or permanent dipole moments, align in the opposite direction. This alignment induces heat 

generation through dipole-dipole rotation and friction within the matrix. This unique 

mechanism creates a substantial temperature gradient from the particle's interior to its cooler 

surface, making microwave-induced reactions more effective and faster compared to 

conventional methods (Maldhure and Ekhe., 2011). The benefits and cons of the various 

activation techniques are compared and summarized in Table 2.1. 

 

Table 2.1. The advantages and drawbacks of different activation methods for synthesis of 

AC. 

Activation method Advantages Drawbacks 

Physical Activation • Selective gasification 

enhances SSA. 

• Interaction with steam or 

CO2 improves pore 

volume. 

• Diverse applications in 

liquid and gaseous 

phases. 

• Prolonged activation 

time may compromise 

pore structure. 

Chemical Activation • Single-step process at 

lower temperatures. 

• Efficient advancement of 

porous structure. 

• Acid action enhances 

SSA and porosity. 

• Need to eliminate 

inorganic substances 

may cause pollution. 

• Corrosiveness. 
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Physiochemical Activation • creates AC with a strong 

and well-defined porous 

structure. 

• allows precise tailoring 

of mesoporosity, making 

the activated carbon 

suitable for specific 

applications. 

• Costlier and time-

consuming compared to 

other methods. 

Microwave Activation • Selective, rapid, and 

uniform heating. 

 

• Requires careful 

management of 

parameters, including 

radiation strength and 

precursor properties. 

 

2.3  Types of AC 

Depending on preparation method and particle size, three types of AC exist: bead AC, 

granular AC, and powdered AC. Powdered AC comprises fine granules with a diameter that 

typically ranges from 0.15 to 0.25 mm and a size of 1 mm. Conversely, granular AC is larger 

in size with a relatively smaller external SA. The application of granular AC varies in both 

liquid and gaseous phases, based on the ratios of their dimensions. The diameter of the third 

type, known as bead AC, ranges from 0.35 to 0.8 mm and it is commonly made from 

petroleum pitch. Due to its spherical form, bead AC is commonly used in applications 

involving fluidized beds, such as water filtration and is recognized for its strong mechanical 

strength and low dust content (Hales., 2002). 

2.3.1  Pore size and characteristics in AC 

The ACs are characterized by their large SSA and well-developed porosity, providing 

multitude of sites for molecular adsorption. While increased SSA serves as an indicator of 

the potential of AC, the actual adsorptive capability is influenced by diverse factors such as 

pore size, functionality of the adsorbent, ionic strength, solution pH, and temperature. The 

SSA, frequently computed using the BET equation, in a metric area, although its relevance 

to microporous solids like ACs is limited. Nevertheless, the BET SA is widely employed as 

an empirical gauge of adsorbent activity (Sing, 2013; Thommes et al., 2015; Rouquerol et 

al., 2007). 
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Processes like KOH activation plays a pivotal role in significantly expanding the SSA by 

removing acidic constituents. ACs exhibiting BET SAs between 800 and 1500 m2 g-1 find 

practical applications in purifying different type of gas, and water. They efficiently capture 

volatile organic compounds, preventing their release into the atmosphere, and support the 

biodegradation of organic substances. The size of particles and their solubility critically 

determine the accessibility of the adsorbate to AC pores and the extent of hydrophobic 

interactions with the adsorbate (Marsh & Rodríguez-Reinoso, 2006b; Thommes et al., 2012). 

AC demonstrates distinct and effective adsorption capabilities owing to its varied porosity, 

which encompasses pores of different sizes. Dubinin's classification, a system later adopted 

by IUPAC, divides pores into three categories: macropores (> 50 nm), mesopores (2-50 nm), 

and micropores (< 2 nm) (Dubinin, 1960). This classification also encompasses 

supermicropores (0.7–2 nm) and ultramicropores (< 0.7 nm). The visual representation in 

Figure 2.3 offers a simplified illustration of the pores found in AC. 

 

 

Figure 2.3. Pores of AC (Macchi et al., 2021). 

 

At temperatures up to 700 °C, carbonization influences micropore volume, which increases 

before subsequently decreasing. Activation entails the interaction between oxidizing agents 
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and tar elements, leading to the opening, expansion, and formation of new, larger pores, 

resulting in an augmented pore volume and SSA (Hadi et al., 2015). Macropores primarily 

serve to limit the adsorbate substances to the external surface of the material. On the other 

hand, compared to mesopores and macropores, micropores show more advantageous SSA-

to-pore volume ratios (Ahmad, 2017). Adsorbate elements are transported by mesopores to 

internal particles so that micropores can absorb them. While micropores are used to trap 

smaller molecules, macropores are more effective at capturing larger impurities (Siong et 

al., 2013). 

2.4  Precursors for activated carbon 

To produce AC with enhanced mechanical strength and adsorption capabilities, any 

substance that is high in carbon and low in inorganic matter has the potential to be a useful 

raw material (Reza et al., 2020, Daud et al., 2018). Waste biomasses like paddy straws, 

Acacia species, coconut, bagasse, bamboo, fruit shells, skins and SS are commonly 

employed precursors for AC production, offering advantages such as cost-effectiveness, 

abundance, and non-toxicity (Reza et al., 2020). The primary characteristic of AC is its 

adsorption capacity, attributed to its porous structure and chemical groups on the surface 

(Ahiduzzaman & Sadrul Islam., 2016), making it an effective tool in minimizing greenhouse 

gas emissions from fossil fuel combustion (Hossain et al., 2019). Although in theory a 

variety of carbon-rich raw materials can be used to produce AC, economic feasibility 

narrows down the selection of suitable precursors. A preference for high carbon content in 

raw materials enhances the yield of AC and optimizes space utilization in the 

carbonization/activation furnace (Ros et al., 2006; Merchant & Petrich, 1993; Zhihang et al., 

2017) 

SS, recognized as a significant carbon-rich substance, demonstrates promise as a precursor 

in the production of AC. It contains a substantial carbon content, estimated to range between 

40% to 50%. Furthermore, SS is a byproduct of sewage treatment, providing an alternative 

carbon source (Zhihang et al., 2017). The process of producing AC by using SS as a precursor 

not only enhances value compared to traditional disposal methods but also tackles 

environmental issues linked to SS management. This strategy has the potential to alleviate 
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ecological concerns related to SS, promoting a more sustainable and eco-friendly approach 

to AC manufacturing. 

2.5  Applications of Activated Carbon 

AC demonstrates considerable versatility with applications spanning various fields. Within 

the domain of gas sorption, the porous structure of AC provides an optimal environment for 

the adsorption of gases, rendering it highly effective for tasks such as gas purification and 

storage (Li et al., 2020). 

Extending beyond gas sorption, AC plays a pivotal role in catalysis (Antolini., 2009). It is a 

superb support material for catalytic particles because of its porous structure and large SSA. 

The collaborative interaction between catalytic species and the AC matrix enhances overall 

catalytic activity and stability, offering innovative solutions for chemical processes and 

applications. 

In the realm of energy storage, AC assumes a prominent role as a favored electrode material 

in supercapacitors (Fan et al., 2010). Its outstanding features, including a large SSA, good 

conductivity, and environmentally friendly nature, make it an ideal choice for efficient 

energy storage and rapid charge/discharge cycles. Emphasizing AC's dual functionality in 

both catalysis and energy storage underscores its importance in advancing technologies 

toward a sustainable and cleaner future. AC is recognized for its exceptional efficiency as 

an adsorbent, demonstrating excellence in the capture and elimination of pollutants from 

water sources. Its effectiveness goes a diverse range of organic contaminants, metals, and 

other pollutants. In the upcoming detailed sections, the study will not only investigate AC's 

wide-ranging applications in water treatment but also explore its adaptable roles, including 

its contribution to supercapacitors and its efficiency in adsorption processes. This 

exploration is intended to address environmental issues by addressing the removal of 

different pollutants, fostering sustainable practices across a variety of AC applications. 
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2.5.1  AC application in supercapacitors 

Supercapacitors are a unique class of electrochemical devices with the ability to store and 

release energy quickly. Owing to their promising utility in consumer electronics, mobile 

electrical setups, and backup power systems, they have generated considerable enthusiasm 

(Fan et al., 2010). Supercapacitors provide crucial benefits for energy storage over batteries, 

such as high-power density, quick charge/discharge rates, and longer lifespans (Zhang & 

Zhao., 2009). Electrical double-layer capacitors (EDLCs) and pseudocapacitors are the two 

primary categories of supercapacitors. These two types of capacitors are differentiated by 

their unique energy storage mechanisms. Whereas pseudocapacitors retain power through 

Faradaic reactions of electroactive materials, EDLCs gather charge via electrostatic 

attraction of electrolyte ions over the outer layers of electrically conductive porous 

electrodes (Frackowiak & Béguin., 2002). In contrast to pseudocapacitors, EDLCs typically 

exhibit superior energy efficiency and longer operational lifespans, primarily due to their 

avoidance of Faradaic reactions. (Lei et al., 2013). 

For EDLCs, porous carbons, especially ACs, are the most commonly used electrode 

material. They are preferred because of their exceptional qualities, which include low cost, 

good conductivity, large SSA, environmentally friendliness, and mostly electrochemically 

inert nature, which improves wettability. In order to achieve high energy storage, micropores 

are essential because they provide a lot of active sites for ion adsorption and raise the SSA 

(Zhang & Zhao., 2009). In contrast, at high current densities, EDLCs have better power 

performance thanks to mesopores and macropores. Macropores act as ion-buffering 

reservoirs in carbon materials, whereas mesopores accelerate the kinetic process of ion 

migration (Pandolfo & Hollenkamp., 2006). As a result, porous AC-that is, micro, meso, and 

macropores-should produce more stability and higher specific capacitance. 

The resulting ACs have a large number of micropores and a high specific area, but their 

excessive microporosity restricts the electrolyte ions' accessibility at high current densities, 

resulting in suboptimal power characteristics as electrode materials (Li et al., 2012). Single-

step carbonization and activation processes frequently result in ACs with a high quantity of 

micropores and a low quantity of mesopores (Romanos et al., 2012), and on occasion, the 

porous structure depends on the carbon sources that are employed. Moreover, there has not 
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been a thorough study done on the regulation of pore-size distribution (PSD) or the 

mechanism of pore formation during one-step carbonization/activation. 

2.5.2  AC application in adsorption process 

Adsorption on AC involves a sequential process with three primary stages. Initially, 

adsorbates  adhere to the exterior surface of the carbon matrix, followed by their migration 

into the carbon pores, and lastly, undergo adsorption into the interior walls of the carbon 

structure. (Siong et al., 2013). When the carbon pores are only a little bit bigger than the 

contaminants' size, the conditions are satisfied for effective adsorption to take place (Strand, 

2001). Physical and chemical adsorption are the two kinds of adsorption processes that are 

most frequently observed. 

Physical Adsorption 

Physical adsorption occurs when impurities are drawn to the carbon surface by Van Der 

Waals forces. Contaminants adhere to the surface of the AC, with large molecules becoming 

trapped in smaller pores (Strand, 2001). The effectiveness of physical adsorption is 

depending on the type of pollutant and its concentration. Molecules are attached to the 

carbon surface through intermolecular attractive forces (Menya et al., 2018). The majority 

of this adsorption takes place inside the pores whose radius is several times larger than the 

adsorbate molecular length. Smaller pores, on the other hand, remain inaccessible and do 

not contribute to the adsorption process (Koehlert, 2017). 

Chemical Adsorption 

When the adsorbate directly reacts with the AC’s surface, chemical bonds are created (Rosli 

et al., 2017). Functional groups of carbon surface-such as those that hold oxygen and other 

electrons-help this process. The chemical adsorption of molecules on the carbon surface is 

referred to as chemisorption (Koehlert, 2017). Pollutants interact with the surface of carbon 

pores during the adsorption process, and the kinds of chemical compounds that result vary 

depending on the activation method, the carbonaceous resource utilized, and the carbon's 

post-treatment (Strand, 2001). 
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2.5.3  Factors that affect adsorption 

Adsorption efficiency is significantly influenced by various characteristics of the adsorbent, 

encompassing the internal SSA, pore size, chemical properties, molecular characteristics, 

molecular structure, hydrophilic performance, polarity, adsorbate concentration, 

temperature, and pH value. 

1. The internal Surface Area: higher surface area means usually higher amount of 

available active sites, increased porosity and faster kinetics enhancing the adsorption 

process. (Rodrı́guez-Reinoso & Molina-Sabio., 1998). 

2. Pore Size: there are two ways that pore diameters affect pollutant adsorption. First, 

as pore size is decreased, there are more contact points between the adsorbate and 

surface, increasing adsorption capacity. Second, ability of overly narrow pores to 

adsorb pollutants is constrained by size rejection (Li et al., 2002). 

3. Chemical Properties (surface charge and pH): while oxygen and hydrogen atoms 

contribute to AC's acidic character, sulfur and nitrogen atoms give it an alkaline 

behavior. Compared to negatively charged acidic carbon, higher amount of O and H 

groups improve the adsorption of positively charged contaminants (Zhang et al., 

2005). 

4. Molecular Characteristics (Surface functional groups): the process of AC 

adsorption is significantly influenced by surface functional groups. These groups 

involve strong chemical interactions like cation-π bonding, Lewis acid-base 

reactions, π-π Electron Donor-Acceptor (EDA) interactions, electrostatic 

attraction/repulsion, and hydrogen bonding (Liu et al., 2015). 

5. Molecular Structure: the capacity of chemicals to adsorb on AC increases as the 

adsorbate's molecular weight rises (Li et al., 2012). 

6. Polarity: AC's capacity for adsorption declines with increasing polarity and 

saturation air pressure, indicating a sensitivity to these factors (Li et al., 2012). 

7. Adsorbate Concentration: with the initial concentration, the AC's adsorption 

capacity increases until the saturation and maximum adsorption capacity is reached. 

The uptake influenced the concentrations grew, whereas the removal abilities were 

significant at a lower level (Inam et al., 2016). 
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8. Temperature: increased temperature enhances removal efficiency through the 

widening and deepening of micropores, creating additional SSA for adsorption 

(Yavuz et al., 2006).  

9. pH Value: the solubility of the adsorbate is significantly influenced by pH levels, 

which change the surface charge on the adsorbent and speciation of the adsorbates 

(Xiang et al., 2019). 

2.5.4  Sorption of pharmaceuticals from sewage by using activated carbon 

From a consumer perspective, the emphasis is often placed on the benefits derived from the 

usage of a product, rather than the intricacies of its production. This is particularly pertinent 

in the case of AC, given its widespread application when removing pharmaceuticals and the 

purification of drinking water, which commands significant global consumption (FEECO 

International, 2022; Newcombe, 2006). As previously discussed, ACs with a high SSA 

exhibit enhanced adsorptive capabilities for pollutants when compared to other commonly 

used adsorption materials with less developed porosity. 

In the context of water treatment, a water treatment plant plays a pivotal role in ensuring the 

quality of drinking water that ultimately reaches our homes through domestic water taps. 

The source of water for such plants can vary, including local reservoirs such as lakes, rivers, 

or ponds. The fundamental water treatment process, as illustrated in Figure 2.4, involves 

several stages, starting with the transportation of water from its source to subsequent steps, 

including flocculation and filtration, aimed at the removal of natural organic matter (NOM) 

and pharmaceutical residues. This organic matter and pharmaceuticals contribute to 

undesirable aspects like color and odor in the water (Newcombe, 2006). To address the 

residual NOM and pharmaceuticals, AC is employed in a "polishing" capacity, a step 

introduced after the initial treatment processes (Perrich, 1981). Moreover, it is common to 

implement an additional AC adsorption stage post-disinfection, mainly to absorb any 

remaining hypochlorite or chlorine, and the compounds resulting from their interaction with 

NOM (Otowa et al., 1997). 
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Figure 2.4. An overview of the process of purifying water. 

 

The quantification of NOM and pharmaceutical residues is often carried out through the 

measurement of total organic carbon (TOC) and pharmaceutical concentrations in the water. 

In this particular context, the efficacy of AC in eliminating pharmaceuticals and its 

adsorptive capacity for TOC can be used to quantify its performance (Randtke & Snoeyink, 

1983; Ando et al., 2010). A higher adsorptive capacity implies reduced amount of AC 

required for the water treatment process and more efficient removal of pharmaceuticals, 

contributing to improved water quality. 

3  Thesis objectives 

This thesis embarks on a thorough investigation of the importance of SS in sewage treatment 

and its role in the synthesis of AC. The study delves into the potential of SS as a carbon 

source, highlighting its significance in addressing environmental issues and public health 

concerns, as well as its conversion into carbon-rich materials with diverse applications. 

Furthermore, our research encompasses the examination of various methods for producing 

AC, emphasizing its pivotal role in electrochemical applications and its efficacy in removing 

pharmaceutical contaminants from sewage. Our overarching goal with this study is to 

uncover innovative solutions for sewage treatment and environmental preservation. 
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The following are the aims of this thesis:  

1. Examination of Diverse Activation Materials for Sewage Sludge: the primary 

objective is to comprehensively investigate a range of activation approaches for SS, 

with the ultimate aim of proposing an innovative activating agent that demonstrates 

superior performance in comparison to existing methods in synthesis of AC with high 

SSA and porosity. 

2. Optimization of Pyrolysis Parameters: this study seeks to delve into the pyrolysis 

phase, specifically focusing on determining the most suitable pyrolysis temperature, 

a critical factor in the production of high-porosity AC. 

3. Exploration of Acidic and Alkaline Washing Techniques: to investigate and 

assess the effectiveness of both acid and alkaline washing methods in removing 

metallic and non-metallic impurities. The objective is to ensure that the resulting AC 

meets rigorous quality standards (ASTM D4607). 

4. Characterization of Synthesized Activated Carbon for Electrochemical 

Applications: this objective involves the thorough examination of the potential 

applications of the synthesized AC in electrochemical devices. In addition, the 

specific capacity of this AC will be rigorously measured, providing insights into its 

performance in electrochemical systems. 

5. Pharmaceutical Contaminant Removal and Identification of Influential 

Factors: the aim of this research is to ascertain how well AC can remove 

pharmaceutical contaminants from sewage. Concurrently, the study aims to identify 

and analyse the diverse factors that impact the successful elimination of chemical 

drugs from sewage, contributing to a deeper understanding of this crucial aspect of 

environmental remediation. Figure 3.1 illustrates the overall structure of the thesis. 
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Figure 3.1. The structure of the thesis. 

 

4  Materials and methods 

The following section offers a comprehensive examination of the experimental methods 

employed in this study, encompassing the materials, equipment, and procedures. It begins 

by describing the collection and preparation of SS samples from the Mikkeli wastewater 

treatment plant (WWTP). Subsequently, a list of the chemicals utilized in the research is 

provided. Following this, the composition of the SS samples is analyzed. The chapter then 
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explores the process of optimizing AC production, taking into account variables such as 

reaction temperature and time, as well as the influence of different activators on SSA, and 

selecting the best leaching solution for removing impurities. Later in the chapter, the 

electrochemical properties are investigated to determine specific capacitance in both NaCl 

and H2SO4 solutions. Lastly, the adsorption procedure used for removing three 

pharmaceutical compounds-tetracycline (TC), diclofenac (DCF), and carbamazepine 

(CBZ)-is investigated. The impact of pH, adsorbent dose, concentration, contact time, and 

competing ions on the adsorption process were among the parameters that were investigated 

for optimization. 

4.1  Collecting and pretreatment of SS 

The dewatered SS used in this investigation was supplied from the Mikkeli, Finland, 

municipal wastewater treatment plant. This WWTP utilizes a membrane bioreactor (MBR). 

The dewatered SS, the focus of our investigation, was directly collected from the plant. After 

being collected, the samples were kept in lab freezer containers at -18 °C, suitable for 

subsequent freeze-drying. These SS samples, approximately containing 80% moisture, 

underwent a 72-hour freeze-drying procedure to reach a consistent mass. After the freeze-

drying process, the dried SS samples were finely ground using an IKA® Tube Mill for 3 

minutes with speed of 15000. After being ground, the samples passed through a 1000 μm 

sieve and thoroughly mixed to ensure the highest possible homogenization. For additional 

examination, these samples were put in polypropylene containers and kept in a desiccator. 

4.2  Chemicals 

The materials employed in the experiments were of analytical quality. All the water utilized 

in this research had been deionized, possessing a conductivity of less than 0.056 µs cm-1. 

The water purification system Sartorius Arium® was utilized to obtain deionized water. 

Table 4.1 lists all the chemicals used in this investigation. 
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Table 4.1. List of the chemicals. 

 

4.2.1  Monopotassium oxalate (KHC2O4) synthesis 

To synthesize monopotassium oxalate (KHC2O4) from oxalic acid (C2H2O4) and KOH, a 

one-mole oxalic acid solution was prepared in pure water. Simultaneously, one mole of KOH 

was dissolved in pure water to create a KOH solution. The KOH solution was gradually 

added to the oxalic acid solution while stirring at 80°C, resulting in a homogeneous solution 

of monopotassium oxalate. This solution was then placed in a refrigerator to allow crystals 

to form. Subsequently, the mixture was evaporated to obtain solid KHC2O4. The obtained 

KHC2O4 was placed in an oven at 105 °C to facilitate the evaporation of water from the 

crystals. 
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4.3  Composition of SS 

The characteristics of the SS sample were assessed following established procedures. The 

1:5 ratio of solid to liquid was used in accordance with the European standard SFS-EN 13037 

for measurements of pH and conductivity. Mixing was done with a magnetic stirrer using 

five grams of the SS sample with 25 milliliters of ultrapure water and stirred at 50 rotations 

per minute for two hours. Subsequently, a pH meter (Mettler Toledo® SevenCompact, 

Switzerland) was used for pH and a conductivity meter (VWR ® CO320, Finland) for 

conductivity measurements. 

The European standard SFS-EN 12880 was utilized to calculate dry matter content (DMC) 

of SS sample. The procedure included for drying the SS sample for about 12 hours at 105 

°C in an oven. And afterwards allowing it to reach room temperature in a desiccator. Its 

weight was then noted to determine the DMC. 

Following the European standard SFS-EN 12897, the loss-on-ignition (LOI) method was 

employed to find out how much organic matter is in the SS. This method involved heating 

the SS sample in a muffle furnace set to 550°C for the entire night. After cooling, the sample 

was placed in a desiccator to reach room temperature, and to determine the LOI, its weight 

was noted. 

Using a Micromeritics TriStar II plus analyzer, fitted with a degassing unit called Vac Prep 

061, the BET SSAs of the SS samples were ascertained. Following an overnight degassing 

of the SS samples at 105°C, the BET SSA analysis was performed. 

The elemental composition of the raw SS was ascertained by Energy Dispersive X-ray 

Spectroscopy (EDS) analysis using a Field Emission Scanning Electron Microscope 

(FESEM) JEOL JSM-7900. Additionally, some data used from an earlier study (Timilsina 

et al., 2022) 

4.4  One step production of activated carbon 

In a standard synthesis procedure, the dried SS was blended with activators using an IKA® 

Tube Mill for 9 minutes before subjecting the mixture to gradual heating in a tube furnace. 
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The heating process was initiated at a rate of 5 °C min-1, raising the temperature from 500°C 

to 900 °C, while maintaining a continuous flow of 1 L min-1 of nitrogen. The activator-to-

dried SS ratio ranged from 0.5 to 2.0 g g-1. Following the heating process, the resulting 

mixture, which comprised AC and byproducts, was first washed with ultrapure water and 

then exposed to a leaching agent in order to extract any remaining alkali and salts. The 

leaching agent employed had a concentration of 2 mol L-1 HNO3. After the AC was taken 

out of the leaching solution using a Buchner funnel, it was rinsed multiple times until the pH 

reached 7. After that, the obtained AC was dried in an oven for an entire night at 105 °C with 

atmospheric pressure. After drying, the AC was finely milled using a mortar and 

subsequently stored in polypropylene containers within a desiccator for further analysis. 

4.5  Optimization of carbonization process 

This section focuses on optimizing the carbonization process. The study examined the 

impact of three key variables: reaction temperature, reaction time, and activator ratio, with 

an emphasis on their impact on SSA specifically. Additionally, the study aimed to determine 

the most effective leaching solution for impurity removal. 

4.5.1  Optimization of reaction temperature, time, and activator-to-SS ratio 

In this section, study was conducted a systematic exploration of the carbonization process, 

focusing on the influence of three key variables: reaction temperature, carbonization time, 

and activator-to-SS ratio. The study involved carbonization at three distinct temperatures 

(500°C, 700°C, and 900°C) to assess the temperature's effect on the resulting AC's 

properties. Carbonization time was varied from 2 to 8 hours with 2-hour intervals to capture 

the dynamic changes during the process. Additionally, the study examined three different 

activator-to-SS ratios (0.5, 1, and 2) to understand their impact on the efficiency and 

characteristics of the AC. These systematic variations provided insights into the optimization 

of the carbonization process and its effects on SSA, porosity, and pore structure, contributing 

to a more comprehensive understanding of the final AC product. The definition of the 

activation ratio is shown in Eq. (4.1). 



33 

 

𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝑑𝑟𝑖𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑆

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟
    (4.1) 

 

4.5.2  Influence of different activators on SSA 

An exhaustive investigation was undertaken to assess the impact of various activators on the 

SSA of the resultant AC. A diverse range of activators, including H3PO4, KOH, ZnCl2, 

Na2CO3, K2CO3, a combination of KOH and KCl in a 1:1 ratio, K2C2O4, and notably, 

KHC2O4 (monopotassium oxalate), which was introduced for the first time in this research, 

were applied in a 1:1 ratio with SS during carbonization at 700 °C. These activators 

encompassed both acidic and alkaline agents, enabling a comprehensive exploration of the 

influence of varying chemical compositions on SSA, a pivotal parameter in tailoring the 

performance of AC materials. Eq (4.2) was used to calculate the percentage yield for the 

prepared adsorbent. 

 

𝑌𝑖𝑒𝑙𝑑 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡(𝑔) 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝐴𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑤𝑒𝑖𝑔ℎ𝑡(𝑔) 𝑑𝑟𝑖𝑒𝑑 𝑆𝑆 
×  100   (4.2) 

 

4.5.3  Leaching of impurities from AC 

After the carbonization process, the AC underwent a thorough washing procedure utilizing 

a 2 mol L-1 leaching solution. This leaching step extended for a 120-minute period of time, 

maintaining a constant liquid-to-solid (L S-1) ratio of 50:1 (ml g-1) for both acid and alkali 

leaching. 85 °C was maintained as the constant temperature for the leaching solution. The 

temperature factor was significant, as it influenced the removal of elements during the 

leaching process. These conditions were used for comparative testing to determine how well 

different inorganic acids (HCl, H2SO4, and HNO3) and alkalis (NaOH and KOH) removed 

impurities from the SS and improved the purity of the carbon.  This analysis was conducted 

to ascertain the optimal leaching agent, which would result in the highest degree of impurity 

removal and yield the purest AC product. 
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4.5.4  Characterization of obtained ACs 

The structural characteristics of the generated ACs, including SSA, pore volume, and pore 

size distribution, are covered in this section. Using the Tristar II® Micromeritics device, 

nitrogen physisorption isotherms were utilized to evaluate these characteristics at 77 K. The 

samples underwent a careful 16-hour outgassing at 105 °C to facilitate nitrogen 

physisorption. Utilizing the Rouquerol approach specifically designed for microporous 

materials, the SSA was computed using the BET formula, which was identified by nitrogen 

physisorption at 77 K (J. Rouquerol et al., 2007; Brunauer et al., 1938). Using the Gurvich 

rule, the total pore volume was calculated at p/po=0.95-0.99 based on the density, molar 

mass, and corresponding amount of adsorbed nitrogen (Gurvich, 1915; Thommes et al., 

2015).  The Dubinin-Radushkevich equation was used in the software to calculate the 

volume of micropores (Dubinin, M.M., Radushkevich, L.V., 1947). By subtracting the 

micropore volumes from the total pore volume, the mesopore volume was computed. 

Surface functional groups were analysed by Fourier transform infrared (FTIR) spectroscopy 

using a Bruker Vertex 70 device. Visual examination of the materials' surface texture was 

accomplished through FESEM using the JEOL JSM-7900. Thermogravimetric analysis 

(TGA) and differential thermal analysis (DTA) were performed using the NETZSCH STA 

449C thermal analyser, which heated the sample at a rate of 5 °C min-1 from room 

temperature to 1000 °C. 

4.6  Electrochemical testing 

All electrochemical measurements of the ACs were conducted in two different electrolyte 

solutions: 1M NaCl and 1M H2SO4. The experiments were performed using a potentiostat 

(Octostat 5000, Ivium) within a three-electrode system. Ag|AgCl electrode was utilized as 

the reference electrode in this arrangement, and a Pt rod acted as the counter electrode. 

A homogeneous blend of 80 wt% AC, 10 wt% carbon black, and 10 wt% polyvinylidene 

fluoride (PVDF) was created in a mortar to form the working electrodes. Dimethylacetamide 

(DMAc) was added to achieve a carbon slurry with suitable viscosity after 15 minutes of 

mixing. Subsequently, this slurry was evenly spread onto a Pt plate and allowed to dry 

completely. Any remaining organic solvent was removed by placing the electrodes at 50 °C 
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in a vacuum oven overnight. The mass of the AC on the electrode was determined after the 

drying process. 

The following equation can be used to determine the specific capacitance (C) from the CV 

curve: 

𝐶 =
∫ 𝑖(𝑣)𝑑𝑣

2μmΔV
     (4.3) 

• The specific capacitance (F g-1) is denoted by C. 

• ∫ 𝑖(𝑣)𝑑𝑣 signifies the integral of the current (i) with respect to the potential (v) 

throughout the CV test, encompassing the entire CV curve. 

• μ is the scan rate (V s-1), denoting the rate at which the potential is swept during the 

CV experiment. 

• m represents the mass of the active electrode material (g). 

• ΔV indicates the potential window of discharge (1V in this case). 

It is important to note that the potential window for CV in 1M NaCl extends from -0.4 V to 

0.6 V, while for 1M H2SO4, it ranges from 0 V to 1 V. The EIS was conducted between 1 

MHz and 1 mHz applying 5 mV amplitude in 1M NaCl, and 1M H2SO4. 

4.7  Adsorption of pharmaceutical compounds 

An initial investigation was conducted to determine whether synthesized AC could 

effectively remove CBZ, DCF, and TC from water. Conditions for the batch experiments 

were room temperature (25 ± 1 °C) in 50 ml tubes. Table 4 provides details about the 

chemical structures of these pharmaceuticals. HNO3 along with NaOH solutions between 

0.1 and 1 M were used to change the solution's initial pH. In a shaker, the samples containing 

the solutions were shaken at 450 rpm. 
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Table 4.2. Chemical structures of the pharmaceuticals studied in this thesis.  

Compound 
Tetracycline 

(TC) 
Diclofenac (DCF) 

Carbamazepine 

(CBZ) 

Structure 

 

  

Chemical 

reagent 

Tetracycline 

hydrochloride 

2-[(2,6-

Dichlorophenyl)amino]b

enzeneacetic acidsodium 

salt 

10,11-

Dihydrocarbamazepi

ne 

 

Formula C22H24N2O8 C14H10Cl2NNaO2 C15H14N2O 

MW, g mol-1 480.9 318.13 238.28 

 

As mentioned in figure 4.3, various environmental factors, such as solution pH (ranging from 

2 to 9), adsorbent dosage (0.25 to 2.50 g L-1), reaction duration (from 1 to 1440 minutes), 

initial concentrations of TC, DCF, and CBZ (between 5 and 500 mg L-1), and the influence 

of competing ions (with NaCl concentrations ranging from 0 to 0.1 M), were examined. 

After the specified reaction time, a sterile syringe-driven filter with a membrane pore size of 

0.45 μm was used to filter 5 ml of the TC, DCF, and CBZ solutions. Subsequently, using an 

Agilent Cary instrument, ultraviolet-visible (UV-VIS) spectroscopy was used to analyse the 

remaining concentrations of TC, DCF, and CBZ at specific wavelengths: 357 nm for TC, 

275 nm for DCF, and 270 nm for CBZ. Ultimately, For TC, DCF, and CBZ, the removal 

percentage (R%) and equilibrium adsorption capacity (qexp, mg g-1) were computed. In the 

context of adsorption experiments, the effectiveness of the adsorbent is evaluated based on 

its adsorption capacity (mg g⁻1), determined by the equation: 

𝑞𝑒𝑥𝑝 =
𝐶𝑖−𝐶𝑒

𝑚
∗ 𝑉     (4.4) 

Here, Ci stands for the initial adsorbate concentration in ppm, Ce represents the adsorbate’s 

equilibrium concentration in mg L-1, m stands for the adsorbent’s mass in grams, and V 

stands for the whole reaction solution’s volume in liters. Furthermore, the removal efficiency 

(R, %), indicating the extent of removal during a process, is calculated using the formula: 

𝑅 (%) =
𝐶𝑖−𝐶𝑒

𝐶𝑖
∗ 100      (4.5) 

https://pubchem.ncbi.nlm.nih.gov/#query=C15H14N2O
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As a function of the initial concentration of the adsorbate, this formula determines the 

removal percentage. Table 4.3 provides a plan for conducting experiments to analyze 

adsorption properties of the studied AC towards target pharmaceuticals. 

 

Table 4.3. Experimental conditions used for the removal of target pharmaceuticals by the 

studied AC. 

Parameters Adsorbent 

dose (mg) 

Tested 

volume 

(ml) 

Solutions 

(mg L-1) 

Time (min) pH 

Effect of pH 40 40 50 720 (12h) 2,3,4,5,7,9 

Asorbent dose 10, 20, 40, 60, 

80, 100 

40 50 720 (12h) Optimized pH 

Contact time Optimized 

adsorbent dose 

40 50 1, 5, 10, 30, 60, 120, 

180, 360, 720, 1440 

Optimized pH 

Effect of 

concentration 

Optimized 

adsorbent dose 

40 5, 10, 20, 50, 

100, 150, 

250, 300, 

400, 500 

Optimized time Optimized pH 

Effect of 

competing ions 

Optimized 

adsorbent dose 

40 Optimized 

concentration 

Optimized time Optimized pH 

 

 

5  Result and discussion 

In this chapter, comprehensive findings and analysis of the experimental research are 

provided. These findings encompass studies on sludge composition, optimization of AC 

synthesis, the impact of different activators on SSA, the selection of the best leaching 

solution for impurity removal, examinations of electrochemical properties (specific 

capacitance), and an investigation into the adsorption process of three pharmaceutical 

compounds (TC, DCF, and CBZ). 
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5.1  Sludge characterization 

In this investigation, the focus was on the analysis of mechanically dewatered MBR sludge, 

a crucial aspect of the study. To gain a comprehensive understanding of its composition and 

characteristics, several key parameters were rigorously examined, as detailed in Table 5.1. 

These included BET surface area, pH, DMC, LOI, and electrical conductivity, each 

providing valuable insights into the nature of the sludge. 

  

Table 5.1. Composition of SS. 

Parameters  Unit Value 

pH  - 6.11 

DMC % 21.72 

LOI % 79.88 

Electrical conductivity (σ)  µS cm-1 1585 

BET surface area  m2 g-1 0.7 

 

 

The investigation into sludge composition revealed intriguing data. The sludge's pH was 

found to be 6.11, suggesting a moderately neutral environment. The DMC was found to be 

21.72%, indicating a substantial portion of solid material in the sludge. The high LOI value 

of 79.88% implies that a significant portion of the sludge consists of organic and volatile 

matter that can be burned off. Electrical conductivity (σ) was measured at 1585 µS cm-1, 

indicating the presence of ions and the potential for conducting electrical current in the 

sludge.  

Given our primary objective of assessing carbon content, the study employed the EDS to 

study the percentage of carbon (38.7 %), along with compounds such as oxygen (37.7%) and 

nitrogen (4.9%). These elements, which typically elude detection by the ICP device, play a 

significant role in characterizing the final AC product. Additionally, the presence of silicon 

(Si, 1%) in the SS compound, and importance for the study since Si can have substantial 

implications for the electrochemical properties of AC, the EDS device in FESEM for Si 

quantification were applied. The Figure 5.1a) demonstrates the elemental composition of SS 

and shows the percentage of each element. 
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Figure 5.1. a) The elemental compositions of the SS (wt%), b) FESEM image of SS and c) 

MAP analysis of SS. 

 

Smooth surfaces of SS are visible in the FESEM images in Figure 5.1b). It was found that 

SS had a comparatively small BET surface area, measuring at 0.7 m² g⁻¹. This indicates a 

constrained surface availability. The pore structure of SS predominantly comprises 

macropores. This data underscores the limited SSA and specific structural characteristics of 

the SS under examination. The SS is primarily amorphous, with an organic phase 

predominating, as seen in Figure 5.1b). 

The compositional images produced by the EDS analysis are shown in Figure 5.1c as Multi-

Elemental Mapping (MAP) analysis. The first grayscale images (first image in (c)) shows 

the areas that were analyzed using EDS. The elements oxygen (O), aluminum (Al), silicon 

(Si), phosphorus (P), sulfur (S), calcium (Ca), and iron (Fe) are represented in dark green, 

red, purple, blue, dark cyan, light green, and light cyan scales, respectively. This MAP 

revealed an intriguing correlation between Si and Al with O. The data suggests that Si and 

Al share a similar spatial distribution pattern with oxygen, indicating a close association or 

bonding between Si, Al, and O within the SS. 
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5.2   Thermogravimetric analysis of SS  

The thermogravimetric analysis (TGA) is a powerful tool for tracking mass loss concerning 

both temperature and time (Carrier et al., 2011), providing crucial insights into pyrolysis (or 

carbonization) reactions within the sample. The TG and DTG profiles for the SS at a heating 

rate of 5 °C min-1 are shown in Figure 5.2, which shows the thermal behavior of SS during 

pyrolysis. The weight loss, as observed in TG and DTG curves, unfolded in three distinct 

stages. In the initial stage (room temperature to 150 °C), the precipitation of bound and 

adsorbed water in the SS was identified as the cause of the DTG peak, as documented by 

Fang et al. (2015). The predominant weight loss occurred in the subsequent stage (200 °C to 

550 °C), primarily attributed to the removal of volatile components from the SS, reaching a 

peak around 300 °C. The cumulative weight loss was 61.08% until reaching 550 °C. 

SS's primary organic constituents encompass proteins, fats, and polysaccharide compounds, 

as identified by Bi et al. (2021). The ranges of their respective decomposition are 250-350 

°C, 250-380 °C, and 300-400 °C (Fisher et al., 2002). The frail chemical bonds between 

these compounds may lead to the emergence of two overlapping weight-loss peaks when 

their individual chemical bond breaking, or group-transition temperatures are reached. 

Consequently, there were two peaks in the 200–550 °C temperature range. The SS entered a 

comparatively gradual weight-loss phase, experiencing a 7.25% reduction from 550 °C to 

1000 °C, resulting in final residue. The breakdown of the sludge's remaining organic 

materials, minerals, metal salts, and other inorganic compounds is probably what caused this 

final weight loss, as proposed by Bi et al. (2021). 

 



41 

 

 

Figure 5.2. TGA graph for SS from room temperature to 1000 ºC in nitrogen atmosphere 

by rate 5ºC min-1. 

 

5.3  Adjusting synthesis parameters 

The primary variables influencing chemical activation are the type of activating agent, the 

mixing technique, the mass ratio of the activating agent to the carbon precursor, and the 

heating technique (Sevilla and Mokaya, 2014). In the one-step carbonization optimization 

study, various activating agents were explored, with specific attention to their practical 

aspects. KOH, a common alkali activator, although effective, poses challenges due to its 

relatively challenging handling, ability to quickly adsorb moisture from the environment and 

the difficulty in grinding compared to K2CO3. K2CO3, on the other hand, demonstrated better 

mixing with SS and proved to be less corrosive, making it a more convenient option. 

Additionally, this study marked the first-time utilization of KHC2O4 as an activation 

compound, and the results from BET analysis indicated promising outcomes. The obtained 

data shed light on the suitability of K2CO3, KHC2O4 and their impact on surface area and 

conversion efficiency in the one-step carbonization process, contributing valuable insights 

to the optimization of conditions for the synthesis of AC. Figure 5.3 represents the effects of 

the influence of temperature, carbonization time, activator ratio and process conversion on 
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carbonization yield for K2CO3. In figure 5.3.a) SSA increases from 500 to 700 ºC from 731 

to 2213 m2 g-1 and then decreases greatly in 900 ºC (86 m2 g-1). The initial SS exhibited lower 

levels of ash and fixed carbon but higher levels of volatile matter. After carbonization, there 

was an increase in both ash and fixed carbon content, coupled with a significant decrease in 

volatile material. Increasing carbonization temperatures led to a more release of volatile 

matter (Li et al. 2017), resulting in a higher fixed carbon content. The study by Wan-Mahari 

et al. (2021) further supports this, indicating that an increase in temperatures up to 700 ºC 

caused the volatile matter to be released from the SS, consequently contributing to the 

growth of SSA. Furthermore, because there is not enough activation energy to start pyrolysis 

at 500 ºC, a low activation temperature could result in insufficient porous structure and an 

incomplete reaction. (Nayak et al., 2017). 

At 900 ºC, the process involves the evaporation of potassium through the reaction, which 

includes the interaction of atomic potassium with the carbon within the AC, leading to the 

degradation of carbon (Zhenge & Kozinski, 2000). Furthermore, high temperatures may 

cause excessive amounts of cross-linked materials in the solid phase to change into volatile 

gas phase components (Adebisi et al., 2017; Liang et al., 2020a). At this temperature, the 

activation reactions intensify, resulting in decreased yields and SSA contents in ACs (Fierro 

et al., 2007). Furthermore, the elemental contents of the AC increase in line with the amounts 

of volatiles released.  The low elemental release that occurs during the carbonization process 

could be the cause of this phenomena. The raw material experiences a substantial mass loss, 

exceeding 70%, consequently contributing to the observed increase in elemental content. 

This observation aligns with the trends depicted in TGA curves, illustrating a continuous 

mass loss in the samples up to 1000 °C. 
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Figure 5.3. a) Investigating the effect of temperature (500 °C to 900 °C) on the BET surface 

area of SS/K2CO3 in a 1:1 ratio for 6 hours, b) Examining the influence of carbonization 

time (2 to 8 hours) at 700 ºC on the BET surface area of SS/K2CO3 in a 1:1 ratio for 6 hours, 

c) Analysing the effect of the activator-SS ratio on the BET surface area of SS/K2CO3 at 700 

ºC for 6 hours and d) Assessing the relationship between carbonization time (pyrolysis) and 

the yield, focusing on the process involving SS/K2CO3 in a 1:1 ratio at 700 °C. 

 

 

The impact of carbonization time and the activation ratio on the SSA was investigated in this 

section. The analysis of carbonization time revealed a notable enhancement in SSA within 

the time range of 2 to 6 hours, followed by a subsequent decline at 8 hours (Figure 5.3. b). 

For subsequent comparisons, a carbonization time of 6 hours was deemed optimal. 

In assessing the ratio of SS to activator, an increase in SSA was observed with an increasing 

activator ratio, ranging from 0.5 to 2. However, considering the marginal difference between 

the ratios of 1 and 2, and recognizing the importance of minimizing activator consumption, 
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a ratio of 1 to 1 was selected for subsequent comparisons. The variation in conversion 

efficiency between 2 and 6 hours is relatively modest (Figure 5.3. d). 

In the optimization study employing K2CO3 as the activator, results comparable to those 

obtained with KHC2O4 were observed, indicating a substantial increase in BET surface area 

from 554 to 2165 m2 g-1 as the carbonization temperature rose from 500 to 700 ºC, followed 

by a decline at 900 ºC (99 m2 g-1). Notably, the 6-hour carbonization duration, demonstrating 

the highest SSA at 2165 m2 g-1 with no significant difference compared to the 8-hour 

duration, was selected for further applications. This choice is not only based on its equivalent 

SSA but also on its time efficiency. The practical advantage of easier washing after 

carbonization is attributed to the presence of a single K atom in KHC2O4 in contrast to two 

K atoms in K2CO3, further supporting the selection of KHC2O4 for electrochemical and 

pharmaceutical adsorption applications in this project. Additionally, the absence of prior 

research on KHC2O4 introduces an innovative dimension to this selection, underscoring its 

potential contribution to advancements in the field. 

5.3.1  Effect of activators on mechanism of carbonization 

In the evaluation of SSA enhancements through the activation of carbon using different 

activators in a 1:1 proportion with SS, distinct trends emerge in Figure 5.4. The baseline 

SSA without activation stands at 118 m² g-1, serving as a reference point for sludge-derived 

AC. Notably, activation with H3PO4, 3M exhibits a significant increase in SSA to 616 m² 

g- 1, while activation with KOH demonstrates remarkable effectiveness with an SSA of 2131 

m² g-1. ZnCl2 produces a moderate increase to 960 m² g-1, and the combined activator 

(KOH+KCl, 1/1) yields an intermediate SSA of 1838 m² g-1. Na2CO3 and K2C2O4 result in 

comparable moderate and substantial increases, reaching SSAs of 800 m² g- 1 and 1987 m² 

g- 1, respectively. Meanwhile, K2CO3 and KHC2O4 exhibit high SSAs of 2213 m² g-1 and 

2165 m² g-1, respectively, placing them among the most effective activators in enhancing 

SSA. 

H3PO4, 3M, identified as one of the acid-activating agents, exhibits a significant 

improvement in SSA, reaching 616 m² g-1. Determining the activation temperature is 

essential, especially for acidic activators like H3PO4, with the optimal activation temperature 

typically falling within the range of 400 to 500 °C. Studies by Jagtoyen and Derbyshire 
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(1998) revealed that above 450 °C, phosphate linkages lose some of their thermal stability, 

which causes secondary contractions and poly-aromatic cluster alignment. Furthermore, 

Suárez-García et al. (2002) showed that temperatures higher than 500 °C may cause the 

carbon structure to contract and porosity to decrease. Hence, opting for an activation 

temperature of 700 °C is consistent with these findings, resulting in the observed SSA of 

616 m² g-1 for H3PO4 compared to other alkali activators.  

 

2H3PO4 → P2O5 + 3H2O    (5.1) 

2P2O5 + 5C → P4 + 5CO2    (5.2) 

 

P2O5 acts as a Lewis acid and can form a P–O network and a C–O–P association structure, 

which can result in the formation of mesopores. P2O5 eventually breaks down at 700 °C, 

releasing P4, CO2, H2O, and other volatile substances (Olivares-Marín et al., 2006; Jibril et 

al., 2008) 

 

 

Figure 5.4. Impact of different activators on SSA at 700 ºC for 6 hours. 
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For ZnCl2, oxidation, template formation, and gasification are the main processes that lead 

to the formation of pores with the neutral activating agent (Sayğılı and Güzel, 2016). The 

oxidation states of Zn2+ can prompt reactions with carbon atoms through reduction, leading 

to the elimination of certain carbon components and the formation of channels. 

Concurrently, the carbon matrix may become occupied by the creation of carbon-bonded 

materials with various morphologies and sizes, which can be removed by acid washing. 

When compared to alkali activation, the reduction in SSA at 700 °C may be attributed to the 

sintering effect at high temperatures, which is caused by the char shrinkage, and the 

realignment of the carbon structure resulting, in decreased pore areas and volume (Mohanty 

et al., 2006). Typically, the optimal carbonization temperature for ZnCl2 is 600 °C and it is 

a weaker activating agent.  

 

Using KOH, K2CO3, Na2CO3, K2C2O4, and KHC2O4 as activators, the SSA of AC samples 

varied approximately from 800 to 2200 m² g-1 at 700 °C. The AC produced with K2CO3 

activation at the carbonization temperature of 700 °C displayed the highest SSA, measuring 

2213 m² g-1. Consequently, the following ranking can be used to determine how these five 

activators affect the pore structure:  

 

K2CO3 > KHC2O4 > KOH > K2C2O4 > Na2CO3 

 

Potassium compounds are generally considered as more effective activators than sodium 

compounds due to the higher reactivity of potassium ions compared to sodium ions. 

Potassium ions are larger and more polarizable, allowing for stronger interactions with 

carbonaceous materials during the activation process (Mao et al., 2020; Lee et al., 2002; 

Garba and Rahim, 2014). The interaction between K2CO3 and SS is particularly intense, 

leading to an augmentation in the pore structure of the resultant product (Li et al., 2017; 

Lillo-Ródenas et al., 2004). 

Subsequent experiments involved the activation of SS with an alkaline compound, K2CO3 

blended with SS in a 1:1 ratio, with TGA conducted on the resulting mixture. In this modified 

scenario, the reactions manifest differently. The TGA plot in Figure 5.5 shows that reactions 

commenced at 100 ºC and continued up to 200 ºC, primarily attributed to the loss of moisture 

and CO2. H2, CO, and CO2 in significant amounts are produced when the carbon atoms in 

the SS react with H2O (Hunsom and Autthanit, 2013). The carbon atoms then combine with 
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H2 to produce only a small amount of CH4.  Potassium catalysis at this stage may release 

small molecules, though not carbon-based, contributing to the overall reaction dynamics.   

 

C + H2O → H2 + CO   (5.3) 

CO + H2O → H2 + CO2   (5.4)  

C + 2H2 → CH4   (5.5) 

 

Within the temperature range of 250 to 500 ºC, additional reactions occur due to the 

volatilization of compounds, including bio-oil and biogas (CH4, CO2, and potentially other 

small molecules that are formed during the pyrolysis). The interaction between K2CO3 and 

SS is particularly intense, causing the pore structure of the final product to increase (Li et 

al., 2017; Lillo-Ródenas et al., 2004). 

 

K2CO3 + C → 2K + 3CO   (5.6) 

K2O + C → 2K + CO   (5.7) 

 

Between 500 ºC and 750 ºC, the weight loss graph exhibits a gradual slope, while beyond 

750 ºC, a renewed increase in slope suggests the initiation of the reaction of atomic 

potassium with the carbon present in the AC, leading to the destruction of carbon (Zhenge 

& Kozinski., 2000).  
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Figure 5.5. TGA graph for the mixture of SS and K2CO3 (1:1) from room temperature to 

1000 ºC in nitrogen atmosphere by rate 5 ºC min-1. 

 

During the activation process, potassium present in alkaline compounds is converted into 

atomic potassium starting from the temperature of 762 ºC, which is the boiling point of 

atomic potassium (Hayashi et al., 2002; Hüttinger & Minges, 1986). This transformation 

continues up to a temperature of 1000 ºC. Within this temperature range, not only the 

evaporation of potassium occur as a result of the reaction, but also, involves the reaction of 

atomic potassium with the carbon present in the SS, leading to the destruction of carbon 

(Zhenge & Kozinski., 2000). These reactions, along with the agglomeration process, result 

in a reduction in SSA and the efficiency of the reaction, as observed in the above diagram 

(Figure 5.5). This observation was substantiated by the output material from the furnace after 

cooling in experiments conducted with KOH, K2CO3 and KHC2O4 at 900 ºC, where the 

resulting composition exhibited a green colour.  These results underscore the importance of 

controlling the temperature and optimizing the conditions of the synthesis process to 

maintain the chemical and structural qualities of the AC. 
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Figure 5.6. TGA graph for the mixture of SS and KHC2O4 (1:1 ratio) from room 

temperature to 1000 ºC in nitrogen atmosphere by rate 5 ºC min-1. 

 

In parallel experiment, TGA was conducted on the resulting mixture of KHC2O4 blended 

with SS in a 1:1 ratio. In this blend, the TGA analysis (Figure 5.6) exhibited a 4.62% mass 

reduction in the initial stage between 25 and 200 °C degrees, attributed to the release of water 

(Hunsom and Autthanit, 2013). Subsequently, a 38% mass loss occurred between 200 and 

almost 400 °C, and a further 11.2% mass reduction was observed in the TGA curve range of 

450–600 °C. This can be attributed to the decomposition of KHC2O4 into K2CO3 and CO, 

with some K2CO3 breaking down into K2O and CO2 (Li et al., 2017). Additionally, it is 

noteworthy that the mixer's weight decreased by approximately 26.96% when it increased 

from 750 to 1000 °C. This suggests that K2CO3 or K2O undergoes further reactions with 

carbon, resulting in the generation of K and CO and consequent carbon destruction and the 

AC becomes green in colour (Zhenge & Kozinski, 2000). 
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Figure 5.7. The FESEM images of the a) SS without activation, and SS activated by b) 

H3PO4,3M, c) KOH, d) ZnCl2, e) (KOH+KCl, 1/1), f) Na2CO3, g) K2CO3, h) K2C2O4 at 

700 ºC for 6 hours. 
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Subsequently, the ongoing augmentation in the total pore volume can be attributed to the 

reduction reaction of K2CO3 or K2O by carbon atoms (Arslanoğlu, 2019; Fu et al., 2019). 

In contrast to the KOH activation mechanism described below, K2CO3 offers two 

advantages: (1) a specific quantity of K2CO3 undergoes decomposition into K2O and CO2, 

releasing gas that helps maintain a more porous structure in SS. Simultaneously, the gas 

effectively contributes to the physical activation of SS; (2) at approximately 700 °C, KOH 

transforms into K2CO3, which acts as the activator in high-temperature activation. 

Consequently, K2CO3 exhibits a superior activation effect compared to KOH (Xi et al., 

2018). 

 

2KOH → K2O + H2O   (5.8) 

K2O + CO2 → K2CO3   (5.9) 

4KOH + C → K2CO3 + K2O + 2H2  (5.10) 

 

In Figure 5.7, FESEM images provide a detailed insight into the microstructure of AC 

synthesized through various activation methods. In Figure 5.7.a), the activated carbon 

derived from SS without any activation exhibits a notable feature of particle agglomeration. 

This suggests a denser structure compared to the other samples except for ZnCl2. 

Transitioning to Figure 5.7.b), the sample activated with phosphoric acid showcases a 

distinct particle size distribution, with holes of varying sizes, predominantly in the form of 

macropores. The presence of macropores suggests a unique porous architecture, which can 

impact the material's adsorption capabilities. Moving on to Figure 5.7.d), the ZnCl2-activated 

sample displays particle agglomeration, and particles are seen adhering together, forming 

larger holes. This configuration indicates a specific structural arrangement induced by the 

ZnCl2 activation, influencing both particle cohesion and pore size distribution. The samples 

activated with K compounds present a diverse range of particle size distributions, with a 

prevalence of micro and mesopores. The distinct micro and mesoporous features suggest an 

effective activation process, potentially enhancing the material's surface area and adsorption 

efficiency. These micrographs collectively unveil the nuanced variations in morphology and 

porosity induced by different activation methods. The observed structural characteristics 
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hold significance for understanding the potential applications and adsorption capabilities of 

the synthesized activated carbon. 

5.3.2  SS as precursor in other studies for synthesis of AC 

Based on the combined results of the studies mentioned, it can be concluded that SS is a 

moderate precursor that can be used to create adsorbents with high specific areas. However, 

direct activation of the precursor usually leads to suboptimal porosity values and BET SSAs 

greater than 1800 m2 g-1 have not been discovered with this technique. 

ZnCl2 has been successfully used for chemical activation, resulting in adsorbents with BET 

SSA as high as 550 m2 g-1, as shown by studies by Rio et al. (2005), Zhai et al. (2004), and 

Martin et al. (1996). BET SSA has been reported to be close to 400 m2 g-1 after H2SO4 

activation (Zhang et al., 2005), whereas values resulting from H3PO4 activation are usually 

around 300 m2 g-1. 

According to Tay et al. (2001a) and Ansari et al. (2005), researchers have increased porosity 

by using a combined precursor approach that combines sludge with other carbonaceous 

materials. This has resulted in SSA of up to 900 m2 g-1. 

Moreover, direct activation of the precursor has demonstrated promise; according to reports, 

BET values for NaOH activation range from 689 m2 g-1 to 853 m2 g-1 (Ros et al., 2006). 

Hunsom & Autthanit (2013) reported an area of 820 m2 g-1, which is noteworthy due to the 

activation with K2CO3. Jung et al. (2019) achieved the highest value of 1795 m2 g-1 by 

activating KOH. 

5.4  Leaching of impurities from AC 

An essential part of the chemical activation of AC preparation is the washing process (Kwon 

et al., 2015). The temperature of activation is normally kept below the activating agent's 

boiling point, allowing chemical compounds to persist in the carbon network. To enhance 

the porous structure, washing becomes imperative to release the occupied spaces (Sych et 

al., 2012). Moreover, the presence of elemental metals in municipal sludge necessitates their 

removal through rinsing with a suitable washing agent (Ros et al., 2007). Depending on the 
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activating agent used, one can choose to use pure, acidic, or alkaline water as a washing 

agent (Yahya et al., 2015). After alkaline, neutral, or self-activating agents catalyze a 

reaction, acidic washing agents are used to neutralize any leftover compounds. This is 

followed by a water washing procedure (Arslanoğlu, 2019; Singh et al., 2019a, 2019b). 

Equations (5.11)– (5.13) illustrate that metallic elements, such as K, Na, Ca, and so forth, 

may react with water to create a solution that is highly alkaline. However, the majority of 

the time, acidic activating agent-prepared AC is cleaned with water alone. 

 

2X + 2H2O → 2XOH + H2   (5.11) 

X2O + H2O → 2XOH    (5.12) 

X2CO3 + H2O → XOH + XHCO3   (5.13) 

 

In this context, HNO3 at a concentration of 2M for 2 hours was employed to wash AC 

obtained via alkali activation. The exclusion of HCl and H2SO4 for washing after carbonation 

was based on the presence of Cl and S elements in their structures and the substantial 

adsorption properties of these elements by AC. Nitric acid emerged as a superior option due 

to its more suitable elemental structure. Additionally, alkaline washing was deemed 

inappropriate due to the potential increase in Si content in the AC. 

Remarkably, the elimination of impurities by HNO3 improved the electrochemical properties 

in addition to increasing the BET surface area. Moreover, the impurity removal content is 

affected by variables such as the type of acid, initial concentration, soaking period, and 

temperature of the solution (Li et al., 2011; Rodrigues et al., 2014; Ros et al., 2006).  

5.5  AC characterization 

After adjusting synthesis parameters, activators, and the leaching solution, the following 

parameters for synthesis and leaching were chosen: a synthesis temperature of 700 °C for 6 

hours, with a 1:1 ratio of SS and KHC2O4. The AC hereafter was referred as 'MonoP700.' 

Additionally, the leaching process essential to our methodology employed 2M HNO3 for 2 

hours. As a result, a series of samples were obtained and used for further investigations. 
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Figure 5.8. a) MonoP700 synthesis in 700 °C with SS/KHC2O4 in a 1:1 ratio for 6 hours b) 

Final MonoP700 elemental composition after leaching by HNO3, 2M for 2 hours. 

 

The carbonization of SS, as evidenced by the elemental analysis of MonoP700 before and 

after leaching, reveals a significant transformation in its composition. Before leaching 

(Figure 5.8.a)), MonoP700 exhibited a composition rich in carbon (29.01%), oxygen 

(29.43%), and notable concentrations of metals such as magnesium (1.02%), aluminium 

(5.34%), silicon (7.56%), phosphorus (2.54%), potassium (4.85%), calcium (8.65%), iron 

(11.34%), and sulfur (0.25%). 

After leaching (Figure 5.8.b)), a marked increase in carbon content was observed, surging to 

66.5%, indicating a substantial carbonization effect. Simultaneously, the oxygen content 

decreased to 24.44%, suggesting a reduction in oxygen-containing compounds. Notably, the 

concentrations of aluminium, silicon, potassium, and iron experienced significant decreases, 

emphasizing the effectiveness of the leaching process. The altered composition, with 

reduced metal content and enhanced carbon, signifies the potential improvements in the 

MonoP700 properties, making it a more viable material for various applications. 

To further understand the various changes in the surface morphology of the AC and to assess 

the effect of acid washing in the production process, the FESEM images of MonoP700 were 

taken at 5000, 10000 and 30000 magnifications as depicted in Fig 5.9. The FESEM images 

of the MonoP700 reveal a distinctive porous morphology with a predominantly irregular 

surface. At a different magnification, the images showcase a network of interconnected 

micropores and mesopores, indicative of a highly porous structure. The surface appears 
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rough, suggesting a substantial SSA suitable for adsorption applications. Notably, the AC 

particles exhibit a granular form with occasional agglomerations. The presence of these 

pores and surface irregularities is likely attributed to the unique composition and 

characteristics of the MonoP700. 

 

 

Figure 5.9. FESEM images of MonoP700 within different magnifications 

 

The aforementioned chapter delves into the necessity of AC's diverse porous structure for 

the intended applications. Based on the preceding data and figure 5.10, the SSA of 

MonoP700 is 2165 m2 g-1 and the pore volume is 1.6 cm3 g-1. Most of the pores that formed 

were micro- and mesopores. MonoP700 exhibited a type IV hysteresis loop when the relative 
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pressure exceeded 0.45. It is important to note that the hysteresis loop is associated with the 

desorption isotherm, specifically generated as the pressure decreased from 1 to 0.45. This 

loop signifies incomplete desorption, primarily attributed to condensation occurring in the 

micropores. Additionally, some macropores were produced by the activation with KHC2O4, 

as shown in Figure 5.10.   

 

 

Figure 5.10. Pore size distribution of MonoP700 and N2 adsorption-desorption isotherms 

(inset). 

 

To understand the chemical reaction pathway and characterize MonoP700, the FTIR was 

employed to analyse the AC sample. Based on the observations presented in Figure 5.11, a 

variety of adsorption peaks were identified, reflecting the diverse functional groups existing 

on the surfaces of both SS and MonoP700. This underscores the intricate nature of SS and 

MonoP700. The SS sample exhibited distinctive absorption bands at 3281, 2917, 2849, 1638, 

1574, 1538, 1465, 1030, and 457 cm-1. Within the 3600-3000 cm-1 range, the adsorption 

peaks were attributed to O-H stretching and the broadening of intramolecular H bonds in SS. 

The peaks spanning between 1800-1600 cm-1 indicated N-H bending, amide bond stretching 

(C=O), and other relevant vibrations (Hossain et al., 2011). Additionally, the presence of 

aromatic groups, C=O, and C=C bonds was suggested by the adsorption peak at 1465 cm-1 

in the SS. Notably, the absorbance at 1030 cm−1 in the SS spectra was assigned to C–O 

stretching (Filip & Bielek, 2002). The intensity of these peaks notably decreased from SS to 
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MonoP700, indicating the carbonization leads to a substantial reduction in these 

functionalities through processes like decomposition, cracking, and gasification reactions. 

The FTIR spectrum of carbon reveals a notable removal of most volatile groups and only 

the carbon structure exist.  

 

 

Figure 5.11. FTIR spectrum for SS, and MonoP700 before leaching and after leaching. 

 

5.6  Effect of activation and leaching on atomic composition and morphology 

This section looked into effect of the acid washing on the impurities removal. Figure 5.12 

evidently shows that the activation process has a positive effect on the removal of impurities 

and, in particular, with HNO3, 2M for 2 hours, it significantly increases the purity of the 

MonoP700 sample compared to the SS pyrolyzed without activation in 700 °C (SSP700). 

The observed increase in purity can affect SSA and increased porosity of the MonoP700 

sample. A higher SSA ensures better interaction with the acid, resulting in more effective 

removal of elements during the leaching process. This result is consistent with the well-

established principle that greater SSA facilitates enhanced reactivity. The non leached 

MonoP700 sample, after activation, shows a significant increase in SSA compared to its 

deactivated counterpart. This increased SSA plays an important role in enhancing the 
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effectiveness of the leaching process, as a significant portion of the AC surface becomes 

available for acid reaction and removal of undesirable elements (Sych et al., 2012).  

 

 

Figure 5.12. Effect of activation on removing impurities by leaching HNO3, 2M for 2 

hours, a) MonoP700 and b) SSP700. 

 

5.7  Examinations of electrochemical properties on MonoP700 

In the investigation of the electrochemical properties, all experimental procedures were 

conducted using AC synthesized through the utilization of KHC2O4 in 700 ºC for 6 hours. 

CV analysis was used to look into the electrochemical properties of the MonoP700. The scan 

rate range of 2 mV s−1 to 1000 mV s−1 are shown in the CV curves of the MonoP700 electrode 

in a 1 M NaCl aqueous solution in Figure 5.13. The formation of an ideal electrical double 

layer (EDL) rather than faradic reactions is indicated by the observed CV curves, which have 

nearly rectangular shapes devoid of oxidation and reduction peaks (Zhang et al., 2013; Tseng 

& Tseng, 2006).  

The MonoP700 demonstrates a maximum specific capacitance of 77.59 F g−1 at a scan rate 

of 10 mV s−1, decreasing to 5.30 F g−1 at 1000 mV s−1 in a 1 M NaCl aqueous solution. 

Similarly, in a 1 M H2SO4 aqueous solution with a potential window of 0 V to 1 V, the 

MonoP700 exhibits a maximum specific capacitance of 111.09 F g−1 at a scan rate of 10 mV 

s−1, decreasing to 18.63 F g−1 at 1000 mV s−1 (Figure 5.14). The higher ionic conductivity of 

H+ and HSO4
−, as well as their hydrated ion sizes, are positively correlated with the higher 

specific capacitance observed in 1 M H2SO4, and they influence the higher current response 

during the CV compared to NaCl solution (Iurchenkova et al., 2021). 
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At higher scan rates, insufficient time for ion diffusion results in a decrease in capacitance, 

while at lower scan rates, extended charging and discharging times, coupled with increased 

sample destruction, contribute to higher specific capacities. An unusual pattern in the 

specific capacitance with respect to scan rate is shown in Figures 5.13 e) and 5.14 e). Because 

of the limited amount of time that ions must diffuse into the electrode interface, the specific 

capacitance usually decreases as the applied parameters increase. When compared to a scan 

rate of 10 mV s-1, the first two specific capacitance points exhibit the lowest current density, 

deviating from this overall trend. This irregularity may be related to the structural 

decomposition of the carbon during slow kinetic processes, which reduces accessibility to 

the electrode surface and, as a result, lowers capacitance (Sridhar et al., 2020). 

The specific capacitance of MonoP700 can be attributed to its larger SSA and mesoporous 

structure. The increased SSA offers a greater number of adsorption sites, while the presence 

of mesopores establishes numerous ion transport pathways characterized by low resistance, 

thereby enhancing ion transport in the solution. 

Additionally, EIS was used to assess the electrical resistance and ion-transport behavior of 

MonoP700 in 1 M NaCl and 1 M H2SO4 aqueous solutions, as depicted in Nyquist plots. 

The Nyquist plot represents the variation of the imaginary part of impedance relative to the 

real impedance component across a frequency range from 1 MHz to 1 mHz. In both NaCl 

and H2SO4 electrolytes, the Nyquist plots initially display small semicircles, followed by a 

vertical increase in the imaginary part of impedance. This characteristic pattern indicates the 

achievement of EDL formation (Redondo & Pumera, 2021). When the cell is tested with 1 

M H2SO4, its internal resistance is 260 Ω, and when it is tested with 1 M NaCl, it is 370 Ω, 

measured at 1 MHz. 



60 

 

 

Figure 5.13. a) CV curves at 2 mV s-1 to 1000 mV s-1  scan rate, b)Specific capacitance curves 

at 2 mV s-1 to 1000 mV s-1  scan rate, c) CV curves at 2 mV s-1 to 100 mV s-1  scan rate, d) 

Specific capacitance curves at 2 mV s-1 to 100 mV s-1  scan rate,  e) The specific capacitances' 

variation at different scan rates, f) Nyquist plot, for MonoP700 in 1M NaCl. 

 



61 

 

 

Figure 5.14. a) CV curves at 2 mV s-1 to 1000 mV s-1  scan rate, b)Specific capacitance curves 

at 2 mV s-1 to 1000 mV s-1  scan rate, c) CV curves at 2 mV s-1 to 100 mV s-1  scan rate, d) 

Specific capacitance curves at 2 mV s-1 to 100 mV s-1  scan rate,  e) The specific capacitances' 

variation at different scan rates, f) Nyquist plot, for MonoP700 in 1M H2SO4. 

 

5.8  Adsorption of pharmaceuticals by MonoP700 compounds 

In the investigation of the adsorption process involving three pharmaceutical compounds 

(TC, DCF, and CBZ), all experimental procedures were conducted using AC synthesized 
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through the utilization of KHC2O4 in 700 ºC for 6 hours and leached by HNO3, 2M for 2 

hours (MonoP700). 

5.8.1  Effect of pH 

The process of adsorption is intricately linked to the solution's pH, causing a complex impact 

on electrostatic interactions by modifying the electrical properties of both the solid surface 

and the solute. Particularly, the adsorption process of pharmaceuticals by AC is closely 

connected to the solution's pH via its effect on the surface charge and speciation of the target 

compounds. (Piccin et al., 2017). Because AC contains carbonyl (Ar-C=O-), phenolic (Ar-

O-), and carboxylic (Ar-COO-) groups, it becomes negatively charged, fostering hydrogen 

bonds, complexation, and electrostatic interactions (+/−) between AC and target 

pharmaceuticals. Additionally, the adsorption of these pharmaceuticals experiences a 

notable enhancement due to dispersion interactions, specifically involving the π electrons of 

the aromatic ring and the π electrons of the AC layers, commonly referred to as π-π 

interactions (Moreno-Castilla, 2004). 

The adsorption of target pharmaceuticals, including TC, DCF, and CBZ, is significantly 

influenced by their different speciation and the surface charge of the MonoP700 adsorbent. 

As a result, the initial pH of the solution plays a substantial role in determining the adsorption 

behavior of these compounds as shown in Figure 5.15.  

As the solution's pH increased from 2 to 5, CBZ's adsorption capacity increased 

significantly, while for TC and DCF adsorption efficiency was already high at pH 2 followed 

by a gentle increase. Afterward, the adsorption capacity decreased slightly as the pH of the 

solution rose from 5 to 9. 
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Figure 5.15. Effect of pH (ranging from 2 to 9), adsorbent dosage of 1 g L-1, and 

pharmaceutical concentrations of 50 mg L-1 over a 12-hour on TC, DCF, and CBZ adsorption 

by MonoP700. 

 

The net surface charge of AC can be negative also in slightly acidic environments. 

Consequently, AC is efficient for cationic pollutant adsorption, in the various sewage pHs. 

The pKa of TC, DCF, and CBZ demonstrate significant variations based on their molecular 

structures and speciation diagrams as shown in Figure 5.16, as a function of pH. These 

pharmaceuticals undergo conversion into either anionic or cationic forms depending on their 

pKa and the pH of the solution. Therefore, pH variations can significantly impact the 

adsorption of TC, DCF and CBZ.  

The pKa value for the DCF was reported to be 4.15 (Lara-P´erez et al., 2020; Vieno and 

Sillanpää, 2014). Consequently, DCF exists in its neutral form, when the solution pH is 

below the pKa value (4.15). Conversely, at pH levels greater than the pKa, DCF adopts its 

anionic form (de Andrade et al., 2020; Antunes et al., 2012). 

The results of the experiment showed that the acidic pH range, roughly up to pH 4, had the 

lowest adsorption capacity. At pH ~ 4.0, the maximum adsorption capacity of 49.7 mg g-1, 
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which corresponds to a removal efficiency of 99.4%, was observed for DCF (Figure 5.15). 

The decrease in DCF removal under acidic conditions can be attributed to DCF existing in 

its neutral form, resulting in decreased solubility in water and subsequent precipitation in the 

acidic medium (Jiang et al., 2015; Bajpai and Bhowmik, 2010; de Andrade et al., 2020). 

Hence, the adsorption of DCF is less favorable in the acidic medium, primarily due to DCF's 

hydrophobic nature and the non-electrostatic interaction between DCF molecules and the 

MonoP700 adsorbent. 

With the elevation of the initial pH from 5.0 to 7.0, the adsorption capacity decreased from 

49.5 to 49.1 mg g-1, corresponding to removal efficiencies of 99% and 98.2%, respectively. 

This reduction in DCF adsorption within the pH range can be elucidated by considering the 

MonoP700's negatively charged surface and the speciation of DCF. In pH levels higher than 

the pKa (≈ 4.15), DCF predominantly exists in its form that is anionic, and this decline is 

facilitated by MonoP700's negatively charged surface. Moreover, van der Waals forces, 

hydrophobic effects, and π-π interactions may contribute to the adsorption of DCF on to 

MonoP700 (Saucier et al., 2015; Rovani et al., 2014). 

Yet, at pH 9, no variation in adsorption capacity was observed compared to pH 7. This result 

is explained by MonoP700's negatively charged surface at pH 9, and speciation and surface 

charge rather similar in pH 7 and 9 for DCF. However, a significant capacity for adsorption 

was observed in the pH range of 4-5. 

 

 

Figure 5.16. Speciation diagrams of TC, DCF and CBZ as a function of the pH (Sánchez-

Polo et al., 2015; Moral-Rodríguez et al., 2023; Bizi., 2019). 

 

In accordance with the pKa values of CBZ (2.3 and 13.9), the CBZ exists in its hydrophobic 

forms between pH 2.3 (ketone group) and 13.9 (amine group) (Punyapalakul and Sitthisorn, 

2010). CBZ mostly appears in hydrophilic cationic form when the pH of the solution is below 

this range (pH 2.3–13.9), and it adopts its hydrophilic anionic form when it is above the 
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range (Punyapalakul and Sitthisorn, 2010). Taking into account this aspect as well as the 

MonoP700's charge state, the following effect of pH on CBZ adsorption is proposed: The 

surface charge of the MonoP700 was negative, while the CBZ molecules showed an overall 

positive charge with a decreasing trend at pH rose from 2 to 7. As a result, there was less 

electrostatic repulsion and more attraction, leading to an enhanced CBZ uptake, reaching its 

maximum at pH 5 and 7, achieving 99.8%. However, as the pH continued to rose from 7 to 

9, an increased presence of hydroxides in the solution facilitated a negatively charged 

MonoP700 surface for the negatively charged CBZ. Consequently, the CBZ uptake was 

decreased to 98.4%.  

However, it was discovered that pH had a minimal overall impact on CBZ equilibrium 

uptake, showing that the electrostatic attraction between the opposite charges of the CBZ 

molecules and the MonoP700 did not considerably affect CBZ adsorption. In the studies of 

CBZ adsorption on various carbon materials, similar findings were documented (Nghiem et 

al., 2005; Chen et al., 2017a).  According to Chen et al. (2017b), π-π interactions, 

hydrophobic interactions, and hydrogen bonding may all be involved in the adsorption of 

CBZ onto MonoP700. Further research is required to determine the exact mechanisms of 

CBZ adsorption in the context of this study. 

The existing forms of TC, governed by dissociation constants (pKa = 3.3, 7.7, and 9.7), in 

aqueous solutions encompass cations (TCH3
+), neutral molecules (TCH2

0), and anions 

(TCH- and TC2-) (Xiong et al., 2019). Under acidic conditions, MonoP700 surfaces exhibit 

a negative charge, leading to a pronounced electrostatic repulsion between MonoP700 and 

cationic TCH3
+ particles at low pH, peaking at pH 4 (99.8 R%). With an increase in pH from 

4.0 to 7.0, the repulsive force gradually diminishes due to the predominant presence of TC 

in the molecular form TCH2
0 (99.6 R% at both pH 5 and 7 In environments with a pH 

surpassing 7, indicative of alkalinity, the surface charge of MonoP700 tends to remain 

negative and attractive forces between MonoP700 and anions such as TCH- and TC2-, was 

minimal. However, it is noteworthy that other interactions play a dominant role, as 

electrostatic repulsion is not as influential in this pH range, given that both TC and the 

surface carry negative charges. This insight highlights the complex interplay of various 

interactions that govern the adsorption dynamics of TC on MonoP700 (Zhang et al., 2023). 

In summary, the adsorption process on MonoP700 is intricately linked to the solution's pH, 

influencing electrostatic interactions, surface charges, and speciation of pharmaceuticals. 

The pH significantly affects the adsorption behavior of TC, DCF, and CBZ, with notable 
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enhancements observed under specific pH conditions. The surface charge of MonoP700 and 

the speciation of pharmaceuticals play crucial roles in the adsorption process. In specific pH 

ranges, electrostatic forces, van der Waals forces, and π-π interactions contribute to 

adsorption. The interplay of these interactions is complex, and pH variations prompt 

alterations in the adsorption dynamics of TC, DCF, and CBZ on MonoP700. The study 

provides valuable insights into the multifaceted nature of pharmaceutical adsorption 

influenced by pH-related factors. 

5.8.2  Determination of the adsorbent dose 

The study explored the influence of varying adsorbent dosages (0.25–2.50 g L-1) on the 

removal efficiency of TC, DCF, and CBZ at a selected pH of 5 and pharmaceutical 

concentrations of 50 mg L-1 for 12 hours. This analysis aimed to discern the substantial 

impact of the prepared MonoP700, as depicted in Figure 5.17. The experimental findings 

revealed a consistent 99.6% removal efficiency (R%) for TC across all doses. For DCF, the 

R% showed a slight increase, rising from 94.8% at 0.25 g L-1 of MonoP700 to 99.4% at 2.5 

g L-1 of MonoP700. In the case of CBZ, the R% increased from 93.4% to 99.8% with an 

increase in MonoP700 amount from 0.25 to 1.0 g L-1, after which it remained constant. The 

enhancement in R% with the rise in MonoP700 amount can be attributed to the increased 

SSA and micropore volume at higher adsorbent dosages. The presence of more binding sites 

and functional groups on the MonoP700 surface further contributed to the improved R% of 

TC, DCF, and CBZ (Maged et al., 2020b). However, a negative correlation between R% and 

qe was observed, with qe decreasing due to the diminishing ratio of 

pharmaceuticals/MonoP700 with increasing adsorbent amount. This negative correlation 

may be attributed to insufficient contact between TC, DCF, and CBZ and the unit volume of 

MonoP700 (Yang et al., 2020). Based on the experimental results, the intersection of the two 

graphs was identified as the appropriate amount, leading to the selection of 0.50 g L-1 of 

MonoP700 for further use in batch adsorption experiments. 
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Figure 5.17. Effect of adsorbent dose ranging from 0.25 to 2.50 g L-1 on the adsorption of 

TC, DCF, and CBZ at pH ~ 5, and pharmaceutical concentrations of 50 mg L-1 for a duration 

of 12 hours using MonoP700. 

 

5.8.3  Effect of contact time 

To learn more about the reaction mechanism and adsorption rate, an investigation was 

conducted on the impact of reaction time on TC, DCF, and CBZ in the MonoP700 adsorption 

system. The aforementioned batch experimental conditions served as the basis for the contact 

time experiments (TC, DCF, and CBZ concentrations: 50 g L-1, pH ~ 5, and adsorbent 

dosage: 0.50 g L-1), with varying contact times ranging from 1 to 1440 min, as illustrated in 

Figure 5.18. The results revealed a rapid adsorption reaction between MonoP700 and the 

three pharmaceuticals (TC, DCF, and CBZ) within the initial 10 min, achieving 

approximately 97% adsorption by MonoP700. A sufficient number of pharmaceutical 

molecules and the abundance of active sites on MonoP700 are responsible for this quick 

adsorption reaction (TC, DCF, and CBZ) (Xiang et al., 2019). A comparatively slower 

adsorption reaction then took place following this initial 10-minute adsorption period, and it 

reached equilibrium in 180 minutes. Based on the experimental findings, 180 min was 

identified as the suitable time for further utilization in batch adsorption experiments. 



68 

 

 

Figure 5.18. Effect of Contact Time on Adsorption of TC, DCF, and CBZ at a Concentration 

of 50 mg L-1, pH ~ 5, with an Adsorbent Dosage of 0.50 g L-1, and Varied Contact Times 

Ranging from 1 to 1440 min by MonoP700. 

5.8.4  Effect of concentration 

To investigate the interaction between MonoP700 and TC, DCF, and CBZ, the impact of 

adsorbate concentration was examined to gain insights into the adsorption behavior between 

TC, DCF, CBZ, and MonoP700. Based on the previously described batch experimental 

conditions (pH ~ 5, contact time: 180 min, adsorbent dosage: 0.50 g L-1), this evaluation of 

pharmaceutical concentration on adsorption was carried out with a range of initial 

concentrations (5, 10, 20, 50, 100, 150, 250, 300, 400, and 500 mg L-1). In Figure-5.19, The 

outcomes of the experiment demonstrated that MonoP700's adsorption capacity rose to a 

maximum point as TC, DCF, and CBZ concentrations rose. The enhancement of the driving 

force is responsible for the increase in qe at higher initial concentrations. The RE% followed 

a consistent pattern until 100 mg L-1, and then for TC, DCF and CBZ, a decrease occurred, 
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reaching 53%, 42% and 58% in 500 mg L-1, respectively. The initial concentration has a 

major impact on the adsorption mechanism of TC, DCF, and CBZ. At low initial solution 

concentrations, the SSA and abundance of adsorption binding sites are relatively high, which 

promotes effective TC, DCF, and CBZ adsorption and removal. On the other hand, as 

starting solution concentrations increase, the total number of active sites becomes 

constrained, which lowers DCF and CBZ uptake (Yang et al., 2010). 

 

 

Figure 5.19. Influence of concentration on adsorption of TC, DCF, and CBZ at 

concentrations ranging from 5 to 500 mg L-1, pH ~ 5, with a contact time of 180 min and an 

adsorbent dosage of 0.50 g L-1 by MonoP700. 

5.8.5  Effect of competing ions 

Significant results were obtained when using the MonoP700 adsorbent to study the impact 

of ionic strength on the adsorption kinetics of TC, DCF, and CBZ. Figure 5.20 demonstrates 

a marginal increase in the removal efficiencies of DCF, from 98.6% to 99.4%, as the ionic 

strengths rose from 0 to 0.1 M NaCl. This phenomenon is ascribed to the salting-out effect, 

which modifies the solubility of hydrophobic organic compounds in water (Wu et al., 
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2020b). The heightened Na+ concentrations reduced DCF solubility and nullified the 

adsorbent's surface charge, leading to an enhanced removal efficiency. The observed salting-

out effect is consistent with similar phenomena identified in the adsorption of DCF by 

modified AC, as reported by Shin et al. in 2021. In contrast, the removal efficiencies of CBZ 

exhibited a slight decline from 99.8% to 99% as the ionic strengths increased. This suggests 

a competitive interaction for surface binding sites between Na+ and CBZ+. The NaCl 

squeezing-out effect, characterized by cations compressing the electric double layer on the 

adsorbent surface, has been recognized as more influential than the salting-out effect, as 

reported by Wu et al. in 2020b. This observation aligns with similar trends identified in 

earlier studies conducted by Shin et al. in 2021 and other researchers. Interestingly, no 

significant differences in TC removal efficiencies were observed with increasing ionic 

strengths. 

The consistent removal efficiency of TC, despite an elevation in NaCl concentration, can be 

attributed to the unique characteristics of TC molecules and their interactions with the 

MonoP700 adsorbent. Unlike DCF and CBZ, TC appears to exhibit a more resilient response 

to changes in ionic strength due to its distinct molecular structure and inherent properties. 

The adsorption of TC onto the MonoP700 surface is likely governed by mechanisms that are 

less sensitive to variations in ionic strength. The specific functional groups and molecular 

architecture of TC, coupled with the surface properties of the adsorbent, contribute to a 

robust interaction that remains comparatively unaffected by screening effects or competition 

for binding sites induced by increased NaCl concentrations. This robust interaction suggests 

a stronger and more stable binding between TC and the MonoP700 adsorbent, highlighting 

the unique nature of TC's adsorption behavior in the presence of elevated NaCl 

concentrations. 
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Figure 5.20. Influence of NaCl concentration (ranging from 0 to 0.1 M), pharmaceuticals 

concentrations of 100 mg L-1, pH ~ 5, contact time of 180 min, and adsorbent dosage of 0.50 

g L-1 on TC, DCF, and CBZ adsorption by MonoP700. 

 

5.8.6  Potential mechanism involved in the adsorption process 

The BET surface area assessments of the prepared AC confirmed the high SSA and pore 

volume of MonoP700, accompanied by an excellent porous structure. According to Zhang 

et al.'s (2020) suggestion, the pore-filling effect might be regarded as the first physical 

adsorption mechanism, contributing to the rapid and substantial adsorption of TC, DCF, and 

CBZ. This observation is further supported by SEM analysis (Figure 5.9) and the outcomes 

of the contact time experiment (Figure 5.18). 

An important factor in the adsorption of TC, DCF, and CBZ was electrostatic attraction, 

owing to the opposing forces between MonoP700 and the target pharmaceuticals. This 

observation is grounded in the comprehensive analysis of adsorption performance across a 

wide pH range (as depicted in Figure 5.15) and the corresponding discussion presented in 

Section 5.8.1. Additionally, hydrogen bonding is likely a substantial factor in the adsorption 
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of TC, DCF, and CBZ, with this interaction attributed to the formation of hydrogen bonds 

between functional groups serving as electron-donor-acceptor pairs on MonoP700 and the 

electron acceptor and donor groups of TC, DCF, and CBZ. Moreover, TC, DCF, and CBZ, 

characterized by π-electrons in their structures, form bonds with the benzene nucleus in 

MonoP700, suggesting π - π interactions as a plausible adsorption mechanism. Similar 

mechanistic findings have been reported by other researchers (Xiang et al., 2020; Yan and 

Niu, 2017), affirming the consistency of these observations in the literature. 

Hydrophobicity emerges as another crucial factor influencing the adsorption of TC, DCF, 

and CBZ onto MonoP700. The augmentation of adsorbate hydrophobicity results in an 

intensified positive interaction between the adsorbate and adsorbent (Peng et al., 2012). The 

high hydrophobic surface nature of TC, DCF, CBZ, and MonoP700, equipped with 

hydrophobic sites, underscores the potential involvement of hydrophobic interactions as a 

mechanism in the studied adsorption system (Amer et al., 2021; Nam et al., 2015). 

Specifically, for TC and DCF adsorption, the adsorption process onto MonoP700 may be 

influenced by the Lewis acid-base interaction mechanism, where the O-containing groups of 

MonoP700 function as Lewis acids, and the amino groups of TC and DCF molecules serve 

as Lewis bases.  

6  Conclusions 

This comprehensive investigation has presented a thorough exploration of various 

experimental research aspects, unravelling essential insights into the synthesis, 

characterization, and application of AC derived from mechanically dewatered MBR sludge. 

The investigation encompassed an extensive range of research, including sludge 

composition analysis, AC synthesis optimization, activator impact on SSA, leaching solution 

selection, electrochemical properties investigation, and adsorption studies of three 

pharmaceutical compounds (TC, DCF, and CBZ). 

The analysis of sludge composition provided intriguing data, indicating a moderately neutral 

environment with a pH of 6.11. The elemental analysis exposed the complex composition of 

SS, with carbon constituting 38.7%, alongside oxygen, nitrogen, and silicon content. The 

BET surface area of the sludge was measured at 0.7 m² g⁻¹, emphasizing its primarily 

amorphous nature.  
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TGA of SS carbonization elucidated a three-stage weight loss process, with distinct 

temperature ranges corresponding to the removal of water, volatile components, and residual 

organics. The activation process with alkaline compounds, particularly K2CO3 and KHC2O4 

for the first time in this research, demonstrated significant alterations in the reaction 

pathways. The TGA results emphasized the importance of controlling carbonization 

temperatures to preserve the structural characteristics of the synthesized carbon. 

Additionally, the impact of different activators, such as K2CO3, KHC2O4, KOH, K2C2O4, 

Na2CO3, ZnCl2, H3PO4 and mix of KOH and KCl, was investigated, revealing K2CO3 and 

KHC2O4 as the most effective activators in enhancing SSA. The activation process with 

alkaline compounds showed that temperatures exceeding 750 ºC had a detrimental impact 

on the synthetic carbon structure. 

The optimization study revealed that parameters such as temperature, carbonization time, 

activator ratio, and process conversion significantly influenced carbonization yield and 

elemental release. After careful consideration of synthesis parameters, activators, and 

leaching solutions, the optimized conditions for AC synthesis were determined: a synthesis 

temperature of 700 °C for 6 hours, a 1:1 ratio of SS and KHC2O4, and a leaching process 

with 2M HNO3, resulting in AC referred to as 'MonoP700.' The carbonization revealed a 

marked increase in carbon content to 66.5%, indicating substantial carbonization and porous 

structure, characterized by interconnected micropores and mesopores, contributed to a high 

SSA of 2165 m2 g-1 with a pore volume of 1.6 cm3 g-1, making MonoP700 a promising 

material for diverse applications. The FESEM images of MonoP700 displayed a distinctive 

porous morphology with irregular surfaces, contributing to its diverse porous structure. FTIR 

analysis indicated a reduction in functional groups, and the increased purity of MonoP700 

effected its high SSA and enhanced porosity.  

In the examination of electrochemical properties using MonoP700, CV and EIS were 

employed to assess its behavior in 1 M NaCl and 1 M H2SO4 aqueous solutions. The CV 

analysis revealed rectangular curves without oxidation and reduction peaks, indicating the 

formation of an ideal electrical double layer (EDL) rather than faradic reactions. MonoP700 

exhibited a maximum specific capacitance of 77.59 F g−1 at a scan rate of 10 mV s−1 in 1 M 

NaCl, decreasing to 5.30 F g−1 at 1000 mV s−1. In 1 M H2SO4, the specific capacitance 

reached 111.09 F g−1 at 10 mV s−1, decreasing to 18.63 F g−1 at 1000 mV s−1. This decrease 

in capacitance at higher scan rates is attributed to insufficient ion diffusion time and 

structural decomposition of carbon during slow kinetic processes. The EIS analysis, 
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represented in Nyquist plots, displayed small semicircles followed by a vertical increase in 

the imaginary part of impedance, indicative of EDL formation. The enhanced capacitance of 

MonoP700 is attributed to its larger SSA and mesoporous structure, providing more 

adsorption sites and low-resistance ion transport pathways. 

The systematic investigation of the adsorption process of three pharmaceutical compounds 

(TC, DCF, and CBZ) onto MonoP700 revealed compelling insights. The optimal pH ranges 

for maximum adsorption capacities were identified: pH 4 for DCF (99.4% removal), pH 5- 

7 for CBZ (99.8% removal), and pH 5-7 for TC (99.6% removal). A consistent 99.6% 

removal efficiency for TC was observed across all tested adsorbent doses (0.25–2.50 g L-1), 

while DCF and CBZ exhibited increased removal efficiencies, reaching 99.4% and 99.8%, 

respectively, at higher doses. Rapid initial adsorption, achieving approximately 97% within 

10 minutes, followed by equilibrium within 180 minutes, was noted. The kinetic models 

supported this behavior, with the Pseudo-second-order model being more suitable for DCF 

and CBZ, while the Pseudo-first-order model better fit TC. Concentration-dependent 

adsorption demonstrated enhanced capacities at higher concentrations, saturating above 100 

mg L-1. Competing ions exhibited varying impacts on removal efficiencies: DCF improved, 

CBZ slightly decreased, and TC remained unaffected with increasing ionic strengths. The 

multifaceted adsorption mechanisms involved pore-filling, electrostatic attraction, hydrogen 

bonding, π-π interactions, and hydrophobic interactions. This comprehensive study, 

supported by specific numerical data, provides valuable insights for optimizing MonoP700 

in pharmaceutical sewage treatment, underscoring the need for further research on specific 

adsorption mechanisms, particularly for CBZ. 
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