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ABSTRACT 

Pharmaceutical residues, particularly antibiotics, are emerging contaminants of 

environmental concern because of their persistence in aquatic environments and their 

contribution to antibiotic resistance. Adsorption using biochar has attracted considerable 

attention as a sustainable and cost-effective treatment technology. This study evaluated 

the removal of sulfamethoxazole (SMX) and trimethoprim (TMP) from aqueous solutions 

using phosphoric acid-activated white-rot fungus biochar (WR700), corncob biochar 

(CB700), and their mixtures. Specifically, the study characterized the physicochemical 

properties of WR700 and CB700, evaluated their adsorption behavior using kinetic and 

equilibrium studies, and assessed the performance of their mixtures under varying 

operating conditions using a Taguchi L25 orthogonal array. Biochar characterization 

using scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy 

(FTIR), elemental analysis, proximate analysis, and zeta potential analysis confirmed that 

both WR700 and CB700 possessed porous structures, oxygen-containing functional 

groups, and favorable surface characteristics for adsorption. Batch adsorption experiments 

showed that WR700 achieved maximum removal efficiencies of 99.5% for SMX and 

89.8% for TMP, while CB700 achieved maximum removal efficiencies of 89.8% for SMX 

and 87.7% for TMP. The maximum adsorption capacity of WR700 was 0.22 mg g⁻¹ for 

both antibiotics, whereas CB700 achieved adsorption capacities of 0.12 mg g⁻¹ for SMX 

and 0.15 mg g⁻¹ for TMP. Adsorption was influenced by solution pH, contact time, and 

adsorbent dosage, with kinetic and equilibrium analyses indicating that both physical and 

chemical interactions contributed to antibiotic removal. The mixtures of WR700 and 

CB700 did not improve adsorption performance. Instead, maximum removal efficiencies 

of 65.56% for SMX and 27.37% for TMP were obtained, indicating an antagonistic 

interaction between the two biochars. Overall, the study demonstrates that WR700 and 

CB700 are effective adsorbents for the removal of sulfamethoxazole and trimethoprim 

from aqueous solutions, whereas combining the two biochars does not enhance adsorption 

performance. These findings provide useful information for the development of 

sustainable biochar-based technologies for antibiotic removal from contaminated water. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

The contamination of aquatic environments by pharmaceutical compounds (PCs) has 

emerged as a global environmental concern due to their continuous release into water 

bodies and persistence behavior in the environment (Chauhan et al., 2022). 

Pharmaceuticals enter aquatic systems through wastewater discharged from 

pharmaceutical manufacturing industries, effluents from wastewater treatment plants, 

household waste, landfill leachates, and the excretion of unmetabolized drugs by humans 

and animals (Chmielewski et al., 2023; Kümmerer, 2010). Consequently, pharmaceutical 

residues have been detected in surface water, groundwater, wastewater, and even the 

cryosphere, indicating their widespread distribution across aquatic environments 

(Chauhan et al., 2022). 

The presence of pharmaceutical compounds in aquatic ecosystems poses significant risks 

to both environmental and public health. Continuous exposure to these contaminants has 

been associated with endocrine disruption, metabolic disorders, alterations in microbial 

communities, chronic toxicity, and the development of antibiotic resistance (Khasawneh 

& Palaniandy, 2021; Wilkinson et al., 2022). Among these impacts, antibiotic resistance 

has become particularly concerning because the presence of antibiotics in aquatic 

environments creates selective pressure on microorganisms, accelerating the emergence 

and spread of resistant strains (Wilkinson et al., 2022). These adverse effects demonstrate 

the urgent need for effective technologies capable of removing pharmaceutical 

contaminants from wastewater before discharge into the environment. 
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However, the management of pharmaceutical contaminants remains particularly 

challenging in developing regions. In many developing countries, including those in Sub-

Saharan Africa, the challenge is worsened by inadequate wastewater treatment 

infrastructure, limited monitoring of pharmaceutical contaminants, and increasing 

consumption of antibiotics (Ali & Gujiba, 2024; Barasa et al., 2024). Consequently, 

pharmaceutical residues may enter rivers and lakes that serve as sources of domestic 

water, irrigation water, and aquatic food resources (Sikder et al., 2024). These conditions 

increase the need for affordable treatment technologies capable of removing 

pharmaceutical contaminants before wastewater is discharged into the environment. 

Several technologies have been developed to remove pharmaceutical contaminants from 

wastewater, including conventional biological treatments such as the Activated Sludge 

Process, constructed wetlands, advanced oxidation processes, membrane filtration 

technologies, electrocoagulation, and adsorption (Abdel-raouf et al., 2019; Chauhan et al., 

2022). Although many of these technologies achieve high removal efficiencies, they often 

require high capital investment, intensive energy consumption, and expensive operation 

and maintenance, limiting their widespread application, particularly in developing 

countries (Adeoye et al., 2024; Mutegoa, 2024). Consequently, there is growing interest 

in developing treatment technologies that are both efficient and economically sustainable. 

Among the available treatment technologies, adsorption has attracted considerable 

attention because of its high removal efficiency for a broad spectrum of pharmaceutical 

compounds, operational simplicity, absence of toxic by-products, scalability, and 

relatively low operational cost (Adeoye et al., 2024; Chauhan et al., 2022). For example, 

Vona et al. (2015) compared adsorption using activated carbon with ultrafiltration, 

nanofiltration, biological treatment, and chlorine dioxide oxidation for the removal of 

selected pharmaceuticals. Their study demonstrated that adsorption achieved higher 

removal efficiencies for Ibuprofen, Diclofenac, Sulfamethoxazole, Clonazepam, and 

Diazepam, whereas the other treatment methods showed limited performance for several 

of the investigated pharmaceuticals. These findings highlight adsorption as one of the 
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most promising approaches for removing pharmaceutical contaminants from aqueous 

systems. 

The efficiency of adsorption largely depends on the characteristics of the adsorbent 

employed. Consequently, there is increasing interest in developing sustainable, low-cost 

adsorbents from waste biomass. Biochar has emerged as one of the most promising 

adsorbents because it possesses a porous structure, high surface area, diverse surface 

functional groups, and can be produced from abundant agricultural residues and biological 

wastes (Anfar et al., 2020; Grisales-Cifuentes et al., 2021). Furthermore, converting 

agricultural residues into biochar contributes to waste valorization and may reduce 

greenhouse gas emissions associated with biomass disposal (Sarfaraz et al., 2021). 

Numerous agricultural biochars have been investigated for the removal of pharmaceutical 

contaminants from water. For example, rabbit manure biochar has demonstrated a 

maximum adsorption efficiency of 96.8% for ciprofloxacin removal due to its porous 

structure and oxygen-containing functional groups (Huang et al., 2020). Rice hull biochar 

demonstrated a maximum adsorption efficiency of 97% for sodium diclofenac (Filipinas 

et al., 2021). Corncob biochar has been successfully applied for the adsorption of 

ciprofloxacin, ofloxacin, delafloxacin, sulfamethoxazole, and trimethoprim through π-π 

interactions, hydrogen bonding, and pore-filling mechanisms (Dang et al., 2020; Li et al., 

2022). Similarly, oil palm fiber biochar has exhibited strong adsorption capacities of 7.3 

mg/g and 100.9 mg/g acetaminophen and diclofenac, respectively (Grisales-Cifuentes et 

al., 2021). These studies demonstrate that agricultural residues are promising feedstocks 

for producing efficient and sustainable adsorbents for pharmaceutical removal. 

Among these agricultural feedstocks, corncob biochar has received considerable attention 

because corncobs are generated in large quantities worldwide, possess relatively high 

lignocellulosic content, and can produce biochar with well-developed porosity after 

pyrolysis (Kaudza et al., 2026; Li et al., 2022). Since maize is cultivated in approximately 
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165 countries, corncobs represent an abundant, inexpensive, and renewable feedstock 

suitable for large-scale biochar production (Dang et al., 2020). 

Although agricultural biochars have demonstrated excellent performance, there is 

growing interest in exploring biochars derived from alternative materials with unique 

physicochemical properties. White-rot fungi are well known for their ability to degrade a 

broad spectrum of xenobiotic compounds through ligninolytic enzymes such as laccase, 

manganese peroxidase, and lignin peroxidase (Torres-Farradá et al., 2024). While 

numerous studies have investigated living white-rot fungi for biosorption and 

biodegradation of contaminants, comparatively few have explored biochar produced from 

white-rot fungi for pharmaceutical adsorption. This limited knowledge hinders 

understanding of its adsorption capacity, adsorption mechanisms, and potential 

application in water treatment. 

Therefore, investigating the adsorption performance of white-rot fungus biochar and 

corncob biochar is essential for expanding the range of sustainable adsorbents available 

for wastewater treatment. Evaluating their physicochemical characteristics, adsorption 

behavior, and removal mechanisms for pharmaceutical contaminants will provide 

valuable information for developing efficient, low-cost, and environmentally sustainable 

technologies for mitigating pharmaceutical pollution in aquatic environments. 

Although previous studies have examined corncob biochar for pollutant removal, the 

reported biochar properties vary considerably. These differences arise from variations in 

pyrolysis temperature, residence time, and activating agent ratio, all of which significantly 

influence adsorption behavior (Putranto et al., 2022; Tsarpali et al., 2024). Furthermore, 

most existing studies have employed unrealistically high antibiotic concentrations. 

Therefore, this work focuses on environmentally relevant concentration ranges (0–6 

mg/L) to better reflect real-world conditions. 
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1.2 Statement of Problem 

The continuous release of pharmaceutical compounds (PCs), particularly antibiotics, into 

aquatic environments has become has become a significant environmental and public 

health challenge. Although these contaminants are generally detected at ng/L to μg/L 

concentrations, their persistence and biological activity can adversely affect aquatic 

organisms and promote the development and dissemination of antibiotic-resistant bacteria 

and antibiotic resistance genes (ARGs), thereby reducing the effectiveness of antibiotics 

used to treat infectious diseases in humans and animals (Adeoye et al., 2024; Kümmerer, 

2010). Conventional wastewater treatment technologies, including activated sludge 

systems and other biological treatment processes, are often unable to remove these 

contaminants completely, resulting in their continuous discharge into receiving water 

bodies. 

Adsorption using biochar has emerged as a promising, environmentally friendly, and cost-

effective approach for removing pharmaceutical contaminants because biochar possesses 

high surface area, well-developed porosity, and abundant surface functional groups while 

being produced from renewable biomass (Chauhan et al., 2022; Sarfaraz et al., 2021). 

Previous studies have demonstrated the effectiveness of agricultural residue-derived 

biochars, including corncob biochar, for removing antibiotics from water. However, the 

adsorption performance of these materials varies considerably depending on feedstock 

characteristics and production conditions, indicating the need to explore alternative 

biochar materials and strategies for improving adsorption efficiency. 

White-rot fungi possess unique lignocellulosic composition and ligninolytic enzyme 

systems that distinguish them from conventional agricultural feedstocks, yet biochar 

derived from non-edible white-rot fungi has received little attention as an adsorbent for 

pharmaceutical removal. Furthermore, although individual biochars have been 

extensively investigated, no studies have evaluated the synergistic adsorption 

performance of white-rot fungus biochar combined with corncob biochar for the removal 
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of sulfamethoxazole and trimethoprim from aqueous solutions. Addressing this 

knowledge gap is important for developing efficient, sustainable, and low-cost biochar-

based technologies for pharmaceutical removal from contaminated water. 

1.3 Objectives 

1.3.1 Main Objective 

The main objective of this study was to evaluate the removal of sulfamethoxazole and 

trimethoprim from aqueous solutions using white-rot fungus biochar, corncob biochar, 

and their mixtures. 

1.3.2 Specific Objectives 

The specific objectives of this study were to: 

a) Prepare white-rot fungus biochar and corncob biochar and characterize their 

proximate composition, elemental composition, functional groups, surface 

morphology, and surface charge using gravimetric analysis, an elemental analyzer, 

Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy 

(SEM), and zeta potential analysis, respectively. 

b) Evaluate the adsorption kinetics, equilibrium isotherms, and adsorption 

mechanisms of sulfamethoxazole and trimethoprim on white-rot fungus biochar 

and corncob biochar using appropriate kinetic and isotherm models, 

complemented by biochar characterization results. 

c) Evaluate the removal performance of white-rot fungus biochar and corncob 

biochar mixtures for sulfamethoxazole and trimethoprim under varying operating 

conditions. 
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1.4 Research Questions 

i. What is the proximate composition, elemental composition, functional groups, 

surface morphology, and surface charge characteristics of white-rot fungus 

biochar and corncob biochar? 

ii. What is the adsorption kinetics, equilibrium isotherms, and underlying adsorption 

mechanisms involved in the removal of sulfamethoxazole and trimethoprim by 

white-rot fungus biochar and corncob biochar? 

iii. What are the removal efficiencies and synergistic adsorption effects of white-rot 

fungus biochar and corncob biochar mixtures on sulfamethoxazole and 

trimethoprim under different operating conditions? 

1.5 Justification of the Study 

Sustainable Development Goal (SDG) 6 emphasizes the availability and sustainable 

management of water and sanitation for all, while SDG 3 and SDG 14 highlight the 

importance of protecting human health and aquatic ecosystems from environmental 

contaminants (FAO, 2015). Achieving these goals requires the development of effective 

and sustainable approaches for removing emerging contaminants, including 

pharmaceutical compounds, from wastewater before their release into aquatic 

environments. 

Although adsorption has demonstrated considerable potential for pharmaceutical removal, 

the performance of biochar-based adsorbents depends strongly on feedstock 

characteristics, production conditions, and surface properties. Therefore, exploring 

alternative biochar materials with unique physicochemical characteristics is necessary to 

improve the efficiency and sustainability of adsorption-based treatment approaches. 
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White-rot fungi possess unique lignocellulosic structures and functional properties 

associated with their lignin-degrading capabilities; however, biochar derived from white-

rot fungi remains relatively unexplored for pharmaceutical contaminant removal. In 

addition, limited information exists regarding the combined application of white-rot 

fungus biochar and corncob biochar for the removal of sulfamethoxazole and 

trimethoprim. Investigating the synergistic effect of these biochars provides an 

opportunity to understand how their mixture influence adsorption performance and 

mechanisms. 

Therefore, this study contributes to the development of sustainable biochar-based 

wastewater treatment technologies by evaluating the characteristics, adsorption behavior, 

and removal mechanisms of white-rot fungus biochar, corncob biochar, and their 

mixtures. The findings may provide valuable information for researchers, water treatment 

practitioners, and developing regions seeking affordable and environmentally sustainable 

approaches for mitigating pharmaceutical contamination in water resources. 

1.6 Scope and Limitations of the Study 

The study was conducted in laboratories located at Jomo Kenyatta University of 

Agriculture and Technology, Kenya. This site was chosen because most of the laboratories 

needed for conducting the experiments and analyzing the sample are located there. 

Additional analysis was also performed in an external laboratory at the Department of 

Biological and Chemical Engineering, Aarhus University, Denmark.  

The study focused on preparation of phosphoric acid-activated white-rot fungus biochar 

and corncob biochar, characterization of each biochar, evaluation of each biochar’s 

performance in removing sulfamethoxazole and trimethoprim from synthetic water, and 

the evaluation of their mixtures in removing these antibiotics from synthetic water. 

However, the study did not evaluate the performance of each biochar in complex matrices, 

such as wastewater, nor did it assess their reusability potential. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Occurrence and Persistence of Pharmaceutical Compounds 

Pharmaceutical compounds (PCs) are widely used in human and veterinary medicine for 

the treatment and prevention of diseases, enhancement of feed production, and 

improvement of livestock growth rate (Khasawneh & Palaniandy, 2021). However, their 

extensive consumption and incomplete removal during wastewater treatment have 

resulted in their continuous introduction into aquatic environments, where they may 

persist and exert biological effects on non-target organisms (Chauhan et al., 2022; 

Kümmerer, 2010). This occurrence has raised significant concerns among researchers 

because of the potential impacts of PCs on human health and aquatic ecosystems. 

Although the short-term effects of many pharmaceutical contaminants remain 

insufficiently understood, increasing evidence suggests that prolonged exposure may 

contribute to adverse outcomes, including antibiotic resistance, endocrine disruption, 

metabolic disturbances, and chronic toxicity (Fauziyen et al., 2024; Wilkinson et al., 

2023). Consequently, understanding the occurrence, fate, and distribution of PCs in the 

environment has become an important area of environmental research. 

Pharmaceutical Compounds have been detected in various environmental matrices, 

including surface water, groundwater, wastewater, and sediments, typically at 

concentrations ranging from ng/L to μg/L (Adeoye et al., 2024; Chauhan et al., 2022; 

Kümmerer, 2010). Their environmental concentrations vary depending on regional 

socioeconomic conditions, patterns of pharmaceutical consumption, physicochemical 

properties of individual compounds, and the efficiency of wastewater treatment systems 

(Khasawneh & Palaniandy, 2021). Table 2.1 presents the maximum concentrations of 

selected PCs reported in different countries. Currently, thousands of active pharmaceutical 

ingredients are approved for global use, including antibiotics, nonsteroidal anti-
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inflammatory drugs (NSAIDs), anticonvulsants, antidepressants, β-blockers, hormones, 

lipid regulators, and antidiabetic drugs (Wilkinson et al., 2023). However, only a limited 

proportion of these compounds have been extensively evaluated for their environmental 

toxicity. This knowledge gap is particularly pronounced in low- and middle-income 

countries due to limited financial resources, inadequate analytical infrastructure, and 

insufficient environmental monitoring capacity (Wilkinson et al., 2023). Therefore, 

research on pharmaceutical contaminants often prioritizes compounds with high 

consumption rates, frequent detection in environmental samples, and known or suspected 

ecological risks. 

Table 2.1: Maximum Concentrations of Various Pharmaceutical Compounds 

Detected in Different Countries 

Therapeutic 

class 

Pharmaceutical 

Compound 

Maximum 

concentration 

(µg/L) 

Sample 

source 

Countries References 

Antibiotics Sulfamethoxazole 2.146 Wastewater 

Treatment 

Plant 

(WWTP) 

Southern 

California 

(USA) 

Khasawneh 

& 

Palaniandy 

(2021) 

  13.8 River water Kenya Ngumba et 

al. (2016) 

 Trimethoprim 1.021 WWTP Southern 

California 

(USA) 

Khasawneh 

& 

Palaniandy, 

(2021) 

  2.65 River water Nairobi, 

Kenya 

Ngumba et 

al. (2016) 

 Ciprofloxacin 14000 WWTP India Silori & 

Tauseef 

(2021) 
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  0.509 River water Kenya Ngumba et 

al. (2016) 

Stimulant Caffeine 0.007 Surface 

water 

United 

States of 

America 

(USA) 

Sanusi et al. 

(2023) 

  0.931 Groundwat

er 

Taiwan Sanusi et al. 

(2023) 

 Cocaine 2.89 River water Brazil Jin et al. 

(2022) 

Analgesics Paracetamol 1110 Hospital 

effluent 

Ghana Otoo et al. 

(2022) 

  3200 Drinking 

water 

 Otoo et al. 

(2022) 

 Ibuprofen 300 Hospital 

effluent 

Ghana Otoo et al. 

(2022) 

  500 Drinking 

water 

 Otoo et al. 

(2022) 

  0.022 Surface 

water 

Indonesia Sudaryanto 

et al. (2023) 

 

2.2 Environmental Impacts of Antibiotics 

Antibiotics are chemical compounds used to treat and prevent bacterial diseases in both 

humans, plants, and animals (Boeckel et al., 2015; Chauhan et al., 2022). Their global use 

has increased substantially due to the growing demand for food and animal products, 

which has led to greater reliance on antibiotics to maintain animal and plant health and 

sustain agricultural productivity (Mshana et al., 2021). Depending on their mode of action, 

antibiotics are classified as either bactericidal, which kill bacteria, or bacteriostatic, which 

inhibit bacterial growth (Fauziyen et al., 2024). Although antibiotics are widely used in 
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human medicine, the majority are consumed in food animal production. For example, in 

the United States, approximately 80% of the antibiotics consumed annually are used in 

food animals. Globally, antimicrobial consumption in food animal production was 

estimated at 63,151 (±1,560) tons in 2010 and was projected to increase to 105,596 

(±3,605) tons by 2030 (Boeckel et al., 2015). 

The extensive use of antibiotics has resulted in their release into aquatic environments 

through pathways such as groundwater contamination, improper disposal of unused 

medications, and effluent discharges from wastewater treatment plants (Kümmerer, 

2010). Consequently, antibiotic residues have become emerging contaminants of concern 

because they contribute to the development of antibiotic resistance, degrade water quality, 

and pose ecological risks to aquatic organisms, including algae and fish, as well as 

potential health risks to humans (Otoo et al., 2022; Sanusi et al., 2023).  

2.3 Antibiotic Resistance and Public Health Risks 

Sulfamethoxazole has been identified as one of the most frequently detected antibiotics in 

municipal wastewater treatment plants worldwide, particularly in Asia (Khasawneh & 

Palaniandy, 2021). It is commonly prescribed in combination with trimethoprim because 

the two antibiotics exhibit synergistic antimicrobial activity (Huang et al., 2024; Ngumba 

et al., 2016). Consequently, both compounds are often detected together in municipal 

wastewater. Following consumption by humans and animals, approximately 50–90% of 

administered antibiotics are excreted unchanged or as active metabolites, allowing them 

to enter aquatic environments through raw wastewater (Zhou et al., 2024). The widespread 

release of these antibiotics into the environment has raised significant concerns because 

of their adverse effects on both human health and aquatic ecosystems. 

Continuous exposure to antibiotic residues in the environment promotes the emergence 

and spread of antibiotic-resistant bacteria and antibiotic resistance genes, reducing the 

effectiveness of antibiotics in treating bacterial infections (Wilkinson et al., 2022). This 
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has become a major global public health concern, as antibiotic resistance has been reported 

in every country. According to Kasimanickam et al. (2021), antibiotic-resistant infections 

are responsible for approximately 700,000 deaths annually worldwide, and this figure is 

projected to increase to 10 million deaths per year by 2050. Therefore, effective strategies 

to reduce antibiotic contamination in the environment are urgently needed to help mitigate 

the spread of antibiotic resistance. 

2.4 Specifics of Sulfamethoxazole and Trimethoprim 

2.4.1 Sulfamethoxazole 

Sulfamethoxazole (SMX), also known as 4-amino-N-(5-methyl-1,2-oxazol-3-yl) 

benzenesulfonamide, is an antibiotic belonging to the sulfonamide group (Prasannamedha 

& Kumar, 2020; Zhou et al., 2024). Other antibiotics within the sulfonamide group include 

sulfaquinoxaline-Na, sulfisoxazole, sulfamethoxypyridazine, sulfathiazole, and 

sulfamethizole (Puhlmann et al., 2024). Among these compounds, SMX has received 

considerable attention due to its frequent detection as a contaminant in municipal 

wastewater treatment plants worldwide and in various environmental matrices 

(Khasawneh & Palaniandy, 2021; López-Cabeza et al., 2024). Notably, Wilkinson et al. 

(2022) reported that, among the 61 active pharmaceutical ingredients investigated in their 

study, SMX exhibited the highest concentrations in rivers worldwide. At 140 monitoring 

sites, SMX concentrations exceeded the predicted no-effect concentration, highlighting its 

potential ecological risk. This widespread occurrence is largely attributed to the extensive 

use of SMX for treating bacterial infections in humans, livestock, and aquaculture 

(Fauziyen et al., 2024). 

The molecular structure of SMX, consisting of an aromatic benzene ring, a sulfonamide 

(-SO₂NH-) functional group, an amino (-NH₂) group, and an isoxazole ring, is illustrated 

in Figure 2.1. These structural features determine the physicochemical properties and 

environmental behavior of SMX, including its ionization characteristics, solubility, and 
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interactions with environmental matrices (Esteki et al., 2020; Fauziyen et al., 2024). The 

aromatic rings within the SMX molecule facilitate π–π electron donor–acceptor 

interactions with carbonaceous adsorbents, such as biochar, while the amino and 

sulfonamide functional groups contribute to hydrogen bonding and other polar 

interactions with oxygen-containing functional groups on adsorbent surfaces (Ambaye et 

al., 2020; Jha et al., 2023). In addition, SMX is an ionizable compound whose predominant 

molecular form changes with solution pH, influencing electrostatic interactions, 

adsorption capacity, and environmental transport behavior (Grimm et al., 2022). 

Therefore, understanding the molecular structure and functional groups of SMX is 

essential for explaining its persistence in aquatic environments and the mechanisms 

governing its removal through adsorption processes. 

 

 

Figure 2.1: Molecular Structure of SMX 

 

2.4.2 Trimethoprim 

Trimethoprim (TMP), also known as 2,4-diamino-5-(3,4,5-trimethoxybenzyl) pyrimidine, 

is a synthetic antibiotic belonging to the diaminopyrimidine class (Kneis et al., 2023; 

Swedberg & Sundström, 2010). TMP exerts its antibacterial activity by inhibiting the 
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enzyme dihydrofolate reductase, thereby preventing the formation of tetrahydrofolic acid, 

an essential cofactor required for bacterial DNA synthesis (Diogo et al., 2024). Similar to 

sulfamethoxazole (SMX), TMP has been widely used for more than five decades and is 

commonly co-administered with SMX because the combination provides enhanced 

antimicrobial efficacy (Huang et al., 2024; Ngumba et al., 2016). In clinical practice, the 

two antibiotics are formulated as co-trimoxazole, typically in a ratio of 5:1 of SMX to 

TMP (Diogo et al., 2024; Ngumba, Gachanja, et al., 2016). 

The extensive use of TMP has contributed to its widespread occurrence in aquatic 

environments. A global assessment of pharmaceutical pollution in rivers reported that 

TMP was among the 14 pharmaceuticals detected on every continent except Antarctica 

(Wilkinson et al., 2022). Although TMP generally exhibits relatively low toxicity to 

aquatic organisms, its continuous presence in the environment may promote the 

development and spread of antibiotic-resistant bacteria and antibiotic resistance genes, 

thereby reducing the effectiveness of antimicrobial therapies (Diogo et al., 2024, 2025; 

Kneis et al., 2023). Consequently, the removal of TMP and SMX from aqueous 

environments has become an important research priority because these antibiotics 

frequently co-occur in municipal wastewater and other aquatic systems.  

The molecular structure of TMP, consisting of a pyrimidine ring, a trimethoxybenzyl 

group, and two amino (-NH₂) functional groups, is illustrated in Figure 2.2. These 

structural features influence the physicochemical properties of TMP, including its 

ionization behavior, solubility, and adsorption characteristics. The aromatic ring promotes 

π–π interactions with carbonaceous adsorbents such as biochar, while the amino and 

methoxy functional groups facilitate hydrogen bonding and other polar interactions with 

oxygen-containing surface functional groups (Ambaye et al., 2020; Jha et al., 2023). 

Furthermore, the ionization state of TMP varies with solution pH, influencing its 

electrostatic interactions, mobility, and adsorption behavior in aquatic environments 

(Grimm et al., 2022). Table 2.2 summarizes and compares the key physicochemical 

properties of TMP and SMX, including their color, molecular formula, negative 



16 

 

logarithmic acid dissociation constants (pKa1 and pKa2), water solubility, and density. 

These properties are important because they influence the environmental fate, transport, 

and adsorption behavior of both antibiotics, thereby providing a basis for understanding 

their removal from aqueous solutions using biochar-based adsorbents. 

 

 

Figure 2.2: Molecular Structure of TMP 

Table 2.2: Physicochemical Properties of Sulfamethoxazole and Trimethoprim 

PC Color Molecular formula pKa1, 2 Water solubility 

(mg/L) 

Density (g/cm3) References 

SMX White C10H11N3O3S 1.7, 5.6 610 1.179 Esteki et al. 

(2020) 

Fauziyen et 

al. (2024)  

TMP White C14H18N4O3 1.32, 7.45 400 1.165 Ngumba et al. 

(2016) 

(Esteki et al., 

2020) 
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2.5 Wastewater Treatment 

Wastewater contains a wide range of pollutants, including heavy metals, dyes, 

pharmaceuticals, oil, and plastics, depending on the nature of human activities and 

industrial processes generating the effluent (Saravanan et al., 2021). The composition and 

concentration of contaminants vary considerably with the wastewater source. For 

example, textile industry effluents are often characterized by high dye concentrations, 

whereas pharmaceutical wastewater contains significant levels of pharmaceutical 

compounds (PCs). Consequently, the release of untreated wastewater into aquatic 

environments can deteriorate water quality, limiting its suitability for domestic 

consumption, agricultural applications, and ecosystem functioning. The accumulation of 

contaminants can increase biological oxygen demand (BOD) and chemical oxygen 

demand (COD), resulting in reduced dissolved oxygen levels and adverse effects on 

aquatic organisms (Saravanan et al., 2021). Additionally, wastewater pollutants can alter 

important water quality parameters, including pH, faecal coliform levels, and electrical 

conductivity (Hoogendijk et al., 2023). 

Given the potential environmental and public health risks associated with wastewater 

contamination, effective treatment processes are necessary to reduce pollutant loads 

before discharge or reuse. Wastewater treatment involves a series of processes designed 

to remove contaminants, protect aquatic ecosystems, and facilitate the safe reuse of treated 

water where applicable (Abdel-raouf et al., 2019). These treatment approaches are 

generally categorized into physical, chemical, and biological methods. Mechanical 

processes, such as screening and filtration, are commonly incorporated within physical 

treatment systems because they rely primarily on physical separation mechanisms (Abdel-

raouf et al., 2019). In practical applications, multiple treatment approaches are often 

integrated to improve overall pollutant removal efficiency and address the limitations of 

individual methods. 
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2.5.1 Physical Treatment Methods 

Physical treatment methods involve the application of physical forces to separate 

contaminants from wastewater without causing significant biological degradation or 

chemical transformation. These processes primarily rely on mechanisms such as size 

exclusion, gravity separation, and phase separation to remove suspended solids and 

particulate matter (Ahmed et al., 2022). Common physical treatment techniques include 

screening, sedimentation, flow equalization, flotation, degasification, and filtration 

(Ahmed et al., 2022; Saravanan et al., 2021). However, although these approaches are 

effective for removing larger suspended particles, their efficiency is often limited for 

dissolved organic pollutants and emerging contaminants such as pharmaceutical 

compounds because these substances remain in the aqueous phase (Ghazal et al., 2022). 

Sedimentation, for example, facilitates the removal of settleable solids through 

gravitational separation but has limited effectiveness for small particles and dissolved 

micropollutants, including antibiotics (Anand et al., 2022; Ghazal et al., 2022). 

2.5.2 Biological Treatment Methods 

Biological treatment methods involve the use of microorganisms to degrade dissolved and 

suspended organic pollutants in wastewater under suitable environmental conditions, 

thereby enhancing the natural self-purification process (Abdel-raouf et al., 2019). These 

methods rely on microbial metabolic activities and include aerobic treatment, anaerobic 

treatment, disinfection, and phytoremediation approaches (Ahmed et al., 2022). 

Biological processes are widely applied in wastewater treatment because they can achieve 

effective organic matter removal with relatively lower operational costs compared with 

some advanced treatment technologies. However, their efficiency depends on factors such 

as wastewater characteristics, microbial activity, and the nature of the contaminants 

present (Ahmed et al., 2022). Conventional biological systems, including activated sludge 

processes and sequencing batch reactors, were primarily developed for the removal of 

organic matter and nutrients rather than emerging contaminants such as antibiotics 
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(Oberoi et al., 2019). Consequently, these systems often demonstrate limited or moderate 

removal efficiencies for antibiotic compounds, allowing some pharmaceuticals to persist 

in treated wastewater (Oberoi et al., 2019). 

2.5.3 Chemical Treatment Methods 

Chemical treatment methods involve the use of chemical reactions or reagents to remove 

pollutants from wastewater (Abdel-raouf et al., 2019). Common chemical treatment 

techniques include coagulation, flocculation, ozonation, chemical precipitation, and 

adsorption (Abdel-raouf et al., 2019; Saravanan et al., 2021). These methods are 

particularly effective for removing dissolved contaminants and fine particles, making 

them suitable for the treatment of pharmaceutical compounds, including antibiotics. 

However, some chemical treatment processes, particularly coagulation, flocculation, and 

adsorption, may generate residual sludge or spent adsorbents that require appropriate 

disposal to minimize secondary environmental pollution (Saravanan et al., 2021). Table 

2.3 summarizes the pharmaceutical compound removal efficiencies reported in various 

studies. While physical and biological treatment processes generally exhibit low to 

moderate removal efficiencies, chemical treatment methods, particularly adsorption, 

consistently achieve high removal efficiencies, highlighting their potential for the 

effective removal of pharmaceutical contaminants. 

Table 2.3: Pharmaceutical Removal Efficiencies of Specific Type of Wastewater 

Treatment Process Within Each Treatment Category 

Wastewater 

treatment 

method 

Specific type Removal 

efficiency (%) 

PC References 

Physical Sand and anthracite 

sand biofiltration 

<20 Amoxicillin, 

Clarithromycin, 

Oxytetracycline, 

Sulfamethoxazole 

Xu et al. 

(2021) 
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(SMX), Trimethoprim 

(TMP) 

 

 Sand filtration 0 

17-23 

74±14 

SMX 

Macrolides 

TMP 

 

Göbel et al. 

(2007) 

 Reverse osmosis >99 Caffeine, SMX, 

Omeprazole 

 

Matin et al. 

(2023) 

 Commercial 

nanofiltration 

40-95 Caffeine, SMX, 

Omeprazole 

Matin et al. 

(2023) 

 

Biological Sequencing batch 

reactor 

37 

21 

SMX 

TMP 

Oberoi et al. 

(2019) 

 

 Phytoremediation: 

Green algae 

Nannochloris 

 

Limnobium laevigatum 

 

32 

0 

100 

96 

75.4 

 

TMP 

SMX 

Triclosan 

SMX 

TMP 

 

Bai & Acharya 

(2016) 

Stando et al. 

(2022) 

 

 Aerobic granular sludge ~30 

~60 

TMP 

SMX 

Barros et al. 

(2021) 
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Chemical Adsorption: 

Corncob xylose residue 

biochar 

Miscanthus giganteus 

biochar 

 

98.52 

 

80 

91 

 

SMX 

 

SMX 

TMP 

 

Li et al. (2022) 

Burdová et al. 

(2024) 

 

 Integrated coagulation 

and sorption 

 

70.4-86.5 

54.7-94.7 

SMX 

TMP 

Macherzyński 

et al. (2021) 

 Ozonation 100 in < 30 

minutes 

SMX, TMP, 

Sulfadimethoxine, 

Oxytetracycline 

Gorito et al. 

(2022) 

 

 

2.6 Adsorption Technology 

Adsorption is one of the most preferred methods for the removal of pharmaceuticals from 

aqueous solutions due to its ability to remove a wide range of pharmaceutical compounds, 

its low cost, and its environmental friendliness (Abdel-raouf et al., 2019). The technology 

employs various adsorbents that serve as binding sites for the adsorbates (Otieno, 2023; 

Singh et al., 2018). The interaction between the adsorbent and the adsorbate may occur 

through either physical (physisorption) or chemical (chemisorption) mechanisms 

(Ehiomogue et al., 2021). These interactions are commonly analyzed using kinetic and 

isotherm models, which describe the adsorption rate and the adsorption behavior of the 

adsorbent (Bellahsen et al., 2021; Ehiomogue et al., 2021). 
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2.7 Application of Adsorbents for Pharmaceutical Adsorption 

In recent years, various adsorbents have been applied in the treatment of wastewater 

containing pharmaceutical compounds (PCs). Materials such as algae, bacteria, industrial 

wastes, and agricultural wastes are commonly used to remove pollutants from aqueous 

solutions (Li et al., 2017; Martins et al., 2018; Zhao et al., 2021). These materials are 

generally affordable, biodegradable, and renewable, with treatment costs ranging from 

approximately US$10 to US$200 per million liters of water, depending on the type of 

adsorbent employed (Adewuyi, 2020). 

Adsorbents can be used either in their natural form or after modification to enhance their 

performance. However, unmodified adsorbents may increase chemical oxygen demand 

(COD), biological oxygen demand (BOD), and total organic carbon (TOC) due to the 

release of organic compounds into the treated water. In contrast, conversion into biochar 

or other modified forms reduces the organic matter content of adsorbents, improves 

surface charge, and enhances porosity, thereby increasing adsorption efficiency 

(Adewuyi, 2020; Reza et al., 2020). 

Despite numerous studies on the removal of PCs using individual adsorbents, research on 

the application of adsorbents such as white-rot fungus biochar and its mixtures with 

corncob biochar remains limited. Investigating these adsorbents for the removal of 

sulfamethoxazole and trimethoprim could contribute to the development of more efficient 

adsorption systems that overcome the limitations associated with single-adsorbent 

approaches. 

2.7.1 Adsorbents from Agricultural Waste 

Agricultural wastes are increasingly being used as adsorbents for the removal of 

pharmaceutical compounds from wastewater. Besides being affordable and renewable, 

their utilization provides a sustainable approach to waste management by converting 

agricultural residues into value-added products and reducing environmental pollution. For 
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example, the decomposition of agricultural wastes releases greenhouse gases such as 

carbon dioxide and methane into the atmosphere, whereas their conversion into adsorbents 

helps mitigate these emissions (Sarfaraz et al., 2021). 

The adsorption performance of agricultural waste-derived adsorbents depends largely on 

the physicochemical characteristics of the feedstock, particularly its lignin, cellulose, and 

hemicellulose composition, as well as its surface chemistry. During pyrolysis, agricultural 

wastes with relatively high lignin content generally produce biochar with higher carbon 

content and lower ash content than low-lignin feedstocks (Weber & Quicker, 2018). These 

differences influence the surface chemistry and adsorption behavior of the resulting 

biochar. For instance, biochars with higher carbon content typically possess fewer 

oxygenated functional groups, which may reduce adsorption through hydrogen bonding 

and electrostatic interactions while promoting π–π interactions and hydrophobic 

interactions (Yang et al., 2023). 

Corncob is one of the most widely studied agricultural wastes for biochar production 

because of its abundance and favorable physicochemical properties. Corncobs account for 

approximately 18% of the total corn biomass (Blandino et al., 2016; Liu et al., 2014). 

Given that global annual corn production exceeds 1.17 billion metric tons, an estimated 

211 million metric tons of corncobs are generated each year, providing a continuous and 

readily available feedstock in more than 165 countries (Dang et al., 2020; Gandam et al., 

2022). Structurally, corncobs consist of an outer woody ring, glume, and chaff 

surrounding an inner pith, and are composed primarily of cellulose (33–43%), 

hemicellulose (26–36%), and lignin (17–21%) (Gandam et al., 2022). Owing to their 

relatively high cellulose and hemicellulose contents and lower lignin content, corncobs 

undergo substantial thermal decomposition at moderate pyrolysis temperatures. 

Hemicellulose is the least thermally stable component, decomposing at approximately 

220–315°C, followed by cellulose and lignin (Weber & Quicker, 2018). Consequently, 

corncob biochar is commonly produced at moderate pyrolysis temperatures and residence 

times; for example, Dang et al. (2020) prepared corncob biochar at 600°C for 1 h. 
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The removal efficiency and adsorption capacity of selected agricultural waste-derived 

adsorbents investigated for the removal of pharmaceuticals from aqueous solutions are 

presented in Table 2.4. The reported studies demonstrate that agricultural wastes, 

particularly when converted into biochar, are capable of removing a wide range of 

pharmaceutical contaminants, including antibiotics, analgesics, anti-inflammatory drugs, 

and stimulants. However, adsorption capacities and removal efficiencies vary 

considerably among adsorbents due to differences in feedstock composition, biochar 

production conditions, and operating parameters such as solution pH, initial adsorbate 

concentration, and adsorbent dosage (Anastopoulos et al., 2020; Dang et al., 2020). 

Consequently, the adsorption performances presented in Table 2.4 should be interpreted 

as indicative rather than directly comparable. 
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Table 2.4: Agricultural Waste-based Adsorbents used in the Removal of 

Pharmaceuticals from Wastewater 

Adsorbents Form used Pharmaceuticals 

Removal efficiency 

(%)/Adsorption 

capacity (mg/g) 

Reference(s) 

Corncobs Biochar Ciprofloxacin 

Ofloxacin 

Delafloxacin 

0.4 mg/g 

0.306 mg/g 

0.094 mg/g 

Dang et al. 

(2021) 

Pine needles Biochar Caffeine 1.41 mg/g Anastopoulos et 

al. (2020) 

Rice hull Biochar Sodium diclofenac 97% at pH 2 

80% at pH 7 

Filipinas et al. 

(2021) 

Oil palm fiber Biochar Acetaminophen 

Cephalexin 

Valsartan 

7.3 mg/g 

7.9 mg/g 

23.85 mg/g 

Grisales-

Cifuentes et al. 

(2021) 

Moringa seed 

powder 

Biochar Diclofenac 100.876 mg/g Bagheri et al. 

(2020) 

Walnut shell Biochar Salicyclic acid 

Naproxen 

Ketoprofen 

683 mg/g 

533 mg/g 

444 mg/g 

Anfar et al. 

(2020) 

Bovine manure Biochar Tetracycline 52.95% at 500°C 

77.2% at 700°C 

Zhao et al. 

(2021) 

Groundnut 

shell 

Biochar Paracetamol 3.02 mg/g N’diaye et al. 

(2019)  

Bamboo Biochar Sulfamethazine 

Sulfamethoxazole 

Sulfathiazole 

65.74 mg/g 

88.1 mg/g 

237.71 mg/g 

Ahmed et al. 

(2016) 
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Vine wood Activated carbon Amoxicillin, 

Cephalexin, 

Tetracyline, 

Penicillin G 

74-88% Pouretedal & 

Sadegh (2014) 

Potato peel 

waste 

Activated carbon Sodium diclofenac 69 mg/g Bernardo et al. 

(2016) 

Hickory chips Biochar Sulfamethoxazole 

Sulfapyridine 

25.7 mg/g 

58.6 mg/g 

Huang et al. 

(2020) 

Egg shell Powder Dexamethasone 

Febantel 

Praziquantel 

Procaine 

Tylosin 

0.097 mg/g at 35°C 

0.122 mg/g at 35°C 

0.044 mg/g at 25°C 

0.134 mg/g at 35°C 

0.132 mg/g at 35°C 

Pavlović et al. 

(2017)  

Rabbit manure Biochar Ciprofloxacin 76.41% at 400°C 

(Dosage of 1.5g/L), 

96.8% at 500°C 

(dosage of 0.8g/L), 

92.5% at 600°C  

(Dosage of 0.3g/L), 

and 96.79% at 700°C 

(Dosage of 0.3g/L) 

Huang et al. 

(2020) 

 

2.7.2 Adsorbents from Microorganisms 

Microorganisms have received increasing attention as potential adsorbents for the removal 

of pharmaceutical compounds (PCs) from wastewater due to their diverse surface 

properties and biological activities. The microorganisms investigated include bacteria, 
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fungi, and microalgae (Mayans et al., 2021; Roy et al., 2024; Zambrano et al., 2021). 

These organisms can remove pharmaceutical contaminants through different mechanisms, 

including adsorption, biosorption, and biodegradation. 

Bacteria have been extensively studied because of their structural and functional 

characteristics that facilitate pollutant interactions. Bacterial cells consist of cytoplasm, a 

cell wall, a nucleoid region, and a cell membrane, which contain functional groups capable 

of interacting with contaminants (Rohde, 2019). Analytical techniques such as 

potentiometric titration, Fourier transform infrared spectroscopy (FTIR), and X-ray 

diffraction (XRD) have been employed to characterize bacterial surface properties and 

investigate adsorption mechanisms (Adewuyi, 2020). These approaches have improved 

the understanding of the type, nature, and abundance of binding sites responsible for 

contaminant removal. 

Fungi have also attracted considerable interest due to their ability to remove PCs through 

both enzymatic degradation and adsorption onto fungal biomass (Mayans et al., 2021; 

Torres-Farradá et al., 2024). The fungal cell wall, composed of components such as chitin, 

chitosan, proteins, lipids, polyphosphates, and inorganic ions, provides functional groups 

that contribute to biosorption processes (Adewuyi, 2020; Latif et al., 2023). Among fungal 

species, white-rot fungi have been widely investigated because of their strong oxidative 

enzyme systems and ability to degrade a broad range of environmental contaminants, 

including pharmaceuticals, heavy metals, dyes, and persistent organic pollutants (Latif et 

al., 2023; Torres-Farradá et al., 2024). 

White-rot fungi, particularly Phanerochaete chrysosporium, have been among the most 

extensively studied fungal species for pollutant removal (Latif et al., 2023; Torres-Farradá 

et al., 2024). Their pollutant adsorption capacity is mainly associated with ligninolytic 

enzymes, including laccase, lignin peroxidase, and manganese peroxidase, which 

facilitate the biodegradation of complex organic compounds. In addition to 

biodegradation, white-rot fungi can remove pollutants through adsorption-related 
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processes such as biosorption and bioprecipitation. For example, Zhang and Geißen 

(2012) reported 60–80% removal of carbamazepine using Phanerochaete chrysosporium 

in a bioreactor, while Rodarte-Morales et al. (2012) achieved 60–90% removal 

efficiencies for selected pharmaceuticals in reactor systems. 

Although natural fungal biomass has demonstrated potential for pharmaceutical removal, 

most studies have focused on biodegradation rather than adsorption. Recently, biochar 

derived from fungal biomass has emerged as a promising alternative adsorbent due to its 

enhanced surface area, porosity, and surface functional groups. Studies by Grimm et al. 

(2022), Koji et al. (2022), and Wu et al. (2019) demonstrated effective pollutant removal 

using biochar produced from edible spent mushroom substrates. However, investigations 

into fungal-derived biochar for pharmaceutical adsorption remain limited, particularly for 

biochar produced from non-edible white-rot fungi. The use of non-edible fungal species 

avoids competition with food resources, making fungal-derived biochar a sustainable 

option for adsorption-based wastewater treatment. 

Microalgae represent another group of microorganisms investigated for pharmaceutical 

removal from aqueous environments. Similar to bacteria and fungi, their cell walls provide 

adsorption sites due to the presence of components such as proteins, lignin, hemicellulose, 

cellulose, pectins, and extensin (Adewuyi, 2020). Several studies have demonstrated the 

ability of microalgae to remove pharmaceutical contaminants. For example, Hom-Diaz et 

al. (2017) investigated pharmaceutical removal using microalgae, while Wu et al. (2015) 

reported ciprofloxacin adsorption by Enteromorpha prolifera and Li et al. (2017) 

evaluated tetracycline removal using Sargassum sp. 

A summary of microorganisms used as adsorbents for the removal of PCs from aqueous 

solutions, along with their corresponding removal efficiencies and adsorption capacities, 

is presented in Table 2.5. 
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Table 2.5: Microorganisms used as Adsorbents in the Removal of Pharmaceuticals 

from Wastewater 

Adsorbent Specific name 
Pharmaceutical 

compounds 

Removal 

efficiency 

(%)/Adsorption 

capacity (mg/g) 

Reference(s) 

Bacteria Comamonas 

Arcobacter 

Dysgonomonas 

Macellibacteroides 

Ciprofloxacin 

 

 

 

17β-estradiol 

 

 

Sulfamethozole 

80% under both 

nitrate and sulfate 

reducing 

conditions. 

84% under nitrate 

reducing 

conditions 

0% 

Martins et al. 

(2018) 

Fungi Trametes versicolor 

(TV) 

Myceliophthora 

thermophile (MT) 

Endocrine 

disrupting 

chemicals 

Within 6hours of 

exposure: 

83% for TV 

87% for MT 

Becker et al. 

(2017) 

Microalgae Enteromorpha 

prolifera 

Ciprofloxacin 21.7 mg/g at 293 

K 

Wu et al. 

(2015) 

 Sargassum sp. Tetracycline 73.8% 

278.4 mg/g 

Li et al. (2017) 
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2.8 Preparation of Biochar 

Biochar is a carbon-rich solid material produced through the thermal conversion of 

biomass under limited or oxygen-free conditions (Chauhan et al., 2022). It is commonly 

prepared through three main methods: pyrolysis, hydrothermal carbonization, and 

microwave carbonization (Yang et al., 2019). Figure 2.3 presents a diagram summarizing 

these three biochar preparation methods. Biochar possesses physical and chemical 

properties that are important during its preparation and application. These properties 

largely determine the effectiveness and efficiency of biochar in pollutant removal. The 

physical properties of biochar include surface area, pore volume, and pore size distribution 

(Weber & Quicker, 2018). The chemical properties include elemental composition 

(carbon, nitrogen, hydrogen, sulfur, and oxygen), pH, total carbon (TC), ash content, fixed 

carbon, and volatile matter (Weber & Quicker, 2018; Yang et al., 2019). Therefore, a well-

designed methodology for biochar preparation is essential to produce high-quality biochar 

with desirable properties. 

 

 

Figure 2.3: Summary of the Biochar Preparation Methods 

Biochar preparation methods

Pyrolysis 

(300°C - 1000°C)

Hydrothermal 
carbonization 

(161°C - 219°C)

Microwave 
carbonization 

(400°C - 500°C)
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2.8.1 Pyrolysis Method 

Pyrolysis is widely considered one of the most effective methods for producing biochar 

for water treatment applications because it converts biomass into a stable, carbon-rich 

adsorbent with tunable surface properties (Kaudza et al., 2026). Biochar produced through 

pyrolysis generally contains a high proportion of stable aromatic carbon structures and 

fewer readily biodegradable organic compounds compared with the original biomass 

(Ravindiran et al., 2024). Consequently, pyrolysis-derived biochar is less likely to 

contribute significantly to the biological oxygen demand (BOD), chemical oxygen 

demand (COD), and total organic carbon (TOC) of treated wastewater, making it suitable 

for wastewater treatment applications. 

Pyrolysis involves pre-drying biomass followed by thermal decomposition under oxygen-

limited conditions at temperatures generally ranging from 300°C to 1000°C (Weber & 

Quicker, 2018). Based on operating conditions, including temperature, heating rate, and 

residence time, pyrolysis is commonly classified into slow, medium, fast, and flash 

pyrolysis (Zhang et al., 2014). Table 2.6 summarizes the different pyrolysis methods. 

Slow pyrolysis is conducted at relatively low temperatures using slow heating rates (0.1–

1 °C/s) and longer residence times ranging from minutes to hours, conditions that favor 

biochar formation. Medium pyrolysis operates under intermediate heating rates (10–200 

°C/s) with residence times of approximately 10–20 seconds. Fast pyrolysis involves rapid 

heating (≈1000 °C/s) and short residence times ranging from milliseconds to seconds, 

whereas flash pyrolysis occurs at temperatures above 800°C with very high heating rates 

and residence times of less than 1 second (Weber & Quicker, 2018; Yang et al., 2019). 
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The selection of pyrolysis conditions depends on the desired end product. Slow and 

medium pyrolysis are generally preferred for biochar production because they maximize 

solid carbonaceous yields, whereas fast pyrolysis promotes bio-oil production and flash 

pyrolysis favors gas formation (Weber & Quicker, 2018). The distribution of pyrolysis 

products varies depending on process parameters, as summarized in Table 2.6. 

Besides operating conditions, biomass composition significantly affects pyrolysis 

behavior and product yield. Most lignocellulosic biomass consists mainly of cellulose, 

hemicellulose, and lignin, which exhibit different thermal degradation patterns. 

Hemicellulose decomposes primarily between 220–315°C, cellulose between 280–400°C, 

and lignin undergoes gradual decomposition over a broader temperature range extending 

beyond 400°C (Weber & Quicker, 2018). Therefore, biomass with different lignin and 

cellulose contents may produce biochars with varying yields, ash contents, and structural 

characteristics. 

Furthermore, pyrolysis parameters strongly influence the physicochemical properties of 

biochar, including surface area, pore structure, surface functional groups, and carbon 

content (Dang et al., 2020; Varela et al., 2024). Consequently, optimizing pyrolysis 

conditions is essential for producing biochar with properties suitable for specific 

applications. 
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Table 2.6: Summary of the Pyrolysis Methods 

Pyrolysis 

method 

Heating rate Liquid 

products 

(Tar) 

Gas 

products 

Solid 

product 

(Biochar) 

Slow Low (0.1 to 1°C/s) 30% 35% 35% 

Medium Moderate (10 to 

200°C/s) 

50% 25% 25% 

Fast High (1000°C/s) 75% 13% 12% 

Flash High (1000°C/s) 5% 80% 10% 

 

2.8.2 Hydrothermal Carbonization Method 

Hydrothermal carbonization involves the reaction of biomass in aqueous environment; 

therefore, it does not require pre-drying of the biomass (Zhang et al., 2014). The biomass 

is carbonized at high pressure and high steam temperatures greater than 160°C but less 

than 220°C, which leads to a high yield of biochar as compared to the pyrolysis method. 

However, it is not ideal methods for preparing biochar for use in wastewater treatment 

since it contains high concentrations of organics (Yang et al., 2019). The high 

concentrations of organics can increase the biological oxygen demand (BOD), chemical 

oxygen demand (COD), and total organic carbon (TOC) of the wastewater (Adewuyi, 

2020). 

2.8.3 Microwave Carbonization Method 

Microwave carbonization involves subjecting the biomass to temperatures between 400°C 

to 500°C in the absence of oxygen (Zhang et al., 2014). In microwave carbonization, the 

temperature at the center of the biomass is higher than at the surface, whereas for 

pyrolysis, the temperature at the surface of the biomass is higher than at the center. 
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Consequently, microwave carbonization saves more energy than pyrolysis (Yang et al., 

2019; Zhang et al., 2014). Similar to hydrothermal carbonization, microwave 

carbonization is not an ideal methods for preparing biochar for use in wastewater 

treatment since it contains high concentrations of organics which can increase the 

biological oxygen demand (BOD), chemical oxygen demand (COD), and total organic 

carbon (TOC) of the wastewater (Adewuyi, 2020). 

2.9 Factors Affecting the Adsorption Process 

There are several factors that affect the efficiency of adsorption process. Some of the main 

factors include pH of the solution, temperature, contact time between adsorbent and 

solution, dosage of the adsorbent, and initial concentration of the adsorbate (Bernardo et 

al., 2016; Huang et al., 2020). Therefore, these factors should be considered for the 

optimization of the process parameters. 

2.9.1 pH of Solution 

Solution pH is a key parameter in adsorption, as it determines both the ionization state of 

the adsorbate and the surface charge of the adsorbent, thereby influencing their 

interactions (Bellahsen et al., 2021). For instance, sulfamethoxazole (SMX) has negative 

logarithmic acid dissociation constants (pKa₁ and pKa₂) of 1.7 and 5.6, respectively, while 

trimethoprim (TMP) has pKa₁ and pKa₂ values of 1.32 and 7.45, respectively (Esteki et 

al., 2020; Ngumba et al., 2016). Accordingly, SMX exists predominantly in a positively 

charged form at pH < 1.7 and in a negatively charged form at pH > 5.6 (Esteki et al., 2020; 

Fauziyen et al., 2024). 

Although Fauziyen et al. (2024) reported that SMX is neutral between its pKa₁ and pKa₂ 

values, Esteki et al. (2020) argued that SMX is never entirely neutral. Specifically, Esteki 

et al. (2020) demonstrated that when the amine group become predominantly neutral at 

pH 4.7 (pKa1 + 3), approximately 10% of the sulfonamide group is negatively charged. 

Similarly, when the sulfonamide group becomes predominantly neutral below pH 2.6 
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(pKa1 - 3), approximately 10% of the amine group is positively charged. Therefore, SMX 

exist as a mixture of charged species across the entire pH range and is never fully neutral. 

In contrast, TMP is positively charged below pH 7.45 and becomes neutral above this 

value. Although many studies report a single pKa value (≈7), TMP has pKa1 and pKa2 

values of 1.32 and 7.45 (Esteki et al., 2020; Liu et al. 2025; Ngumba et al. 2016). At pH 

values below pKa1, both protonatable nitrogen rings are protonated, resulting in doubly 

charged species (TMP2+). Between pKa1 and pKa2 one nitrogen ring is deprotonated, 

yielding a singly charged species (TMP+). Above pKa2, both nitrogen rings are 

deprotonated and TMP exist predominantly in a neutral form. 

Adsorbents, in contrast, are characterized by the point of zero charge (pHpzc), at which the 

surface carries no net charge (Cevallos-Mendoza et al., 2024; Hassaan et al., 2023; 

Hmamouchi et al., 2022). Consequently, the relationship between solution pH and pHpzc 

governs the electrostatic interactions that influence adsorption. 

2.9.2 Temperature of Solution 

The temperature of the solution also plays a significant role in the adsorption process. 

Depending on the behavior of the adsorbate and adsorbent, the process can either be 

endothermic or exotherm reaction. Endothermic reactions are indicated by an increase in 

adsorption capacity with increasing temperature (Hasani et al., 2022; Lestari et al., 2022; 

Samimi et al., 2023; Yu et al., 2022). This is attributed to the easy opening of adsorbate 

pores, which promotes the adsorbates’ binding to the adsorbent site (Lestari et al., 2022). 

On the other hand, exothermic reactions are indicated by a decrease in adsorption capacity 

with increasing temperature (Aragaw & Alene, 2022; Khan et al., 2025). This is attributed 

to the expansion of the adsorbents' active sites, which tends to release back the adsorbates 

to the liquid phase (Aragaw & Alene, 2022). 
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2.9.3 Contact Time Between Adsorbent and Solution 

The longer the contact time between the adsorbent and solution, the greater the 

opportunity for adsorbate molecules to bind to the surface of the adsorbent (Bernardo et 

al., 2016). According to Bellahsen et al. (2021), there are three phases in the adsorption 

process. The first phase involves rapid adsorption of the adsorbate on the surface of the 

adsorbent due to unbounded sites. The second phase involves slow adsorption because 

most sites are already bounded by the adsorbate. In the third phase, the adsorbent can no 

longer adsorb any adsorbate; thus, the equilibrium is reached. The time taken to reach 

equilibrium depends on the behavior of each adsorbate and adsorbent. Therefore, 

equilibrium time varies across different adsorbate and adsorbents. 

For instance, Li et al. (2022) reports that SMX adsorption on corncob xylose residue-

derived biochar reached equilibrium at 100 minutes. On the hand, tetracycline adsorption 

on biochar derived from antibiotic fermentation residue failed to reach equilibrium in 1400 

minutes (Zhao et al., 2024). The data provided did not specify the equilibrium time, 

implying that it was after 1400 minutes. 

2.9.4 Dosage of the Adsorbent 

In most cases, an increase in adsorbent dosage leads to a higher removal of the adsorbate 

from the solution. This is so because, when the dosage increases, the surface area of the 

adsorbent, which serves as a bind site of the adsorbate increases (Huang et al., 2020). 

However, in some cases, an excess of biochar decreases the removal of the adsorbate 

(Huang et al., 2020). This phenomenon is attributed to particle agglomeration, which 

reduces the available surface area and limits access to adsorption sites (Alhothali et al., 

2021; Mahmoud et al., 2025). 
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2.9.5 Initial Concentration of the Adsorbate 

In most cases, the overall removal rate decreases with increasing initial concentration due 

to full occupation of the binding sites by the adsorbates (Aragaw & Alene, 2022; 

Bellahsen et al., 2021; Khan et al., 2025). Conversely, the adsorption capacity increases 

with increasing concentration due to the stronger driving force for mass transfer (Khan et 

al., 2025). 

2.10 Adsorbent Removal Efficiency and Adsorption Capacity 

Adsorbent removal efficiency is the ratio of the amount of adsorbate adsorbed by the 

adsorbent to the amount of the adsorbate in the solution before the adsorption process 

(Huang et al., 2020). Both the initial concentration of adsorbate (𝐶0) and concentration of 

adsorbate after adsorption (𝐶𝑡) are measured using equipment such as a ultraviolet-visible 

spectrophotometer and Liquid Chromatography-Tandem Mass spectrometry (LC-

MS/MS) (Jiao et al., 2024; Zhao et al., 2024). Equation 2.1 shows the formula for 

calculating the adsorbent removal efficiency (η). 

 

η =
𝐶0−𝐶𝑡

𝐶0
 × 100%         

 (2.1) 

Where: 

 𝐶0 = initial adsorbate concentration (mg/L) 

 𝐶𝑡 = concentration of adsorbate remaining in solution at time t (mg/L) 
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Adsorbent adsorption capacity is the amount of adsorbate taken up by the adsorbent per 

unit mass of the adsorbent (Huang et al., 2020). Equilibrium adsorption capacity (𝑞𝑒) is 

the adsorption capacity at equilibrium time (Cevallos-Mendoza et al., 2024; Zhao et al., 

2024). According to Li et al. (2022), equilibrium time is the time at which the adsorption 

process reaches balanced and steady state. At this point, no significant changes in amount 

of adsorbate removed occur. Equation 2.2 shows the formula for calculating the 

adsorbent’s adsorption capacity (𝑞𝑡). 

 

𝑞𝑡 =
(𝐶0−𝐶𝑡)𝑉

𝑚
           

 (2.2) 

 

Where: 

 𝑞𝑡 = adsorption capacity at time t (mg/g) 

 𝐶0 = initial adsorbate concentration (mg/L) 

 𝐶𝑡 = equilibrium concentration of adsorbate at time t (mg/L) 

 𝑉  = volume of solution (L) 

 𝑚 = mass of adsorbent (g) 
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2.11 Adsorption Models 

2.11.1 Kinetic Models 

Kinetic models are used to determine the adsorption rate of an adsorbate (Kaudza et al., 

2026). They describe the adsorption process over time and explain the transfer of the 

adsorbate from the solution to the adsorption sites on the adsorbent (Otieno, 2023). To 

study the adsorption kinetics of a particular adsorbate, data on its initial concentration and 

post-adsorption concentrations at different contact times are collected to determine the 

removal efficiency and adsorption capacity. The resulting data are then plotted as removal 

efficiency or adsorption capacity against time to generate a kinetic curve(Liu et al., 2022). 

The kinetic curve is subsequently used to fit appropriate kinetic models. 

There are several kinetic models that have been developed. Some of the kinetic models 

used to fit pharmaceutical adsorption data include: pseudo-first-order, pseudo-second-

order, intra-particle diffusion (IPD), and Elovich model (Chauhan et al., 2022). These 

models can either be linear regression models and non-linear regression models. However, 

the linear regression models are not accurate as compared to the non-linear regression 

models (Ehiomogue et al., 2021); therefore, non-linear regression is often preferred. 

The selection of the best fitting model is determined by correlating theoretical models with 

experimental data assessed through the determination coefficient (𝑅2). 𝑅2 values ranges 

between 0-1, with 1 indicating perfect fit (Foo & Hameed, 2010). The best fitting model 

is the one with the highest 𝑅2 (Paredes-Laverde et al., 2018). Equation 2.3 is used to 

calculate 𝑅2 (Foo & Hameed, 2010). Equations 2.4 to 2.7 present the pseudo-first-order, 

pseudo-second-order, intra-particle diffusion, and Elovich models, respectively. 

 



40 

 

𝑅2 =
(𝑞ⅇ,𝑚ⅇ𝑎𝑠− 𝑞ⅇ,𝑐𝑎𝑙𝑐)

2

∑(𝑞ⅇ,𝑚ⅇ𝑎𝑠− 𝑞ⅇ,𝑐𝑎𝑙𝑐)
2

+(𝑞ⅇ,𝑚ⅇ𝑎𝑠 −𝑞ⅇ,𝑐𝑎𝑙𝑐)2
     

 (2.3) 

 

 

Where: 

 𝑞𝑒,𝑚𝑒𝑎𝑠 = measured equilibrium adsorption capacity (mg/g) 

 𝑞𝑒,𝑐𝑎𝑙𝑐  = calculated equilibrium adsorption capacity (mg/g) 

 

𝑞𝑡 = 𝑞𝑒[(1 − 𝑒𝑥𝑝 (−𝑘1𝑡)]        

 (2.4) 

 

Where: 

 𝑞𝑡 = adsorption capacity at time t (mg/g) 

 𝑞𝑒 = adsorption capacity at equilibrium time (mg/g) 

 𝑘1 = pseudo-first order rate constant (1/minute) 

 𝑡   = time (minutes) 
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𝑞𝑡 =
𝑘2𝑞ⅇ 

2 𝑡

1+𝑘2𝑞ⅇ𝑡
          

 (2.5) 

 

Where: 

 𝑞𝑒 = adsorption capacity at equilibrium time (mg/g) 

 𝑞𝑡 = adsorption capacity at time t (mg/g) 

 𝑘2 = pseudo-second-order rate constant (g/mg min) 

 𝑡  = time (minutes) 

 

𝑞𝑡 = 𝑘𝑖𝑝√𝑡 +  𝐶𝑖𝑝         

 (2.6) 

 

Where: 

 𝑞𝑡 = adsorption capacity at time t (mg/g) 

 𝑘𝑖𝑝 = measure of the diffusion coefficient (mg/g/min1/2) 

 𝐶𝑖𝑝 = intra-particle diffusion constant (mg/g) 

 𝑡   = time (minutes) 
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𝑞𝑡 =
1

𝛽
ln (1 + ⍺βt)         

 (2.7) 

 

Where: 

 𝑞𝑡 = adsorption capacity at time t (mg/g) 

 𝛽  = desorption constant (g/mg) 

 ⍺  = adsorption rate during the initial phase (mg/g/min) 

 𝑡  = time (minutes) 

 

The pseudo-first-order model, also known as the Lagergren model, was first proposed in 

1898 by Lagergren to describe the kinetics of liquid-solid phase adsorption of oxalic acid 

and malonic acid onto charcoal (Syafiuddi et al., 2018). It was also used by Ho and Mckay 

in 1998 to describe the kinetics of phosphate on tamarind nut shell activated carbon 

(Syafiuddi et al., 2018). The model has also been applied in the adsorption of 

pharmaceuticals on various adsorbents (Chauhan et al., 2022; Dang et al., 2021; Li et al., 

2022; Varela et al., 2024). It assumes the involvement of physisorption in the system (Do 

et al., 2025; Syafiuddi et al., 2018). According to Al-Ghouti & Da’ana (2020), 

physisorption involves weak interactions such as London forces, dipole-dipole forces, and 

Van der Waals interactions. 

The pseudo-second-order model was proposed by Ho and Mckay in 1998 to describe the 

kinetics of divalent metal ions onto peat (Syafiuddi et al., 2018). It has also been used to 

describe the kinetics of various PCs (Chauhan et al., 2022; Dang et al., 2021; Li et al., 

2022; Varela et al., 2024). The model assumes chemisorption, which involves strong 
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interactions resulting from mechanisms such as hydrogen bonding and electrostatic 

interactions (Al-Ghouti & Da’ana, 2020; Dang et al., 2020). Chauhan et al. (2022) 

reported that, in most cases, the pseudo-second-order model best fits pharmaceutical 

adsorption data compared to the pseudo-first order, intraparticle diffusion, and Elovich 

models. 

The IPD model has also been applied in the adsorption of pharmaceuticals on various 

adsorbents (Chauhan et al., 2022; Dang et al., 2021; Li et al., 2022; Varela et al., 2024). It 

is used to understand the kinetics of an adsorbate within the solid phase (adsorbent) 

(Kotabewatta & Priyantha, 2024). According to Kotabewatta & Priyantha (2024) and; Li 

et al. (2022), the model assumes an initial stage where adsorbate species bind to the outer 

surface of the adsorbent through boundary layer diffusion. This stage is followed by 

diffusion of the adsorbates into the macropores, mesopores, and micropores of the 

adsorbent (Kotabewatta & Priyantha, 2024; Li et al., 2022). Thereafter, the adsorbates 

move through the pores at a slower rate until the adsorption rate becomes equal to the 

desorption rate (Kotabewatta & Priyantha, 2024; Li et al., 2022). The model also assumes 

homogenous pore distribution, which may not be true for adsorbents with complex pore 

structures, such as activated carbon (Musah et al., 2023; Nayak & Pal, 2019; Zhu et al., 

2016). 

The Elovich model is associated with heterogenous adsorption systems, which assume 

that an adsorbent’s active sites have varying adsorption energies (Do et al., 2025). It also 

assumes the involvement of both physisorption and chemisorption in the system (Do et 

al., 2025). The model has been applied in the adsorption of various pharmaceuticals, 

including sulfamethoxazole and paracetamol (Chauhan et al., 2022). Table 2.7 presents a 

summary of the discussed kinetic models. Table 2.8 shows a summary of the models 

applied for predicting kinetic data of adsorbent-mediated adsorption of pharmaceuticals. 
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Table 2.7: Summary of the discussed kinetic models 

Kinetic model Equation Page 

number 

Pseudo-first-order 𝑞𝑡 = 𝑞𝑒[(1 − 𝑒𝑥𝑝 (−𝑘1𝑡)] 32 

Pseudo-second-order 
𝑞𝑡 =

𝑘2𝑞𝑒 
2 𝑡

1 + 𝑘2𝑞𝑒𝑡
 

33 

Intra-particle diffusion 𝑞𝑡 = 𝑘𝑖𝑝√𝑡 +  𝐶𝑖𝑝 33 

Elovich 
𝑞𝑡 =

1

𝛽
ln (1 + ⍺βt) 

33 
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Table 2.8: Summary of the Models Applied for Predicting Kinetic Data of 

Adsorbent-mediated Adsorption of Pharmaceuticals 

Kinetic model Adsorbent Pharmaceutical References 

Pseudo-first-order Giant reed 

Pure glucose 

Corncob biochar 

 

 

Corncob xylose 

residue biochar 

Amoxicillin 

Paracetamol 

Flouroquinolones 

Acetaminophen 

Amoxicillin 

 

Sulfamethoxazole 

 

Chauhan et al. 

(2022) 

Chauhan et al. 

(2022) 

Dang et al. (2021) 

Varela et al. (2024) 

Varela et al. (2024) 

 

Li et al. (2022) 

Pseudo-second-

order 

Giant reed 

Goose berry seed 

shells 

Corncob xylose 

residue biochar 

Corncob biochar 

Amoxicillin 

 

Naproxen 

 

Sulfamethoxazole 

Flouroquinolones 

Acetaminophen 

Chauhan et al. 

(2022) 

 

Chauhan et al. 

(2022) 

 

Li et al. (2022) 

Dang et al. (2021) 
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Amoxicillin Varela et al. (2024) 

Varela et al. (2024) 

Intraparticle 

diffusion (IPD) 

Textile effluent 

sludge 

Cherry stalk 

 

Corncob xylose 

residue biochar 

Corncob biochar 

 

 

 

Levofloxacin 

Ofloxacin 

Ciprofloxacin 

 

Sulfamethoxazole 

Acetaminophen 

Amoxicillin 

 

Chauhan et al. 

(2022) 

Chauhan et al. 

(2022) 

Chauhan et al. 

(2022) 

 

Li et al. (2022) 

Varela et al. (2024) 

Varela et al. (2024) 

Elovich Raw bamboo 

Pure glucose 

Sulfamethoxazole 

Pracetamol 

Chauhan et al. 

(2022) 

Chauhan et al. 

(2022) 

 

2.11.2 Isotherm Models 

Isotherm models are used to describe the interaction between an adsorbate and adsorbent 

at constant temperature (Ehiomogue et al., 2021). They relate the equilibrium adsorption 
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capacity to the equilibrium concentration of the adsorbate in the liquid phase. To obtain 

the isotherm curve, data of equilibrium adsorption capacity are plotted against the 

equilibrium concentration (Cevallos-Mendoza et al., 2024; Dang et al., 2020). The 

isotherm curve is then used to fit existing models (Cevallos-Mendoza et al., 2024; Dang 

et al., 2020). 

There are six types of adsorption isotherm models based on their shape: Types I, II, III, 

IV, V and VI (Ehiomogue et al., 2021). The models are also classified according to the 

number of parameters: one-parameter models, two-parameter models, three-parameter 

models, four-parameter models, and five-parameter models (Ehiomogue et al., 2021). 

Similar to kinetics models, the best-fitting isotherm model is determined by correlating 

theoretical models with experimental data, assessed through the determination coefficient, 

R2. Some of the isotherm models used in the adsorption of pharmaceuticals include 

Freundlich, Langmuir, Sips, Temkin, and Dubinin-Radushkevich models (Chauhan et al., 

2022). Equation 2.8 to 2.12 shows the Freundlich, Langmuir, Sips, Temkin, and Dubinin-

Radushkevich models, respectively. 

 

𝑞𝑒 = 𝐾𝐹 +  𝐶𝑒
1/𝑠

         

 (2.8) 

 

Where: 

 𝑞𝑒 = adsorption capacity at equilibrium time (mg/g) 

 𝑘𝐹 = Freundlich constant ((mg/g(L/mg)1/s)) 

 𝑠   = adsorption intensity or surface heterogeneity 



48 

 

 𝐶𝑒 = concentration of adsorbate at equilibrium time (mg/L) 

 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶ⅇ

[1+ 𝐾𝐿𝐶ⅇ] 
         

 (2.9) 

 

Where: 

 𝑞𝑒 = adsorption capacity at equilibrium time (mg/g) 

 𝑞𝑚𝑎𝑥 = maximum adsorption capacity (mg/g) 

 𝐾𝐿 = Langmuir isotherm constant (L/mg) 

 𝐶𝑒 = concentration of adsorbate at equilibrium time (mg/L) 

 

𝑞𝑒 = (
𝑞𝑚𝑎𝑥 𝑎𝑆  𝐶ⅇ

𝛽𝑆

1+𝑎𝑆  𝐶ⅇ
𝛽𝑆

)        

 (2.10) 

 

Where: 

 𝑞𝑒 = adsorption capacity at equilibrium time (mg/g) 

 𝑞𝑚𝑎𝑥 = maximum adsorption capacity (mg/g) 
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 𝑎𝑆 = constant related to adsorption affinity 

 𝐶𝑒 = concentration of adsorbate at equilibrium time (mg/L) 

 𝛽𝑆 = parameter that indicates surface heterogeneity 

 

𝑞𝑒 = 𝐵 𝑙𝑛(𝐴𝐶𝑒)         

 (2.11) 

 

Where: 

 𝑞𝑒 = adsorption capacity at equilibrium time (mg/g) 

 𝐵 = constant related to the heat of adsorption (mg/g) 

 𝐴𝑇 = Temkin isotherm constant (L/g) 

 𝐶𝑒 = concentration of adsorbate at equilibrium time (mg/L) 

 

𝑞𝑒 = 𝑞𝑚𝑎𝑥𝑒𝑥𝑝 − 𝐾 (𝑅𝑇 𝑙𝑛 (1 + (
1

𝐶ⅇ
))

2

)      

 (2.12) 

 

Where: 

 𝑞𝑒 = adsorption capacity at equilibrium time (mg/g) 
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 𝑞𝑚𝑎𝑥 = maximum adsorption capacity (mg/g) 

 𝐾 = Dubinin-Radushkevich constant (mol²/J²) 

  𝑅 = gas constant (8.314 J/mol. K) 

 𝑇 = absolute temperature (K) 

 𝐶𝑒 = concentration of adsorbate at equilibrium time (mg/L) 

 

The Freundlich model was originally developed for animal charcoal adsorption (Al-

Ghouti & Da’ana, 2020). It assumes both monolayer and multilayer adsorption, with 

stronger binding sites occupied first, followed by a decline in adsorption energy 

(Ehiomogue et al., 2021; Musah et al., 2022). The model also assumes a heterogenous 

adsorbent surface, whose topography is patch-wise. This implies that one patch includes 

all sites with same adsorption energy and that patches do not interact with each other (Al-

Ghouti & Da’ana, 2020). The type of Freundlich isotherm is indicated by the value of 𝑠. 

1/𝑠  represents the intensity of the adsorption or surface heterogeneity(Chikri et al., 2020). 

When 1/𝑠 is greater than zero but less than 1, the adsorption is favorable; when 1/𝑠 is 

greater than 1, the adsorption process is unfavorable; and it is considered irreversible when 

1/𝑠 is equal to 1 (Al-Ghouti & Da’ana, 2020). 

The Langmuir model assumes that the thickness of adsorbed layer is one molecule 

(monolayer) (Chikri et al., 2020; Ehiomogue et al., 2021). According to Musah et al. 

(2022), once an adsorbate occupies a site, no further adsorption can occur on that site, and 

there are no interactions between adsorbates occupying different sites. The model also 

assumes a homogenous adsorbent surface, which might not be true for complex adsorbents 

such as activated carbon, whose surfaces are heterogenous (Chikri et al., 2020; Musah et 

al., 2022). The nature of adsorption is indicated by a separation factor (𝑅𝐿). When 𝑅𝐿  = 1, 
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the adsorption is linear; when 𝑅𝐿  = 0, the adsorption is irreversible; when 𝑅𝐿 > 1, the 

adsorption is unfavorable; and it is favorable when 𝑅𝐿  is greater than zero but less than 1 

(0 < 𝑅𝐿 < 1) (Al-Ghouti & Da’ana, 2020; Chikri et al., 2020). Equation 2.14 shows the 

formula for 𝑅𝐿. 

 

𝑅𝐿 =
1

1+ 𝐾𝐿+𝐶𝑜
         

 (2.14) 

 

Where: 

 𝑅𝐿 = separation factor 

𝐾𝐿 = Langmuir isotherm constant (L/mg) 

𝐶𝑜 = initial adsorbate concentration (mg/L) 

The Sips model is a combination of the Langmuir and Freundlich models (Brião et al., 

2023; Ehiomogue et al., 2021). It assumes a heterogeneous adsorbent surface and a 

monolayer adsorption at high adsorbate concentration (Ehiomogue et al., 2021). It was 

developed to address the problem of the continuous increase in the adsorbed amount with 

increasing concentration, which is typically observed in the Freundlich isotherm model 

(Al-Ghouti & Da’ana, 2020; Ehiomogue et al., 2021). 

The Temkin model was originally used to describe hydrogen adsorption on platinum 

electrodes present in acidic solutions (Al-Ghouti & Da’ana, 2020). It is only valid within 

an intermediate concentration range. The model assumes chemical adsorption 

(Ehiomogue et al., 2021; Musah et al., 2022). It also assumes that the adsorption heat is a 
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function of temperature, with a linear decrease in the energy of all molecules in a layer as 

surface coverage increases (Ehiomogue et al., 2021; Musah et al., 2022). Although Al-

Ghouti & Da’ana (2020) reported that the model is not appropriate for complex adsorption 

systems, including those involving aqueous phases, some studies have used it to analyze 

pharmaceutical adsorption data (Chauhan et al., 2022; Lach et al., 2018). 

The Dubinin-Radushkevich model was originally developed for vapor and gas adsorption 

on microporous adsorbents such as activated carbon and zeolites (Al-Ghouti & Da’ana, 

2020). Consequently, it may not provide an accurate mean free energy for distinguishing 

the type of adsorption process (physisorption/chemisorption) in a solid-liquid system (Al-

Ghouti & Da’ana, 2020). The model assumes a heterogenous surface with a pore filling 

mechanism (Musah et al., 2022). It also assumes multilayer adsorption, involving Van der 

Waals forces; as such, it can be applied to physical adsorption processes. 

Given the heterogeneous nature of activated biochar surfaces, the Freundlich, Sips and 

Dubinin-Radushkevich models are expected to provide better fits to the experimental data 

in this study than the Langmuir and Temkin models. However, this expectation does not 

hold for all activated biochar. For instance, cobalt iron oxide (CoFe2O4)-activated biochar 

derived from banana pseudostem fibers exhibited the best fit with the Langmuir model, 

suggesting a homogeneous adsorbent surface and monolayer interactions between the 

adsorbent and Amoxicillin (Chauhan et al., 2022). Table 2.9 presents a summary of the 

discussed adsorption isotherm models, while Table 2.10 summarizes the isotherm models 

applied for predicting pharmaceutical removal by various adsorbents. 
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Table 2.9: Summary of the Discussed Isotherm Models 

Isotherm model Equation Page 

number 

Freundlich 𝑞𝑒 = 𝐾𝐹 +  𝐶𝑒
1/𝑠

 37 

Langmuir 
𝑞𝑒 =

𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

[1 +  𝐾𝐿𝐶𝑒] 
 

37 

Sips 
𝑞𝑒 = (

𝑞𝑚𝑎𝑥 𝑎𝑆  𝐶𝑒
𝛽𝑆

1 + 𝑎𝑆  𝐶𝑒
𝛽𝑆

) 
38 

Temkin 𝑞𝑒 = 𝐵 𝑙𝑛(𝐴𝑇𝐶𝑒) 38 

Dubinin-Radushkevich 

𝑞𝑒 = 𝑞𝑚𝑎𝑥𝑒𝑥𝑝 − 𝐾 (𝑅𝑇 𝑙𝑛 (1

+ (
1

𝐶𝑒
))

2

) 

38 
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Table 2.10: Models Applied to Predict Isotherm Data for Adsorbent-mediated 

Pharmaceutical Adsorption 

Isotherm model Adsorbent Pharmaceutical References 

Freundlich Goose berry seed 

shells 

 

 

Municipal solid waste 

 

 

 

Corncob biochar 

Naproxen 

Amoxicillin 

 

Tetracycline 

Caffeine 

Ciprofloxacin 

 

Flouroquinolones 

Acetaminophen 

Amoxicillin 

Chauhan et al. 

(2022) 

 

 

Chauhan et al. 

(2022) 

 

 

 

Dang et al. (2021) 

Varela et al. (2024) 

 

 

Langmuir Date stone seeds 

Banana stem fibers 

Pamelo peel 

 

Ibuprofen 

Amoxicillin 

Carbamazepine 

 

Chauhan et al. 

(2022) 
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Corncob xylose 

residue biochar 

 

Corncob biochar 

Sulfamethoxazole 

Flouroquinolones 

 

Acetaminophen 

Amoxicillin 

 

Li et al. (2022) 

Dang et al. (2021) 

 

Varela et al. (2024) 

 

 

Sips Giant reed 

Municipal solid waste 

 

Pulp mill sludge 

biochar 

Amoxicilin 

Ciprofloxacin 

 

Diclofenac 

Salicylic acid 

Ibuprofen 

Acetaminophen 

Chauhan et al. 

(2022) 

 

 

Coimbra et al. 

(2019) 

 

 

 

 

Temkin Corn husk 

 

 

Lefloxacin 

Tetracycline 

 

Chauhan et al. 

(2022) 
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Cherry stalk 

 

 

Activated carbon 

Caffeine 

Ciprofloxacin 

 

Salicylic acid 

Ibuprofen sodium 

 

Chauhan et al. 

(2022) 

Chauhan et al. 

(2022) 

 

Lach et al. (2018) 

 

 

Dubinin-

Radushkevich 

Pamelo peel 

Pure glucose 

Corncob biochar 

Carbamazepine 

Pracetamol 

Acetaminophen 

Amoxicillin 

Chauhan et al. 

(2022) 

 

Varela et al. (2024) 

 

 

2.12 Data Analysis Methods  

The adsorbent removal efficiency of PCs from aqueous solutions during the adsorption 

process is affected by factors such as the pH of solution, adsorbent dosage, and contact 

time (Bellahsen et al., 2021). To achieve the maximum removal efficiency, a systematic 

approach to designing and conducting the experiments, along with statistical analysis, is 

required (Asghar et al., 2014). This is accomplished through optimization techniques such 
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as computational fluid dynamics (CFD), response surface methodology (RSM), and the 

Taguchi method (Asghar et al., 2014; Maddodi et al., 2020). 

2.12.1 Computational Fluid Dynamics 

Computational Fluid Dynamics (CFD) offers numerical solutions to mathematical models 

such as the conservation equations of mass, momentum, and energy in fluid flow systems 

(Patil & Kadam, 2023). According to Wilberforce et al. (2021), CDF involves the 

simulation of a process using software such as COMSOL Multiphysics 3.4 and ANSYS 

FLUENT 18.0. The model is built in software such as SOLIDWORKS and then exported 

to the simulation software (Wilberforce et al., 2021). Prior to the simulation, critical 

factors affecting the process and their levels need to be identified in order to be used in 

the simulation (Amna et al., 2023; Wilberforce et al., 2021; Yekeen et al., 2023). Finally, 

the factor-level combination that yields the best response is validated using experimental 

results for that combination to assess the deviation between the simulation results and the 

experimental data (Amna et al., 2023; Bakhshandeh et al., 2022; Dehaghani et al., 2022; 

Yekeen et al., 2023). 

For instance, Amna et al. (2023) conducted a study on the analysis of mercury adsorption 

by inverse-vulcanized porous sulfur copolymers using CFD. In the study, parameters such 

as mercy-ion concentration, the volumetric flow rate of wastewater, temperature, and 

thickness of the adsorbent material were analyzed. The simulation yielded a maximum 

adsorption capacity of 249μg/g, while the experimental validation yielded an adsorption 

capacity of 244μg/g (Amna et al., 2023). In addition, Yekeen et al. (2023) investigated the 

mechanisms of enhanced oil recovery via nanoparticle-surfactant solutions using CFD. 

Parameters such as design dimensions and porosity were analyzed. The authors reported 

that the simulation prediction results agreed with the experimental results, demonstrating 

that the lowest amount of oil (37.84%) was retained with the micromodel after multiwalled 

carbon nanotubes-SDBS flooding (Yekeen et al., 2023). 
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CFD offers a number of benefits. It helps reduce the number of experiments and thereby 

lowers costs (Bakhshandeh et al., 2022; Dehaghani et al., 2022). In addition, it allows 

evaluation of process parameters before their physical application, making it effective for 

scaling up lab processes to the industrial level (Amna et al., 2023). However, the accuracy 

of CFD models depends heavily on the quality of input data and assumptions made during 

the simulation (Amna et al., 2023; Bakhshandeh et al., 2022; Dehaghani et al., 2022; 

Yekeen et al., 2023). 

2.12.2 Response Surface Methodology 

Unlike the conventional method, which follows a one-factor-at-a-time approach 

(univariate approach), response surface methodology (RSM) follows a multivariate 

approach, where two or more factors are considered (Asghar et al., 2014). The multivariate 

approach has more advantages over univariate approach because interactions between 

factors and linear or nonlinear relationships with the responses can be studied using the 

multivariate approach. Additionally, the number of experiments required for process 

optimization is fewer in the multivariate approach than in the univariate approach (Asghar 

et al., 2014). 

Optimizing a process using RSM as the optimization tool involves undertaking a series of 

steps. First, it requires designing experiments to measure the dependent variables (Otieno, 

2023). Prior to designing the experiments, critical factors that affect the process are 

identified, along with their minimum and maximum levels (Bhattacharya, 2021). In most 

cases, central composite design (CCD) is used in the design of the experiments (Asghar 

et al., 2014; Otieno, 2023). Statistical software such as Design expert and Minitab are used 

for the design of the CCD (Bhattacharya, 2021; Maddodi et al., 2020). Equation 2.15 

shows the formula for calculating the number of experiments designed by CCD. 
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𝑁𝐸 = 𝑘2 + 2𝑘 + 𝑐         

 (2.15) 

Where: 

 𝑁𝐸 = total number of experiments 

 𝑘 = number of studied factors 

 𝑐 = number of center point replicates 

After obtaining the experimental design, the experiment can be conducted. The 

experimental results are analyzed using statistical software such as Design expert software 

and Minitab, which fit the dependent and independent variables to a second order 

polynomial equation to determine the relationship between the variables (Asghar et al., 

2014; Otieno, 2023). Equation 2.16 presents the second order polynomial equation. 

𝑦 =  ⍺0 +  ∑ ⍺𝑖
𝑣
𝑖=1 𝑥𝑖 +  ∑ ⍺𝑖𝑖𝑥𝑖

2𝑣
𝑖=1 +  ∑ ⍺𝑖𝑗𝑥𝑖𝑥𝑗

𝑣
𝑖=1 +  𝜀    

 (2.16) 

Where: 

 𝑦 = predicted response variable 

 ⍺0 = value of the fixed response at the center point of the design 

 ⍺𝑖  = linear effect regression term 

 ⍺𝑖𝑖  = quadratic effect regression term 

 ⍺𝑖𝑗 = interaction effect regression term 

 𝑥𝑖  = level of the independent variable 
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 𝑣   = number of independent variables 

 ε    = random error 

The statistical software also offers adequacy measures such as the Analysis of Variance 

(ANOVA), lack-of-fit test, and F-test (Otieno, 2023). Additionally, the software provides 

surface plots of the experimental data and other diagnostic plots, such as predicted versus 

actual plot (Bhattacharya, 2021; Otieno, 2023). Finally, the process is optimized by setting 

the desired conditions (maximize, minimize or target) for the process (Otieno, 2023). 

RSM uses desirability function (D) to represent the closeness of the response to its ideal 

value (Otieno, 2023). D ranges from 0 – 1; when D = 0, the response is unacceptable, and 

when D = 1, the response is close to the target value (Otieno, 2023). 

2.12.3 Taguchi Method 

Taguchi method is a statistical approach used in engineering, biotechnology, and other 

fields to improve the quality of goods and processes. Similar to RSM, Taguchi also 

follows a multivariate approach, considering two or more factors (Asghar et al., 2014). 

However, the number of experiments required for the same number of factors and levels 

is fewer in Taguchi than in RSM (Asghar et al., 2014). Additionally, the Taguchi method 

incorporates the experimental design as part of the optimization process (Karna & Sahai, 

2012). It also accounts for noise factors through the use of a Signal-to-Noise ratios (S/N), 

where the signal is the desired value and the noise is the undesired value (Karna & Sahai, 

2012; Yusuff et al., 2021). The S/N ratio is classified into three categories: larger the 

better, smaller the better, and nominal the better (Karna & Sahai, 2012; Yusuff et al., 

2021). The “larger the better” criterion is applied when maximum results are desired, such 

as increasing the removal efficiency of an adsorbent. The “smaller the better” criterion is 

used when minimum results are preferred, such as reducing carbon dioxide emissions. The 

“nominal the better” criterion is used when a target value is required. Equation 2.17 shows 

the formula for calculating the S/N in the “larger the better” condition. 
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𝑆
𝑁⁄ = −10log [

1

𝑛
∑

1

𝑧𝑖
2

𝑜
𝑖=1 ]        

 (2.17) 

Where: 

 𝑆
𝑁⁄  = Signal to noise ratio 

 𝑛 = number of measurements 

 𝑜 = total number of observations 

 𝑧𝑖= observed value 

To apply the Taguchi method as an optimization tool, several steps need to be followed 

(Karna & Sahai, 2012). First, the main function, side effects, and failure modes must be 

identified. Second, noise factors, testing conditions, and quality characteristics are 

determined. Third, the objective function to be optimized is identified. Fourth, control 

factors and their levels are established, and then an orthogonal array matrix experiment is 

selected. The experiment is conducted based on this matrix, and the data are analyzed to 

predict the optimal levels and performance. Finally, a verification experiment is 

performed, and future actions are planned. 

Taguchi uses Orthogonal Arrays in experiments, which help in determining the 

combinations of factors and levels to be considered in an experiment (Karna & Sahai, 

2012). According to Agrawal et al. (2020), statistical software such as Minitab is used in 

the design of the orthogonal arrays. Equation 2.18 shows the orthogonal arrays design. 

 

𝑂𝐴 = 𝐿𝑎(𝑏𝑓)          

 (2.18) 
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Where: 

 𝑂𝐴 = Orthogonal array 

 𝐿 = Latin square 

 𝑎 = number of rows (runs) 

 𝑏 = number of levels 

 𝑓 = number of columns (factors) 

Determining the factors affecting the process and their levels requires a thorough 

understanding of the process. This includes understanding the minimum and maximum 

values of the factors. If the minimum and maximum values are far apart, the levels can be 

spaced farther apart or more levels can be tested. Conversely, if the minimum and 

maximum values of the factors are close, the levels can be closer together or fewer levels 

can be used (Karna & Sahai, 2012). Analysis of Variance (ANOVA) or response graph 

methods are used to determine the significance of the factors (Karna & Sahai, 2012). The 

S/N ratio is used to identify the optimum values of the factors (Agrawal et al., 2020). 

2.13 Evaluating the Suitability of the Kinetic and Isotherm Equations Using 

Experimental Data 

The closeness between equilibrium adsorption capacity obtained from experimental data 

and that from isotherm models is evaluated using statistical tools such as the average 

relative error (% ARE), the determination coefficient (𝑅2), and Chi-square (𝑥2) (Abin-

bazaine et al., 2022; Paredes-Laverde et al., 2018). Equation 2.3 presents the formula for 

the determination coefficient (𝑅2). Equation 2.19 and 2.20 shows the formula for average 

relative error (% ARE) and Chi-square (𝑥2), respectively. 
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% 𝐴𝑅𝐸 =
100

𝑟
 ∑ |

 𝑞ⅇ,𝑐𝑎𝑙𝑐 −  𝑞ⅇ,ⅇ𝑥𝑝

𝑞ⅇ,ⅇ𝑥𝑝
|𝑛

𝑖=1       

 (2.19) 

Where: 

 𝑛 = number of measurements 

     𝑞𝑒,𝑐𝑎𝑙𝑐 = calculated equilibrium adsorption capacity (mg/g) 

     𝑞𝑒,𝑒𝑥𝑝  = experimental equilibrium adsorption capacity (mg/g) 

𝑥2 = ∑
( 𝑞ⅇ,ⅇ𝑥𝑝 −  𝑞ⅇ,𝑐𝑎𝑙𝑐)2

𝑞ⅇ,𝑐𝑎𝑙𝑐

𝑛
𝑖=1         

 (2.20) 

Where: 

 𝑥2 = Chi-square 

 𝑛 = number of measurements 

 𝑞𝑖,𝑐𝑎𝑙𝑐 = calculated equilibrium adsorption capacity (mg/g) 

 𝑞𝑖,𝑒𝑥𝑝  = experimental equilibrium adsorption capacity (mg/g) 

In this study, these statistical metrics were used to assess the goodness-of-fit between 

experimental and model-predicted data and to determine the best-fitting kinetic and 

isotherm models. According to Abin-bazaine et al. (2022), the model is considered to 

adequately fit the experimental data when the average relative error is less than or equal 

to 5% and Chi-square (𝑥2) is less than or equal to 0.05. 
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2.14 Summary of Literature Review and Research Gap 

Encroachment of pharmaceuticals into the aquatic environment is one of the major 

environmental concerns worldwide due to the adverse effects on human health and aquatic 

species. One pharmaceutical class of particular concern is antibiotics, specifically 

sulfamethoxazole and trimethoprim, because of their negative impacts such as the 

development of antibiotic resistance and antimicrobial resistance genes. Among the 

various methods to combat antibiotic resistance, wastewater treatment appears to be a 

promising approach, as it helps reduce the entry of pharmaceuticals into the aquatic 

environment. 

There are numerous technologies for treating wastewater. Among these, adsorption using 

adsorbents such as agricultural waste has gained considerable interest among researchers 

because it is cost-effective, scalable, and environmentally friendly. White-rot fungi are 

natural adsorbents that have been studied extensively for their potential in removing 

pharmaceuticals from aqueous solutions. Most studies concerning pollutant removal using 

white-rot fungus focus on bioremediation. However, research on the removal of 

pharmaceutical or other pollutants using white-rot fungus biochar is limited. Furthermore, 

no studies have investigated the adsorption of sulfamethoxazole and trimethoprim using 

white-rot fungus biochar or its combination with corncob biochar. 

Therefore, there is a need to explore and optimize adsorption-based systems utilizing these 

materials. In this study, the adsorption performance of white-rot fungus biochar and 

corncob biochar, both individually and in combination, was evaluated. To systematically 

investigate the effects of key operational parameters and determine optimal conditions for 

maximum removal efficiency, the Taguchi method was employed as an experimental 

design and optimization tool for the adsorption process involving a mixture of white-rot 

fungus biochar and corncob biochar. This approach enables efficient evaluation of 

multiple factors while minimizing the number of experimental runs, thereby providing a 

robust framework for optimizing the adsorption process. 
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2.15 Conceptual Framework of the Study 

Figure 2.4 presents the conceptual framework of the study, illustrating the dependent, 

independent, and extraneous variables involved in biochar preparation and adsorption 

experiments. 
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Figure 2.4: Conceptual Framework of the Study 

- pH of solution 

- Adsorbent dosage 

- Contact time 

- Adsorbate concentration 

Removal efficiency 



68 

 

CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Preparation of White-Rot Fungus Biochar and Corncob Biochar and 

Characterization 

The flow of experimental activities conducted to achieve the first objective of the study is 

illustrated in Figure 3.1. A summary of the characterization analyses performed on 

WR700, CB700, and their respective precursors is presented in Table 3.1. 

 

 

 

 

 

 

 

Figure 3.1: The Flow of Experimental Activities Conducted 
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Table 3.1: Summary of Characterization Analyses Conducted on WR700, CB700, 

and their Precursors 

Analysis Instrument Model Analyzed sample 

Elemental 

composition 

CHNS Elemental analyzer Vario MACRO cube WR700, CB700 

Surface morphology SEM JCM-7000 

NeoScope™ Benchtop 

SEM 

WR700, CB700, 

white-rot fugus, 

corncob 

Functional groups FTIR ALPHA FTIR 

Spectrometer 

WR700, CB700, 

white-rot fugus, 

corncob 

Surface charge Zeta potential analyzer Nano Zetasizer ZSPn  WR700, CB700 

Moisture, ash, 

volatile matter, fixed 

carbon 

Oven dryer 

Analytical balance 

 WR700, CB700 

 

3.1.1 Study Area and Sample Collection 

The study was conducted in laboratories at Jomo Kenyatta University of Agriculture and 

Technology (JKUAT), Kenya, specifically within the Department of Soil Water and 

Environmental Engineering. This work was complimented by additional tests carried out 

in the laboratories of the Department of Chemistry and the Department of Civil 

Engineering. Due to limited availability of a carbon, hydrogen, nitrogen, and sulfur 

(CHNS) analyzer, further analyses were conducted at an external laboratory within the 

Department of Biological and Chemical Engineering, Aarhus University, Denmark. 
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JKUAT is located in Juja, along Thika-Nairobi highway. Juja lies between latitude -

1.102554 and longitude 37.013193, with an average altitude of 1519 m above sea level. 

The area has an average annual maximum temperature of 23.4°C and receives 

approximately 1024.2 mm of rainfall annually. The location and climatic characteristics 

of the study area, including mean annual temperature and rainfall, were obtained from 

Google Earth and historical meteorological records provided by the Kenya Meteorological 

Department (KMD), respectively. 

Corncobs were collected from JKUAT farm. Fresh Ganoderma applanatum (Pers.) Pat., 

belonging to the mushroom family Polyporaceae, was collected from Timboroa forest in 

Uasin Gishu County, Kenya (0.1086° N, 35.4910° E) in January 2025. The specimens 

were identified and authenticated at the Department of Botany, JKUAT. Voucher 

specimens' accepted name and author name were authenticated and verified from the 

Global Biodiversity Information Facility database. Voucher specimens were deposited in 

the JKUAT Botany Herbarium (JKUATBH) with accession number CK-

JKUATBH/001GF/2025. 

3.1.2 Preparation of Biochar 

White-rot fungus (Ganoderma applanatum) and corncobs were dried under direct sunlight 

for three days and subsequently manually crushed into smaller particle sizes using a 

mortar and pestle. Precursor impregnation was carried out at a 2:1 weight-to-volume ratio 

by mixing 2 kg of the crushed precursor with 1 liter of H3PO4 (85% wt), followed by 

storage at room temperature for 24 hours. After impregnation, the precursor was oven-

dried at 105 °C for 24 hours. Thereafter, 200 g of the dried precursor was weighed in 

triplicate, compacted, and wrapped in aluminum foil to minimize oxygen exposure. The 

samples were then subjected to pyrolysis under oxygen-limited conditions in an electric 

muffle furnace (Yamato Scientific Co., Ltd., FM-36, Tokyo, Japan) at 700°C with a 

residence time of 1 hour.  



71 

 

 

The selection of phosphoric acid (H3PO4) as the activating agent was based on its 

relatively low environmental impact, making it a safer alternative to other chemical 

activating agents (Jabar et al., 2022; Oginni et al., 2019; Putranto et al., 2022). 

Additionally, H3PO4 has been shown to enhance biochar porosity, surface area, and 

functional groups (Oginni et al., 2019; Sun & Webley, 2010). The pyrolysis temperature 

(700°C) was chosen based on previous studies by Magid et al. (2021), Varela et al. (2024), 

and Weber & Quicker (2018), which reported that higher pyrolysis temperatures increase 

surface area, pore volume, and pore size (Magid et al., 2021). However, temperatures 

exceeding 700°C were associated with excessive ash formation, particularly in biomass 

with low lignin content (Weber & Quicker, 2018).  

Following pyrolysis, the muffle furnace was allowed to cool for 30 minutes. The biochar 

samples were then removed and left to cool at room temperature for an additional hour. 

The masses of the white-rot fungus biochar and corncob biochar were measured using an 

analytical balance, and biochar yield was calculated using Equation 3.1 (Sarfaraz et al., 

2021). 

Biochar yield (%) =
𝑀𝐵𝑖𝑜𝑐ℎ𝑎𝑟

𝑀𝑃𝑟ⅇ𝑐𝑢𝑟𝑠𝑜𝑟
× 100      (3.1) 

 

Where: 

 Biochar yield (%) = Percentage biochar yield 

𝑀𝐵𝑖𝑜𝑐ℎ𝑎𝑟 = mass of biochar (g) 

 𝑀𝐵𝑖𝑜𝑚𝑎𝑠𝑠 = mass of precursor (g) 
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After weighing, each biochar was washed with distilled water to remove residual H3PO4. 

The pH was subsequently adjusted to 7 using 1 M NaOH and dried in an HAS-T50 oven 

(Biobase Biodustry (Shandong) Co., Ltd., Jinan, China) at 105°C for 24 hours. The 

corncob biochar was then sieved to obtain particle sizes ranging from 2 mm to 2.9 mm, 

while white-rot fungus biochar was sieved to sizes between 0.42 mm and 1.3 mm. Finally, 

each biochar was neutralized using 0.1 M of NaOH and HCl, dried again at 105°C for 24 

hours, and stored in air tight containers at room temperature. For identification, containers 

holding white-rot fungus biochar were labelled WR700, whereas those containing corncob 

biochar were labelled CB700. Each biochar was stored for eight months without any 

further treatment prior use. 

It is important to note that the difference in particle size between WR700 and CB700 may 

contribute to variations in their adsorption capacities. In general, smaller particle sizes are 

associated with higher adsorption capacities (Manila et al., 2024; Musthofa et al., 2023). 

In addition to particle size, the adsorption performance is influenced by other factors, 

including surface chemistry, surface charge, and adsorbent dosage (Cevallos-Mendoza et 

al., 2024; Dang et al., 2021; Varela et al., 2024). 

3.1.3. Determination of Proximate Composition 

Proximate analysis was conducted using the gravimetric method. The moisture content of 

each biochar was determined by weighing 1.5g of each biochar in a crucible of known 

mass. Each biochar sample was weighted in triplicate. The crucibles were then placed in 

an oven at 105 °C for 1 hour. After 1 hour, the crucibles were removed from the oven and 

placed in a desiccator to cool. Once cooled, the crucibles were reweighed. This process 

was repeated until the weight after cooling became constant, and the final weight was 

recorded. The percentage moisture content was calculated using Equation 3.2 (Adekanye 

et al., 2022; Inegbedion, 2022). 
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The volatile matter was determined by placing a mass of biochar sample from the moisture 

determination experiment into crucibles of known mass, which were then closed with lids. 

The crucibles were subsequently placed in a muffle furnace at 550°C for 8 minutes. 

Afterward, the crucibles were removed from the muffle furnace and placed in a desiccator 

to cool. Once cooled, the weight of the crucibles was measured. The volatile matter was 

calculated using Equation 3.3 (Inegbedion, 2022). 

The ash content was determined by placing the mass of biochar from the volatile matter 

experiment into open crucibles and heating them in a muffle furnace at 550°C for 13 hrs. 

The crucibles were then removed from the muffle furnace and placed in a desiccator to 

cool. After cooling, the mass of the ash produced was measured using an analytical 

balance. The ash content was calculated using Equation 3.4 (Inegbedion, 2022; Sarfaraz 

et al., 2021). Finally, fixed carbon content was calculated using Equation 3.5 (Inegbedion, 

2022). 

Moisture Content (%) =
𝑀1− 𝑀2

𝑀2
× 100      

 (3.2) 

 

Where: 

 𝑀1 = mass of wet biochar (g) 

 𝑀2 = mass of dry biochar (g) 

Volatile matter (%) =
𝑀2− 𝑀3

𝑀3
× 100      

 (3.3) 

Where: 
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 𝑀2 = mass of dry biochar (g) 

 𝑀3 = mass after heating at 550°C (g) 

Ash Content (%) =
𝑀4

𝑀2
× 100       

 (3.4) 

Where: 

 𝑀2 = mass of dry biochar (g) 

 𝑀4 = mass after heating at 700°C (g) 

Fixed Carbon (%) = 100% − (𝑀𝐶 (%) + 𝑉𝑀 (%) + 𝐴𝐶 (%)   

 (3.5) 

Where: 

 𝑀𝐶 (%) = percentage moisture content 

 𝑉𝑀 (%) = percentage volatile matter 

 𝐴𝐶 (%)  = percentage ash content 

3.1.4 Determination of Elemental Composition 

The elemental composition (Carbon, hydrogen, nitrogen, and sulfur) of WR700 and 

CB700 was analyzed in duplicate using vario MACRO cube CHNS elemental analyzer 

(Elementar Analysensysteme GmbH, Langenselbold, Germany) at the Department of 

Biological and Chemical Engineering, Aarhus University, Denmark. Oxygen was 

determined using Equation 3.6, as described by Ellison et al. (2023) 
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𝑂 = 100 − (𝐶 + 𝑁 + 𝐻 + 𝑆 + 𝐴)       

 (3.6) 

Where: 

𝑂 = mass percentage of oxygen (%) 

𝐶 = mass percentage of carbon (%) 

𝑁 = mass percentage of nitrogen (%) 

𝐻 = mass percentage of hydrogen (%) 

𝑆 = mass percentage of sulfur (%) 

𝐴 = mass percentage of ash (%) 

3.1.5 Determination of Surface Morphology 

The surface morphology of WR700, CB700, WR700 precursor (white-rot fungus), and 

CB700 precursor (corncob) were analyzed using a JCM-7000 NeoScope™ Benchtop 

Scanning Electron Microscope (Japan Electron Optics Laboratory (JEOL) Co., Ltd, 

Tokyo, Japan). To determine the surface morphology of each biochar, the samples were 

mounted onto aluminum stubs using double-sided conductive carbon tape. The Scanning 

Electron Microscope (SEM) instrument was switched on and allowed to stabilize under 

vacuum conditions. Thereafter, appropriate imaging parameters, such as accelerating 

voltage (5-15 kV), working distance, and magnification range, were selected. Each 

mounted sample was placed into the SEM chamber and scanned using a focused electron 

beam. Images were captured at different magnifications to observe surface texture, pore 

structure, and morphological features (Gu et al., 2025; Hussain et al., 2026). 
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3.1.6 Determination of Functional Groups 

ALPHA Fourier Transform Infrared (FTIR) Spectrometer (Bruker Optics GmbH & Co. 

KG (Bruker Corporation), Ettlingen, Germany) was used to determine the functional 

groups of WR700 and CB700 before and after adsorption. Functional groups of WR700 

precursor (white-rot fungus) and CB700 precursor (corncob) were also determined. The 

functional groups of each biochar were determined by mixing the samples with potassium 

bromide (KBr) and pressing them into pellets (Areti et al., 2024). To eliminate interference 

from CO₂, H₂O vapor, and instrument noise, a background spectrum was recorded using 

a clean KBr pellet prior to sample analysis. Thereafter, each sample was placed in the 

sample holder, and spectra were recorded over a range of 4000-400 cm-1. The recorded 

spectra were then baseline-corrected. The resulting FTIR spectra data were plotted using 

Origin 2025b. 

3.1.7 Determination of Point of Zero Charge 

The point of zero charge of each biochar was determined using a Nano Zetasizer ZSP zeta 

potential analyzer (Malvern Panalytical Ltd., Malvern, United Kingdom). To determine 

the point of zero charge of each biochar, conical flasks containing 50 mL of 0.01M 

potassium nitrate (KNO3) solution were prepared. Thereafter, 0.01g of biochar was added 

to each flask to form a suspension. The pH was then adjusted over a range of 2-11 using 

0.1M NaOH and 0.1M HCl. Each pH value was prepared in triplicate. The suspensions 

were allowed to equilibrate for 24 hours. Prior to analysis, the pH was rechecked and 

adjusted where necessary. A portion of each suspension was transferred into a zeta 

potential cell, and the surface charge was measured using the zeta potential analyzer 

(Mortazavian et al., 2022). 
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3.2 Adsorption Kinetics, Equilibrium Isotherms, and Adsorption Mechanisms 

The flow of experimental activities conducted to achieve the second objective of the study 

is illustrated in Figure 3.2. 
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Figure 3.2: The Flow of Experimental Activities Conducted 

3.2.1 Preparation of Stock Solution and Working Solutions 

Stock solutions (1000 mg/L) for each antibiotic were prepared by dissolving 5 mg of each 

antibiotic in 5 mL of methanol, which served as the solubilizing agent. Working solutions 

were then prepared by diluting the stock solutions with distilled water. The required 

volume of stock solution for preparing a specific concentration of the working solution 

(0.5–6 mg/L) was calculated using Equation 3.7 (Nwabueze et al., 2024). The stock 

solutions were stored in the dark at 4°C. 

𝑉1 =
𝐶2𝑉2

𝐶1
          

 (3.7) 

Where: 

 𝑉1  = volume of stock solution to be drawn (mL) 

 𝐶2  = concentration of working solution (mg/L) 

 𝑉2  = volume of working solution (mL) 

 𝐶1  = concentration of stock solution (mg/L) 

3.2.2 Detection Method for Sulfamethoxazole and Trimethoprim using Ultraviolet 

(UV) Spectrophotometer 

Standard calibration curves for sulfamethoxazole (SMX) and trimethoprim (TMP) were 

prepared using concentrations ranging from 0.2-6 mg/L. The analysis was carried out 

using a UV-1800 UV Spectrophotometer (Shimadzu, Canby, Oregon, USA) with 1 cm 

matched quartz cells. The maximum absorbance wavelengths (λmax) were determined to 

be 265 nm and 275 nm for sulfamethoxazole and trimethoprim, respectively. The λmax was 
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selected based on the peak absorbance recorded when the solution was scanned between 

200 and 800 nm in spectrum mode, using distilled water as a blank. To control the shift in 

λmax that occur due to changes in pH of the solution, the blank and working solutions were 

prepared at the same pH (Silva et al., 2017). 

3.2.3 Adsorption Factor Experiments 

Parallel experiments were conducted to assess the effect of contact time, pH, and 

adsorbent dosage on the adsorption of SMX and TMP on white-rot fungus biochar 

(WR700) and corncob biochar (CB700). All experiments were conducted in triplicate 

using synthetic water, and average values and standard deviations were reported. 

To determine the effect of contact time, a WR700 dosage of 1 g/L and a CB700 dosage of 

4 g/L were selected based on preliminary experiments. The solution volume was 250 ml, 

and the initial adsorbate concentration was 1 mg/L. The samples were collected at varying 

times (2, 4, 10, 20, 30, 40, 60, 80, and 100 minutes). The selected contact times were 

established based on preliminary trial experiments, which provided an indication of the 

adsorption behavior and the approximate time required to attain equilibrium. 

To determine the effect of pH, WR700 dosage of 1 g/L, CB700 dosage of 4 g/L, solution 

volume of 20 ml, initial adsorbate concentration of 1 mg/L, and equilibrium time from the 

contact time experiments were used. The experiment was conducted at varying pH of 

solution (4, 5, 6, 7, 8, 9, and 10). The selected pH range was chosen to represent conditions 

normally encountered in wastewater systems and natural aquatic environments. 

Additionally, this range allowed for the evaluation of the influence of solution pH on 

adsorption behavior, as pH affects the surface charge of biochar, the ionization state of 

SMX and TMP, and the interactions between the adsorbates and adsorption sites. 
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To determine the effect of adsorbent dosage, solution volume of 20 ml, initial adsorbate 

concentration of 1 mg/L, equilibrium time from the contact time experiments, and 

optimum pH from the pH experiment were used. The experiment was conducted at 

varying adsorbent dosage (0.8, 1, 2, 4, and 6 g/L). The selected dosages were based on 

preliminary experiments, which identified the amount that provided effective adsorption 

performance while maintaining practical adsorbent utilization. The dosage range was 

selected to evaluate the influence of adsorbent quantity on adsorption efficiency, as the 

amount of adsorbent determines the availability of active adsorption sites and the extent 

of adsorbate–adsorbent interactions. 

All experiments were conducted at an agitation speed of 150 rotations/ minute, at a 

temperature of 30°C using a BT 150 thermostatic water bath shaker (MRC Ltd., Holon, 

Israel). Control samples consisted of SMX and TMP at the identified conditions, with no 

adsorbent added. 

 

3.2.4 Adsorption Kinetics and Isotherm Experiments 

Each biochar (WR700 and CB700) was used in the study of the adsorption kinetics and 

isotherms of SMX and TMP. The experiments were conducted at constant shaking speed 

of 150 rotations/minute, a solution volume of 250 ml, and temperature of 30°C. The 

optimum pH of solution and adsorbent dosage were kept constant. Sulfamethoxazole and 

trimethoprim were spiked in 250 ml solution in separate beakers to obtain seven varying 

concentrations (0.5, 1, 2, 3, 4, 5, and 6 mg/L) of each compound using distilled water. 

Samples of the solution were collected at time intervals of 2, 4, 10, 20, 40, 30, 50, 60, 70, 

90, 100, and 120 minutes. The supernatants were filtered using a 0.45 µm syringe filters 

to remove any adsorbent particles. Control samples consisted of SMX and TMP at the 

same conditions but without any adsorbent. The obtained data were fitted to models 

discussed in section 2.11. 
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To minimize adsorbent and antibiotic standard consumption, a reduced solution volume 

of 20 ml was used for the pH and dosage experiments. These experiments were performed 

while maintaining the same adsorbent dosage and initial adsorbate concentration as those 

used in the kinetic and isotherm experiments. Each experimental run involved a single 

sampling point to avoid volume-change effects. In contrast, contact time, kinetic, isotherm 

experiments employed a larger solution volume of 250 ml to accommodate multiple 

sampling intervals. 

 

3.3 Removal Performance of White-Rot Fungus Biochar and Corncob Biochar 

Mixtures 

The flow of experimental activities conducted to achieve the third objective of the study 

is illustrated in Figure 3.3 
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Figure 3.3: The Flow of Experimental Activities Conducted 

The removal performance of the biochar mixtures was evaluated using batch adsorption 

experiments. A Taguchi L25 orthogonal array design was employed, considering two 

factors at five levels, resulting in 25 experimental runs. All experiments were conducted 

in triplicate. The two factors evaluated were the WR700:CB700 ratio and contact time. 
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Table 3.2 presents the factors and their corresponding levels in the L25 orthogonal array. 

The experiments were performed under constant conditions of shaking speed (150 

rotations/min), reactor volume (250 mL), pH (6 for SMX and 8 for TMP), adsorbent 

dosage (4 g/L), initial adsorbate concentration (1 mg/L), and temperature (30 °C). Minitab 

statistical software was used to design the Taguchi L25 orthogonal array experiment. The 

L25 Taguchi orthogonal array designs for the optimization of sulfamethoxazole and 

trimethoprim adsorption are presented in Tables 3.3 and 3.4, respectively. The optimum 

level of each factor was determined based on the highest signal-to-noise (S/N) ratio 

(Equation 2.17), while the significance of each factor was evaluated using analysis of 

variance (ANOVA). Minitab statistical software was used to calculate the S/N ratios and 

generate the ANOVA tables. 

The selected WR700:CB700 ratio levels were chosen to represent a broad and balanced 

distribution of biochar compositions within the adsorption system. Ratios of 80:20 and 

20:80 represented extreme compositions, allowing evaluation of system behavior under 

highly dominant proportions of either biochar. Ratios of 65:35 and 35:65 represented 

intermediate compositions, whereas a ratio of 50:50 represented an equal mixture of both 

biochars. The selected contact time levels were based on the adsorption duration observed 

during the contact time experiments for each biochar. 

The optimum conditions obtained from the Taguchi analysis were validated through 

triplicate experiments. The removal efficiency for each factor combination was calculated 

using Equation 2.1. 

Table 3.2: L25 Orthogonal Array with 2 Factors Checked at 5 Levels 

Factor Parameter Level 1 Level 2 Level 3 Level 4 Level 5 

A WR700:CB700 

ratio 

80:20 65:35 50:50 35:65 20:80 

B Contact time 

(minutes) 

20 30 40 60 80 
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Table 3.3: L25 Taguchi Orthogonal Array Design for Optimization of 

Sulfamethoxazole Adsorption Using Mixtures of White-Rot Fungus Biochar and 

Corncob Biochar 

Run A: WR700:CB700 ratio B: Time (minutes) 

1 20:80 20 

2 20:80 30 

3 20:80 40 

4 20:80 60 

5 20:80 80 

6 35:65 20 

7 35:65 30 

8 35:65 40 

9 35:65 60 

10 35:65 80 

11 50:50 20 

12 50:50 30 

13 50:50 40 

14 50:50 60 

15 50:50 80 

16 65:35 20 

17 65:35 30 

18 65:35 40 

19 65:35 60 

20 65:35 80 

21 80:20 20 

22 80:20 30 

23 80:20 40 

24 80:20 60 

25 80:20 80 
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Table 3.4: L25 Taguchi Orthogonal Array Design for Optimization of Trimethoprim 

Adsorption Using Mixtures of White-Rot Fungus Biochar and Corncob Biochar 

Run A: WR700:CB700 Ratio B: Time (Minutes) 

1 20:80 20 

2 20:80 30 

3 20:80 40 

4 20:80 60 

5 20:80 80 

6 35:65 20 

7 35:65 30 

8 35:65 40 

9 35:65 60 

10 35:65 80 

11 50:50 20 

12 50:50 30 

13 50:50 40 

14 50:50 60 

15 50:50 80 

16 65:35 20 

17 65:35 30 

18 65:35 40 

19 65:35 60 

20 65:35 80 

21 80:20 20 

22 80:20 30 

23 80:20 40 

24 80:20 60 

25 80:20 80 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Preparation of White-Rot Fungus Biochar and Corncob Biochar and 

Characterization 

4.1.1 Biochar Yield 

There were variations in the triplicate measurements of each biochar, likely due to random 

experimental errors (Christodoulides & Christodoulides, 2017; Wha et al., 2022). 

Therefore, average values and standard deviations were calculated. 

The average dry-basis biochar yields obtained at an H₃PO₄ activating agent ratio of 2:1 

(w/v), pyrolysis temperature of 700°C, and residence time of 1 hour were 52.61 ± 5.01% 

and 63.41 ± 6.02% for WR700 and CB700, respectively. The higher yield of CB700 

compared with WR700 is likely attributable to differences in the physicochemical 

composition of the feedstocks. The higher biochar yield of CB700 compared with WR700 

indicates that the two feedstocks responded differently to the same H₃PO₄ activation and 

pyrolysis conditions. This difference is likely attributable to inherent differences in the 

physicochemical properties of the feedstocks, which influence the extent of thermal 

decomposition and carbon retention during pyrolysis (Hassan et al., 2020). 

The biochar yields obtained in the present study are within the range reported in the 

literature for H₃PO₄-activated biochars produced under different pyrolysis conditions. For 

example, Tsarpali et al. (2024) reported biochar yields ranging from 28% to 52%, while 

Daniel et al. (2023) obtained a higher yield of 77.22% using biomass impregnated with 

10% H₃PO₄ and pyrolyzed at 500°C for 1 hour under a nitrogen atmosphere. The higher 

yield reported by Daniel et al. (2023) is likely due to the lower pyrolysis temperature, 

which reduces thermal decomposition and the loss of volatile matter compared with the 

700°C pyrolysis temperature used in the present study. 
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Overall, the yields obtained for WR700 and CB700 are consistent with previous studies 

demonstrating that higher pyrolysis temperatures promote greater devolatilization and 

thermal decomposition of biomass, resulting in reduced biochar yields (Putranto et al., 

2022; Tsarpali et al., 2024). Consequently, the lower yield of WR700 and the 

comparatively higher yield of CB700 can be attributed to the combined effects of 

feedstock composition and the pyrolysis conditions employed in this study. 

4.1.2 Determination of Proximate Composition 

Proximate analysis results of WR700 and CB700 are presented in Table 4.1.  

Table 4.1: Proximate Analysis Results for WR700 and CB700 

  Sample 

Proximate analysis  WR700 CB700 

Moisture content (%)  6.44 ± 1.42 10.26 ± 2.03 

Volatile matter (%)  5.25 ± 1.12 9.1 ± 0.05 

Ash (%)  18.15 ± 1.05 8.9 ± 0.11 

Fixed carbon (%)  70.16 ± 2.94 71.74 ± 2.88 

 

WR700 and CB700 were stored at moisture contents of 6.44 ± 1.42% and 10.26 ± 2.03%, 

respectively. Both biochar exhibited a strong fixed carbon retention of 70.16 ± 2.94% and 

71.74 ± 2.88% for WR700 and CB700, respectively. Fixed carbon excludes all gases lost 

via volatile matter emissions (Xu et al., 2019). As such, fixed carbon usually forms a 

porous skeletal structure that enhances adsorption capacity (Das et al., 2021). WR700 

contain a higher ash content (18.15 ± 1.05%) compared to CB700 (8.9 ± 0.11%). 

Depending on the nature of adsorbate-adsorbent interaction, high ash content can either 

hinder or enhance the adsorption process. For instance, Li et al. (2017) reported that ash 

content may block the pores of the adsorbent, thereby hindering the adsorbate’s access to 
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the pores. Conversely, Yang et al. (2023) reported that ash on the surface of ash-biochar 

composite enhanced methylene blue removal by providing alkaline adsorption 

environment and more oxygen-based n-π interaction sites. 

4.1.3 Determination of Elemental Composition 

Elemental analysis results of WR700 and CB700 are presented in Table 4.2. 

Table 4.2: Elemental Analysis Results for WR700 and CB700 

  Mass composition  Atomic ratio 

Biochars  C (%) H (%) N (%) S (%) O (%)  C/N H/C O/C (O+N)/C 

WR700  71.73 ± 

0.06 

2.09 ± 

0.04 

1.94 3.28 ± 

4.51 

2.82 ± 

4.42 

 36.98 0.03 0.04 0.07 

CB700  78.03 ± 

1.05 

2.12 ± 

0.08 

0.41 ± 

0.03 

0.02 ± 

0.001 

10.53 

± 1.16 

 190.26 0.03 0.14 0.14 

 

The analysis was conducted in duplicate. WR700 and CB700 exhibited high total carbon 

content of 71.73 ± 0.06% and 78.03 ± 1.05%, respectively, indicating strong carbon 

retention. Conversely, the contents of H, N, S, and O were relatively low for both biochar, 

likely due to volatilization and gas release during pyrolysis (Xu et al., 2019). However, 

the oxygen content of CB700 (10.53 ± 1.16%) was higher compared to WR700 (2.82 ± 

4.42%). This suggests the presence of more oxygen-containing functional groups, such as 

hydroxyl and carbonyl groups, on the surface of CB700 than on WR700 (Figueredo et al., 

2017; Mukome et al., 2013). These functional groups can increase the biochar’s polarity, 

thus enhancing its ability to interact with polar contaminants through mechanisms like 

hydrogen bonding and electrostatic attraction (Buczek et al., 2025; Huang et al., 2020). 
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WR700 had C/N, H/C, O/C, and (O+N)/C ratios of 36.98, 0.03, 0.04, and 0.07, 

respectively. CB700 had C/N, H/C, O/C, and (O+N)/C ratios of 190.26, 0.03, 0.14, and 

0.14, respectively. The high C/N ratio indicated a high amount of carbon compared to 

hydrogen (Figueredo et al., 2017; Mukome et al., 2013). Low ratios of H/C suggests the 

absence of organic residues on the biochar (Ippolito et al., 2020; Xu et al., 2019). Low 

O/C, and (O+N)/C ratios indicated an increase in aromacity and decrease in polarity of 

the biochar (Xu et al., 2019). 

4.1.4 Determination of Surface Morphology 

The scanning electron micrographs of the white-rot fungus (precursor) at a magnification 

of 60× (200 μm scale) and the activated sample (WR700) at a magnification of 55× (200 

μm scale) are shown in Figure 4.1(a) and (b), respectively. Figure 4.1(c) and (d) show the 

scanning electron micrographs of the corncob (precursor) at a magnification of 120× (100 

μm scale) and the activated sample (CB700) at a magnification of 200× (100 μm scale), 

respectively. 
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Figure 4.1: Scanning Electron Micrographs: (a) White-rot Fungus (Precursor) at a 

Scale of 200 μm; (b) WR700 at a Scale of 200 μm; (c) Corncob (Precursor) at a Scale 

100 μm; (d) CB700 at a Scale of 100 μm 

White-rot fungus (Figure 4.1(a)) exhibited a rough surface characterized by intertwined 

and overlapping fibers. In contrast, the activated sample (WR700) (Figure 4.1(b)) revealed 

well-developed pores and cavities. Corncob (Figure 4.1(c)) displayed a highly fractured 

and rough surface with irregular topography. Similarly, the activated sample (CB700) 

(Figure 4.1(d)) showed the presence of well-formed pores and cavities. 

The development of visible cavities and pores in the activated biochar samples indicates 

the effect of H₃PO₄ activation on the surface morphology of the precursors. The formation 

of these cavities and pores can be attributed to the impregnation of white-rot fungus and 

corncob precursors with H₃PO₄, which facilitated acid diffusion into the precursor 

structure. This enhanced the interaction between the chemical activator and precursor 

through acid hydrolysis, resulting in improved pore development (Oginni et al., 2019; Sun 
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& Webley, 2010). The exterior pores observed in WR700 exhibited tunnel-like structures 

with varying sizes, whereas those in CB700 displayed honeycomb-like structures with 

irregular dimensions. During adsorption, these exterior pores serve as primary pathways 

that facilitate the transport of adsorbate molecules to the micropores located within the 

internal surface of the activated carbon (Oginni et al., 2019). 

4.1.5 Determination of Functional Groups 

The FTIR spectra of the WR700 precursor (white-rot fungus), WR700, and WR700 after 

single adsorption of SMX and TMP are presented in Figure 4.2(a). Similarly, the FTIR 

spectra of the CB700 precursor (corncob), CB700, and CB700 after single adsorption of 

SMX and TMP are presented in Figure 4.2(b). 

 

 

Figure 4.2: FTIR Spectra: (a) WR700 and Precursor; (b) CB700 and Precursor 

All spectra illustrate significant changes in the functional groups. WR700’s precursor 

exhibited characteristic peaks at 3885 and 3785 cm⁻¹, corresponding to O–H stretching 

vibrations, and additional peaks at 1655, 1558, and 1415 cm⁻¹, attributed to C=O, C=C, 

and C–O groups, respectively (Rudakiya & Gupte, 2019; Varela et al., 2024). Upon 
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activation (WR700), these functional groups remained present, with increased intensity, 

suggesting enhanced surface functionality. 

 

Following SMX adsorption, the spectrum showed both amplification and attenuation of 

peak intensities, indicating moderate interaction with surface groups. In contrast, TMP 

adsorption led to a pronounced reduction in peak intensities, implying a stronger binding 

affinity (Varela et al., 2024). While most peak positions remained unchanged, a slight shift 

in the O–H stretching band was observed from 3764 cm⁻¹ to 3803 cm⁻¹ (SMX) and 3786 

cm⁻¹ (TMP), confirming the continued presence of hydroxyl groups post-adsorption (Zhao 

et al., 2024). These spectral changes suggest that O–H, C=O, C=C, and C–O groups 

actively participated in the adsorption of both SMX and TMP (Rudakiya & Gupte, 2019; 

Varela et al., 2024; Zhao et al., 2024). 

 

For corncob and its activated biochar (CB700), all spectra displayed a peak at 3794 cm-1, 

which is linked to OH groups (Zhao et al., 2024). Additional peaks appeared at 1648, 

1553, and 1423 cm-1 corresponding to C=O, C=C, and C-O groups (Rudakiya & Gupte, 

2019; Varela et al., 2024). After activation of the precursor, a significant increase in the 

intensity of these peaks was observed. This can be attributed to the thermal decomposition 

of the precursor, which increased the presence of the functional groups (Adekanye et al., 

2022). Following the adsorption of both antibiotics, an increase and decrease in the 

intensity of the peaks was observed. However, there was no change in the peak position 

of these groups. This suggested that the OH, C=O, C=C, and C-O groups were involved 

in the adsorption of SMX and TMP on CB700 (Adekanye et al., 2022; Varela et al., 2024; 

Vuong et al., 2023). 

 

All observed functional groups play an important role in adsorption process. They 

facilitate mechanisms such as π–π electron donor-acceptor interactions, complexation, ion 

exchange hydrogen bonding, and electrostatic interactions (Ambaye et al., 2020; Dang et 

al., 2021; Jha et al., 2023; Li et al., 2020). 
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4.1.5.1 Spectral Deconvolution and Quantification of Hydrogen Bonding 

Interactions 

Spectral deconvolution of the biochar’s FTIR spectra post-adsorption was performed to 

evaluate the contribution of hydrogen bonding to the adsorption of SMX and TMP. O–H, 

C–O, and C=O functional groups were identified as key participants in the interaction with 

both antibiotics (Buczek et al., 2025; Wei et al., 2024). Deconvolution of each functional 

group region was performed using band fitting in OriginPro 2025, as described by 

Geminiani et al. (2023). The spectrum was divided into three distinct regions: 3800–2700 

cm⁻¹ for O–H, 1507–1264 cm⁻¹ for C–O, and 1743–1648 cm⁻¹ for C=O (Bouramdane et 

al., 2024; Buczek et al., 2025; Mendes et al., 2023). Baseline for each spectrum region 

was corrected using a linear function anchored at the endpoints of each interval. 

Thereafter, Gaussian fitting was performed iteratively until convergence was achieved at 

a Chi-square tolerance of 10⁻⁹. However, it should be noted that Gaussian peak fitting 

assumes ideal peak shapes and may introduce uncertainties in cases of overlapping bands, 

potentially affecting the accuracy of peak positions, widths, and area contributions 

(Dubrovkin, 2016; Zhang et al., 2026). 

The deconvoluted spectra of WR700 and CB700 are shown in Figure 4.3 and 4.4, 

respectively. 
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Figure 4.3: Deconvoluted FTIR Spectra of WR700 after Antibiotic Adsorption: (a) 

O–H Region (SMX), (b) C–O Region (SMX), (c) C=O Region (SMX), (d) O–H Region 

(TMP), (e) C–O Region (TMP), and (f) C=O Region (TMP)  
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Figure 4.4: Deconvoluted FTIR Spectra of CB700 after Antibiotic Adsorption: (a) 

O–H Region (SMX), (b) C–O Region (SMX), (c) C=O Region (SMX), (d) O–H Region 

(TMP), (e) C–O Region (TMP), and (f) C=O Region (TMP) 

 

These spectral modifications confirm the involvement of hydrogen bonding in the 

adsorption mechanism, with O–H and C=O groups acting as hydrogen donors and 

acceptors in interactions with both antibiotics. Figure 4.5 (a) and (b) presents the peak 

areas in the O–H region for WR700 after SMX and TMP adsorption, respectively. 
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Figure 4.5: WR700’s Peak Areas in the 3800-2700 cm-1 Region: (a) SMX, (b) TMP 

The peak areas were obtained from single spectrum deconvolution. For SMX, the peak at 

3603 cm⁻¹ corresponds to non-hydrogen bonded O–H species (Buczek et al., 2025; 

Geminiani et al., 2023), while peaks at 3448, 3255, and 3124 cm⁻¹ indicate hydrogen-

bonded O–H groups (Buczek et al., 2025; Geminiani et al., 2023). The total area of 

hydrogen-bonded O–H species was 771.64 ± 274.54 cm⁻¹. In contrast, the O–H region of 

WR700 after TMP adsorption contained only hydrogen-bonded species, with peaks at 

3487 and 3241 cm⁻¹, yielding a total area of 847.99 ± 68.12 cm⁻¹. For both antibiotics, the 

C=O region exhibited a single hydrogen-bonded peak, with areas of 1.55 ± 0.09 cm⁻¹ 

(SMX) and 2.28 ± 0.09 cm⁻¹ (TMP), indicating a minor contribution from C=O groups 

(Buczek et al., 2025). The C–O region showed non-hydrogen bonded peaks in both cases 

(Bouramdane et al., 2024; Mendes et al., 2023). Summing the contributions from all 

functional group regions, the total hydrogen-bonded peak area was 773.19 ± 274.63 cm⁻¹ 

for SMX and 850.27 ± 68.21 cm⁻¹ for TMP. These results suggest that TMP forms stronger 

hydrogen bonding interactions with WR700 than SMX, supporting the observed 

differences in adsorption efficiency. 

Figures 4.6 (a) and (b) presents the peak areas in the O–H region of CB700 after SMX 

and TMP adsorption, respectively. 
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Figure 4.6: CB700’s Peak Areas in the 3800-2700 cm-1 Region: (a) SMX, (b) TMP 

SMX peaks at 3464, and 3224 cm⁻¹ corresponds to hydrogen-bonded O–H groups (Buczek 

et al., 2025; Geminiani et al., 2023). The total area of hydrogen-bonded O–H species was 

900.64 ± 74.31 cm⁻¹. Conversely, the O–H region of CB700 after TMP adsorption 

contained hydrogen-bonded species, with peaks at 3471 and 3241 cm⁻¹, yielding a total 

area of 884.46 ± 57.38 cm⁻¹. The O-H region of both antibiotics did not contain non-

hydrogen bonded species. These results suggest that SMX forms stronger hydrogen 

bonding interactions with WR700 than TMP. 

In the C=O region, both antibiotics showed a single hydrogen-bonded peak, with areas of 

2.3 ± 0.13 cm⁻¹ (SMX) and 3.11 ± 0.13 cm⁻¹ (TMP), indicating a minor contribution from 

C=O groups (Buczek et al., 2025). In the C–O region, both antibiotics exhibited non-

hydrogen bonded groups (Bouramdane et al., 2024; Mendes et al., 2023). Summing the 

contributions from all functional group regions, the total hydrogen-bonded peak area for 

SMX and TMP was 902.94 ± 74.44 cm⁻¹ and 887.57 ± 57.51 cm⁻¹, respectively. Table 4.3 

provides a summary of the peak areas for each biochar and antibiotic. 
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Table 4.3: Summary of the Peak Areas for Each Biochar and Antibiotic 

Biochar Antibiotic Functional 

Group 

Peak Positions 

(cm-1) 

Type Peak Area 

(cm-1) 

WR700 SMX O-H 3603 Non-H-

bounded 

66.87 ± 36.75 

  O-H 3448, 3255, 3124 H-bounded 771.64 ± 

274.54 

  C=O 1670 H-bounded 1.55 ± 0.09 

  C-O 1413 Non-H-

bounded 

2.39 ± 0.13 

 TMP O-H 3487, 3241 H-bounded 847.99 ± 68.12 

  C=O 1684 H-bounded 2.28 ± 0.09 

  C-O 1414 Non-H-

bounded 

4.16 ± 0.2 

CB700 SMX O-H 3464, 3224 H-bounded 900.64 ± 74.31 

  C=O 1666 H-bounded 2.3 ± 0.13 

  C-O 1413 Non-H-

bounded 

3.31 ± 0.16 

 TMP O-H 3471, 3241 H-bounded 884.46 ± 57.38 

  C=O 1671 H-bounded 3.11 ± 0.13 

  C-O 1414 Non-H-

bounded 

3.31 ± 0.16 

 

4.1.7 Determination of Point of Zero Charge 

The zeta potential analysis results are depicted in Figure 4.7. The analysis was conducted 

to determine the pH at which the surface of WR700 and CB700 has a net charge of zero 

(pHpzc). 
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Figure 4.7:Point of Zero Charge (pHPZC) of WR700 and CB700 

As shown in Figure 4.7, the pHpzc values of WR700 and CB700 are 3.7 and 5, respectively. 

This indicates that when WR700 is in a solution with a pH lower than 3.7 and CB700 is 

in a solution with a pH lower than 5, their surface will predominantly bear a positive 

charge due to the protonation of their surface functional groups (Cevallos-Mendoza et al., 

2024; Hassaan et al., 2023). Conversely, when WR700 is in a solution with a pH higher 

than 3.7 and CB700 is in a solution with a pH higher than 5, their surface will 

predominantly bear a negative charge due to the deprotonation of their surface functional 

groups (Cevallos-Mendoza et al., 2024; Ezeuko et al., 2022; Hassaan et al., 2023; 

Hmamouchi et al., 2022). These findings, coupled with physicochemical characteristics 

of SMX and TMP, help to explain the charge interaction between the antibiotic molecules 

and each biochar. 

4.2 Adsorption Kinetics, Equilibrium Isotherms, and Adsorption Mechanisms 

4.2.1 Standard Calibration Curves 

Sulfamethoxazole (SMX) and trimethoprim (TMP) standard calibration curves used 

during the adsorption experiments are presented in Figure 4.8. 
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Figure 4.8: Standard Calibration Curves for SMX and TMP 

As shown in Figure 4.11, linear equations were used to calculate the concentration of 

SMX (y = 0.0711x + 0.0019) and TMP (y = 0.0196x – 0.0005). According to Hadadare 

& Salunkhe (2013) and Sumbe et al. (2021), y represents absorbance of the analyte, while 

x represents concentration of the analyte. The coefficient of determination (R2) of SMX 

and TMP was 0.9992 and 0.9993, respectively. This means that the data from the standard 

solutions followed the Beer-Lambert law, which states that absorbance is directly 

proportional to concentration and the path length of the light beam through the solution 

(Hardesty & Attili, 2010; Nandiyanto et al., 2023). However, the path length of the light 

beam through the solution was kept constant by maintaining the same cell and cuvette 

throughout the experiments. 

4.2.2 Effect of Contact Time 

To determine the equilibrium time for adsorption, the removal efficiencies of SMX and 

TMP by WR700 and CB700 were monitored over time (Figure 4.9). 
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Figure 4.9: Effect of Contact Time on the Adsorption of SMX and TMP on WR700 

and CB700 

Adsorption on both materials was rapid during the initial stage, occurring within the first 

30 minutes for WR700 and 20 minutes for CB700. During this period, WR700 achieved 

removal efficiencies of 57.8% (SMX) and 79.7% (TMP), while CB700 reached 71.4% 

and 83.5%, respectively. 

Equilibrium was attained after 60 minutes for WR700, with adsorption capacities of 0.19 

mg/g (SMX) and 0.21 mg/g (TMP). In contrast, CB700 reached equilibrium faster, at 20 

minutes for SMX and 40 minutes for TMP, with corresponding capacities of 0.18 mg/g 

and 0.06 mg/g. The shorter equilibrium time for SMX on CB700 is consistent with its 

lower adsorption capacity compared to TMP, as shown in Figure 4.12. 

The initial rapid adsorption is attributed to the abundance of available active sites and the 

strong concentration gradient driving mass transfer of SMX and TMP to the adsorbent 

surface (Cevallos-Mendoza et al., 2024). As adsorption progressed, the rate decreased due 

to site saturation, increased competition among adsorbate molecules, and slower 

intraparticle diffusion into the pores (Cevallos-Mendoza et al., 2024; Hambisa et al., 2023; 
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Zhao et al., 2024). Electrostatic repulsion between adsorbed and free molecules may have 

further contributed to the reduced uptake at later stages (Cevallos-Mendoza et al., 2024). 

Overall, CB700 exhibited faster adsorption kinetics than WR700, while WR700 

demonstrated slightly higher adsorption capacity for TMP and comparable capacity for 

SMX. The improved adsorption performance of the activated biochars compared with the 

unactivated white-rot fungus biochar and corncob biochar (which showed SMX removal 

efficiencies of only 0–30% during preliminary experiments) suggests that H₃PO₄ 

activation enhanced the adsorption properties of the biochars. This improvement may be 

attributed to the development of a more porous structure during activation. 

4.2.3 Effect of pH 

The effect of pH on the adsorption of SMX and TMP onto WR700 and CB700 is 

illustrated in Figure 4.10. 
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Figure 4.10: Effect of pH on the Adsorption of SMX and TMP on WR700 and CB700 

The results show a significant dependence on pH (P < 0.05), with P-values of 6.13 × 10-7 

(SMX-WR700), 2.4 × 10-4 (TMP-WR700), 1.46×10⁻³ (SMX–CB700), and 1.08×10⁻⁶ 

(TMP–CB700), as determined by ANOVA. While SMX did not exhibit a clear removal 

trend, TMP removal increased with increasing pH. 
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The pH-dependent behavior can be explained by the ionization states of the antibiotics. 

SMX has pKa₁ and pKa₂ values of 1.7 and 5.6, respectively, while TMP has pKa₁ and 

pKa₂ values of 1.32 and 7.45 (Esteki et al., 2020). Accordingly, SMX is predominantly 

cationic at pH < 1.7, anionic at pH > 5.6, and neutral at 1.7 < pH < 5.6 (Esteki et al., 2020; 

Fauziyen et al., 2024). In contrast, TMP is positively charged below pH 7.45 and becomes 

predominantly neutral above this value, with doubly and singly protonated species present 

below pKa₁ and between pKa₁ and pKa₂, respectively (Esteki et al., 2020; Liu et al., 2025; 

Ngumba et al., 2016). Tables 4 and 5 show summaries of SMX and TMP speciation, 

respectively. 

Table 4.4: Summary of Sulfamethoxazole Speciation  

pH Range Dominant 

Species 

Charge Description 

pH < 1.32 Protonated SMX+ Amine group protonated; molecule 

predominantly cationic 

1.32 < pH 

<5.6 

Neutral SMX0 Molecule predominantly neutral 

pH > 5.6 Deprotonated SMX- Sulfonamide group deprotonated; 

molecule predominantly anionic 

Table 4.5: Summary of Ttimethoprim Speciation  

pH Range Dominant Species Charge Description 

pH < 1.7 Protonated TMP2+ Both protonatable nitrogen rings are protonated 

(doubly charged) 

1.7 < pH <7.45 Protonated TMP+ One nitrogen ring is deprotonated (singly 

charged) 

pH > 7.45 Deprotonated TMP0 Both nitrogen rings are deprotonated (neutral) 

 



105 

 

Given the pHpzc of WR700 (3.7), its surface is positively charged below this pH and 

negatively charged above it. Electrostatic interactions therefore do not consistently favor 

SMX adsorption, suggesting that non-electrostatic mechanisms, particularly hydrogen 

bonding (Ambaye et al., 2020; Jha et al., 2023; Li et al., 2020), play a dominant role across 

the experimental pH range (4-10). For TMP, adsorption on WR700 is primarily governed 

by electrostatic interactions. Below pH 7.2, attraction occurs between TMP cations and 

the negatively charged surface (Grimm et al., 2022; Saucier et al., 2017). Above this pH, 

TMP becomes neutral, and interactions between neutral TMP and negatively charged 

WR700 shift toward charge-induced dipole forces, with hydrogen bonding also 

contributing. 

A similar trend is observed for CB700. SMX adsorption involves both electrostatic 

interactions and hydrogen bonding, with electrostatic forces contributing at pH 4–4.9 and 

hydrogen bonding becoming more significant above pH 5. TMP adsorption is largely 

driven by electrostatic attraction below pH 7.2 and charge-induced dipole interactions 

above 7.2, with additional contribution from hydrogen bonding. 

4.2.4 Effect of Dosage 

The effect of WR700 and CB700 dosage on the adsorption of SMX and TMP is illustrated 

in Figure 4.11. 
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Figure 4.11: Effect of Dosage on the Adsorption of SMX and TMP on WR700 and 

CB700 

The removal efficiency of both antibiotics increased with an increase in the adsorbent 

dosage. This could be attributed to the greater number of active sites available at higher 

dosages (Cevallos-Mendoza et al., 2024; Loh et al., 2024; Qais et al., 2023). However, 

increasing the dosage of WR700 and CB700 for SMX beyond 4 g/L and 6 g/L, 

respectively, resulted in only marginal improvements. Conversely, TMP adsorption on 

WR700 decreased from 89.78% at 4 g/L to 69.14% at 6 g/L, while TMP adsorption on 

CB700 decreased from 87.66% at 4 g/L to 82.84% at 6 g/L. This decline is likely due to 

site-site interactions, reduced suspension homogeneity, or particle aggregation, which 

reduces the effective surface area of the adsorbent (Alhothali et al. 2021; Mahmoud et al. 

2025). 

Thus, 4 g/l of WR700 was determined to be the optimal amount of adsorbent for achieving 

the highest adsorption of SMX and TMP, with adsorption capacities of 0.22 mg/g for each 

antibiotic. For CB700, 6 g/L and 4 g/L were identified as the optimal amounts of adsorbent 

for maximum adsorption of SMX and TMP, respectively. Their respective adsorption 

capacities were 0.12 mg/g and 0.15 mg/g. 
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Identifying the optimal dosage of adsorbents helps minimize waste while maximizing 

pollutant removal efficiency. As a result, an efficient and cost-effective adsorption process 

can be achieved (Mahmoud et al., 2025; Nugraha et al., 2025). 

Both adsorbents exhibit lower adsorption capacities compared to other studies because the 

experiments were conducted in relatively low antibiotic concentrations (0 – 6 mg/L) to 

reflect the actual environmental levels. For instance, Dang et al. (2021) reported that 

corncob-derived biochar exhibited maximum adsorption capacities of 0.094 mg/g, 0.4 

mg/g, and 0.306 mg/g for delafloxacin, ciprofloxacin, and ofloxacin. The solution 

concentrations used in that study ranged from 0 – 1.2 mg/L. On the other hand, Varela et 

al. (2024) reported that zinc chloride-activated corncob biochar exhibited maximum 

adsorption capacities of 332.08 mg/g and 175.86 mg/g for acetaminophen and amoxicillin, 

respectively. The solution concentrations used in that study ranged from 0 – 500 mg/L. 

4.2.5 Adsorption Kinetics of Sulfamethoxazole and Trimethoprim 

The kinetics of sulfamethoxazole (SMX) and trimethoprim (TMP) adsorption on WR700 

and CB700 are illustrated in Figure 4.12. 
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Figure 4.12: Kinetic Models of SMX and TMP Adsorption on WR700 and CB700: 

a) SMX Adsorption on WR700; b) TMP Adsorption on WR700; c) SMX Adsorption 

on CB700; and TMP Adsorption on CB700 

As shown in Figure 4.12, the experimental data were analyzed using four kinetic models: 

pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and intra-particle 

diffusion (IPD). The parameters for each model are presented in Table 4.6. 
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Table 4.6: Kinetic Models Parameters Concerning the Adsorption of SMX and TMP 

on WR700 and CB700 

  Value of parameter 

Kinetic model  WR700-SMX WR700-TMP CB700-SMX CB700-TMP 

Pseudo first order      

 𝑞𝑒,𝑒𝑥𝑝 (mg/g)  0.21 ± 0.02 0.17 0.18 0.17 

𝑞𝑒,𝑐𝑎𝑙𝑐  (mg/g)  0.21 ± 0.01 0.17 ± 0.01 0.18 ± 0.003 0.17 ± 0.001 

𝑘1 (1/min)  0.14 ± 0.02 0.08 ± 0.02 0.18 ± 0.01 0.15 ± 0.006 

𝑅2  0.98 0.94 0.99 0.998 

𝑥2  0.0001 0.0002 0.00003 5.6 × 10-6 

Pseudo second order      

𝑞𝑒,𝑐𝑎𝑙𝑐  (mg/g)  0.22 ± 0.005 0.19 ± 0.02 0.21 ± 0.01 0.18 ± 0.01 

𝑘2 (g/mg·min)  0.97 ± 0.13 0.58 ± 0.31 1.2 ± 0.24 1.16 ± 0.43 

𝑅2  0.99 0.92 0.98 0.99 

𝑥2  0.00005 0.0004 0.00006 4 × 10-5 

Elovich      

𝛽  31.35 ± 4.45 30.45 ± 11.44 28.21 ± 0.22 56.7 ± 18.1 

⍺  0.29 ± 0.19 0.08 ± 0.11 0.18 ± 0.01 5.1 ± 13.3 

𝑅2  0.97 0.89 0.96 0.98 

𝑥2  0.0002 0.0005 0.00005 8.9 × 10-5 

Intra-particle diffusion      

𝑘𝑖𝑝  0.02 ± 0.004 0.016 ± 0.004 0.02 ± 0.01 0.02 ± 0.01 

𝐶𝑖𝑝  0.06 ± 0.03 0.03 ± 0.03 0.04 ± 0.03 0.04 ± 0.03 

𝑅2  0.72 0.72 0.75 0.67 

𝑥2  0.002 0.001 0.001 0.002 

 

The results provide valuable insights on the adsorption rates of each antibiotic on WR700 

and CB700, as well as the applicability of each model in describing the adsorption process. 

The experimental equilibrium adsorption capacities ( 𝑞𝑒,𝑒𝑥𝑝) for WR700 were 0.21 ± 0.02 

mg/g (SMX) and 0.17 mg/g (TMP), while those for CB700 were slightly lower but 
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comparable, at 0.18 mg/g (SMX) and 0.17 mg/g (TMP). These values are generally 

consistent with those obtained in the dosage experiments, with minor deviations likely 

attributable to experimental variability (Christodoulides & Christodoulides, 2017; Wha et 

al., 2022). Across both adsorbents, the calculated adsorption capacities (𝑞𝑒,𝑐𝑎𝑙𝑐) from PFO 

and PSO models closely matched experimental values, although PSO tended to slightly 

overestimate 𝑞𝑒 compared to PFO, particularly for CB700. 

Model fitting based on 𝑅2 values show subtle but informative trends. For WR700, SMX 

adsorption is marginally better described by the PSO model (𝑅2 = 0.99) compared to PFO 

(𝑅2 = 0.98), whereas TMP shows a slightly better fit to PFO (𝑅2 = 0.94 vs. 0.92 for PSO). 

In contrast, adsorption on CB700 is consistently better described by the PFO model for 

both SMX (𝑅2 = 0.99) and TMP (𝑅2 = 0.998), with PSO and Elovich models also 

providing strong but slightly lower fits. The Elovich model demonstrates reasonably good 

agreement for all systems (𝑅2 ≈ 0.89–0.98), indicating heterogeneous adsorption energies 

and the presence of multiple adsorption mechanisms. Meanwhile, the IPD model shows 

the poorest fit for both adsorbents (𝑅2 ≈ 0.67–0.75), suggesting that intra-particle 

diffusion is not the sole rate-limiting step. This deviation likely arises from the coexistence 

of multiple rate-controlling processes, including film diffusion, surface diffusion, and the 

heterogeneous pore structures of both WR700 and CB700 (Musah et al., 2023; Nayak & 

Pal, 2019; Zhu et al., 2016). 

Further insight is obtained from the IPD intercept (𝐶𝑖𝑝) values for WR700 (59.15 ± 27.97 

mg/g for SMX and 33.17 ± 26.7 mg/g for TMP) and for CB700 (0.04 ± 0.03 mg/g for both 

SMX and TMP), which indicate a large and minor contribution of film diffusion, 

respectively (Dharmarathna & Priyantha, 2024). This further reinforces that adsorption is 

governed by multiple mechanisms rather than a single diffusion process. 

 



111 

 

Although slight differences in 𝑅2 values suggest preferred models (PSO for SMX on 

WR700 and PFO for most other cases), these differences are minimal and should not be 

overinterpreted. The close agreement between PFO and PSO fits across both adsorbents 

indicates that adsorption cannot be attributed exclusively to either physisorption or 

chemisorption. Instead, both mechanisms contribute simultaneously. This interpretation 

is strongly supported by complementary characterization data. FTIR deconvolution 

(Figures 4.3 and 4.4) reveals the presence of hydrogen bonding for both antibiotics. 

Additionally, zeta potential and surface functional group analyses confirm the 

involvement of electrostatic interactions alongside hydrogen bonding for both adsorbents. 

Overall, the adsorption of SMX and TMP onto both WR700 and CB700 is best described 

by a combination of PFO, PSO, and Elovich models, reflecting the coexistence of 

physisorption and chemisorption processes. The initial stages of adsorption are likely 

governed by mass transfer and site accessibility, which can give rise to apparent PFO 

behavior, while chemical interactions such as hydrogen bonding contribute significantly 

to the overall adsorption mechanism. However, a clear distinction between physisorption 

and chemisorption cannot be established based on kinetic modeling alone and would 

require additional thermodynamic or spectroscopic evidence. The Elovich model further 

supports the presence of heterogeneous surfaces and multiple adsorption pathways. 

Therefore, adsorption on both WR700 and CB700 is governed by a complex interplay of 

physical and chemical interactions rather than a single dominant mechanism. 

4.2.6 Adsorption Isotherms of Sulfamethoxazole and Trimethoprim 

The adsorption behaviors of WR700 and CB700 toward SMX and TMP are presented in 

Figures 4.13 and 4.14, respectively, with the corresponding isotherm parameters 

summarized in Table 4.7. For WR700, the adsorption data were analyzed using five 

isotherm models: Freundlich, Sips, Langmuir, Temkin, and Dubinin-Radushkevich (D-

R), whereas for CB700, only Freundlich, Temkin, and D-R models were applied, as the 

Sips and Langmuir models failed to converge for CB700 data. 
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Figure 4.13: Isotherm Models of SMX and TMP Adsorption on WR700: a) SMX 

Adsorption on WR700; b) TMP Adsorption on WR700 

 

Figure 4.14: Isotherm Models of SMX and TMP Adsorption on CB700: a) SMX 

Adsorption on CB700; b) TMP Adsorption on CB700 
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Table 4.7: Isotherm Models Parameters Concerning the Adsorption of SMX and 

TMP on WR700 and CB700 

  Value of parameter 

Isotherm model  WR700-

SMX 

WR700-

TMP 

CB700-SMX CB700-TMP 

Langmuir      

𝑞𝑚𝑎𝑥 (mg/g)  1.14 ± 0.37 0.74 ± 0.041   

𝐾𝐿 (L/mg)  11.47 ± 8.85 1.51 ± 0.78   

𝑅2  0.69 0.51   

𝑥2  0.03 0.04   

Freundlich      

𝐾𝐹 (mg/g(L/mg)1/s)  1.34 ± 0.47 0.54 ± 0.04 4.34 ± 1.6 2.03 ± 0.26 

𝑠  0.37 ± 0.17 1.53 ± 0.13 1.78 ± 0.35 2.35 ± 0.22 

𝑅2  0.68 0.92 0.83 0.95 

𝑥2  0.04 0.01 523.4 65.2 

Sips      

𝑞𝑚𝑎𝑥 (mg/g)  0.9 ± 0.071 0.73 ± 0.18   

𝑎𝑆  5.31 × 1010 ± 

1.29 × 1012 

6.98 ± 10.69   

𝛽𝑆  8.66 ± 8.5 4.49 ± 1.91   

𝑅2  0.95 0.86   

𝑥2  0.01 14.47   

Temkin      

𝐵 (mg/g)  0.08 ± 0.04 0.58 ± 0.00 1 ± 0.1 0.91 ± 0.13 

𝐴𝑇 (L/g)  16161 ± 

52525 

2.76 ± 0.21 3.29 ± 0.13 6.6 ± 0.49 

𝑅2  0.44 0.96 0.89 0.94 

𝑥2  0.06 0.003 337.07 73.97 
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Dubinin      

𝑞𝑚𝑎𝑥  (mg/g)  1.12 ± 0.3 1.26 ± 0.19 3.88 ± 0.93 3.5 ± 0.33 

𝐾 (mol²/J²)  0.11 ± 0.05 1.61 ± 0.29 0.91 ± 0.13 1.73 ± 0.09 

𝑅  1 0.43 ± 0.011 1 1 

𝑇  1 1 1 1 

𝑅2  0.69 0.95 0.93 0.99 

𝑥2  0.03 0.004 206.14 16.44 

For TMP adsorption on WR700, the Langmuir model required modification due to the 

limited equilibrium concentration range (𝐶𝑒 = 1.233 mg/L) and the absence of a clear 

saturation plateau, which initially prevented convergence (Figure 4.13 (b)). Therefore, the 

maximum adsorption capacity (𝑞𝑚𝑎𝑥) was fixed at the experimentally observed maximum 

value (0.744 mg/g), and only the Langmuir equilibrium constant (𝐾𝐿) was optimized. 

In the case of SMX adsorption on WR700, the Sips model provided the best fit (𝑅2 = 0.95, 

𝑥2= 0.01), indicating adsorption on a heterogeneous surface with cooperative interactions 

(Al-Ghouti & Da’ana, 2020). The high Sips exponent (𝛽𝑆 = 8.66 ± 8.5) suggests strong 

cooperativity, while the large affinity constant (𝑎𝑆 = 5.31 × 10¹⁰ ± 1.29 × 10¹²) indicates 

highly favorable adsorption conditions, consistent with chemisorption interactions 

(Abubakar et al., 2025; Brião et al., 2023). In contrast, the Langmuir, Freundlich, Temkin, 

and D-R models showed poorer fits, with 𝑅2 values of 0.69, 0.68, 0.44, and 0.69, 

respectively. 

For TMP adsorption on WR700, the Temkin model yielded the best fit (𝑅2 = 0.96), 

followed by the D-R model (𝑅2 = 0.95) and the Freundlich model (𝑅2 = 0.92). The Sips 

model showed moderate agreement (𝑅2 = 0.86), whereas the Langmuir model exhibited 

the lowest fit (𝑅2 = 0.51). The Temkin model suggests adsorption involving significant 

chemisorption, where adsorption energy decreases linearly with surface coverage. 

Similarly, the D-R model indicates a pore-filling mechanism associated with strong 

adsorbate–adsorbent interactions (Al-Ghouti & Da’ana, 2020). The Freundlich model 
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further supports chemisorption behavior on a heterogeneous surface (Al-Ghouti & 

Da’ana, 2020). Collectively, these findings indicate that TMP adsorption is predominantly 

chemical rather than purely physical, with diffusion limitations or site accessibility 

potentially influencing the observed kinetics, consistent with the pseudo-first-order 

behavior identified earlier. 

Integrating the kinetic, isotherm, and surface characterization data provides a unified 

mechanistic interpretation for WR700. SMX adsorption appears strongly cooperative on 

a heterogeneous, hydrophobic, and partially functionalized surface, with chemisorption 

dominating the process. TMP adsorption, while also governed by chemisorption, appears 

to be influenced by secondary factors such as diffusion resistance or site heterogeneity, 

resulting in distinct kinetic and isotherm characteristics. Thus, although adsorption of both 

SMX and TMP is largely driven by chemisorption, differences in molecular structure and 

interaction dynamics give rise to distinct adsorption behaviors. 

For CB700, the D-R model provided the best fit for both antibiotics, with R² values of 

0.93 for SMX and 0.99 for TMP. This was followed by the Temkin model (𝑅2 = 0.89 for 

SMX and 0.94 for TMP) and the Freundlich model (𝑅2 = 0.83 for SMX and 0.95 for 

TMP). However, the 𝑥2 values for all models in both SMX and TMP adsorption are 

relatively large (Table 4.7), indicating deviations between predicted and experimental 

adsorption capacities, particularly at higher concentrations. 

According to Al-Ghouti & Da’ana, (2020), Musah et al., (2022), and Syafiuddi et al., 

(2018), the D-R model reflects adsorption on a heterogeneous surface and suggests a pore-

filling mechanism for antibiotics. This interpretation is consistent with the present findings 

for CB700. Similarly, the Temkin and Freundlich models also indicate surface 

heterogeneity. In the Freundlich model, the 1/𝑠 values for SMX (0.56) and TMP (0.43) 

are less than 1, indicating favorable adsorption of the antibiotics onto CB700 (Al-Ghouti 

& Da’ana, 2020). Favorable adsorption implies that CB700 exhibits strong affinity and 

bonding toward the antibiotics, even at low concentrations (Amaechi et al., 2024). 
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Overall, the adsorption behavior of CB700 for both SMX and TMP is best described by 

the D-R, Freundlich, and Temkin models, all of which consistently indicate a 

heterogeneous surface and strong interaction mechanisms. Compared to WR700, CB700 

adsorption appears to rely more on pore-filling and heterogeneous surface interactions, 

whereas WR700 shows stronger evidence of cooperative chemisorption, particularly for 

SMX. 

4.3 Removal Performance of White-Rot Fungus Biochar and Corncob Biochar 

Mixtures 

The five-level, two-factor orthogonal matrix for the adsorption of sulfamethoxazole 

(SMX), along with the corresponding experimental values and the calculated S/N ratio for 

each run are shown in Table 4.8. Similarly, Table 4.9 presents the five-level, two-factor 

orthogonal matrix for trimethoprim (TMP) adsorption, including the experimental values 

and the calculated S/N ratios. The S/N ratios were calculated using Equation 2.17. 
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Table 4.8: SMX Experimental Design Matrix and Response Values  

  SMX Adsorption variables  SMX Adsorption efficiency 

Run No.  WR700:CB700 Time (minutes)  Experimental value (%) S/N ratio 

1  20:80 20  47.22 34.27 

2  20:80 30  53.69 34.63 

3  20:80 40  58.21 34.92 

4  20:80 60  55.63 34.97 

5  20:80 80  60.80 35.29 

6  35:65 20  48.86 34.48 

7  35:65 30  57.11 34.85 

8  35:65 40  60.28 35.13 

9  35:65 60  60.28 35.18 

10  35:65 80  62.82 35.51 

11  50:50 20  57.94 34.83 

12  50:50 30  63.15 35.20 

13  50:50 40  64.45 35.49 

14  50:50 60  61.20 35.53 

15  50:50 80  66.41 35.86 

16  65:35 20  51.02 34.35 

17  65:35 30  54.62 34.71 

18  65:35 40  54.02 35.00 

19  65:35 60  57.62 35.04 

20  65:35 80  63.03 35.37 

21  80:20 20  39.97 33.53 

22  80:20 30  39.30 33.89 

23  80:20 40  47.43 34.18 

24  80:20 60  51.49 34.23 

25  80:20 80  55.56 34.55 
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Table 4.9: TMP Experimental Design Matrix and Response Values 

  TMP Adsorption variables  TMP Adsorption efficiency 

Run No.  WR700:CB700 Time (minutes)  Experimental value (%) S/N ratio 

1  20:80 20  36.07 28.23 

2  20:80 30  38.77 26.11 

3  20:80 40  38.32 27.90 

4  20:80 60  39.68 29.09 

5  20:80 80  36.97 27.29 

6  35:65 20  13.88 24.60 

7  35:65 30  9.91 22.48 

8  35:65 40  27.75 24.27 

9  35:65 60  22.79 25.45 

10  35:65 80  16.85 23.66 

11  50:50 20  12.66 20.76 

12  50:50 30  1.00 18.63 

13  50:50 40  5.75 20.43 

14  50:50 60  14.96 21.61 

15  50:50 80  16.11 19.82 

16  65:35 20  14.66 22.75 

17  65:35 30  13.69 20.62 

18  65:35 40  10.75 22.42 

19  65:35 60  13.69 23.60 

20  65:35 80  5.87 21.80 

21  80:20 20  14.66 23.85 

22  80:20 30  22.48 21.73 

23  80:20 40  13.69 23.52 

24  80:20 60  17.60 24.71 

25  80:20 80  7.82 22.91 

 

Figure 4.15 shows the main effect plot, in terms of S/N ratio, for the removal percentages 

of SMX and TMP against the WR700: CB700 ratio and contact time. From the plots, the 

optimal level of each factor was identified. 
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Figure 4.15: The Main Effect of Parameter by S/N ratios for Different Factors a) 

WR: CB Ratio on SMX, b) Contact Time on SMX, c) WR: CB Ratio on TMP, and 

d) Contact Time on TMP 
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The optimal levels for maximum SMX removal efficiency were a WR700: CB700 ratio 

of 50:50 and contact time of 80 minutes (Figure 4.15). For TMP, the optimal levels for 

maximum removal efficiency were a WR700: CB700 of 20:80 ratio and contact time of 

60 minutes. Under these optimum conditions, the removal efficiency for SMX was 

66.41% (S/N ratio = 35.86), while for TMP it was 39.68% (S/N ratio = 28.82). Upon 

validating these conditions, the maximum removal efficiencies for SMX and TMP were 

65.56% (S/N ratio = 35.84) and 27.37% (S/N ratio = 28.17), respectively. The observed 

difference in TMP removal between the initial experiments (39.68%) and the validation 

experiments (27.37%) can be attributed to experimental variability, including slight 

fluctuations in pH, temperature, or adsorbent dosage, which can influence adsorption 

performance (Christodoulides & Christodoulides, 2017; Wha et al., 2022). 

The combined use of WR700 and CB700 exhibited relatively low adsorption performance, 

with maximum removal efficiencies of 66.41% for SMX and 39.68% for TMP (Tables 

4.8 and 4.9), compared to their individual adsorption capacities (82.51% for SMX and 

87.7% for TMP on CB700, and 99.5% for SMX and 89.8% for TMP on WR700). From 

Figure 4.15, it was observed that the removal rates of both antibiotics decreased as the 

proportion of WR700 increased relative to CB700. Specifically, the S/N ratio decreased 

from 35.9 to 33.38 as the WR700:CB700 ratio changed from 50:50 to 80:20, suggesting 

that WR700 exerts an antagonistic effect on the adsorption process. Additionally, the 

maximum adsorption of SMX was attained at higher contact times, whereas TMP did not 

exhibit a clear pattern with respect to contact time. This difference is likely due to 

variations in their interaction mechanisms, as SMX and TMP have distinct 

physicochemical characteristics that influence their adsorption kinetics on WR700:CB700 

biochar (Fauziyen et al., 2024; Liu et al., 2025). 

The antagonistic effect of WR700 can be attributed to differences in the surface chemistry 

of WR700 and CB700, pore blockage, and the formation of a composite with reduced 

active sites. Although both WR700 and CB700 exhibited similar functional groups (–OH, 

C=O, C=C, and C–O) and individually achieved high removal efficiencies, their surface 
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chemistry can still vary depending on the precursor, which may affect their performance 

when combined (Rudakiya & Gupte, 2019; Varela et al., 2024; Zhao et al., 2024). In 

addition, the particle sizes of WR700 and CB700 ranged from 0.42–1.3 mm and 2–2.9 

mm, respectively. The smaller particles of WR700 may have blocked the pores of CB700, 

thereby reducing its available surface area and active sites (Alhothali et al., 2021; 

Mahmoud et al., 2025). 

The Analysis of Variance (ANOVA) results for SMX and TMP adsorption efficiency are 

shown in Tables 4.10 and 4.11, respectively. 

Table 4.10: ANOVA Table for the Factors Affecting SMX Adsorption 

Source df Sum of square Mean square F-Value P-Value 

WR700:CB700 4 666.6 166.643 25.69 0.000 

Time 4 447.2 111.803 17.24 0.000 

Error 16 103.8 6.486   

Total 24 1217.6    

Table 4.11: ANOVA Table for the Factors Affecting TMP Adsorption 

Source df Sum of square Mean square F-Value P-Value 

WR700:CB700  4 2528.7 632.14 21.72 0.000 

Time 4 79.92 19.88 0.68 0.614 

Error 16 465.62 29.10   

Total 24 3073.72    

As illustrated in Table 4.10, both the WR700:CB700 ratio and contact time had a 

significant effect on SMX adsorption. This is supported by the P-values of 0.000 for both 

factors, which are less than the significance threshold of 0.05 (Yusuff et al., 2021). In 

contrast, for TMP adsorption (Table 4.11), only the WR700:CB700 ratio had a significant 

effect (P-value = 0.000 < 0.05), while contact time did not show a significant effect (P-

value = 0.614 > 0.05), likely due to lower interaction of TMP with the combined adsorbent 
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(Table 4.9). However, because the Taguchi L25 design was primarily intended to estimate 

main effects, potential interactions between contact time and the WR700:CB700 ratio 

were not explicitly evaluated and, therefore, cannot be ruled out. 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

This study evaluated the removal of sulfamethoxazole and trimethoprim from aqueous 

solutions using white-rot fungus biochar, corncob biochar, and their mixtures. The key 

conclusions and recommendations arising from this study are summarized as follows: 

5.1 Conclusions 

Based on the results and findings presented in this thesis, the following conclusions can 

be drawn: 

i. WR700 and CB700 possess desirable characteristics of activated biochar. 

Scanning electron microscopy (SEM) revealed well-developed pores, FTIR 

spectra confirmed the presence of key functional groups involved in the adsorption 

process such as C=O, C=C, and hydroxyl (–OH), and proximate and elemental 

analysis confirmed high carbon percentage in both biochars. 

ii. The adsorption kinetics of both antibiotics were adequately described by the 

pseudo-first-order, pseudo-second-order, and Elovich models, suggesting the 

involvement of both physical and chemical adsorption processes. Equilibrium 

studies showed that SMX adsorption on WR700 was best described by the Sips 

model, whereas TMP adsorption on WR700 was better represented by the Temkin 

and Dubinin–Radushkevich models. For CB700, the Dubinin–Radushkevich, 

Freundlich, and Temkin models provided the best description of adsorption 

behavior, indicating adsorption on heterogeneous surfaces. When combined with 

biochar characterization results, these findings demonstrate that SMX and TMP 

adsorption on WR700 and CB700 occurred through multiple mechanisms 

involving surface heterogeneity, hydrogen bonding, electrostatic interactions, and 

pore filling. 
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iii. The combined WR700 and CB700 system exhibited lower removal efficiencies 

compared with the individual biochars. WR700 achieved removal efficiencies of 

99.5% for SMX and 89.8% for TMP, while CB700 achieved 82.51% for SMX and 

87.7% for TMP. In contrast, the combined biochar system achieved removal 

efficiencies of 65.56% and 27.37% for SMX and TMP, respectively, indicating 

that mixing WR700 and CB700 did not result in synergistic enhancement of 

antibiotic removal under the investigated conditions. 

5.2 Recommendations for Future Work 

The following recommendations are proposed: 

i. Further research should investigate the effect of temperature on SMX and TMP 

adsorption using WR700 and CB700 to better understand the thermodynamic 

behavior of the adsorption process. 

ii. Further studies should evaluate the regeneration and reusability of WR700 and 

CB700 to determine their long-term applicability and economic feasibility. 

iii. Pilot-scale and field studies should be conducted to evaluate the practical 

applicability of WR700 and CB700 for antibiotic removal in complex wastewater 

matrices. 
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APPENDICES 

Appendix I: Adsorption Data for Sulfamethoxazole (SMX) and Trimethoprim 

(TMP) onto White-Rot Fungus Biochar (WR700) and Corncob Biochar (CB700) at 

an Initial Concentration of 1 mg/L 

Table A1: Adsorption Data for SMX onto WR700 

Time 

(minutes) 

𝑪𝟎 

(mg/L) 

𝑪𝒕 

(mg/L) 

𝒒𝒕 

(mg/g) 

Removal 

(%) 

STD 

Deviation 

0 0.88 0.88 0 0 0.97 

4 0.88 0.45 0.10 48.68 3.49 

10 0.88 0.31 0.14 64.35 2.56 

30 0.88 0.08 0.20 91.21 2.56 

60 0.88 0.04 0.21 95.13 8.45 

90 0.88 0.05 0.21 94.29 2.56 

120 0.88 0.04 0.21 95.69 2.56 

 

Table A2: Adsorption Data for TMP onto WR700 

Time (minutes) 𝑪𝟎 (mg/L) 𝑪𝒕 (mg/L) 𝒒𝒕 (mg/g) Removal (%) STD Deviation 

0 0.86 0.86 0 0 0 

6 0.86 0.65 0.21 24.05 0.71 

10 0.86 0.41 0.45 52.53 1.11 

20 0.86 0.26 0.6 69.62 5.55 

30 0.86 0.17 0.68 79.75 1.11 

40 0.86 0.1 0.76 88.61 4.44 

60 0.86 0.02 0.84 97.47 2.27 

80 0.86 0.05 0.8 93.67 7.37 

100 0.86 0.02 0.84 97.47 4.62 
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Table A3: Adsorption Data for SMX onto CB700 

Time 

(minutes) 

𝑪𝟎 

(mg/L) 

𝑪𝒕 

(mg/L) 

𝒒𝒕 

(mg/g) 

Removal 

(%) 

STD 

Deviation 

0 0.92 0.92 0 0 1.76 

4 0.92 0.54 0.1 41.56 4.65 

10 0.92 0.31 0.15 66.90 2.32 

20 0.92 0.20 0.18 78.05 1.76 

30 0.92 0.22 0.18 76.03 7.19 

60 0.92 0.16 0.19 82.62 3.17 

 

Table A4: Adsorption Data of TMP onto CB700 

Time 

(minutes) 

𝑪𝟎 

(mg/L) 

𝑪𝒕 

(mg/L) 

𝒒𝒕 

(mg/g) 

Removal 

(%) 

STD 

Deviation 

0 1.11 1.11 0 0 0 

4 1.11 0.75 0.09 33.07 1.75 

10 1.11 0.43 0.17 61.41 2.54 

20 1.11 0.18 0.23 83.46 5.43 

30 1.11 0.08 0.26 92.91 0.46 

40 1.11 0.13 0.25 88.19 5.21 

60 1.11 0.13 0.25 88.19 5.21 

80 1.11 0.11 0.25 90.55 2.68 
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Appendix II: Zeta Potential Data for White-Rot Fungus Biochar (WR700) and 

Corncob Biochar (CB700) 

 

 

 

 

 

 

 

Figure B1: Zeta potential Data for WR700 at pH10 
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Figure B2: Zeta potential Data for CB700 at pH11 
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Appendix III: Pictures of Equipment and Samples Used in the Study 

 

 

Figure C1: Equipment used in Biochar Preparation and Adsorption studies 
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Figure C2: Image of White-Rot Fungus (Ganoderma applanatum) 
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Figure C3: Image of Corncobs 

 

 

 

 

 

 

Figure C4: Image of Corncob Biochar 
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Figure C5: Image of White-Rot Fungus Biochar 

 


