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ABSTRACT 

Pharmaceutical pollutants, such as ibuprofen, are persistent environmental contaminants that 

threaten both flora and fauna. This study focused on synthesizing and characterizing a 

magnetized composite of spent coffee grounds biochar and chitosan for removing ibuprofen 

from synthetic wastewater. The composite adsorbent was developed using a co-precipitation 

method, varying the ratios of spent coffee grounds biochar to chitosan at 27:75, 50:50, and 

75:25. Surface functional groups, morphology, specific surface area, elemental composition, 

and crystal structure were analyzed using Fourier Transform Infrared Spectroscopy (FTIR), 

Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET) analysis, Energy 

Dispersive X-ray Spectroscopy (EDX), and X-ray Diffraction (XRD). Operational parameters 

for adsorption included initial ibuprofen concentration, pH, contact time, and adsorbent dosage. 

A statistical experimental design, specifically the Response Surface Methodology Central 

Composite Design, explored the interactions among these parameters to identify optimal 

conditions for ibuprofen removal. Analysis of Variance (ANOVA) was used for statistical 

evaluation. The BET, FTIR, SEM, XRD, and EDX analyses demonstrated that the magnetized 

composite had a high surface area of 524.65 m²/g, essential functional groups (C–H, C=O, N–

H, Fe–O) for ibuprofen binding, a porous and agglomerated morphology, dominant magnetite 

crystalline peaks alongside an amorphous organic matrix, and an elemental composition rich 

in Fe, O, and C, confirming successful integration into a uniform composite structure. The 

maximum ibuprofen removal efficiency achieved was 96.7% under optimal conditions: a pH 

of 4.5, an adsorbent dosage of 2.0 g/L, an initial ibuprofen concentration of 5 mg/L, and a 

contact time of 80 minutes. All selected parameters significantly influenced the performance 

of the synthesized composite adsorbent. The reusability of the composite under optimal 

conditions showed minimal variation in removal efficiency after five cycles of adsorption-

desorption experiments were conducted. In conclusion, the composite adsorbent exhibited 

notable properties, enabling it to successfully remove ibuprofen from wastewater, making it an 

appropriate technique for environmental remediation. 

Keywords: Spent Coffee Ground Biochar, Ibuprofen, Adsorption, Optimization, Kinetic 

Study. 
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CHAPTER ONE 

INTRODUCTION 

1.1.  Background 

One of the topical issues of our age is environmental pollution. Industrialization, agriculture, 

natural factors, and poor water supply and sewage system facilities are some of the factors that 

have led to serious degradation of the environment, especially the pollution of the water (Lin 

et al., 2022; Xing et al., 2023). Water, an important component of life on earth, is very 

susceptible to pollution, making water pollution a major health concern of the people, 

particularly in developing nations such as Ethiopia (Kassahun et al., 2025).  

There is a wide range of pollutants including persistent inorganic substances such as heavy 

metals and organic compounds like pharmaceuticals, pesticides, endocrine disruptors, and 

personal care products which represent a significant global concern. These pollutants 

negatively impact on the life of plants and animals in addition to human health (Vasilachi et 

al., 2021). Over the last several decades, the pharmaceutical sphere of production and 

consumption has begun to increase due to the development of medical science (Gkika et al., 

2023). Now some 3000 compounds are used as pharmaceuticals, and quantities of production 

have reached hundreds of tons every year. Anti-inflammatory drugs, antibiotics, and analgesics 

are the most widely used medications in the world (Ortúzar et al., 2022).  

Drugs are commonly found in the discharge of Wastewater Treatment Plants (WWTPs) all over 

the world. This pollution is because when humans and animals ingest these substances they are 

not fully absorbed by the body and therefore they find their way to the environment. The 

unceasing availability of the pharmaceuticals in the ecosystem mostly relates to their non-

biodegradability and is partially treated in WWTPs (J. F. Shaheen et al., 2024).  

Non-Steroidal Anti-inflammatory Drugs (NSAIDs) are widely prescribed type of drugs, the 

main purpose of which is to relieve fever, pain, rheumatoid arthritis, and osteoarthritis (Samal 

et al., 2022). One of the most common is Ibuprofen (IBP) which has been the most investigated 

due to its commonness in aquatic ecosystems and is one of the most commonly manufactured 

pharmaceuticals (J. F. Shaheen et al., 2024). IBP is usually found in wastewater since this 

medication is common and not taken out in treatment (Davarnejad et al., 2018). It has been 

reported in research that NSAIDs have concentrations of 1.1 to 55 mg/L in Africa with 
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particular reports of 221 mg/L in South Africa and 1.4 mg/L in Turkey. The levels of surface 

water contamination in Africa have been recorded to be 0.68 to 85 mg/L, Brazil 20 mg/L and 

China 5.4 mg/L. Also, the presence of IBP in tap water has become a topic of great concern, 

with traces being found ranging between 11-39 ng/L in Spain, 24-47 ng/L in Iran, 2.5-56 ng/L 

in France, 16 ng/L in Japan, and 8 ng/L in Sweden (Rashid Ahmed et al., 2024). IBP may have 

a negative effect on aquatic environment through interfering with the growth and reproductive 

functions of aquatic organisms and through modifying the necessary microbial communities 

that support ecosystem health. On additional basis, the build-up of IBP in drinking water is 

potentially dangerous to human health because it is associated with negative impacts on the 

liver, kidney, and the gastrointestinal system (Xing et al., 2023). At a concentration of as low 

as 1 μg/L, IBP may affect the processes of reproduction in fish, reducing the motility of the 

sperm and egg production. When used in high concentrations, like 10 μg/L, it is correlated with 

delayed hatching, skeletal malformations, and reduced survivability in zebrafish (S et al., 

2024). Thus, it is important to find viable mechanisms and technologies to eliminate 

pharmaceutical drugs in the influent streams. Several techniques have been found to be 

effective in the removal of these substances, among which are biodegradation, photocatalytic 

degradation, nanofiltration, and membrane bioreactors; nevertheless, these approaches may 

prove to be expensive (J. F. Shaheen et al., 2024). 

Adsorbents may be used as one of the promising methods of eliminating emerging 

micropollutants such as IBP. Literatures indicate the use of low-cost adsorbents, biochar and 

chitosan, that can be used to eliminate micropollutants in water (Mojiri et al., 2019). In that 

regard, the current study was devoted to the preparation of a new composite adsorbent 

consisting of Fe3O4 particles, Polyvinyl Alcohol (PVA), chitosan, and Spent Coffee Ground 

Biochar (SCGB) to adsorb IBP from aqueous solutions. PVA is also used in this composite as 

a protective layer to each Fe3O4 particles to prevent oxidation and as a cross-linking material 

between Fe3O4, SCGB and chitosan. The magnetite makes the composite easy to recover upon 

usage (Le et al., 2019), chitosan adds functional groups (Liakos et al., 2021) and SCGB makes 

the composite porous and of large surface area (Yang et al., 2025). 

1.2.  Problem Statement 

Pharmaceutical contamination of aquatic systems is a great and increasing environmental issue 

of concern. It has been established in a number of studies that pharmaceuticals are capable of 

achieving toxic and detrimental effects on human health and aquatic ecosystems even at low 
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concentrations. The lack of biodegradability and high persistence and bioaccumulation of these 

substances increase these risks (Lessa et al., 2018; Rashid Ahmed et al., 2024). One of such 

pollutants is the anti-inflammatory medicine IBP, which is among the most commonly found 

pollutants of water (Zhang et al., 2024). The fact that the conventional WWTPs are not effective 

in eliminating these recalcitrant compounds is the continuous introduction of the medicines 

into the ecosystems, which contributes to their buildup and causes possible physiological and 

morphological changes in aquatic life (Rashid Ahmed et al., 2024).  

Although developed treatment techniques have a potential, they are usually suppressed by the 

high costs and the production of secondary pollutants. On the other hand, adsorption provides 

a cost-effective, efficient, and viable way of eliminating dissolved pollutants in influent streams 

of WWTPs (J. F. Shaheen et al., 2024).  

However, the gap in research in the creation of the eco-friendly, reusable, and inexpensive 

adsorbent, which is aligned with the ideas of the circular economy, is remarkable. SCGs, 

another important type of residual waste produced by the coffee industry, are a promising 

adsorbent material because they have a porous structure and adsorbing functional groups (Yang 

et al., 2025). Recent studies have shown that biochar can be improved in terms of performance 

by having chitosan, which is a natural biopolymer and has significant surface functional groups, 

such as hydroxyl (-OH), amino (-NH2), and carboxylic (-COOH), among others, which helps 

to improve performance by increasing adsorption efficiency (Sopanrao & Sreedhar, 2024).  

PVA is also used as a serving polymer to increase the adsorption ability of the composite 

adsorbent in terms of mechanical strength and stability (Karaer Yağmur, 2020). Also, the 

introduction of magnetic particles (magnetite) enables the easy magnetic separation of the 

adsorbent and the treated water. The objective of the study is to formulate and define a 

magnetized biochar chitosan PVA composite that is based on SCGs. It will entail optimization 

of adsorption conditions to remove IBP as well as comprehensive isotherm and kinetic 

investigations to explain the adsorption process mechanisms, and finally attempt to develop a 

new ecologically friendly method of decontaminating water pollution by pharmaceutical 

agents.  
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1.3.  Research objectives 

1.3.1. General objective 

The general objective of this research is to optimize selected operational parameters on the 

removal of IBP from aqueous solution using a magnetized SCGB-chitosan-PVA composite.  

1.3.2. Specific objectives 

The specific objectives of the study include: 

• Synthesis and characterization of the magnetized SCGB-chitosan-PVA composite. 

• Optimization of the adsorption process systematically by investigating the effects of key 

parameters such as pH, contact time, adsorbent dosage, and initial IBP concentration. 

• Adsorption performance evaluation of Magnetized SCGB – Chitosan - Composite 

• Long term stability and reusability Study of the composite for practical applications. 

1.4.  Significance of the Study 

The study confronts the increasing problem of pharmaceutical contamination of rivers, lakes, 

and water systems with particular emphasis made on IBP and potential ways to provide a 

relatively cheap, yet environmentally friendly clean-up. 

SCGB is used in solution with biodegradable polymers (chitosan and PVA) in creating a 

valuable resource; this helps in preventing more waste in landfills. Adding tiny particles of 

magnetite helps to speed up the adsorption and cause the pharmaceuticals to be attracted and 

then take the spent material out of the water simply by adding external magnet and hence 

reduces the amount of money used as well as the difficulty in disposing the waste.  

These findings support global efforts to reduce pharmaceutical residues in waterways and 

provide a solid foundation for future research aimed at developing eco-friendly adsorbents for 

environmental engineering applications. 

1.5.  Scope of the Study 

To achieve the aforementioned overall goals, the study's scope is addressed as follows. The 

adsorbent was prepared using chitosan, a derivative of chitin, which is the second most 

abundant natural material. SCGB was synthesized at different temperatures, and a 

chitosan/SCGB/PVA/magnetite composite was created through the impregnation method with 
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varying mixing proportions. Characterization of the materials included analyzing surface 

functional groups via FTIR, examining surface morphology with SEM, determining specific 

surface area using a surface area analyzer, and investigating the crystal and amorphous 

structures of SCG, SCGB, chitosan, magnetite, and the composite through XRD. The 

absorptive capacity of the composite for IBP removal was tested in a batch process. The 

interaction effects of parameters such as contact time, initial IBP concentration, adsorbent 

dosage, and initial solution pH were evaluated, followed by statistical optimization of removal 

efficiency using the RSM with a CCD. Additionally, the adsorption isotherm and kinetic rate 

as well as reusability of the adsorbent were investigated. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1.  Water Pollution 

Water, an essential resource for life on Earth, is one of the most vulnerable components of the 

environment. Consequently, water pollution has emerged as a critical global issue. Since the 

3rd World Water Forum in Kyoto, Japan, in 2002, it has been reported that approximately 2 

million tons of various pollutants, including sewage, industrial, and agricultural waste, are 

discharged into water bodies each day. This volume is nearly equivalent to the weight of the 

entire terrestrial population and leads to the generation of almost 1,500 km³ of wastewater 

(Vasilachi et al., 2021). 

Access to safe and reliable drinking water has become a significant concern for the global 

community, particularly in developing and underdeveloped countries. Approximately 800 

million people worldwide lack access to potable water, with only 39% of the sub-Saharan 

African population and 46% of individuals in Oceania having reliable access (Yunusa et al., 

2021). According to the 2021 World Water Development Report released by UNESCO, global 

freshwater use has increased sixfold over the past century, growing by about 1% per year since 

the 1980s. Alarmingly, over 80% of sewage generated by human activities is discharged into 

rivers and oceans untreated, resulting in environmental pollution and contributing to over 50 

diseases. Poor water quality is associated with 80% of diseases and 50% of child deaths 

worldwide (Lin et al., 2022). 

The primary causes of water pollution include the use of herbicides, fertilizers, pesticides, 

hazardous industrial chemicals, heavy metals, detergents, soaps, pathogens, textile dyes, and 

pharmaceutical compounds such as antibiotics and organic solvents, all of which contaminate 

water supplies (Kassahun et al., 2025). Among these contaminants, pharmaceuticals are 

frequently detected in various environmental compartments, underscoring the global concern 

regarding the removal of pharmaceutical micropollutants (Mojiri et al., 2019). 
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2.2.  Pharmaceuticals 

PPCPs are integral to daily life, comprising a diverse array of substances. This category 

includes medicinal compounds such as antimicrobials, anti-inflammatories, and lipid-

regulating agents utilized in both human and veterinary medicine, as well as personal hygiene 

products like fragrances, disinfectants, and adjunctive agents. Pharmaceutical drugs are crucial 

for human health, animal care, agriculture, and aquaculture, primarily for disease treatment and 

prevention. Their consumption has been steadily increasing each year. However, interactions 

between active compounds and biological materials can result in unforeseen environmental 

consequences. Therapeutic compounds frequently enter aquatic systems from various sources, 

leading to the contamination of surface water with pharmaceutical substances and their 

metabolites (Eapen et al., 2024). 

Pharmaceuticals have been detected in surface waters worldwide, with Addis Ababa, Ethiopia, 

being one notable location. The highest mean cumulative concentration was recorded in 

Lahore, Pakistan, at 70.8 μg/L, with a maximum concentration of 189 μg/L at one sampling 

site. La Paz, Bolivia, followed closely, with a mean concentration of 68.9 μg/L and a maximum 

of 297 μg/L, while Addis Ababa, Ethiopia, recorded a mean of 51.3 μg/L and a maximum of 

74.2 μg/L. The most contaminated site was the Rio Seke in La Paz, Bolivia, which exhibited a 

cumulative API concentration of 297 μg/L (Pot E et al., 2022). 

 

Figure 2.1: Cumulative API concentrations across different countries (Pot E et al., 2022) 
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2.3.  Sources and Pathways of Pharmaceutical Pollutants into the Aquatic 

Environment 

Aquatic systems serve as the main sinks for pharmaceutical contaminants. These contaminants 

mainly originate from pharmaceutical manufacturing, domestic sewage, healthcare facilities 

(including clinics and hospitals for both humans and animals), agricultural runoff, and 

stormwater from farms. Pharmaceuticals are used to improve human health, extend lifespans, 

and boost food production, which classifies them as human and veterinary drugs. When 

ingested, a typical human or animal absorbs about 20% of the drug, while around 80% is 

excreted through feces and urine. These excreted metabolites then enter sewage systems from 

domestic sources, CBDs, and healthcare facilities are eventually sent to WWTPs. Therefore, 

sewage from homes and health facilities is the main source of pharmaceutical residues in 

wastewater. Although treatment plants are crucial in removing pharmaceutical contaminants, 

their effectiveness can vary, sometimes leaving certain pharmaceuticals in the treated water 

that gets discharged into water bodies (Munzhelele et al., 2024).  

2.4.  Classifications of Pharmaceuticals 

Pharmaceuticals are classified into various categories based on their mechanism of action, 

mode of action, chemical structures, and the diseases they address. When organized according 

to their therapeutic applications, they are referred to as therapeutic classes or groups. Examples 

of these classifications include analgesics, anti-inflammatories, antidepressants, antibiotics, 

antivirals, anticoagulants, and sedatives, among others. Table 2.1 presents key pharmaceutical 

contaminants, along with their corresponding chemical properties (Samal et al., 2022). 
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Table 2.1: Major Pharmaceutical pollutants  

Sl. 

No. 

Class/Group of 

Pharmaceutical 

Pharmaceutical 

Contaminants Formula 

Mass (g 

mol⁻¹) pKₐ logKₒw 

1 Analgesics and 

Anti-

inflammatories 

Aspirin C₉H₈O₄ 180 3.5 1.2 

2 Diclofenac C₁₄H₁₁Cl₂NO₂ 296.2 4.91 4.51 

3 IBP C₁₃H₁₈O₂ 206.3 4.15 4.51 

4 
 

Paracetamol C₈H₉NO₂ 151.2 9.38 0.46 

5 
 

Naproxen C₁₄H₁₄O₃ 230.3 4.15 3.18 

Sl. 

No. 

Class/Group of 

Pharmaceutical 

Pharmaceutical 

Contaminants Formula 

Mass (g 

mol⁻¹) pKₐ logKₒw 

1 

Antibiotics 

Sulfamethoxazole C₁₀H₁₁N₃O₃S 253.279 

5.6-

5.7 0.89 

2 Erythromycin C₃₇H₆₇NO₁₃ 733.93 8.88 2.48 

3   Trimethoprim C₁₄H₁₈N₄O₃ 290.32 7.12 0.73 

 

2.4.1. Analgesics and anti-inflammatories  

Analgesics and anti-inflammatories are significant components of PPCPs present in 

wastewater. These heterogeneous substances are primarily utilized for pain relief and fever 

reduction. Analgesics can be classified according to their mechanisms of action into several 

categories, including paracetamol (acetaminophen), NSAIDs, opioids (such as morphine), 

cannabis (medical marijuana), alcohol, and cyclooxygenase-2 (COX-2) inhibitors. Commonly 

used analgesics and anti-inflammatories include diclofenac, IBP, and paracetamol, the latter of 

which is frequently administered to manage fever (Samal et al., 2022). 

NSAIDs constitute a major category of pharmaceuticals extensively used to alleviate pain, 

reduce inflammation, and lower elevated body temperatures. They are commonly prescribed 

for conditions such as headaches, dysmenorrhea, sprains and strains, colds and flu, arthritis, 

and chronic pain. Despite their presence in negligible quantities (primarily in nanograms and 

micrograms) in various environmental matrices, including soil, wastewater, surface water, 

groundwater, sediments, snow, Antarctic ice, and drinking water, NSAIDs can exert prolonged 

ecotoxic effects on ecosystem biota. With over 30 million doses of NSAIDs consumed daily, 
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their usage is on the rise, underscoring the increasing importance of removing these 

pharmaceuticals from the environment (Banerjee & Maric, 2023; Samal et al., 2022). 

The presence of NSAIDs in untreated water can lead to significant organ disorders in living 

organisms. Both invertebrates and vertebrates exposed to NSAIDs may experience oxidative 

stress, evident through changes in antioxidant enzyme activity (including catalase, superoxide 

dismutase, and glutathione S-transferase), alterations in total protein levels, and lipid 

peroxidation. The occurrence of diclofenac and ketoprofen has been associated with 

cardiovascular defects and cardiac anomalies in freshwater fish species such as Clarias 

gariepinus and Danio rerio. Moreover, NSAIDs can induce metabolic disturbances that affect 

detoxification enzyme activity, mitochondrial function, and membrane stability. They may also 

result in changes in gene expression, DNA damage, and endocrine disorders (Placova et al., 

2023; Samal et al., 2022). 

2.4.2. Antibiotics 

Antimicrobial compounds that eliminate microorganisms and inhibit bacterial growth are 

referred to as antibiotics. These agents are crucial for the treatment of contagious diseases, the 

protection of human health, and the promotion of animal growth. Antibiotics facilitate protein 

synthesis and prevent bacterial proliferation. Over the past few decades, the demand for 

antibiotics has increased by 30%, positioning them among the most frequently prescribed 

pharmaceuticals. However, the presence of antibiotics in the environment raises significant 

concerns regarding the evolution and dissemination of antibiotic resistance genes, which have 

been classified as a global public health crisis (Samal et al., 2022).  

The continuous introduction of antibiotics has resulted in their classification as pseudo-

persistent compounds. Approximately 90% of antibiotics consumed by humans are excreted 

through urine or feces. These contaminants can enter the sewer system and, if not adequately 

treated, may pose risks to the ecosystem. Ground and surface water are also adversely affected 

by antibiotic use, becoming contaminated through leaching and agricultural runoff. Significant 

health risks associated with antibiotic use include cardiac arrhythmia, immune system 

disruption, liver dysfunction, bone marrow suppression, and detrimental impacts on the food 

chain (Samal et al., 2022; Tegegne et al., 2024). 
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2.4.3. Antidepressants 

Neuroactive pharmaceutical compounds utilized for the treatment of anxiety and depression, 

management of addictions, and addressing chronic pain conditions are classified as 

antidepressants. Their presence in wastewater can pose significant health risks and other 

detrimental effects (Samal et al., 2022; Verhoeven et al., 2023).  

2.5.  Ibuprofen (IBP) 

 IBP is a drug that belongs to the group of NSAIDs (Mali et al., 2024). Remarkably, IBP is the 

third most prescribed and the second most produced NSAID globally (Ngernyen et al., 2023; 

Osman et al., 2024), and its annual production tops 20,000 tons (Ahmad, 2023; Chopra & 

Kumar, 2020). IBP is the most prescribed and widely researched of all the NSAIDs and has 

effects on its presence in aquatic environments. There are about 140 published articles, 75 

percent of which examine NSAIDs in the environment with a major share on the use of IBP as 

the primary pollutant (J. F. Shaheen et al., 2024). Along with that, it features in the WHO 

Essential Drugs List (2010) (Chopra & Kumar, 2020) and is registered by the Ethiopian Food 

and Drug Authority. IBP is also widely recognized globally as an agent with anti-inflammatory 

effects used to treat fever, headache, musculoskeletal pain, menstrual pain, neurological pain, 

and post-surgical pain (as an antipyretic medication, analgesic medicine, and anti-

inflammatory medication) (Chopra & Kumar, 2020; Jan-Roblero & Cruz-Maya, 2023).  

 

Figure 2.2: The structure of IBU 
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Table 2.2: Chemical and physical properties of IBU 

IUPAC name 2-(4-(2-Methylpropyl)phenyl)propanoic acid 

CAS number 15687-27-1 

Molecular formula C13H18O2 

Molar mass 206.29 g/mol 

Density 1.03 g/cm3 

Melting point 75 to 78 ◦C (167 to 172 ◦F) 

Boiling point 157 ◦C (315 ◦F) 

Solubility in water 0.021 mg/cm3 (20 ◦C) 

pKa 4.52 

log Kow 3.44 

 

2.5.1. Sources and occurrence of Ibuprofen (IBP) 

The anthropogenic activities would augment the levels of IBP in the environment by poor 

disposals, production sites, WWTPs, sewage treatment facilities and treatment of livestock. 

IBP is not metabolized completely after consumption and it is excreted releasing a number of 

metabolites that are even more toxic than the parent compound. After excretion, IBP and its 

derivatives may find their way to WWTPs, sewage treatment facilities, rivers, lakes, oceans, 

soil, and groundwater, and be absorbed by plants and aquatic fauna. Sewage treatment facilities 

and WWTPs are the main sources to monitor the level of IBP (Chopra & Kumar, 2020). 

IBP is consistently detected in the effluent streams of WWTPs worldwide due to incomplete 

absorption after ingestion, leading to its release into the environment. The continuous detection 

of pharmaceuticals is attributed to their non-biodegradable nature and partial treatment at 

WWTPs (J. F. Shaheen et al., 2024). Concentrations of IBP have been recorded as high as 25 

mg/L in WWTP effluents (Ahmad, 2023; da Silva et al., 2024). Metabolized IBP accumulates 

in natural matrices, primarily discharged into water systems, leading to accumulation in aquatic 

environments and soil. Non-consumed expired drugs often end up in household garbage, 

posing a risk of soil contamination. In veterinary medicine, IBP is also used, with excretion 

occurring in animal urine or feces (Jan-Roblero & Cruz-Maya, 2023). The therapeutic dosage 

of IBP ranges from 600 to 1200 mg/day, with approximately 15% excreted as unchanged 

molecules and their metabolites (Trianda et al., 2024). 
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Studies have reported NSAID concentrations ranging from 1.1 to 55 μg/L across Africa, with 

specific instances of 221 μg/L in South Africa and 1.4 μg/L in Turkey. Surface water 

contamination levels have been found to be 0.68 to 85 μg/L in Africa, 20 μg/L in Brazil, and 

5.4 μg/L in China. Concerns regarding IBP in tap water include detected concentrations of 11–

39 ng/L in Spain, 24–47 ng/L in Iran, 2.5–56 ng/L in France, 16 ng/L in Japan, and 8 ng/L in 

Sweden (Rashid Ahmed et al., 2024). IBP concentrations in wastewater have varied from 1.38 

μg/L to 1673 μg/L in South Africa, Canada, and Pakistan, and from 0.004 μg/L to 603 μg/L in 

Bosnia and Herzegovina, Croatia, Greece, China, Korea, Switzerland, Sweden, Serbia, and the 

UK (J. F. Shaheen et al., 2024). 

 

Figure 2.3: Sources and occurrence of IBP 
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Figure 2.4: Pathway of IBP entering into food web 

 

2.5.2. Health impacts and toxicity of Ibuprofen (IBP) 

Despite its numerous advantages, IBP presents significant health and environmental risks. 

Concentrations of IBP in aquatic systems range from 18 to 6,297 ng/L and are deemed harmful 

to aquatic species (Kumar & Barakat, 2024). Research indicates that it decreases fish spawning. 

Additionally, concentrations between 1–100 ng/L of IBP have been associated with reduced 

activity in the amphipod crustacean Gammarus pulex (Chopra & Kumar, 2020). During the 

chlorination process, IBP in wastewater can transform into intermediate compounds with more 

toxic properties. Due to its physicochemical characteristics, IBP poses challenges for microbial 

degradation in the environment, potentially resulting in bioaccumulation and ecological 

damage (Trianda et al., 2024). The accumulation of IBP in drinking water may present health 

risks to humans, as it has been linked to adverse effects on the liver, kidneys, and 

gastrointestinal system. Some studies suggest that IBP and other pharmaceuticals may 

contribute to the development of antibiotic resistance in bacteria (Xing et al., 2023). 

Furthermore, the combination of IBP with other drugs may inhibit cell reproduction in human 
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embryos. Reports indicate that exposure to IBP can negatively impact the reproduction of 

aquatic vertebrates and has toxic effects on algae (Davarnejad et al., 2018). 

Studies have demonstrated that the presence of IBP at concentrations up to 12 μg/L in aquatic 

environments can lead to alterations in oxidative stress in the brain and gut tissue of zebrafish 

(J. F. Shaheen et al., 2024). 

2.6.  Ibuprofen (IBP) Removal Methods from Aqueous Solutions 

Various advanced techniques are employed for the removal of PPCPs, including adsorption 

methods such as powdered activated carbon and granular activated carbon, biofiltration 

techniques (trickling filters, sand filters, biological activated carbon filters, etc.), reverse 

osmosis, attached growth technology, membrane bioreactors, nanofiltration, carbon 

nanocomposites, and magnetic nanoparticles (CoFe2O4). These methods remain in the 

developmental phase, with numerous opportunities for further research. However, the absence 

of optimal treatment methods has led to the release of various pollutants, including PPCPs, 

pesticides, and hydrocarbons, along with their metabolites into the environment (Chopra & 

Kumar, 2020). 

To mitigate the adverse effects of IBP, several remediation techniques have been developed 

and evaluated for their effectiveness. Water treatment technologies aimed at removing, 

containing, or reducing IBP in wastewater can be categorized into three groups: chemical, 

physical, and biological methods. Various approaches have been utilized, including advanced 

oxidation processes, membrane separation, extraction, biodegradation, coagulation, and 

adsorption. It is important to note that while each method possesses unique benefits, many can 

be complex, require high maintenance and investment costs, and generate harmful sludge 

(Lekene et al., 2023). 

Among these treatment methods, adsorption has garnered significant attention due to its 

advantages in removing PPCPs. It offers simplicity, potential efficiency, high selectivity at the 

molecular level, low investment costs, low energy consumption, minimal secondary pollution, 

and good reversibility (Osman et al., 2024). The adsorption method has attracted considerable 

interest from researchers as a promising mechanism for the removal of IBP. The efficiency of 

adsorption primarily depends on the properties of the adsorbent material, including specific 

surface area, cost, eco-friendliness, porosity, selectivity, reusability, and crystal structure 
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(Lessa et al., 2018; Murtaza et al., 2022). Due to its high efficiency, low operational and 

maintenance costs, straightforward design, low initial expenses, and the availability of a wide 

range of adsorbent materials, adsorption has become a widely adopted treatment mechanism 

(Khierallah et al., 2021). 

2.7.  Adsorption 

 Adsorption is the process of adhering an adsorbate (solute) from a different form (a gas or a 

liquid solution) to an adsorbent (solid surface) by the aid of chemical or physical drags. The 

technique has been mostly useful in removing organic and inorganic pollutants in water and 

wastewater treatment. The process of adsorption depends on a number of factors, particularly 

those related to IBP. Most science contains factors such as the duration of contact, the initial 

pH of the effluent, dosage of the adsorbent, and initial concentration of IBP. In recent times, 

several scholars have focused on adsorption mechanisms, which have been found to be the 

most effective treatment mechanisms. The United States Environmental Protection Agency 

affirms that adsorption offers low operating expenses, high efficiency of the removal, fast rate 

of reaction, and simple working design (Singh et al., 2023). The effective removal of IBP in 

water and wastewater using various biomass-based adsorbent materials had been mixed and 

used.  

2.7.1.  Physical adsorption 

Following physical adsorbent occurs when low level intermolecular forces bind both the 

adsorbent and the adsorbate. In the process, the adsorbent and adsorbate molecules are brought 

into contact with each other via van der Waals and intermolecular dipole-dipole forces, possibly 

involving hydrogen bonding. In addition, physical adsorption is reversible (Mahmood Aljamali 

& Obaid Alfatlawi, 2021).  

2.7.2. Chemical adsorption 

In chemical adsorption the adsorbent and adsorbate are held together by strong chemical bonds, 

normally ionic or covalent. Such a strong interaction makes chemical adsorption irreversible. 

In contrast to the physical adsorption, the example of the chemical adsorption is the creation 

of a monomolecular overlay of the adsorbate on the surface of the adsorbent. (Mahmood 

Aljamali & Obaid Alfatlawi, 2021). 
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2.8.  Factors Affecting Adsorption Process 

2.8.1.  Initial Ibuprofen concentration 

The initial concentration of IBP greatly affects the elimination of IBP in the solution. The 

relationship that exists between the starting concentration of an adsorbate and the presence of 

active sites on the surface of the adsorbent determines the removal efficiency. Particularly, the 

effect of initial IBP concentration on the composite removal efficiency is proportional to the 

number of IBP molecules in solution to the number of the active adsorption sites. Normally, 

the higher the concentration of IBP, the lower the percentage of the removal. This decrease is 

explained by the increased concentration of IBP causing a low number of free binding sites of 

the adsorbent (Ahmad, 2023). 

2.8.2.  pH 

The pH effects on IBP adsorption with biochar have been studied by many researchers and 

provided important information on the mechanism and effectiveness of adsorption. Other 

studies suggest that the decreased pH rates tend to increase the adsorption of IBP on the biochar 

surfaces. This increase is the product of greater protonation of the biochar, which increases the 

electrostatic interactions with negatively charged IBP molecules. This protonation enhances 

the number of positive charges on the biochar, thus, enhancing its ability to attract and retain 

IBP which eventually results in excellent adsorption performance. Also, studies demonstrate a 

great influence of the adsorption of biochar on IBP by the pH in which the material adsorbs 

better under acidic environments. However, at lower pH more active sites on the biochar 

surface are exposed which eventually increase the interaction of IBP with the biochar. On the 

other hand, an increase in the pH causes the deprotonation of IBP molecules, which makes 

them less affined with biochar causing a decline in the adsorption efficiency. Research indicates 

that the higher the levels of pH, the lower the sorption capacities of IBP (Rashid Ahmed et al., 

2024). 

2.8.3.  Contact time 

Contact time between the adsorbent and the adsorbate is also important in the adsorption 

process. The rate at which the adsorbent material can be taken up and the time also shows how 

the share should be shorter as a sign of its effectiveness (Shin et al., 2021). According to 

literatures, the adsorption rate is high initially which is mainly because of the number of free 

active sites on the adsorbent that are many initially. Nevertheless, towards equilibrium, the rate 
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of adsorption reduces. Such a decrease in uptake in equilibrium is explained by the fact that 

there is a small number of active sites that allow further adsorption (Yeliz Ozudogru & Ecem 

Tekne, 2023).  

2.8.4. Adsorbent dosage 

The effect of different concentrations of biochar on adsorbing IBP in wastewater has been 

studied by many researchers, which have offered an insight into the mechanism and 

effectiveness behind the adsorption process. Through research studies, it has been established 

that the adsorption capacity increases substantially as the dosage of biochar increases. as the 

dosage of biochar decreases in concentration, the efficiency of the adsorption process also 

decreases. It is explained by the fact that more active sites of the biochar surface are available, 

and the interactions with the molecules of IBP become more efficient (Rashid Ahmed et al., 

2024).  

2.9.  Spent Coffee Ground (SCG) 

Coffee is a valuable commodity in the world (Sunyoto et al., 2022). Coffee farming originated 

in Ethiopia’s highlands during the 9th century and gained popularity as a beverage in the Arab 

world by the 15th century. It subsequently spread to regions such as Yemen, Turkey, and 

Europe. Today, coffee is the second-most traded agricultural commodity worldwide, following 

oil, with an estimated export value of USD 36.3 billion in 2021. Over recent decades, coffee 

consumption has surged due to urbanization, the growth of coffee culture, and changing 

consumer preferences, which have placed considerable pressure on coffee production systems 

(Tsigkou et al., 2025). 

Ethiopia is renowned for its Arabica coffee, with an estimated total production of 8.35 million 

60 kg bags (501,000 MT) for the 2023/24 season. The coffee industry plays a vital role in 

Ethiopia’s economy, as well as its sociocultural and spiritual life. However, coffee production 

faces environmental challenges, particularly concerning the management of coffee processing 

waste (Kassahun et al., 2025). As the birthplace of Arabica coffee genetic diversity, Ethiopia 

is the largest producer and consumer of coffee in Africa, generating 30–35% of its total export 

earnings from this crop (Tsigkou et al., 2025). 

SCGs are a primary by-product of soluble coffee processing (Singh et al., 2023). Globally, 

SCGs are recognized as one of the most common forms of biomass waste, with sources 



19 
 

categorized as domestic, commercial, and industrial. Unfortunately, landfills are often the final 

destination for most SCGs. This results in anaerobic decomposition, which produces and 

releases potent greenhouse gases. Consequently, researchers worldwide are exploring a variety 

of potential uses for discarded coffee grounds and their by-products, including biofuels, 

adsorbents, catalysts, cosmetics, composite materials, animal feed, and more. SCGs are rich in 

carbohydrates, lipids, proteins, and minerals, making them a focus of research for diverse 

applications (Saxena et al., 2024). 

2.9.1. Spent coffee ground biochar (SCGB) 

Biochar is a type of material composed of carbon and is produced by a three-stage process 

known as controlled pyrolysis of biomass and is conducted in low oxygen environment. The 

products of this process are a functional substance on which the functional chemical groups of 

their composition can be located, which allows effective interaction with organic and inorganic 

compounds (Oliveira et al., 2021).  

SCG, a worldwide waste product with a vast concentration, can be transformed to SCGB, 

which presents a prospective solution owing to its large surface area, porous makeup and cost-

effectiveness earned through its carbonaceous content of its pyrolysis product (Nagarajan et 

al., 2024). The kind of feedstock that is utilized and the conditions under which it is pyrolyzed 

affect the properties of biochar which comprises of its chemical composition, surface area, and 

structure. Pyrolysis temperature plays a pivotal role in defining the properties of the products 

of biochar (Rashid Ahmed et al., 2024). The huge quantities of food waste that are deposited 

in the municipal sewage systems are a major threat to the social environment. Landfills that 

handle food waste lead to the production of high amounts of methane, chlorofluorocarbons, 

and carbon dioxide. The increasing environmental consciousness has created an interest on the 

use of food waste materials as well as agricultural by-products to form biochar. When converted 

into biochar, biowaste coffee grounds are a promising and relatively cheap adsorbent, and have 

been explored to assess their ability to remove pollutants of aqueous solutions (Zungu et al., 

2022). 

2.10. Chitosan 

Chitosan is a biopolymer that is synthesized by an approach of deacetylation of the natural 

polysaccharide chitin, which is found in great quantities. It finds application in different 

processes such as in the process of eliminating pollutants. Chitosan is easy to alter and mold in 
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various shapes and sizes. In comparison to commercial adsorbent materials, chitosan has a 

number of benefits, which include low cost, being eco-friendly, having a macromolecular 

structure, and high adsorption capacity. Past studies have established that chitosan is a useful 

biopolymer when it comes to extracting IBP in synthetic aqueous solutions (Kumar & Barakat, 

2024). These functional groups are active sites, which facilitate the affinity of chitosan on a 

variety of organic and inorganic contaminants since the chitosan contains the amino, primary, 

and secondary hydroxyl groups. Moreover, the characteristics of chitosan, including high 

porosity, biocompatibility, biodegradability, low production of toxic by-products, and more, 

have created a lot of interest in chitosan as an adsorbent in many sectors (Aranaz et al., 2021). 

 

Figure 2.5: Structure of Chitosan  

 

2.11. Polyvinyl Alcohol (PVA) 

Polyvinyl Alcohol (PVA) is a fairly inexpensive, non-toxic, water-soluble synthetic polymer 

with high-interest in artificial polymers because of favourable physicochemical and 

viscoelastic characteristics. It gives rise to a wide range of different biomedical applications, 

including wound dressings and tissue engineering, due to biodegradable and biocompatible 

properties (Karaer Yağmur, 2020). Moreover, PVA acts as a protective layer and encases every 

particle of Fe3O4 to prevent oxidation and serve as a cross-linking solution between Fe3O4, 

SCGB, and Chitosan (Le et al., 2019).  

 

Figure 2.6: Structure of PVA  
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2.12. Magnetite 

The use of magnetite particles (Fe3O4) has become highly visited research in the field of 

materials science and technology because of its characteristics of magnetic properties, 

biocompatibility, and various potential applications in biomedical technology, electronics, and 

environmental studies (Mardana & Arjana, 2024).  

They are also easily modified and manipulated which increases their applicability in many 

sectors including using it in the medical world as well as environmental solutions. In particular, 

they are very efficient in the treatment of water and the removal of pollutants, which is 

explained by their capacity to adsorb and affix dangerous agents (Mardana & Arjana, 2024). 

However, one of the greatest obstacles which has delayed the use of SCGs in industries is that 

it is difficult to recover and reuse them after adsorption. This problem can be addressed by use 

of magnetic separation technology which is a simple and effective technique of isolating the 

powdered adsorbents and the target pollutants of the aqueous phase in the external magnetic 

field. Fe3O4 is also one of the crucial elements in this respect as the part of the adsorbents (Le 

et al., 2019).  

 

2.13. Summary of Previous Studies on the Removal of IBP 

There has been a wide range of literature addressing the process of adsorption of IBP from 

wastewater using diverse adsorbents, as well as under various operating conditions. In one of 

the studies, the adsorption of IBP was optimized using biochar and magnetic biochar made 

using chrysanthemum waste in the beverage sector. The study compared in the contact time (5-

180 minutes) and pH of the solution (2-12) and the initial drug concentration (5-100 mg/L). It 

took one hour to reach equilibrium, and maximally IBP was removed at pH 2 in the case of 

biochar and at pH 4 in the case of magnetic biochar. The kinetics of adsorption were measured 

against the models of PFO, PSO, and IPD rate, whereas the adsorption equilibrium was 

measured according to Langmuir, Freundlich and the Langmuir-Freundlich isotherm models. 

The findings suggested that PSO order kinetic model and the Langmuir-Freundlich isotherm 

model best characterized the adsorption kinetics and isotherm of both forms of biochar with 

the largest adsorption capacities of 167 mg/g and 140 mg/g in biochar and magnetic biochar 

respectively (Ngernyen et al., 2023). The other study was based on a cross-linked aerogel 

adsorbent made of chitosan that had a particular surface area of 1020 m2/g and a pore size of 
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45 to 150 μm. The adsorption equilibrium was well described with the help of the Langmuir 

model because the maximum capacity was obtained at 596 mg/g at 25 °C (da Silva et al., 2024). 

Also, studies on modified date palm biochar reported an IBP adsorption capacity of 72.2 mg/g 

when optimal conditions were taken (pH 2, concentration 150 mg /L, time 20 hours) (S. M. 

Shaheen et al., 2022). A different study on IBP-COF indicated a high level of adsorption 

performance as the equilibrium was established after 60 minutes and a capacity of 512 mg/g, 

which is better than the traditional adsorbents. Its kinetics were correlated with PSO and 

Langmuir models, and it is a sign of efficient monolayer adsorption (AlNeyadi et al., 2024). 

Moreover, carbon-based adsorbents have also been studied, but the results demonstrated a big 

range of differences between adsorption of IBP, with the activated carbon showing a range 

between 10.8 and 408 mg/g, and biochar being between 2.5 and 1033 mg/g (Osman et al., 

2024). According to the reviewed literatures, the key issues affecting the adsorption process 

are the initial pH of solution, adsorption time, dosage of adsorbent and initial concentration of 

IBP. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1.  Chemicals and Equipment 

3.1.1.  Chemicals and reagents 

All chemicals used in this study were of analytical grade and used without further purification. 

Ferric chloride, ferrous chloride, and sodium hydroxide (NaOH) were employed to prepare 

magnetite (Fe3O4) via the co-precipitation method. Acetic acid (1.5%) and PVA (1,500) were 

used to dissolve and cross-link chitosan during the preparation of the chitosan/SCGB 

composite. Chitosan derived from shrimp shells (75% deacetylated) and SCGB were combined 

to create a chitosan/SCGB composite adsorbent through impregnation. Magnetite was 

incorporated into the preparation of the magnetic SCGB-chitosan composite. Sodium 

hydroxide (99.9% purity) and hydrochloric acid (35%) were used to adjust the pH during the 

investigation of pH effects. IBP (C13H18O2) was used to prepare various working 

concentrations, with distilled water and ethanol serving as solvents. 

3.1.2.  Apparatus and equipment 

The following apparatus and equipment were utilized in this study. A magnetic stirrer was used 

to mix the solution during the adsorption process. The UV-visible spectrophotometer measured 

absorbance and IBP concentration. A 0.2 μm syringe filter was employed to separate the 

magnetic SCGB-chitosan composite from the mother liquor. Additional instruments, including 

an analytical balance, oven, furnace, ultrasonicate, overhead mixer, water bath, pH meter, 

beaker, dryer, mortar, and sieve, were also used throughout the study. 

The surface morphology of the adsorbent was examined using a SEM. FTIR was employed to 

identify the functional groups of SCGB (carbonized at different temperatures) and the magnetic 

SCGB-chitosan-PVA composite (prepared at different ratios of SCGB and chitosan). XRD 

analysed the crystal structure of these materials. A BET surface area analyzer measured surface 

area. 
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3.2.  Raw Material Treatment and Sample Preparation 

 

 

Figure 3.1: Process flow diagram of the experimental work 

3.2.1.  Raw material collection 

The ingredients on which the synthesis of the magnetized SCGB-chitosan composite adsorbent 

is to be carried out were obtained at the local level in Addis Ababa, Ethiopia. These ingredients 

were chitosan (degree of deacetylation 75%), ferric chloride, ferrous chloride, PVA (degree of 

polymerization 1,500), IBP, SCG and acetic acid (1.5%). 

3.3.  Spent Coffee Ground (SCG) Characterization 

3.3.1.  Proximate analysis of spent coffee ground (SCG) 

Spent Coffee Grounds (SCGs) were analysed for their physical and chemical characteristics 

using methods from the ASTM. The moisture content was determined according to ASTM 

D2867, and the ash content was assessed using ASTM D2866-94 (Kassahun et al., 2025). 



25 
 

3.3.1.1. Moisture content 

 3 g of SCG was taken, weighed, and dried in an oven at 105 °C for 24 hours. The sample was 

reweighed at varying intervals of 24 hours until a constant weight (W1) was achieved. The 

moisture content was determined using equation (3.1) (Jeníček et al., 2022).  

MC =
W0−W1

W0
× 100 ……………………………………………………………….………(3.1) 

Where, MC = moisture content, W1 the weight of SCG received from the oven and W0 is the 

initial weight of SCG 

3.3.1.2. Ash content 

A muffle furnace was used to determine the ash content. The sample (3-gram) was put in a pre-

weighed crucible and the content incinerated at 550 °C for 6 hours until ash was completely 

formed. The crucible was incinerated, then cooled to room temperature using a desiccator. 

Following the above, the weight of the ash was obtained, and the ash content was obtained by 

dividing the Equation (3.2) (Inayat et al., 2022).  

AC =
Wash

WO
 …………………………………………………………………………………(3.2) 

Where, AC = ash content, W0 = the initial weight of the sample before thermal decomposition, 

Wash= the weight of the sample after thermal decomposition. 

3.4.  Synthesis of Spent Coffee Ground Biochar (SCGB) 

SCG were gathered from coffee houses and then washed using ethanol and water, dried, and 

then processed. SCG was loaded into crucibles until they were full and covered with foil then 

subjected to carbonization in a muffle furnace with a limited supply of oxygen (de Souza et al., 

2022;Yang et al., 2025). It was heated and allowed to pyrolyze at different final temperatures 

of 500, 550, and 600 °C. Each temperature of the carbonization process took 2 hours. The 

samples of biochar produced by SCG were also marked in relation to the temperature of 

carbonization (e.g. BC500 to biochar produced at 500 °C). The equation was used to compute 

the yield percentages of the end product with each pyrolysis temperature (Lekene et al., 2023): 
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Mass yield(%) =
Mass of obtained biochar (g)

Mass of raw material (g)
∗ 100% ………………..…………………….(3.3) 

3.5.  Preparation of Magnetite (Fe3O4) 

The reagents used for the synthesis included ferric chloride (FeCl3·6H2O) and ferrous chloride 

(FeCl2·4H2O) salts in a molar ratio of 1:2, along with NaOH, HCl, and ethanol. All materials 

were used without prior purification, with deionized water serving as the solvent. Two mixtures 

were prepared by combining 1 mL of 2M FeCl2·4H2O and 4 mL of 1M FeCl3·6H2O, which 

were mechanically stirred at 1000 rpm for 3 minutes. Following this, 25 mL of 1M NaOH 

solution was added dropwise to the mixture, resulting in an immediate color change to black, 

indicative of magnetite. To neutralize the anionic charge on the magnetic particle surfaces, 0.5 

mL of 2M hydrochloric acid (HCl) was added. The pH of the solution was monitored during 

the addition of NaOH. The reactants were magnetically stirred throughout the precipitation 

process, during which the pH level decreased from 12 to 8 using HCl and stirring for 2 hours 

at 40°C. The precipitates were washed twice with deionized distilled water and then with 

ethanol to remove impurities. To separate the supernatant liquids (ethanol and water), the 

mixtures were centrifuged, and the supernatants were decanted. Centrifugation continued until 

thick black precipitates remained. Finally, the precipitates were dried at 80°C for 24 hours and 

ground into a fine powder, preparing them for further analysis (Dehghanpour, 2020). 

3.6. Preparation of Magnetized SCGB-Chitosan Composite 

Magnetized SCGB-Chitosan Composite was prepared by the following means. The solvent 

casting technique was used to prepare the magnetized SCGB-Chitosan composites with 

different weight ratios such as; SCGB: Chitosan = 75: 25, 50:50, and 25:75 and the weight of 

the magnetite and PVA retained the same weight values. To start with, 3.5 g of Chitosan was 

thoroughly dissolved in 120 mL of 1.5 v/v-% acetic acid solution. A Chitosan solution was 

stirred with a solution of PVA prepared by dissolving 3g of PVA in 120 mL of distilled water. 

Chitosan-PVA mixture was stirred at room temperature and mixed under the magnetic stirring 

for 30 minutes and 10.5 g of SCGB was added to the mixture. Then, 3 g of magnetite was 

suspended in 20 mL of distilled water and sonicated within 15 minutes then added into the 

mixture. This was now thoroughly blended with the help of an overhead mixer and sonicated 

in ultrasonic bath further 30 minutes. The filmogenic solution thus obtained was poured 

carefully into an 85 x 10 mm Petri dish. Following the solvent-casting step, the Petri dish of 
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the magnetized SCGB-Chitosan composite was taken out, washed with distilled water, dried 

overnight at 40 oC in the oven, and placed in a desiccator (Lessa et al., 2018). The rest of SCGB 

to Chitosan ratios were also prepared in the same way. 

Table 3.1: Preparation and sample codes for the biochars and composites 

Sample Treatment 

Temperature 

(oC) 

Treatment 

duration 

(Hour) 

Impregnation 

Ratio 

(Biochar:Chitosan) 

Sample Code 

 

Biochar 500 2 - BC500 

Biochar 550 2 - BC550 

Biochar 600 2 - BC600 

Composite - 1 75:25 Composite (75:25) 

Composite - 1 50:50 Composite (50:50) 

Composite - 1 25:75 Composite (25:75) 

 

3.7.  Physicochemical characterization of magnetized SCGB-Chitosan 

composite 

The physico-chemical characterization of the SCG, SCGB, and the magnetized composite of 

SCGB-chitosan involved using different methods. FTIR analysis was used to analyze surface 

functional groups. SEM was applied to understand surface morphology. Specific surface area 

was calculated BET. XRD was used to determine the crystal structure of adsorbent materials. 

3.7.1.  Specific surface area characterization 

The BET method was used to estimate the specific surface area of the SCGB, magnetite, and a 

magnetized spent coffee ground-chitosan composite, and it uses the adsorption and desorption 

of nitrogen gas at room temperature and 760 mmHg to determine the sample surface area. 

Initially, the empty tube was put to measure then 0.05 g of sample was put in it and weighed. 

The sample was then allowed to pump, 300 °C, 8 hours in order to eliminate water and volatile 

substances. The tubes were set into the micrometric machine, and the liquid nitrogen was also 
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added into the two flasks and was put in the surface area analyzer. Nitrogen gas adsorption and 

desorption isotherm in 77 K and 760 mmHg were used to determine the specific surface area 

of the surface (Sopanrao & Sreedhar, 2024).  

3.7.2. XRD analysis 

XRD is a non-destructive method of analyzing the crystallinity structure. XRD was done to 

establish whether the prepared composite was crystalline or amorphous. Miners are made up 

of minerals that have a characteristic X-ray diffraction. The range of diffraction angle, 2theta, 

ranged between 0 degrees and 80 degrees (Zuluaga et al., 2024).  

n ∂ = 2dsinθ ……………………………………………………………...……………….(3.4) 

Where n is an integer, ∂ is the wavelength of the X-ray d is the inter-planar spacing generating 

the diffraction, and θ is the diffraction angle (Omidvar-motlagh et al., 2023).  

3.7.3. FTIR analysis 

FTIR spectroscopy determines chemical bonds of a molecule in wavelength 4000 to 400 cm-1. 

It produces an infrared absorption spectrum which forms a molecular fingerprint, where the 

frequencies which are absorbed in an infrared spectrum give the vibrational energies of the 

atomic bonds. Functional groups FTIR spectra of the 4000-500 cm-1 range characterized the 

functional groups of BC500, BC550, BC600, composite (75:25), composite (50:50), and 

composite (25:75) in the PerkinElmer FTIR machine. The detector was brought close to the 

sample and infrared radiation of monochromatic wavelength was emitted in the source. A 

splitter was made with a partial mirror upon which some radiation escaped and the remainder 

was reflected when the infrared light got to the splitter. The two created beams were sent to a 

mirror, which was reflected to the splitter. At the splitter, the beams were once more split with 

one portion of the radiation returning to the sample and entering the detector and the other 

bouncing off the mirror and having to go back to the source of radiations (Dima et al., 2023).  

3.7.4. SEM analysis 

SEM is critical to the investigation of the surface morphology of adsorbent materials, which 

gives the information about its shape and structure (Yusmaniar et al., 2023). In this study, the 

SEM analysis of the composite was done in South Korea. 
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3.8.  Preparation of Adsorbate Solution 

A standard IBP stock solution was prepared by dissolving 30 mg of IBP in 1 L of distilled 

water and ethanol (10% of the liquid is ethanol), resulting in a concentration of 30 mg/L. Other 

concentrations (1 mg/L, 3 mg/L, 6 mg/L, 9 mg/L, 12 mg/L, and 15 mg/L) were achieved by 

diluting this stock solution. The absorbance of each diluted concentration of IBP was measured 

using a UV-vis spectrophotometer at 222 nm. A calibration curve was created by plotting 

concentrations against absorbance values, exhibiting a correlation coefficient (R²) of 0.9949. 

Table 3.2: Absorbance value of IBP concentration at 222 nm 

Concentration (mg/L)  Absorbance 

1 0.0117471 

3 0.0290494 

6 0.0532562 

9 0.0755233 

12 0.093169 

15 0.111972 
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Figure 3.2: Calibration curve for IBP 

3.9.  Adsorption Experiment 

The adsorption of IBP onto a composite (75:25) was conducted with 60 mL of solution, which 

was magnetically stirred for a predetermined duration. At the end of each batch adsorption 

experiment, aliquots were taken from the reactor and filtered using a 0.2 µm syringe filter. The 

absorbance of the filtrate was measured using a UV-vis spectrophotometer at 222 nm. The 

concentrations of each filtrate were determined by measuring their absorbance. and applying 

them to the standard curve equation. The percentage of IBP removal was calculated using 

equation (3.5). 

% Removal Efficiency = (
Ci−Cf

Ci
) × 100 ……………………………………….…………(3.5) 

Where Ci and Cf are the initial and final IBP concentration in (mg/L) respectively. All 

experiments were conducted according to the experimental layout (Egbedina et al., 2023).  



31 
 

3.10.  Study of Interaction Effect of Process Parameters and Model 

Evaluation using Central-Composite Design Response Surface Method 

The adsorption of IBP using a magnetized SCGB-chitosan composite adsorbent was conducted 

in a batch process. The four key factors affecting IBP adsorption are: contact time, solution 

pH, initial IBP concentration, and adsorbent dosage. Based on the one-factor-at-a-time data, 

the following ranges were selected for further study: contact time (20-100 minutes), initial IBP 

concentration (2.5-12.5 mg/L), adsorbent dosage (0.5-2.5 g/L), and solution pH (2-10), with 

three levels for each parameter. 

The interaction effects among these parameters were examined using the CCD, a subset of 

RSM. This approach identified the optimal process parameters for effective IBP removal using 

the adsorbent material. The removal efficiency was modeled with the independent variables 

through a quadratic regression equation. 

3.11. Independent Factors and their Coded Levels for CCD Experiments 

Table 3.3: Independent factors and their coded level for CCD experiment 

Factor  Symbol Units Levels 

Low (-1) Medium (0) High (+1) 

 pH  A - 2 6 10 

Initial Conc. of IBP B mg/L 2.5 7.5 12.5 

Adsorbent Dosage  C g/L 0.5 1.5 2.5 

Contact time D min 20 60 100 

This study investigated the interaction between key process variables contact time, initial 

concentration of IBP, adsorbent dosage, and solution pH to establish a mathematical 

relationship between the independent and dependent variables.  
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Experimental setup 

Table 3.4: CCD design matrix for four factors 

  
Factor 

1 
Factor 2 Factor 3 

Factor 

4 

Removal 

efficiency 

(%) 

Run A: pH 

B: 

concentration 

(mg/L) 

C: dosage 

(g/L) 

D: time 

(min) 
 

1 4 5 2 80 * 

2 4 10 2 40 * 

3 4 5 1 80 * 

4 6 2.5 1.5 60 * 

5 8 10 1 40 * 

6 6 12.5 1.5 60 * 

7 6 7.5 1.5 60 * 

8 6 7.5 0.5 60 * 

9 6 7.5 2.5 60 * 

10 4 10 1 80 * 

11 4 10 1 40 * 

12 8 5 1 40 * 

13 6 7.5 1.5 60 * 

14 6 7.5 1.5 20 * 

15 10 7.5 1.5 60 * 

16 4 5 1 40 * 

17 8 5 2 40 * 

18 8 10 2 40 * 

19 4 5 2 40 * 

20 8 5 1 80 * 

21 6 7.5 1.5 100 * 

22 8 10 2 80 * 

23 6 7.5 1.5 60 * 

24 4 10 2 80 * 

25 2 7.5 1.5 60 * 

26 6 7.5 1.5 60 * 

27 8 10 1 80 * 

28 6 7.5 1.5 60 * 

29 6 7.5 1.5 60 * 

30 8 5 2 80 * 

The removal efficiency obtained from the experimental investigation, which considered the 

interaction effects of the four operational parameters, was analyzed. The model's significance 

was evaluated using a statistical tool (ANOVA), focusing on the coefficient of determination 
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(R²), F-value, and p-value. Three replicate experiments were conducted, and an average value 

was computed. 

3.12. Optimization of Process Parameters and Statistical Analysis 

The optimization of process variables contact time, initial concentration of IBP, adsorbent 

dosage, and initial solution pH was conducted using Design Expert version 13. The removal 

efficiency from an experimental study of these four parameters served as the response variable. 

Triplicate experiments were performed, and the average value was compared to the predicted 

value. 

3.13. Adsorption Isotherms and Kinetic Studies 

Isotherms and kinetic models were examined to study the adsorption capacity and rate of 

adsorption of IBP onto a magnetized SCGB–chitosan composite adsorbent. 

3.13.1.  Adsorption isotherms 

The equilibrium relationship between the amount of IBP adsorbed and the amount remaining 

in solution has been established using the adsorption equilibrium model. Both the Langmuir 

and Freundlich isotherm models were examined to fit the experimental data. The equilibrium 

adsorption capacity of IBP was calculated using the equation (3.6). 

qe =
(Ci−Ce)×V

m
 …………………………………………………………………..…………(3.6) 

Where qe is the amount of adsorbate adsorbed at equilibrium (mg/g), ci, ce, V and m is the 

initial concentration of IBP (mg/L), the concentration of IBP at equilibrium (mg/L), and volume 

of IBP solution (L) and mass of adsorbent (g) respectively (Al-Obaidi et al., 2023). 

Langmuir Isotherm Model  

Langmuir adsorption isotherm deals with the following assumptions 

1. Adsorption is taking place in a monolayer homogenous surface of adsorbent of identical 

sites that are equally available; 



34 
 

2. Molecules are adsorbed at discrete active sites on the surface and the saturation point will 

reach; 

3.  Energetically uniform adsorbent surface;   

4. No interaction between adsorbate molecules; 

The linear form of Langmuir isotherm is given by: - 

𝐶e

𝑞𝑒
  = 

𝐶𝑒

𝑞𝑚
 + 

1

𝑞𝑚𝐾1
 ………………………………………………..…………………………….(3.7) 

Where the values of the Langmuir rate constant K1 (L/kg) and maximum adsorption capacity 

qm(
mg

g
) are obtained from the slope and intercept of   

1

qe
 vs 

1

ce
  plot  respectively and 

 Ce, qe, stands for the equilibrium concentration of IBP in (mg/l) and mg/g respectively. The 

maximum theoretical IBP adsorbed and the Longmuir constant related to the affinity of binding 

(L/mg) respectively (Alqarni et al., 2024).  

Freundlich Isotherm Model  

The Freundlich isotherm model is derived from the assumption of adsorption taking place on 

multilayer a heterogeneous adsorption site. It is used to describe non-ideal and reversible 

adsorption processes.  The linear form of Freundlich adsorption isotherm can be formulated as:  

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝑓 +  
1

𝑛
𝑙𝑛𝐶𝑒……………………………………………………………………(3.8) 

Where Ce is the concentration of IBP at equilibrium in the solution,  qe is the amount of IBP 

adsorbed at equilibrium, and 1/n shows a more heterogeneous surface which implies that as the 

value of 1/n approaches one, the adsorbent approaches to the more homogenous binding site. 

Where the value of the inverse of adsorption intensity 1/n and Fruendlich constant   kf  are 

obtained from the slope and intercept of the ln (qe)vs ln (ce) graph  (Adane et al., 2020). 

3.13.2.  Kinetic studies   

The rate of adsorbate uptake and the mechanism of the adsorption process can be studied using 

Pseudo first order (PFO), Pseudo second order (PSO), and Intraparticle diffusion (IPD) kinetic 

models. To investigate the rate of adsorption and the controlling mechanisms, such as mass 

transfer and chemical reactions, the PFO, PSO, and IPD equations were applied to the model. 

This analysis focuses on the kinetics of IBP adsorption onto a magnetized SCGB-chitosan 

composite adsorbent (Wang & Guo, 2020). 
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To investigate IBP adsorption on a magnetized SCGB-chitosan composite, 0.12 g of adsorbent 

was added to 60 mL of an IBP solution with an initial concentration of 2.5 mg/L in a 200 mL 

flask. The solution was stirred at 200 rpm for 30 minutes for homogeneity. Contact times were 

varied at 20, 40, 60, 80, and 100 minutes to study the adsorption kinetics. At the end of each 

experiment, the filtrate was analyzed for IBP concentration using a UV-visible 

spectrophotometer at 222 nm. The amount of IBP adsorbed was calculated using equation 3.9 

(Aarab et al., 2020).  

qt =
(Ci−Ct)×V

m
 …………………………………………………………...…………………(3.9) 

Where qt (mg/g) is the amount of IBP adsorbed at time t, Ci the initial concentration of IBP 

(mg/L), Ct (mg/L) the concentration of IBP in the solution at time t, V (L) is the volume of the 

solution, and m (g) is the adsorbent dosage. 

Pseudo First Order (PFO) Kinetic Model 

The PFO kinetic model assumes that the rate of adsorbate uptake is directly proportional to the 

number of available active sites in the adsorbent material. The suitability of this model was 

evaluated using a linearized formula, as shown in the equation 3.10. 

ln(qe − qt) = ln(qe) − k1t …………………………………………………...…………(3.10) 

Where k1(1/min) is the PFO rate constant and t is the adsorption time (min). The values of  k1 

and qecan be determined from the slope and intercept of the linear plot of  ln(qe − qt) versus 

t, respectively.  

Pseudo Second Order (PSO) Kinetic Model  

The PSO assumes that the adsorption rate is directly proportional to the concentration of IBP. 

The data used to fit the model are represented using linear as shown in equation below. 

𝑡

𝑞𝑡
=  

1

𝑞𝑒
2𝑘2

+  
1

𝑞𝑒
 ……………………..…………………………………………………….(3.11) 

Where K2 (gmg-1min-1) is the PSO rate constant. The values of K2 and qe can be calculated 

from the slope and intercept of the 
t

qt
 versus t linear plot (Umejuru et al., 2023) 
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3.14. Reusability Test 

The regeneration experiment was done to determine the economic feasibility of the magnetized 

SCGB-chitosan-PVA composite adsorbent. The regeneration procedure was initiated through 

decantation of the adsorbent which was in solution with the help of an external magnetic field. 

During batch experiments, it was then moistened in 100 mL of ethanol over a period of 2-3 

hours and distilled water added so that it could be washed and easy to regenerate. Five 

adsorption/desorption cycles were carried out and after each cycle, the remaining concentration 

of IBP was measured (Mojiri et al., 2019). 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1.  Yield of Spent Coffee Ground Biochar (SCGB) 

The yields of the biochar prepared by different temperatures are consistent with reported values 

of previous researches which are in the range of 20 and 30% (de Souza et al., 2022). A summary 

of these yields is presented in Table 4.1 below.  

Table 4.1: Production yield of Biochar for various Temperatures 

Sample Experimental Value (Wt.%) 

BC500 28.68 
 

    

BC550 26.72 
   

BC600 24.04 
 

    

 

4.2.  Characterization of SCGBs and SCGB-Magnetite-Chitosan-PVA 

Composites 

 

4.2.1. Proximate analysis of SCG 

The proximate characterization of SCG, which has low moisture and low ash content as shown 

in Table 4.2, suggests its potential use as a stable, largely organic material for various 

valorization routes, including adsorbent development, biochar production, and incorporation 

in composites. These parameters are crucial for understanding its storage, processing behavior, 

and performance in applications. 

Table 4.2: Proximate Analysis of SCG 

Proximate Analysis                             Value (Wt%) 

Moisture Content,  5.15 

Ash Content,  1.36 
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4.2.2. Surface area analysis of biochars, magnetite, and composites 

Based on the specific surface area analysis presented in Table 4.3, the specific surface areas 

for BC500, BC550, BC600, Magnetite, Composite (75:25), Composite (50:50), and Composite 

(25:75) are 652.421 m²/g, 469.700 m²/g, 437.750 m²/g, 427.961 m²/g, 524.650 m²/g, 489.250 

m²/g, and 463.750 m²/g, respectively. Among the biochars carbonized at different temperatures 

(BC500, BC550, and BC600), BC500 was selected for composite preparation due to its higher 

specific surface area. The specific surface area of the composites decreased compared to that 

of the biochar, likely because the magnetite particles were embedded in the pores of the biochar 

(Ngernyen et al., 2023). Finally, among the composites prepared at different biochar to chitosan 

ratios, the Composite (75:25) ratio was chosen for its higher specific surface area for 

adsorption. 

Table 4.3: BET surface area of biochars, magnetite, and composites 

Sample                                                     Surface area (m2/g)  

BC500                                                                 652.421  

BC550                                                                 469.700  

BC600                                                                 437.750  

Magnetite                                                            427.961  

Composite (75:25)                                              524.650  

Composite (50:50)                                              489.250  

Composite (25:75)                                              463.750  

 

4.2.3. FTIR analysis of biochars and composites 

FTIR analysis was conducted using biochar samples to verify the functional groups present on 

the material's surface before and after composite preparation. As shown in Figure 4.1 (a), all 

biochar samples produced at different temperatures exhibited almost similar bands and 

characteristics typical of carbonaceous materials. The FTIR spectra of the biochar samples 

revealed bands corresponding to the stretching of aliphatic C–H bonds at 2994 and 2877 cm⁻¹. 

Bands between 1791 and 1486 cm⁻¹ can be attributed to the C=O bond stretch of carboxylic 

acids and ketones, as well as the stretching of N–H bonds in secondary amines. Additionally, 

a band at 1411 cm⁻¹, corresponding to the symmetrical stretching of CH₃, was observed. The 

band around 1228 cm⁻¹ is associated with N–H bonds and the stretching of the –OH bond in 
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carboxylic acids and phenols. A medium-intensity band was observed at 1158 cm⁻¹, 

corresponding to C–O–C vibrations, indicating the presence of cellulosic components in the 

sample. The stretching of C–OH vibrations was observed at 1073 cm⁻¹, and finally, a 

characteristic band of vibrations of C–H groups in aromatic structures appeared at 663 

cm⁻¹(Oliveira et al., 2021). 

However, the composite's FTIR spectra shows modifications in the functional groups present 

compared to the biochar. As shown in Figure 4.1 (b), all composite samples produced at 

different ratios exhibited similar bands and characteristics typical of carbonaceous materials. 

The bands at 2993 and 2877 cm⁻¹ (aliphatic C–H stretch) arise from the –CH₂– groups within 

PVA as well as aliphatic residues found in the biochar and chitosan (Oliveira et al., 2021). The 

peak at 1781 cm⁻¹ (C=O stretch) indicates a strong carbonyl peak, likely caused by residual 

ester and acetate groups of PVA (–O–C=O–) from partially hydrolyzed PVA, as well as N-

acetyl or amide residues in chitosan. This band is slightly higher than the amide-I band (1650 

cm⁻¹), indicating that the ester and acetate groups of PVA dominate this band. Coordination of 

Fe³⁺ with C=O can also cause this band to shift (Eivazzadeh-Keihan et al., 2023). The range 

1600–1500 cm⁻¹ contains a mixture of C=C vibrations from biochar and CH₂ vibrations from 

PVA and chitosan (Lessa et al., 2018). The band at 1580–1610 cm⁻¹ is attributed to the aromatic 

skeleton of biochar. The bands at 1392 & 1317 cm⁻¹ are due to CH bending in PVA and 

chitosan, as well as amide-III and C–N vibrations in chitosan at 1315–1325 cm⁻¹ (de Souza et 

al., 2022). The intensities of these bands confirm the presence of chitosan. The bands at 1180 

cm⁻¹ and 1041 cm⁻¹ (C–O/C–O–C) stretches are strong markers for C–O of PVA, C–O–C of 

the pyranose ring of chitosan, and phenolic or ether C–O of biochar (Song et al., 2020). The 

intense band at 1142–1085 cm⁻¹ is characteristic of crystallinity in PVA; shifts or broadening 

may indicate hydrogen bonding with chitosan or biochar, or coordination to Fe–O sites. The 

peak at 816 cm⁻¹ represents aromatic C–H vibrations of biochar as well as ring modes of 

chitosan (Oliveira et al., 2021). The range 560 cm⁻¹ sloping downward towards 480 cm⁻¹ 

indicates the Fe–O stretching of magnetite (Fe₃O₄) (Kassahun et al., 2025). 
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Figure 4.1: FTIR spectra of (a) Biochars and (b) Composite 

4.2.4. XRD analysis 

XRD analysis was used to evaluate the degree to which the samples were crystalline or 

amorphous. When a substance is crystalline, well-defined peaks can be observed, whereas non-

crystalline or amorphous materials exhibit broad peaks (Ngernyen et al., 2023). The XRD data 

of the composite (75:25), as shown in Figure 4.2, consists of magnetite, SCGB, chitosan, and 

PVA. The highest peaks for diffraction are found at 2θ = 11°, 26.5°, 27°, 36°, 48.8° and 49.4°, 

typical of magnetite in the pattern. The exposed angles correspond to the (220), (311), (400), 

(422), (440), and (511) planes of the cubic spinel structure of magnetite, as confirmed by 

JCPDS card no. 85-1436 (Gutierrez et al., 2024). Such sharp outlines indicate that the 

magnetite in the composite is still highly crystallized and pure, significantly influencing the 

XRD profile. In contrast, the amorphous structure of SCGB, the semi-crystalline structure of 

chitosan, and PVA contribute to the cloudy background and low intensity in the range of 12-

25° and 51-60o (Changotra et al., 2023; Kaur et al., 2024). The lack of sharply changing peaks 

or numerous stages suggests that the dispersion and relationship between the composite 

elements are efficient, with no significant alterations to the elements. Consequently, based on 

the XRD pattern, this is a composite where magnetite crystallites dominate the crystallinity, 

while the amorphous matrix consists of a blend of biochar, chitosan, and PVA, enhancing the 

multifunctional application of each component and providing synergistic properties. 

(a) (b) 
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Figure 4.2: XRD pattern of composite (75:25) 

4.2.5. Scanning electron microscope (SEM) analysis 

Figure 4.3 demonstrates the SEM images of the surface morphology of Composite (75:25). At 

the lower optical magnification of 500X as shown in figure 4.3 (a), the structure of the porous 

and agglomerated powder is observed to be comprised of huge, massive clusters of particles 

with huge empty spaces in between of a wide range of sizes. On further magnification of the 

figure 4.3 (b) with 1000X magnification, the individual morphology of the primary particles 

can be observed, as indicated by the flaky particles with a wide size distribution and the high 

level of agglomeration. Figure 4.3 (c) of 3000X reveals a more or less the same construction 

with a high density of spongy fine pore network in relation with big agglomerated particles. 

Lastly, the largest magnification resulting in best resolution is figure 4.3 (d) of 10,000X 

magnification depicting a lot of agglomeration and high porosity. All these SEM images prove 

that Composite (75:25) can be used in adsorbing. 
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Figure 4.3: SEM images of Composite (75:25) at resolutions of (a) 500, (b) 1k, (c) 3k, and 

(d) 10k 

4.2.6. Energy dispersive X-ray spectroscopy (EDX) analysis  

Energy Dispersive X-ray Spectroscopy (EDX) was performed to fully describe the elemental 

composition of the material. The outcomes include a spectrum of the results and a quantitative 

analysis. The table presents the atomic and weight percentages of the detected elements, while 

figure 4.4 shows the EDX spectrum with the characteristic X-ray emission peaks. The 

biochemical structure is primarily composed of iron (Fe) at 53.66 percent and oxygen (O) at 

34.56 percent, indicating that the main chemically distinct component is magnetite (Fe3O4). 

The deviation between the stoichiometric percentages of pure magnetite (72.4% Fe, 27.6% O) 

(a) (b) 

(c) (d) 
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suggests the inclusion of an oxygen-rich organic skeleton, along with a high concentration of 

carbon (C) at 10.04%, which is attributed to the SCGB, chitosan, and PVA polymers. The 

discovery of minor and trace elements is consistent with the anticipated composition and 

synthesis pathway. The presence of chlorine (Cl) at 1.65% is likely due to iron chloride 

precursors used in the magnetite synthesis, while small traces of calcium (Ca) at 0.09% and 

potassium (K) at 0.01% are typical of the mineral constituents of the exhausted SCGB. In 

summary, the EDX spectrum indicates the effective incorporation of all constituents, and the 

elemental profile reflects the inorganic magnetite filler and the organic matrix, along with some 

traces of process-related residues. 

 

Figure 4.4: EDX elemental analysis of composite (75:25) 

 

4.3. Experimental Runs based on Central Composite Design (CCD) 

Table 4.4 shows the experimental runs of the Central Composite Design (CCD). The four 

parameters analyzed were the dosage of composite adsorbent, contact time, initial pH of the 

solution, and initial IBP concentration. The table includes the measured (laboratory) values of 

the IBP removal percentage at different adsorption parameters. 
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Table 4.4: CCD Experimental runs with factor levels and response data 

Order Factors Response 

Run pH Conc.(mg/L) 
Dosage 

(g/L) 

Time 

(min) 

IBP Removal Efficiency 

(%) 

Actual Value 

1 4 5.0 2.0 80 96.07 

2 4 10.0 2.0 40 71.58 

3 4 5.0 1.0 80 86.59 

4 6 2.5 1.5 60 95.12 

5 8 10.0 1.0 40 39.55 

6 6 12.5 1.5 60 74.74 

7 6 7.5 1.5 60 76.21 

8 6 7.5 0.5 60 64.21 

9 6 7.5 2.5 60 94.79 

10 4 10.0 1.0 80 80.55 

11 4 10.0 1.0 40 58.49 

12 8 5.0 1.0 40 54.96 

13 6 7.5 1.5 60 75.91 

14 6 7.5 1.5 20 48.98 

15 10 7.5 1.5 60 34.67 

16 4 5.0 1.0 40 66.13 

17 8 5.0 2.0 40 64.43 

18 8 10.0 2.0 40 53.75 

19 4 5.0 2.0 40 76.90 

20 8 5.0 1.0 80 73.87 

21 6 7.5 1.5 100 93.89 

22 8 10.0 2.0 80 78.19 

23 6 7.5 1.5 60 74.96 

24 4 10.0 2.0 80 92.89 

25 2 7.5 1.5 60 61.48 

26 6 7.5 1.5 60 74.48 

27 8 10.0 1.0 80 56.94 

28 6 7.5 1.5 60 74.59 

29 6 7.5 1.5 60 77.01 

30 8 5.0 2.0 80 85.45 

 

4.4.  Statistical Analysis for IBP Removal 
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4.4.1. Sequential model sum of squares  

The IBP removal efficiency was evaluated using the Sequential Model sum of Squares (Type 

I). The straight-line term explained much of the variation in response and was highly significant 

(p < 0.0001). Adding two-factor interaction (2FI) terms after the linear term did not provide a 

significant value (p = 0.9872). However, the inclusion of a quadratic term significantly 

improved the model fit (p < 0.0001, F-value = 158.64), indicating a strong non-linear 

relationship. A cubic term was tested but was not statistically significant (p = 0.0370) and was 

identified as "Aliased," indicating it could not be used in this model. Thus, the quadratic model 

was selected as the best representation of IBP removal efficiency. 

Table 4.5: Sequential model sum of squares 
 

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F-value p-value  

Mean vs Total 1.55E+05 1 1.55E+05    

Linear vs Mean 5679.42 4 1419.86 19.71 < 0.0001  

2FI vs Linear 80.57 6 13.43 0.1483 0.9872  

Quadratic vs 2FI 1680.64 4 420.16 158.64 < 0.0001 Suggested 

Cubic vs Quadratic 32.89 8 4.11 4.21 0.037 Aliased 

Residual 6.84 7 0.9772    

Total 1.63E+05 30 5424.62    

 

4.4.2. Analysis of variance (ANOVA)  

The Model F-value of 200.66 indicates that the model is significant, with only a 0.01% chance 

that an F-value this large could occur due to random noise. P-values less than 0.0500 

demonstrate that the model terms are significant. In this case, the significant model terms are 

A, B, C, D, AB, BC, A², B², C², and D². Conversely, values greater than 0.1000 suggest that 

the model terms are not significant. If there are many insignificant model terms (excluding 

those necessary to support hierarchy), reducing the model may improve its performance. The 

Lack of Fit F-value of 3.39 indicates a 9.52% chance that a Lack of Fit F-value this large could 
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arise from random noise. Lack of fit is undesirable; we want the model to fit well. This 

relatively low probability (<10%) is concerning. 

Overall, this ANOVA suggests that the quadratic model is a robust and suitable fit for the IBP 

removal efficiency data, clearly highlighting the significant main and curvilinear effects of the 

experimental parameters studied. Table 4.6 presents the ANOVA results for the selected 

quadratic model. 

Table 4.6: ANOVA for the quadratic model fitted to the experimental data 

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F-value p-value  

Model 7440.64 14 531.47 200.66 < 0.0001 Significant 

A-pH 1297.64 1 1297.64 489.94 < 0.0001  

B-conc 541.72 1 541.72 204.53 < 0.0001  

C-dosage 1122.63 1 1122.63 423.86 < 0.0001  

D-time 2717.42 1 2717.42 1025.99 < 0.0001  

AB 46.6 1 46.6 17.6 0.0008  

AC 6.27 1 6.27 2.37 0.1446  

AD 0.26 1 0.26 0.0981 0.7584  

BC 22.04 1 22.04 8.32 0.0113  

BD 1.46 1 1.46 0.5527 0.4687  

CD 3.92 1 3.92 1.48 0.2423  

A² 1286.49 1 1286.49 485.73 < 0.0001  

B² 153.45 1 153.45 57.94 < 0.0001  

C² 27.85 1 27.85 10.52 0.0055  

D² 27.91 1 27.91 10.54 0.0054  

Residual 39.73 15 2.65    

Lack of Fit 34.62 10 3.46 3.39 0.0952 not significant 

Pure Error 5.11 5 1.02    

Cor Total 7480.36 29     
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4.4.3. Fit statistics  

Fit statistics were used to evaluate the overall quality and reliability of the model. The observed 

high R² value of 0.9947 indicates that approximately 99.5% of the variation in IBP removal 

efficiency can be explained by the model. This strong explanatory power is further supported 

by an Adjusted R² of 0.9897, which accounts for the number of terms in the model and remains 

very high. Additionally, the model demonstrated predictive power with a predicted R² value of 

0.9724. The predicted R² shows reasonable agreement with the Adjusted R², as their difference 

is less than 0.2, which is generally regarded as a positive indicator of model robustness. 

The Adequate Precision, an important measure of the signal-to-noise ratio and model quality, 

was 55.6269, significantly exceeding the acceptable ratio of 4. This indicates that a satisfactory 

signal can be obtained, validating the model's suitability for exploring the design space. Other 

measures, such as a standard deviation of 1.63 and a coefficient of variation (C.V. %) of 2.26, 

were also noted. Together, these fit statistics provide strong evidence of an excellent model fit, 

good predictive capability, and overall reliability in representing the IBP removal efficiency 

data. 

Table 4.7: Fit summary for the developed model 

Std. Dev. 1.63  R² 0.9947 

Mean 71.94  Adjusted R² 0.9897 

C.V. % 2.26  Predicted R² 0.9724 

    Adeq Precision 55.6269 

 

4.4.4. Diagnostic plots 

To assess the accuracy of the developed model, two diagnostic plots corresponding to the most 

important regression assumptions were selected. These plots are used to evaluate the model 

assumptions, assess the adequacy of the model, examine the independence and randomness of 

experimental errors, review the residuals for each independent factor, and determine the 

model's performance. The plots effectively demonstrate the model’s reliability. 
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4.4.4.1. Normal probability plot of residuals  

A normal plot of residuals was created to assess the model's assumptions. This plot provides a 

visual examination of whether the residuals (i.e., the differences between observed and 

predicted values) are normally distributed. The best fit for the data points is a straight line that 

diagonally crosses the plot. A perfect line indicates that the model's residuals are normally 

distributed, which is a fundamental assumption for many statistical tests, including ANOVA. 

From the plot in Figure 4.5, the data points were observed to be relatively close to the straight 

line, suggesting that the residuals are normally distributed. This visual fit validates the model 

formulation and the subsequent analyses conducted with the model. 

 

Figure 4.5: Normal plot of Residuals for IBP removal efficiency 

 

4.4.4.2. Predicted values Vs actual values plot  

The performance of the model was assessed visually using the Predicted versus Actual plot 

shown in figure 4.6. This plot provides a clear way to demonstrate how closely the model's 

predictions aligned with the observed results from the experiments. Ideally, if the model were 

perfect, all data points would lie on the 45-degree line, indicating that predicted values equal 

actual values. In the plot resulting from this study, most data points were close to this ideal 
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straight-line relationship. The predicted values closely matched the actual IBP Removal 

Efficiency measured during the experiments. The scatter of data points around the dashed line 

appeared consistent, further confirming the model's reliability across the range of IBP removal 

efficiencies. Overall, the evidence was promising, indicating a developed model with strong 

predictive capabilities and a reliable estimation of IBP Removal Efficiency under the 

conditions of this study. 

 

Figure 4.6: Actual vs predicted values for IBP removal efficiency 

 

4.4.5.  Combined effects of the independent variables  

Figures 4.7 (a), (b), (c), (d), (e), and (f) illustrate the interaction effects of the process variables 

contact time, initial pH of the solution, initial concentration of IBP, and adsorbent dosage on 

removal efficiency, while keeping the other operational variables constant. 

Figure 4.7 (a) depicts the interaction effect of the initial IBP concentration and solution pH 

across all contact times and adsorbent dosages. As shown in the figure, removal efficiency 

decreases as the pH rises from 6 to 10 and as the initial IBP concentration increases from 2.5 

mg/L to 12.5 mg/L due to the limited active sites available on the adsorbent's surface at a given 

dosage. The highest removal efficiency was achieved at an initial concentration of 5 mg/L and 
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a solution pH of around 4. This may be attributed to the more positively charged adsorbent 

surface at this pH, which enhances the electrostatic attraction of IBP molecules. Conversely, 

the lowest removal efficiency was observed at higher pH levels, except under neutral 

conditions, along with varying adsorbent dosages and higher initial IBP concentrations. 

Similarly, figure 4.7 (b) illustrates the combined effect of initial solution pH and adsorbent 

dosage. Removal efficiency increases as the adsorbent dosage rises from 0.5 g/L to 2.5 g/L and 

as the pH increases from 2 to 6 at a given adsorbent dosage. The maximum removal efficiency 

occurs at an acidic pH and a higher adsorbent dosage. This finding indicates that solution pH 

negatively affects and adsorbent dosage positively impacts the removal efficiency, supporting 

previous research. 

Figure 4.7 (c) illustrates the interaction effect between initial solution pH and contact time. 

Removal efficiency improves as contact time increases from 20 to 100 minutes and as the initial 

solution pH rises from 2 to 6, while it decreases as pH increases from 6 to 10. According to the 

model equation, the combined effect of initial solution pH and contact time has a negative 

impact on removal efficiency, as indicated by a coefficient of -0.0032. 

Figure 4.7 (d) illustrates the combined influence of the initial concentration of IBP and 

adsorbent dosage on IBP removal efficiency. It was found that increasing the adsorbent dosage 

from 0.5 to 2.5 g/L, while decreasing the initial concentration of IBP from 12.5 to 2.5 mg/L, 

enhances removal efficiency. The interaction effect of adsorbent dosage and initial IBP 

concentration has a positive impact on removal effectiveness, as indicated by the model 

equation. The maximum removal efficiency of IBP is observed at higher doses and lower initial 

concentrations. 

Figure 4.7 (e) depicts the combined effect of contact time and initial concentration of IBP 

within a specified range of solution pH and adsorbent dosage. The removal of IBP increases as 

the contact duration extends from 20 to 100 minutes and the initial concentration decreases 

from 12.5 to 2.5 mg/L, as illustrated by the 3D plot. This increase is attributed to the extended 

contact time, which allows IBP molecules ample opportunity to interact with the adsorbent 

surface, leading to higher removal efficiency. Conversely, the removal of IBP decreases as the 

initial concentration increases from 2.5 to 12.5 mg/L due to the limited availability of active 

sites on the adsorbent surface at a dosage of 2 g/L. The interaction effect of contact time and 
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initial concentration of IBP positively impacts removal efficiency, as indicated by the model 

equation. 

Figure 4.7 (f) illustrates the interaction effect between contact time and adsorbent dosage on 

removal efficiency. As contact time increases from 20 to 100 minutes and adsorbent dosage 

rises from 0.5 g/L to 2.5 g/L while maintaining a constant pH and an initial IBP concentration 

of 5 mg/L, the removal efficiency also improves. This interaction effect positively influences 

removal effectiveness, with a coefficient of +0.05. The increase in removal efficiency can be 

attributed to a higher adsorbent dosage, which provides more available sites for the adsorption 

of IBP. The maximum removal efficiency of 96.07% was achieved at 80 minutes of contact 

time with a 2 g/L adsorbent dosage. 
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Figure 4.7: Interaction effect of (a) pH Vs initial concentration of IBP, (b) pH Vs adsorbent dosage, (c) pH Vs time, (d) Initial concentration Vs 

adsorbent dosage, (e) Initial concentration Vs time, and (f) adsorbent dosage Vs time

(b) (a) 
(c) 

(d) 
(e) (f) 
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4.5.  Statistical Optimization of Process Variables 

After studying the interaction effects of operating parameters, a statistical optimization was 

conducted to determine the conditions for optimum adsorption of IBP onto composite (75:25) 

adsorbent. The interaction effects of the operating parameters on the removal efficiency of the 

adsorbent material increase with longer contact times and higher adsorbent dosages at a 

solution pH around 4, while they decrease with rising initial concentrations of IBP. Therefore, 

these fluctuations must be optimized to achieve the best removal efficiency under ideal 

operating conditions. The optimum process conditions were selected based on the high removal 

efficiency values derived from the model equations. Accordingly, Table 4 presents the 

optimization constraints and maximizes the response. 

Table 4.8: Optimization constraints on operational factors and response. 

Name      Goal Lower Limit Upper Limit 

A: pH of the solution is in range 4.00 8.00 

B: Initial concentration of 

IBP 
is in range 5.00 10.00 

C: Adsorbent dosage is in range 1.00 2.00 

D: Contact time is in range 40.00 80.00 

Removal efficiency maximize 34.67 96.07 

As a result, an initial concentration of 5.0 mg/L, a pH of 4.5, a contact time of 80 minutes, and 

an adsorbent dosage of 2.0 g/L were chosen to achieve a maximum IBP (IBP) removal rate of 

96.7%. An experiment was conducted to test the optimal results predicted by the model under 

these conditions identified through numerical optimization. The actual removal efficiency 

obtained from the experiment closely matched the expected value (96.12%), demonstrating a 

variance of less than 1%. 

4.6.  Adsorption Isotherm and Kinetic Studies  

4.6.1. Adsorption isotherms 

Adsorption isotherm models provide insights into the adsorption mechanism and are developed 

to determine the interaction between liquid-phase adsorbate concentrations and solid-phase 

adsorption amounts. These models correlate theoretical equations with the adsorption process 
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(Kassahun et al., 2021). In the present study, two well-known isotherm models, namely 

Freundlich and Langmuir, were investigated under optimized synthesis parameters to 

determine the adsorption characteristics of the prepared composite adsorbent. The isotherm 

constant parameters for these models were derived from their corresponding linearized 

equations: 

Ce

q
e

 = 
1

q
mKL

 + 
Ce

q
m

 …………………………..…................................................................…..(4.1) 

lnqe = lnKF + 
1

n
lnCe …………………………………………………………………..……(4.2) 

where Ce is the contaminant equilibrium concentration (mg/L), qe is the equilibrium amount 

of contaminant adsorbed (mg/g), and KL and KF are the Langmuir and Freundlich constants 

(L/mg), respectively. qm represents the maximum adsorbed quantity, and n is the Freundlich 

adsorption intensity constant. The values of KL, KF, qm, and n were determined from the slopes 

and intercepts of the two equations after plotting Ce/qe versus Ce and ln Ce versus ln qe (Fig. 

4.8 a and b). As shown in Table 4.9, the Langmuir isotherm model fits the experimental data 

better, as indicated by the higher correlation coefficient (R² = 0.991). This model typically 

describes the formation of a monolayer adsorption process on the surface of the adsorbent. 

Table 4.9: Isotherm model parameters for IBP adsorption onto Magnetized SCGB-Chitosan 

composite 

Isotherm Models Constant Parameters   Correlation Coefficient 

 
qm KL KF n 

 
R2 

Langmuir 1.27 9.44       0.991 

Freundlich     1.7 4.7   0.933 
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Figure 4.8: Adsorption Isotherm models of (a) Langmuir and (b) Freundlich. 

 

4.6.2. Adsorption kinetic study 

The reaction kinetics were investigated to determine the adsorption mechanism. PFO, PSO, 

and IPD kinetic models were employed in the kinetics study, as represented by the following 

equations: 

Log(qe-qt) = logqe - 
K1

2.303
t ……………............................…………………………………. (4.3) 

T

q
t

 = 
1

K2q
e
2
 + 

t

q
e

 …………………………………………….............................……………… (4.4) 

qe = Kit
2 + Ci ……………………………………………………..……............................... (4.5) 

where, qe is IBP adsorption amount at equilibrium, qt is the adsorption amount at any time t, 

K1, K2, and Ki are the rate constants for PFO, PSO, and IPD kinetic models. Ci IPD boundary 

layer thickness.  

 

(a) (b) 
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Table 4.10: Pseudo first order, pseudo second order, and IPD kinetic models’ parameters. 

Kinetics Model Parameter IBP Concentration (mg/L) 

  
 

2.5 5 7.5 10 12.5 

Pseudo first order 

K1 0.0493 0.0436 0.0436 0.0359 0.0401 

qe cal 1.334 2.758 4.312 6.124 6.901 

qe exp 1.215 2.41 3.548 4.739 5.414 

R2 0.989 0.980 0.986 0.986 0.979 

Pseudo second order 

K2 0.00658 0.0203 0.0092 0.0048 0.0046 

qe cal 1.131 2.332 3.629 4.827 5.604 

qe exp 1.215 2.41 3.548 4.739 5.414 

R2 0.998 0.995 0.995 0.993 0.986 

IPD 

Ki 0.158 0.312 0.463 0.61 0.702 

Ci 0.05 0.026 0.053 0.187 0.175 

R2 0.883 0.912 0.919 0.930 0.925 

For the PFO model equation, the constant K1 was determined from the straight-line plot of t 

versus log (qe – qt) (Fig. 4.9 a). For the PSO model, the value of K2 was obtained from the plot 

of t versus t/qt (Fig. 4.9 b). The IPD kinetic parameter was determined from the plot of t0.5 

versus qe (Fig. 4.9 c). The correlation coefficient R² values were used to select the best reaction 

kinetic model. Kinetic parameters for the selected models are presented in Table 4.10 indicates, 

the PSO kinetic model best describes the reaction process of IBP adsorption on the adsorbent 

surface. With this model, the calculated IBP removal amount at equilibrium (qe) closely 

matched the IBP removal amount at any given time (qt). According to the PSO kinetic model, 

the controlling stage appears to be the chemical reaction.  
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Figure 4.9: Reaction kinetics models of (a) PFO, (b) PSO and (c) IPD. 

 

4.7.  Reusability 

The process of regenerating adsorbents is a crucial process in wastewater treatment since it 

incurs less processing expenses. Other regeneration techniques have been used in desorption 

studies and they include thermal and chemical regeneration. The right choice of pH and 

desorbents, including inorganic or organic ones, such as ethanol, methanol, and acetic acid, are 

important when carrying out the chemical desorption process (Mojiri et al., 2019). 

The reusability of composite in this study was studied under the optimum operating conditions 

as per the optimization data. The tests were performed using the initial IBP concentration of 5 

(b)

) 

(a) 

(c) 
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mg/L, a dosage of 2.0 g/L adsorbent, and an initial solution pH of 4.5 and 80 min. The 

appearance of micropollutants may be primarily soluble in alcohols because of the existence 

of hydroxyl groups, and low molecular weight alcohols can potentially be especially beneficial 

in terms of the desorption of micropollutants. 

The removal efficiency of the adsorbent was mostly constant after four cycles (Figure 4.10) 

and the removal efficiencies of the four initial cycles were 96.7, 95.3, 93.5, and 88.55, 

respectively. It was however, in the fifth cycle where the removal efficiency was more 

pronounced because it dropped to 78.65 percent as compared to 88.55 percent. This loss can 

be credited to various factors such as loss of stability, leaching and depletion of active sites. 

Hence, the composite (75:25), which is easy to separate and eco-friendly, has the potential to 

be a sustainable adsorbent in the removal of IBP in wastewater. 

 

Figure 4.10: The reusability of the composite adsorbent (75:25) 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1.  Conclusions 

A magnetized composite of SCGB and chitosan was prepared with mixing ratios of 75:25 

(SCGB to Chitosan), which was used in adsorption experiments. The composite had great 

adsorptive properties as evidenced by BET, FTIR, SEM, and XRD. The four factors were 

determined and the effects of their interaction compared and optimized statistically with the 

help of CCD. It was found that an initial concentration of 5 mg/L, a pH of 4.5, a contact time 

of 80 minutes, and a dose of adsorbent of 2.0 g/L is optimum to produce the highest IBP 

removal of 96.7 percent. These methods availed in-depth understanding of the predictive ability 

of the operational parameters enabling the exploration and optimization of the conditions 

outside the original range to achieve maximum removal efficiency. The results indicate that 

statistical experimental design can focus on the exploration of complex processes, including 

adsorption, when several factors interact concurrently to characterize the performance. 

The prepared adsorbent usability was tested in five cycles showing an efficiency of 78.65% in 

the fifth cycle. Considering this, with the high availability of agricultural waste, SCGB, and its 

composite have high adsorption efficiency with limited loss experienced after repeated use. 

The material has some potential to be commercialized on the condition that the technical, 

economical, and environmental viability of this material is carefully evaluated and assessed 

when used in pilot-scale as well as large-scale use. 

5.2.  Recommendations 

This paper involved the preparation of a magnetized SCGB-chitosan composite and its use in 

the removal of IBP in synthetic wastewater during batch trials. To inform future research and 

make the implementation of such findings practical, the following are the recommendations. 

To begin with, the biomass was carbonized in a furnace in the availability of oxygen. It was 

unrealistic to attain a totally oxygen-free condition despite the fact that the crucibles were 

sealed with aluminum foil. All experiments should therefore be carried out in furnaces with 

well controlled inert atmosphere. 
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Secondly, to further authenticate the sustainability of the suggested approach, new researches 

ought to include EIA and LCA. The evaluation of these should be based on the use of resources, 

emissions, and environmental trade-offs of large-scale production. 

Third, the scale of this study was that of a laboratory and it did not consider the economic 

viability of scale up. Therefore, pilot or industrial scale experiments are required to determine 

cost-effectiveness, challenges in operation, and practicality of continuous systems. 

Moreover, the adsorption of IBP was performed in synthetic water and the synthetic wastewater 

containing other pollutants was not used; these may encompass diverse dyes and heavy metals, 

which may affect the adsorption process. A more realistic and effective investigation should be 

done with actual pharmaceutical effluent which contains IBP. 
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APPENDICES 

 

Appendix A: Design Expert Model Summary 

Table A.1: Build information for the model  

File Version 13.0.5.0   

Study Type RSM Sub Type Randomized 

Design Type CCD Runs 30 

Design Model Quadratic Blocks No Blocks 

 

 

Table A.2: Model summary statistics  

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 8.51 0.7569 0.7180 0.6257 2785.31  

2FI 9.52 0.7684 0.6466 0.6247 2792.60  

Quadratic 1.65 0.9945 0.9894 0.9713 213.56 Suggested 

Cubic 0.9507 0.9991 0.9965 0.9754 182.77 Aliased 
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Appendix B: Design Expert Model Equations 

Table B.1: Coefficients in terms of coded factors  

Factors 
Coefficient 

Estimate 
Df 

Standard 

Error 

95% CI 

Low 

95% CI 

High 
VIF 

Intercept 75.53 1 0.6742 74.09 76.96  

A-pH -7.32 1 0.3371 -8.04 -6.60 1.0000 

B-Concentration of 

IBP 
-4.72 1 0.3371 -5.44 -4.00 1.0000 

C-Dosage 6.81 1 0.3371 6.09 7.52 1.0000 

D-Time 10.61 1 0.3371 9.89 11.33 1.0000 

AB -1.76 1 0.4129 -2.64 -0.8767 1.0000 

AC 0.6763 1 0.4129 -0.2037 1.56 1.0000 

AD -0.0774 1 0.4129 -0.9574 0.8025 1.0000 

BC 1.22 1 0.4129 0.3438 2.10 1.0000 

BD 0.3525 1 0.4129 -0.5275 1.23 1.0000 

CD 0.4452 1 0.4129 -0.4348 1.33 1.0000 

A² -6.86 1 0.3153 -7.53 -6.18 1.05 

B² 2.36 1 0.3153 1.68 3.03 1.05 

C² 0.9994 1 0.3153 0.3273 1.67 1.05 

D² -1.02 1 0.3153 -1.69 -0.3449 1.05 
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Table B.2: Actual and coded model equations  

Actual Equation                                                                                   Coded Equation 

IBP Removal efficiency = 

+26.51286  

+18.64777 pH 

-7.32724 Conc 

-12.45251 Dosage 

+0.727439 Time 

-0.351343 pH * conc 

+0.676259 pH * dosage 

-0.001936 pH * time 

+0.979035 conc * dosage 

+0.007050 conc * time 

+0.044522 dosage * time 

-1.71423 pH² 

+0.377114 conc² 

+3.99760 dosage² 

-0.002543 time² 
 

IBP Removal efficiency = 

+75.53  

-7.32 A 

-4.72 B 

+6.81 C 

+10.61 D 

-1.76 AB 

+0.6763 AC 

-0.0774 AD 

+1.22 BC 

+0.3525 BD 

+0.4452 CD 

-6.86 A² 

+2.36 B² 

+0.9994 C² 

-1.02 D² 
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Appendix C: Laboratory Procedures (Photographs)  

 

Figure C.1: Photograph confirmations for Experimental procedures 
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