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Abstract 

Emerging contaminants are a new type of water pollutants recently recognized for their 
potential long-term harm to ecosystems and human health. These pollutants are not regulated, 
enter the environment in low concentrations undetected, and conventional wastewater 
treatment plants can't effectively remove them. Lab experiments are conducted yearly to 
develop water treatment technologies, often using adsorption, a cost-effective method. 
However, some experimental methods have negative environmental impacts like toxic 
solvents, high energy use, waste generation, and non-reusable adsorbents, hindering scalability 
for industry. A dilemma arises in balancing the need for effective water pollution solutions 
(Sustainable Development Goal 6) with minimizing environmental harm and resource 
inefficiencies (Sustainable Development Goal 12). Innovative approaches are needed to solve 
this complex problem. 

In this research, we sought sustainable methods to remove these emerging pollutants, especially 
industrial chemicals and pharmaceutical and personal care products. Guided by green 
chemistry principles, we selected materials and processes that were biodegradable, non-toxic, 
cheap, and have a low global warming potential (GWP). We chose adsorption using the 
polymer, polyaniline, as our desired material because it is a versatile and attractive polymer 
due to its low cost, ease of modification, and environmental benignity. However, since its linear 
structure often results in low adsorption capacity, limiting its practical use, we addressed this 
limitation by oxidising aniline on the surface of an organic single crystal (sodium 1-
decansulfonate), resulting in polyaniline with a villi-like morphology that we hypothesized to 
improve its adsorption performance. Additionally, we composted polyaniline with the 
biopolymer carboxymethyl cellulose (CMC) to test if it enhanced the adsorption capability. We 
also composted the villi-structured polyaniline with the oxidized species of CMC, known as 
dialdehyde carboxymethyl cellulose (DCMC) since some studies had suggested that DCMC 
performs better in polymer composites. Nevertheless, these studies often failed to investigate 
the effects of the degree of oxidation in DCMC and to compare the performance of the 
composites to CMC composites. We attributed this failure to the extensive experiments 
required for such studies. In this research, we investigated the suitability of villi-structured 
polyaniline (VSPANI) and its composite with carboxymethyl cellulose (CMC/PANI) as 
adsorbents for removing bisphenol-A (BPA). We also evaluated the performance of two 
different types of dialdehyde carboxymethyl cellulose (DCMC) composites, one with 35% 
aldehyde content (DCMC(A)/PANI) and the other with 77% aldehyde content 
(DCMC(B)/PANI). To ensure sustainability, we adapted a design of experiment (DOE) 
approach to study all four adsorbents—a categorical variable—at all factor settings: initial 
concentration, pH, flow rate, adsorbent amount, and sample volume. We creatively adopted a 
custom D-optimal screening design to study the cause and effect of the main effects at a higher 
power. A Definitive Screening Design (DSD) followed to thoroughly investigate the main 
effects, quadratic effects and quadratic effects of two of the best adsorbents from the custom 
design and five other factors. The DSD projected to a response surface method (RSM) in three 
factors: initial concentration, adsorbent amount, and sample volume. The results showed that 
increasing the aldehyde content of the composites favoured adsorption, but we did not observe 
any significant difference in performance between VSPANI and DCMC(B)/PANI. The 
models, successfully validated numerically and graphically, could explain 80% and 99% of the 
variation when used to predict removal efficiency and adsorption capacity, respectively. 
VSPANI and DCMC(B)/PANI exhibited potential as adsorbents for BPA removal, achieving 
85% removal efficiency and 129 mg/g adsorption capacity.  
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We further evaluated BPA adsorption onto VSPANI using breakthrough curves to understand 
the adsorption mechanism. Common models used in simulating breakthrough curves, such as 
Bohart-Adams, Thomas, Clark, modified dose-response, and Yoon-Nelson, typically assume 
symmetric S-shaped curves at 50% breakthrough, leading to inaccurate results for asymmetric 
curves, which are common. We compared log-modified, fractal-like modified, and probability 
distribution function models for simulating asymmetric breakthrough curves with different 
degrees of tailing. We varied the bed depth (6 mm, 9 mm, and 12 mm) in a glass microcolumn 
with 10 mg/L bisphenol-A and villi-structured polyaniline at a constant flow rate of 1 mL/min. 
Log-Bohart-Adams and fractal-like Clark and Bohart-Adams models fit the curves well, but 
log-Bohart-Adams performed less effectively with increased tailing. Among the probability 
distribution curves, normal and Gompertz functions failed to adapt to curve asymmetry due to 
fixed inflection points. Log-Gompertz function, with floating inflection points, provided a 
satisfactory fit regardless of symmetry. We recommend using log-Bohart-Adams, fractal-like-
Bohart-Adams, or fractal-like-Clark models among the semi-mechanistic models, while log-
Gompertz and log-normal models are suitable for accurate breakthrough and saturation time 
estimation without adsorption-dependent parameters. 

To further improve polyaniline’s adsorption capacity sustainably and introduce additional 
photocatalytic functionality, we hypothesized that a metal-organic framework (MOF) would 
work best as a composite material. MOFs are promising functional materials in environmental 
remediation applications because of their high crystallinity, large porosity, and high specific 
surface area. However, powdered materials are challenging to use in environmental 
remediation: their nano sizes may lead to blocking, synthetic methods involve toxic chemicals 
and use high energy—global warming potential, and scaling to large-scale industrial 
applications is a challenge. In a quest to utilise MOFs to remediate emerging micropollutants 
from water while overcoming the challenges associated with their production, we engineered 
an environmentally friendly approach for the synthesis of Cu-BDC MOF on the surface of 
carboxymethyl cellulose microbeads at room temperature, employing solely water-based 
solvents. By introducing aniline oxidation during the synthetic process, we strategically 
engineered surface folds on the microbeads, leading to a remarkable increase in their surface 
area and, consequently, their adsorption capacity. The resulting microbeads contained folds 
which were patterned with rice-like crystals proved to be Cu-BDC MOF from their XRD 
patterns. These microbeads (10 mg) were capable of degrading 10 mL of 10 mg/L diclofenac 
sodium and sulfamethoxazole solutions in the presence of direct sunlight within 4 hrs. Our 
innovative synthetic method not only yielded high-performance Cu-BDC microbeads but also 
offered practical advantages by facilitating ease of handling and separation from solution, thus 
making them an attractive option for industrial applications. Importantly, the complete 
elimination of toxic solvents in our approach not only aligns with sustainable principles but 
also reduces potential health risks associated with traditional MOF synthesis practices. This 
research represented a significant advancement in the field of sustainable materials synthesis, 
with promising implications for a wide range of applications, most notably in the removal of 
emerging water pollutants.  

In summary, our research shows that seeking sustainable, green, and data-driven methods for 
removing water pollutants, especially emerging ones, is not just a responsible choice; it is a 
necessity for safeguarding our environment, health, and the well-being of future generations. 
By embracing these approaches, we can address the challenges posed by water pollution while 
building a more resilient and sustainable world. 
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Chapter 1: Introduction 

1.1 Background of the Study 

Water is a vital need for every living thing, and yet access to clean water and its availability in 

some cases is not promised to most people in the world. It is estimated that about 1.1 billion 

people lack access to clean water leading to about 2.2 billion fatalities yearly from waterborne 

diseases as this quota of individuals would rather utilise and drink unpotable water than have 

none (World Health Organization (WHO) & United Nations Children’s Education Fund 

(UNICEF), 2000). About 0.3% of freshwater is available for human and animal use a total of 

2.5 % of the freshwater in the world: 96.8% as groundwater, 0.02% from rivers, and 3.18% in 

lakes (Alsharhan & Rizk, 2020; WWAP (United Nations World Water Assessment Program), 

2015). This small quota shrinks every passing year due to population increase and increasing 

human-based activities that pollute the water exacerbating the available low quantities. 

Whereas this scenario is worse in developing countries (Kairigo et al., 2020; Kimani et al., 

2016), developed countries still face such issues related to water pollution (Parris, 2011).   

These water pollutants can be categorised as conventional: fluoride, nitrates, phosphates, and 

heavy metals among others; emerging pollutants: steroids, hormones, endocrine disrupting 

compounds (EDCs), pharmaceutical and personal care products (PPCPs), industrial chemicals, 

surfactants etc., (Ahamad et al., 2020). The lack of requirements to monitor, report, and 

regulate these emerging pollutants poses a mix of known and unknown threats to human, 

animal, and aquatic life; hence, the worldwide outcry to address the challenge water pollutants 

pose to health and provide quality water for all.   

The quest for better water quality for a better world led the United Nations in 2015 to coin the 

sustainable development goals (SDGs) as part of their 2030 agenda for sustainable 

development. The sixth sustainable development goal (SDG 6) aimed to ensure the availability 

and sustainable management of water and sanitation for all by the year 2030. It calls for the 

improvement of water quality, the increase of water-use efficiency, and the protection and 

restoration of freshwater ecosystems (ICSU & ISSC, 2015). A transformation required to 

achieve this goal—regarded as transformation number 3 by Sachs et al., is to ensure that water 

pollution is reduced (Sachs et al., 2019). 

Globally there have been a variety of efforts to realise transformation 3 required for SDG 6: 

curbing water pollutants from the source through command and control (CCs) and payment of 

ecosystem services strategies (PES) (Kimani et al., 2020); removing pollutants from already 
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polluted water, which is mainly applied in wastewater treatment plants (WWTPs). These 

WWTPs make use of technologies such as coagulation, filtration, adsorption, UV treatment, 

and disinfection using chlorine-based compounds (Crini & Lichtfouse, 2019).  

Since conventional WWTPs were not adapted to dealing with emerging pollutants, on a lab 

scale, research is conducted yearly in the improvement of already existing technology or in the 

creation of better technology to address the issue of water pollution—especially from these 

emerging pollutants. These methods include membrane-filtration (Ahmed et al., 2022), 

utilising micro-algae (Li et al., 2019), catalysis and ozonation (Nguyen et al., 2022; Wang & 

Chen, 2020), and adsorption (Ali, 2012). Adsorption remains the universal, more cost-friendly, 

fast, simple, and economically effective process of water treatment (Ali & Gupta, 2007a; Singh 

et al., 2018). Yearly, there are many studies conducted on the syntheses of adsorbents that are 

more efficient compared to the current commercial adsorbents in use.  

However, as these studies are being conducted and new adsorbent materials churned yearly, 

we must ask ourselves whether our experimentation methods are leading to more harm than 

good. Excessively large experiments are conducted to test various adsorbents using the 

pollutants as the model analytes—which is inevitable. Some experimentation strategies utilise 

toxic solvents, require high energy costs to produce, generate large wastes, and the adsorbents 

prepared are usually not reusable; it is no wonder that once published it becomes hard to scale 

these materials for industrial use—they just die at the lab-scale phase. As discussed by 

Huesemann, the conservation of mass principle, second law of thermodynamics, and Barry’s 

Commoner’s second law of Ecology: “Everything Must Go Somewhere”, serve to tell us that 

the negative environmental impact of these experiments can never be zero (Commoner, 1972; 

Huesemann, 2001). However, we can, we must, and we should try to reduce the negative impact 

of our solutions to water pollution as the current trends only perpetuate the scientists’ 

stereotype as put by George Bernard Shaw: “science never solves a problem without creating 

ten more.” 

Sustainable goal number 12 (SDG12) calls for sustainable consumption and production 

patterns. One of the questions it raises is what cost-effective and toxic-chemical-free methods 

can be used to prevent and reduce pollution in relation to production and consumption activities 

(ICSU & ISSC, 2015). Clearly, there exists a link between finding solutions to achieve SDG6 

while observing SDG12: by promoting resource efficiency, reducing waste generation, and 

minimising the negative environmental impacts of our experimentation methods. If not 

addressed, our quest to find better adsorbents as solutions to achieving SDG6, the solutions 
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would be adding to environmental degradation and climate change. Fonseca et al., outline 

strong significant correlations between SDG6 and SDG12 (Fonseca et al., 2020) suggesting 

that the trade-offs while trying to achieve the two should be minimised and synergies promoted.   

Green chemistry can guide the approach used to finding solutions to achieve SDG6 while 

keeping SDG12 in mind: it promotes the design of environmentally benign products and 

processes guided by twelve principles summarised in Figure 1.1. In summary, the design aspect 

of green chemistry carries a larger load because it is a human intervention and cannot be 

accidental (Anastas & Eghbali, 2009). Therefore, adsorbents used for the removal of water 

pollutants should be synthesised, developed, and applied using processes and reagents that 

reduce or eliminate the use of hazardous substances, use renewable feedstocks, and through 

energy-efficient processes. Statistical approaches are encouraged in designing for a green 

chemistry future (Zimmerman et al., 2020) which makes design of experiment (DOE) a method 

of interest regarding sustainability in experiments related to water pollutants removal using 

adsorbents.  

Design of experiment (DOE) is a useful statistical tool in developing chemical products and 

processes that align with green chemistry principles. Though DOE faced obstacles to put to 

practice two decades ago as argued and outlined by Lendrem et al., (Lendrem et al., 2001), in 

the recent decade there has been immense growth in the use of DOE in scientific research—

resulting from the tremendous developments in software in the last two decades (Durakovic, 

2017).  

Figure 1.1: The 12 principles of green chemistry 
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The number of publications related to the use of DOE in finding adsorbents for removing water 

pollutants has shown a significant increase over the last decade (Figure 1.2b). A keen look at 

most of these studies shows the use of classical DOE techniques, which when dealing with 

multiple adsorbents (categorical variable) and a large number of factors, can lead to large 

unsustainable experiments. Definitive screening designs (DSDs), which are a new class three-

level optimal designs fashioned in 2013, creatively combine screening and optimisation 

resulting in few experiments for a multiple number of factors (Jones & Nachtsheim, 2013). 

However, DSD is still incapable of handling multiple categorical factors—such as type of 

adsorbent in this case—without trading off with reduced accuracy; also, the design is limited 

by only two levels per factor during the initial design meaning that it can only handle two 

adsorbents for one particular study.  

Polyaniline is a polymeric organic material with the potential for use as a green material: it is 

easily prepared, versatile, environmentally stable, and cheap material that has been used as an 

adsorbent in removing heavy metals, emerging pollutants, dyes, among many other water 

pollutants (Samadi et al., 2021a). The interest in the use of polyaniline as an adsorbent has 

attracted attention over the last decade as shown by the trend in publications over the years 

(Fig. 1.2a). Polyaniline by itself is a linear polymer with a limited low specific surface area 

requiring modification to improve its potential as an adsorbent.  

 

 

 

1.2 Statement of the problem 

Water is a fundamental necessity for all living organisms, yet access to clean water remains a 

challenge for a significant portion of the global population. Despite efforts to address 

accessibility issues, water pollution exacerbates the available water sources and continues to 

threaten human, animal, and aquatic life worldwide. Increasing population growth has led to 

Figure 1.2: Bar graphs showing publications over the years: (a) polyaniline-based
adsorbents; (b) research on adsorption utilising design of experiments (source lens.org) 

(a). polyaniline-based adsorbents  (b). DOE adsorption studies  
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an increase in human and industrial activities that contribute to an additional category of water 

pollutants: emerging pollutants. Most of the pollutants in this class lack regulations, are 

introduced to the environment in low concentrations bypassing detection, and design of 

conventional wastewater treatment plants are not suited to removing these emerging pollutants.    

Lab-scale research is conducted annually to develop new technologies and adsorbents for water 

treatment, with adsorption being a widely used and cost-effective process. However, many 

experimentation methods utilised in these studies may have negative environmental impacts, 

such as the use of toxic solvents, high energy requirements, generation of large wastes, and 

non-reusability of adsorbents, which may hinder their scalability for industrial use. 

Furthermore, the need to achieve Sustainable Development Goal 6 (SDG 6) of ensuring the 

availability and sustainable management of water and sanitation for all by 2030, while also 

adhering to SDG 12 of promoting sustainable consumption and production patterns, presents a 

challenging dilemma. Balancing the need for effective water pollution solutions with the 

imperative to minimise environmental harm and resource inefficiencies is a complex problem 

that requires innovative approaches. 

Design of experiment (DOE) is a valuable statistical tool in developing chemical products and 

processes aligned with green chemistry sustainable principles. Despite obstacles faced in the 

past, recent advancements in software have led to significant growth in the use of DOE in 

scientific research. However, classical DOE techniques may lead to unsustainable experiments 

when dealing with multiple categorical factors, such as different adsorbents for removing water 

pollutants. Definitive screening designs (DSDs) have shown promise in reducing the number 

of experiments, but they have limitations in handling multiple categorical factors and may trade 

off accuracy. Polyaniline, a polymeric organic material with potential for use as a green 

adsorbent, has gained attention in recent years due to its versatility and low cost. However, 

polyaniline's limited specific surface area requires modification to enhance its adsorption 

potential. 

Therefore, the problem statement for this thesis research is to develop cost-effective and 

environmentally sustainable methods for removing emerging pollutants using polyaniline-

based adsorbents, while also promoting resource efficiency and waste reduction in alignment 

with SDG 6 and SDG 12. This research aims to address the limitations of current 

experimentation methods and propose solutions that minimise negative environmental impacts, 

thereby contributing to the advancement of sustainable water management practices at a global 

scale. 
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1.3 Dissertation structure 

This study is divided into six chapters: Chapter One introduces the background of this research, 

states the problem, and outlines the objectives; Chapter Two reviews the literature and 

describes in detail the concepts of emerging water contaminants, polyaniline-based adsorbents 

used in the removal of emerging contaminants, fixed-bed modelling, and design of experiment 

approaches in adsorption studies.  

Chapter Three describes the syntheses of villi-structured polyaniline and its carboxymethyl and 

dialdehyde carboxymethyl cellulose composites used for the removal of bisphenol-A from 

water. This chapter investigates whether villi-structures improve the adsorption capacity of 

polyaniline, and whether composting villi-structured polyaniline with carboxymethyl cellulose 

aids in improving its adsorption capacity; also, the influence of the aldehyde content when 

using dialdehyde carboxymethyl cellulose rather than carboxymethyl cellulose. Clearly, 

studying all these adsorbents at each of the adsorption-dependent factors would require a 

sustainable method and so in this chapter design of the experiment—data-driven model—is 

modified to study the four adsorbents, screen for active factors influencing adsorption, optimise 

the active factors and generate predictive models for the adsorption process. 

Chapter Four investigates mechanism-driven models in the fixed-bed adsorption of bisphenol-

A onto villi-structured polyaniline. Classical logistic models such as the Bohart-Adams model, 

their modified models, and probability distribution function models are investigated to provide 

insight into the most efficient models to use for asymmetrical breakthrough curve modelling.  

Chapter Five studies a sustainable way through which the adsorption capacity of polyaniline 

can be improved using aqueous prepared copper-metal-organic-framework (Cu-BDC) infused 

onto carboxymethyl cellulose microbeads for ease of recycling. 

Chapter Six concludes the study, provides limitations for the current work, and suggests 

recommendations for future work. 

1.4 Research hypothesis 

Implementing Design of Experiments (DOE) through Definitive Screening Designs (DSDs) in 

the optimisation of adsorbents for water pollution removal, modifying fixed-bed models to 

better suit experimental data, and using a trojan approach to grow copper-based MOF crystals 

onto polyaniline/carboxymethyl cellulose microbeads, will result in reduced experimental 

efforts, improved accuracy, and increased sustainability approaches to removing emerging 

water contaminants.  
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1.5 Objectives 

1.5.1 General objective  

To improve experimentation, data acquisition, data analysis, and synthesis methods in the 

removal of emerging water pollutants from an aquatic source using polyaniline-based 

adsorbents modified using renewable feedstock, and water-based solvents.  

1.5.2 Specific objectives 

1. To synthesise and characterise villi-structured polyaniline, its dialdehyde and 

carboxymethyl cellulose composites.  

2. To study the removal of bisphenol-A from an aquatic source using villi-structured 

polyaniline and the effect of dialdehyde content in using its carboxymethyl cellulose 

composites.  

3. To create a method through which design of experiment can screen multiple adsorbents 

(categorical variables) at all other factor settings in as few experiments as possible.  

4. To conduct a fixed-bed breakthrough study for the removal of bisphenol-A onto villi-

structured polyaniline.  

5. To compare simplistic fixed models, log-modified models, fractal-like models, and 

probability distribution function models in the fitting of asymmetrical breakthrough 

curves.  

6. To use a trojan-horse approach in infusing polyaniline with aqua-prepared Cu-BDC 

MOF supported on carboxymethyl cellulose microbeads complexed in a copper 

solution.  

7. To study the photocatalytic degradation of diclofenac and sulfamethoxazole solutions 

with the use of Cu-BDC/PANI/CMC microbeads under direct sunlight.  
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Chapter 2: Literature Review 
2.1 Emerging contaminants (ECs) 

In contrast to conventional water contaminants that are well known such as heavy metals, 

nitrates, phosphates, and chlorides among many others, emerging contaminants (ECs) 

represent a new breed of pollutants which occur in low concentration bypassing detection; 

hence, their regulations are yet to be formulated for their presence to be monitored in our water 

supply and wastewater, and publicly reported (Morin-Crini et al., 2022). These ECs include 

pharmaceutical and personal care products (PPCPs), endocrine disrupting compounds (EDCs), 

hormones, perfluorinated compounds, artificial sweeteners, licit and illicit drugs, sunscreens 

and UV filters, dioxanes, siloxanes, pesticides, benzotriazoles among many others captured in 

the following reviews (T. H. Y. Lee et al., 2022; Morin-Crini et al., 2022; Richardson, 2010). 

Emerging contaminants occur in surface water, drinking water, and wastewater in a non-

discriminative phenomenon irrespective of a nation’s developed status. However, occurrence 

is not directly related to risk meaning that not all ECs are considered a threat. A contaminant 

needs to have a high occurrence and high toxicity to raise concern as described by the risk 

quotient’s (RQ) criteria defined by Eqs (2.1) and (2.2) where MEC is the measured 

environmental concentration, PNEC is the predicted no-effect concentration, and DWEL is the 

drinking water equivalent level (Tang et al., 2019; Yang et al., 2022). ECs with RQ values 

 indicate low-level risk; the values between 0.1 and 1 indicate moderate risk, while ECs 

with RQ values higher than 1 are a high-risk potential and much attention should be towards 

their removal (Hernando et al., 2006; Z. Yan et al., 2018). Figure 2.1 shows the global 

occurrence of high-risk (RQ>1) emerging contaminants summarised in Figure 2.2 that require 

intervention with the highest priority.  

     (2.1) 

     (2.2) 

Though there exist gaps in proper understanding and mapping of the fate, behaviours, and 

health effects of these micropollutants, some of the health and toxic effects have been studied 

(Gogoi et al., 2018; Saquib et al., 2021): antibiotic resistance from pharmaceuticals such as 

penicillin and sulphonamides (Daughton, 2001); roxithromycin, tylosin, and clarithromycin 

inhibiting algae growth; caffeine disrupting the endocrine system of goldfish; cancerous, 

estrogenic, and hormonal effects from bisphenol-A exposure. 
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Figure 2.1: Micropollutant subgroups with highest priority levels (RQ >1) in different areas
identified through RQ method case studies in the past decade (Yang et al., 2022).  

Figure 2.2: List of micropollutants with relatively high priority based on the RQ method 
prioritization results reported between 2010 and 2021 (Yang et al., 2022). 
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It should be straightforward that there needs to be more comprehensive monitoring of emerging 

contaminants in all environmental components (Petrie et al., 2015), but these ECs occur in low 

concentrations to be detected, and current technology in wastewater treatment plants are 

inefficient in eliminating ECs (Bolong et al., 2009; Gomes et al., 2020). In addition to 

improving detection methods, means of removing these contaminants should be of the highest 

priority.  

2.1.1 Bisphenol-A 

2,2-bis(4-hydroxyphenyl)propane, commonly known as bisphenol-A—from a group of 

bisphenols (Figure 2.3) B, C, F, S, and AF—is a chemical compound commonly used in the 

production of polycarbonate and epoxy resin plastics, including water bottles, food containers, 

and other consumer goods (Kim et al., 2019). However, BPA has raised significant health 

concerns due to its potential to leach into water sources and contaminate drinking water.  

 

Figure 2.3: Chemical structures of bisphenols (ChemDraw20, Perkin Elmer, MA, USA). 

Research has shown that BPA acts as an endocrine disruptor, can mimic the effects of estrogen 

in the body, and has been linked to a wide range of health issues (Zaborowska et al., 2021). 

Other studies have associated BPA exposure with hormonal imbalances, reproductive 

problems, developmental delays, increased risk of certain cancers, and adverse effects on the 

cardiovascular system and metabolism (Gao et al., 2015). Vulnerable populations such as 

pregnant women, infants, and children may be particularly susceptible to the health risks 

associated with BPA exposure.  

Health experts and environmental organisations advocate for stricter regulations on the use of 

BPA in consumer products to protect public health and reduce the potential for BPA 

contamination in water sources. European  Union (EU) and the America Food and Drug 

Administration have set certain regulations such as restricting its use in baby bottles and infant 
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food packaging and recently, the European Food Safety Authority (EFSA) has lowered the 

tolerable daily intake (TDI) for BPA in foodstuffs to 0.04 ng/kg body weight per day based on 

recent evidence on BPA toxicity (Hahladakis et al., 2023). 

Despite regulations, BPA is still highly present in lakes, wastewater, and river water from 

countries such as Japan, S. Korea, India, China etc. (J. Liu et al., 2021; Yamazaki et al., 2015). 

Biological degradation and adsorption are preferred methods to remove BPA from water 

(Tarafdar et al., 2022) because oxidation and chlorination methods form oxidised and 

chlorinated derivatives (ClxBPA) which pose the same toxicity if not worse (Plattard et al., 

2021).  

2.1.2 Diclofenac 

Diclofenac (Figure 2.4)  with the IUPAC name ((2-[(2,6-dichlorophenyl)amino]benzeneacetic 

acid)) is a nonsteroidal anti-inflammatory drug (NSAID) that is commonly used to reduce pain, 

inflammation, and fever. It belongs to a class of medications known as NSAIDs, and it is 

available both as a prescription and over-the-counter medication in various forms, including 

tablets, capsules, gels, and creams. Diclofenac works by inhibiting the production of 

prostaglandins, which are substances in the body that cause inflammation and pain(Kantor, 

1986; Sallmann, 1986). 

 

Figure 2.4: Chemical structure of diclofenac (ChemDraw20, Perkin Elmer, MA, USA). 

The issue with diclofenac as an emerging pollutant primarily arises from its presence in the 

environment and its potential negative effects on aquatic ecosystems (Vieno & Sillanpää, 

2014). When people take diclofenac for pain relief or other medical reasons, the drug can enter 

their bodies and be excreted in its original form or as metabolites. These pharmaceutical 

residues can then find their way into wastewater treatment plants (Buser et al., 1998; Lonappan 

et al., 2016). 

Diclofenac is a concern because it is persistent: relatively stable and does not easily break down 

in the environment; toxicity to aquatic life and birds by disrupting the endocrine systems of 
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fish leading to reproductive and developmental abnormalities in these species; bioaccumulates: 

it accumulates in the tissues of aquatic organisms over time, leading to potential 

biomagnification in food chains (Acuña et al., 2015).  

Diclofenac has been detected in the environment in various countries, primarily due to its 

presence in wastewater and its potential harm to wildlife. In India and Nepal in the early 2000s, 

diclofenac was linked to significant declines in vulture populations, leading to bans on its 

veterinary use in these countries (Galligan et al., 2021; Green et al., 2004). Despite these bans, 

ongoing monitoring efforts have revealed its presence in the environment in regions like 

Europe (Sathishkumar et al., 2020), Africa (Waleng & Nomngongo, 2022), and South America 

(Roveri et al., 2022) raising concerns about its impact on aquatic ecosystems. Some European 

countries have implemented regulatory measures to restrict diclofenac's use and improve its 

management in wastewater treatment systems. Monitoring and regulatory actions continue 

worldwide to address diclofenac as an emerging environmental pollutant. 

2.1.3 Sulfamethoxazole 

Sulfamethoxazole (SMX, Figure 2.5) is an antibiotic medication launched first in combination 

with trimethoprim in 1969 by F. Hoffman-La Roche. It is commonly used to treat bacterial 

infections in humans. It belongs to a class of drugs known as sulphonamides, and it works by 

inhibiting the growth of bacteria by interfering with the synthesis of folic acid, which is 

essential for the production of DNA and RNA in bacteria (Straub et al., 2016). 

 

Figure 2.5: Chemical structure of sulfamethoxazole (ChemDraw20, Perkin Elmer, USA). 

Sulfamethoxazole has emerged as a significant environmental pollutant due to its widespread 

presence in ecosystems. This pollutant enters the environment through various pathways, 

including human and animal excretion, wastewater treatment plant effluents, and improper 

pharmaceutical disposal. Its chemical stability allows it to persist in the environment, posing a 
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threat to aquatic ecosystems. SMX can disrupt aquatic life, including algae, phytoplankton, and 

aquatic plants, which can cascade through the food web, leading to changes in species 

composition and reduced biodiversity (Larcher & Yargeau, 2012). Furthermore, SMX's 

presence in the environment contributes to antibiotic resistance, a pressing public health 

concern, as bacteria can develop resistance, potentially rendering antibiotics less effective in 

treating infections. While levels in drinking water are typically low, long-term exposure to 

trace amounts of SMX raises potential health risks, emphasizing the need for stricter 

regulations, improved wastewater treatment, responsible medication disposal practices, and 

public awareness to address this emerging pollutant's impact on ecosystems and public health 

(Sanusi et al., 2023; Straub et al., 2016). 

2.2  Remediation techniques for emerging contaminants  

Remediation strategies for emerging contaminants can be grouped into natural attenuation, 

conventional, and advanced treatment processes. Natural attenuation processes such as 

dilution, volatilisation, biodegradation, photolysis, and sorption are simple and cheap, but slow 

and inefficient (Barbosa et al., 2016).  

Conventional treatments such as membrane filtration and adsorption onto powdered or granular 

activated carbon adsorption (PAC and GAC respectively) are more effective than natural 

attenuation in removing ECs. Membrane filtration requires high energy to operate, and it is 

challenging to dispose the concentrate by-product (Rizzo et al., 2019). Activated carbon is less 

toxic, does not lead to ozone depletion, and is renewable; however, even though it requires less 

energy to operate, the main concern is its high impact on global warming potential (GWP) in 

producing and regenerating it after use (Pesqueira et al., 2020).  

Advanced treatment technologies include advanced oxidation processes (AOPs), constructed 

wetlands, bioelectrical systems, and enzymatic treatment etc. (Rout et al., 2021). Advanced 

oxidation processes rely on producing hydroxy radical  or sulphate radical  to 

degrade and remove water contaminants. The hydroxyl radicals are most common and reactive 

in water treatment and are generated from ozone treatment,  treatment using oxidants 

or catalysts,—  is common—photocatalysts, electrochemical oxidation, and Fenton 

process using metals that are capable of activating  where iron  is the most 

common (Deng & Zhao, 2015; Madivoli et al., 2020). Though highly promising, some of these 

technologies such as bioelectrical and enzyme bioreactors are still new and face numerous 

challenges such as stability and reusability (Al-Maqdi et al., 2021). Collectively, these 

advanced technologies are expensive, require complex equipment, and require high energy to 
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produce and operate; in addition, AOPs especially ozonation, catalysis, and photocatalysis 

result in the formation of unknown by-products that may be more toxic, requiring additional 

steps to remove them (M’Arimi et al., 2020; Wilkinson et al., 2017). 

2.3 Photocatalysis 

Photocatalysis as an AOP in the treatment of emerging pollutants pivots on the utilisation of 

semiconductor photocatalysts, typically metal oxides like titanium dioxide (TiO2) and zinc 

oxide (ZnO), which possess the ability to absorb photons and generate electron-hole pairs when 

exposed to solar or artificial light (Sambaza et al., 2020; Zheng et al., 2022). These generated 

electron-hole pairs can subsequently initiate catalytic reactions on the surface of the 

photocatalyst (Figure 2.6), leading to the degradation or transformation of a wide range of 

organic and inorganic pollutants. 

HOMO = Highest Occupied Molecular Orbital) and LUMO = Lowest Unoccupied Molecular Orbital) 

Photocatalysis has several advantages, including its environmental friendliness as it relies on 

renewable solar energy, its effectiveness in breaking down a wide range of pollutants, and the 

potential to mineralise them into less harmful end products. However, there are limitations, 

such as the need for specific photocatalysts and light sources, potential catalyst deactivation 

due to fouling or poisoning, and the generation of byproducts that may require further treatment 

(Gokulakrishnan et al., 2021). Moreover, the efficiency of the process can be influenced by 

factors like the concentration of pollutants, pH, and the presence of other substances in the 

environment, which may affect its overall applicability and cost-effectiveness (Ahmed et al., 

2021). 

Figure 2.6: Photocatalytic mechanism (using TiO2 as an example). 
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2.4 Adsorption  

As covered in section 2.4, adsorption—especially using activated carbon—remains the most 

efficient, affordable, flexible to modification, and simplest conventional method through which 

ECs can be remediated from water (Rathi & Kumar, 2021). Activated carbon is the go-to 

adsorbent for WWTPs, but it is limited by the high production and regeneration cost to be used 

on a large scale. Other effective adsorbents that can be used include biochar, carbon nanotubes 

(CNTs), clay minerals, zeolites, pumice, graphene oxide, metal oxides, molecularly imprinted 

polymers (MIPs), etc. whose advantages and disadvantages have been reviewed extensively 

(Basheer, 2018; Rodriguez-Narvaez et al., 2017; Sophia A. & Lima, 2018; Yadav, Bagotia, et 

al., 2021). The disadvantages of these adsorbents are the high production cost, recyclability 

issues, and stability, and most are non-biodegradable.  

2.4.1 Polyaniline-based adsorbents 

Polyaniline—commonly abbreviated as PANI or PAni—is a conductive homopolymer whose 

history can be traced to a report of a “blue substance” when Dr Henry Letheby electro-lysed 

aniline sulphate in 1862 (Rasmussen, 2018). Polyaniline is commonly prepared by oxidising 

aniline into various polymeric structures (Figure 2.7) each possessing a different colour and 

characteristics.  

The molecular structure of polyaniline contains either benzenoid (B), quinonoid (Q) or both 

states in different proportions (Figure 2.7). The redox state of polyaniline is dependent on the 

ratio of benzenoid to quinonoid state, i.e., m:n, which should be ideally 1:1 for the emeraldine 

base, but this can be tuned depending on synthesis and extent of doping (Bhandari, 2018).   

Doping and dedoping yield different structures with varying electrochemical properties: doping 

in acidic media improves while dedoping with bases deteriorates the electroactive behaviour. 

These dopants linger near the polymer backbone and do not chemically react with the 

polyaniline chain or form any bonds. They lower the bandgap of polyaniline enhancing its 

electrochemical properties and they can be categorised into two: p-type dopants donate positive 

charge (holes) to the polyaniline chain; n-type which are electron-rich agents such as  

etc., including organic and inorganic acids (Bhandari, 2018). 
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Figure 2.7: Various polyaniline structures (ChemDraw20, Perkin Elmer, MA, USA) 
 (A- is an arbitrary anion; m  and n are the ratios of quinonoid and benzenoid state; y is the oxidation state)   

Polyaniline-based adsorbents are effective due to the unique properties they possess over other 

adsorbents: they have excellent environmental stability; the cost of the monomer and oxidants 

is cheap; the synthetic procedure has a low global warming potential (GWP), requires no toxic 

chemicals, and is simple; the properties of the adsorbent can be easily tuned—hence the famous 

“there are as many polyanilines as the number of people who make them”—depending on the 

synthetic procedure, dopant, or additive used (Samadi et al., 2021b). They have been 

successfully used in removing heavy metals from water (Eskandari et al., 2020), dyes (Nasar 

& Mashkoor, 2019),  and emerging pollutants (Ekande & Kumar, 2023; Park & Jhung, 2021) 

mainly through adsorption and in some instances to enhance catalytic properties metal 

nanocomposites for degrading the pollutants through photocatalysis (Yadav, Kumar, et al., 

2021).  

Polyaniline being a linear polymer has a low specific surface area varying between 

 as determined by Cai et al., by changing the oxidant to monomer ratio, 

time, and temperature (Cai et al., 2018). As an adsorbent, this is not desirable and hence 

polyaniline adsorbents are mostly synthesised as a copolymer, composted with other organic 

or inorganic material, crosslinked with other polymers, or applied as a core-shell with metal 

oxides or metal-organic frameworks. Composting polyaniline with biopolymers such as 

cellulose, carboxymethyl cellulose, starch, cyclodextrin, glucose, chitosan etc., is more 
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desirable to keep the green and sustainable attractiveness of polyaniline as an adsorbent 

(Anisimov et al., 2021).  

2.4.2 Adsorption process 

Adsorption is defined as the increase of concentration of a component at the surface of the 

interface between two phases. The term ‘adsorption’ was first used by McBain in 1909 to 

describe the uptake of hydrogen by carbon (McBain, 1909). The term ‘sorption’ is easily 

confused with adsorption, but it refers to both adsorption and absorption (Figure 2.8). 

Adsorbate is the component in the bulk phase that adheres to the solid or liquid surface of an 

adsorbent. The adsorption process occurs when adsorbates in a liquid or gas phase interact with 

adsorbents in solid or liquid phase interact with one another physically (physisorption), which 

is reversible or chemically (chemisorption), which is stronger, specific but often irreversible 

(Ali & Gupta, 2007b). The adsorbents should ideally have a high specific surface area and a 

strong affinity towards the adsorbate of interest to be effective.  

The initial stage of the adsorption process involves the adsorbate molecules transferring from 

the bulk phase (mass transfer) to the surface of the adsorbent through diffusion or convection. 

At the adsorbent surface, the adsorbate interacts with the functional groups through various 

forces such as hydrogen bonding, electrostatic interactions, chemical, π-π stacking, or Van der 

Waals forces (Kecili & Hussain, 2018). The adsorbate accumulates on the surface of the 

adsorbent forming a monolayer or multilayer depending on the adsorbent and adsorbate 

characteristics; chemisorption can only occur through a monolayer (Da̧browski, 2001).   

Adsorbates continuously accumulate on the surface of the adsorbent until an equilibrium is 

reached, where the rate of adsorption and desorption—leaving the adsorbent surface back to 

the gas or liquid media—is balanced. At this point, the adsorbent is considered saturated and 

the adsorption capacity, which is the amount of adsorbate taken up per unit mass (or volume) 

of the adsorbent, is maximum (Da̧browski, 2001). 

Figure 2.8: The process of adsorption, absorption, and sorption. 
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Several models are used to evaluate the adsorbent by measuring and describing the adsorption 

phenomenon: equilibrium at a constant temperature is described using isotherms and 

isothermal curves such as those by  Langmuir, Henry, Freundlich, Temkin, Sips etc., (Al-

Ghouti & Da’ana, 2020); kinetic and thermodynamic models describe the adsorption reaction 

and diffusion processes such as pseudo-first-order rate equation, pseudo-second-order rate 

equation, second-order rate equation, intraparticle diffusion etc., (Qiu et al., 2009).  

Factors affecting adsorption include pH, temperature, matrix effects, characteristics of 

adsorbent and adsorbate, contact time, particle size, and concentration of adsorbate (L. Wang 

et al., 2020). The factor settings that favour adsorption parameters such as removal efficiency 

and adsorption capacity are first optimised followed by investigating how the adsorbate and 

adsorbent interact through thermodynamics, kinetics, and equilibrium studies. These studies to 

evaluate the adsorbent are carried out by either batch or column processes in lab-scale 

experiments.  

2.4.2.1 Optimisation techniques 

Optimising the adsorption-dependent factors mentioned in section 2.4.2 is important for 

improving the efficiency of the adsorbent and maximising the interaction between the 

adsorbent and the adsorbate. The adsorption capacity and removal of contaminants can be 

maximised by finding the best operating conditions for the adsorbent.  

There are three main ways through which these optimal factor settings have been investigated: 

Ad hoc experiments, one-factor-at-a-time technique, and data-driven methods. Ad hoc 

experiments—a fancy term for an educated guess—are done by picking factor and factor 

settings that are known to maximise the adsorption process without the need to test other factor 

settings. They require pre-knowledge about the adsorbents and adsorbate behaviour; they are 

quick but highly inefficient and unscientific.  

One-factor-at-a-time (OFAT), also referred to as the engineering method is a technique where 

one factor is studied as the other is held constant. Once the factor setting that leads to maximum 

adsorption has been determined, it is held constant and used to study the other factor settings. 

While OFAT experiments can be simple and easy to conduct, the pitfalls of such a process 

cannot be more obvious: they do not study the interaction between factors which could affect 

the adsorption process; a single factor would require around six to eight experiments to 

visualise the trend in adsorption, which lead to many experiments that are time-consuming and 
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resource wasteful especially when numerous factors are investigated; they fail to capture non-

linear responses and are limited statistically leading to poor conclusions (Czitrom, 1999).  

Data-driven methods include design of experiments (DOE) and artificial neural networks 

(ANN). These techniques supersede the rest as they are statistically designed tend to be more 

accurate, require a few experiments to study a lot of factors, screen out the less important 

factors, determine interactions between factors, and can be used for predictive modelling (Azad 

et al., 2016). The two can be used independently or in supplement with the other as used by 

Gadekar and Ahammed to model dye adsorption onto water treatment residuals (Gadekar & 

Ahammed, 2019). ANN techniques are out of scope in this work and more information related 

to the technique is available from the following reviews (Amrita Nighojkar et al., 2023; Ghaedi 

& Vafaei, 2017; Taoufik et al., 2021). Design of experiment is covered broadly in section 2.5.  

2.4.2.2 Batch experiments 

The basic setup of batch experiments (Figure 2.9a) involves adding a known amount of the 

adsorbent to a known concentration of adsorbate held in a vessel for a certain duration of time. 

The adsorbent and adsorbate can be stirred or shaken to enhance interaction after which the 

adsorbent is separated from the adsorbent through filtration or centrifugation. Adsorbents with 

magnetic properties have the additional advantage of being separated from the adsorbate using 

a magnet improving efficiency (Mehta et al., 2015).    

Batch experiments are simple, cheap, and are often used to optimise the adsorption-dependent 

factors mentioned in section 2.4.2, determine adsorption parameters, and describe the kinetics 

and equilibria of the adsorption process. The major drawback of batch experiments is the small 

adsorbate volume and adsorbent quantity that can be practically applied, difficulty in retrieving 

and regenerating the adsorbent, limited dynamic adsorption since adsorbent behaviour is 

(b) (a) 

Figure 2.9: Setup for batch (a) and column (b) adsorption experiments. 
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locked in point and time over the duration of exposure, and cannot be used for desorption 

studies to have any practical industrial use (Patel & In, 2021) 

2.4.2.3 Column experiments 

The typical setup for column adsorption experiments involves passing a gas or liquid 

containing a known amount of the adsorbate of interest through a column packed with an 

adsorbent (Figure 2.9). A pump is used to pump the solution through the column at a rate that 

allows effective interaction between the adsorbate and adsorbent; hence, should be optimised.    

This setup allows for the continuous monitoring of the adsorbent behaviour—not locked in 

point and time—providing more dynamic and richer information regarding adsorbent and 

adsorbate interaction compared to batch experiments. They simulate a more realistic scenario 

of an industrial application, kinetic and interaction mechanism obtained from such studies is 

detailed and allows for bench-scale experiments to be scaled to industrial applications using 

fixed-bed modelling data (Ahmed & Hameed, 2018). However, they are limited by the 

additional complexity of requiring a column, a pump, and piping systems; also, packing the 

column can be challenging and lead to uneven packing often reducing efficiency (Patel, 2019).  

The column experiments can either be a fixed-bed column where the adsorbent material is held 

stationary inside a column or a moving-bed column where the adsorbent material is incessantly 

or intermittently moved through the adsorption column using a mechanical or pneumatic 

system (Schideman et al., 2006). Moving-bed columns are superior due to the high throughput 

and greater efficiency, but more expensive and complex. Fixed-bed columns are recommended 

for small-scale applications.  

The adsorption process of a fixed-bed column is studied using breakthrough-curve—a plot of 

the ratio of effluent concentration to inlet concentration against time or volume—models which 

provide information about critical parameters such as adsorption capacity, column efficiency, 

breakthrough time, saturation time, and the time required for 50% breakthrough etc., (Z. Xu et 

al., 2013). 

2.4.3 Fixed-bed adsorption modelling 

Fixed-bed adsorption mentioned in section 2.4.2.3 results in breakthrough curves which are 

best investigated by comparing the experimental breakthrough curves to existing mathematical 

models. Ideally, the breakthrough curve should be rectangular, but the mechanisms mentioned 

in section 2.4.2 result in an S-shaped curve (sigmoidal) due to processes taking part in the mass 
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transfer zone (MTZ, Figure 2.10): axial dispersion, external film mass transfer, pore diffusion, 

and surface diffusion—also referred to as curve-broadening factors.  

 

Various fixed-bed models grouped into three can be used to describe breakthrough curves. 

Data-driven models, also referred to as black-box models, such as artificial neural networks 

and design of experiments are the simplest as they require no understanding of the adsorption 

process; they are useful in optimising adsorption-dependent factors, but they can only be used 

within the design space and cannot be used to predict adsorbent behaviour outside this range.  

Mechanism-driven models are best suited to modelling breakthrough cures because they 

consider conservation in mass, energy, and momentum physical principles. The differential 

mass balance equation (Eq. (2.3)) for the liquid phase is used to describe the adsorption process 

by assuming a singular adsorbate, spherical and uniform particles, constant velocity and zero 

dispersion (plug flow) is used to describe the adsorption process. The first term of equation 

(2.3), , is the adsorbate concentration in the minus out, the second term represents the 

adsorbate accumulation on the liquid phase, while the third term describes the adsorbate 

accumulation on the adsorbent (Chu, 2022).  

Figure 2.10: Mass transfer zone and curve-broadening processes taking place on porous 
adsorbents (Qili, 2019). 
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  (2.3) 

The mass balance taking place on the adsorbent can be regarded as a function of the adsorbate 

concentration flowing in the influent and that adsorbed on the adsorbent and at equilibrium 

with the liquid phase (Eq.(2.4)). This rate expression can be rewritten as Eq. (2.5) considering 

a quick rate and an equilibrium existing at all points in all adsorbents in the interphase in the 

fixed-bed column.  

    (2.4) 

      (2.5) 

This equation (2.5) when substituted into the overall mass balance equation (Eq. (2.3)) results 

to Eq. (2.6). Rearranging and integrating and rearranging equation (2.6) yields the equation 

(2.7) where the axial distance (Z) is substituted with the length of the column (L) considering 

a breakthrough curve. Equation (2.7) is called the equilibrium non-dispersive model, which 

gives the time at which the effluent concentration is equal to the influent concentration: the 

time at which breakthrough occurs. This model is simple and only describes adsorption from a 

flow and thermodynamics perspective; hence, the breakthrough curve generated by this 

equation (Eq. (2.7)) is a step function.  

  (2.6) 

  (2.7) 

Realistically, the equilibrium at the interphase between adsorbate molecules in the liquid phase 

and those on the adsorbate does not occur at all points exhaustively, neither is the rate of 

adsorption quick nor is adsorption purely dependent on just flow and thermodynamics. These 

reasons make the equilibrium nondispersive model (Eq. (2.7)) unfit to describe real 

breakthrough curves, which are typically S-shaped (sigmoidal) due to dispersive effects—the 

curve broadening factors mentioned in the first paragraph in this section.  

To account for all curve-broadening factors, a list of partial differential equations based on the 

mass balance equation (Eq. (2.3)) needs to be solved leading to numerical solutions. Such an 

exercise requires complex software and expertise to solve these full mechanistic models.  

Considering a single curve broadening factor to represent all the others enables simple models 

to be generated and solved yielding analytical solutions; hence, referred to as semi-mechanistic 
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models. Though impractical, the equilibrium nondispersive model is useful in this case in 

approximating a favourable equilibrium used to find analytical solutions for the semi-

mechanistic models.  

Scientists have used this approach to generate breakthrough-curve models that assume a single 

curve-broadening factor that lumps all other dispersive factors. These scientists were Bohart 

and Adams famous for their Bohart-Adams model, and Thomas famous for his Thomas model.   

2.4.3.1 Bohart-Adams model 

As mentioned in section 2.4.3, Bohart and Adams offered the first analytical solution for the 

breakthrough curve when investigating chlorine adsorption onto charcoal in 1920 (Bohart & 

Adams, 1920). They developed a semi-mechanistic model by taking rate kinetics as the single 

curve broadening factor: a second-order irreversible kinetic model (Eq. (2.8)). At equilibrium, 

equation (2.8) reduces to an irreversible equilibrium—limiting form of a favourable 

equilibrium—where . Substituting equation (2.8) to the mass balance equation (2.3) led 

Bohart and Adams to develop an analytical solution that has been generalised by Amundson as 

equation (2.9).   

      (2.8) 

      (2.9) 

      (2.10) 

      (2.11) 

2.4.3.2 Thomas model 

Thomas in 1944 assumed a Langmuir isotherm and a pseudo-second-order reaction rate (Eq. 

(2.12)) as the single curve broadening factor in deriving his solutions to explain the ion 

exchange taking place on zeolites in a column process. At equilibrium i.e.,  , 

equation (2.12) corresponds to a Langmuir isotherm hence referred to as the Langmuir kinetic 

model.  

      (2.12) 
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The solution to equation (2.3) considering equation (2.12) was derived by Thomas and 

generalised by Heister and Vermeulen as equation (2.13). This is praised as the first analytical 

solution for non-equilibrium conditions and non-linear isotherms.  

     (2.13) 

      (2.14) 

      (2.15) 

     (2.16) 

      (2.17) 

      (2.18) 

The J function presented as equation (2.18) is referred to as the Onsager approximation. 

Equation (2.13) is the real Thomas model which is superior to the Bohart-Adams model since 

it accounts for the Langmuir isotherm linearity; however, it is not user-friendly and cannot be 

used to estimate adsorption parameters using linear regression (Chu, 2010). 

2.5 Design of experiment (DOE) 

Design of experiment (mentioned in section 2.4.2.1) is a statistical approach to planning and 

analysing experiments by changing multiple factors simultaneously to investigate their effect 

on one or more responses. It is based on the factorial concept crafted by Fisher in the 1920s 

while trying to optimise wheat yield—best captured in his biography: “The Life of a Scientist” 

(Yates & Fisher, 1979). The emphasis of DOE is on the design rigour rather than analysis 

afterwards; hence, the famous quote by Fisher (Cox, 2017): “To consult the statistician after 

an experiment is finished is often merely to ask him to conduct a postmortem examination. He 

can perhaps say what the experiment died of.” 

A factorial experiment is where two or more factors and all their possible combinations are 

investigated simultaneously. The beauty of such experiments is in the few experiments and the 

added advantage of studying how different factors interact with one another. Factorial 

experiments follow three key principles: randomising the experiments to reduce bias and 

spread nuances from uncontrollable factors; replicating the experiments to improve the 
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probability of making fewer errors; and blocking, which is simple a method to block out 

uncontrollable factors (J. B. Fisher, 1980).  

The most common factorial experiments in optimising adsorbent-dependent factors are two-

leveled. Here, each factor is set up using only two levels: the highest level (+1) and the lowest 

level (-1). The total number of experiments required is determined by equation (2.20) where n 

is the total number of factors and 2 represents the factor levels (Figure 2.11). The number of 

experiments can be represented visually as the corners of a square or a cube (Fig. ). It is 

encouraged to include a wide range between the two-factor settings to completely capture the 

design space. Although three-leveled factorial experiments are possible and provide more 

accuracy, they result in very large experiments determined by , which are unsustainable 

owing to the little value that they add (Montgomery, 2019).   

 (2.19) 

                                     (a, b, and c are factors) 

Designed experiments consist of two main parts: screening designs to find the most important 

factors, followed by optimisation and modelling.  

2.5.1 Screening designs 

The first step in design of experiment is to screen for all factors that may affect your process. 

They generally test whether the change in a factor’s setting produces a large enough effect to 

be considered important—active factors. Significant effects from two factors interacting with 

one another can also be investigated at this point. Once the active factors have been identified, 

a main-effects linear regression model (Eq. (2.20) is generated at this point, where  is the 

intercept,  are the partial regression coefficients,  are the factors,  is the error. In addition 

to the number of experiments required (Eq. (2.19), centre points, which are the midpoints 

between two-factor levels, are added and replicated to estimate the error ( ). 

Figure 2.11: Graphical representation of thr number of experiments and the design space
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  (2.20) 

Screening designs can be full factorials when considering a few factors or fractional factorials 

to reduce the number of experiments when a lot of factors are taken into consideration. The 

number of experiments required for fractional factorials is determined by equation (2.21) where 

p represents the number of half-fractions and res indicates the resolution of the resulting design. 

The fractional factorials are associated with the projection property where all fractional 

factorials can be regarded as full factorial studies in fewer factors (Figure 2.12).   

Since fractional factorials are a quid pro quo type of arrangement, the accuracy of the number 

of interactions and main effects that you can study reduces the more you take bigger fractions. 

This is because of the confounding of main effects and interactions when performing fractional 

factorials. Resolution ( ) in this case helps to categorise fractional factorials and indicate the 

aliasing between main effects and interactions—when two effects are aliased with one another, 

it becomes difficult to tell them apart and determine where the effect is coming from 

(Montgomery, 2019).  

Fractional factorials of resolution III design have main effects aliased with all two-factor 

interactions: resolution IV designs have two-factor (2fi) factor interactions aliased with one 

another, and resolution V designs have two-factor interactions aliased with one another. 

Resolution III and IV designs are used in screening designs, but resolution V designs are 

 (2.21) 

Figure 2.12: Projection property of fractional factorial designs  
(a, b, and c are factors) 
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usually too large to be practical. Placket-Burman (PB) designs are a class of resolution III 

designs useful in reducing the number of experiments required, but they involve complex 

aliasing structures hence irregular designs (Tyssedal, 2008).  

2.5.2 Response surface methodology 

The previous section’s focus was on screening to find the most important factors. After getting 

the active factors, the next question is how to find the levels of these factors that get the best 

results: optimisation—in our case, maximising adsorption. Response Surface Methodology 

(RSM), whose focus is optimisation, is useful in such cases. RSM is a collection of 

mathematical and statistical techniques used in modelling which include either central 

composite designs (CCD, ) or Box-Behnken designs (Montgomery, 2019).  

In a situation where the optimal region was not captured in the screening design, a method of 

steepest ascent approach finds the factor levels that include the optimal region. The main-

effects linear regression from the screening design (Eq. (2.20) is used in this approach. This is 

then followed by augmenting the design with centre points to estimate curvature and axial to 

satisfy the rotatable property of a CCD. The total number of experiments required for RSM is 

given by equation (2.22) where n is the number of factors and  is the number of centre points. 

Generally, a minimum of 3 centre points is suitable to give a reasonable prediction variance 

(Montgomery, 2019). 

 (2.22) 

 

In addition to equation (2.20), RSM includes the two-way interaction ( ) and pure 

quadratic ( ) effects to generate a second-order model (Eq. (2.23)). This model is 

used for optimisation and can be satisfactorily used for prediction modelling.  

Figure 2.13: Central composite designs, axial points and the rotatability property. 
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  (2.23) 

Curvature for each factor in RSM is investigated using the interaction effects and quadratic 

effects. If one exists the stationery points are derived to give an idea whether the points are a 

maximum, minimum, or a point of inflection—saddle point. The resulting surface plots are 

used to find the optimum factor settings.  



 

29 

 

Chapter 3: Bisphenol-A Adsorption onto Villi-Structured Polyaniline, and 
its Carboxymethyl and Dialdehyde Carboxymethyl Cellulose Composites: 
A Customised and Definitive Screening Designed Experiments Approach 

3.1 Introduction 

Polyaniline-based materials are desirable adsorbents: their preparation methods are simple, 

cheap, and environmentally friendly; are easily modified; and their properties can be easily 

tailored for enhanced adsorbent-adsorbate interaction (Samadi et al., 2021c). The morphology 

of polyaniline can be tuned using hard, soft or template-free synthetic methods enhancing its 

performance for intended applications (Boeva & Sergeyev, 2014; Tran et al., 2011). Recently, 

Seung and their group proposed an organic single-crystal surface-induced technique to 

polymerise aniline which yields polyaniline sheets with surface villi-like structures (Hwang et 

al., 2018). Whereas the study shows how this morphology boosts the conductivity property of 

polyaniline, the effect on the adsorption remains unstudied.    

In addition to tuning the morphology, polyaniline is applied either in its nano form, hybridised 

with other molecules (Chinnathambi & Alahmadi, 2021; Y. Gao et al., 2016; Hsini et al., 2021), 

or crosslinked to improve its sorption performance (Germain et al., 2007). However, 

hybridising polyaniline with other materials can negatively impact some of its properties (F. T. 

Liu et al., 1999). Carboxymethyl cellulose (CMC) is one environmentally friendly biopolymer 

that has been successfully used to improve the performance of polyaniline material (Megha et 

al., 2018; Olad et al., 2021). However, some studies have reported that the oxidised species of 

CMC, dialdehyde carboxymethyl cellulose (DCMC), performs better in hybrid adsorbent 

materials (Asere et al., 2019; Heydari et al., 2022; M. Huang et al., 2022; Sethi et al., 2020). 

Although these prior studies demonstrate that DCMC is better, they fail to investigate the effect 

of varying the aldehyde content of DCMC and comparing the performance to CMC. One of 

the reasons could be the substantial number of experiments required to study multiple 

adsorbents for each adsorption-dependent factor.  

A solution to this would be through a design of experiment (DOE) approach discussed in 

section 2.5—as opposed to a one-factor-at-a-time—to get richer and more accurate cause-and-

effect information from multiple factors using fewer experiments (Allouss et al., 2019; 

Asfaram et al., 2015; R. A. Fisher et al., 1980; Uy & Telford, 2009). Classical DOE is ideal, 

but its sequential nature can translate to a large study for many factors. Classical-fractional 

factorials or Plackett-Burman designs would reduce the number of experimental runs but 

confounding effects become a major issue with such designs (Lundstedt et al., 1998). Definitive 
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screening design (DSD), a class of three-level optimal designs, combines screening and 

optimisation reducing experimental runs to N=2k+1 or 2k+3 for even and odd factors (k) (Jones 

& Nachtsheim, 2011a). Main linear effects (MLEs) which are orthogonal and uncorrelated to 

unconfounded two-factor interactions (2FIs), and quadratic effects are all estimable in a single 

DSD experiment which can project into a response surface method (RSM) in at most three 

factors for a study involving at least five factors (Johnson & Jones, 2011; Jones & Nachtsheim, 

2011b). However, DSDs are limited to two levels per factor during the design, which reduces 

the power for determining main effects when dealing with categorical variables (Jones & 

Nachtsheim, 2013), and the original factor settings may not capture the optimal region.  

We asked whether villi-structured polyaniline (VSPANI) would be a good adsorbent using 

bisphenol A (BPA) as the target analyte; additionally, whether composting VSPANI with CMC 

or DCMC with varied aldehyde content would enhance its adsorption performance. We 

selected BPA as our model analyte because it is a micropollutant of great concern owing to its 

high occurrence in the environment and the high health risk of disrupting the endocrine system 

hence necessitating its removal (Corrales et al., 2015; Yang et al., 2022). 

Here we investigate the cause and effect of some adsorption-dependent factors to study for the 

first time the adsorption capability of VSPANI and the effect of aldehyde content of its 

carboxymethyl cellulose-derived composites on adsorption. We customised a screening design 

of the D-criterion (de Aguiar et al., 1995) prior to the definitive screening design to 

accommodate a categorical variable in four levels, study the main effects plus one interaction 

at a satisfactory power, and investigate the optimum region. We further use a definitive 

screening design to examine the second-order effects, find the optimal factor settings, and 

generate predictive models for the best-performing adsorbent. This study can also serve as a 

guide to screening multiple adsorbents and optimising adsorption-dependent factors quickly, 

accurately, and efficiently before conducting a more intensive evaluation of the adsorbent.  
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3.2 Methodology 

3.2.1 Materials  

Sodium decane-1-sulphonate (SDSn, ≥98%) was purchased from Tokyo Chemical Industries. 

Carboxymethyl cellulose (CMC, CAS 039-01335), sodium periodate (≥99.5%), 

hydroxylammonium chloride (≥98%), N,N-Dimethylformamide (DMF, ≥99.5%), 

concentrated hydrochloride (HCl, 35%), 1.0 M sulphuric acid (H2SO4), methanol (≥99.7%), 

ethanol (≥99.5%), acetone (≥99.5%), and 1.0 M sodium hydroxide (NaOH) were purchased 

from Wako Chemicals. Ammonium peroxodisulphate (APS, ≥98%), aniline (≥99%), and 

bisphenol-A (BPA, ≥99%) were purchased from Nacalai tesque.  

3.2.2 Preparation of dialdehyde carboxymethyl cellulose 

DCMC(A) with an 80% theoretical degree of oxidation was prepared using a method outlined 

by (H. Li et al., 2011) with slight adjustments in the weights and volume. Carboxymethyl 

cellulose (CMC), 1.0g, was dissolved in 20 mL distilled water contained in a 50 ml conical 

flask and constantly stirred to a clear solution. An oxidant solution prepared by dissolving 2.2 

g of sodium periodate in 20 mL distilled water was added to the CMC solution dropwise while 

stirring. The pH of this solution was adjusted to pH 3.0 using 1 M H2SO4 solution and the 

mixture was stirred in the dark for 4 hrs at . The solution was poured into 200 mL of 

ethanol to precipitate the oxidised product which was recovered by vacuum filtration on a 

Sibata glass filter (4 - 5.5 μm) followed by washing with 50% v/v ethanol and 99.5% v/v 

ethanol to remove all iodic compounds.  

The recovered product was dried at  to a constant weight and ground to a fine powder 

using a mortar and pestle before storage in a desiccator. DCMC(B) with a theoretical degree of 

oxidation of 40% was prepared in a similar procedure using 1.1 g of sodium periodate in 20 

mL of distilled water.  

3.2.2.1 Determination of the degree of oxidation of DCMC 

The degree of oxidation of DCMC was calculated by determining the aldehyde content 

converted to oxime using a Schiff’s base reaction. The procedure used is as described by Jiang 

et al., (2016): 50 mg of DCMC was dissolved in 2.5 mL distilled water and the pH was adjusted 

to 5.0 using 0.1 M sodium hydroxide, 4 mL of 0.72 mol/L hydroxylamine hydrochloride at pH 

5.0 was added and stirred for 4 hours in a water bath. The solution was titrated against 0.1 

mol/L NaOH. A similar concentration of CMC at pH 5.0 was used as the blank. The titrations 

were done in triplicate and the degree of oxidation was calculated using Eq. (3.1)  
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  (3.1) 

Where  = 0.1 M NaOH,  is the sample titre,  the titre for the blank,  is the dry 

weight of DCMC sample in g, and  is the average molecular weight of the repeating unit 

in DCMC.  

3.2.3 Preparation of aniline hydrochloride 

Aniline hydrochloride was prepared as per the procedures by Witten and Reid (1950): 

 of concentrated HCl was added to  of previously 

distilled aniline in an evaporating dish and heated to dryness on a hotplate. Aniline 

hydrochloride was heated in an oven at  prior to use.  

3.2.4 Preparation of villi-structured polyaniline and carboxymethyl cellulose composites  

Villi-structured polyaniline was synthesised as described by Hwang et al., (2018) with volume 

and mass adjustments (Figure 3.1). Sodium 1-decanesulfonate, 975 mg (4 mmol), was 

dissolved in 30 mL of 0.01 M HCl aqueous solution, stirred at  for 15 min then cooled 

down to  with vigorous stirring for 15 minutes at 900 revolutions per minute to recrystallise 

and stabilise it. 

A monomer solution containing  of aniline hydrochloride in 10 mL 0.01 M 

HCl was added to the stabilised SDSn solution and stirred for an hour. An oxidant solution of 

APS, 900 mg (4 mmol) in 10 mL of 0.01 M HCl was cooled to   then added to the solution 

at a rate of 10 mL/hr using a syringe pump and continuously stirred. Polymerisation was carried 

out for 5 hours at a constant stirring rate of 500 rpm.  

The products were vacuum filtered on a 4 - 5.5 μm Sibata glass filter, washed severally using 

0.01 M HCl aqueous solution, methanol, and acetone then dried in an oven for 24 hrs at . 

The composites were prepared similarly, but the monomer solution was initially stirred with 

an additional 120 mg (ratio of 1:5 to aniline hydrochloride) of either CMC, DCMC(A) or 

DCMC(B) for 2 hours at room temperature, cooled to   then introduced to the SDSn 

solution before polymerisation. The adsorbents were designated as VSPANI, CMC/PANI, 

DCMC(A)/PANI and DCMC(B)/PANI.  
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Figure 3.1: Reaction scheme showing polyaniline synthesis on an organic single crystal. 

3.2.5 Characterisation 

The surface morphology and particle sizes of the polymers were checked using a Hitachi 

scanning electron microscope (SEM) SU3500. Functional groups were studied using a Perkin 

Elmer Spectrum 400 Fourier Transmission Infrared spectrophotometer (FTIR) equipped with 

a GladiATR monolithic diamond Attenuated Total Reflectance (ATR) cell; the obtained 

spectra were from an average of 30 scans set at 4 cm-1 resolution in the range 

 The cell was cleaned and dried between samples using isopropyl alcohol. 

Wide-angled diffraction patterns of the polymers were recorded on a Rigaku ULTIMA IV 

powdered X-ray diffractometer (XRD) using Cu Kα radiation (λ = 1.5418). UV spectra of the 

polymers suspended in DMF (5mg in 10 mL) were conducted on a Shimadzu U-4100 UV-Vis 

spectrophotometer.  

3.2.6 Fixed-bed adsorption procedure 

A fixed bed microcolumn system was used as opposed to a batch system to mimic a column 

system simulative of an industrial process, easy handleability, adaptability, and recyclability of 

the adsorbents (Albadarin et al., 2012). A known amount of the adsorbent was packed between 

two quartz wool of 2-6 μ fibre diameter inside a 15 cm long glass Pasteur pipette, 0.5 cm 

internal diameter (ID) that functioned as the column. The quartz wool was placed at a level so 

that the absorbent rested above the curved section of the pipette to reduce the variability arising 

from packing the adsorbents. The packed columns were washed with methanol and soaked 

overnight in deionised water to rid of the airspaces in between the particles before analysis. A 

syringe pump (YMC, YSP-101) was used to deliver the sample contained in a 20 mL syringe 

to the top of the column via a snuggly fit silicone tube of 0.3 cm ID and 0.6 mm outer diameter 

(OD). The snug fit was important to ensure a constant flow rate during the experiment.  

3.2.7 Adsorbate preparation and analytical analysis 

BPA stock solution, 1000 mg/L, was prepared by dissolving 50.51 mg of BPA in 50 mL 

deionised water containing 15 mL ethanol. Working standards and sample solutions were 
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prepared from a 100 mg/L working stock. Direct photometric determination was conducted at 

a wavelength of 276 nm on a Shimadzu U-4100 UV-Vis spectrophotometer.  

3.2.8 Design of experiments 

3.2.8.1 Custom screening design 

A design of experiment method using JMP®, version 16.2 software, was adopted to study the 

adsorption of bisphenol-A onto the adsorbents with subsequent optimisation and modelling. A 

customised screening design of D-optimal criterion with 16 experimental runs was selected to 

conduct initial screening for the best-performing adsorbent of the four polymers (categorical 

variable in four levels), screen the active factors from four continuous variables affecting the 

adsorption of BPA onto the adsorbents (Table 3.1), and estimate the optimum region. Sample 

volume with a priori effect was left out in the initial screening to reduce the number of runs. 

Two responses, removal efficiency, and adsorption capacity calculated as per Eqs. (3.3) and 

(3.4) were chosen as the responses with the desirability set to maximise both. Additionally, we 

were interested in checking whether the change in initial concentration interacted with the 

change in pH.  

3.2.8.2 Definitive screening design and response surface method 

Two closely related adsorbents performance-wise and four active factors were taken through a 

definitive screening design to further screen for the active factors, check for all two-way 

interactions, account for curvature, find the optimal operating conditions, and generate 

predictive models for removal efficiency and adsorption capacity. Sample volume was added 

to account for the change in volume in the final model and the highest level of initial 

concentration was changed from 70 mg/L to 85 mg/L to move it into the optimum region for 

both responses (Table 3.1). The definitive screening design incorporated centre points 

represented as level 0 to account for curvature. A Response surface method (RSM) projected 

from the definitive screening design was used to determine the optimal conditions by fitting in 

and finding solutions to second-order regression models (Eq. (3.2)) accounting for linear, 

quadratic and interactions for each response.  

   (3.2) 

Where:  and  are the input and predicted values; , , , and  are the regression 

coefficient for the intercept, linear, quadratic, and interaction terms respectively; ε is the error 

term also referred to as the residual term.  
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The experimental runs from all designs were randomised to spread out nuances from 

uncontrollable factors. The suitability of the two designs was evaluated through power analysis, 

average prediction variance, and correlation maps. The matrix tables for each design are 

presented in Appendix  I and Appendix  II. 

Table 3.1: Custom and definitive Screening design factors, coding, levels and responses. 

(C0 & Cf = concentration before and after adsorption, m = mass in grams and V = volume in Litres) 

3.2.8.3 Model fitting and data validation 

The custom design model was fit using a standard least square personality with an effects 

screening emphasis while the definitive screening design was fit using effective model 

selection. Being linear regression models, both graphical and numerical model adequacy 

checks were used to check that the residuals had a constant variance, were normally distributed, 

and were independent of one another over time. Graphical adequacy checks included checking 

the actual vs predicted plots, normal quantile plots, residual vs predicted and studentised 

residual plots. Numerical adequacy checks involved the use of analysis of variance (ANOVA), 

Factors  Units Coding Levels  Natural Variables 
    Custom Design Definitive Screening 

Adsorbent 
Type —  

 VSPANI VSPANI 
 CMC/PANI — 
 DCMC(A)/PANI — 
 DCMC(B)PANI DCMC(B)PANI 

Initial 
Concentration mg/L  

 70 85 
   — 45 

 5 5 

pH —  
 10 10.0 

   — 6.5 
 3 3.0 

Rate mL/min  
 1.0 1.00 
 — 0.58 
 0.2 0.16 

Adsorbent 
Amount mg  

 15 15 
 — 10 
 5 5 

Sample 
Volume mL  

 — 20 
 — 15 
 — 10 

Response   Equation 

Removal 
Efficiency %    

 

 (3.3) 

 
Adsorption 
Capacity mg/g    

 (3.4) 
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coefficient of determination (R2), adjusted coefficient of determination (R2
adj), predicted 

residual error sum of square (PRESS), and lack of fit. The confidence level for the statistical 

tests was 95% (2 standard deviations) and where applicable, data are presented as mean ± SD. 
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3.3 Results and Discussion 

3.3.1 Characterisation  

3.3.1.1 Synthesis of dialdehyde carboxymethyl cellulose  

This study abbreviates the oxidised species as DCMC(A) and DCMC(B) referring to an 

aldehyde content of   and  respectively. CMC was successfully oxidised 

as evidenced by the FTIR spectra (Figure 3.2): the peak in the region attributed to 

the stretching vibration of a carbonyl confirmed the newly formed aldehydic carbonyl group 

and the peak at  implied hemiacetal bonds forming between the aldehydic groups 

and neighbouring hydroxyl groups (Jiang et al., 2016).  

CMC’s smooth irregular long fibres of  average diameter were converted to 

needle-like fibres of average diameters of  and  for DCMC(A) 

and DCMC(B) respectively (Figure 3.3).  

Figure 3.2: CMC, DCMC(A) and DCMC(B) FTIR-ATR spectra. 
(v = stretch vibration, vs = symmetric stretch, vas = asymmetric stretch, δ = bending vibration) 

VSPANI, CMC/PANI, DCMC(A)/PANI, and DCMC(B)/PANI had common FTIR peaks 

(Fig.1): 1565 cm-1 and 1481 cm-1 corresponding to stretching vibrations for  of quinoid 

and benzenoid rings respectively; 1294 cm-1 and 1245 cm-1 representing  and  

bending vibrations of benzenoid and quinoid rings respectively (Zhang et al., 2017).  The peaks 

for PANI in the composites’ matrices shifted to lower wavenumbers, were broadened, and had 

lower intensity implying that the interactions between the composites and VSPANI occurred 
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through bidentate or bifurcated hydrogen bonding (Figure 3.5) (Anton et al., 2020; Gorman, 

1957; Moraes & Motheo, 2006). This suggests that CMC/PANI has denser hydrogen bonding 

networks with these network densities decreasing with an increase in the aldehyde content in 

the DCMC composites.  

 

VSPANI and the composites had granular structures (Figure 3.6) of varying particle sizes: 

11.84±0.63 μm, 29.48±0.63 μm, 52.02±1.03 μm, and 116.30±3.20 μm for VSPANI, 

DCMC(B)/PANI, DCMC(A)/PANI, and CMC/PANI, respectively. We related this particle 

size increase to the increase in hydrogen-bonding density. Villi structures were well defined on 

VSPANI (Appendix  III); they were not observed on PANI/CMC, but less defined on the 

surfaces of DCMC(A)/PANI and DCMC(B)/PANI. The hydrogen bonding density influenced 

the formation of these villi structures by interfering with the initial interaction between the 

aniline monomer and the surface of the SDSn organic crystal.  

 

 

 

Figure 3.3: FTIR spectra and size distribution histograms for CMC (a-c), DCMC(A) (d-f), and
DCMC(B) (g-i) 
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Figure 3.4: FTIR-ATR spectra for VSPANI, CMC/PANI, DCMC(A)/PANI and 
DCMC(B)/PANI. 
(v = stretch vibration, vs = symmetric stretch, δ = bending vibration) 

 

Figure 3.5: Hydrogen bonding interaction between CMC and PANI backbone. 

The peaks at 295 nm and 624 nm from the UV-VIS absorption spectra (Figure 3.7) were from 

π‒π* and n‒π* transitions within the benzenoid and quinoid segments respectively (Yavuz et 

al., 2009). The peaks at 443 nm and 853 nm that appeared in the composites but were absent 

in VSPANI are typical of the protonated form of PANI from the formation of delocalised 
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polarons in mildly acidic solutions (Kizildag et al., 2014). While the appearance of the peak at 

853 nm is usually associated with the disappearance of the one at 624 nm, the presence of these 

two together confirmed that the composites protonate the PANI base (Stejskal et al., 1993; Wan, 

1992). We used the UV data to calculate the protonation and oxidation states of the polymers 

(Table 3.2). VSPANI had the highest oxidation state while DCMC(A)/PANI had the highest 

oxidation state and protonation states among the composites hence a larger character of the 

quinoid segment of PANI in the polymer matrix compared with the others (Figure 3.8).  

  

Figure 3.6: SEM micrographs at 100 μm and 5μm scale with particle size histograms 
embedded with normal distributions for VSPANI: a, e, and j; CMC/PANI: b, f, and k; 
DCMC/PANI: c, g, and l; and DCMC(B)/PANI: d, h, and m 
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Figure 3.7: UV-Vis absorption spectra for VSPANI and its CMC-based composites  

Table 3.2: Oxidation and protonation states for VSPANI and its CMC-based composites.  

 

 
Figure 3.8: Molecular structure of PANI showing the polaron lattice, protonation state (x 

parameter) and the oxidation state (y parameter) where 0≤y and x≤1.0 (Wan, 1992) 

VSPANI and the three composites had three diffraction peaks at  

(Figure 3.9) similar to those for pure crystalline polyaniline indicating (011), (020) and (200) 

crystalline planes of the emeraldine salt form (Mitra et al., 2015; Z. Wang et al., 2019). The 

intensity of the peak at   is considered more specific to VSPANI than to conventional PANI 

(Hwang et al., 2018). The two peaks at  represent the alternating distance between 

polymer chains and the scattering from the periodicity perpendicular to PANI chains 
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respectively (Peng et al., 2012). None of the composites’ respective diffraction peaks appeared 

superimposed onto VSPANI’s because the contents of CMC, DCMC(A) and DCMC(B) were 

small and uniformly dispersed in the composite material.  
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Figure 3.9: XRD patterns of VSPANI, PANI/CMC, PANI/DCMC(A) and PANI/DCMC(B) 

3.3.2 Screening 

3.3.2.1 Custom main effects screening design 

The customised 16-experiment screening design compared with the default classical 12-

experiment screening design was superior: the main effects and some interactions were 

uncorrelated to each other hence better accuracy in determining the active factors  (Figure 

3.10); optimal efficiency and average variance of prediction were also superior (Table 3.3); 

power (1-β), which averts type II errors (β) (Sullivan & Feinn, 2012), was also greater for the 

custom design. It is worth noting that adding 4 more runs to the classical design increases its 

power and frees some effects from correlation, but this is not straightforward, and the design 

remains inflexible to adjustments compared with the custom design.  
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Figure 3.10: Coloured correlation maps for the main effects and interaction terms  

Table 3.3: Experimental designs evaluation on optimal efficiency and power 

(DSD is definitive screening design, Conc.is concentration,  — refers to not determined) 

We fit the model based on the results in (Appendix  I) and removed the interaction term 

between initial concentration and pH which had an insignificant effect to reduce the model 

(Table 3.4). The prediction profiler with maximised desirability (Figure 3.11) indicated that the 

use of 15 mg of villi-structured polyaniline and an initial BPA concentration of 70 mg/L at pH 

of 10 at a flow rate of 0.2 mL/min led to an optimal removal efficiency of 74% and an 

adsorption capacity of 96 mg/g (Table 3.4). The trends on the profiler show the effect of initial 

concentration and pH were larger for adsorption capacity with the effect of adsorbent amount 

larger for removal efficiency as evidenced by the P values. Only the type of adsorbent effect 

was significant across both responses while factors significant for removal efficiency were not 

significant for adsorption capacity and vice versa. These findings demonstrate the need to 

Evaluation Experimental Design 
  Classical Custom DSD 

Experimental Number of Factors  5 5 6 
Default Runs 12 16 18 

Power Analysis 

Intercept 0.74 0.94 0.97 
Adsorbent Type 0.29 0.53 0.96 
Initial Conc. 0.67 0.94 0.92 
pH 0.67 0.94 0.92 
Rate 0.69 0.94 0.92 
Adsorbent Amount 0.67 0.94 0.92 
Sample Volume — — 0.92 

Alias Optimal Efficiency 
D 93.67 100 82.59 
G 57.14 100 72.57 
A 86.49 100 81.15 

Average Variance of Prediction  0.51 0.33 0.24 

Classical Design Custom Design Definitive Screening 
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optimise both responses simultaneously for a better picture of factor settings for maximum 

removal efficiency and maximum adsorption capacity.  

Table 3.4: Effects summary and optimal settings for individual and combined responses. 

Effect P-Value 
Removal Efficiency Adsorption Capacity Combined Responses 

Adsorbent Amount 0.00002* 0.14462 0.00001* 
Initial Concentration 0.65154 0.00005* 0.00005* 
Type of Adsorbent 0.00026* 0.02217* 0.00018* 
Flow Rate 0.02799* 0.62388 0.02584* 
pH 0.70517 0.05260* 0.05137* 
Initial Concentration*pH 0.73353 0.88727 0.73353 
 Optimal Settings 
Desirability Value 0.89 

 
0.76 

 
0.73 

Maximum Desirability 82.125% 108.679 mg/g 74.05% and 95.99 mg/g 
Factor Settings 5 mg/L, pH 10, 0.2 

ml/min & 15mg 
70 mg/L, pH 10, 0.2 

ml/min & 5mg 
70 mg/L, pH 10, 0.2 

ml/min & 15mg 
(*significant value at 95% confidence interval) 

 
Figure 3.11: Prediction profiler for the custom design with desirability maximised.  

3.3.2.2 Type of adsorbent (effect of aldehyde content) 

VSPANI performed best closely followed by DCMC(B)/PANI and adsorption increased with 

an increase in the aldehyde content of the composites. The decrease in the hydrogen-bonding 

network indicates that the nitrogen species on the PANI chain plays a vital role in the adsorption 

of BPA rather than the additional carbonyl or hydroxyl groups which could have been in low 

quantities to have an effect. DCMC(B)/PANI with the least hydrogen-bonding density 

provided more N-H and some additional C=O, hence the highest removal efficiency—slightly 
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higher than VSPANI. As the villi structures become more defined in the composites, so does 

the adsorption capacity increase which could be because of the increased surface area that the 

villi structures provide. 

3.3.2.3 Effect of initial concentration 

At lower BPA concentrations the adsorbent’s active sites were mainly unoccupied leading to 

higher removal rates but lower adsorption capacity. At higher concentrations, the collisions 

between molecules increased reducing mass transfer, and the concentration gradient between 

the adsorbent and adsorbate increased leading to the active sites being continuously filled hence 

a slight decrease in removal efficiency but an increase in adsorption capacity (Gusain et al., 

2021). 

3.3.2.4 Effect of pH 

When the pH value of the BPA solution was below its pKa value of around 10.29, BPA 

adsorption on the adsorbents occurred through π-π non-electrostatic, hydrophobic, and 

hydrogen bonding interaction (Wang et al., 2019). As the pH increased to around BPA pKa’s 

value, adsorption increased from the added electrostatic interactions between negatively 

charged ( ) on BPA and the protonated sections of polyaniline (Corrales et al., 2015; 

Rovani et al., 2020). These sorbents are attractive as they can maintain their properties over a 

wide pH range. It is worth mentioning that running the experiments at a pH higher than 11 

recorded values of concentration higher than the initial concentration suggesting the possibility 

of PANI dissolving in highly alkaline media.  

3.3.2.5 Effect of rate 

Change in rate did not have a large effect on both removal efficiency and adsorption capacity, 

but a lower flow rate favoured both the removal efficiency and adsorption capacity due to the 

prolonged contact time between the adsorbents and BPA molecules. Flow rate is a major factor 

considered in fixed-bed adsorption (Patel, 2019); these adsorbents' attractiveness is magnified 

by being capable of quick equilibration—less than 20 minutes.  

3.3.2.6 Effect of the amount of adsorbent 

There were more available sites, higher surface area and longer interaction time when the 

amount of adsorbent increased leading to higher removal of BPA but reduced adsorption 

capacity due to these increased active sites being unoccupied (Al-Ghouti et al., 2007). 

Selecting VSPANI and the five active factors for a response surface method would result in an 

inefficiently large number of experiments. Also, closer investigation of the differences between 
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VSPANI and DCMC(B)/PANI would be needed based on their small (0.3) and medium (0.6) 

Cohen’s d effect sizes (Cohen, 1990) for removal efficiency and adsorption capacity (Table 

3.5). This was the reasoning for selecting the definitive screening design after the main-effects 

custom design rather than heading directly to a response surface design. All the factors were 

included for an in-depth study of the main effects, 2-factor interactions, and quadratic effects 

using a definitive screening design.  

Table 3.5: Cohen's d effect size for the type of adsorbent factor. 

 VSPANI CMC/PANI DCMC(A)/PANI DCMC(B)/PANI  

VSPANI 0 1.8 2.0 0.6 

A
ds

or
pt

io
n 

C
ap

ac
ity

 

CMC/PANI 1.6 0 0.03 0.53 

DCMC(A)/PANI 0.9 0.5 0 0.5 

DCMC(B)PANI 0.3 1.8 1.3 0 

 Removal Efficiency  

 
3.3.2.7 Definitive screening design 

We added 4 runs to the default 14-run definitive screening design to raise the power and 

improve its estimate for the main-linear and second-order quadratic effects. The experimental 

results (Appendix  II) were fit on the definitive screening design using an effective model 

selection in two stages. The first stage identified the active main linear effects, and the second 

stage identified the second-order terms that only contained the active main effects (Table 3.6) 

—observing strong heredity (Jones & Nachtsheim, 2017). The statistically insignificant even-

order terms for removal efficiency were included in the second stage since RMSE for stage 2 

was larger than RMSE for stage 1 leading to a ratio that exceeded our specified threshold of 

one (SAS Institute Inc, 2017).  

There lacked compelling evidence to suggest that the use of either VSPANI or 

DCMC(B)/PANI had a significant difference (P = 0.66); additionally, their Cohen’s d-term 

effect sizes of 0.3 and 0.2 for removal and adsorption capacity were small (Cohen, 1990; 

Sullivan & Feinn, 2012). This confirmed our earlier hypothesis that the two adsorbents 

performed similarly (Fig. 7). As previously observed, a lower rate and a higher pH favoured 

the removal efficiency and adsorption capacity, but with increased sample size and power, the 

effect of varying the two was insignificant for both responses and adsorbents. Increasing the 

initial concentration, reducing the adsorbent amount, and increasing the sample volume 

significantly led to higher adsorption capacity while the inverse of these factor settings 

significantly led to higher removal efficiencies (Figure 3.12 and Table 3.6).  
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Table 3.6: Definitive screening design effects summary.  

Effects Summary Term Removal Efficiency 
Prob>|t| 

Adsorption Capacity 
Prob>|t| 

Main Effects 

 0.0003* <0.0001* 
 <0.0001* 0.0003* 
 0.0113* 0.0008* 

RMSE 3.6264 6.1673 

Even-Order Effects  

 0.0045* <.0001* 
 0.6936 0.0008* 
 0.4226 0.0017* 
 0.7699 0.0556 
 0.2739 — 
 0.1458 — 
 0.8962 — 

RMSE 6.9036 4.7592 
(* significant values at a 95% confidence level; RMSE = Root Mean Square Error Prob>|t|= p-values) 

 
Figure 3.12: Definitive screening results for removal efficiency and log adsorption capacity 
represented as box plots for the type of adsorbent, and line graphs for the continuous factors 
with an additional smoother to show curvature for the factors.  

The maximised desirability values for removal efficiency and adsorption capacity were 85.34% 

and 129.14 mg/g respectively when fit separately (Figure 3.13). DSD was able to account for 

curvature in initial concentration, adsorbent amount, and sample volume for removal efficiency 

specifying the need for a response surface model to optimise and fit in a second-order model. 

There was no need to augment the design with more runs as only three factors were active 

(Dougherty et al., 2014); therefore, we collapsed the definitive screening design to a response 

surface model to optimise the active factors and generate models for the two responses.  
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Figure 3.13: Prediction profilers from definitive screening for removal efficiency and 
adsorption capacity.  

3.3.3 Response surface modelling and optimisation 

We first log-transformed adsorption capacity guided by a Box-Cox transformation (Figure 

3.14) to stabilise the variance for adsorption capacity. The observations were changing over a 

large order of magnitude (Figure 3.15) which would violate assumptions related to normality, 

homoscedasticity, and homogeneity of errors (Osborne, 2019).  

Figure 3.14: Adsorption Capacity Box-Cox Transformation 

Figure 3.15: Box plots showing linear (A), and log-transformed adsorption capacity (B) 

Only the adsorbent amount and sample volume interaction term from the three possible 

interactions with a large P value (P = 0.61880) and the smallest effect were dropped to reduce 

the model, avoid overfitting, and improve prediction (Hawkins, 2004). We maintained the 

Best λ = -0.084 

A B 



 

49 

 

interactions and quadratic effects shown in Table 3.7 that had P values greater than 0.05—

weak evidence against the null hypothesis (Goodman, 1999)—to avoid underfitting the models 

(Kvalheim et al., 2019); also, removing these insignificant second-order terms from the model 

did not improve the models any further.  

Table 3.7: Response surface multi-response-model effects summary 

Source 

Effects Parameter Estimate 

Combined Removal Efficiency Log Adsorption Capacity 

P value β Std error Prob > |t| β Std error Prob > |t| 

Intercept — 66.92 2.86 <.0001* 3.81 0.04 <.0001* 

Initial Concentration (Conc.) 0.00000*  -7.37 1.19 0.0002* 1.29 0.01 <.0001* 

Adsorbent (Ads) Amount  0.00000* 12.23 1.19 <.0001* -0.34 0.01 <.0001* 

Sample Volume (Vol) 0.00000*  -3.47 1.19 0.0175* 0.29 0.01 <.0001* 

Initial Conc.  Initial Conc. 0.00000* 7.87 1.42 0.0217* -0.67 0.04 <.0001* 

Ads amount Ads amount 0.00399* -11.78 3.07  0.0040* -0.05 0.05 0.2965 

Sample Vol.  Sample Vol. 0.16399  -0.66 3.07  0.8350 -0.07 0.05 0.1640 

Initial Conc.  Ads Amount. 0.08172 1.21 1.42 0.4186 0.04 0.02 0.0817 

Initial Conc.  Sample Vol. 0.10604 -2.46 1.42 0.1188 -0.04 0.02 0.1060 

(* significant values at a 95% confidence level, β = regression coefficient) 

The model for adsorption capacity was a better fit based on the numerical adequacy checks 

(Table 3.8): RMSE was low and  was comparable to  (Kruger & Lewis-Beck, 2007). 

Both models were a good fit with the ability to explain 95% and 99% of the variation from the 

data used to fit the models as well as 80% and 95% of the variation in predicting removal 

efficiency and adsorption capacity respectively. The regression coefficients (β) in Table 3.7 

were used to develop the simplified predictive models for removal efficiency (%RE, Eq. (3.5)) 

and adsorption capacity (qeq, Eq. (3.6)). 

Table 3.8: Numerical adequacy checks for the response surface model 

 Components Removal Efficiency Log (Adsorption Capacity) 

Summary of Fit 

 0.95 0.99 
 0.91 0.99 

RMSE 4.47 0.07 
PRESS  0.80 0.99 

Lack of Fit F ratio 0.79 0.78 
Prod > F  0.63 0.63 

ANOVA F ratio 21.45 683.41 
Prob > F <.0001* < .0001* 

(*significant values at p=0.05, β = regression coefficient, R = Coefficient of determination, RMSE = Root 
Mean Square Error, PRESS = Predicted residual error sum of squares, ANOVA = Analysis of Variance) 
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(3.5) 

 

  
(3.6) 

There were no violations related to assumptions related to linearity, equality of variance, and 

independence of errors as demonstrated in Figure 3.16: the residual followed close to a straight 

line in the normal quantile plots; the observations were randomly scattered around the centre 

line of zero in the residual plots with no obvious pattern, indicating equality of variance and 

independence over time; studentised residual plots showed lack of outliers since no data points 

were beyond the red lines (Montgomery, 2019). 

The conditions for the simultaneous optimisation of both removal efficiency and adsorption 

capacity were 16.67 mL of 85 ppm BPA solution using an adsorbent amount of 10.65 mg 

resulting in 66.67% removal with an adsorption capacity of 87.16 mg/g (Figure 3.17). The 

surface plots (Figure 3.18) visualise the individual maximums considering two factors at a 

time: 85% removal efficiency using 11 mL of 5 mg/L BPA solution and 12 mg of adsorbent; 

129 mg/g adsorption capacity using 20 mL of 80 mg/L BPA solution and 5 mg of adsorbent. 

The overall solutions to the equations defining the surface plots were a saddle point for removal 

efficiency and a maximum for adsorption capacity.  
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Figure 3.16: Response surface models’ graphical adequacy checks for removal efficiency on 
the left and adsorption capacity on the right. 

 

Log (Adsorption Capacity) Removal Efficiency 
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Figure 3.17: A multi-response prediction profiler for the response surface model with 
maximised desirability (shaded region shows the prediction range). 

 

 
Figure 3.18: Response surface model surface plots with embedded contour plots showing the 

factor settings for maximum removal efficiency and adsorption capacity.  

There were minimal variations between the predicted and experimental values for both 

responses from two validation experiments exemplifying the accuracy of the models (Table 

3.9). Compared to other PANI-based adsorbents from literature (Table 3.10) and conventional 

polyaniline with a reported maximum removal efficiency of 40% and adsorption capacity of 
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22 mg/g for BPA (Hlekelele et al., 2019; Ouis et al., 2022), villi-structured polyaniline and 

DCMC(B)/PANI show remarkable adsorption performance.  

Table 3.9: Differences between predicted and test-experimental values 
Initial 

Concentration 

Adsorbent 

Amount 

Sample 

Volume 

Removal Efficiency 

% 

Adsorption Capacity 

mg/g 

   Exp. Pred. range Exp. Pred. range 

25 10 10 63.51 ±10.97 66.93-81.39 15.87 ± 2.74 12.10-15.25 

70 15 20 41.69 ± 2.96 54.11-67.75 116.73 ± 8.29 110.32-137.31 

(Exp. = Experimental data as mean ± standard deviation where n = 2, pred. range = predicted range) 

Table 3.10: Adsorption capacities of BPA on various adsorbents. 

Adsorbent  qeq (mg/g) Reference 

Conventional PANI 22.93 (Ouis et al., 2022) 

Kieselguhr reinforce PANI (PANI@KG) 56.81 (Ouis et al., 2022) 

Fe3O4@polyaniline core-shell 9.13 (Zhou et al., 2016) 

Graphene oxide incorporated Fe3O4@polyaniline 14.43 (Zhou et al., 2017) 

Fe3O4@SiO2@polyaniline graphene oxide 454.56 (Zeeshan et al., 

2021) 
Villi-structured PANI 129  (This work) 

DCMC(B)/PANI 129 (This work) 

 

3.4 Conclusion 

This chapter has described a sustainable method of experimentation where a total of six factors 

including a categorical variable in four levels—four adsorbents—were investigated using a 

customised and definitive screening design. This study used a total of 34 experimental runs to 

screen out initial concentration, adsorbent amount, and sample volume as the active factors. 

Changes in flow rate and pH had a small insignificant effect on removal efficiency and 

adsorption capacity. VSPANI performed remarkably well as an adsorbent for BPA with a high 

adsorption capacity (129 mg/g) compared to conventional PANI. The increase in aldehyde 

content favoured adsorption on the CMC-based composites, but there was no evidence to 

suggest that VSPANI differed in performance from DCMC(B)/PANI which had the highest 

aldehyde content.  

We found that simultaneously optimising the responses was more practical due to the inverse 

and direct relationship of the factors towards either response. The models related to each 

response were graphically and numerically proven adequate with successful validation between 
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experimental and predicted values. We plan to use the optimal settings for the next chapter on 

studying the mass transfer properties from breakthrough curve analyses. One limitation of this 

study is that we only used one adsorbate, bisphenol A, to generalise the effect of aldehyde 

content. While other analytes might interact differently with these adsorbents, our study results 

still show that when using carboxymethyl cellulose as a composite or crosslinker for polymers, 

its oxidised species—dialdehyde carboxymethyl cellulose—and the aldehyde content should 

be considered.  



Chapter 4: Adsorption of Bisphenol-A onto Villi-Structured Polyaniline: 

Fixed-Bed Breakthrough Curve Modelling Approach via Log-Modified, 

Fractal-Like, and Probability Distribution Function Models 

4.1 Introduction 

Fixed-bed adsorption is a popular method for the removal of water contaminants offering 

various advantages to batch reactors: it is relatively simple to develop with the capacity to 

regenerate the adsorbent; cost and time-effective; and by being a small-scale representation of 

real industrial fixed-bed reactors, it can be used for scaling and predictability purposes 

(Dichiara et al., 2015; Patel & In, 2021). The bulk of research in this area is focused on the 

synthesis of new and effective adsorbents whose adsorption behaviours are investigated 

through experimental breakthrough data from these bench-scale columns. The breakthrough 

curves are correlated to existing models to extract parameters such as rate constants, adsorption 

capacity, critical bed depth, breakthrough times and saturation times which are important for 

scaling to an industrial process. 

Among these models: mechanism-driven models are the best but they require complex software 

and analytical skill to compute; data-driven models such as design of experiments—discussed 

in the 2nd chapter—or artificial neural network models have gained attention lately, but they 

are constrained by the experimental range used and cannot be used for prediction; the go-to 

models have been simple phenomenological or semi-mechanistic models such as the classic 

Bohart-Adams model (Bohart & Adams, 1920), Thomas model (Thomas, 1944), and Yoon-

Nelson model which is purely empirical (Yoon & Nelson, 1984).   

These simplified classical models are logistic functions assumed by an irreversible equilibrium 

and simple reaction kinetics. The time-independent reaction rate is assumed as the single curve-

broadening factor that lumps together all other curve-broadening factors accounting for all 

mass transport properties. These models perform exceptionally well when modelling 

experimental breakthrough curves that are asymptotic, symmetrically S-shaped, and with a 

centrosymmetric point at 50% breakthrough (Chu, 2022). Alternatively, these models fail with 

asymmetric breakthrough curves from experiments where adsorption is diffusion-limited and 

on heterogeneous surfaces (Balsamo & Montagnaro, 2015). Given that models extract precise 

information only when they closely resemble the experimental data (Harter, 1984), there is a 

need for better models when it comes to modelling asymmetric breakthrough curves.  
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Though studies in the improvement of fixed-bed models remain lacking compared to studies 

in the synthesis of new adsorbents, some studies have modified these simple models to improve 

their fitting capabilities to asymmetrical data. Apiratikul and Chu logarithmically modified the 

simplified Bohart-Adams, Thomas, and Yoon-Nelson models and successfully tested these 

new models on breakthrough curves of varying symmetry (Apiratikul & Chu, 2021). Hu et al 

used fractal kinetics which regards the rate mechanism as a time-dependent factor to derive 

fractal-like modified models (Hu et al., 2019). Probability distribution functions whose 

cumulative distributions resemble breakthrough curves have also found use in breakthrough 

curve modelling. They have the advantage of flexible inflection points, which makes them 

suitable for simulating asymmetrical curves (Chu, 2021b). The functions include normal 

distribution (Chu & Hashim, 2022), Gompertz (Smith et al., 2012), and Weibull function (Chu, 

2021a).  

This chapter investigates and compares the trends of how these simplified, modified, and 

probability distribution models compare in fitting asymmetrical breakthrough curves whose 

degree of asymmetry is varied. The skewed breakthrough data were generated by varying the 

bed depth in the adsorption of bisphenol-A onto villi-structured polyaniline. In addition, the 

chapter discusses some modelling mistakes observed in recent publications such as using the 

same model expressed in different forms and using a variation of a model that erroneously 

deviates from the original—an issue also observed by other researchers  (Chu, 2010, 2022; C. 

G. Lee et al., 2014). The conclusion and data from this study can be used in guiding fellow 

researchers in this field by providing information on which model would perform overall best 

in modelling breakthrough curves regardless of symmetry. To the best of our knowledge, there 

exists no study that puts together, investigates and compares the fitting performance of all these 

modified and probability distribution function models in the same study.   
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4.2 Methodology 

4.2.1 Fixed-bed adsorption experiments and column characteristics 

This experiment picks up from the previous chapter on the optimisation of adsorption-

dependent factors using data-driven models—design of experiments. Here, the prepared villi-

structured polyaniline was packed using a tap-fill method into glass microcolumns of 100 mm 

length, 6.7 mm outer diameter, and 5.5 mm inner diameter. The adsorbent was held between 

two quartz wool of 2-6 μ fibre diameter and glass beads used to fill in the space in the column 

after packing. The bed depth of the adsorbent was varied using different amounts of adsorbent: 

6 mm (60 mg), 9 mm (90 mg), and 12 mm (120 mg) to get breakthrough curves with different 

shape characteristics for rich model comparisons. A peristaltic pump set at a constant flow rate 

of 1 mL/min was used to deliver 10 mg/mL bisphenol-A (BPA, ≥99% purchased from Nacalai 

tesque) as the influent and fractions of the effluent collected at a constant time interval for 

concentration analysis using a Shimadzu U-4100 UV-Vis spectrophotometer set at 276 nm. All 

the experiments were done at a constant room temperature of 25°C and a constant solution pH 

of 6.5.   

4.2.2 Mathematical modelling of breakthrough curves 

This study applies semi-mechanistic and empirical models to determine which breakthrough 

model best fits the experimental data with varying symmetry characteristics. We used popular 

simple models to correlate the data from fixed-bed studies: Bohart-Adams, Thomas, Yoon-

Nelson, modified dose-response and Clark models. The logarithm and fractal kinetics modified 

models: log-Bohart-Adams, log-Thomas, log-Yoon-Nelson, fractal-like-Bohart-Adams, 

fractal-like-Thomas, fractal-like-Yoon-Nelson, and fractal-like-Clark were also fit to the same 

data and fitting capabilities compared with the unmodified versions. The strengths and 

weaknesses of probability distribution functions in correlating asymmetrical breakthrough 

curves were also investigated. To reduce clutter, all model parameters, symbol, variables, and 

their units are described in the nomenclature section.  

4.2.2.1 Bohart-Adams model 

This model was proposed by Bohart and Adams (Bohart & Adams, 1920) to describe the 

adsorption of chlorine on charcoal with the assumption of the rate of adsorption being 

proportional to the adsorbent’s capacity. The simplified version of this model (Eq. (4.1)), 

derived by Amundson (Amundson, 1948; Chu, 2020c), was used to fit the breakthrough curves.  

  (4.1) 
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The Log-Bohart-Adams model equation (Eq. (4.2)) was compared with the simplified Bohart-

Adams model. It was derived by Apiratikul and Chu (Apiratikul & Chu, 2021) by defining a 

new set of parameters and variables equal to unity and reintroducing them into the Bohart-

Adams model to make them logarithmic terms.   

  (4.2) 

 

Fractal-like Bohart-Adams equation’s (Eq. (4.3)) fitting capability was also compared with 

Bohart-Adams and log-modified Bohart-Adams model. Hu et al (Hu et al., 2019) derived this 

equation by making use of fractal kinetics (Eq. (4.4)) which regards the rate as a time-

dependent factor using the fractal-like component (h).   

     (4.3) 

     (4.4) 

4.2.2.2 Bed depth service time model 

Bed Depth Service Time equations (BDST, Eqs. (4.5), (4.6) and (4.7)), derived by linearising 

and rearranging the simplistic Bohart-Adams (Eq. (4.1)), Log-Bohart-Adams (Eq. (4.2)), and 

Fractal-like-Bohart-Adams (Eq. (4.3)) models respectively. These BDST models were used to 

calculate the breakthrough time: defined as the time when the effluent concentration is at 5% 

of the influent concentration; and saturation time defined as the time when the effluent 

concentration is at 95% of the influent concentration (Saatci & Oulman, 1980). 

     (4.5) 

     (4.6) 

     (4.7) 

4.2.2.3 Thomas model 

This model proposed by Thomas model is based on a Langmuir equilibrium with the 

assumption of plug flow (Thomas, 1944). The simplified Thomas model (Eq. (4.8)); the log-

modified model (Eq. (4.9)), derived by Apiratikul and Chu (Apiratikul & Chu, 2021) in a 
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similar way to the log-Bohart-Adams model; and the fractal-like modified Thomas model 

derived by (Hu et al., 2019) using the fractal-like kinetics (Eq. (4.4)) were fit to the 

experimental breakthrough curves and their fitting capabilities compared.   

     (4.8) 

     (4.9) 

      (4.10) 

4.2.2.4 Yoon-Nelson model 

Yoon and Nelson proposed their model (Eq. (4.11)) by assuming a direct proportionality 

between the probability of a decrease in the rate of adsorbate adsorption to the probability of 

adsorbate adsorption and adsorbate breakthrough (Yoon & Nelson, 1984). Apiratikul and Chu 

derived the log-modified Yoon-Nelson model (Eq. (4.12)) in a comparable way to the log-

Bohart-Adams model and Hu et al applied the fractal-like kinetics (Eq. (4.4)) to derive the 

fractal-like Yoon-Nelson model (Eq. (4.13)) (Apiratikul & Chu, 2021; Hu et al., 2019). These 

three models were fit to the experimental breakthrough data and their fitting capabilities were 

compared.  

      (4.11) 

      (4.12) 

      (4.13) 

4.2.2.5 Modified dose-response model 

This model (Eq. (4.14)) was proposed by Yan et al who borrowed it from the Hill equation and 

adapted it to the Thomas model (Hill, 1910; G. Yan et al., 2016). This model was fit to the 

experimental data and its fitting capability compared to the log-modified Bohart-Adams model.  

  (4.14) 



 

60 

 

4.2.2.6 Clark model 

Clark proposed this model (Eq. (4.15)) based on the Freundlich equilibrium while testing the 

adsorption performance of granular activated carbon in the removal of total organic carbon 

from water (Clark, 1987). Hu et al derived the fractal-like Clark model by introducing the 

fractal kinetics (Eq. (4.4)) which assumes a time-dependent mass coefficient factor (Hu et al., 

2020). These two models were fit to the experimental data and their fitting characteristics were 

compared.  

    
  (4.15) 

    
  (4.16) 

4.2.2.7 Probability distribution function models 

As mentioned, since the probability distribution function models have characteristic sigmoidal 

shapes, here we investigate the fitting capabilities of the normal (Eq. (4.17)), Gompertz (Eq. 

(4.19)), and Weibull (Eq. (4.21)) functions to simulate experimental breakthrough curves of 

varying symmetrical characteristics. Also, the logarithm modified normal (Eq. (4.18)) and 

Gompertz function (Eq. (4.20)) were fit to the experimental breakthrough curves, compared 

with their unmodified versions and to the other probability distribution functions.  

4.2.2.7.1 Normal and log-normal functions 
The cumulative distribution function for the normal distribution,  is comparable to the 

quantity  (also ranging between 0 and 1), which enables the normal distribution to be 

rewritten as Eq. (4.17) where time is taken as the continuous variable regarding fixed-bed 

modelling (Chu & Hashim, 2022; Dima et al., 2020). Chu and Hashim derived the log-normal 

distribution Eq. 18 by first converting the variable  to a dimensionless quantity and 

introducing its distinctive fitting parameters  and  (Chu & Hashim, 2022). The normal and 

log-normal distribution functions were used to fit the experimental data and their fitting 

capabilities were compared with each other and with other probability distribution functions.  

      (4.17) 

      (4.18) 
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4.2.2.7.2 Gompertz and Log-Gompertz function 
The Gompertz model, proposed by Benjamin Gompertz (Gompertz, 1825) to correlate human 

mortality curves, was used in its commonly used form (Eq. (4.19)) to fit the experimental 

breakthrough curves. The log-modified version, Eq. (4.20), of this Gompertz model mentioned 

by Chu (Chu, 2020b) was also fit to the experimental data and the fitting capability compared 

to the unmodified model and other probability function models. 

      (4.19) 

      (4.20) 

4.2.2.7.3 Weibull function 
The Weibull function (Eq. (4.21)), discussed by Weibull as having the ability to fit 

asymmetrical frequency curves (Weibull, 1951), was also fit to the experimental breakthrough 

curves and fitting capability compared to other probability distribution function models.  

      (4.21) 

4.2.3 Data analyses and nonlinear least square regression 

All model fitting and parameter estimation were conducted using OriginPro 2021 software 

(OriginLab Corporation, Northampton, MA, USA). Nonlinear least square regression was 

applied to all models to approximate the parameters as linearisation of these equations leads to 

violations in regression assumptions and inaccurate parameter estimation (González-López et 

al., 2021; C. G. Lee et al., 2014). Method validation was measured through the adjusted 

coefficient of determination (Eq. (4.22)), root mean square error (RMSE, Eq. (4.23)), and 

reduced chi-square ( , Eq. (4.24)). The goodness-of-fit was gauged by checking for larger 

, smaller RMSE and smaller values.  

    
  (4.22) 

    
  (4.23) 

      (4.24) 

Bayesian information criterion (BIC, Eq. (4.25)) was used for a fair comparison of models that 

had different numbers of fitting parameters (Schwarz, 1978). We chose the BIC criterion over 
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Akaike information criterion (AIC) because it harshly penalises a model with more parameters. 

The model with lower BIC values was considered a better model.  

  (4.25) 
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4.3 Results and Discussion  

4.3.1 Experimental breakthrough curves 

The breakthrough curves from experimental data (Figure 4.1) were characterised by an 

immediate breakthrough of bisphenol A, a sharp rise in the concentration, and a slow approach 

to saturation. The breakthrough time increases with an increase in bed height because the total 

amount of the adsorbent present in the column increases resulting in a longer distance for 

adsorption to occur. The curves are all asymmetrical characterised by a tailing shape—a slow 

approach of c/c0 towards unity. This slow approach to saturation and broadening of the curves 

at the onset of breakthrough suggests an inadequate utilisation of the column capacity as bed 

depth increases.  

The asymmetry of the breakthrough curves results from a broad sorption zone consequence of 

the heterogeneous particle size distribution, axial dispersion, reduced adsorption rate from 

steric blocking at a high adsorbent surface coverage, slow intraparticle diffusion, and slow 

diffusion on the surface: a feature contrast to particle-mass-transfer or external mass-transfer-

resistance controlled systems (Chu, 2004; Cooney, 1991; Ernest et al., 1997; Jin et al., 1994). 

The low adsorption capacity and the heterogenous surface of villi-structured polyaniline—

demonstrated in the previous chapter—coupled with data in this study, suggests that the 

intraparticle diffusion flux would be lower than the pore diffusion flux hence a tailed curve 

with an early breakthrough. This is mainly because the surface concentration gradient has 
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Figure 4.1: Breakthrough curves from experimental data with the bed 
depth varied: 6 mm, 9 mm. and 12 mm. 
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already reached its limit during the progressive occupation of the active sites in the nonlinear 

isotherm region because of the limited adsorption capacity of the adsorbent (Ma et al., 1996). 

Simple semi-mechanical models such as the Bohart-Adams and Thomas model that lump 

together all mass-transfer parameters into one time-independent rate factor would perform 

poorly and give erroneous parameter estimates in correlating such asymmetrical breakthrough 

curves.  

4.3.2 Bohart-Adams model 

The findings confirm the hypothesis of the simple Bohart-Adams model’s underperformance 

in trying to simulate the experimental breakthrough data with a degree of tailing (Figure 4.2): 

it overestimates both saturation and breakthrough times, estimates erroneous parameters, and 

reports a nonzero effluent concentration (Ct(0)) at t = 0 which is illogical (Table 1). The residuals 

also suggest that the simple Bohart-Adams model violates regression assumptions of equality 

and independence of variance.  

4.3.2.1 Log-modified Bohart Adams model 

Applying the log-modified Bohart-Adams model improved the fitting capability of the model 

compared to the simplistic model: adjusted coefficients of determination values were higher; 

values for reduced chi-square values and RMSE were lower, and the models reported zero 

effluent concentration at t = 0 for all bed depths (Figure 4.2 and Table 4.1). The saturation and 

breakthrough times, defined by Eq. (4.6), were comparable with the experimental data, but the 

log-Bohart-Adams models tend to deviate from the experimental breakthrough curves as the 

extent of tailing increases. The success of this log-modified model is based on its inflection 

point’s dependency on the rate coefficient ( ) defined by Eq. (4.26) (Apiratikul & Chu, 

2021); conversely, this relationship is also the reason this model fails in adapting to asymmetry 

as tailing increases. The calculated inflection points were 0.14, 0.15, and 0.25 for the 6 mm, 9 

mm, and 12 mm bed depth, respectively. As the rate coefficient value increases with increased 

tailing, the position of the inflection point shifts toward , which explains the 

observed strain in simulating the asymmetry of strongly tailed data.  

  (4.26) 
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4.3.2.2 Fractal-like Bohart-Adams model 

The fractal-like modified Bohart-Adams model was best overall in simulating the breakthrough 

data regardless of asymmetry (Figure 4.2). The adjusted coefficients of determination were the 

highest while, reduced chi-square and RMSE values were the lowest (Table 4.1). Also, even 

though the model includes an additional fitting parameter, its BIC values were the lowest 

suggesting an appropriate model. Unlike the log-Bohart-Adams model, the fractal-like model 

fitting was unaffected with increased tailing. The breakthrough and saturation times, size of the 

mass transfer zone (MTZ), critical bed depth, and other parameters estimated by this fractal-

like-Bohart-Adams model reflect the actual experimental data. The fitting performance of this 

fractal-like model is related to the introduction of the adjustable parameter ( ), which also 

served as an indicator of asymmetry from a diffusion-limited process when  (Hu et al., 

2021); the greater the deviation of  towards unity, the more the asymmetry (Table 3.1). 

The size of the mass transfer zone (MTZ, Eq. (4.27)), defined as the length of bed required for 

sorption (Crittenden et al., 1986), increases with an increase in bed depth (Table 3.1). Being 

that the shape of the breakthrough curve is determined by the size of MTZ, the observed 

broadening of the sorption zone with the increase in bed depth suggests a diffusion-limited 

 

Figure 4.2: Breakthrough curves with the bed depth varied and the accompanying residual 
plots for each: 6mm (A&D), 9 mm (B&E), 13 mm (C&F). 
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process (Nijhawan et al., 2020). We extrapolated the critical bed depth values ( )—defined 

as the minimum bed depth required to get a breakthrough—from the breakthrough time against 

the bed-depth plot in the supplementary information (Figure 4.3). As expected, the Bohart-

Adams model underestimates  due to its inability to correlate asymmetrical data. The fractal-

like Bohart-Adams model estimates a more accurate critical bed depth of 5.65 mm.  

  (4.27) 

Table 4.1: Comparison of parameters and statistical validation for Bohart-Adams, log-Bohart-
Adams, and fractal-like Bohart-Adams model 

Model Bohart-Adams  Log-Bohart-Adams  Fractal-like Bohart-
Adams 

Z (mm) 6  9 12 6 9 12 6 9 12 
R2

adj. 0.906 0.888 0.911 0.989 0.993 0.982 0.991 0.998 0.997 

Reduced 0.006 0.009 0.007 0.0007 0.0005 0.0014 0.0005 0.0001 0.0002 

RMSE 0.075 0.093 0.085 0.025 0.022 0.037 0.023 0.013 0.016 

 -148 -486 -114 -313 -716 -228 -324 -806 -345 

(L mg-1min-1) 0.0013 0.0010 0.0008 1.415 1.448 2.079 0.019* 0.031* 0.091* 

h 0 0 0 0 0 0 0.547 0.663 0.840 

 (mg L-1) 8254 8306 11919 6592 6731 10665 6442 6336 9848 

 (mg g-1) 16.17 16.31 23.40 12.94 13.21 20.94 12.64 12.44 19.34 

 (min) 97 146 281 77 119 251 75 112 232 

Ct(0) (mg L-1) 2.1 0 0 1.8 0 0 1.0 0 0 

tbreak (min) 16 24 54 10 16 61 13 26 90 

tsaturation (min) 315 432 604 367 442 602 366 488 554 

MTZ (cm) 0.57 0.85 1.09 0.58 0.87 1.08 0.58 0.85 1.00 

Z0 (mm) 4.05 5.59 5.65 

(* units for  (L mg-1min-(1-h,) Ct(0) = concentration at time zero, MTZ = Mass Transfer Zone) 

4.3.3 Misconceptions 

A troubling concern in this research area of removal of pollutants from water using fixed-bed 

columns is the misconception that the simple Bohart-Adams, Thomas, and Yoon-Nelson 

Figure 4.3: Bead Depth Service Time (BDST) plots for simplistic, log-modified, and fractal-
like modified Bohart-Adams model using 10 mg L-1 concentration 
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models are different models. In such cases, researchers end up fitting these three models to the 

same data and comparing their fitting capabilities. Though studies have highlighted this issue 

(Chatterjee & Schiewer, 2011; Chu, 2010, 2020a; Lee et al., 2014; Pérez-Calderón et al., 2023), 

it continues to ail publications in this field as shown but not limited to the following recent 

publications sampled from google scholar (Agi et al., 2023; Medha et al., 2023; Vijuksungsith 

et al., 2023). Here we also voice a similar concern by showing that indeed these three simplified 

models are mathematically equivalent; the plots related to the three simplified models, their 

log-modified and fractal-like versions lead to superimposed curves with similar model 

parameters (Figure 4.4 and Table 4.2). Therefore, the simplified Bohart-Adams models can 

generate parameters related to the Thomas model:  and  using Eqs. (4.28)&(4.29), and 

Yoon-Nelson model:  and using Eqs. (4.30)&(4.31) (Chu, 2010; C. G. Lee et al., 2014). 

Likewise, their modified versions are also related similarly. 

      (4.28) 

      (4.29) 

      (4.30) 

      (4.31) 
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Table 4.2: Parameters and statistical validation for simplistic Thomas and Yoon-Nelson 
models, log-modified Thomas and Yoon-Nelson models, and fractal-like Thomas and Yoon-
Nelson models 

Model Thomas  Log-Thomas Fractal-like Thomas 
Z (mm) 6  9 12 6 9 12 6 9 12 
R2

adj. 0.906 0.889 0.911 0.989 0.993 0.983 0.991 0.998 0.997 
Reduced 5.77 8.77 7.48 0.65 0.54 1.47 0.54 0.17 0.25 
RMSE 0.075 0.093 0.085 0.025 0.023 0.037 0.023 0.013 0.016 
BIC -148 -127 -114 -313 -357 -224 -329 -453 -345 

(L mg-1min-1) 0.0014 0.0010 0.0008 1.415 1.448 2.079 0.019* 0.031* 0.091* 
h - - - - - - 0.55 0.66 0.84 

 (mg g-1) 16.17 16.31 23.40 12.94 13.22 20.94 12.65 12.44 19.34 
Model Yoon-Nelson Log-Yoon-Nelson Fractal-like Yoon-Nelson 
Z (mm) 6  9 12 6 9 12 6 9 12 
R2

adj. 0.906 0.889 0.911 0.989 0.993 0.983 0.989 0.998 0.997 
Reduced  5.77 8.77 7.48 0.65 0.54 1.47 0.65 0.15 0.28 
RMSE 0.075 0.093 0.085 0.025 0.023 0.037 0.025 0.012 0.016 
BIC -165 -144 -127 -331 -375 -240 -333 -480 -355 

(min-1) 0.014 0.010 0.008 1.42 1.45 2.08 1.79* 5.36* 68.15
* 

h - - - - - - 1.05 1.26 1.63 
 (min) 97 147 281 78 119 251 77 113 233 

(* units for = L mg-1min-(1-h,) and = min-(1-h) )

 
Figure 4.4: Comparison between Bohart-Adams, Thomas, and Yoon-Nelson models: (i)
Simplistic models, (ii) log-modified models, and (iii) fractal-like models 
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Another common misconception is the misuse of a version of Bohart-Adams equation often 

referred to as Adam-Boharts model (Eq. (4.32)), sometimes represented by its linearised 

version (Eq. (4.33)). Studies have reported the use of this equation to be incorrect (Chu, 2020a, 

2020c; Hu & Zhang, 2020; Lee et al., 2014); in contrast to the converging logistic Bohart-

Adams model (Eq. (4.1)), it is an exponential function that expresses a diverging type of model. 

We also show in the supporting information (Figure 4.5) that such a diverging model is unfit 

for use in modelling the whole breakthrough region and would only work in fitting the initial 

portion of the breakthrough curves. It is without a doubt that researchers who may unknowingly 

use this “Adam-Boharts” model, end up reporting poor correlation results  (Gizaw et al., 2022; 

Oyekanmi et al., 2021; Pap et al., 2020; C. Xu et al., 2023; Yeo et al., 2023).  

      (4.32) 

      (4.33) 

There is also confusion whereby some studies use the BDST equation as an independent model 

to the extent of notating its rate coefficient differently e.g.  (Banza & Rutto, 2022; 

Chakraborty & Naskar, 2022; Mahmoud et al., 2022; H. Singh et al., 2022; J. Wang et al., 

2022); in some cases, researchers even unknowingly compare the “BDST model” and Bohart-

Adams model in the same work (Kulkarni et al., 2022; Szostak et al., 2022). It should be noted 

that the BDST equations (Eqs (4.5) - (4.7)) are simply rearranged and linearised versions of 

Bohart-Adams equations (Eqs (4.1), (4.2), and (4.3)) and should not be mistaken as 

independent models.  

 
Figure 4.5: "Adam-Boharts" model fit for initial breakthrough data 
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4.3.4 Modified dose-response model 

It is worth noting here the similarity between the log-Bohart-Adams model ((4.2)), which when 

rewritten as Eq. (4.34) by Apiratikul and Chu (2021), looks similar to the modified dose-

response model (Eq. (4.14)). Yan et al. derived this dose-response model by adopting the 

Thomas model to an equation used in modelling oxygen binding to haemoglobin by Hill (Hill, 

1910; G. Yan et al., 2016). Comparing the two: log-Bohart-Adams and modified dose-response 

models were superimposed, they estimated equal parameter values, and both deviated from 

experimental data as the extent of tailing increased (Figure 4.6 and Table 3.1). Undoubtedly, 

the dose-response model will always be superior to Bohart-Adams, Thomas and Yoon-Nelson 

models in studies where combinations of these models are used to describe asymmetric 

breakthrough curves (Boutaleb et al., 2022; de Araújo et al., 2022; Qin et al., 2023; Shields et 

al., 2022). Yan built the model upon the Hill equation by retaining the empirical parameter 

( ) and dropping the rate constant ( ) related to Thomas model. Since the log-Bohart-

Adam model—or rather the equivalent log-Thomas model—introduces no new parameters and 

still contains the rate constant, it is preferable to the modified dose-response model (Apiratikul 

& Chu, 2021). BIC values for the modified dose-response model were slightly lower because 

the criterion penalises log-Bohart-Adams for having additional fitting parameters.  

  (4.34) 

  (4.35) 

 

 

 

 

 

 

 

Table 4.3: Parameters obtained from the modified dose-response model 

 Modified Dose-Response Model 
Bed depth (mm) 6 9 12 

 -326 -370 -240 
 1.415 1.448 2.079 

 12.94 13.21 20.94 
 

   
Figure 4.6: Comparison of fitting quality of modified dose-response model and log-Bohart-
Adams models with varied bed depth 
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4.3.5 Clarks model 

Clarks model performed poorly in correlating the asymmetrical experimental breakthrough 

data ( ) and deviated further from the experimental data with increased tailing (Fig. 

4 and Table 3). This is because it is a logistic function designed by assuming an irreversible 

equilibrium in the adsorption of adsorbate molecules in a random homogeneous manner (Clark, 

1987). The fractal-like Clark model outperformed the Clark model as validated by the higher 

adjusted coefficients of determination; lower RMSE and reduced chi-squared, and lower BIC 

values (Table 3). Treating the mass-transfer coefficient of the Clarks model as a time-

dependent factor enabled the model to fit the breakthrough curves regardless of symmetry (Hu 

et al., 2020).  

The values of A and r for the unmodified Clark model are noninfluential to the symmetry of 

the breakthrough curve; however, an increase in the value of A indicates a shift of the 

breakthrough curve towards the right-hand side, while an increase in r indicates a steeper curve 

as observed (Figure 4.7). The  parameter is better suited to tracking curve symmetry for the 

fractal-like model:  generates a symmetrical curve and as  deviates towards unity, the 

curve becomes more asymmetric (Hu et al., 2020).  

Table 4.4: Parameters and statistical analyses for Clarks and fractal-like Clarks model 
 Clarks Model  Fractal-like Clarks Model 
Bed Depth (mm) 6 9 12  6 9 12 
R2

adj. 0.920 0.905 0.929  0.990 0.993 0.997 
Reduced 

 
4.89 7.45 6.01  0.063 0.549 0.230 

RMSE 0.069 0.085 0.076  0.024 0.023 0.015 
 -173 -153 -142  -326 -364 -364 

A 1.312 1.524 2.773  5279 4009 0.008 
r  0.012 0.009 0.007  0.689 0.647 24.54 
h 0 0 0  0.873 0.866 0.946 

 

 
Figure 4.7:Clarks vs fractal-like Clarks model fitted to the adsorption data with varied bed
depth 
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4.3.6 Probability distribution function models 

The log-normal and log-Gompertz functions had the best correlations 

 to all breakthrough curves regardless of the shape (Figure 4.8 and Table 4.5). In contrast, 

their unmodified versions performed poorly to even the slightly asymmetrical 6 mm bed-depth 

curve: also reporting contradictory nonzero effluent concentrations at .  

The Weibull function outperformed the normal and Gompertz fits 

, but similarly the fit worsens as tailing becomes more pronounced. The goodness-of-fit 

based on the lower RMSE and adjusted coefficients of determination values (Table 4.5) were 

in the order Normal < Gompertz < Weibull < log-normal < log-Gompertz. It is worth noting 

that we purposely left out the BIC criterion when comparing the probability distribution 

function models because they all have the same number of fitting parameters.  

The reason for this difference in the performance of the probability distribution functions is the 

type of inflection point for each model. The normal and Gompertz functions have a fixed 

inflection point while the log-normal, Weibull, and log-Gompertz functions have a floating 

inflection point capable of adjusting to the shape of the breakthrough curve regardless of 

symmetry (Chu, 2020b, 2021b; Chu & Hashim, 2022).  
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Mathematically, the position of an inflection point is determined by finding the time at which 

the second derivative of the respective equations equates to zero (Chu, 2021b). The second 

derivative (Eq. (4.36)) for the normal equation (Eq. (4.17)) has a solution  when equated 

to zero. Substituting this t-term to Eq. (4.17) generates Eq. (4.37) showing an inflection point 

fixed midway of the generated sigmoidal curve.  

      (4.36) 

      (4.37) 

In comparison, equating the second derivative equation (Eq. (4.38)) for the log-normal function 

(Eq. (4.18)) to zero gives the solution . Substituting this function back to Eq. 

(4.18) gives Eq. (4.39) indicating a floating inflection point dependent on the value of b2. The 

calculated inflection points were at  for 6 mm, 9mm, and 12 mm 

plots, respectively. The tendency of these inflection points to move further from the midpoint 

Figure 4.8: Comparison between various probability distribution function models 
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towards zero translates to the curve’s ability to correlate asymmetrical breakthrough curves 

(Chu, 2021b). The increase in tailing pushed the inflection point towards the midway signifying 

the deviation of log-normal fit struggles in handling heavily tailed breakthrough curves. Chu 

and Hashim noticed a similar difficulty when comparing data from hydrogen sulphide gas 

removal using carbon filters (Chu & Hashim, 2022). 

      (4.38) 

      (4.39) 

Table 4.5: Probability distribution function parameters and the model’s statistical validation 
Model Bed depth (mm) a b ( )  RMSE 
Normal  6 98.13 123.66 0.897 0.009 

9 148.77 159.83 0.879 0.011 
12 283.22 207.10 0.906 0.011 

Gompertz 6 0.63 0.01 0.936 0.007 
9 0.74 0.01 0.925 0.009 
12 1.21 0.01 0.948 0.008 

Weibull 6 123.42 0.90 0.979 0.004 
9 190.06 0.90 0.972 0.005 
12 346.11 1.38 0.956 0.007 

Log-normal 6 4.35 1.18 0.991 0.003 
9 4.78 1.16 0.992 0.003 
12 5.53 0.80 0.983 0.005 

Log-Gompertz 6 4.15 1.06 0.987 0.003 
9 4.72 1.08 0.998 0.001 
12 7.70 1.47 0.996 0.002 

 

Though the Gompertz function performance was slightly better than the normal function, it 

was still a poor fit to all the breakthrough curves. Equating the second derivative of the 

Gompertz function (Eq. (4.40)) to zero gives  for the t-term. Substituting this 

solution to Eq. (4.19) yields Eq. (4.41) denoting a fixed inflection point at  (Chu, 

2020b). This smaller inflection and its shift from the midpoint towards the origin explains the 

ability of the Gompertz function to fit slightly asymmetrical data and outperform the normal 

function. Hu et al., using a five-parameter Gompertz function also found the Gompertz function 

to be superior to the logistic function analogous to the Bohart-Adams model and normal 

function (Chu, 2020b; Hu et al., 2022). 

      (4.40) 
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      (4.41) 

The second derivative (Eq. (4.42)) of the log-Gompertz function (Eq. (4.20)) yields Eq. (4.43) 

for the t-term. Plugging this solution into Eq. (4.20) leads to Eq. (4.44) showing that the log-

Gompertz’s inflection varies with the b term. The inflection points were 

 for the 6 mm, 9 mm, and 12 mm bed-depth breakthrough curves. They 

are closer to the origin than to the midpoint value hence a better fit for the tailed asymmetrical 

data. Interestingly, log-normal inflection points for 6 mm and 9 mm bed depth are lower than 

those for log-Gompertz even though log-Gompertz has a much better fit. This is unexpected 

because the model with smaller inflection points should outperform the other. Overall, the log-

Gompertz function performs exceptionally well regardless of the extent of tailing—just like 

the fractal-like Bohart-Adams model (Figure 4.8d). Juela et al. also showed the superiority of 

the log-Gompertz model to a mechanistic model in fitting asymmetric data from 

sulfamethoxazole adsorption onto sugarcane bagasse (Juela et al., 2021).   

      (4.42) 

      (4.43) 

      (4.44) 

Equating the second derivative (Eq. (4.45)) of the Weibull function (Eq. (4.21)) to zero gives 

Eq. (4.46) for the t-term. Substituting this to Eq. (4.21) yields Eq. (4.47) showing the 

dependency of the inflection point to the b-term, hence a floating inflection point (Chu, 2021a). 

The inflection points were  for the 6 mm, 9 mm, and 12 mm 

bed-depth breakthrough curves. The points tend to approach the midway as the fits deviate 

further from experimental data. The floating inflection points explain the Weibull function’s 

capability of fitting fairly tailing data; a feature observed by Weibull himself (Weibull, 1951). 

Chu confirms this in fitting chromium adsorption onto olive stone particles and da Silva et al 

while investigating Fe2+ adsorption onto algae L. calcareum (Chu, 2021a; da Silva Almeida et 

al., 2021).  

     (4.45) 
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     (4.46) 

     (4.47) 

Theoretically, the Weibull function with the smallest inflection point values should be the best 

overall in simulating asymmetrical data when compared with log-normal and log-Gompertz 

functions. Experimentally, our observation suggests that no correlation can be made about the 

position of the inflection point with regards to goodness-of-fit when comparing different 

probability functions; a case similarly observed when comparing the inflection points 

belonging to log-normal and log-Gompertz functions. Nonetheless, the position of the 

inflection point is a good indicator of the goodness-of-fit when comparing the fitting capability 

of the same probability distribution function: the further the position of the inflection points 

from the midpoint towards the origin, the better the fit.   
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4.4 Conclusion 

This chapter shows that the adsorption of bisphenol-A onto the surface and pores of villi-

structured polyaniline was through a diffusion-limited process; consequently, the breakthrough 

curves were asymmetrically shaped from a tailing phenomenon whose extent increased with 

an increase in bed depth. High adsorbent surface coverage by the adsorbate could have created 

steric blocking which decreased the adsorption rate leading to the tailed breakthrough curves. 

The simple classical Bohart-Adams and Clark models failed to correlate these asymmetrical 

curves because they are based on assumptions of simple kinetics: a single time-independent 

rate factor lumping all mass transport mechanisms. 

The modified simple models: log-Bohart-Adams, fractal-like-Bohart-Adams, and fractal-like-

Clarks models, were better suited to simulate asymmetrical breakthrough curves. These models 

estimated more accurately saturation and breakthrough times, size of the mass transfer zone, 

critical bed depth of 5.65 mm, sorption capacity, rate coefficients, and time required for 50% 

breakthrough. The log-modified Bohart-Adams—shown to be equivalent to the modified dose-

response model—was capable of handling tailing but only to some extent.  

The fractal-like Bohart-Adams overcame the shortcoming of the log-Bohart-Adams model 

enabling the simulation of all breakthrough curves regardless of symmetry. Fractal-like Clark’s 

model behaved similarly. The success of these fractal-like models was because they introduce 

a fractal-like component  which regards the mass coefficient as a time-independent factor. 

The value of  was an indicator of symmetry:  represented a symmetrical curve, while 

the deviation of  towards unity indicated a shift towards greater asymmetry.  

The probability distribution functions with floating inflection points: log-Gompertz, log-

normal, and Weibull functions were better suited to correlating asymmetrical breakthrough 

curves; however, the Weibull function was unable to fit the tailing data. The deviation of these 

floating inflection points from the midpoint, , towards the origin signified the 

ability of the function to fit the breakthrough curve. However, there is a lack of evidence to 

show that the position of these inflection points could be used to compare goodness-of-fit 

between two distinct functions. The optimal fitting capabilities were log-Gompertz > log-

normal >Weibull > Gompertz > Normal function. Though these probability distribution 

function models remain unused in process design for they lack fixed-bed variables, they can be 

used to accurately estimate breakthrough and saturation time.    
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We also highlighted modelling misconceptions and mistakes that are still being observed in the 

field of fixed-bed modelling: fitting the mathematical equivalent of simple Bohart-Adams, 

Thomas, and Yoon-Nelson models to the same data and comparing their fitting capabilities; 

use of an erroneous “Adam-Bohart model”, which represents an exponential function rather 

than a logistic function; regarding bed-depth-service-time (BDST) equation as an independent 

model and using it for modelling work. We voice our concern together with other researchers 

who have observed a similar growing trend and recommend more stringent peer-review 

processes to address them. These mistakes only end up confusing unsuspecting researchers 

new to this field leading to inaccurate results or misinterpretations of data.  
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Chapter 5: A Trojan Horse Approach for the Synthesis of Scalable Cu-

BDC Patterned Polyaniline/Cu-Carboxymethyl Cellulose Microbeads for 

the Degradation of Diclofenac and Sulfamethoxazole  

5.1 Introduction 

Hybrid porous materials known as metal-organic frameworks (MOFs) have been developed 

through the assembly of metal ions and organic linkers. These materials have shown great 

promise for a variety of applications in multiple fields, including adsorption (Ihsanullah, 2022), 

catalysis (Qian et al., 2021), gas storage (Y. Li et al., 2022), and drug delivery (Lawson et al., 

2021). Among the vast array of MOFs, copper-containing MOF, Cu-BDC—where BDC2- is 

1,4-benzenedicarboxylate—is a promising material due to its exceptional stability, high surface 

area, and tuneable pore size (Shete et al., 2018).  

Figure 5.1 illustrates the building block structure of the Cu-BDC framework, which includes 

two copper cations in a five-coordinate arrangement bridged together in a paddle-wheel 

configuration. These copper cations are coordinated to terephthalate ligands (BDC2-) in a 

bridging bidentate manner (Zhan et al., 2019).  

However, conventional methods for synthesising Cu-BDC often require harsh reaction 

conditions, such as high temperatures and toxic solvents, which can limit their scalability and 

practical applications. To address these challenges, we propose a novel trojan-horse approach 

for synthesising Cu-BDC using an aqueous environment. In this approach, we utilised 

carboxymethyl cellulose (CMC), a biocompatible and environmentally friendly polymer, to 

Figure 5.1: Showing paddle-wheel building block for Cu-BDC frameworks in different views. 
Copper, oxygen, carbon, and hydrogen atoms are shown in blue, red, grey, and white, 
respectively 
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suspend the BDC linker, which was then dropped into a copper solution. This unique approach 

allows for the controlled release of BDC onto the interface between the copper solution and 

carboxymethyl cellulose surface, facilitating the formation of Cu-BDC crystals. 

The utilisation of an aqueous environment and CMC as a carrier for BDC offers several 

advantages over traditional methods. Firstly, it eliminates the need for toxic organic solvents, 

reducing the environmental impact of the synthesis process. Moreover, it provides a controlled 

and gradual release of BDC, which can improve the homogeneity and reproducibility of Cu-

BDC crystals. Additionally, the aqueous environment can promote the formation of high-

quality Cu-BDC crystals with enhanced purity and crystallinity, as water can act as a template 

and modulator during the crystal growth process. 

5.2 Methodology 

5.2.1 Materials 

Carboxymethyl cellulose (CMC, CAS 039-01335), N, N-Dimethylformamide (DMF, ≥99.5%), 

anhydrous copper (II) acetate (≥97%), and ethanol (≥99.5%)were purchased from Wako 

Chemicals. Aniline (≥99%)—distilled before use—and copper (II) nitrate trihydrate (≥99%) 

were purchased from Nacalai tesque. 1,4-benzenedicarboxylate (Terephthalic acid, H2BDC 

) was purchased from Tokyo Chemical Industry. Chloramphenicol (≥99%) was purchased 

from Sigma-Aldrich.  

5.2.2 Synthesis of Cu-BDC/PANI/Cu-CMC microbeads 

The microbeads were synthesised by first suspending 4 mmol of H2BDC in a 2% w/v CMC 

solution prepared in deionised water. The resulting mixture was vigorously stirred for an hour 

to form a viscous milky suspension. Previously distilled aniline (4 mmol) was added to this 

solution and stirred for an additional hour. The mixture was placed in a syringe and added 

dropwise from a 1mm internal diameter nozzle to a 0.2M copper solution of either 

Cu(CH3COO)2 or Cu(NO3).3H2O at a rate of 2 mL/min. The resulting beads were left in the 

respective solutions for 8 hrs to equilibrate at room temperature ( ) and ensure a complete 

reaction. The beads were washed with deionised water, soaked in ethanol for 30 minutes, and 

then soaked in deionised water before being freeze-dried using an Eyela freeze drier (FD-1000, 

Japan). Microbeads prepared in the acetate solution were designated with an (a), while (n) was 

used for those prepared in the nitrate solution.  

Control microbeads were also synthesised similarly: Cu-CMC was synthesised by only adding 

the 2% w/v CMC solution to the copper solutions; PANI/Cu-CMC microbeads were 
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synthesised by only adding 4 mmol of aniline to the 2% w/v CMC solution; Cu-BDC/Cu-CMC 

were synthesised by adding only 4 mmol of H2BDC to the 2% w/v CMC solution. Cu-BDC 

nanoparticles were also prepared as per the literature (K. Huang et al., 2015) to confirm the 

effectiveness of our reagents and X-ray diffraction peaks.    

5.2.3 Characterisation 

The surfaces and cross-sections of the microbeads were examined by scanning electron 

microscopy (SEM). Samples mounted on carbon tape were coated with platinum using a 

magnetron sputter (MSP-1S, Japan) to avoid surface charging during analysis. The 

micrographs were obtained on a Hitachi scanning electron microscope (SU3500, Japan).  

Functional groups were recorded using a Jasco Fourier Transmission Infrared 

spectrophotometer (FT/IR 4700, Japan ) equipped with an Attenuated Total Reflectance (ATR) 

cell; the obtained spectra were from an average of 60 scans set at 2 cm-1 resolution in the range 

 The cell was cleaned and dried between samples using isopropyl alcohol.  

Wide-angled X-ray powder diffraction patterns of the polymers were obtained on an X-ray 

diffractometer (Rigaku ULTIMA IV, Japan) using Cu Kα radiation (λ = 1.5418Å). The data 

was collected between 5° and 70° angular range.   
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5.3 Results and Discussion 

5.3.1 Characterisation of adsorbents 

The microbeads were spherically shaped but differed in both colour and size (Figure 5.3 and 

Figure 5.2). The sky-blue coloured microbeads, typical of copper crosslinked carboxymethyl 

cellulose (Gholamali, 2020), change to a greenish colour with the introduction of polyaniline 

moiety, which is typical of the emeraldine form of polyaniline or polyaniline in acidic presence 

(Mota et al., 2019; Tanwar & Ho, 2015). It is worth noting that the pH of 0.2M copper (II) 

nitrate hexahydrate and copper acetate anhydrous solutions were determined to be 3.93 and 

5.32 respectively. The Cu-BDC/CMC-Cu and Cu-BDC/PANI/CMC-Cu microbeads have 

duller blue and green colours due to an additional mix of deep-blue coloured Cu-BDC on the 

surface (Nejatbakhsh et al., 2022).   

The acetate-source prepared microbeads were smaller on average and more uniformly sized 

compared with the nitrate-source prepared microbeads (Figure 5.2); however, the average 

Figure 5.3: Photographs showing the acetate (a) and nitrate (n) copper sources prepared 
microbeads 
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Figure 5.2: Boxplots with associated normal distribution plots showing the size distribution 
of the microbeads prepared from acetate (a) and nitrate (n) copper-ion sources. 
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diameters of all microbeads were significantly different as shown by the analysis of variance 

and Tukey’s Honestly Significant Difference (HSD) for multiple comparisons performed at a 

0.05 significant level (Appendix  IV and Appendix  V, ANOVA, P=0.000). This means that 

the additional components in the preparation of the microbeads and the copper ion source 

significantly affect the microbead sizes.  

 The FTIR spectra (Figure 5.4 and Figure 5.5) show that all microbeads have functional groups 

similar to the CMC backbone: broad bands from 3600 cm-1 to 1750 cm-1 from carboxylic 

stretching vibrations; bands at 2978 cm-1 and 2895 cm-1 from sp3  symmetrical and 

asymmetrical stretching vibrations; strong sharp peaks at 1589 cm-1 and 1416 cm-1 from  

asymmetrical and symmetrical stretching vibration, however, these particular peaks shift to 

shorter wavelengths (hypsochromic shift) for the Cu-BDC complex indicating interaction in 

this functional group.  
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Figure 5.4: FTIR spectra for CMC and acetate prepared Cu-CMC(a), PANI/Cu-CMC(a), Cu-
BDC/Cu-CMC(a), and Cu-BDC/PANI/Cu-BDC(a) microbeads 

The band at 1032 cm-1 representative of an alkoxy  bending vibration was also present in 

all prepared beads. There were bands only specific to the Cu-BDC beads: 1673 cm-1 and 1507 

cm-1 attributed to stretching vibration of the carbonyl group present on H2BDC and aromatic 

 stretching vibration; 1279 cm-1 and 1108 cm-1 for acyl  stretch present on H2BDC 

and Cu-O-Cu stretching vibration (Sani et al., 2015); 953 cm-1, 874 cm-1, and 777 cm-1 all 

representing aromatic  bending vibrations. The  bending vibration peak at 1320 cm-
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1 disappears—or reduces in intensity to be detected—on the Cu-BDC beads confirming the 

replacement of most of the  hydrogen by copper. There were unnoticeable differences 

between the spectra of microbeads prepared in acetate and nitrate showing irrelevance of 

counter anions of the copper salt towards the functional groups present. 
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Figure 5.5: FTIR spectra for CMC and nitrate prepared Cu-CMC(n), PANI/Cu-CMC(n), Cu-
BDC/Cu-CMC(n), and Cu-BDC/PANI/Cu-BDC(n) microbeads 

It is worth noting that CMC and Cu-CMC FTIR spectra differed only in the bathochromic shift 

of the peak at 706 cm-1 to 729 cm-1 representing the loss of Na+ ions.  The peaks related to 

PANI were masked by the strong CMC bands which were in a higher concentration than PANI. 

The surface of the acetate-prepared microbeads (Figure 5.7) varied depending on the substance 

added during the reaction. Only the surface of the Cu-BDC/PANI/Cu-CMC(a) had sheet-like 

folds whose surface was patterned with 483.78±7.29 nanometre-sized Cu-BDC crystals (Figure 

5.6 and Appendix  VI). In contrast, these folds and crystals were not present on the surface of 

the Cu-BDC/Cu-CMC(a), neither were they present on the surface of PANI/Cu-CMC(a) 

microbeads suggesting that the interaction between the amine and H2BDC molecules favoured 

the formation of the crystals.  The Cu-BDC crystals on the PANI/Cu-CMC(a) microbead 

surface appear as well-defined, faceted structures with sharp edges indicative of their 

crystalline nature. The crystals are uniformly dispersed on the surface of the PANI/Cu-CMC(a) 

microbeads, forming a dense and regular array of crystals. 
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The cross-sections (Figure 5.9) of the acetate-ion source microbeads consisted of a dense 

network of interwoven fibres typical of metal-ion crosslinked CMC hydrogels (Maslamani et 

al., 2021). The resulting surface consists of a narrow porous monolithic structure. There were 

no observable Cu-BDC crystals on the internal structures of the Cu-BDC/PANI/Cu-CMC(a). 

Similarly, the cross sections of the H2BDC encapsulated microbeads look similar to the ones 

that contained BDC, which indicates that the encapsulated H2BDC molecules were not trapped 

in the resulting polymer matrix, but rather moved towards the surface reacting with surface 

available Cu2+ ions. 

 

In contrast, the surface of the nitrate-ion source-prepared microbeads differed from the acetate-

prepared ones: the folds on Cu-BDC/PANI/Cu-CMC(n) were smaller, brain-matter-like, and 
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Figure 5.6: Size distribution of acetate prepared (a) and nitrate (n) 
prepared Cu-BDC on the surface of PANI/Cu-CMC microbeads  

Figure 5.7: Surface SEM micrographs for acetate prepared Cu-CMC (p), PANI/CMC (q), Cu-
BDC/CMC (r), and Cu-BDC/PANI/CMC (s) at various magnifications 
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their surface have 488.80±1.18 nm sized spherical protrusions (Appendix  VI) of what we 

believe to be Cu-BDC structures rather than the rice-like crystals. It is evident that the amine 

functionality from polyaniline is crucial in the formation of these folds and Cu-BDC 

nanoparticles in a gyrification-like process.  

Figure 5.9: Cross-section SEM micrographs for acetate prepared Cu-CMC (pc), PANI/CMC 
(qc), Cu-BDC/CMC (rc), and Cu-BDC/PANI/CMC (sc) at various magnifications 

Figure 5.8: Surface SEM micrographs of nitrate prepared Cu-CMC (tc), PANI/CMC (uc), Cu-
BDC/CMC (vc), and Cu-BDC/PANI/CMC (wc) at various magnifications 
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The cross-sections (Figure 5.10) from the nitrate-ion prepared differed from the acetate ones: 

there are larger closed-cell foam structures constructed from a densely interconnected network 

of Cu2+ crosslinked CMC. Low-conductivity gases trapped inside a structure lead to the 

formation of closed-cell foams (Gibson, 2003), implying that nitrate ions generated a nitrogen 

oxide gas during the reaction. Only the cross-section of the PANI/Cu-CMC(n) lacked the 

closed-cell foam structures, but instead consisted of layer-by-layer arranged sheets. There are 

oval-shaped urchin-like spherical particles towards the outer ends of the internal structures Cu-

BDC/PANI/Cu-CMC beads (Figure 5.10 Wc(i) and Appendix  VII) likely to be the Cu-BDC 

surface protrusions. This confirms our hypothesis of the H2BDC molecules moving towards 

the surface of the beads to replenish reacted molecules during the reaction.  

 

The Cu2+ ion source also influenced the XRD diffraction patterns of the microbeads (Figure 

5.11). First, the low intensity at 6.2° was only present for the acetate anhydrous prepared Cu-

CMC(a) beads while the peak at 20.2° characteristic of amorphous carboxymethyl cellulose 

polymeric structure was consistent for both ion sources (Maslamani et al., 2021; Zare-Akbari 

et al., 2016).   

Figure 5.10: Cross-section SEM micrographs of nitrate prepared Cu-CMC (t), PANI/CMC 
(u), Cu-BDC/CMC (v), and Cu-BDC/PANI/CMC (w) at various magnifications 
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Figure 5.11: XRD diffraction peaks for acetate (a), and nitrate (n) prepared Cu-
BDC/PANI/CMC adsorbents cross compared to simulated and prepared Cu-BDC, Cu-CMC, 
and PANI/CMC.  

DMF-prepared Cu-BDC MOF matched with the experimental pattern of the simulated Cu-

BDC (CCDC No. 687690) where all Bragg diffractions were detected hence showing that our 

reagents were well capable of producing the MOFs. In contrast, the nitrate and acetate 

anhydrous prepared Cu-BDC/CMC and Cu/BDC/PANI/CMC beads exhibited only the [2 0 -

1], [1 3 1], and [2 2 -2] crystallographic planes that were aligned with the simulated diffraction 

pattern of Cu-BDC. This finding confirms the existence of a Cu-BDC layer on the surface of 

the microbeads with planes perpendicular to the stacking direction (Zhan et al., 2019). The 

choice of ion source did not have a major effect on the Cu-BDC/PANI/Cu-CMC diffraction 

peaks other than the low-intensity peak at 16.5° which can be associated with the presence of 

the crystalline rice-like nanoparticles for the acetate-prepared microbeads.  

Lack of the presence of coordinated solvent molecules (DMF) led to bulk and distorted Cu-

BDC molecules on the surface of the bead as indicated by the plane [1 1 0] shift to lower angles 

(Wu & Wang, 2019). This peak shift is characteristic of solvent-free preparation of Cu-BDC 

(Cheng et al., 2017), interference from the presence of other molecules in the structure,—CMC 
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and PANI in this case—and water molecules interacting with the Cu-BDC crystal structures 

(Song et al., 2019).  

5.3.2 Degradation experiments 

The photocatalytic degradation experiments show a change in the diclofenac and 

sulfamethoxazole UV/Vis spectra (Figure 5.12), which means that the microbeads were 

capable of degrading the two pharmaceutical solutions using direct sunlight—a renewable 

energy source. The longer the exposure time, the more the degraded products were generated. 

The acetate microbead was better suited owing to the larger spectra meaning a larger number 

of small molecules from the degradation. We expected this since the characterisation studies 

showed that these acetate beads had better evidence of the presence of Cu-BDC such as the 

Cu-BDC rice-like crystals.  
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Figure 5.12: Photocatalytic degradation UV/Vis spectra for diclofenac and sulfamethoxazole 
solutions using the acetate (a) and nitrate (a) prepared microbeads 

It is worth noting that our UV/Vis method was just for testing purposes and more work and 

better instruments need to be used for such degradation studies so that the degradation 

mechanism and degradation products can be studied in depth using LC-MS. However, the 

degradation of diclofenac and sulfamethoxazole have been studied and are shown in Figure 
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5.13 and Figure 5.14. These small molecules were responsible for the increase in UV 

adsorption in the regions between 200nm and 270nm.  

 

Figure 5.13: Photodegradation pathways of diclofenac showing degradation products 
(Salgado et al., 2013). 

Figure 5.14: Photodegradation pathways of sulfamethoxazole showing degradation products 
(Trovó et al., 2009) 
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5.4 Conclusion 

In this chapter, we have successfully demonstrated an innovative, scalable and environmentally 

friendly approach for synthesising Cu-BDC MOF microbeads. The beauty of this method is 

the ability to be conducted at room temperature using only water and ethanol as green solvents. 

During the synthesis process, we introduced simultaneous aniline oxidation, resulting in the 

formation of unique folds on the microbeads. These folds significantly increased the surface 

area of the microbeads, consequently enhancing their adsorption capacity. 

The Cu-BDC microbeads produced through our method possess several advantageous 

characteristics. They are easy to handle and can be efficiently separated from the solution, 

making them a practical choice for industrial applications. Notably, our synthesis method 

eliminates the need for toxic solvents commonly used in traditional MOF synthesis. This not 

only reduces the environmental impact of the production process but also minimises potential 

health risks associated with the use of such solvents. 

Furthermore, our research demonstrates the remarkable catalytic activity of these Cu-BDC 

microbeads. Specifically, they have been proven to effectively degrade diclofenac and 

sulfamethoxazole in less than 3 hours when exposed to direct sunlight. While further 

investigation is required to fully characterise and optimise the degradation products, our work 

highlights the potential for scalable synthesis of MOF-based macrostructures. 

In summary, our findings offer a promising avenue for the development of sustainable and 

scalable methods for MOF synthesis. This method has wide-ranging applications, including the 

removal of emerging pollutants from water sources. Overall, our research contributes to the 

growing field of environmentally conscious materials synthesis and their potential to address 

pressing global challenges related to pollution and sustainability. 

. 
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Chapter 6: Conclusion and Future Perspectives 

Access to clean water is a global challenge, compounded by water pollution and emerging 

pollutants that lack regulations and are difficult to remove using conventional treatment 

methods. Finding sustainable solutions to balance the need for effective water pollution 

solutions and minimising environmental harm and resource inefficiencies is a complex problem 

that requires innovative approaches.  

This study investigated the potential of design of experiment in reducing the number of 

experiments, which saves on cost, time and resources. We found it possible to include more 

categorical variables in a single design by utilising custom screening designs; also, we show 

that definitive screening designs can drastically reduce the number of experiments when 

dealing with more than five factors. Through this approach, we studied the adsorption potential 

of villi-structured polyaniline (VSPANI) and its composite with carboxymethyl cellulose 

(CMC/PANI) and dialdehyde carboxymethyl cellulose (DCMC)—at 35% aldehyde content 

(DCMC(A)/PANI)  and 75% aldehyde content DCMC(B)/PANI)— as adsorbents for 

removing bisphenol-A (BPA) from water. Our study found that increasing the aldehyde content 

of the composites favoured adsorption, and VSPANI and DCMC(B)/PANI exhibited potential 

as adsorbents for BPA removal.  

Furthermore, with a desire to evaluate the adsorption process taking place between VSPANI 

and bisphenol-A, we conducted a fixed-bed column study. Since the breakthrough curves were 

asymmetrical, we approached breakthrough curve modelling from a different angle. Our study 

analysed and compared the trend of how well log-modified, fractal-like modified, and 

probability distribution function models simulate asymmetric breakthrough curves with varied 

extents of tailing. We found that the log-Bohart-Adams and especially the fractal-like Clark 

and Bohart-Adams models perfectly fit the curves regardless of symmetry. The study also 

suggested that polyaniline-based materials needed further research to improve the mass transfer 

between adsorbent and adsorbate and improve the diffusion-limited process that led to 

excessive tailing. 

We attempted to improve the performance of polyaniline by modifying it with a metal-organic 

framework: Cu-BDC. To keep the synthetic method sustainable and environmentally friendly, 

we approached the process through a trojan-horse approach. A CMC and aniline solution 

encapsulated our H2BDC molecules allowing CU-BDC crystals to form on the surface of 

microbeads that show great potential for use in removing emerging pollutants. 
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Overall, this research provides insights into the development of sustainable and effective 

adsorbents and processes—optimisation, syntheses, and data analysis— for water treatment 

and highlights the importance of balancing the need for effective water pollution solutions with 

the imperative to minimise environmental harm and resource inefficiencies. Future research 

should focus on further investigating the performance of VSPANI and DCMC(B)/PANI in 

real-world scenarios and exploring other sustainable adsorption technologies to address 

emerging pollutants in water.  

We recommend the following: 

1. Real-World Testing and Application: Further research should involve field-scale or pilot-

scale testing of the adsorption potential of VSPANI and DCMC(B)/PANI in real-world 

scenarios. Understanding their performance under practical conditions is crucial for 

assessing their viability as water treatment solutions. 

2. Long-Term Efficiency and Regeneration Studies: Investigate the long-term efficiency and 

regeneration capacity of the developed adsorbents. Assess how well they can maintain 

their adsorption capacity over extended periods and whether they can be regenerated for 

multiple cycles, which is essential for sustainable water treatment systems. 

3. Cost-Effectiveness Analysis: Conduct a comprehensive cost-effectiveness analysis to 

determine the economic feasibility of using the developed adsorbents and processes at a 

larger scale. Consider factors such as production costs, material availability, and 

operational expenses. 

4. Environmental Impact Assessment: Assess the environmental impact of the adsorption and 

photocatalytic processes and materials developed in this study. Ensure that the 

sustainability goals are met by considering the life cycle analysis, energy consumption, 

and waste generation associated with these technologies. 

5. Optimisation of Synthesis Methods: Continue research into optimising the synthesis 

methods for the adsorbents, such as VSPANI, DCMC(B)/PANI and Cu-BDC microbeads. 

Explore variations in synthesis parameters to enhance their performance, stability, and 

scalability. 

6. Exploration of Other Sustainable Adsorption Technologies: Expand the scope of research 

to explore and develop other sustainable adsorption technologies aligned with polyaniline-

based materials. Investigate the potential of different materials, such as carbon-based 

nanomaterials or natural adsorbents like activated carbon, for removing emerging 

pollutants. 
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7. Tailoring Adsorbents for Specific Pollutants: Tailor adsorbent materials for specific 

emerging pollutants commonly found in different regions or industries. This could involve 

modifying the adsorbent structure to target a broader range of contaminants effectively. 

8. Integration of Adsorption Processes: Explore the integration of adsorption processes with 

other water treatment technologies, such as membrane filtration, coagulation, or advanced 

oxidation processes, to enhance overall treatment efficiency. 

9. Regulatory Framework Development: Advocate for the development and implementation 

of regulatory frameworks that address emerging pollutants and set guidelines for the use 

of innovative water treatment technologies. Collaboration with regulatory agencies and 

policymakers is essential. 

10. Public Awareness and Education: Raise public awareness about the importance of clean 

water and the challenges posed by emerging pollutants. Education and outreach efforts can 

contribute to responsible water use and pollution prevention. 

In conclusion, our research represents a significant step towards developing sustainable and 

effective solutions for water pollution control. By following these recommendations and 

continuing to explore innovative approaches, we can work towards ensuring access to clean 

water while minimising the environmental impact and resource inefficiencies associated with 

water treatment processes.
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Appendices 

 (RE = removal efficiency, qe = adsorption capacity, Exp = experimental, Pred = predicted) 

 

 

 

 

 

 

 

 

 

 

 

Appendix  I: Table showing Custom design matrix table experimental and predicted data 
Run Coded Variables Natural Variables RE (%) (mg/g) 

       Exp Pred Exp Pred 

1 L1  VSPANI 70 10 1.0 5 39.59 35.34 110.87 104.77 

2 L1  VSPANI 70 10 0.2 5 43.78 43.99 122.59 108.68 

3 L2  CMC/PANI 5 3 1.0 5 4.62 5.30 0.92 -14.45 

4 L2  CMC/PANI 70 10 0.2 15 42.04 45.24 39.24 56.48 

5 L3  DCMC(A)/PANI 5 10 0.2 5 24.13 26.51 4.83 8.11 

6 L3  DCMC(A)/PANI 70 3 1.0 15 42.37 45.48 39.54 35.34 

7 L2  CMC/PANI 70 3 0.2 5 14.73 12.84 41.25 51.13 

8 L3  DCMC(A)/PANI 70 3 1.0 5 13.67 14.92 38.28 47.93 

9 L3  DCMC(A)/PANI 5 10 0.2 15 63.82 57.07 4.25 -4.48 

10 L1  VSPANI 5 3 0.2 15 63.76 73.82 4.25 16.46 

11 L4  DCMC(B)/PANI 5 10 1.0 5 34.75 41.93 6.95 22.21 

12 L4  DCMC(B)/PANI 5 3 0.2 5 54.29 48.74 10.86 8.17 

13 L1  VSPANI 5 3 1.0 15 71.18 65.17 4.75 12.55 

14 L4  DCMC(B)/PANI 70 3 0.2 15 79.85 78.20 74.52 57.25 

15 L2  CMC/PANI 5 10 1.0 15 39.68 37.69 2.65 -9.10 

16 L4  DCMC(B)/PANI 70 10 1.0 15 71.35 71.38 66.59 71.29 
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(RE = removal efficiency, qe = adsorption capacity, Exp = experimental, Pred = predicted *centre runs) 

 

 

Run Coded Variables Natural Variables RE (%) qe (mg/g) 
        Exp Pred Exp Pred 

1 L4  DCMC(B)/PANI 45 10 1.00 15 20 63.92 63.24 38.35 37.85 

2 L1  VSPANI 5 3.0 1.00 15 15 84.31 81.41 4.22 4.07 

3 L4  DCMC(B)/PANI 85 10 0.16 5 15 43.86 42.20 111.85 107.15 

4 L1  VSPANI 5 6.5 0.16 5 20 54.03 57.68 10.81 11.51 

5* L1  VSPANI 45 6.5 0.58 10 15 69.08 66.92 46.63 45.26 
6 L4  DCMC(B)/PANI 5 3.0 1.00 5 20 60.78 57.68 12.16 11.51 
7 L1  VSPANI 85 10 0.16 15 10 78.04 74.35 44.22 42.34 

8 L1  VSPANI 5 10 1.00 10 10 83.99 82.52 4.20 4.21 

9 L1  VSPANI 85 3.0 0.58 15 20 58.20 62.49 65.96 70.33 

10 L1  VSPANI 5 10 0.16 15 20 79.63 79.73 5.31 5.28 

11* L4  DCMC(B)/PANI 45 6.5 0.58 10 15 60.20 66.92 40.64 45.26 

12 L1  VSPANI 45 3.0 0.16 5 10 49.61 45.72 44.65 41.85 
13 L1  VSPANI 85 6.5 1.00 15 10 74.21 74.35 42.05 42.34 

14 L4  DCMC(B)/PANI 5 3.0 0.16 15 10 79.04 81.76 2.63 2.70 

15 L4  DCMC(B)/PANI 85 3.0 1.00 5 10 42.28 47.47 71.88 77.18 

16 L4  DCMC(B)/PANI 85 3.0 0.16 10 20 63.93 60.83 108.69 100.26 

17 L1  VSPANI 85 10 1.00 5 20 36.77 35.61 125.02 128.21 

18 L4  DCMC(B)/PANI 5 10 0.58 5 10 58.71 59.71 5.87 5.89 

Appendix  II: Table showing DSD matrix table with the experimental and predicted data 

Appendix  III: Figure showing villi-like structures on the surface of VSPANI 
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Appendix  IV: Table Showing Analysis of Variance (ANOVA P=0.05) for the diameters of 
the prepared microbeads 

df = degrees of freedom, sig. significant at 0.05  

Appendix  V: Table showing a Tukey HSD Post Hoc analysis from ANOVA of the prepared 
microbeads 

Microbeads (I) Microbeads (J) 
Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

CMC-Cu(a) PANI/CMC-Cu(a) .10846* .02552 .001 .0307 .1862 

Cu-BDC/CMC-Cu(a) .28968* .02552 .000 .2119 .3674 

Cu-BDC/PANI/CMC-Cu(a) .51740* .02552 .000 .4396 .5952 

CMC-Cu(n) .01038 .02552 1.000 -.0674 .0881 

PANI/CMC-Cu(n) -.18756* .02552 .000 -.2653 -.1098 

Cu-BDC/CMC-Cu(n) .22200* .02552 .000 .1442 .2998 

Cu-BDC/PANI/CMC-
Cu(n) -.01100 .02552 1.000 -.0888 .0668 

PANI/CMC-Cu(a) CMC-Cu(a) -.10846* .02552 .001 -.1862 -.0307 

Cu-BDC/CMC-Cu(a) .18122* .02552 .000 .1035 .2590 

Cu-BDC/PANI/CMC-Cu(a) .40894* .02552 .000 .3312 .4867 

CMC-Cu(n) -.09808* .02552 .004 -.1758 -.0203 

PANI/CMC-Cu(n) -.29602* .02552 .000 -.3738 -.2183 

Cu-BDC/CMC-Cu(n) .11354* .02552 .000 .0358 .1913 

Cu-BDC/PANI/CMC-
Cu(n) -.11946* .02552 .000 -.1972 -.0417 

Cu-BDC/CMC-Cu(a) CMC-Cu(a) -.28968* .02552 .000 -.3674 -.2119 

PANI/CMC-Cu(a) -.18122* .02552 .000 -.2590 -.1035 

Cu-BDC/PANI/CMC-Cu(a) .22772* .02552 .000 .1500 .3055 

CMC-Cu(n) -.27930* .02552 .000 -.3571 -.2015 

PANI/CMC-Cu(n) -.47724* .02552 .000 -.5550 -.3995 

Cu-BDC/CMC-Cu(n) -.06768 .02552 .141 -.1454 .0101 

Cu-BDC/PANI/CMC-
Cu(n) -.30068* .02552 .000 -.3784 -.2229 

Cu-BDC/PANI/CMC-Cu(a) CMC-Cu(a) -.51740* .02552 .000 -.5952 -.4396 

PANI/CMC-Cu(a) -.40894* .02552 .000 -.4867 -.3312 

Cu-BDC/CMC-Cu(a) -.22772* .02552 .000 -.3055 -.1500 

CMC-Cu(n) -.50702* .02552 .000 -.5848 -.4293 

PANI/CMC-Cu(n) -.70496* .02552 .000 -.7827 -.6272 

Cu-BDC/CMC-Cu(n) -.29540* .02552 .000 -.3732 -.2176 

Cu-BDC/PANI/CMC-
Cu(n) -.52840* .02552 .000 -.6062 -.4506 

 Sum of Squares df Mean Square F Sig. 

Between Groups 16.771 7 2.396 147.201 .000 
Within Groups 6.380 392 0.016   
Total 23.151 399    
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CMC-Cu(n) CMC-Cu(a) -.01038 .02552 1.000 -.0881 .0674 

PANI/CMC-Cu(a) .09808* .02552 .004 .0203 .1758 

Cu-BDC/CMC-Cu(a) .27930* .02552 .000 .2015 .3571 

Cu-BDC/PANI/CMC-Cu(a) .50702* .02552 .000 .4293 .5848 

PANI/CMC-Cu(n) -.19794* .02552 .000 -.2757 -.1202 

Cu-BDC/CMC-Cu(n) .21162* .02552 .000 .1339 .2894 

Cu-BDC/PANI/CMC-
Cu(n) -.02138 .02552 .991 -.0991 .0564 

PANI/CMC-Cu(n) CMC-Cu(a) .18756* .02552 .000 .1098 .2653 

PANI/CMC-Cu(a) .29602* .02552 .000 .2183 .3738 

Cu-BDC/CMC-Cu(a) .47724* .02552 .000 .3995 .5550 

Cu-BDC/PANI/CMC-Cu(a) .70496* .02552 .000 .6272 .7827 

CMC-Cu(n) .19794* .02552 .000 .1202 .2757 

Cu-BDC/CMC-Cu(n) .40956* .02552 .000 .3318 .4873 

Cu-BDC/PANI/CMC-
Cu(n) .17656* .02552 .000 .0988 .2543 

Cu-BDC/CMC-Cu(n) CMC-Cu(a) -.22200* .02552 .000 -.2998 -.1442 

PANI/CMC-Cu(a) -.11354* .02552 .000 -.1913 -.0358 

Cu-BDC/CMC-Cu(a) .06768 .02552 .141 -.0101 .1454 

Cu-BDC/PANI/CMC-Cu(a) .29540* .02552 .000 .2176 .3732 

CMC-Cu(n) -.21162* .02552 .000 -.2894 -.1339 

PANI/CMC-Cu(n) -.40956* .02552 .000 -.4873 -.3318 

Cu-BDC/PANI/CMC-
Cu(n) -.23300* .02552 .000 -.3108 -.1552 

Cu-BDC/PANI/CMC-
Cu(n) 

CMC-Cu(a) .01100 .02552 1.000 -.0668 .0888 

PANI/CMC-Cu(a) .11946* .02552 .000 .0417 .1972 

Cu-BDC/CMC-Cu(a) .30068* .02552 .000 .2229 .3784 

Cu-BDC/PANI/CMC-Cu(a) .52840* .02552 .000 .4506 .6062 

CMC-Cu(n) .02138 .02552 .991 -.0564 .0991 

PANI/CMC-Cu(n) -.17656* .02552 .000 -.2543 -.0988 

Cu-BDC/CMC-Cu(n) .23300* .02552 .000 .1552 .3108 

*. The mean difference is significant at the 0.05 level. 
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Appendix  VI: Figure showing a close-up of the rice-like crystals on the surface of acetate-
prepared microbeads (A) and spherical nanomaterials on nitrate-prepared microbeads (N). 

Appendix  VII: Figure showing urchin-like spherical particles located inside the Cu-
BDC/PANI/Cu-CMC(n) microbeads. 
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