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ABSTRACT 

It has been reported that pharmaceuticals are not entirely removed or broken down during the 

wastewater treatment process, allowing them to escape into effluent water. This stems from the 

pharmaceuticals widespread use and the inefficient wastewater treatment methods. Therefore, 

the objective of this study was to develop more effective methods for removing 

pharmaceuticals from wastewater systems. Adsorption-based pharmaceutical removal is one 

of the most promising approaches because it is easily incorporated into current water treatment 

systems. The first part of this work reports on literature studies for recent advancements in the 

adsorption process involving the incorporation of an artificial molecularly imprinted polymer 

(MIP), that is an effective molecular receptor that can selectively recognize and remove 

pollutants. In magnetic solid-phase extraction, dispersive solid-phase microextraction, and 

solid-phase extraction, MIPs can be used as a selective adsorbent for analyte cleanup and 

preconcentration. Moreover, MIPs can be produced by combining nanoparticles to develop 

composite nanomaterials (nanoMIPs). In comparison to conventional bulk adsorbents, the 

enhanced selective adsorption capacity and kinetics are attributed to the large surface area per 

unit volume and specific functionality of nanomaterials. Nonetheless, some significant barriers 

to the application of nanomaterials are their dispersive qualities, difficulty in cycling, and 

secondary pollution from the loss of adsorbent during treatment. Another way to use 

nanoparticles for detectability enhancement is to modify the molecularly imprinted polymers 

chemical or physical characteristics. The nanoparticles' embedding in the MIP enhances the 

material's surface area or gives the adsorbent new features. This study describes a method for 

creating reusable, economical, and effective polymer-based silver nanoparticles-adsorbents. 

Notably, silver nanoparticles have a wide range of applications due to their unique properties 

which include their large surface area, shape and size. Plant-mediated synthesis plays a 

significant role in their synthesis. Remarkably, the synthesis of silver nanoparticles from plant 

extracts is inexpensive, easily scalable, and harmless for the environment. Plant extracts can 

be used to produce nanoparticles with controlled sizes and shapes. The molecular imprinting 

technique was used to create species-specific functionalities like carboxylic acid (-COOH) on 

a polymer surface. MIPs offer several advantages, including large surface area, targeted 

functionalities for high reactivity, and the ability to minimise nanoparticles from leaking into 

the surrounding environment when MIP-based adsorbents are being handled. To further 

comprehend the behaviour of adsorbents and the adsorption process, kinetics, thermodynamics, 

and isotherm models were explored. 
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The second part of the work involved synthesizing the MIPs for efficient and selective removal 

of pharmaceuticals from specific groups. All target compounds were employed as multiple 

templates in a bulk polymerization process carried out at 70 °C to synthesize MIPs.  Additional 

reagents utilized in the synthesis included toluene as a porogenic solvent, ethylene glycol 

dimethacrylate as cross-linker, 1,1'-azobis-(cyclohexane carbonitrile) as an initiator and 2-

vinyl pyridine as functional monomer, respectively. The synthesis of a non-imprinted polymer 

(NIP) was conducted without templates, using reaction conditions similar to those of MIP. 

Furthermore, following the synthesis, the polymers were characterized using X-ray diffraction, 

thermogravimetric analysis, differential scanning calorimetry, Fourier transform infrared 

spectroscopy, and scanning electron microscopy. Liquid chromatography-mass spectrometry 

(LC-MS) was successfully used to develop an analytical method for detection and 

quantification of the target pharmaceuticals. The method yielded quantification limits of 0.42 

to 0.75 mg L-1 and detection limits of 0.14 to 0.25 mg L-1 for the target pharmaceuticals. The 

synthesized polymer attained maximum matrix-matched adsorption capacities of 3.89, 4.97 

and 3.40 mg g-1 for sulfamethoxazole, nevirapine and ibuprofen, respectively within 10 

minutes. Competitive adsorption of the target pharmaceuticals demonstrated a link between 

adsorption and the pharmaceuticals pKa, log Kow, and molecular size. Studies on batch 

adsorption and kinetics revealed that the binding of pharmaceuticals to the MIP particles suited 

the pseudo-second order kinetics, leading to various interactions through chemisorption. The 

data also fitted well in Langmuir isotherm which meant that the target 

pharmaceuticals adsorption occurred on the homogeneous binding sites of the MIP. 

Furthermore, the thermodynamic data demonstrated the adsorption process's endothermic and 

spontaneous nature. Notably, the synthesized MIP was highly selective and its application in 

environmental studies led to the development of a less expensive analytical method. Moreover, 

the MIP particles that had been generated were recovered to be reusable up to five cycles with 

removal efficiency >90%.  

The third part involved incorporating silver nanoparticles (AgNPs) into MIPs using ibuprofen, 

nevirapine, and sulfamethoxazole as templates. In this part, starch (St) and macadamia 

nutshells (MCD) were employed in the synthesis of AgNPs as reducing and stabilizing agents. 

Following that, each of these AgNPs was incorporated with MIP, and the most effective 

combination was identified through comparison. The synthesized adsorbents were further 

optimized for the adsorptive removal of selected target pharmaceuticals. The % removal 

efficiencies were greater than 70%, indicating that the adsorbents are suitable for use in water 
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treatment processes. The material's adsorption mechanisms and performance were examined 

through the application of various kinetics and isotherm models. Both the St and MCD-AgNPs 

experimental data fit to Freundlich and Langmuir adsorption isotherms. However, based on the 

somewhat higher correlation coefficients, the Langmuir isotherm model provided a better fit. 

The St/MCD-nanoMIPs best suited the Freundlich model, indicating that the adsorption 

occurred on the multilayer heterogeneous surface. Further, both the St/MCD nanoMIP 

adsorbents underwent spontaneous, endothermic adsorption, as demonstrated by the 

thermodynamic data, whereas the behaviour of the kinetics was effectively anticipated by 

pseudo-second order model, which suggested adsorption through chemisorption. Accordingly, 

large internal surface area, greater loading capacity, thermal stability, and reusability were 

among the advantageous properties of the nanoMIPs adsorbent materials. Moreover, both 

adsorbents showed improved qualities and were highly selective and effective in removing the 

selected pharmaceuticals in wastewater. As a result, during the course of five 

adsorption/desorption cycles, the St/MCD nanoMIPs show a removal efficiency of more than 

90%. As a result, they demonstrated proficiency in efficient application. 

The fourth part involved the incorporation of MIP with Platanus acerifolia and Moringa oleifera 

silver nanoparticles. Using plants to synthesize AgNPs is a more cost-effective and low-

maintenance method; in contrast, using other organisms requires a particular medium and a 

specific amount of time. Therefore, the leaves of both the platanus acerifolia (PL) and moringa 

oleifera (MO) served as stabilizing and reducing agents during the synthesis of AgNPs. Each 

optimized parameter that could influence the adsorption potential, such as temperature, 

adsorbate concentration, pH, adsorbent dose, and contact time, was examined in relation to the 

removal effectiveness of the MO/PL nanoMIP adsorbents. These evaluated parameters were 

optimum at pH 7, concentration of 0.2 mg/L and contact time of 10 minutes for both MO and 

PL-nanoMIPs, mass dosage of 30 mg and 20 mg, and temperature of 40 and 30 °C for MO and 

PL-nanoMIP, respectively. Further, the maximum removal efficiencies obtained at these 

optimum conditions were >97% for both MO-nanoMIP and PL-nanoMIP.  The adsorption 

experimental data for both MO/PL-AgNPs and MO/PL-nanoMIPs nano-adsorbents fitted with 

the linear Langmuir model which suggests that the binding took place on the homogenous 

monolayer surface. Additionally, compared to MO/PL-AgNPs, the MO/PL-nanoMIPs 

adsorption capacities for the target pharmaceuticals were higher, suggesting that the nanoMIPs 

larger surface areas contribute to their enhanced adsorption capacity. The linear pseudo-second 

order kinetic model best fitted on MO/PL-nanoMIPs which implied adsorption through 
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chemisorption, whereas the thermodynamic data demonstrated that the adsorption process was 

endothermic and spontaneous. Moreover, the values of ΔH° for the MO/AgNPs were less than 

40 kJ/mol and more than 40 kJ/mol for the MO/PL-nanoMIPs. This therefore confirmed that 

the MO/AgNPs was dominated by physical adsorption whereas the MP/PL-nanoMIPs was 

dominated by chemical adsorption. The MO/PL-nanoMIPs confirmed the high efficiency for 

the removal of target pharmaceuticals in wastewater. Upon recycling the adsorbents for five 

cycles, it was noted that the MO-nanoMIP adsorbent was effective continued to remove 86.7-

88.8% and 97-98% for PL-nanoMIP even in the fifth cycle. 

Indeed, the removal of sulfamethoxazole, nevirapine, and ibuprofen by nanoMIP adsorbents 

has demonstrated the importance of the surface area, structural stability, pore size and the 

electrostatic interactions brought about by the charges on the nanoMIPs surface. Consequently, 

among the investigated nanoMIP adsorbents, PL-nanoMIP demonstrated strong adsorption 

capacities for the targeted pharmaceuticals due to it large surface area and narrow size 

distribution as compared to the other nanoMIP adsorbents. The usability of plant leaves as a 

reducing and capping agent for nanoparticles as well as the recycling of nanoMIPs has the 

potential to transform waste that is no longer useful into valuable pollutants adsorbents. This 

would solve the problem of waste disposal and have beneficial impacts on the environment 

pollution and the economy. Notably, the nanoMIPs synthesized in this study are highly 

selective, reusable adsorbents that are cost effective and environmentally friendly. In contrast, 

as a substitute for more costly synthetic materials, these nanoMIPs are a promising material for 

the removal of different classes of pharmaceuticals in wastewater treatment plants and they can 

possibly be applied on a large scale.   
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Chapter 1  

1.1 Introduction 

1.1.1 Background and motivation 

The increment of the worldwide populace and lack of sustainable water assets encourages the 

advancement of potential solutions for work on the waste's quality, potential for reuse and 

polluted water supplies (Bouwer, 2000, Metwally et al., 2021). Different types of water 

contaminants, including dyes, pharmaceuticals, endocrine disrupting compounds (EDCs), 

pesticides, and heavy metals, are produced by ongoing technological and industrial 

advancements that occur due to the growing population (Al Sharabati et al., 2021, Metwally et 

al., 2021). Thus, the remediation of water contamination, particularly pollution from 

freshwater, wastewater, environmental and human contamination, is one of the main 

environmental concerns globally (Morin-Crini et al., 2022, Okoro et al., 2022). Products used 

in daily life in high amounts, such as pharmaceuticals, are regarded as pollutants of rising 

concern (Khan et al., 2022, Ellis, 2006). Pharmaceuticals are synthetic or natural ingredients, 

used in the pharmaceutical, veterinary, and over-the-counter businesses (Al-Qaim et al., 2014). 

These are drugs that are used to identify, treat, or prevent illnesses as well as to restore, modify, 

or enhance organic processes. Moreover, pharmaceuticals are discharged into the aquatic 

environments via several pathways, such as sewage treatment plants leaks, discharges from 

facilities that manufacture pharmaceuticals, emissions from medical units, discharges of 

processed sewage effluent from sewage treatment facilities, the application of sewage sludge 

or animal manure to agricultural land, and disposal of unwanted pharmaceuticals (Waleng and 

Nomngongo, 2022, Martín et al., 2012, Čelić et al., 2019). Pharmaceuticals are mostly found 

in the environment due to inappropriate disposal of wastewater that has not been completely 

or sufficiently treated. (Vinayagam et al., 2022). Despite relatively low quantities, people can 

experience toxicological effects from hydrogenic sources as a result of pollution processes 

caused by heavy use of drugs (Ternes and Joss, 2007). 

 

 Depending on their physicochemical characteristics and method of action, pharmaceuticals are 

divided into several classes. Antidepressants, antiretroviral (ARV) medicines, non-steroidal 

anti-inflammatory drugs (NSAIDs), antibiotics, antiseptics, and other endocrine-disruptive 

substances are among the classifications (Hawash et al., 2023, Chaves et al., 2022). They have 
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been identified as a category of environmental pollutants, and they are becoming a greater 

threat as pollutants in surface or groundwater close to residential and commercial areas. (Kyzas 

et al., 2015). When they get into drinking water, they could be harmful to both aquatic life and 

humans. (Johnson et al., 2008, Cunningham et al., 2009, Sengar and Vijayanandan, 2022). As 

a result, pharmaceuticals have attracted substantial interest as a result of the potential health 

hazards connected to their exposure to human, aquatic, and terrestrial life when they enter the 

environment. (Ebele et al., 2017, Khan et al., 2021, Rathi et al., 2021).  

 

Around 90% of medications taken by mouth are excreted by the body unchanged or only 

slightly digested and are therefore present in sewage discharge (Jelić et al., 2012, Nannou et 

al., 2020). Hence, consuming contaminated water poses risks such as getting sick, experiencing 

pharmaceutical side effects, and eventually developing drug resistance (Serwecińska, 2020, 

Daughton, 2004). As a result, it is essential to remove residues of pharmaceuticals in 

wastewater and drinking water (Massima Mouele et al., 2021, de Andrade et al., 2018, 

González Peña et al., 2021). Furthermore, the advancements in analytical methods have made 

it possible to detect trace amounts from a variety of environmental matrices, including drinking 

water, sediments, waste effluents, surface and subsurface water, and biota. (Zare et al., 2022, 

Almeida, 2021). However, it appears that conventional wastewater and water treatment unit 

operations cannot completely remove all pharmaceuticals, therefore, a range of modern process 

treatment technologies may be required. Since conventional plants that treat wastewater are 

unable to effectively remove a wide range of emerging pharmaceutical pollutants, additional 

and alternative methods may need to be looked into with the goal of improving the water quality 

(Sathya et al., 2022, Villar-Navarro et al., 2018). Hence, one of the main challenges in the 

wastewater treatment industry is using low-cost technology while maintaining criteria for 

health and safety in treated wastewater that has been recycled.  

 

Accordingly, the adsorption process is a potential technique for wastewater treatment and water 

pollution prevention because of its lower maintenance requirements, increased efficacy, 

simpler design, and lack of unwanted byproducts. (Ghorbani et al., 2020, da Silva et al., 2019). 

The inefficiency of current techniques used in water treatment plants to remove the 

contaminant essentially drives the development of effective solutions to address pollution from 

effluent. In order to overcome the drawbacks of the traditional techniques (commonly, biochar 

and activated carbon) for treating wastewater, this study proposes the use of molecularly 

imprinted polymers (MIPs) as an efficient technique for the removal of pharmaceuticals from 
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wastewater by selective adsorption. The research indicates that the synthesis of MIPs can be 

tailored to fulfil specific target criteria, making them an attractive material for application as a 

highly selective adsorbent in environmental sciences. (Villarreal-Lucio et al., 2022). The 

primary purpose of this research was to develop sample preparation methods for sample clean-

up, and removal of pharmaceutical residues for three classes of pharmaceuticals, specifically 

antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), and antiretroviral drugs in 

wastewater matrices. This was achieved using three approaches, firstly by applying MIP as an 

adsorbent, secondly, by silver nanoparticles, lastly, by incorporating of MIP with silver 

nanoparticles. 

 

1.2 Problem statement 

The treatment of polluted wastewater is a major environmental problem. The primary 

environmental problem is treating water pollution, especially that which originates from 

freshwater, wastewater, and human and environmental pollutants. (Singh et al., 2020). 

Freshwater resources are contaminated by pollutants found in wastewater effluent, which are 

hazardous to the environment and to humans (Edokpayi et al., 2017). These pollutants were 

generated by a variety of chemical industries, including those that produce textiles, dyes, metal 

plating, paper, fertilizer, batteries, metallurgical products, pesticides, fossil fuels, tanneries, 

mining, and various polymers. Studies conducted in South Africa in recent years have 

consistently found pharmaceuticals in the nation's water bodies, which has raised concerns 

about the improper discharge of these drugs in water systems (Waleng and Nomngongo, 2022). 

Pharmaceuticals, industrial chemicals, insecticides, and other substances are examples of 

micropollutants, which are primarily found in wastewater (Pérez-Lucas et al., 2022). 

Pharmaceuticals have recently been identified as "emerging contaminants" that are seriously 

polluting water streams and endangering both humans and aquatic life (Samal et al., 2022). 

Pharmaceuticals are a diverse group of biologically active hydrophilic chemical compounds, 

and their derivatives exhibit a great deal of variation in their structure, behaviour, and activity 

(Bolong et al., 2009). Additionally, pharmaceuticals have found access to the environment as 

a result of increasing pharmaceutical usage and insufficient removal of those drugs by 

conventional wastewater treatment plants (WWTPs). Their release into the environment has 

negative consequences on how humans and other living things metabolize, necessitating the 

use of sophisticated remediation techniques (Zare et al., 2022, Kosek et al., 2020). They have 

increased life expectancy, healed millions of fatal diseases, and enhanced quality of life, but 
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this achievement has also given rise to a new class of environmental toxins, raising worries 

across the globe. The prevalence of pharmaceuticals in aquatic settings indicates the 

ineffectiveness of traditional wastewater treatment techniques, necessitating the development 

of greener, sensitive, accurate and reliable alternative methodologies for the most effective 

removal of pharmaceuticals.  

 

1.3 Rationale 

Pharmaceuticals are one of the most prevalent contaminants discovered in water systems. Their 

presence in water bodies presents a serious risk to human health and aquatic organisms. 

Wastewater treatment plants (WWTPs) are among the major cause of pharmaceuticals in the 

environment. Typically, the majority of pharmaceuticals cannot be completely removed from 

water using the current water treatment techniques used in most WWTPs, resulting in the 

discharge of these pharmaceutical compounds into aquatic environments. The consequences of 

releasing low-quality wastewater back into the environment are severe because they affect the 

health of aquatic ecosystems and human health. Notably, some pharmaceuticals are discharged 

into the aquatic environments at concentrations higher than their predicted no effect 

concentrations (PNECs), thus posing ecological risk to some aquatic organisms. Accordingly, 

the prevalence of pharmaceuticals in aquatic ecosystems demonstrates the ineffectiveness of 

traditional wastewater treatment procedures, necessitating the urgent need for pharmaceuticals 

to be removed as effectively as possible via alternative techniques. 

 

1.4 Research questions 

• Can pharmaceuticals be efficiently removed from wastewater using nanoMIPs, and 

what are the removal efficiencies?  

• Which parameters can be optimized to improve the removal efficiency of the 

targeted pharmaceuticals at lower concentrations?  

• In contrast to MIP and AgNPs alone, will the incorporation of nanoparticles with 

molecularly imprinted polymers enhance the adsorption capacity of 

pharmaceuticals in wastewater?  

• Can the selected pharmaceuticals be detected in the wastewater treatment plants 

under investigation and at what concentrations?  

• Are the pharmaceutical concentrations higher in the influent streams than in the 

effluent streams of WWTPs?  
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• Which nanoMIP-adsorbent is best suited to remove the selected pharmaceuticals 

from wastewater samples between starch and macadamia nutshell and between 

platanus acerifolia and moringa oleifera? 

 

1.5 Hypothesis 

There is high pollution with pharmaceuticals in the aquatic environments due to their 

inadequate removal during wastewater treatment work processes. The incorporation of silver 

nanoparticles with molecularly imprinted polymers is effective and has a greater potential for 

the adsorption of selected pharmaceuticals in wastewater in contrast to silver nanoparticles and 

MIP alone. Moreover, to confirm that the procedures used in the wastewater treatment plants 

are efficient at removing these pharmaceuticals, analytes of interest should not be present in 

effluent samples or should be present at significantly lower concentrations than in influent 

samples. 

 

1.6 Aim 

This research aimed to assess the adsorption efficacy of molecularly imprinted polymers, silver 

nanoparticles and silver nanoparticles incorporated with molecularly imprinted polymers 

(nano-MIPs) for the removal of multiple classes of pharmaceuticals in wastewater by 

conducting kinetics, isotherms, and thermodynamics studies.  

 

1.7 Objectives  

• To synthesise and characterise MIPs. 

• To synthesize and characterize Ag nanoparticles. 

• To synthesis Ag nanoparticles incorporated in MIP cavities  

• To characterize the synthesized nanoMIPs 

• To design and conduct batch equilibrium adsorption tests using MIPs and nanoMIPs 

and to study the effects of varying parameters for the selected pharmaceuticals (initial 

pH, concentration, mass dosage, temperature and time). 

• To assess adsorption kinetics, isotherms and thermodynamics to understand the nature 

and extent of adsorption in MIP and nanoMIPs for the selected pharmaceuticals.  

• To assess the selectivity and renewability of MIPs and nanoMIPs. 

• Apply MIP and nanoMIPs for selective removal of pharmaceuticals in wastewater. 
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1.8 Thesis organisation 

The following section provides a brief synopsis of the dissertation's contents. Chapter 1: gives 

an overview of the dissertation's background, including the introduction, problem statement, 

rationale, research question, aim, and objectives. Chapter 2: presents a thorough literature 

review on the variety of treatment procedures for pharmaceuticals and their adsorptive removal 

methods from aqueous environments using various isotherms and kinetic models (paper 1). 

Chapter 3: describes the removal of multiple classes of pharmaceuticals from wastewater by 

employing molecularly imprinted polymer (MIP) with multiple templates as an adsorbent: 

kinetics, isotherms and thermodynamic studies (paper 2). Chapter 4: this chapter describes the 

efficacy assessment of molecularly imprinted polymer incorporated with starch and macadamia 

capped silver nanoparticles for the removal of multi-class pharmaceuticals in wastewater 

(paper 3). Chapter 5: this chapter describes the efficacy assessment of molecularly imprinted 

polymer incorporated with platanus acerifolia and moringa oleifera capped silver nanoparticles 

for the removal of multi-class pharmaceuticals in wastewater (paper 4). Chapter 6: includes 

an overview of the discussion from chapters 3, 4, and 5 as well as a general conclusion on the 

results obtained. Finally, this section included suggestions for further research based on the 

study's summarized findings. 
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Chapter 2  

Molecularly imprinted polymer-based adsorbents for the selective removal of 

pharmaceuticals from wastewater: adsorption kinetics, isotherms, and thermodynamics 

studies 

 

Abstract 

Majority of pharmaceuticals are found in the environment as mixtures. However, a significant 

amount of these therapeutic compounds cannot be completely metabolized by the human body; 

thus, they are excreted through faeces and urine and end up in wastewater treatment plants 

(WWTPs). The presence of pharmaceuticals and the degree to which they can be removed 

during wastewater treatment are now important research topics. Despite the adoption of various 

alternative technologies for the treatment of wastewater, the adsorption process is still regarded 

as a promising method due to its high efficiency, increased simplicity, and lower costs. Recent 

developments in the adsorption process involve the incorporation of an artificial molecularly 

imprinted polymer (MIP), which is a potent molecular receptor capable of selectively 

recognizing and removing pollutants. The MIP has advantageous characteristics, which include 

high affinity, predetermination, high stability, ease of preparation, and low cost. Notably, MIPs 

can be applied to the cleanup and preconcentration of analytes as the selective adsorbent of 

solid-phase extraction (SPE), magnetic solid phase extraction (MSPE), and dispersive solid-

phase extraction (dSPE). Furthermore, MIPs can be produced as composite nanomaterials by 

employing nanoparticles (nanoMIPs). The advancements of MIPs employed as sorbent 

materials for quantitative assessment and purification of pharmaceuticals in environmental 

water have been given most of the focus. Therefore, this study not only aims to present the 

fundamental ideas about the application of MIPs as sorbents but also gives an overview of the 

considerable initiatives made in recent years to enhance the performance of MIPs. Considering 

this, various current approaches to the development of MIP-based extraction techniques are 

detailed in the present review. This review also demonstrates how kinetics, thermodynamics, 

and isotherm models can be used to better understand the behaviour of adsorbents and the 

adsorption process. 

 

Keywords:  pharmaceuticals, molecularly imprinted polymers, nanoparticles, adsorption 
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2.1 Introduction 

Pharmaceuticals are one of the biggest environmental issues in the world because of how 

frequent they are used in the treatment of human and veterinary diseases, injuries, and illnesses. 

Consequently, pharmaceutically active compounds found in drugs and medicines are complex 

molecules having a variety of functions and physical characteristics to have particular 

biological activities. Pharmaceuticals are categorized into various classes based on their 

physicochemical properties and mode of action. Nonsteroidal anti-inflammatory drugs 

(NSAIDs), antidepressants, antibiotics, antiseptics, antiretroviral (ARV) medicines, etc., are 

among the classifications (Hawash et al., 2023, Chaves et al., 2022). The major sources of 

contamination are the pharmaceutical industry, hospital waste, farm livestock, unused 

medication disposal from various households, and the fate and transport of pharmaceuticals, 

their metabolites, and transformed products follow interdependent complex pathways, as 

shown in Figure 2.1 (Anand et al., 2022). The threat of pharmaceutical pollutants in surface or 

groundwater close to residential and commercial areas is growing (Ortúzar et al., 2022). When 

they get into drinking water, they could be detrimental to humans as well as aquatic life (Sengar 

and Vijayanandan, 2022). Notably, pharmaceuticals are found in the aquatic environment in 

comparatively low concentrations (µg-ng L-1). Excessive exposure to pharmaceuticals can 

cause unpleasant side effects like drowsiness, vomiting, stomach pain, fatigue, hepatic 

steatosis, pancreatis, heart diseases, etc (Serwecińska, 2020). Moreover, these effects may 

include impairment to fish and wildlife populations, decreased oxygen levels, closure of 

beaches and other limits on recreational water usage, limitations on the harvesting of fish and 

shellfish, and water contamination (Massima Mouele et al., 2021, González Peña et al., 2021). 

Furthermore, the ecosystem and human health could suffer if wastewater is not adequately 

treated. As a result of possible health effects related to exposure of human, aquatic and 

terrestrial life that pharmaceuticals have when they reach the environment, they have received 

a lot of attention (Khan et al., 2021, Rathi et al., 2021). Moreso, humans may be exposed to 

contaminants in the environment, even at comparatively low concentrations, as a result of drug 

consumption. (Patel et al., 2019). 
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Figure 2.1: Sources and pathways for pharmaceuticals on the environment (Chauhan et al., 

2023). 

 

Extended use of nonsteroidal anti-inflammatory drugs (NSAIDs) by humans has been 

associated with a higher risk of side effects in various organs and systems, such as the digestive 

and cardiovascular systems. This has also adversely affected wild fish populations (Marmon et 

al., 2021). Fernandez and co-workers suggested that, the routine use of ARVs in aquatic 

environments may have unintended impacts on non-target animals, including fish development 

and growth abnormalities, liver damage, and general health deterioration (Fernández et al., 

2022). Antibiotic-resistant genes and bacteria are therefore the greatest environmental health 

problem associated with antibiotics, as they reduce the efficiency of treatment against bacterial 

infections that affect both humans and aquatic animals (Ngqwala and Muchesa, 2020).  

Numerous sources, such as discharges from pharmaceutical production facilities, emissions 

from medical units, treated sewage effluent discharges, and improper disposal of unwanted 
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pharmaceuticals, cause the release of pharmaceuticals into the aquatic environment (Nyaga et 

al., 2020, Waleng and Nomngongo, 2022). The primary source of pharmaceuticals in the 

environment is the discharge of wastewater that has not been sufficiently or completely treated 

(Vinayagam et al., 2022).  It is important that unwanted medicines should be safely disposed 

of to mitigate the public and environmental health risks. Lack of general knowledge on how to 

dispose of unused pharmaceuticals leads to improper disposal resulting in accidental toxicity, 

rising healthcare costs, landfills pilfering/scavenging, water supply pollution, anti-microbial 

resistance, and death. Additionally, pharmaceuticals may enter the environment through the 

use of wastewater treatment plant sludge as manure and crop irrigation using river water from 

which the effluent is discharged. Pharmaceutical removal by WWTPs is crucial for lowering 

discharge to aquatic habitats. Nevertheless, traditional wastewater and water treatment unit 

operations do not really appear to be able to eliminate all kinds of pharmaceuticals., This might 

lead to the continued transfer of water-soluble pharmaceuticals into river water. Thus it is 

necessary to employ a variety of cutting-edge process treatment technologies to improve water 

quality (Sathya et al., 2022). Additionally, advances in analytical methods have made it 

possible to identify and eliminate traces of pharmaceuticals from a variety of environmental 

matrices, including drinking water, sediments, waste effluents, surface and subsurface water, 

and biota (Zare et al., 2022, Almeida, 2021).  

 

Consequently, utilizing inexpensive technology while preserving safety and health standards 

in recycled treated effluents is one of the biggest difficulties in the field of wastewater 

treatment. In water pollution control and wastewater management, the adsorption process is a 

promising method because it has design and operational simplicity, higher efficacy, lower 

maintenance, and no undesirable by products (Ghorbani et al., 2020). The development of 

efficient technologies to remediate effluent contamination is driven by the ineffectiveness of 

existing methods employed in water treatment plants to remove the contaminant. In this study, 

molecularly imprinted polymers (MIPs) are discussed as an effective tool for the selective 

adsorption and removal of these pharmaceuticals from wastewater to get beyond the limitations 

of the traditional wastewater treatment facilities. According to the literature, the use of MIPs 

as a highly selective adsorbent material is a promising approach that can be employed in 

environmental sciences since they have a variety of synthesis methods that can be tuned to 

meet specific target requirements (Villarreal-Lucio et al., 2022). 
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Particularly, adsorption technologies are a low-cost alternative that are simple to utilize in 

developing nations where there is a shortage of complex technology, skilled labour, and 

available capital. Adsorption also seems to be the most widely applicable pharmaceutical 

removal technique. According to Rashed and co-workers, the method is useful for eliminating 

low concentrations of synthetic and natural organic pollutants from water and wastewater 

streams (Rashed, 2013). It is frequently used as a finishing step to get rid of a variety of low to 

medium molecular mass compounds without producing any by-products. Moreso, adsorption 

provides a number of benefits, including high removal efficiencies at low concentrations of 

pollutants. Also, the flexibility in design and operation, the ability to regenerate and reuse, the 

ability to be applied to batch and continuous processes, and dependable and straightforward 

operational methods (Quesada et al., 2019). According to studies on the use of adsorbents to 

extract pharmaceuticals from aqueous systems, hydrophobic pharmaceuticals have a higher 

affinity to the surface of the adsorbent than their hydrophilic counterparts (Khalil et al., 2020). 

Activated carbon, zeolite, clays, chitosan, etc, are the most utilized adsorbents in wastewater 

treatment (Ali et al., 2020, Biswas et al., 2021).  These adsorption systems frequently fail to 

successfully remove even trace levels of pharmaceuticals from complex effluent due to their 

non-selective nature (Bilal et al., 2021, Shakoor et al., 2022).  

 

As a result, improving the selectivity of adsorbents towards pharmaceuticals may present a 

viable substitute. In this sense, the synthesis of affinity materials might offer a flexible and 

reliable alternative. Molecularly imprinted polymers (MIPs) have gained more interest recently 

among affinity materials because of their unique features (Song et al., 2022). As a consequence, 

they are frequently utilized as adsorbents in solid phase extraction (SPE) techniques, stir bar 

sorptive extraction (SBSE), dispersion solid phase extraction (DSPE), and magnetic solid 

phase extraction (MSPE) (Sun et al., 2021). Furthermore, MIPs are a unique family of 

polymeric materials with built-in molecular identification properties and have enormous 

potential in a variety of fields, including environmental monitoring, food safety, and clinical 

diagnostics (Gu et al., 2022, Chadha et al., 2022). Notably, MIP approaches have undergone 

numerous improvements and developments for a variety of objectives (Fang et al., 2021, 

Ayankojo et al., 2022).  

Molecularly imprinted polymer adsorbents have been extensively utilized in conventional 

solid-phase extraction (referred to as molecularly imprinted solid-phase extraction, or MISPE) 

techniques to extract an extensive range of compounds from water samples. (Turiel and Martín-
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Esteban, 2019). At present, this is the most sophisticated technique available for preparing 

samples utilizing MIPs (Bosman et al., 2021, Wan et al., 2021). Following Sellergren and 

colleagues ground-breaking work in 1994 (Sellergren, 1994) for the extraction of pentamidine 

from human urine samples, molecularly imprinted solid-phase extraction (MISPE) has 

attracted significant interest for the detection of several pharmaceuticals in biological matrices 

(Hu et al., 2021, Wan et al., 2021). Consequently, solid-phase extraction (SPE) which uses 

stationary phases like nonpolar polymer or C18-bonded silica, is the most used technique for 

the extraction and clean-up of solutes of interest (Badawy et al., 2022). The term "sample 

cleanup" describes the enrichment or extraction of specified analytes from simple or 

complicated matrices (Suseela et al., 2023). This step is commonly followed by 

chromatographic techniques which then separate the extracted targeted analytes from the 

complex mixtures (Dugheri et al., 2021). The drawbacks of the SPE sorbent are it low 

selectivity, single-use nature,  time-consuming due to many manual steps involved (sorbent 

conditioning and equilibration, sample loading, impurity removal and extract elution), may 

need to concentrate the extract prior to instrumental analysis (Chen et al., 2021). Dispersive 

solid phase extraction (d-SPE) is one of the SPE technique variations that significantly reduces 

the amount of time required and streamlines the extraction procedure (Manousi and 

Zachariadis, 2020). In this variation, the extraction procedure is carried out in a liquid sample 

using dispersed material rather than an SPE column, disk, or cartridge (Płotka-Wasylka et al., 

2023). Particularly, d-SPE is a more recent improvement on the traditional SPE method that is 

gaining popularity because of its exceptional simplicity, quick extraction time, and minimal 

solvent expenditure requirements, as well as its high effectiveness and broad applicability 

(Sajid et al., 2021).  

Magnetic solid-phase extraction (MSPE) is an additional interesting alternative to conventional 

SPE (Du et al., 2022). This useful technique for sample preparation enables the dispersion of 

solid sorbents in liquid sample matrices, followed by the adsorbent's magnetic retrieval (Yin et 

al., 2021). The MSPE sample pre-treatment method is also gaining popularity due to its 

exceptional adsorption effectiveness, speedy separation process, and ease of automated testing 

(Yin et al., 2021). Moreover, getting smaller polymer structures has been a recent area of 

emphasis. As a result, molecularly imprinted polymeric nanoparticle (nanoMIPs) development 

and improvement have opened up new avenues for nanotechnology research (Sullivan et al., 

2021). The development of enhanced functional nanoMIPs, which have certain clear 

advantages over previously discovered MIPs with huge sizes and irregular shapes, has been a 
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major area of contemporary molecular imprinting research attention (Zhang, 2020). As a result 

of their enhanced functionality and simplicity in synthesis, nanoMIPs have started to replace 

traditional bulk MIPs (Sullivan et al., 2021). NanoMIPs have a high surface area to volume 

ratio because of their uniform size and shape due to their small particle size. When compared 

to a more conventional "bulk" material, these materials also naturally permit greater control 

over the reaction and easier incorporation of other (Shetty et al., 2022). In this context, the 

development of high affinity molecularly imprinted polymer (MIPs) sorbents have broadened 

the scope of applicability of these methods/techniques, significantly enhancing their selectivity 

(Contin et al., 2022).  

Nonetheless, MIP techniques are extensively developed and used in a variety of sectors, 

including food analysis, analytical chemistry, therapeutics, drug administration, sensors, 

immunoassays, biological diagnosis, and environmental research (Suzaei et al., 2023). 

Although MIPs have made remarkable strides and will continue to be supported by developing 

technologies, getting MIPs with appropriate selectivity for aqueous applications is still a 

significant issue and is transforming into a research hotspot over time (Lowdon et al., 2020). 

This present study focuses on current advancements in MIPs, such as MIP-SPE, MIP-d-SPE, 

and nanoMIPs, as well as its applicability in the removal of pharmaceuticals from wastewater. 

Moreover, one of the 12 tenets of green analytical chemistry is the need for approaches that 

enable the analysis of various compounds as opposed to those that focus on a single analyte at 

a time. Hence, this work presents a molecularly imprinted polymer (MIP) synthesized for the 

selective and efficient extraction of selected pharmaceuticals belonging to three different 

classes, namely antiretrovirals (abacavir, nevirapine and efavirenz), non-steroidal anti-

inflammatory drugs (ibuprofen, diclofenac, and naproxen) and antibiotics (sulfamethoxazole 

and ciprofloxacin). Accordingly, adsorption studies for determining the mechanisms and 

adsorption of MIPs, including adsorption isotherms, kinetics, and thermodynamics of the 

resultant polymer are also discussed.   

 

2.1.1 Physicochemical properties of pharmaceuticals 

The presence of mixtures of several pharmaceuticals with various physico-chemical properties 

in WWTPs complicates their removal process, and the rate at which they are removed depends 

on both the physiochemical properties of the pharmaceuticals and the treatment technique used 

by the plants (Papagiannaki et al., 2022). Pharmaceuticals are divided into various subclasses, 
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however the classes that are most frequently found in wastewater and urban water will be 

highlighted. These classes include antibiotics (e.g., sulfamethoxazole and ciprofloxacin, etc.), 

ARVs (e.g., nevirapine, abacavir, efavirenz, etc.) and NSAIDs (e.g., ibuprofen, naproxen, 

diclofenac, etc.). Physical and chemical characteristics of pharmaceuticals including 

hydrophobicity/hydrophilicity, molecular size and structure, charge, solubility, acid 

dissociation constant (pKa), and octanol-water coefficient (log Kow) seem to have a significant 

effect on their presence in various environmental matrices. The ability of a pharmaceutical 

compound to adsorb on solids or solubilise in aqueous media depends on whether it is 

hydrophobic or hydrophilic which relates to its octanol water coefficient (Kow). The 

hydrophobic (high log Kow) compounds often have a higher affinity for adsorption on solids 

while the hydrophilic (low log Kow) pharmaceutical has high affinity for aqueous media 

(Ambaye et al., 2021). Table 2.1 shows the physicochemical properties of selected 

pharmaceuticals. However, pharmaceutical removal is made easier if they are less soluble in 

water, and thus, are expected to be removed faster from contaminated water compared to the 

highly soluble compounds.  Notably, the degree of ionization is strongly influenced by pH, 

which may also have effects in aquatic systems containing pharmaceutical residues. The acid 

dissociation constant (or pKa) is a crucial element governing the therapeutic behaviour of 

pharmaceuticals. Due to the functional groups that some pharmaceuticals possess such as 

alcohol, amine, carboxylic acid and others, changing pH conditions will cause acidolysis, 

which will produce pharmaceutical molecules as anions, neutrals, and cations (Mangalgiri et 

al., 2022). Generally, at pH levels higher than the pKa, compounds dissociate into anionic 

forms, leaving just a small amount of neutral molecules. Compound hydrolysis causes poor 

adsorption from the solution; however, at pH levels below the pKa, compounds do not dissolve, 

improving the adsorption conditions. 
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2.1.1.1 Non-steroidal anti-inflammatory drugs  

Recently, there has been a considerable growth in the production and usage of non-steroidal 

anti-inflammatory drugs (NSAIDs), which has led to a significant amount of these 

pharmaceuticals being released into the environment in original or metabolized form (Rastogi 

et al., 2021). Consequently, ibuprofen, diclofenac and naproxen are among the most popular 

pharmaceuticals that may be purchased over-the-counter without a prescription. They are used 

for the treatment of chronic illnesses, inflammation and have been extensively used by patients 

across the world since the outbreak of the COVID-19 pandemic (Oleszkiewicz et al., 2021). 

These drugs are frequently purchased in packs of several tablets, which are then stored and 

used when needed (Kołecka et al., 2022). Some pharmaceutical components may eventually 

expire and be improperly disposed of in sinks and toilets due to the unpredictable nature of 

pharmaceutical storage. Moreso, these pharmaceuticals are easily excreted from the consumer 

and transported into wastewater treatments plants (WWTPs). Hence, untreated or incompletely 

treated wastewater contains concentrations (µg L−1) due to the widespread use of NSAIDs. 

They may be further transported into river water if they are not entirely eradicated by WWTPs 

during wastewater purification, as evidenced by their discovery in their effluents. These 

NSAIDs are among the medications on the World Health Organization's (WHO) list of 

Essential Drugs and are the most commonly administered pharmaceuticals for flu and cold 

symptoms. This reflects their high detection frequency and quantities in the environment and 

water supplies (Cao et al., 2021). Hence, removing them from the environment has become a 

top research goal since they are becoming micropollutants with substantial detrimental 

consequences on both the economy and the ecosystem. (Batucan et al., 2022, Bhatt et al., 2022). 

The NSAIDS (naproxen, diclofenac, and ibuprofen) were found in influent and effluent 

samples in South Africa (Hlengwa and Mahlambi, 2020, Mhuka et al., 2020), Egypt (Abdallah 

et al., 2019) and Nigeria (Ajibola et al., 2021), Table 2.2. High influent concentration of 

diclofenac was observed in Ijaiye wastewater treatment plants (Nigeria), whereas the amount 

of ibuprofen was higher in the effluent than the influent. This was due to ibuprofen conjugated 

metabolites being produced during wastewater treatment, which have the ability to revert to 

ibuprofen. Particularly, ibuprofen is typically found in higher amounts in South African water 

supplies among these NSAIDs resulting from its common usage in South Africa, its high 

consumption is associated with high amounts of the substance in wastewater. In a South 

African based study, the concentrations of ibuprofen recorded in WWTP influents were 

38.1 μg L−1 while the concentrations of naproxen and diclofenac did not exceed 21 μg L−1 in 
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the influent (Hlengwa and Mahlambi, 2020).  Ibuprofen, diclofenac, and naproxen maximum 

concentration of  3.6 and 0.089 μg L−1 were detected in Egypt effluent samples (Abdallah et 

al., 2019). Notably, pharmaceuticals are found in the aquatic environment in comparatively 

low concentrations (µg-ng L-1). 

 



23 
 

Table 2.2: NSAIDs concentrations measured in African aquatic bodies. 

Country Concentration (μg L−1) Ref 

Ibuprofen Naproxen Diclofenac 

Inf Eff Inf Eff Inf Eff 

South Africa 55-69 2.1-4.2 15-20 0.6-1.1 6.4-16 0.079-3.6  (Madikizela and 

Chimuka, 2017) 

76.4 Nd-7.65 0.0169-0.546 0.01309-0.3496 0.012-0246 0.0056-0.244 (Mhuka et al., 

2020) 

31.8 9.45 2.89 Nd 21.1  Nd  (Hlengwa and 

Mahlambi, 2020) 

Egypt - 0.812-6 - <LOQ-0.089 - 0.79-3.6 (Abdallah et al., 

2019) 

Nigeria 36 62 39 21 - - (Ajibola et al., 

2021) 

Nd=not detected. <LOQ = below method quantitation limit. Inf=influent, Eff= effluent 
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2.1.1.2 Antiretroviral (ARV) drugs  

Pharmaceuticals of the antiviral medication class are used to treat viral infections by halting 

the development of pathogens (Yoon et al., 2020). Antiretroviral drugs (ARVDs) are medical 

treatments for retroviral infections, especially type 1 human immunodeficiency virus infections 

(HIV-1) (Adeola and Forbes, 2022, Kahilu et al., 2022). The ARVs vary from other drugs in 

that they combat a virus that can readily evolve into resistant strains if the patient does not 

follow the doctor's instructions. Notably, ARVs might cause resistant strains to emerge through 

persistent exposure to contaminated food and water, their presence in water bodies is therefore 

a serious concern. Notwithstanding, antiretroviral drugs are not completely metabolized by the 

body, therefore they are expelled as faeces and urine, which are then transported through the 

sewer to wastewater treatment facilities (Ngqwala and Muchesa, 2020). Their continuous 

emission and persistence in the receiving environment have raised concerns about potential 

ecological implications. Three kinds of antiretroviral medications-nucleoside or nucleotide 

reverse transcriptase inhibitors (NRTI), non-nucleoside reverse transcriptase inhibitors 

(NNRTI), and protease inhibitors are the emphasis of the World Health Organization's (WHO) 

ART guidelines (El Bouzidi et al., 2022). Nevirapine and efavirenz are the two NNRTIs that 

are most often prescribed first-line antiretroviral (ARV) medications for HIV/AIDS, while 

abacavir is one of the most common NRTI given as first‐line treatment. Accordingly, South 

Africa uses more ARVs per person than any other country, which suggests that significant 

quantities of these substances will enter wastewater treatment plants that were not built to 

remove these medicines (Horn et al., 2022, Zhou et al., 2022). Notably, little research has been 

done on the existence of dissolved ARVs, their metabolic products, and removal methods in 

wastewater, even though multiple studies have demonstrated that ARVs are sterilized during 

wastewater treatment. However, ARVs have been found most frequently in water sources 

where they may pose serious issues, like the development of degradation products (Adeola and 

Forbes, 2022). In recent years, ARVDs have been found in the water resources of South Africa 

and Kenya. The results in Table 2.3 shows that, among the detected ARVDs in African waters, 

efavirenz has been viewed as the prominent pharmaceutical that is mostly detected at higher 

concentrations of up to 140 μg L−1 recorded in a WWTP influent located in the city of Durban, 

South Africa (Mtolo et al., 2019). Moreover, these ARVDs are frequently detected in South 

African wastewater influent and effluent. Nevirapine was the most detected ARVD in the 

influent and effluent samples taken in Kenya (K'oreje et al., 2018). Efavirenz was detected in 

similar concentrations in both WWTP influent and effluent in South Africa. The detection of 
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these compounds in effluent water indicates the poor performance of the treatment plants 

processes (Abafe et al., 2018). Consequently, abacavir was sometimes not detected or detected 

in small concentration in South African effluent. 

 

Table 2.3: ARVs concentrations measured in African aquatic bodies. 

Country 

Concentration (μg L−1) 

References Nevirapine Efavirenz Abacavir 

Inf Eff Inf Eff Inf Eff 

South 

Africa 

0.67-2.8 1.4 34 34 14 Nd 
(Abafe et al., 

2018) 

0.35 0.35 - - 0.1 0.54 
(Späth et al., 

2021) 

0.681 0.658 1.42-15.4 0.982-9.15 - - 
(Mosekiemang 

et al., 2019) 

- - 9.63-140 2.79-93.1 - - 
(Mtolo et al., 

2019) 

Kenya 3.3 2.11 - - - - 
(K'oreje et al., 

2018) 

Nd=Not detected, Inf=influent, Eff= effluent 

 

2.1.1.3 Antibiotics  

Antibiotics are a class of medications that are vital for the preservation of good health and a 

high quality of life (Chokshi et al., 2019). Antibiotics are used for a variety of purposes, 

including the treatment of illness, preventing infections in humans and animals, and boosting 

the immune system (Mangla et al., 2022). Sulfamethoxazole (SMX) and Ciprofloxacin (CIP) 

are two of the antibacterial substances that are most frequently found in aquatic environments 

(Nas et al., 2021). Due to its ability to combat multiple types of bacteria, ciprofloxacin and 

sulfamethoxazole has drawn a lot of attention. These antibiotics are effective in treating 

infections and illnesses brought on by both Gram-positive and Gram-negative aerobic bacteria 

(Jubeh et al., 2020). Moreso, CIP and SMX are two antibiotics from the sulfonamide and 

fluoroquinolone classes that are widely employed in the treatment of human urinary tract 

infections. Groundwater, surface water, and wastewater streams have all been shown to contain 

these antibiotics (Kaya et al., 2022b). Globally, there are now substantial issues due to the 
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significant increase in their consumption in recent years (Polianciuc et al., 2020). Worrisomely, 

the rising use of antibiotics has led to their detection in wastewater treatment plants effluent 

because of the WWTPs inability to completely remove them during treatment operations 

(Phoon et al., 2020). One of the greatest environmental issues affecting public health is the 

continued presence of antibiotics in the wastewater produced by the pharmaceutical industry. 

Consequently, through many direct channels, such as the discharge of untreated wastewater 

and unused and/or expired medication, the compounded mixtures of antibiotics and their 

metabolites are continuously released into the environment. In the event that antibiotics are 

released into the environment, they may result in the proliferation of genes that confer antibiotic 

resistance among environmental bacteria (Dai et al., 2021). Antibiotics have detrimental 

impacts on living things and may be hazardous to the ecosystem's balance since some fish and 

algae find them to be poisonous. Considering the potential risks antibiotics pose to human 

health and aquatic life, effective disposal methods are essential. Several countries investigated 

into the presence of antibiotics in African waters. Different antibiotics have been detected in 

Egypt (Abdallah et al., 2019), South Africa (Faleye et al., 2019, Nyamukamba et al., 2019, 

Mhuka et al., 2020, Mthiyane et al., 2023, Späth et al., 2021), Kenya (K'oreje et al., 2018), 

Zambia (Ngumba et al., 2020) and Tunisia (Moslah et al., 2018). Sulfamethoxazole had been 

detected in both influent and effluent with the highest concentration of 33 μg L−1 and 30.04 

μg L−1 in Zambia (Ngumba et al., 2020). While ciprofloxacin was highest in South Africa with 

concentration of 1.3 μg L−1 influent sample and 1.6 μg L−1 in effluent sample, Table 2.4 (Späth 

et al., 2021). 

 

Table 2.4: Antibiotics concentrations found in different African water bodies. 

Country 

Concentration (μg L−1) 

References Sulfamethoxazole Ciprofloxacin 

Inf Eff Inf Eff 

South Africa 

12 2.5 0.3 0.06 (Faleye et al., 2019) 

0.342 0.083 0.0772 0.0443 (Mhuka et al., 2020) 

0.342 0.383 1.3 1.6 (Mthiyane et al., 2023) 

Egypt  13.4   (Abdallah et al., 2019) 

Tunisia 0.0011 0.0032 0.0076 0.023 (Moslah et al., 2018) 

Zambia 1.98-33.3 3.42-30.04 0.08-0.74 0.03-0.23 (Ngumba et al., 2020) 

Kenya 14-112 0.5-10.8   (K'oreje et al., 2018) 
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Inf=influent, Eff= effluent 

2.1.2 Removal of pharmaceuticals from WWTPs 

The efficient removal of pharmaceutical compounds from wastewater treatment plants  can be 

determined based on the concentrations detected in both influent and effluent daily loads 

(Bisognin et al., 2021, Khasawneh and Palaniandy, 2021). Under the assumption that the 

influent and effluent flow rates at the WWTP are constant, equal to the average daily flow rate, 

and that the influent and effluent concentrations correspond to the average daily values, 

equation 2.1 estimates the removal efficiency of pharmaceuticals from the WWTP, based on 

24-hour combined water sample analysis.  

% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = �𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝐶𝐶𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

� 𝑋𝑋 100    Eq 2.1 

where Cinfluent and Ceffluent are the concentrations (mg L-1) measured in the WWTP influent and 

effluent, respectively. The removal efficiency for the selected pharmaceuticals from 

wastewater varies widely. These findings demonstrate that pharmaceuticals are not entirely 

eliminated during wastewater treatment, causing substantial quantities of them to infiltrate 

surface water bodies with WWTP effluent. Pharmaceuticals are occasionally successfully 

removed from wastewater, but they are also common and present in significant amounts in 

aquatic bodies receiving effluents from WWTPs. This might possibly be a result of the 

substantial amount present in the influent. There have been numerous reports in the literature 

describing various pharmaceutical removal efficiency during the wastewater treatment process 

(Table 2.5). The low pharmaceutical removal efficiency reported for efavirenz (Ngwenya and 

Mahlambi, 2023) in Amanzimtoti and ibuprofen (Ajibola et al., 2021) in Nigeria WWTPs is 

described as being caused by variations in the WWTP designs or pharmaceutical desorption 

from particulate matter during the wastewater treatment process which could lead to their 

frequent detection in the effluent water. Accordingly, literature reported values for the removal 

efficiency of nevirapine in Dewats WWTP were above 100% (Abafe et al., 2018). The removal 

efficiency in WWTPs depend on a number of variables, including compound physicochemical 

characteristics, the climate conditions, the type of treatment method used, and the conditions 

of operation of the treatment process. As a result, removal efficiency varies greatly between 

plants and within a single plant at different times. Notably, the findings did not clearly 

demonstrate that removal efficiencies were influenced by the class of compounds, as removal 

rates of compounds from various classes varied. Moreover, the data collected from literature 

in Table 2.5 demonstrated that the majority of the compounds found in the WWTPs were 

reduced rather than completely eliminated by the wastewater treatment process, highlighting 
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the well-known fact that conventional wastewater treatment systems are ineffective at 

removing pharmaceuticals. This therefore calls for additional research into the remediation 

techniques that may be used to clean up the water bodies. Aiming to overcome the limits of the 

conventional wastewater treatment plants, molecularly imprinted polymers (MIPs) is a valid 

tool for selective adsorption and removal of pharmaceuticals from wastewater. 

 

Table 2.5: Removal efficiencies of pharmaceuticals from various wastewater treatment 

processes. 

Pharmaceutical 
Removal 

efficiency (%) 
WWTP Region Ref 

Nevirapine 

44 -87 Amanzimtoti  

KwaZulu-

Natal (South 

Africa) 

(Ngwenya and 

Mahlambi, 2023) 

103-120 Dewats 

KwaZulu-

Natal (South 

Africa) 

(Abafe et al., 

2018) 

62 
MBBR 

Pretoria 
South Africa 

(Mokgope et al., 

2022) 

100 Daspoort 
Pretoria, South 

Africa 

(Mhuka et al., 

2020) 

Efavirenz 

6-53 Amanzimtoti 

KwaZulu-

Natal Province 

(South Africa 

(Ngwenya and 

Mahlambi, 2023) 

98-103 Dewats 

KwaZulu-

Natal (South 

Africa) 

(Abafe et al., 

2018) 

94 Pretoria South Africa 
(Mokgope et al., 

2022) 

100 Daspoort 
Pretoria, South 

Africa 

(Mhuka et al., 

2020) 

Abacavir 67-74  Northern 
Durban (South 

Africa) 

(Qwane et al., 

2020) 



29 
 

75-91 Amanzimtoti 

KwaZulu-

Natal (South 

Africa) 

(Ngwenya and 

Mahlambi, 2023) 

44-113 Dewats 

KwaZulu-

Natal (South 

Africa) 

(Abafe et al., 

2018) 

Sulfamethoxazole 

97-105 North-eastern Tunisia 
(Moslah et al., 

2018) 

100 Daspoort 
Pretoria, South 

Africa 

(Mhuka et al., 

2020) 

51-100 
Durban 

metropolitan 

KwaZulu-

Natal (South 

Africa) 

(Faleye et al., 

2019) 

Ciprofloxacin 

65-84 North-eastern Tunisia 
(Moslah et al., 

2018) 

18.8-96.4 Daspoort 
Pretoria, South 

Africa 

(Mhuka et al., 

2020) 

87-100 
Durban 

metropolitan 

KwaZulu-

Natal (South 

Africa) 

(Faleye et al., 

2019) 

Ibuprofen 

44-53 Nigerian Nigeria 
(Ajibola et al., 

2021) 

99 

Sewerage 

systems 

Ghana limited 

treatment 

plant 

(SSGL) 

Ghana 
(Kodom et al., 

2021) 

79.5 Northern 

KwaZulu-

Natal (South 

Africa) 

(Ngubane et al., 

2019) 

Naproxen 100 Daspoort 
Pretoria 

(South Africa) 

(Ngubane et al., 

2019) 
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82.3 Northern 

KwaZulu-

Natal (South 

Africa) 

42-113 Umhlathuzana 

KwaZulu-

Natal (South 

Africa) 

(Mlunguza et al., 

2019) 

Diclofenac 

74 

Sewerage 

systems 

Ghana limited 

treatment 

plant 

(SSGL) 

Ghana 
(Kodom et al., 

2021) 

89.66 EL MENZAH Tunisia 
(Bessadok et al., 

2023) 

65.5 Northern 

KwaZulu-

Natal (South 

Africa) 

(Ngubane et al., 

2019) 

76-98 Nigerian Nigeria 
(Ajibola et al., 

2021) 
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2.1.3 Molecularly imprinted polymers (MIPs) 

Molecularly imprinted polymers (MIPs) are adaptable materials that replicate natural antigen-

antibody systems and permit the detection of analytes (Herrera-Chacón et al., 2021). The 

components of MIPs include templates, functional monomers, solvent, initiator, and cross-

linker (Syed Yaacob et al., 2023). They are a class of smart adsorbents created by the directed 

polymerization of functional monomers around a target molecule (the template), which leaves 

a particular recognition site once the template is removed (Musarurwa and Tavengwa, 2022). 

Using synthetic polymers as a basis, the process of molecular imprinting allows for the 

fabrication of synthetic receptors for a specific target molecule (Bahrani et al., 2021). These 

materials are produced by polymerizing monomers and cross-linkers around the template 

molecules, resulting in a three-dimensional network polymer with a high degree of cross-

linking (Hasanah et al., 2021). Following the removal of the template, the target molecule's 

molecular recognition properties are present at specific size and shape imprinted voids within 

the polymer network (Figure 2.2). 

 

 
Figure 2.2: Schematic representation for the fabrication of molecularly imprinted polymers 

 

MIPs that have been synthesized exhibit stability, tolerance to a wide variety of pH values, 

temperatures, and solvents, and selective interaction with the target molecule (Jamieson et al., 

2021). Accordingly, MIPs offer excellent selectivity and affinity for the particular molecule 



32 
 

utilized in the imprinting process, are very simple to synthesize, and have slower rates of 

degradation, which prolong the duration that their recognition sites are active at room 

temperature (Pratama et al., 2020). The concept of MIPs and their potential application in 

various scientific fields has garnered significant attention (Akgönüllü et al., 2023). Due to their 

required selectivity, physical robustness, and thermal stability, as well as their affordability and 

ease of fabrication, MIPs have drawn a lot of attention and have been utilized extensively in 

various fields. MIPs were discovered to be highly suitable for use in chromatography, 

particularly liquid chromatography (Arabi et al., 2020). In the racemates resolutions of different 

molecules using high performance liquid chromatography (HPLC), MIPs have frequently been 

used as a stationary phase (Bouvarel, 2020). Accordingly, MIPs represent a viable alternative 

in the recognition systems landscape due to significant advancements in imprinting techniques 

and new synthetic procedures, as well as their superior recognition specificity and structural 

predictability (Jamieson et al., 2021). In addition, MIPs can be utilized in environmental 

research to clean up, prepare samples, and quantify the level of pollutants in wastewater. 

(Villarreal-Lucio et al., 2022). Recently, the idea of selectively removing novel chemicals 

utilizing MIPs has shown promise in environmental monitoring. However, most of the research 

on environmental monitoring has been directed toward designing MIPs that specifically target 

a particular drug or a class of pharmaceuticals. Nevertheless, pharmaceuticals do not exist in 

isolation in the environment; rather, they are mixed with various other compounds, some of 

which share physicochemical properties (Fernandes et al., 2021). Consequently, MIPs must be 

constructed with many compounds as templates to simultaneously remove most compounds in 

a group from water to overcome this restriction (Madikizela et al., 2022). The 8th of the 12 

principles of green analytical chemistry emphasizes the necessity for methods that enable the 

analysis of several chemical compounds, as opposed to techniques that only analyse one 

analyte at a time (Nowak et al., 2021). This lowers analysis expenses even more. 

 

2.1.3.1 Components of MIPs 

2.1.3.1.1 Template 

Templates play a major role in the spatial arrangement of functional monomers during 

polymerization. Various target compounds and templates with interests in the environment, 

biology, pharmaceuticals, chemicals, industry, and medicine have been used for developing 

MIPs. When choosing a compound to serve as a template for molecular imprinting, it is 

important to ensure that it will be chemically inert during polymerization and durable at 
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relatively high temperatures (>60 °C) or when exposed to ultraviolet light (Malik et al., 2019). 

Using a certain template molecule and a preferred polymerization process, a novel kind of 

polymer material is created, and the morphological and physicochemical characteristics of the 

resulting MIP are characterized. Unlike typical receptors, MIPs are selective because of the 

template molecule's memory. Therefore, in order for a template to be deemed ideal, the 

following criteria must be achieved: first, its functional groups must not prevent 

polymerization; second, they must exhibit exceptional thermal and chemical stability during 

the polymerization process; and third, their functional groups must be able to form complexes 

with functional monomers (Rahman et al., 2022). 

 

2.1.3.1.2 Functional Monomer 

Functional monomer is a compound that is responsible for the binding interactions in the 

imprinted binding site and for non-covalent molecular imprinting protocols (Rajpal et al., 

2023). The selection of an appropriate functional monomer that can interact with the template 

molecule or ion to produce a complex in the pre-polymerization stage is a crucial element in 

the effective design of a MIP. The choice of monomer has a major impact on the final properties 

of the polymer. As a result, the functional monomer is selected with the goal of enhancing the 

template's functions by producing complexes. To maximize complex formation and, thus, the 

imprinting effect, it is unquestionably crucial to complement the functionality of the functional 

monomer with that of the template, for example, H-bond donor with H-bond acceptor (Sajini 

and Mathew, 2021). A crucial component of molecular imprinting technology is the selection 

of functional monomers that can interact non-covalently or covalently with template molecules, 

followed by polymerization with an excessive amount of crosslinking agent to create a certain 

template location. The monomers used in MIPs must be able to tolerate variations in 

temperature and chemical composition in addition to environmental stresses. 

 

 2.1.3.1.3 Cross-linker 

In an imprinted polymer, the cross-linker fulfils three major functions. They serve crucial roles 

in (i) the management of the polymer matrix's shape, (ii) the stabilization of the imprinted 

binding site, and (iii) the addition of the polymer matrix mechanical stability (Boukadida et al., 

2023). Through the use of a cross-linking agent, the functional monomer is fixed around the 

template. Cross-linking makes it possible to maintain a firm polymer structure even after the 

template is removed. Consequently, to attain a macroporous morphology, the crosslinking 
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agent is therefore often employed in far larger amounts than the functional monomer. Notably, 

the shape, selectivity, number of recognition sites, and adsorption capacity of MIP can all be 

impacted by the cross-linker used. The monomer structure surrounding the template will 

remain unchanged even if the template is removed if the MIP produced has a stiff structure. 

Therefore, the use of a crosslinker has a substantial impact on the stability of the MIP that is 

developed (Sajini and Mathew, 2021). 

 

2.1.3.1.4 Initiator 

Initiators are applied to trigger the polymerization. The selection of the initiator to start the 

polymerization depends on the reaction conditions. Thermal or photochemical activation of 

initiators can result in the production of free radicals, which initiate the polymerization chain 

reactions (Székely and Klussmann, 2019). The use of thermally and photochemically activated 

initiators would prevent the polymerization of thermally and photochemically unstable 

template molecules. Applying photochemically active initiators is necessary when low 

temperature polymerization is required (Elugoke et al., 2021). Peroxy compounds and azobis, 

which can be broken down by photolysis and thermolysis (50-70 °C), are substances that are 

frequently utilized as initiators (Murdaya et al., 2022). 

 

 2.1.4 Molecularly imprinted polymers used in sample preparation as highly selective 

adsorbents 

The importance of sample preparation techniques has lately increased due to the increasingly 

complex experiments being undertaken in the extraction and determination procedures as well 

as the requirement for advanced outcomes (Kaya et al., 2022a). A number of sample 

preparation methods, including solid-phase extraction (SPE) and related processes, such as 

solid-phase microextraction (SPME) and magnetic solid-phase extraction (MSPE), offer 

analyte concentration, matrix effect elimination, sample medium stability, and sample clean-

up (Kaya et al., 2022a). To improve the effectiveness of sample extraction, the right adsorbents 

are needed. Molecularly imprinted polymers are used to make extremely selective adsorbents 

because of their specially designed binding sites. The employment of MIPs as adsorbents 

during the preconcentration and clean-up phases of sample preparation has been rendered 

possible by their exceptional selectivity and recognition capabilities (Turiel and Martín-

Esteban, 2019). MIP-based sorbents are reusable and cost-effective solutions that facilitate the 

rapid and facile separation of the target analyte from other molecules in the matrix. They are 
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mostly preferred in sample preparation procedures that rely on extraction. Additionally, one of 

the main advancements in sorbents for sample preparation is the use of nanoparticles. 

Application of nano-adsorbents for sample preparation purposes generally offers some 

benefits, including high adsorption capacity and preconcentration factors in addition to their 

easy functionalization and reusability, because nanomaterials have a high surface area to 

volume ratio compared to bulk and microscale materials. Consequently, nanomaterials can 

significantly increase the binding capacity of MIPs since they have a large surface area and 

more binding sites. Incorporating nanoparticles into the process of synthesizing unique MIPs 

results in a hybrid material with novel properties (Fresco-Cala et al., 2020). 

 

2.1.4.1 Molecularly Imprinted Solid Phase Extraction (MISPE) 

SPE is a flexible method that uses a sorbent bed and flow-through equilibrium to purify, 

separate, and concentrate analytes from a sample solution matrix.  SPE is a vital approach for 

sample enrichment and clean-up of aqueous environmental materials (Hu et al., 2021). The 

first MIPs-related SPE application was published by Sellergren (Sellergren, 1994). After this 

effective application, numerous MIP-based SPE applications of diverse chemicals in various 

fields were performed and published in the literature (Yang and Shen, 2022). In order to 

improve the selectivity of extraction in SPE, MIPs are used as sorbent materials that have the 

ability to bind the target analyte in complex matrices with high loading capacity, great 

robustness, and easy preparation. MIPs have recently emerged as an intriguing study area for 

the creation of sorbents for SPE of chemicals in environmental and occupational samples due 

to their stability, affordability, and ease of fabrication (Fu et al., 2022, Kaya et al., 2022a). 

Based on the chemical and physical characteristics of a molecule, SPE is used to extract 

analytes of interest from other components in complex mixtures. Even though the SPE method 

is widely employed, it approaches can result in  poor recovery, high costs, inconsistent 

extractions that interfere with the analyte's elution, impure extractions, and slow flow rates are 

all major problems with SPE (Kanu, 2021). These issues could lead to more difficulties in 

future, possibly necessitating the repetition of analysis and delaying the transmission of crucial 

data.  Owing to these challenges, it is understandable why the SPE technique has been the 

subject of improvement and the development of even better, more cutting-edge, and 

environmentally friendly solutions for sample preparation (Abbasi and Haeri, 2021). 

Consequently, a number of green processes have been established and implemented. (Nouri et 

al., 2020). Molecularly imprinted polymer solid phase extraction (MISPE), a type of sorbent, 
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has exceptional absorption properties that make it possible to extract the target chemical at 

trace and ultra-trace levels (Tsalbouris et al., 2021). Recently, MISPE was used to analyse 

traces of target analytes, mostly pesticides, industrial pollutants, and pharmaceuticals 

(Mohiuddin et al., 2020), in actual waters (Zhu et al., 2019, Mohiuddin et al., 2021), drinking 

water (Li et al., 2019) and sediment extracts (Duan et al., 2013), and food extracts (Maragou 

et al., 2020). Table 2.6 provides a summary of MISPE effectiveness in extracting 

pharmaceuticals from environmental samples. In particular, modern techniques that can 

identify target compounds to the nanogram per litre level or below, such as tandem mass 

spectrometry (MS/MS) or gas chromatography (GC), coupled to mass spectrometry (MS), or 

liquid chromatography (LC), are frequently used for the identification of pharmaceuticals in 

various water sources (Kulkarni and Miller, 2022). Liquid chromatography is the most used 

method because pharmaceuticals have polar properties (Hansen et al., 2020). Nevertheless, the 

use of liquid chromatography-mass spectrometry (LC-MS) as an environmental control method 

has quickly increased. Additionally, ultra-performance liquid chromatography (UPLC) has 

made it possible to create more accurate, quick, and environmentally friendly pharmaceutical 

analysis procedures in the field of liquid chromatography coupled to tandem mass spectrometry 

(Fernández-Fernández et al., 2022). 
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Table 2.6: Pharmaceuticals analysis in environmental samples using MISPE mode. 

Matrix Class Compounds Mode Technique %Recoveries LOD (µg/L) References 

Ground water, river 

water, hospital 

wastewater, and sewage 

water sample 

Tricyclic 

antidepressa

nts  

amitriptyline, nortriptyline, 

and clomipramine 

Multi-

template-MIP-

SPE 

HPLC-PDA 97.99 - 99.89 1-10 (Mohiuddin et 

al., 2021) 

Wastewater samples 
Antiretrovira

l drugs   

abacavir, lamivudine, 

atazanavir, efavirenz, 

lopinavir, nevirapine and 

zidovudine 

SPE 
LC-MS/MS 

 
75-104  0.002 - 0.02  (Abafe et al., 

2018) 

 River water samples Antibiotics  

Raffinose , streptomycin 

sulfate, kanamycin sulfate, a

pramycin sulfate, gentamyci

n sulfate, tobramycin  

Dummy 

MISPE 

HPLC-

MS/MS 
70.8-108.3 0.006-0.6  

(Zhang et al., 

2020) 

Wastewater samples NSAID  Diclofenac 
porous MIP-

SPE 
HPLC 95.41-124.14 12-20  

(Mohiuddin et 

al., 2020) 

Lake and river water 

samples 
Antibiotics  Ciprofloxacin MISPE HPLC 87.33-102.50  1.47-2.9 

(Zhu et al., 

2019) 
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2.1.4.2 Magnetic solid phase extraction (MSPE) 

In SPE methods that rely on magnetic separation phenomena, magnetic characteristics of the 

MIP have provided a suitable replacement for the conventional MIPs (Chen et al., 2022). It is 

particularly beneficial to use magnetic MIPs as sorbent materials since they may be used to 

extract MIPs with great selectivity while still allowing for a quick and easy separation due to 

the magnetic effect. They are often utilized in MSPE applications. In contrast to the traditional 

SPE process, MSPE does not require packing sorbent into cartridges, eliminating the 

drawbacks of column obstruction and high pressure. Scientists discovered that using MIP 

magnetism was a successful strategy for overcoming the drawbacks of MISPE (Wan et al., 

2021). Safariková and co-workers coined the phrase "magnetic solid-phase extraction" (MSPE) 

for the first time in 1999 (Šafařı́ková and Šafařı́k, 1999). For the separation and 

preconcentration of organic molecules with planar molecular geometries, they employed 

magnetic charcoal and a reactive copper-phthalocyanine dye that was immobilized on thin 

silanized magnetite particles. This showed promise due to its user-friendliness, efficiency, and 

eco-friendliness. As a modified form of SPE, magnetic solid-phase extraction (MSPE) uses 

magnetic nanoparticles as adsorbents to separate and enrich target molecules in a sample matrix 

(Yu et al., 2019). MIPs gained even more popularity, in particular, when applied as a coating 

material for magnetic SPE (MSPE) (Jiménez-Skrzypek et al., 2021). Incorporating magnetic 

components into MIPs allows for the development of magnetic MIPs with the magnetic 

reusability property (Cui et al., 2022, Farooq et al., 2022). These magnetic MIPs can be readily 

extracted and repurposed from the sample solution by using a magnet (Hu et al., 2019). The 

core principle of MSPE is the use of a magnetic adsorbent, which permits adsorbent dispersion 

in a wide sample volume (Zhang et al., 2022). Magnetic separation can be used as a simple, 

cost-effective alternative to centrifugation and filtration by creating a controlled rebinding 

process by the use of magnetic components in MIP (Kaya et al., 2022a). Magnetic molecularly 

imprinted polymers are developed by directly forming polymers on the surface of a magnetic 

substrate (MMIP) (Ramin et al., 2023). The selection of the magnetic adsorbent for MSPE is 

crucial for attaining good extraction performance since it has a significant impact on the 

extraction efficiency, enrichment factor, selectivity, and anti-interference ability (Sajid et al., 

2021). In a wide range of applications, especially in environmental, culinary, and biological 

studies, these materials have been widely employed to extract molecules from complicated 

matrices (Capriotti et al., 2019). Nevertheless, the main issue with MSPE is that the majority 

of the currently available adsorbents, which are often functionalized nanoparticles, are non-
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specific and lack adequate selectivity for certain metal ions (Wang et al., 2022). Thus, 

demonstrating the immense potential of MSPE methods, which may be used for (ultra) trace 

measurements of various analytes in a variety of samples (Hagarová, 2020). Developing a 

novel adsorbent with superior selectivity and adsorption capability is crucial. Diverse synthesis 

approaches have led to the development of reusable functionalized magnetic adsorbents with 

enhanced adsorption capacities, which have been effectively employed in MSPE for the 

identification of pharmaceuticals in environmental samples. As indicated in Table 2.7, MSPE 

has been widely used for the extraction and determination of pharmaceuticals in a variety of 

matrices.  Even though MSPE performs analytically well, more study and development are still 

needed to make this approach a competitive substitute for conventional SPE in routine analysis. 
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Table 2.7: Pharmaceuticals analysis in environmental samples using magnetic solid-phase extraction (MSPE) mode. 

Class Matrix 
Compounds 

Technique 
Recoveries 

(%) 

LOD 

(µg L−1) 
References 

Antibiotics  

   

Tap water and 

wastewater 

samples 

sulfamethoxazole and 

trimethoprim UV-Visible 95-98  30 - 80  
(Mehrabi et al., 

2020) 

Wastewater, 

surface, ground 

water samples 

sulfaquinoxaline, sulfa

diazine, sulfamerazine

, sulfamethoxazole, su

lfapyridine, 

and sulfathiazole   

UHPLC-

MS/MS 
82-106.2 490-1590 

(Guo et al., 

2018) 

 

NSAIDs  

 

Groundwater, 

tap and river 

water 

Naproxen, diclofenac 

and ketoprofen HPLC-DAD 91.20 -101.13  0.2 (Li et al., 2019) 

River water 

samples 

Ketoprofen, naproxen 

and diclofenac 
HPLC 84.67 - 113.73  0.2-0.4  

(Han et al., 

2019) 

Wastewater 

samples 

Naproxen, and 

triclosan 
HPLC 81-89 0.5-0.8 (Li et al., 2018) 
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Emerging 

contaminants 

(ECs) 

Wastewater 

samples 

Carbamazepine, 

Diclofenac, 

Gemfibrozil, 

Sulfamethoxazole and, 

Triclosan 

UHPLC-

Orbitrap MS 
58.4-102.6 11000-33600  

(Kalaboka and 

Sakkas, 2023) 



42 
 

2.1.4.3 Dispersive solid phase extraction (DSPE) 

Dispersive solid phase extraction (d-SPE), a more recent improvement on the traditional SPE 

method, is gaining popularity due to its exceptional simplicity, speedy extraction time, and 

reduced solvent expenditure requirements, along with its great efficacy and broad applicability 

(Büyüktiryaki et al., 2020). Dispersive solid phase extraction, or d-SPE, is a pre-treatment 

technique that has been applied and is thought to be a versatile, dependable, and selective 

technology with several uses (Jayasinghe et al., 2020). This approach is based on dispersing a 

solid sorbent in liquid samples to achieve the extraction, separation, and cleanup of different 

analytes from complex matrices (Jakubus et al., 2019). It is regarded as a micro- and macroscale 

method of extraction and cleaning (Ali et al., 2022). Target analytes are adsorbed to the surface 

of the adsorbent dispersion in the solvent in dispersive solid-phase extraction (d-SPE), which 

includes adding adsorbents to the sample solution rather than placing them inside the SPE 

column. With this method, the issue of conventional SPE's insufficient contact area is partially 

addressed, and the area of contact between targets and adsorbents is significantly increased. 

(Arabi et al., 2020). However, to ensure selectivity extraction, removal, or preconcentration of 

analytes contained in analytical matrices, the sorbent must be chosen carefully, considering 

chemical and physical features that allow for maximum interaction between the sorbent and 

the analytes (Maranata et al., 2021). The advantages of DSPE have led to numerous 

applications based on the use of relatively different adsorbents for pre-concentration and/or 

clean-up reasons, and some techniques have involved using MIPs as adsorbents (Zou et al., 

2022, Lu et al., 2019). Table 2.8 provides an executive summary that highlights the efficacy 

and efficiency of the DSPE approach in pharmaceutical analysis. 
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Table 2.8: Pharmaceuticals analysis in environmental samples using dispersive solid-phase extraction (d-SPE) mode. 

Matrix Class Compounds Mode Technique Recoveries 

(%) 

LOD (μg L−1) References 

Tap water, lake 

water, river 

water, and waste 

water samples 

NSAIDs  Ketoprofen, 

diclofenac, ibupro

fen 

and mefenamic 

acid 

DµSPE HPLC-UV 85.1-106.4 0.21-0.51  (Abd Wahib et al., 

2018) 

Wastewater 

samples 

Antibiotics  Ciprofloxacin, da

nofloxacin, and 

enrofloxacin 

d-SPE HPLC  90-99 0.05-0.2  (Dimpe and 

Nomngongo, 2019) 

Wastewater, 

surface water 

samples 

Multiclass 

pharmaceuti

cal 

Metronidazole, 

sulfamethoxazole, 

naproxen and 

diclofenac,  

d-SPE with 

MWCNTs 

LC-ESI-

MS/MS 

81 - 103   0.01-0.08  (Jakubus et al., 2019) 

River water 

samples 

Fluoroquino

lones  

Norfloxacin and 

enrofloxacin 

dt-MIP-

DSPE 

HPLC 80.9-101.0 0.22- 0.67  (Lu et al., 2019) 

Tap water, 

surface seawater 

and lake water 

samples 

Antibiotics  Sulfadiazine, sulf

amerazine, sulfam

ethazine,  and 

sulfamethoxazole 

MIP-

DSPME 

HPLC-

DAD 

90.5-101.9 <0.03  (Lu et al., 2020) 
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Surface water 

samples 

Antifungal/a

ntibiotic  

Griseofulvin surface 

molecularly 

imprinted 

polymers   

SMIP-

DSPE 

HPLC 91.6-98.8 10  (Bashir et al., 2020) 

Wastewater 

samples 

anticonvulsa

nt drug  

Carbamazepine DSPE HPLC-

DAD 

 85.5-98% 0.51  (Hassan et al., 2021) 

Wastewater and 

river water 

samples 

ARVDs  Nevirapine and 

zidovudine  

Dµ-SPE  HPLC-

DAD 

91.6 - 

99.1% 

 0.20 - 0.23  (Akawa et al., 2021) 
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2.1.4.4 NanoMIPs 

Due to their high selectivity, superior sorptive and adsorptive properties, improved thermal, 

chemical, and mechanical stability, and increased device longevity when used as adsorbents, 

nanomaterials are the key trends in sample preparation sorbents (Wen, 2020). As a result of 

their enormous specific surface areas, nanomaterials show great adsorption capabilities, 

reactivity, and free mobility in solution. It is commonly recognized that nanoparticles have 

properties that depend on their size and shape and that they can be used in a variety of scientific 

fields (Baig et al., 2021, Khan et al., 2022b). Compared to traditional approaches, MIP 

synthesis utilizing nanotechnology has received a lot of attention lately (Yadav et al., 2021). In 

comparison to traditional MIP, nanomaterials offer additional benefits including increased 

sensitivity and selectivity (Shah et al., 2021). Nanotechnology can be used to efficiently 

remove a range of pollutants from contemporary wastewater (Mondal et al., 2023). The use of 

nanomaterials is necessary for the development of more efficient water treatment and 

remediation systems to replace traditional techniques. During the imprinting process, 

nanoparticles have often been employed as signal-amplification agents to increase the 

effectiveness of MIP-based diagnostic systems. (Xu et al., 2020). As a result, MIPs display the 

inherent properties of polymers, including ease of production, affordability, resilience, and 

stability. Furthermore, incorporating nanoparticles to their polymeric structure can enhance 

some of these characteristics and offer new functions (Ramin et al., 2023, Sullivan et al., 2022). 

Notably, MIP nanoparticles (nanoMIPs) have attracted the most attention from researchers 

among all nanomaterial sorbents due to their potential for use in significant extraction 

procedures (Mazari et al., 2021). Moreso, nanoMIPs are a significant advancement in 

imprinting technology since they address several issues with bulk polymerized MIP, including 

uneven recognition site distribution, irregular shape, partial template removal, and delayed 

mass transfers (Rahman et al., 2022). The summary of nanoparticles application on the removal 

pharmaceuticals in water and wastewater is shown in Table 2.9.  Novel analytical methods for 

the removal of pharmaceuticals with nanoMIPs combined ultraperformance liquid 

chromatography tandem mass spectrometry (UPLC–MS/MS), high Performance liquid 

chromatography (HPLC), gas chromatography (GC) etc. 

 



46 
 

Table 2.9: Pharmaceuticals analysis in environmental samples using nanoparticles. 

Matrix Class Mode Technique Recoveries LOD (µg L-

1) 

Ref 

Wastewater 

samples 

NSAIDs Core-shell magnetic 

Fe3O4@MIL-100(Fe) 

nanoparticles 

 UPLC-MS/MS 75.2-105.2 0.1-30  (Liu et al., 

2019) 

Tap water samples Nitroaromatic nanoMIPs Fluorescence 90-100.3  0.6-0.7  (Elbelazi et 

al., 2019) 

Wastewater 

samples 

NSAIDs  (nanoMIPs) SPE–HPLC 42-100  3.7-15  (Altintas et 

al., 2016) 

River water, tap 

water and 

municipal 

wastewater 

samples 

NSAIDs 

 

Fe3O4 nanoparticles -

MSPE 

HPLC 93.6-98.9 0.2 - 300  (Alinezhad et 

al., 2018) 

Dam and river 

water samples 

NSAIDs 

 

Magnetic 

cellulose nanoparticles 

HPLC 85 - 116 3.2-7.2  (Abujaber et 

al., 2018) 

Ground water and 

wastewater 

samples 

NSAIDs Fe3O4@AgNPs HPLC 89- 93 200  (Vicente-

Martínez et 

al., 2020) 
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2.1.4.4.1 Synthesis of nanoparticles 

Several nanomaterials have been developed to reduce the concentrations of hazardous 

pollutants in contaminated water because they have enhanced characteristics as a consequence 

of their nanoscale influence (Patil, 2020). As a result, it has been demonstrated that various 

forms of nanomaterials are efficient in eliminating organic contaminants, inorganic anions, 

heavy metals, and microbes (Roy et al., 2021). Metallic nanoparticles (NPs) are unique among 

the synthetic nanomaterials that have so far been created because of their electrical 

conductivity, catalysis, high chemical stability, and antibacterial capabilities (Ezeuko et al., 

2021). Furthermore, metal nanoparticles are useful for adsorption because of their high 

adsorption capacity, effective surface area, catalytic activity, reactivity, and superior textural 

qualities. Additionally, they have the ability to bind negatively and positively charged 

contaminants (Sahoo and Prelot, 2020). Metallic nanoparticles such as silver nanoparticles 

(AgNPs), silica oxide nanoparticles (SiO2 NPs), etc have demonstrated their potentials in 

application for removal of pharmaceuticals in wastewater (Remya et al., 2022). The most 

popular source of silver ions is silver nitrate (AgNO3) because it  easily and quickly produces 

nanoparticles and with a high yield of nanoparticles (Alzubaidi et al., 2023). Due to their 

exceptional plasmonic activity, a broad spectrum of antibacterial activities, chemical stability, 

high thermal and electrical conductivity, and catalytic capabilities, silver nanoparticles (Ag-

NPs) have drawn a lot of attention among other types of metal nanoparticles (Panhwar et al., 

2022). In the synthesis of nanoparticles (NPs), the reducing and capping agents play a key role 

(Al-Khattaf, 2021). In particular, numerous synthetic approaches have been established, 

especially for the synthesis of AgNPs (Arif and Uddin, 2021). Accordingly, the hazardous 

solvents, reducing agents, and surfactants employed, as well as some of the chemical processes 

used during the syntheses, have generated questions about the health and environmental risks 

they pose (Castillo-Henríquez et al., 2020). With the invention of an environmentally friendly 

method for synthesizing AgNPs employing appropriate selections of reductive, stabilizing, and 

solvents, environmental protection has become an increasing concern (Ahmed et al., 2022). 

Hence, a green strategy that is sustainable, cost-effective, and kind to the environment (using 

non-toxic chemicals or living organisms, for example) is essential for the synthesis of Ag NPs 

(Khan et al., 2022a, Mustapha et al., 2022). Notably, the concept of producing green 

nanoparticles (NPs) was initially introduced by Raveendran and co-workers, who used D-

glucose as a reducing agent and starch as a capping agent to make starch silver nanoparticles 

(AgNPs) (Raveendran et al., 2003). The chemical reagents utilized in the production of NPs 
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have direct or indirect harmful effects on the environment (Tortella et al., 2020). Various 

reducing and capping agents have been used to stabilize the nanoparticles and stop them from 

aggregating (Sidhu et al., 2022).  Moreover, several hazardous substances, including sodium 

borohydride, citrate, N, N-dimethyl formamide, and hydrazine hydrate, were employed as 

reducing agents in some processes to produce AgNPs (Zhu et al., 2020). Understanding the 

synthesis of nanoparticles by environmentally friendly methods, like using non-toxic or 

biological reagents, is therefore significant. Chemical reduction of silver salts is the most 

widely used method of producing Ag colloidal particles (Gahlawat and Choudhury, 2019). The 

ability to donate electrons for the reduction of Ag+ ions to Ag0 is possessed by chemical and 

biological agents. Figure 2.3 depicts the formation of AgNPs by the reduction of Ag+ ion to 

Ag0, and its stabilization by reducing/capping agent. Hence, the nanoparticles produced can be 

kept in storage for a long period without losing their stability. Notably, based on numerous 

investigations, nanomaterials show high promise for practical use in the treatment of industrial 

and water-based effluents (Ahmed et al., 2022).  

 

 
Figure 2.3: Mechanism for the synthesis of silver nanoparticles 
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2.1.4.4.1.1 Starch as capping and reducing agent in the synthesis of AgNPs 

Nontoxic chemicals and renewable materials are selected because they have the advantage of 

reducing environmental risk. Starch is a highly beneficial raw material that may be used to 

synthesize a multitude of functional polymers since it is a naturally occurring biopolymer that 

is abundant and renewable (Madani et al., 2022, Zaman et al., 2022). Accordingly, starch is a 

biopolymer that is an inexpensive, effective as a surfactant agent and ecologically friendly, its 

usage as a green capping and stabilizing agent in aqueous solutions has lately grown in 

importance in the synthesis processes of nanomaterials (Taha et al., 2022). Starch was chosen 

because it is environmentally safe, biocompatible, and has hydroxyl groups in its template that 

prevent nanoparticles from aggregating (Yuan et al., 2021). Due to the presence of biological 

chemicals acting as capping agents on their surfaces, NPs synthesised using this method have 

no negative effects on the environment and show good biocompatibility with living systems 

(Batool et al., 2019).  

 

2.1.4.4.1.2 Plants as capping and reducing agent in the synthesis of AgNPs 

The synthesis of plant-based nanoparticles involves minimal or no toxic chemicals and 

biologically safe solvents. Therefore, it is regarded as a green method of producing 

nanoparticles (Patil, 2020). Consequently, green synthesis of nanoparticles is an 

environmentally benign method that can open the door for researchers all around the world to 

investigate the potential of various plants to generate nanoparticles. Plants can be thought of as 

nano factories that produce metallic nanoparticles in a safe and advantageous manner, with the 

potential for large-scale production (Wani et al., 2021). In addition to being environmentally 

benign, plants also produce materials at a faster rate than other biological models. Given its 

accessibility, green manufacturing of AgNPs via biological extract is a beneficial and 

advantageous method of producing metallic nanoparticles. Hence, the utilization of plant 

extracts is currently regarded as being more desirable for the synthesis of metallic NPs due to 

its simplicity, low cost, one-pot method, and high reaction rate. Notwithstanding, plant extracts 

have demonstrated significant potential for the synthesis of silver nanoparticles (AgNPs). 

Accordingly, the synthesis of AgNPs has made considerable use of extracts from either the 

complete plant or its parts, such as roots, leaves, fruits, bark, flowers, and seeds (Alshameri 

and Owais, 2022). The metal ions are reduced and aggregated into nanoparticles by both 

primary (Carbohydrates (simple sugars and polysaccharides), proteins, and lipids) and 

secondary (alkaloids, glycosides, terpenes, tannins, flavonoids, acetogenins, etc.,) metabolites 
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found in extracts. Most often, coenzymes, secondary metabolites, and biomolecules found in 

plant extracts function as reducing and stabilizing agents in the green synthesis of metal 

nanoparticles (Jagwani and Krishna, 2021). Except in a few cases where external stabilizing 

chemicals have been applied, plant extracts serve as both a reductant and a stabilizer. AgNPs 

have been produced using a variety of plants, including medicinal plants, ordinary spices, some 

exotic weeds, plants that produce essential oils and alkaloids, etc (Wani et al., 2021). Moreover, 

these plants are utilized to modify the surface of silver nanoparticles, enhancing their capacity 

as photocatalysts and removal effectiveness. Environmentally friendly nanoparticles made 

from plant extracts are preferred over chemically made ones used in water treatment. This is 

because they are less expensive, non-toxic, and not linked to secondary environmental 

pollution from unpleasant chemicals. This is due to their lower cost, lack of toxicity, and lack 

of connection to unfavourable chemical-induced secondary environmental pollution. The 

summary of several studies on the synthesis of nanoparticles using plants as reducing and/ 

capping agent are depicted in Table 2.10. Consequently, plant synthesised nanoparticles shown 

to have an excellent removal of pharmaceutical industry compounds. 
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Table 2.10: Reports of plant extract silver nanoparticles 

Matrix Class Compounds Nanoparticles Recoveries LOQ (µg L-1) References 

Wastewater 

samples 

NSAID ibuprofen  Gold@Silver@Silver 

chloride (Au@Ag@AgCl) 

core–double shells 

nanoparticles (NPs) 

using Momordica 

charantia leaves extract. 

98 0.01 -1 (Devi and 

Ahmaruzzaman, 

2017) 

Wastewater 

samples 

Anti-tumor 

drug 

mitoxantrone  Fe NPs loaded on rGO and 

green tea extract  

76.8-99.9   0.1-0.4 (Weng et al., 2018) 

Wastewater 

samples 

Anti-epileptic 

drug 

Carbamazepine Fe/Cu was successfully 

prepared by green synthesis 

by Ficus Benjamina leaves 

95 0.4 (Abdel-Aziz et al., 

2019) 

Wastewater 

samples 

Antibiotic and 

analgesics 

Ciprofloxacin, 

cephalexin, and 

metronidazole  

Fe3O4@CuO nanoparticles 

using Euphorbia 

polygonifolia extract 

89-96 10  (Pakzad et al., 

2020) 

Wastewater 

samples 

Anti-tumour 

drug 

Mitoxantrone graphene oxide @ iron 

nanoparticles (rGO@Fe 

NPs) were successfully 

prepared using green tea 

extract 

76.88-99.9 10 (Wu et al., 2020) 
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Pond, river, tap 

and wastewater 

samples 

Antibiotic Sulfisoxazole Sutherlandia frutescence 

(S. frutescens), leaf extract 

was used during the 

synthesis of Cadmium 

Sulphide (CdS) 

nanostructures 

91 10 (Munyai et al., 

2021) 

Wastewater 

samples 

NSAIDs 

 

 

 

 

ibuprofen, 

naproxen, 

diclofenac, and 

ketoprofen 

nZVI synthesized from 

green tea extracts and 

incorporated into a cationic 

resin (R-nFe) 

27-99 5 (Barka et al., 2023) 
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2.1.4.4.1.3 Macadamia nut shells as potential capping and reducing agents in the synthesis 

of nanoparticles. 

Researchers working to create affordable and effective materials for the adsorption of 

pollutants have paid close attention to biomaterials made from agricultural waste. Particularly, 

nuts are one of the most abundant natural resources that are consumed extensively as highly 

valued nourishment. However, their by-products, such as leaves, shells, and fruit that is left on 

the ground, are considered useless as they inedible (Cap et al., 2022). Agricultural wastes, such 

macadamia nut shells (MNS), are largely cross-linked polymeric chains containing chemically 

active functional groups, like lignin, cellulose, and hemicellulose (Maleki et al., 2023). This 

allows them to adsorb various contaminants from water via ion exchange and surface 

complexation mechanisms (Nekhavhambe et al., 2022). Additionally, they have a highly 

developed microporous structure and a large surface area, both of which boost their sorption 

capacity. Approximately 59,050 tons of macadamia nuts in their shell were produced in South 

Africa as of 2019, the production is anticipated to rise over the following ten years, given the 

current production and the cultivation of new macadamia trees (Sibulali, 2020). The 

accumulation of Macadamia shells rises steadily along with the growing rate of the plants that 

produce macadamia nuts. Waste Macadamia nutshells does not seem to have much of a use 

other than to heat fields and compact roads. The primary methods for dealing with MNS are to 

discard and burn them, both of which have resulted in significant resource waste and 

environmental degradation (Morifi, 2021). As such, making MNS a more valuable resource is 

an important and pressing issue. The beneficial compounds found in MNS can help create cost-

effective and environmentally friendly solutions. Polyphenols are compounds found in the 

various portions of these nutshells, and they can be used as reducing agents to produce nano-

systems (Orooji et al., 2022). The increasing global environmental and economic crises have 

led to a surge in the development of the usage of biodegradable and ecologically friendly 

polymers to remove pharmaceuticals from wastewater. Due to the valuable molecules found in 

nutshells, it would be desirable to create an adsorbent of nanoparticles to extract 

pharmaceuticals from wastewater. These portions can also be employed as stabilizing and 

reducing agents for nanoparticles (Aswathi et al., 2022). It was discovered that macadamia 

nutshells had lignocellulosic properties that make them perfect for adsorption investigations 

(Morifi et al., 2022). Intriguingly, Macadamia nutshell extracts have become popular in recent 

years for use in the production of fragrance, hair, and skincare products (Shi et al., 2022). Thus, 
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application of macadamia nutshell as a reducing and a capping agent can represent a new eco-

friendly method for the synthesis of silver nanoparticles. 

 

2.1.4.4.1.4 Moringa oleifera as capping and reducing agent in the synthesis of 

nanoparticles. 

The drumstick tree, or Moringa oleifera, is a species of tree native to north-western India (Raina 

and Kaushik, 2020). It is a type of economic tree that is typically found in tropical and some 

subtropical regions. It is also considered as a significant crop in a number of other nations, 

including the Philippines, Sudan, Ethiopia, and South Africa (Sokunbi et al., 2019). All the 

plant's parts are deemed valuable and are said to offer a variety of traditional and health 

benefits, including as treatment and management of asthma, diabetes, obesity, hypertension, 

and other conditions (Islam et al., 2021). Moringa is a rich source of several phytochemicals, 

which include phenols, flavonoids, vitamins, minerals, quercetin and kaempferol, thus 

providing a wonderful synthesis agent for the necessary nanoparticles (Hassan et al., 2021). 

More bioactive chemicals are present in the leaves, which enhances their therapeutic efficacy. 

The production of nanoparticles using moringa oleifera and other plants is leading to "truly 

green chemistry," which is more ecologically friendly and cost-effective than chemical and 

physical approaches and is easily scaled up for large scale syntheses. Moringa has been used 

in many studies for the synthesis of nanoparticles (Abel et al., 2021, Mohammed et al., 2022). 

 

2.1.4.4.1.5 Platanus acerifolia (London plane) 

The ''king of street trees,'' Platanus acerifolia, is a tree that is commonly planted in metropolitan 

areas around the world. The tree Platanus acerifolia, is also known as the London Plane (Sanusi 

and Livesley, 2020). The Platanaceae family includes the plane tree, which is well-known for 

its majesty and longevity. Every autumn and winter, the Platanus acerifolia sheds its leaves, 

creating a lot of waste (Akpomie and Conradie, 2022). Currently, groundwater eutrophication 

and atmospheric pollution are two of the biggest environmental issues caused by the disposal 

and burning of discarded deciduous leaves. Therefore, it's crucial to find a use for this waste. 

Notably, platanus acerifolia is inexpensive, easily accessible, and utilizable. Applications for 

its powdered leaves include the synthesis of nanoparticles and the removal of heavy metals 

from industrial wastes (Kumar et al., 2022). Therefore, using leaf litter for synthesis of 

nanoparticles provides advantages for waste reduction and environmental preservation. 

Platanus acerifolia-derived proteins, carbohydrates, polymers, flavonoids, alkaloids, and a 
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number of antioxidants have demonstrated their value as capping and stabilizing agents during 

the production of nanomaterials. It initiates the reduction reaction of Ag+ ions by accepting 

electrons and forms Ag° nanoparticles. Platanus acerifolia is currently being used in the 

pharmacy industry for the flavonoid-metal chelation mechanism (Wu et al., 2022), 

Unfortunately, platanus acerifolia leaves have not been used very often in the synthesis of 

nanoparticles. 

 

2.1.5 Adsorption studies 

Adsorption is the most effective way to remove different types of pollutants from wastewater, 

and it is now being used worldwide (Maksoud et al., 2020). This led to the advancement of 

adsorption science and technology, which in turn prompted a number of innovative 

investigations on the technique's potential applications in the treatment of wastewater and 

water. Globally, people's quality of life has improved as a result of the high-impact findings 

and patents generated by these investigations. (Unuabonah et al., 2019). Particularly, 

adsorption is a phenomenon that happens at the surface and is specifically defined as the 

adherence of contaminants to the surface of an adsorbent by physical, chemical, and electrical 

attraction. (Rathi and Kumar, 2021). Consequently, the reversible process of adsorption allows 

atoms, ions, or molecules to build up on the surface of an adsorbent. It is an elementary 

exothermic reaction based on surfaces (Büyüktiryaki et al., 2020). Moreover, the material that 

accumulates on the surface of an adsorbent is referred to as an adsorbate. Thus, the adsorption 

process is produced by the interaction of the active centres of the adsorbent and adsorbate 

(Zhang et al., 2019). The adsorption process is impacted by the type of the adsorbent and 

adsorbate, pH, temperature, contact time, pollutant concentration, adsorbent particle size, the 

presence of other wastes, and the experimental circumstances (Sajid et al., 2022). Adsorption 

should be studied from a thermodynamic, isotherm and kinetic perspective to learn more about 

its functioning and mechanism (Mangla et al., 2022). Further investigation will be essential to 

completely understand the equilibrium adsorption capacity of adsorbents and the adsorption 

mechanism for pharmaceuticals. 

 

Adsorption is classified into two groups based on the type of interaction that occurs between 

the adsorbed molecule and the adsorbent surface: chemical (chemisorption) and physical 

(physisorption) adsorption (Büyüktiryaki et al., 2020).  Consequently, in physical adsorption 

the link between the adsorbent and adsorbate is created by dipole-dipole interaction and van 
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der Waals forces. Thus, it can be monolayer or multilayer in nature (Oba et al., 2021). 

Notwithstanding, it normally happens quickly, is exothermic, reversible, and does not need 

activation energy. As temperatures rise, physical adsorption decreases (Barquilha and Braga, 

2021). In contrast, chemisorption occurs when the adsorbent and the adsorbate interact 

chemically and transfer electrons, respectively (Al-Ghouti and Da'ana, 2020). Adsorbate 

attaches itself to the solid surface by forming a chemical bond. This interaction is far more 

powerful than physical adsorption. The amount of enthalpy change is one criterion for 

separating chemical from physical adsorption. Compared to physisorption, the enthalpy of 

chemisorption is significantly larger (Alaqarbeh, 2021). Chemical adsorption is known as an 

endothermic reaction because of the very strong interactions that result in chemical bonds (Gil, 

2023).  

 

2.1.5.1 Modelling of adsorption 

Several objectives are served by modelling adsorption processes. The primary processes used 

in the adsorption process are greatly influenced by the nature of the adsorbent and the properties 

of the contaminant to be eliminated (Rathi and Kumar, 2021). A model can offer a mechanistic 

understanding of the experimental data, allowing the experimental observation to be grounded 

in theoretical framework (Khalil et al., 2020). To predict the mechanics of different adsorption 

systems, modelling experimental data from adsorption processes is a crucial tool (Ayawei et 

al., 2017, Abbasi et al., 2022). The Mathematical modelling of the adsorption phenomena 

involves equilibrium isotherm models, adsorption kinetics models and thermodynamics 

(N’diaye and Kankou, 2020). Model parameters can be used to compare adsorbent capabilities 

for a particular target pollutant. 

 

2.1.5.1.1 Adsorption isotherms 

Adsorption isotherms are essential tools for understanding how sorbates and sorbents interact, 

particularly the quantity of analyte adsorbed, and the amount left unadsorbed once equilibrium 

is attained (Azizian and Eris, 2021). They also describe the relationship of equilibrium between 

the amount of the adsorbed material and the pressure or concentration in the bulk fluid phase 

at a constant temperature (Ayawei et al., 2017). To fit adsorption experiment data Freundlich, 

Langmuir, Henry and Temkin isotherms are frequently employed (Al-Ghouti and Da'ana, 2020, 

Kalam et al., 2021). Nonetheless, the Langmuir  and Freundlich  two-parameter models are the 

most used equations because of their popularity,  and the relevant information that they provide 
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(Al-Ghouti and Da'ana, 2020). When pharmaceuticals are absorbed onto various adsorbents, 

these models suggest that homogenous monolayer or heterogeneous multilayer adsorption will 

predominate. A significant number of studies used the approach of linear regression modelling 

for these isotherms. The frequently reported parameters are Qmax which is the maximal 

adsorption capacity (mg/g), KL, the equilibrium constant for Langmuir adsorption and the RL 

factor which determines the desired kind of adsorption for the adsorption process in Langmuir 

isotherm. In the Freundlich model, KF the Freundlich constant, and “n” the adsorption strength 

constant and 1/n the heterogeneity factor. The data obtained from the parameters of these 

isotherms is used to assess the correlation coefficient and the standard errors for each parameter 

to find the best fit. Isotherms parameters in Table 2.11 shows adsorption of pharmaceuticals 

onto MIPs under certain experimental temperature, pH, agitation speed, contact time, initial 

concentration of adsorbate solution, and concentration of adsorbent conditions. It was observed 

in Table 2.11 that the linearized Freundlich model for nevirapine (Khulu et al., 2021), 

carbamazepine (Hu et al., 2023) and naproxen (Husin et al., 2021) was favoured with higher 

R2 values of 0.9071, 0.9950 and 0.9964 compared to 0.8765, 0.9614 and 0.8409 for the 

Langmuir model. This assumes heterogeneity of the binding surface energies of the MIP 

resulting in multiple interactions between nevirapine and the MIP. Given the obtained 

correlation coefficients, the Langmuir isotherm was well-fitted by diclofenac (Nkosi et al., 

2022), sulfamethoxazole (Qiu et al., 2020), ciprofloxacin (Bazi et al., 2021), and tetracycline 

(Khatibi et al., 2021). Consequently, the strong agreement and good fit for the Langmuir 

isotherm was perhaps evidence of the dominant nature for the adsorption of these compounds, 

which may frequently lead to monolayer adsorption on the surface of the adsorbents. 
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Table 2.11: Adsorption isotherms data corresponding to adsorption of pharmaceuticals by Molecularly Imprinted Polymers (MIPs) 

Pharmaceutical Class Freundlich Langmuir References 

 KF n or 1/n R2 Qmax (mg g-1) RL KL R2 

Tetracycline Antibiotic 35.85 1.981 0.953 416.5 0.847 0.0018 0.994 (Khatibi et al., 

2021) 

Sulfamethoxazole 26 0.575 ± 

0.003 

0.965 77 ± 3 - 0.498 ± 

0.003 

0.998 (Qiu et al., 2020) 

Ciprofloxacin 17.71 0.043 0.941 112.3 0.0017 0.171 0.999 (Bazi et al., 2021) 

Diclofenac NSAIDs - - 0.9918 5.643 - 1.160 0.9999 (S’busiso et al., 

2022) 

Naproxen 4.0486 1.133 0.9964 90.91 0.0474 0.3453 0.8409 (Husin et al., 

2021) 

Nevirapine ARV 2.8 1.042 0.9071 188 - 3.19 x 10-3 0.8765 (Khulu et al., 

2021) 

Carbamazepine antiepileptic 8.60 2.78 0.9950 40.42 - 0.10 0.9614 (Hu et al., 2023) 
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2.1.5.1.2 Adsorption kinetics 

A basic theory for assessing the adsorption process is called adsorption kinetics (Vareda, 2023). 

Adsorption kinetics, which governs the rate at which adsorption occurs, is the most important 

factor to consider when developing an adsorption system (Al-Ghouti and Da'ana, 2020). The 

dynamics of batch adsorption experiments are explained by kinetic equations. These 

investigations aid in clarifying the process' physicochemical features, such as the rate-limiting 

step and the adsorption rate. The pseudo-first-order (Lagergren) and pseudo-second-order 

models are by far the most employed equations for describing adsorption dynamics (González-

López et al., 2022). The R2, the pseudo-first-order rate constant (k1), the pseudo-second-order 

adsorption rate constant (k2), and the amount of adsorbate adsorbed at equilibrium (qe) are the 

most frequently reported parameters for adsorption kinetics. Notably, the adsorption kinetic 

parameters of various pharmaceuticals using MIPs as an adsorbent are presented in Table 2.12. 

The reported R2 values for the pseudo-first order was 0.5748, 0.952, 0.3252, 0.9423, 0.104, 

0.978 and 0.7819 while for the pseudo-second order, the R2 values was 0.9968, 0.9999, 0.9990, 

0.9960, 0.9999,0.979 and 0.9999 for nevirapine (Khulu et al., 2021), ciprofloxacin (Bazi et al., 

2021), diclofenac (Nkosi et al., 2022), ibuprofen (Nkosi et al., 2022), naproxen (Husin et al., 

2021), sulfamethoxazole (Qiu et al., 2020) and carbamazepine (Hu et al., 2023), respectively. 

A poor correlation coefficient was found for first-order compared to the pseudo-second-order 

model, showing that the first-order kinetic model is less suitable since it did not obey the 

straight line. Hence, these results showed that the adsorption process followed the pseudo-

second-order kinetic modelling, indicating that the interaction between the MIP and these 

pharmaceuticals was through chemisorption. Moreover, the results of the adsorption capacity 

show that the predicted adsorption capacity (qecal) from the pseudo-second-order models is 

closer to the experimental adsorption capacity (qeexp) than the pseudo-first-order kinetics, so 

the main mechanism of ciprofloxacin, sulfamethoxazole, diclofenac, naproxen, nevirapine and 

carbamazepine adsorption process by MIP is chemical adsorption (Qiu et al., 2020., Nkosi et 

al., 2022). 
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Table 2.12: Kinetics parameters corresponding to adsorption of pharmaceuticals by Molecularly Imprinted Polymers (MIPs) 

Pharmaceutical Class Psuedo-first-order Psuedo-second-order References 

 qeexp (mg g-

1) 

qecal (mg g-

1) 

K1 (min-1) R2 Qcal (mg g-

1) 

K2 (g mg-1 

min-1) 

R2 

Sulfamethoxazole Antibiotic 12.3 ± 0.2 11.9 ± 0.3 0.471 ± 

0.004 

0.978 13.8 ± 0.7 0.001 ± 

0.004 

0.979 (Qiu et al., 

2020) 

Ciprofloxacin 112.3 14.46 0.046 0.952 123.4 0.007 0.9999 (Bazi et al., 

2021) 

Diclofenac NSAIDs 1.247 1.411 - 0.3252 - 11.8 0.9990 (S’busiso et 

al., 2022) 

Ibuprofen 1.248 1.350 - 0.9423 - 12.1 0.9960 (S’busiso et 

al., 2022) 

Naproxen 3.064 0.1852 0.0119 0.104 2.994 0.2816 0.9999 (Husin et al., 

2021) 

Nevirapine ARV 299.1 ± 7.6 27.9 5.98 × 10–3 0.5748 147.1 2.83 × 10–3 0.9968 (Khulu et al., 

2021) 

Carbamazepine Antiepileptic 8.87 1.54 0.029 0.7819 8.86 0.14 0.9999 (Hu et al., 

2023) 
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2.1.5.1.3 Thermodynamics studies 

Predicting the mechanisms of adsorption requires the use of thermodynamic studies. Three 

thermodynamic parameters are evaluated for adsorption thermodynamics, and their values are 

determined. Thermodynamic metrics like standard change in enthalpy ΔH°, standard change in 

entropy changes ΔS°, and standard change in Gibbs free energy ΔG° are used to evaluate the 

spontaneous nature or feasibility, exothermic or endothermic nature, and the system entropy 

changes. They are crucial thermodynamic variables for the study of adsorption mechanisms 

since they can attest to the process's feasibility, spontaneity, and heat exchange (Gorban et al., 

2021). The literature thermodynamic parameters obtained under experimental conditions of 

pharmaceuticals initial concentration, agitation speed, pH, contact time, and temperature are 

shown in Table 2.13. The positive signs of ΔH° and ΔS° indicated that the adsorption process 

of tetracycline (Khatibi et al., 2021), carbamazepine (Hu et al., 2023) and diclofenac (Liu et 

al., 2022) obeyed an endothermic nature and there was an irregular increase of randomness on 

their interaction with the adsorbent. This might be brought on by the water molecule's increased 

translational entropy as well as the decrease in the absorption of pharmaceuticals. Moreover, 

the negative values of ΔS° was brought on by the decreasing randomness at the solid-solution 

interface during the adsorption phase, and the negative value  of ΔH° indicates that the 

adsorption process was exothermic for ciprofloxacin (Bazi et al., 2021) and naproxen (Husin 

et al., 2021) adsorption. In addition, the reported value of ΔG° was negative, indicating that the 

adsorption of ciprofloxacin (Bazi et al., 2021) and naproxen (Husin et al., 2021) was 

spontaneous, thermodynamically possible, and chemically regulated at low temperature. 
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Table 2.13: Thermodynamics parameters corresponding to adsorption of pharmaceuticals by molecularly imprinted polymers (MIPs) 

Pharmaceutical Class Temperature (K) ΔG° (kJ mol-1) ΔH° (KJ mol-1) ΔS° (kJ mol-1 K-

1) 

References 

Tetracycline Antibiotic 293 -14.37 41.75 0.195 (Khatibi et al., 

2021) 

Ciprofloxacin 293 -7.47 -9.27 -3.3 x 10-3 (Bazi et al., 

2021) 

Carbamazepine Antiepileptic 298 -5.02 41.54 0.15 (Hu et al., 2023) 

Naproxen NSAIDs 298 -2965.31 -23.61 -0.06625 (Husin et al., 

2021) 

Diclofenac 298 -25.56 0.0337 0.0014 (Liu et al., 2022) 
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2.1.6 Conclusion  

The review covered the effect of pharmaceuticals on human health and the environment. 

Compared to the rest of the globe, South Africa has much less research on environmental 

assessment and the removal of pharmaceuticals from WWTPs, but the studies that have been 

conducted have been extremely useful in understanding the country's current condition. The 

findings of the current study add to previously published information about the presence of 

pharmaceuticals in African WWTPs. These findings highlight the significance of more 

research to evaluate a larger variety of pharmaceuticals in order to properly understand the 

extent of environmental pollution. Notably, there is an urgent need to develop easier, cost 

effective, quicker, selective and sensitive methods for the analysis and removal of these 

compounds due to the severity of the health issues linked to environmental toxins. 

Consequently, this review emphasized the variety of methods used to prepare MIPs as selective 

extraction media for specific compounds from complicated samples. Moreover, it demonstrates 

how the use of MIPs offers a straightforward means for developing reliable, adaptable, and 

highly selective SPE procedures with better analytical features. According to the information 

given in this review, MIPs offer a promising material for identifying and removing the presence 

of various contaminants in wastewater. Nanotechnology has taken a transcendent interest for 

wastewater treatment, due to its small size, large surface area, large porosity, and high chemical 

reaction of the nanomaterials. They have better properties, whether used for catalytic or 

adsorption. Accordingly, silver nanoparticles have a variety of uses because of their distinctive 

characteristics. Their synthesis will be significantly impacted by plant-mediated synthesis in 

the ensuing decades. Plant extracts are a cheap, readily scaled-up, and environmentally safe 

method of producing metallic nanoparticles. Proteins, carbohydrates, alkaloids, tannins, 

phenolics, oils, and saponins are just a few of the numerous chemical substances found in plant 

extracts. These substances also have medical significance and can function as reducing and 

capping agents for the synthesis of AgNPs. A synthesis using plant extracts can produce 

nanoparticles with a regulated size and form. Although some of the plants may not have been 

utilized to remove pharmaceuticals from wastewater, their application for synthesis of 

nanoparticles highlights the need of incorporating MIPs on these materials. Moreover, the 

review demonstrated the extreme selectivity of the adsorption process. Consequently, the 

Langmuir and Freundlich adsorption isotherm models are typically employed to assess the 

adsorption capacity of various adsorbents, as this review article clearly indicates. Future 
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research on the prevalence and fate of developing pharmaceutical contaminants in 

environmental waters will be greatly aided by the insights gained from this study. 
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Chapter 3  

Removal of multiple classes of pharmaceuticals from wastewater using multi-template 

molecularly imprinted polymer (MIP) as an adsorbent: kinetic, isotherm and 

thermodynamic studies 

 

Abstract 

Numerous pharmaceutical drug classes have been found in diverse environmental 

compartments (e.g., biota, water, and sediments), and further research is being carried out to 

fully comprehend their fate in the aquatic environment. The goal of this study was to synthesize 

and characterize a multi-template molecularly imprinted polymer (MIP) using 

sulfamethoxazole (SMX), nevirapine (Nvp), and ibuprofen (Ibu) drugs as target templates. 

Characteristics of the polymers by SEM revealed that the synthesized MIP 

had a rougher surface than the non-imprinted polymer (NIP) which signals its high adsorption 

capacity. According to the FTIR spectrum, functional groups of OH, C=C, and C=O that 

develop from the template during synthesis are involved in the formation of the MIP. The high 

temperature 280-450 °C and 270-500 °C at which NIP and MIP degradation occurred in the 

TGA findings showed that the polymer is temperature stable. Notably, the optimum removal 

results were obtained when a temperature of 40 °C, pH 7, mass dosage of 40 mg and contact 

time of 10 minutes were used for adsorption studies. Under these conditions, the 

pharmaceutical drug removal percentage of 75-99% was achieved. The calculated maximum 

monolayer adsorption capacities were, 3.89, 4.97, and 3.40 mg g-1 for SMX, Nvp, and Ibu 

respectively. Statistical analysis revealed that adsorbent dosage, concentration, and pH have 

statistical significance with p<0.05, whereas temperature and time did not show any statistical 

significance. It was discovered that the adsorption process adhered to the pseudo-second order 

kinetic model, according to the kinetic studies, whereas the thermodynamic data demonstrated 

the endothermic and spontaneous nature of the adsorption process. The synthesized MIP 

showed to be highly selective towards the target analytes compared to the competitor. 

Moreover, for MIP regeneration, 40 mg of MIP that had previously adsorbed SMX, Nvp, and 

Ibu was washed for 10 min in a 9:1, v/v acetonitrile/acetic acid solution before being utilized 

again to adsorb SMX, Nvp, and Ibu in the next cycle. The procedure was repeated up to 5 

cycles. Accordingly, the MIP particles were preserved with adsorption efficiency of >90 %. 

This therefore indicated that MIP can be efficiently reused. 
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3.1 Introduction 

Pharmaceutical compounds are used to cure, prevent and diagnose a variety of diseases and 

thus prolong human and animal health. However, their intensive usage results in their presence 

in the environment and thus provides a risk to the environment, especially in aquatic habitats, 

which can have ecotoxicological impacts (Meléndez-Marmolejo et al., 2022). The majority of 

pharmaceutical compounds found in aqueous matrices are derived from human intake, which 

causes both the original and metabolized pharmaceuticals to be excreted. Also, the improper 

disposal of unused medications, which is typically done by flushing them down the sink or 

toilet or throwing them in trash that is going to be dumped in landfills (Sanusi et al., 2023). 

Pharmaceuticals are highly polar and water-soluble thus, they manage to evade wastewater 

treatment process (Waleng and Nomngongo, 2022). Due to their ability to bypass wastewater 

treatment facilities, pharmaceuticals are often found in the water supply (Zare et al., 2022). 

Other pharmaceuticals only partially break down, and some of their metabolites may even be 

deconjugated back into their biologically active forms. As a result, they may be found in higher 

concentrations in wastewater effluents compared to the corresponding influent water. 

 

Pharmaceutical residues can have ecotoxic effects, influence hormones, and lead to drug 

resistance, despite the fact that they exist in the aquatic ecosystem in extremely modest 

concentrations (ng - µg L-1). (Ravikumar et al., 2022). Effluents from wastewater treatment 

plants (WWTPs) typically include relatively high quantities of pharmaceuticals because current 

wastewater treatment technologies are usually ineffective at removing them (Samal et al., 

2022). This indicates that more efficient treatment techniques are needed to reduce the potential 

impacts of these contaminants. Therefore, there is a pressing necessity to develop efficient and 

affordable methods that can be utilized to remove pharmaceuticals from water sources. It is 

crucial to provide a long-term solution based on social, techno-economical, and environmental 

conditions in a sustainable way to meet current demands without harming the environment. For 

example, by using affordable sustainable adsorbents and avoiding the direct disposal of 

pharmaceuticals in water supplies. Consequently, adsorption is considered an innovative 

method for the efficient removal of pharmaceutical compounds in water bodies (Birniwa et al., 

2023). Notably, several adsorbents have demonstrated their efficacy for the removal of 
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pharmaceuticals; however, they are not selective, and in any event they are unable to remove 

pollutants in trace levels despite their outstanding adsorption characteristics (Vinayagam et al., 

2022). Hence, finding new and dependable adsorbent to remove pharmaceuticals from the 

environment is required due to the widespread usage of pharmaceuticals worldwide. 

Particularly, molecularly imprinted polymers (MIPs) were developed in response to the 

environmental samples complexity, and they are currently being utilized for improving 

analytical techniques selectivity. (Azizi and Bottaro, 2020). Regarding the organic chemical's 

adsorption from aqueous solutions, MIP-based adsorbents are better than alternatives like 

activated carbon because they are reusable (Okutucu, 2020). Moreso, MIP aspect of reuse goes 

very well with the concept of green chemistry. MIPs are adsorbents that have been carefully 

developed to exhibit enhanced specificity for a particular structure or for a very close 

comparable structure, and they are frequently employed in a variety of applications (Kaya et 

al., 2022). The simplicity of preparation and the capability for designing "tailor-made" binding 

sites that may be created by simply altering the synthesis procedure for the appropriate target 

molecule used as a template during the polymerization process are the key benefits of MIPs 

(Arabi et al., 2021). The development of several MIP applications for pharmaceutical 

adsorption and removal has been facilitated by the advantages of MIPs, including their low 

cost of operation, high selectivity, reusability, stability at pH and temperature extremes, and 

ease of preparation (Liu and Poma, 2021).  

 

Notably, most investigations in environmental monitoring focuses on synthesizing MIPs that 

specifically target one pharmaceutical or a group of pharmaceuticals within the same class. 

Pharmaceuticals are composed of mixtures of many pharmaceutical classes, some of which 

share similar physicochemical properties, rather than existing in isolation in the environment. 

(Godoy et al., 2019). The requirement for approaches that make it possible to analyse many 

compounds as opposed to those that only analyse one analyte at a time is emphasized by 

principle no. 8 of the 12 principles of green analytical chemistry (López-Lorente et al., 2022). 

This principle highlights the necessity of techniques that allow for evaluation of several 

compounds as opposed to those that examine one analyte at a time. The limitation of MIPs to 

only identify a single target with an ion or template molecule prevents the practical 

implementation for the simultaneous recognition, enrichment, and removal of several targets 

(Wang et al., 2023). By simultaneously using multiple targets serving as template molecules, 

the multi-template MIPs may generate varieties of recognition sites on a single polymeric 

material. Determining a single MIP that can be utilized to target three distinct types of 
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pharmaceuticals from environmental water sources was the goal of the current work as a result. 

The model compounds included an antibiotic (sulfamethoxazole), antiretroviral (nevirapine), 

and non-steroidal anti-inflammatory drug (ibuprofen). To the best of our knowledge, no 

molecularly imprinted polymer has been described for the simultaneous removal of 

sulfamethoxazole, nevirapine and ibuprofen in an aqueous environment, including a thorough 

analysis of adsorption kinetics and isotherms. Table 3.1 shows the physicochemical properties 

and molecular structure of the model pharmaceuticals compounds. 
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3.2 Methodology 

3.2.1 Chemicals and Reagents  

Nevirapine, ibuprofen, sulfamethoxazole, diclofenac, 2-vinylpyridine, 1,1-azobis-

(cyclohexane carbonitrile) (98 %), EGDMA (98 %), acetonitrile (≥99.9 %), glacial acetic acid 

(100%) and toluene (99.7 %), were all purchased from Sigma-Aldrich (Johannesburg, South 

Africa).  

 

3.2.2 Synthesis of multi-template MIP 

In this study, the use of a multi-template molecularly imprinted polymer (MIP) as a selective 

adsorbent to remove sulfamethoxazole, nevirapine, and ibuprofen from wastewater was 

reported. The synthesis of MIPs was adopted with slight modifications from a method used by 

Madikizela and co-workers (Madikizela and Chimuka, 2016a). The MIP bulk polymerization 

was carried out in two steps. In the initial step, the process of synthesis involved dissolving 20 

mg of 1,1′-azobis-(cyclohexane carbonitrile) in 50 mL of toluene, after which 1.51 mL of 

ethylene glycol dimethacrylate (EGDMA) was added. After a 10-minute nitrogen purge, the 

reaction flask was sealed. The reaction was then allowed to occur for 16 hours at 60 °C in an 

oil bath while being constantly stirred. In the second step, 25 mg of each pharmaceutical 

(ibuprofen, nevirapine and sulfamethoxazole) was dissolved in 25mL of acetonitrile. 

Thereafter, 1 mL of 2-vinylpyridine, 3.85 mL ethylene glycol dimethacrylate (EGDMA), 60 

mg 1,1′-azobis-(cyclohexane carbonitrile) and 25 mL of toluene was added. The resulting 

mixture was transferred into the first reaction flask and deoxygenated by purging with nitrogen 

for 15 minutes and sealed. The reaction was conducted for 24 hours at 80 °C in an oil bath. The 

resultant polymer was dried in an oven at 100 °C. After that, the polymer was ground, sieved, 

and particles between 25 and 50 μm were gathered. The elution of the templates from the 

resulting polymer was performed through the application of Soxhlet extraction procedure by 

washing the polymer repeatedly with a mixture of acetonitrile: acetic acid (9:1 v/v) until the 

templates were not detected by the LC-MS system. Thereafter, the polymer was washed with 

100% acetonitrile to wash off acetic acid. The NIP was prepared following the same procedure 

but with the absence of the template in the polymerization mixture. 
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3.2.3 Instrumentation 

The FMH SHKO 20 rotary orbital shaker (DLD Scientific, Durban, South Africa) was used to 

shake samples for optimisation. The analysis of the selected pharmaceuticals was performed 

using a LC Shimadzu 2020 series (Shimadzu, Tokyo, Japan). The separation of the target 

analytes was performed using a Shim-Pack GIST C18-HP (150 × 4.6 mm i.d, 3,5 µm particle 

size) column (Shimadzu, Tokyo, Japan). The column temperature was kept at 40 ºC. The 

mobile phase was pumped isocratically at a flow rate of 0.4 mL min−1 with a composition of 

0.1 % formic acid in water and acetonitrile (10:90). The injection volume was 10 µL in ambient 

column temperature. The UV/VIS detector was set at 210 nm for all template measurements. 

100 mg/L stock solution of targeted pharmaceuticals was prepared by dissolving 10 mg of each 

template (sulfamethoxazole, Ibuprofen and nevirapine) in acetonitrile. From the stock solution, 

a concentration range of standards ranging from 0.1-2 mg/L was prepared. These standard 

solutions were analysed with the LC-MS system and used for the construction of the calibration 

curve. The compounds were successfully quantified using the LC-MS with detection limits of 

0.25, 0.14 and 0.18 mg L-1 and quantification limits of 0.75, 0.42 and 0.53 mg L-1 for SMX, 

NVP, and Ibu, respectively. According to Figure 3.1, the LC-MS chromatograms indicate the 

peaks of the three compounds with their respective retention times of 4.2, 4.9, and 5.9 minutes 

for SMX, Nvp, and Ibu at a wavelength of 210 nm. 

.

 
Figure 3.1: LC-MS chromatogram of sulfamethoxazole (SMX), nevirapine (NVP) and 

ibuprofen (IBU) at a PDA wavelength of 210 nm. 
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3.2.4 Characterisation of polymers 

To ensure the potential for the compounds to be selectively adsorbed and extracted as well as 

the stability of the polymer, the produced polymers were evaluated using a variety of 

techniques. Thermogravimetric analysis was conducted using an Anton Paar TGA instrument 

(Mettler Toledo, Columbus, USA) to evaluate the polymer's thermal stability. Fourier 

transform infrared (FTIR) spectroscopy (PerkinElmer Inc., United States) was utilized for 

identification of functional groups in the MIP . A JOEL model JSM 6700F scanning electron 

microscope instrument (Tokyo, Japan) was used to assess the  morphology of the synthesised 

polymers. X-ray diffraction (XRD) patterns were obtained with a Rigaku MiniFlex 600 

(Rigaku Tokyo, Japan) instrument. 

  

3.2.5 Sampling 

Samples of wastewater were collected from the Darvill WWTPs in Pietermaritzburg, 

KwaZulu-Natal Province, South Africa. This WWTPs receive sewerage from both domestic 

and industrial wastes. The samples were collected from October to December 2022. The 

samples were collected in dark brown bottles, stored in a cooler box and were then transported 

to the laboratory where they were stored in the refrigerator (4 ͦ C) for further analysis. 

 

3.3 Optimisation of adsorption studies 

All the parameters were fixed for the tested range in order to determine the factors that will 

influence adsorption, such as adsorbent mass dosage, temperature, initial concentration, contact 

time, and pH on the adsorption process. For the purpose of determining the impact of these 

parameters on the adsorption process of the three pharmaceuticals in aqueous solutions, initial 

concentrations of pharmaceuticals (0.2-2 mg L-1), various pH (3-10), temperature range (25-70 

°C), contact time (10-60 minutes), and adsorbent dose (10-50 mg) were investigated. The 

adsorption experiment was performed in wastewater samples that had already been spiked with 

the mixture of the selected pharmaceuticals to make a final concentration of 1 mg L-1. The 

solutions were then filtered, and LC-MS-2020 was used to analyse the concentration of the 

selected pharmaceuticals in the supernatant. The quantity of SMX, Nvp and Ibu which had 

undergone adsorption onto the MIP at equipoised conditions, was estimated using equation 3.1 

and the effective removal percentage of the pharmaceuticals was obtained by employing 

equation 3.2.  
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𝑞𝑞𝑞𝑞 = (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)𝑉𝑉
𝑚𝑚

      (Eq 3.1) 

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 % = (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝐶𝐶𝑖𝑖

 𝑋𝑋 100    (Eq 3.2) 

Wherein the quantity of the pharmaceuticals present initially is denoted by Ci of the reaction 

and Ce is the pharmaceuticals concentration during equilibrium condition correspondingly; 

mass in mg of adsorbent is represented as m and the working volume (mL) of the solution is 

depicted as V. 

 

3.4 Selectivity study 

MIP selectivity for three pharmaceuticals was conducted at room temperature in batch 

rebinding experiments using optimum conditions, which were 10 mg of the polymer mixed 

with a water sample (pH 7.0) that was previously spiked to make a final concentration of 1 mg 

L−1 mixture of ibuprofen, nevirapine, sulfamethoxazole and diclofenac (as a competitor) and 

agitated for 10 minutes. The partition coefficient and selectivity coefficient were used to assess 

the imprinted polymers selectivity toward the three chosen pharmaceuticals and the competitor. 

Equation (3.3) was used to determine the impact of imprinting on selectivity.  

𝐾𝐾𝑑𝑑 = (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)𝑉𝑉
𝑚𝑚

      (eq 3.3) 

𝑘𝑘 = 𝐾𝐾𝑑𝑑(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
𝐾𝐾𝑑𝑑(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)     (eq 3.4) 

𝑘𝑘′ = 𝐾𝐾𝑑𝑑(𝑀𝑀𝑀𝑀𝑀𝑀)
𝐾𝐾𝑑𝑑(𝑁𝑁𝑁𝑁𝑁𝑁)      (eq 3.5) 

Where Kd (mg g−1) is the partition coefficient, Ci is the initial solution concentration, Ce is the 

final solution concentration, V (mL) is the volume of the solution, and m (mg) is the mass of 

the polymer. Furthermore, the selectivity coefficient for the binding of SMX, Nvp and Ibu in 

the existence of a competitor was calculated using equation (3.4), where k is the selectivity 

coefficient (Nkosi et al., 2022). Additionally, using the relative selectivity coefficient (k’) in 

accordance with equation 3.5, the selectivity of the MIP with regard to the NIP was determined. 

 

3.5 Reusability 

After adsorption of SMX, Nvp and Ibu, the MIP was regenerated through washing with a 

mixture of acetonitrile/acetic acid (9:1, v/v), which removed the drugs from the binding sites. 

Following that, 10 mL of pure acetonitrile was used to regenerate the MIP particles in order to 

desorb any undesirable compounds. Thereafter, the regenerated MIP was applied in the 
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adsorption of SMX, Nvp and Ibu from aqueous solutions for the next cycle. This procedure 

was performed five times, with each adsorption cycle lasting 10 minutes.   

 

3.6 Results and discussion 

3.6.1 Characterisation 

3.6.1.1 Scanning Electron Microscope (SEM) 

Scanning electron microscope (SEM) was used for careful consideration of MIP and NIP 

morphology and smoothness. The morphologies of unwashed and washed MIP and NIP 

samples are shown in Figure 3.2. The results in Figure 3.2 (a) and (b) indicate that the uneven 

forms of the polymer particles are a frequent characteristic of synthetic materials generated by 

bulk polymerization techniques, which can be attributed to the milling and sieving processes. 

(Babaeipour and Jabbari, 2023). Larger particle sizes and extremely rough surfaces on the MIP 

can be attributed to formation of selective cavities within the polymer matrix and are signs that 

the MIP had been properly prepared. This suggest that MIP can adsorb analytes of interest 

much better than NIP because of the roughness of its particles, which can result in a higher 

surface area than NIP. MIPs are generally found to have higher specific surface areas because 

of their increased porosity and visible imprinting cavities (Ndunda, 2020). The smaller particles 

were removed during the washing process compared to unwashed MIP (Fig. 3.2 a and c) (Sadia 

et al., 2023). 
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Figure 3.2: SEM images of (a) washed MIP, (b) NIP and (c) unwashed MIP. 

 

3.6.1.2 Fourier transform infrared (FTIR) spectroscopy 

The polymers functional groups were identified via FT-IR characterization. The NIP and 

washed MIP results in Figure 3.3 demonstrate that the bands' positions and shapes are  the 

same, showing that they were made from the same monomer and crosslinker and were 

synthesized in a similar manner. Each functional group on the NIP showed intense peaks 

compared to the washed MIP. The free exposed functional monomers, which were randomly 

distributed and did not engage in any self-assembly, were most likely the cause of the intense 

peaks observed (Ndunda, 2020). The -C-O, C=O, and C=C bonds indicative of the ester and 

alkene functional groups within ethylene glycol dimethacrylate (EGDMA) and the -C-O, -CH3, 

and C=C bonds significant of the carboxylic acid and alkene functional groups within 2-vinyl 

pyridine (2-VP) were the observed FT-IR peaks for the NIP and washed MIP structures, 

respectively. The -CH2 stretching peak was likewise seen at 2953 cm−1 due to the methylene 
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group in 2-VP and EGDMA. The carbonyl group C=O stretching peak was seen in both MIP 

and NIP at 1700 cm−1, which might have originated from the template and cross-linking 

molecules. Weak arrangement bands from 1600 cm−1 to 1200 cm−1 and sharp bands at 1100 

cm−1 specifically on MIPs spectra demonstrate the presence of an aromatic ring of the target 

compounds (-C=O, C-O and -C-N). The interface between templates and monomer offered 

changeable peaks in the spectrums, which exhibited a broad -OH stretching vibration peak at 

3600 cm−1 for unwashed MIPs, this peak is not observed on the unwashed MIP, thus signifying 

successful templates removal from the washed MIP. Furthermore, the unwashed MIP exhibited 

a discernible resolvement of the unified/distinct peak at about 1639 cm-1 after washing 

treatments, indicating the existence of carbonyl groups derived from the crosslinking and 

template molecules. Conversely, the washed MIP and NIP traces at approximately 1600-1640 

cm-1 indicate that this peak has decreased due to the absence of a template. FTIR analysis 

confirmed the existence of the hydrogen bonding interactions and validity of the mechanism 

that takes place during the synthesis of the polymers (Meléndez-Marmolejo et al., 2022). In 

terms of the imprinting effect, MIPs have template-specific binding sites in contrast to NIPs 

because of the interaction between the template and the functional monomer to produce a pre-

polymerization complex. On the other hand, MIPs form background binding sites and are 

therefore good controls in providing information on binding resulting from low affinity 

background binding sites. In addition, NIPs are prone to functional monomer aggregation, 

which reduces the population of functional groups that are available to form background 

binding sites. As a result, NIPs that experience functional monomer aggregation are deemed to 

be poor control polymers since they have reduced background binding sites and may give rise 

to very low binding capacities compared to MIPs giving an impression of imprinting while in 

the real sense no imprinting effect occurs (Ndunda, 2020). Thus, the imprinting effect, 

functional monomer aggregation, or variation in surface area/surface morphology could be 

responsible for the reported discrepancies in MIPs and NIPs performance, according to Roland 

and coworkers (Roland et al., 2023). 
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Figure 3.3: FT-IR spectra of unwashed MIP, washed MIP and NIP 

 

3.6.1.3 Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) 

The TGA was performed to investigate thermal stability for both MIP and NIP at a temperature 

range of 25 °C to 700 °C. Figure 3.4 demonstrates the weight loss percentages (TGA curves) 

and derivatives TGA curves of washed and unwashed MIP as well as NIP sample. The 

polymers exhibited no weight loss and showed stability from 100- 265 °C. However, above 

this temperature, the washed MIP began to degrade more quickly than unwashed MIP and NIP. 

This might be as a result of the recognition of active sites in the cavities of the washed MIP 

sample, which were very sensitive to higher temperatures, in contrast to the unwashed MIP 

sample, where the presence of hydrogen bonds led to increased thermal stability for those given 

sites. Additionally, because there was no template, there were no active sites in the NIP sample 

(Tegegne et al., 2021). The polymers degraded rapidly with rapid weight loss from 270 °C to 

500 °C, 280-450 °C and 290-450 °C for washed MIP, NIP and unwashed MIP, respectively, 

due to breakdown of the main carbon skeleton of the polymer. Similar results were reported by 

Feroz and co-workers for their MIP and NIP (Feroz et al., 2020). Eventually, the washed MIP 

polymer was broken down completely at 600 °C with ˂1% residual mass. Unwashed MIP and 

NIP decomposed at a temperature around 510 °C. This was due to thermal decomposition of 

the crosslinker (EGDMA) from the polymer structure. Moreover, the differences on thermal 

decomposition might have been caused by structural changes that might have happened during 

the template removal procedure (Nkosi et al., 2022). Additionally, by contrasting the thermal 
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curves of the NIP and unwashed MIP samples, they showed that the network structure of 

washed MIP contributed to the unwashed MIP slightly higher stability than the NIP sample. 

Differential scanning calorimetry (DSC) is one of the thermal decomposition analyses which 

has many applications in chemistry such as detecting changes in enthalpy and the specific heat 

capacity. DSC thermograms of washed MIP, unwashed MIP and NIP showed an exothermic 

peak at 351, 371 and 476 °C, respectively which is associated with the thermal decomposition 

of the polymers. The DSC results reported by Madikizela and coworkers on their multi template 

MIP was 360 °C (Madikizela et al., 2017).  

 
Figure 3.4: TGA and DSC analysis of unwashed MIP, washed MIP and NIP 

 

3.6.1.4 X-ray diffraction (XRD) 

The synthesized polymers XRD patterns are shown in Figure 3.5. Additionally, the XRD 

pattern demonstrated that the polymers were similar, with broad peaks at 2 theta values of 

17.15, 17.55, and 17.44° for unwashed MIP, washed MIP, and NIP, respectively. This is 

explained by their similar chemical compositions and also mimics the polymers amorphous 

nature. Another small peak appeared at 39.44, 40.09, and 39.57° for unwashed MIP, washed 

MIP, and NIP, which indicates that the interlayer spacing increases. Since the washed MIP 

surface has more precise binding sites than the unwashed MIP and NIP surface does, it has a 

higher degree of order (Anirudhan et al., 2021). 
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Figure 3.5: X-ray diffraction of (a) unwashed MIP, (b) washed MIP and (c) NIP. 

 

3.6.2 Optimization of parameters 

3.6.2.1 Effect of pH 

To achieve the highest possible adsorption effectiveness of target compounds, the influence of 

the pH must be taken into consideration. The chemistry of the adsorbate and the surface binding 

sites of the adsorbent are both impacted by the pH of the solution, which in turn impacts how 

pharmaceutical compounds are extracted (Tegegne et al., 2021). Sample pH showed a 

significant impact on all pharmaceuticals examined for adsorption efficiency. Results 

portrayed in Figure 3.6 A clearly show that the sample pH plays a vital role in the adsorption 

of the three pharmaceuticals by the synthesized polymer. There was an apparent increase in % 

removal efficiency from pH 2 to pH 7. According to this, the primary factors for sorption were 

the hydrophobic contact and hydrogen bond between the acidic compounds and the specific 

binding sites. The highest removal percentage was observed at pH 7 (> 95%) indicating that 

the adsorbent showed good adsorption competence in the neutral medium. However, as the pH 

of the solution increased from 9 to 10, the removal efficiency of the pharmaceuticals decreased. 

This might be related to the functional groups on the adsorbent and the pKa of the selected 

pharmaceuticals (Table 3.1). The selected pharmaceuticals have a negative charge when pH is 
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more than 7, and 2-vinylpyridine monomer, which is used to make MIP has a pKa of 4.98, 

which also has a negative charge. As a result, the binding affinity between the selected 

pharmaceuticals and MIP was overcome by electrostatic repulsive interactions, and 

hydrophobic interactions which took over as the primary driving force during the adsorption 

process. This outcome is in line with a study that found that as the pH value of the solution 

increased, the amount of pharmaceutical compounds that adsorb onto MIP polymers decreased 

(Amaly et al., 2021). Notably, a slight decline in adsorption at basic pH was due to the negative 

ion predominance in compounds and on the MIP surface, which could result in electrostatic 

repulsion accumulation because hydroxyl (OH-) groups were formed around the modified 

adsorbent and would result in low percentage removal (Mbhele et al., 2018). Furthermore, a 

similar electrostatic interaction could occur due to the presence of oxygen atom in the three 

pharmaceutical compounds. The pH of 7 gave the highest removal percentage range of 93-98% 

for all tested compounds, therefore was considered the best pH for the interaction of templates 

and MIP sites. 

 

3.6.2.2 Effect of mass dosage 

An increase in removal efficiency for the selected pharmaceutical compounds was observed 

when the adsorbent mass was varied from 10 to 50 mg (Figure 3.6 B). An increase in MIP 

dosage causes an increase in active sites for pharmaceutical compounds to bind which means 

more of these compounds are adsorbed on the MIP surfaces. The extraction efficiency for all 

the investigated compounds varied from 92-95% when 40 mg of the MIP was used. The close 

proximity of the extraction efficiency range may be attributable to the use of multiple 

templates, which shows that all target compounds had approximately equal chances of being 

adsorbed. There was no major variation in the removal efficiency of the three compounds when 

the adsorbent mass exceeded 40 mg. This means that during the increase in adsorbent mass, 

more binding sites in the polymer become available and the removal efficiency is enhanced 

until the equilibrium is reached at a mass of 40 mg (Qwane et al., 2020). Therefore, 40 mg was 

chosen as an optimum mass of adsorbent for the simultaneous adsorption of SMX, Nvp and 

Ibu. 

 

3.6.2.3 Effect of contact time 

The impact of contact time was discovered to be a crucial factor in ensuring maximal 

adsorption efficiency. An extraction efficiency greater than 90 % was achieved within 10 min 
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of contact between the adsorbents and the three compounds (Figure 3.6 C). For MIP, the 

extraction efficiency attained increased gradually from 95 % in the contact time of 10 minutes 

to 100 % in 60 minutes. The results demonstrated that there was faster adsorption and that the 

majority of the adsorbate-adsorbent interaction occurred during the first 10 minutes. The MIP 

has a large number of available empty adsorption sites, which helps to speed up the initial 

uptake of the templates as they are adsorbed onto the MIP's adsorption sites (Khatibi et al., 

2021). This means the surface of the MIP reached its saturation point within 10 minutes. The 

maximum pharmaceutical adsorption onto the MIP was reported to be possible in as low as 2 

minutes of contact time, in contrast to prior research. Notably, the removal percentage at 10 

minutes ranged from 95-99%, hence it was chosen as the optimum time because prolonging 

the shaking time did not considerably increase the % removal. 

 

3.6.2.4 Effect of temperature 

It can be seen from Figure 3.6 D that by increasing the temperature from 20 °C to 70 °C, the 

removal efficiency also increased. This could be as a result of the increase in kinetic effect, 

thus leading to increased mobility of the adsorbates molecule as temperature increased. As the 

temperature rises, the adsorbent surface's bond breakdown results in pore enlargement, 

increasing the removal efficiency and might increase interaction between MIP and the 

templates. Analytes tend to have reduced kinetic energy at low temperatures, making it more 

difficult for them to gain access to the active site of the adsorbent. Accordingly, as the 

temperature increased, the kinetic energy of the analytes increased, allowing the maximum 

amount of adsorbate molecules to reach the adsorbent surface. From the results, the maximum 

adsorption for the three compounds occurred at a temperature of 40 °C. The results reported 

by Khatibi and co-workers also show that MIP adsorbed at higher temperatures (Khatibi et al., 

2021). The high adsorption recorded indicates the process is endothermic. 

 

3.6.2.5 Effect on concentration 

To comprehend how varying concentrations affect the adsorbent capacity, the initial 

concentration of the target analyte's effect on the polymer's removal efficiency was 

investigated. The removal efficiency increased as a function of initial concentration (Figure 

3.6 E); this was observed until the adsorbent reached equilibrium at 1 mg L-1 . After 1 mg L-1 

(1-2 mg L-1) the removal efficiency stabilized as a result of reaching equilibrium, hence 

increasing the adsorbent concentration further would no longer be able to increase the % 



98 
 

removal. This may mean that at higher concentrations, the MIP was becoming saturated. 

Therefore, 1 mg L-1 was the optimum concentration for the removal of the selected 

pharmaceuticals using MIP. This study was conducted to investigate the effect of the three 

selected pharmaceuticals' concentrations on their adsorption onto the MIP. This is crucial since 

it makes it possible to determine the MIP's maximum adsorption capacity. Notably, the three 

compounds harmony towards the MIP was evidently in the following order: Ibu< SMX < Nvp. 

This affinity may be explained by the molecular structure of the drugs (Table 3.1), SMX and 

Nvp have two benzene rings, which are more hydrophobic, while Ibu only has one. As a result, 

these three pharmaceuticals interact with MIP through hydrogen bonds and -interactions 

between the aromatic rings (Meléndez-Marmolejo et al., 2022, Husein et al., 2019). The drug’s 

molecular weight and subsequent molecule size are additional factors; the molecule with the 

higher molecular weight is given preference on the surface of the MIPs. The molecular weights 

are 266.3, 253.3 and 206.3 g/mol for Nvp, SMX and Ibu, correspondingly organized in the 

subsequent descending order: Ibu < SMX< NVP. 
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Figure 3.6: Effect of (a)pH, (b)mass dosage, (c)contact time, (d)temperature and 

(d)concentration on the removal of SMX, Nvp and Ibu. 

 

3.6.3 Statistical analysis 

Statistical parameters like Fischer's exact test (F value), probability of error (p value), and sum 

of squares (SS) values for each parameter can be examined in the model using ANOVA. 

Moreover, ANOVA was conducted in order to evaluate the significance of the differences. 

Statistical significance was evaluated at p, 0.05 level. Generally, a high F value indicates 

significance for a model, and a p value of less than 0.05 (a 5% chance deviation) ensures this. 

As shown in Table 3.2, ANOVA results show that the model has an F value of 5.48 with a p 

value of < 0.05 indicating that the model is significant.  The results further revealed that effects 

of initial concentration, adsorbent dosage, and pH were statistically significant at a confidence 



100 
 

level of 95% with p < 0.05 and F value larger than F critical. However, the individual effect of 

contact time and temperature showed no statistical significant with a p>0.05 and a smaller F 

value, which means that it can be neglected during the removal process (Abdel–Gawad and 

Abd El–Aziz, 2019). This confirms the result shown in the main and interaction effect graphs 

in Figure 3.6.  

Table 3.2: ANOVA of the model and process parameters 

Parameters Sum of 

square 

Df Mean 

square 

F value F crit P value  

ANOVA 20895 4 3483 5.48 2.51 1.09x10-3 

Mass 975 4 244 45.61 3.84 1.5x10-5 

Concentration 1673 6 279 30.79 3.00 1.29 x10-6 

pH 992 4 248 18.99 3.84 3.81 x10-3 

Contact time 3.85 x10-3 5 7.69x10-5 8.79 x10-2 3.33 0.99 

Temperature 0.3094 5 0.0619 2.997 3.33 0.066 

Residual 6148 4 636    

Error 0.21 6 4.34    

Total 27043 25     

 

ANOVA was used to develop a mathematical model for optimal process prediction, taking into 

account each parametric level's contribution to the response. The sum of squares (SS) value for 

each parameter was used to aid in understanding how each process variable affects the desired 

response. This was computed into respective percentage as illustrated in equation 3.6 (Show et 

al., 2020).  

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝑝𝑝
𝑆𝑆𝑆𝑆𝑚𝑚

𝑋𝑋 100   (Eq 3.6) 

In this case, SSm stands for the sum of squares of the ANOVA model, whereas SSp stands for 

the sum of squares for a particular parameter. As seen in Table 3.3, it can be noted that the 

removal efficiency of the targeted pharmaceuticals using MIP as an adsorbent was influenced 

by concentration, followed by pH and mass dosage. Contact time and temperature showed a 

very little influence. 
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Table 3.3: Contribution factor of each parameter 

Parameters Contribution factor (%) 

Mass 4.67 

Concentration 8.01 

pH 4.75 

Contact ime 1.71x10-5 

Temperature 1.48x10-3 

 

 

3.6.4 Adsorption kinetics 

To analyse the kinetic adsorption behaviour, the pseudo-first-order model and pseudo-second-

order model were used and calculated by the following equations: 

Pseudo-first-order model: 

    𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒  (1-𝑒𝑒𝑘𝑘1𝑡𝑡)                                 (Eq 3.7) 

Pseudo-second-order model: 

      
𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑞𝑞2𝑘𝑘2𝑡𝑡

1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡                                                
(Eq 3.8) 

where qt (mg g-1) and qe (mg g-1) represent the adsorption capacity of the three compounds on 

MIP at time t (min) and at equilibrium, respectively; k1 (min-1) and k2 (g mg-1 min-1) are the 

adsorption rate constants of pseudo-first-order and pseudo-second-order model, respectively 

(da Silva et al., 2019).  

 

 

 
Figure 3.7: Plots of (a) pseudo-first-order and (b) pseudo-second-order for the three selected 

pharmaceuticals 
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The kinetic profile of SMX, Nvp and Ibu adsorption onto MIP surface at different time intervals 

is depicted in Figure 3.7 A and B. The kinetic data result shown in Table 3.4, based on the 

regression value (R2) for polymers, less linearity is seen in the pseudo-first order model 

regression coefficient R2, which was found to be 0. 0.996 to 0.9982 while for a pseudo-second-

order they were 0.9998 to 0.9999. Notably, the R2 of the pseudo-second order model most 

accurately described the MIP adsorption process of all the studied pharmaceuticals, suggesting 

that chemical interactions may be related to the adsorption process. The implication of this 

finding is that the adsorption of three class of pharmaceuticals by MIP is likely to be kinetically 

controlled as a pseudo-second-order reaction and adsorption depends on both the adsorbent 

and adsorbate concentrations (Bullen et al., 2021). Moreover, the maximum adsorption 

capacity of SMX, Nvp and Ibu analysed with the pseudo-second-order model was very close 

to the experimental value. The pseudo-second-order kinetic model proved to be most suitable 

for explaining the adsorption process of three compounds on polymers, suggesting that the 

most significant step in the adsorption process was chemical adsorption. Accordingly, the 

pseudo-second-order overall rate constant (K2) suggests that Ibu had a faster rate of adsorption, 

which was faster than the rate of chemisorption governing the adsorption of NVP and SMX. 

This might be as a result of Ibu smaller molecular weight relative to other compounds, which 

causes it to be adsorbed more quickly (Ramírez et al., 2021). 
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Table 3.4: Kinetic models data for the MIP  

Analyte Pseudo-first- order Pseudo-second order 

qe (mg g-1) 

Exp 

qe (mg g-1) 

Cal 

K1 (x 10-4) R2 qe (mg g-1) 

Exp 

qe (mg g-1) 

Cal 

K2 R2 

Sulfamethoxazole 10.75 0.9719 1.283  0.996 10.75 10.20 0.1819 0.9999 

Nevirapine 5.84 0.6375 8.83  0.9968 5.84 4.92 0.266 0.9998 

Ibuprofen 9.55 1.035 1.33  0.9982 9.55 8.45 1.178 0.9999 
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3.6.5 Adsorption Isotherms 

Adsorption isotherms are used to determine the mechanism of adsorption, which describes how 

ions or molecules of the adsorbate interact with adsorbent surface sites. Langmuir model and 

Freundlich model were used to fit the adsorption process. The models were calculated by the 

following equations and the calculation results are shown in Table 3.5: 

Langmuir model: 

 
 

𝑞𝑞𝑒𝑒 = 𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1+ 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒                                                   

(Eq 3.9) 

 

Freundlich model: 

   
 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒1/𝑛𝑛

                                                      
(Eq 3.10) 

where qe (mg g-1) and qm (mg g-1) represent the equilibrium adsorption capacity and maximum 

adsorption capacity of the three compounds, respectively; Ce represents concentration of the 

pharmaceuticals at adsorption equilibrium; KL (L mg-1) and KF ((mg g-1) (L mg-1)1/n) represent 

the Langmuir model constant and Freundlich model constant, respectively; 1/n represents the 

adsorption strength constant (Rajahmundry et al., 2021). 

 

The values of the Freundlich (KF, n, and R2) and Langmuir (KL, Rl and R2) parameters 

presented in Table 3.5 indicates the favourable adsorption of Ibu, Nvp, and SMX adsorbed 

onto the MIP surface. According to the Freundlich model, the heterogeneity of the adsorption 

surface is expressed in terms of adsorption intensity n; a smaller 1/n value indicates a more 

heterogeneous surface and an n value between 1 and 10 indicates a favourable process. The 1/n 

values were found to be 0.286 to 0.407 indicating a favourable process. Additionally, the n-

values were greater than 1 and higher KF value suggesting that adsorption is advantageous and 

that it is a physical process. This indicated that the adsorption system of MIP and the three 

pharmaceuticals was favourable for the Freundlich model. The nature of adsorption in 

Langmuir model is explained by the separation factor (RL) by exhibiting the relationship 

between adsorbate and adsorbent. The isotherm model for adsorption can be favourable (0 < 

RL < 1), unfavourable (RL > 1), linear (RL =1) and irreversible (RL =0), that is reliant on the 

equilibrium parameter RL. Under this investigation, the RL values were found to be 0.1275 to 

0.5309 indicating the favourability of the adsorption and that it happened on heterogeneous 

surfaces. As can be seen from Table 3.5, the data fit both the Freundlich and Langmuir 
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isotherms. The experimental data may be effectively described by both adsorption models 

based on the R2 values. The obtained results from the isotherm data fitting confirmed that both 

Langmuir and Freundlich isotherms can efficiently describe the adsorption data with R2 values 

larger than 0.99. Nonetheless, the slightly higher correlation coefficients indicated that the 

Langmuir isotherm provided a better fit, which confirms monolayer adsorption, in which every 

pharmaceutical molecule was adsorbed on different localized adsorption sites without any 

adsorbate transmigrating in the plane of the surfaces, resulting in uniform energies of 

monolayer adsorption onto the adsorbent surface. Tegegne and co-workers also reported on a 

similar  case where both models best fitted the adsorption of pharmaceuticals using MIP 

(Tegegne et al., 2021). Moreover, the maximum adsorption capacity obtained was in the range 

of 3.40-4.97 mg g-1. On the basis of the comparison of qe values calculated, there was an 

insignificant disparity between qe values from the Langmuir model and the experimental 

values. These findings confirmed that the proposed adsorption system favour the Langmuir 

isotherm. The Langmuir adsorption confirms adsorption as a chemical occurrence, which 

assumes that all the vacant adsorption active sites are related, the adsorbed species cannot 

interact, and a monolayer is formed throughout the adsorption process. The literature results 

on the adsorption of pharmaceuticals by MIP was also reported to favour the Langmuir 

isotherms (Meléndez-Marmolejo et al., 2022). 

 

Table 3.5: Adsorption isotherm data for the MIP  

Isotherm Parameters MIP templates 

Sulfamethoxazole Nevirapine Ibuprofen 

Freundlich Kf (L mg-1) 0.276 0.4457 0.9976 

N 3.45 3.5 2.46 

1/n 0.290 0.286 0.407 

R2 0.9953 0.9928 0.9824 

Langmuir Qmax (mg g-1) 3.89 4.97 3.40 

KL (L mg-1) 0.8846 0.1408 0.2884 

RL 0.1275 0.454 0.5309 

R2 0.9937 0.9973 0.9992 
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3.6.6 Thermodynamics 

Thermodynamic parameters were calculated by the following equations: 
∆𝐺𝐺° = −𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙𝐿𝐿                                               (Eq 3.11) 

𝑙𝑙𝑙𝑙𝑙𝑙𝐿𝐿 = ∆𝑆𝑆°
𝑅𝑅
− ∆𝐻𝐻°

𝑅𝑅𝑅𝑅                              
(Eq 3.12) 

where ∆G° (kJ mol-1), ∆H° (kJ mol-1) and ∆S° (kJ mol-1) represent standard free energy change, 

enthalpy change and entropy change, respectively; T (K) represents reaction temperature; R 

(8.314 J mol-1 K-1) represents universal gas constant; KL the equilibrium constant for 

adsorption, can be calculated from the relationship between the equilibrium concentration (Ce) 

and the amount adsorbed at equilibrium (qe) at different temperatures. Equation (3.12) is 

known as the Van´t Hof equation and ∆H° and ∆S° can be determined from the slope and the 

intercept of the graph of ln KL as a function of 1/T (Lima et al., 2019). The three thermodynamic 

parameters, Gibbs free energy change (ΔG°), enthalpy change (ΔH°), and entropy change 

(ΔS°), were utilized to determine the adsorption mechanism of SMX, Nvp, and Ibu by the 

polymers. Table 3.6 shows the values of ΔH°, ΔG° and ΔS° calculated from the slope and 

intercept of the plot of lnKL and 1/T in Figure 3.8. As the temperature increased, the negative 

value of ΔG° and its magnitude increased suggesting that the adsorption process was 

spontaneous and thermodynamically favourable. This is because at higher temperature, ions 

are easily desolvated and therefore their adsorption becomes more favourable (Adebayo et al., 

2019). 

 

 

 
Figure 3.8: Plot of lnKL and 1/T for the adsorption of SMX, Nvp and Ibu by MIP. 
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The adsorption process reactions obeyed an endothermic character and an irregular increase of 

randomness in the interaction of the three chemicals with MIP, as evidenced by the positive 

signs of ΔH° and ΔS°. This explains the increase in % removal percentage as the temperature 

solution rises, Figure 3.6 D. Notably, the type of adsorption can be explained in terms of the 

magnitude of Δ H°. The heat evolved during physisorption generally lies in the range of 2.1-

20.9 kJ mol-1, while the heat of chemisorption falls into a range of 80-200 kJ mol-1. Hence, the 

adsorption of the three compounds onto MIP may be attributed to a physical adsorption process. 

The process of physisorption is caused by a broad range of weak Van der Waals forces, 

electrostatic and hydrogen interaction between adsorbent (MIP) and adsorbates (SMX, Nvp 

and Ibu) (Hasanah et al., 2021, Saleh, 2022).  

 

Table 3.6: Thermodynamics parameters for the MIP and NIP adsorbents 

Compounds ΔG° (kJ mol-1) ΔH° 

(kJ 

mol-1) 

ΔS° 

(J 

mol-1 

K-1) 

R2 

298 K 303 K 313 K 323 K 333 K 343 K 

Sulfamethoxazole -10.48 -11.07 -12.16 -13.03 -14.14 -15.37 21.13 106.1 0.9948 

Nevirapine -5.18 -5.34 -5.64 -5.95 -6.22 -6.56 3.85 30.31 0.9962 

Ibuprofen -11.13 -11.50 -12.34 -13.09 -13.77 -14.42 10.93 74.16 0.9897 

 

3.6.7 Selectivity 

The competitor diclofenac was selected as it may be able to compete for binding sites on the 

MIP cavities imprinted with the three compounds due to it physicochemical similarities to 

SMX, Nvp and Ibu (Table 3.1). The result in Figure 3.9 shows the removal efficiency for 

SMX, NVP and Ibu in the presence of the competitor was greater than 80%. It appears that 

MIP was more effective in removing SMX, Nvp, and Ibu than it was at removing diclofenac, 

this therefore suggests that MIP was more selective. Although MIP can interact similarly with 

the other compounds, it binds SMX, Nvp and Ibu strongly due to molecular recognition. The 

removal efficiency of diclofenac was below 60%. This was linked to the lack of molecular 
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recognition, which is significantly influenced by the functional groups, molecular structure, 

and size of the imprinting molecule. This might have hindered diclofenac from binding strongly 

to the MIP. 

 
Figure 3.9: Removal efficiency selectivity of SMX, NVP, Ibu and Diclo from the MIP. 

 

The results in Table 3.7 summarises the Kd and k values of the pharmaceuticals. The 

compounds exhibited greater binding capabilities on MIP as compared to NIP. The selectivity 

of MIP and NIP towards selected pharmaceuticals in the presence of diclofenac revealed that 

MIP has a greater selectivity towards the target compounds than NIP in aqueous sample. This 

further indicates that MIP has higher molecular recognition of selected pharmaceuticals with 

respect to NIP. This was displayed by MIP high adsorption efficiencies compared to NIP as 

seen in Figure 3.9.  The selectivity factor (k) obtained for MIP is greater than 1 in all cases, 

which indicates the molecular memory of the MIP for the selected pharmaceuticals, it 

interactions, and size (Espinoza-Torres et al., 2023). This further indicates the high selectivity 

of MIP towards the target pharmaceuticals. Accordingly, the selectivity factor values for the of 

MIP were in the following order: Ibu>SMX>Nvp. This may indicate the capability of the 

compounds to selectively bind to the imprinted polymer to form hydrogen bond with the 

imprinted polymer's surface functional groups particularly in the monomer (2-vinyl pyridine) 

serving as a component of the polymer. Accordingly, the compounds imprinting cavities are 

made based on the interaction of the template's functionality and the shape, size, and amount 

of hydrogen bonding (Ndunda, 2020). Furthermore, the relative selectivity (k’) indicated the 

magnitude of selectivity of the MIP in relation to the NIP, where values were greater than one, 

which implies that the MIP was more selective to the selected pharmaceuticals. 
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Table 3.7: Selectivity of MIP towards the pharmaceuticals 

Pharmaceuticals Kd MIP 

(mg g-1) 

Kd NIP 

 (mg g-1) 

k (MIP) k (NIP) k’ 

Sulfamethoxazole 0.86 0.25 1.56 0.71 3.44 

Nevirapine 0.84 0.26 1.52 0.74 3.23 

Ibuprofen 0.93 0.33 1.69 0.71 2.82 

Diclofenac 0.55 0.35 - - 1.57 

 

3.6.8 Reusability 

The reusability results in Figure 3.10 demonstrate that MIP particles maintained their quality 

even after the fifth cycle reuse with it adsorption efficiency being >90 %. The findings revealed 

that despite repeated cyclic oscillations and other external stresses, the spatial structure of MIPs 

was not affected (Amaly et al., 2021). The imprinted layer continued to exhibit strong activity 

and good reusability. Moreover, the outcome of regeneration tests over multiple adsorption and 

desorption cycles demonstrates the well-known benefit of MIPs over the majority of traditional 

adsorbents, which are typically used once and discarded. This is significant since it reduces 

costs and excessive material use. 

 
Figure 3.10: Reusability cycles of the MIP. 

 

3.6.9 Comparison with other research studies 

Comparison with reported MIP-based adsorbent approaches was undertaken to further 

establish the merits of the studied method for the analysis of target pharmaceutical compounds. 

Notably, no studies have been published in the literature regarding the simultaneous adsorption 
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and removal of ibuprofen, nevirapine, and sulfamethoxazole using MIP in an aqueous 

environment. The results in Table 3.8 displays findings from a few current investigations on 

the adsorption capacity and removal efficiency of the target pharmaceuticals considered for 

this study using MIP in aqueous solution. These values and the study that was reported were 

compared. Accordingly, the values acquired in this study were found to be lower than the 

majority of the studies reported. Notably, most studies mainly focus on synthesizing MIPs that 

target a single pharmaceutical or a group of pharmaceuticals belonging to the same class. 

Nonetheless, this study focused on MIP synthesis that targeted multiple classes of 

pharmaceuticals. Thus, the competitive adsorption of the pharmaceuticals onto the MIP surface 

might have resulted in less adsorption of these analytes leading to lower adsorption capacity.  

Given that the goal of the study was to use MIP cross-selectivity with three model compounds 

from various pharmaceutical classes, the findings are generally favourable.  

 

Table 3.8: Comparison between the current study and published MIP studies. 

Pharmaceutical 

compounds 

Adsorption 

capacity (mg g-1) 

Removal 

efficiency (%) 

Reference 

Sulfamethoxazole 38.04 - (Xie et al., 2022) 

24 - (Qiu et al., 2020) 

284.66 91-106 (Cheng et al., 2022) 

Nevirapine - 46-69 (Khulu et al., 2021) 

206 43-69 (Khulu et al., 2022) 

Ibuprofen 35 14.5 (Stachowiak et al., 

2023) 

3.6 57-69 (Madikizela and 

Chimuka, 2016b) 

Sulfamethoxazole 3.89 70-98 This work 

Nevirapine 4.97 74-99 

Ibuprofen 3.40 79-96 

-: not reported 
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3.7 Conclusion 

This research sought to synthesise and characterize a molecularly imprinted polymer for the 

simultaneous adsorption and extraction of sulfamethoxazole, nevirapine and ibuprofen in an 

aqueous solution, as well as conduct extensive studies on the isotherm, kinetics, and 

thermodynamics of adsorption. The FTIR, TGA, and SEM analyses were used to describe the 

structure, morphology, and content of the multi template MIP. The outcomes demonstrated the 

effective synthesis of the multi-template MIP.  Using MIP as the adsorbent, a batch adsorption 

experiment was carried out to identify the variables influencing the adsorption efficacy. Using 

ANOVA statistical analysis, it was discovered that the dosage, concentration, and pH of the 

adsorbent had statistical significance with p<0.05, whereas temperature and time showed no 

statistical significance.  Furthermore, concentration had the greatest impact on the targeted 

pharmaceuticals' removal efficiency when using MIP as an adsorbent, followed by pH and 

mass dosage as indicated by their percentage contribution. Contact time and temperature had 

the least impact. Although both the Freundlich and Langmuir adsorption isotherms were able 

to fit the experimental data, the latter provided a better explanation of equilibrium behaviour. 

Consequently, the Langmuir model in the adsorption isotherm provided the best fit to the 

experimental data showing the monolayer nature of the binding sites in the adsorbent and the 

pseudo-second-order kinetic model showing chemisorption occurs during adsorption. 

Additionally, endothermic and entropy increases occurred spontaneously during the adsorption 

process. The research has successfully synthesized molecularly imprinted polymers with good 

extraction efficiencies and strong selectivity toward the selected types of pharmaceuticals. 

When looking for materials to solve environmental issues, the reuse process is essential; for 

this reason, it is important to research and ensure the material's effectiveness in various 

adsorption cycles. MIPs showed to have a stable structure and a high recycling value, so they 

may satisfy the demands of water treatment for adsorbent materials. 
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Chapter 4  

Efficacy assessment of molecularly imprinted polymer incorporated with starch and 

macadamia-capped silver nanoparticles for the removal of multi-class pharmaceuticals 

in wastewater 

Abstract 

The presence of pharmaceuticals in water bodies has been reported to be mainly due to their 

incomplete removal by conventional wastewater treatment processes. This results in 

their release into the aquatic environment with treated effluent where they pose a 

significant threat to human health and aquatic life. Therefore, it is extremely important 

to remove these pollutants from the aquatic environment using affordable, yet highly 

efficient materials. The integration of nanomaterials to molecularly imprinted polymers 

(MIPs) results in combined attributes from both components to yield highly 

multifunctional materials with improved adsorption capacity of pharmaceuticals from 

water. The goal of this study was therefore to incorporate silver nanoparticles (AgNPs) 

into MIPs using sulfamethoxazole, nevirapine, and ibuprofen drugs as target 

compounds. The AgNPs were synthesised using starch and macadamia nutshells as 

reducing and capping agents, respectively. The formation of silver nanoparticles was 

confirmed by UV-visible spectroscopy peaks at 414 and 416 nm for the starch and 

macadamia nanoMIPs, respectively. Thermogravimetric analysis showed that the nano 

particles stability was improved upon their incorporation into the MIPs. The 

transmission electron microscope revealed the starch and macadamia nanoMIPs are 

spherical in shape with amorphous MIP network around the AgNPs. The scanning 

electron microscopy showed a rough surface on the starch and macadamia nanoMIPs 

anticipating high adsorption capability of the pharmaceuticals onto the adsorbents 

surface. Fourier transform infrared spectroscopy highlighted C=O, C-N, C-O are the 

key active functional groups that could be responsible for formation of starch (St) and 

macadamia (MCD) nanoMIPs. The X-ray diffraction analysis showed crystalline nature 

with (111), (200), (220), (311) and (222) reflections indicating a face-centred cubic 

(fcc) structure of AgNps. The optimum removal results for St-nanoMIP were obtained 

when a temperature of 30 °C, sample pH of 7, initial concentration of 0.6 mg L-1, mass 

dosage of 50 mg and contact time of 10 minutes was used. The MCD-nanoMIPs 

optimum conditions were obtained at a temperature of 40 °C, sample pH of 7, 

concentration of 0.2 mg L-1, mass dosage of 20 mg and a contact time of 10 minutes. 
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At these conditions, the removal percentage of 90-99% was achieved for the St-

nanoMIP and between 92-99.9% for MCD-nanoMIP. The ANOVA analysis also 

revealed that the chosen parameters have a significant difference on the adsorption 

capacity of the pharmaceuticals onto the surface of the starch and macadamia 

nanoMIPs. Their contribution was found to be in the following order, mass 

dosage>temperature>pH>concentration>contact time for St-nanoMIP, and 

temperature>mass dosage>concentration>pH>contact time for MCD-nanoMIP. The 

experimental data for St/MCD-AgNPs was fitted to the Freundlich and Langmuir 

adsorption isotherms, based on the slightly higher correlation coefficients, the non-

linear Langmuir isotherm model produced an improved fit. The non-linear Freundlich 

model best fitted for the St/MCD-nanoMIPs. Additionally, the adsorption kinetics of 

St/MCD-nanoMIPs have been demonstrated to be highly accurately described by the 

linear pseudo-second order model, whereas the thermodynamic data showed that the 

adsorption process was spontaneous and endothermic for both St/MCD nanoMIPs 

adsorbents. Notably, the incorporation of nanoparticles into the MIP showed improved 

qualities and were highly selective and effective in removing the selected 

pharmaceuticals from wastewater.  

 

Keywords: nanoMIPs, starch, macadamia, pharmaceuticals, adsorption 
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4.1 Introduction 

Pharmaceutical compounds are continually introduced into the environment, primarily through 

agricultural activities, manufacturing industries, veterinary, hospital effluents and wastewater 

treatment plants (WWTPs) effluents (Waleng and Nomngongo, 2022). The WWTPs are 

recognized as the primary contributors to aquatic systems contamination by pharmaceuticals 

which has raised concerns worldwide. This is due to that pharmaceuticals are widely used 

especially to improve human health and thus are excreted as urine and faecal waste leading to 

their large amounts entering the WWTPs. Owing to the restricted capability of the current 

wastewater treatment technologies, the majority of pharmaceuticals cannot be completely 

removed from wastewater resulting in their release into water bodies (Pereira et al., 2020). 

Consequently, the search for low-cost, effective, greener and highly selective removal 

techniques is necessary. One of the most promising methods in the removal of pharmaceuticals 

is using adsorption since it can be readily integrated into the present water treatment systems 

(Morin-Crini et al., 2022). The most prevalent adsorbents used in wastewater treatment include 

activated carbon, zeolites, clays, chitosan, and others. Even though these adsorbents have 

excellent adsorption capacities, they are frequently unable to efficiently remove 

pharmaceuticals especially from complex samples as they are not selective (Nordin et al., 

2023). Therefore, enhancing adsorbent’s selectivity for pharmaceuticals may give a workable 

alternative. For instance, molecularly imprinted polymers (MIP), are potent molecular 

receptors capable of selectively recognizing specific pharmaceuticals during the adsorption 

process. This results from the MIPs advantageous characteristics, including high affinity, 

predetermination, high stability, and versatility in molecular recognition (Sadia et al., 2023). 

Furthermore, they are easy to prepare, are low cost, and can be reused several times. 

Accordingly, MIPs are synthetic polymers made by copolymerizing a complex made of a cross-

linking component, a functional monomer, and a molecular template (Sajini and Mathew, 

2021). These polymers have unique pores designed for the target molecule. Typically, the 

chosen monomer forms a bond with the imprint compounds through H-bonding/van der Waals, 

electrostatics, covalent bonds, or metal-linker coordination. After the imprinting template has 

been removed, there may be a specific cavity with particular geometries and functional groups 

that can complement the template molecule. Nevertheless, there are several problems with 

traditional molecular imprinting polymers, including low mass transfer efficiency and irregular 

binding site loading (Refaat et al., 2019). 

An approach to overcome these issues has been provided by a change in the focus of MIP 

research from bulk polymers to nanomaterials, which has caused an advancement in the field 
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(He et al., 2021). Molecularly imprinted nanoparticles, or nanoMIPs are a major development 

in imprinting technology since they solve a number of problems with bulk polymerized MIP. 

These consist of irregular form, incomplete template removal, delayed mass transfers, and 

uneven recognition site distribution (Fresco-Cala et al., 2020). A hybrid material with potential 

and novel features emerges when MIP and nanoparticles are combined (Garnier et al., 2021). 

In the fabrication of nanoMIPs, nanoparticles often serve as the support or core of the imprinted 

polymer. To increase the material's surface area or provide the sorbent with a new or additional 

property, the nanoparticles can only be embedded in the polymeric network (Khdary et al., 

2023). Additionally, nanoparticles can be used to enhance the MIP's chemical or physical 

characteristics in order to increase detectability. These distinctive qualities are primarily 

influenced by the type of nanoparticle as well as their size and shape, allowing for the use of 

one type or another depending on the particular analytical necessity. Nanoparticles have drawn 

a lot of interest due to the remarkable electrical, magnetic, thermal, and catalytic properties that 

are produced because of their reduced particle size (Joudeh and Linke, 2022). As a result, there 

are now more opportunities for developing novel analytical techniques. Incorporating 

nanoparticles into the polymer structure is thus a novel method of synthesizing novel MIPs. 

Silver-based NPs satisfy several requirements related to wastewater treatment methods (Fiorati 

et al., 2020, Ashique et al., 2022). This is due to their significant conductance, chemical 

durability, good catalytic activity, higher extinction coefficients, sharper extinction bands, 

significant field enhancements, optical, electrical and binding capabilities (Khan et al., 2022, 

Mo et al., 2022). Silver nanoparticles’ size, as well as their structure, shape, and size 

distribution, have a significant impact on its chemical and physical properties. As a result, it is 

essential to adjust these properties, which is frequently accomplished by modifying synthesis 

methods, reducing agents and stabilizers or capping agents (Szczyglewska et al., 2023).  

Typically, toxic chemicals and solvents are used in  chemical and physical processes to produce 

nanoparticles (Ying et al., 2022). However, because of their toxicity, these reducing chemicals 

may have negative effects on the environment, which is why there is a growing interest in using 

green materials to reduce AgNPs (Nie et al., 2023). In contrast, green synthesis uses natural, 

nontoxic, and eco-friendly materials for generating nanoparticles. Some environmentally 

friendly materials can serve as both capping and stabilizing agents at the same time, which 

saves energy and prevents the use of hazardous and toxic chemicals (Monga et al., 2020).  

Consequently, the preparation of nanoparticles inside polymers offers numerous benefits from 

the standpoint of green synthesis. These include the ability to have a significant number of 

hydroxyl and carboxyl groups capable of complexing metal Ag ions, which allows for precise 
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control of the size, shape, and distribution of nanoparticles and improves their biological 

composition and biodegradability (Madani et al., 2022). When synthesizing nanoparticles, the 

method is simple, straightforward and does not require specialized equipment. The method 

begins by mixing an aqueous metal salt silver nitrate (AgNO3) solution with a water-based 

extract derived from a suitable chemical/plant source. At this step, the chemical/plant extract 

also serves as capping agents, coating and stabilizing the nanoparticles.  

The Ag ions are transformed from their mono- or divalent oxidation states (Ag+) to zero-valent 

ones (Ag°) by biochemical reduction of the metal salt solution, which also starts the nucleation 

of nanoparticles. Smaller nearby particles then form clusters with the former larger 

thermodynamically stable nanoparticles. Silver nanoparticles may be biologically produced 

from organic waste, which makes them more affordable, efficient, low-cost, and ecologically 

benign than other technologies, competing with the waste to wealth objective (Gowda et al., 

2022). Accordingly, waste (shells) from macadamia nut contains a variety of valuable 

materials, including cellulose, lignin, and hemicellulose. As a green reducing agent, 

macadamia nut shells can help with the production of bionanomaterials and offer a less 

expensive method (Aswathi et al., 2023). Moreover, when it comes to environmental 

applications, starch is far more affordable and environmentally friendly, due to its chemical 

structure, biocompatibility, and biodegradability (Khoo et al., 2023, Nxumalo and Mahlambi, 

2023). 

Consequently, the goal of the current study was to synthesize AgNPs incorporated with MIPs 

utilizing a bio-green technique, using starch and macadamia nut shells as a capping agent and 

a reducing agent to convert Ag+ to Ag°. As opposed to other dispersants, starch is widely 

acknowledged to be both more affordable and environmentally friendly. This study further 

aimed to compare the effectiveness of the starch and macadamia capped silver nanoparticles 

and incorporate them into molecularly imprinted polymer (nanoMIPs) for the removal of 

antibiotic (sulfamethoxazole), antiretroviral drug (nevirapine) and non-steroidal anti-

inflammatory drug (ibuprofen) from wastewater. The selected pharmaceuticals are amongst the 

most distributed and highly consumed pharmaceuticals. Nevirapine is used to manage and treat 

human immunodeficiency  virus (HIV), to prevent mother to child transmission of HIV (Abafe 

et al., 2018). Whereas, ibuprofen is commonly prescribed as an antipyretic, analgesic, and anti-

inflammatory to alleviate fever, headache, muscle pain, menstrual discomfort, neurological 

pain, and post-surgical pain, and it is a widely recognized anti-inflammatory with significant 

human consumption rates (Jan-Roblero and Cruz-Maya, 2023). Sulfamethoxazole is used to 

treat diarrhoea, urinary tract infection, and is commonly administered to HIV-positive 
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individuals as a broad-spectrum prophylactic against bacterial infections and protozoa 

(Marzaman et al., 2023). The distribution and consumption of these pharmaceuticals therefore 

leads to their high detection in WWTPs resulting to their continuous discharge into the 

receiving rivers where they might adversely affect aquatic life. Also, they might end up in 

drinking water leading to drug resistance by the human body upon prolonged unintentional 

consumption. Finally, in order to comprehend the nature of the adsorption process of the 

selected pharmaceuticals onto the produced nanoMIPs, research on the adsorption isotherms, 

kinetics, and thermodynamics studies were conducted. To the best of the authors knowledge, 

this work was conducted for the first time...  

 

4.2 Methodology 

4.2.1 Chemicals 

The following products were purchased from Sigma-Aldrich (Johannesburg, South Africa): 

nevirapine, ibuprofen, sulfamethoxazole, 2-vinylpyridine, 1,1-azobis-(cyclohexane 

carbonitrile) (98 %), EGDMA (98 %), acetonitrile (≥99.9% %), and acetone (99.8%), toluene 

(99.7%).  Merck (Johannesburg, South Africa) provided analytical grade sodium hydroxide 

(NaOH) (99.9%), silver nitrate (AgNO3) (99.8%), and soluble starch (99.9%). Macadamia nut 

shells were collected from Department of Agriculture in Hilton, Pietermaritzburg. 

 

4.2.2 Standard preparation 

The stock solution was prepared by dissolving 10 mg of each compound in acetonitrile to make 

up a concentration of about 100 mg L-1. The concentration range of 0.2 to 1.5 mg L-1 prepared 

from the stock solution was used for the calibration of the LC-MS instrument. 

 

4.2.3 Instrument 

The analysis of the selected pharmaceuticals was performed using LC Shimadzu 2020 series 

purchased from Shimadzu (Tokyo, Japan). The separation of the target analytes was performed 

using Shim-Pack GIST C18-HP (150 × 4.6 mm i.d, 3,5 µm particle size) column purchased 

from Shimadzu (Tokyo, Japan). The column temperature was kept at 40 ºC. The mobile phase 

was pumped isocratically at a flow rate of 0.4 mL min-1 with a composition of 0.1 % formic 

acid in water and acetonitrile (10:90). The injection volume was 10 µL in ambient column 

temperature. The UV/vis detector was set at 210 nm for all template measurement. This method 

was adopted from Hlengwa and co-workers and was modified (Hlengwa and Mahlambi, 2020). 
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4.2.4 Sampling and sample preparation 

Wastewater samples were collected from three wastewater treatment plants located in 

KwaZulu-Natal Province, South Africa. The plants were Darvill Wastewater Treatment Plant 

(WWTP) located in Pietermaritzburg, and Amanzimtoti and Northern WWTPs which are 

located in Durban. These WWTPs receive sewerage from both domestic and industrial wastes. 

Effluent samples were collected in dark brown bottles and stored in a cooler box. The samples 

were then transported to the laboratory where they were stored in the refrigerator (4°C) for 

further analysis. The MRC SMM450 sample mill was used to ground the macadamia nutshells 

which were then sieved into 250 µm using King test VB 200/300 sieve shaker from DLD 

Scientific (Durban, South Africa).  

 

4.2.5 Synthesis of silver nanoparticles 

A solution of alkali dissolved starch and macadamia was prepared by placing 1 g of each and 

mixing with 0.25 g of NaOH pellets in 100 mL of ultrapure water in an Erlenmeyer flask. It 

was discovered that NaOH is crucial for producing particular intermediates in the reduction of 

Ag+ to Ag0 as well as for accelerating the reduction and nucleation rates by boosting the 

oxidation of starch and macadamia, which in turn speeds up the creation of AgNPs. The 

solution was stirred by a magnetic stirrer at 80 °C for about 10 minutes to obtain a clear 

solution. Thereafter, 20 mL of 0.1 M AgNO3 solution was added dropwise to the reaction 

mixture of starch and macadamia. The reaction mixtures were held under continuous stirring 

for 60 minutes. After the addition of AgNO3 solution, the starch reaction medium acquired a 

clear yellow colour which changed to brown and finally to dark brown colour showing the 

formation of starch silver nanoparticles (St-AgNPs). The macadamia medium changed from 

brown to dark brown, an indication of the formation of macadamia silver nanoparticles (MCD-

AgNPs). After the reaction was complete, the colloidal solution was allowed to cool down 

slowly for 30 minutes to 25 °C. Then the reaction media were precipitated using acetone. The 

powdered precipitates were collected by centrifugation at 4500 rpm for 15 minutes, washed 

twice with acetone and water to remove the unreacted materials and impurities. The collected 

AgNPs were then oven-dried at 80 °C for 15 minutes (Okaiyeto et al., 2021). 
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4.2.6 Synthesis of molecularly imprinted polymer silver nanoparticles (nanoMIPs) 

With a few minor adjustments, the synthesis of MIPs was implemented from the method 

employed by Madikizela and colleagues (Madikizela and Chimuka, 2016). Two steps were 

taken in the MIP bulk polymerization process. In the first step, 20 mg of 1,1′-azobis-

(cyclohexane carbonitrile) were dissolved in 50 mL of toluene, and then 1.51 mL of ethylene 

glycol dimethacrylate (EGDMA) was added. After sealing the reaction flask, nitrogen was 

purged for ten minutes. After that, the reaction was left to occur for 16 hours at 60 °C in an oil 

bath while being constantly stirred. In the second step, 25 mL of acetonitrile was used to 

dissolve 25 mg of each pharmaceutical (ibuprofen, nevirapine, and sulfamethoxazole). 

Thereafter, 1 mL of 2-vinylpyridine, 3.85 mL ethylene glycol dimethacrylate (EGDMA), 60 

mg 1,1′-azobis-(cyclohexane carbonitrile), 100 mg of the synthesised St/MCD-AgNPs and 25 

mL of toluene were added. After being added into the first reaction flask, the mixture was 

sealed and nitrogen-purged for 15 minutes to remove any remaining oxygen. The reaction was 

allowed to proceed for 24 hours at 80 °C in an oil bath. The resulting polymer was oven dried 

overnight at 100 °C. Following milling and sieving of the polymer, particles between 25 and 

50 μm were collected. Soxhlet extraction was used to elute the templates from the resultant 

polymer by repeatedly washing it with a 9:1 v/v mixture of acetonitrile and acetic acid until the 

LC-MS system was unable to detect the templates. The polymer was then washed with 100% 

acetonitrile to wash off acetic acid. The same procedure in the absence of the template in the 

polymerization mixture was followed for the preparation of non-imprinted polymer (NIP). 

 

4.2.7 Characterisation of nanomaterials 

A Perkin Elmer Lambda 25 UV-Vis spectrophotometer was used for all-optical studies at 200-

800 nm wavelength range at room temperature. A Fourier transform infrared (Perkin Elmer) 

spectrometer (400 FTIR) equipped with a universal ATR sampling accessory was used to 

assess the functional groups present in the nanoMIPs. The structure of the nanoparticles was 

studied using a JEOL JEM-2100 transmission electron microscope (TEM) operating at 200 kV. 

Zeiss Ultra Plus Field Emission Gun Scanning electron microscopy (FEG-SEM) instrument 

(Tokyo, Japan) was used to assess surface morphology of the synthesised polymers. To 

evaluate the thermal stability of the polymer, thermogravimetric (TGA) analysis was conducted 

using Anton Paar instrument (Mettler Toledo, Columbus, USA). X-ray diffraction (XRD) 

patterns were obtained from Rigaku MiniFlex 600 (Rigaku Tokyo, Japan). Raman spectra were 

recorded on a Via Renishaw Raman spectrometer in (Renishaw, England). 
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4.3 Adsorption studies 

A batch technique was used to study the adsorption of the selected pharmaceuticals, allowing 

for the convenient examination of the parameters that affect the adsorption process. Parameters 

such as concentration of (0.2-1.5 mg L-1), agitation time (10-60 minutes), sample pH (2-10), 

AgNPs mass dose (10-50 mg), and temperature (25-70 °C) were optimized by changing one 

parameter at a time while keeping the others constant. The samples were put into 100 mL 

conical flasks and agitated on a shaker at 150 rpm. The supernatant was then analysed using a 

LC-MS. Additionally, batch adsorption tests were conducted to assess kinetic data and 

thermodynamic parameters. To determine the most appropriate rate equation, kinetic data were 

tested based on pseudo-first and pseudo-second-order rate equations. Equations (4.1) and (4.2) 

were used to calculate the adsorption capacity (mg g-1) and adsorption efficiency (%) or 

removal (%) for all experimental conditions that affected the adsorption (Husein et al., 2019). 

𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑒𝑒)𝑉𝑉
𝑊𝑊

       Eq 4.1 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (%) = (𝐶𝐶0−𝐶𝐶𝑒𝑒)
𝐶𝐶0

𝑋𝑋 100    Eq 4.2 

Where V is the volume of the solution in litres (L) and W is the mass of the nanoMIPs in 

milligrams, Co represents the initial concentration (mg L-1) before the adsorption and Ce the 

final concentration (mg L-1) of the target compound remaining in solution after adsorption. 

 

4.4 Data analysis 

The F-test, and ANOVA statistical analyses of the adsorption experiments were conducted to 

obtain statistical information about the efficiency of the St/MCD-nanoMIPs material for 

sulfamethoxazole, nevirapine and ibuprofen removal. Understanding how each process 

variable affects the intended response is also made easier for the process by looking at the sum 

of square value for each parameter. The percentage contribution was calculated by equation 

(4.3) (Show et al., 2020). 

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝑝𝑝
𝑆𝑆𝑆𝑆𝑚𝑚

𝑋𝑋 100    Eq 4.3 

In this case, SSm stands for the sum of squares of the model, and SSp stands for the sum of 

squares for a chosen parameter. 

 

4.5 Adsorption isotherms 

Using Langmuir and Freundlich equations, the adsorption isotherms were studied for a range 

of initial pharmaceuticals concentrations. 
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Langmuir isotherm: The Langmuir isotherm model assumes that adsorption is a 

homogeneous process in which adsorbate is adsorbed in the form of a monolayer onto 

adsorbent, with adsorption taking place at a fixed number of adsorption sites, with no lateral 

interaction or transmigration of the adsorbate molecule in the plane of the adsorbent (Kalam et 

al., 2021). The linear and non-linear Langmuir model in equation (4.4) and (4.5) is given by: 

𝑞𝑞𝑒𝑒 =  𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1+ 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

       Eq 4.4 

1
𝑞𝑞𝑒𝑒

=  1
 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

+  𝑅𝑅𝐿𝐿
𝐾𝐾𝐿𝐿

       Eq 4.5 

where, Qmax = the maximum monolayer adsorption capacity of the adsorbent (mg g-1), qe = 

equilibrium adsorption capacity of the adsorbent (mg g-1), KL = the Langmuir constant (L mg-

1) and Ce = equilibrium concentration of template (mg L-1). The separation factor or 

equilibrium parameter, indicated as RL, is an important parameter connected to the Langmuir 

model and is used to determine whether surfactant adsorption is favourable or unfavourable. 

𝑅𝑅𝐿𝐿 = 1
1+ 𝐾𝐾𝐿𝐿𝐶𝐶𝑂𝑂

       Eq 4.6 

Where KL and Co are the Langmuir constant and highest initial concentration of 

pharmaceuticals, respectively. 

Freundlich isotherm: This empirical model is applicable to multilayer adsorption on 

heterogeneous surfaces. It is presumptively assumed that the adsorption heat distribution and 

affinities for the heterogeneous surface are not uniform (Kalam et al., 2021). The linear and 

non-linear Freundlich isotherm  are defined in equation (4.7) and (4.8), respectively (Gabr et 

al., 2023). 

𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 = 𝑙𝑙𝑙𝑙𝐾𝐾𝐹𝐹 + 1
𝑛𝑛

 𝑙𝑙𝑙𝑙𝐶𝐶𝑒𝑒     Eq 4.7 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒1/𝑛𝑛       Eq 4.8 

where Ce, qe represent, the concentration of template and the amount of template adsorbed at 

equilibrium respectively. The Freundlich isotherm model's constants are the adsorption 

capacity (KF) and adsorption intensity (1/n). Additionally, the exponent (1/n) indicates the 

capacity and favourability of the adsorbent/adsorbate system (Shikuku and Jemutai-Kimosop, 

2020). 

 

4.6 Adsorption kinetics 

Two kinetic models, pseudo-first order and pseudo-second order models, were used to 

determine the adsorption rate. The two kinetic models are represented by equations (4.9-4.12), 

respectively (Parashar et al., 2022). 
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𝑙𝑙𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡 (linear pseudo-first order)   Eq 4.9 
1
𝑞𝑞𝑡𝑡

=  1
 𝑘𝑘2𝑞𝑞𝑒𝑒2

+  𝑡𝑡
𝑞𝑞𝑡𝑡

  (linear pseudo-second order)   Eq 4.10 

𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒(1 + 𝑒𝑒𝐾𝐾1𝑡𝑡)  (non-linear pseudo-first order)  Eq 4.11 

𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑞𝑞2𝑘𝑘2𝑡𝑡
1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡

   (non-linear pseudo-second order)  Eq 4.12 

 

where qt (mg g-1) and qe (mg g-1) represent the adsorption capacity of the three compounds on 

Ag-nanoMIPs at time t (min) and at equilibrium, respectively; k1 (min-1) and k2 (g mg-1 min-1) 

are the adsorption rate constants of pseudo-first-order and pseudo-second-order model, 

respectively. 

Error analysis 

The root mean square error (RMSE) was used to evaluate the linear and non-linear adsorption 

kinetics. The following is the expression for the RMSE equation:(Okpara et al., 2021) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = � 1
𝑛𝑛−1

∑ �𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
2𝑛𝑛

𝑖𝑖=1      Eq 4.13 

Where n is the number of measurements, qcalc is the adsorption capacity determined from the 

kinetic equation model, and qexp is the adsorption capacity from the experiment. 

 

4.7 Adsorption thermodynamics 

The adsorption energetics was investigated in the range 298-343 K. The thermodynamic 

functions, enthalpy change (ΔH°), Gibb’s free energy (ΔG°), and entropy (ΔS°) were 

determined using Equations (4.14) and (4.15): 

∆𝐺𝐺° = −𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙𝐿𝐿      Eq 4.14 

𝑙𝑙𝑙𝑙𝑙𝑙𝐿𝐿 = ∆𝑆𝑆°
𝑅𝑅
− ∆𝐻𝐻°

𝑅𝑅𝑅𝑅
      Eq 4.15 

where ΔG° is the change in the Gibbs free energy (kJ mol-1); ΔH° is the change in enthalpy (kJ 

mol-1), and ΔS° is the change in entropy (J mol-1. K), R = gas constant (8.314 J mol-1 K), T = 

thermodynamic temperature (K) and KL is the thermodynamic equilibrium constant (Lima et 

al., 2019). 

 

4.8 Selectivity of the nanoMIPs 

Fenoprofen, which functions as a competitor for the binding sites of St/MCD-nanoMIPs, was 

used to test the selectivity of the nanoMIPs. The selective adsorption performance of St/MCD-

nanoMIPs were prepared in batch rebinding experiments using optimum conditions, which 
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were deionised water (pH 7.0) that was previously spiked to make a final concentration of 1 

mg L-1 each for both St-nanoMIP and MCD-nanoMIP with mixture of sulfamethoxazole, 

nevirapine, ibuprofen, and fenoprofen (as a competitor). The spiked solution (10 mL) was 

poured into a flask containing 50 mg of the St-nanoMIPs and 20 mg for the MCD-nanoMIP 

and stirred at ambient temperature for 10 minutes. The distribution coefficients (Kd), and 

selectivity coefficients (k) of the selected templates and the competitor can be obtained 

according to the following equations: 

𝐾𝐾𝑑𝑑 = 𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒
𝑊𝑊

𝑉𝑉        Eq 4.16 

Where Kd (mg g-1) denotes the distribution coefficient, Co is the initial solution concentration, 

Ce is the final solution concentration, V (mL) is the solution volume, and W (mg) is the polymer 

weight.  

𝑘𝑘 = 𝐾𝐾𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

      Eq 4.17 

Where k is the selectivity coefficient for the distribution coefficient of the selected templates 

binding in the presence of a competitor (Espinoza-Torres et al., 2023). 

 

4.9 Regeneration of the nanoMIPs 

To assess the reusability of the synthesized materials, 50 mg of St-nanoMIP and 20 mg of 

MCD-nanoMIP that had been previously adsorbed by sulfamethoxazole, nevirapine and 

ibuprofen were rinsed for 10 min in a 9:1, v/v acetonitrile/acetic acid solution. Thereafter, the 

St/MCD nanoMIPs were regenerated by 10 mL of pure acetonitrile to desorb unwanted 

compounds before being used again to adsorb sulfamethoxazole, nevirapine and ibuprofen in 

the following cycle. Five sequential adsorption cycles, lasting ten minutes each, were carried 

out in this manner for both St-nanoMIP and MCD-nanoMIP (Mankar et al., 2020). 

 

4.10 Results and discussion 

4.10.1 Characterisation 

4.10 1.1 UV-Visible analysis 

The UV-vis spectra in Figure 4.1 (A) and (C) showed the appearance of intense absorption 

peaks at 425 and 427 nm for St-AgNPs and MCD-AgNPs, typically associated with AgNPs  

and is related to surface plasmon resonance excitation processes (Iqbal et al., 2020). The 

incorporation of AgNPs into the MIPs (St-nanoMIPs) and (MCD-nanoMIPs) resulted in a 

narrower absorption peak with a slight shift to lower wavelength at 414 and 416 nm, 
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respectively (Figure 4.1 (B) and (D)). This shift indicated that the nanoMIP particles had 

reduced particle size with narrow size distribution  and increased stability (Pu and Xu, 2022). 

 
Figure 4.1: UV-Vis spectra of (a) St-AgNPs, (b) St-nanoMIPs (c) MCD-AgNPs and (d) MCD-

nanoMIPs  

 

4.10.1.2 Scanning electron microscopy analysis 

The scanning electron microscopy micrographs showed that the St-AgNPs (Figure 4.2 (a)) has 

large and small spherical particles, with some regions showing aggregated nanoparticles 

forming clusters and bunches. The MCD-AgNPs (Figure 4.2 (b)) showed a heterogeneous 

distribution with various spherical particle sizes and some nanoparticles aggregated as clusters. 

Given AgNPs high surface energy, the observation of larger nanoparticles may be explained 

by their propensity to agglomerate (Adhikari et al., 2022). The starch-nanoMIPs in Figure 4.2 

(c) showed to have a rough, and irregular surface with nanoparticles which covered the surface, 

affirming the incorporation of AgNPs onto the surface of MIP. The MCD-AgNPs (Figure 4.2 

(b)) showed a heterogeneous distribution with various particle sizes. The starch-nanoMIPs in 

Figure 4.2 (c) showed to have a rough, and irregular surface with microparticles, while the 

macadamia-nanoMIPs in Figure 4.2 (d) had a wrinkled, and rough surface which was due to 

their imprinted cavities. The rough surface may act as an active site for the uptake of the 

selected drugs because it is expected to increase the overall surface area (Arabi et al., 2020). 

Thus, high adsorption capability is anticipated for the nanoMIPs, as evidenced by their larger 

surface area in comparison to the corresponding silver nanoparticles. 
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Figure 4.2: SEM images of (a) St-AgNPs and (b) MCD-AgNPs, (c) St-nanoMIPs and (d) 

MCD-nanoMIPs  

 

4.10.1.3 Transmission electron microscopy analysis 

The TEM images in Figure 4.3 (a) and (b) for both St-AgNPs and MCD-AgNPs confirmed 

that the nanoparticles are polydisperse, with near-spherical and irregular shape, and are made 

up of individual crystals. This demonstrates that the silver nanoparticles capped with starch 

and macadamia are crystalline, and some typical polyhedral nanoparticles (multiple twined 

nanocrystals) can be observed. St-AgNPs had an average particles diameter of 22.5 nm and 

MCD-AgNPs had an average diameter of 12 nm. As a result, during the processes of nucleation 

and growth, starch and macadamia served as both stabilizing and reducing agents. Similar 

spherical shaped AgNPs with average diameter of 20.08 nm were synthesized by employing 

glucose as a reducing and a capping agent (Pattnaik et al., 2023). The TEM images of the St 

and MCD-nanoMIPs showed porous network of the imprinted polymer with nearly spherical 

shaped AgNPs with an average diameter of 35 nm and 25 nm, respectively, which were 

dispersed in the polymer network (Figure 4.3 (c) and (d)). The functional monomers and 

template molecules molecular interactions causes the polymer chains to assemble in close 



130 
 

proximity, creating a denser network (Yucel et al., 2022). Moreover, few spherical shaped and 

small AgNPs agglomerates are embedded within the polymeric network, which could explain 

why the individual particles within each agglomeration are larger than average (Sullivan et al., 

2020). Thus, nanoMIPs possess high affinity and specificity toward their targets (Canfarotta et 

al., 2018). 

 
Figure 4.3: TEM images and diameter histograms of (a) St-AgNPs and (b) MCD-AgNPs, (c) 

St-nanoMIP and (d) MCD-nanoMIP. 

 

4.10.1.4 Thermogravimetric analysis (TGA) 

The thermogravimetry study of the synthesized NPs and nanoMIPs revealed their thermal 

stability, oxidative stability, moisture content, and volatile content. The first observed weight 

loss for the St and MCD AgNPs (Figure 4.4 (a) and (b)) was at 100 °C and 142 °C, respectively 

which was attributed to the loss of entrapped water molecules from the starch and macadamia 

polymer matrix. On the second stage of decomposition, the starch and MCD degrades at a 

temperature of roughly 248 °C and 169-425 °C, leaving the AgNPs behind. Additionally. There 

is a constant third weight loss up to 377 °C for the St-AgNPs, and for the MCD-AgNPs this 

weight loss was observed at a temperature of 470 °C, which may be caused by the 

decomposition of polymeric chains. Beyond this temperature only the carbonaceous residues 

of 25.02% and 7.1% was left  for St-nanoMIP and MCD-nanoMIP, respectively (Bhutiya et 

al., 2020). The MCD-AgNPs decomposed with a weight loss of 93% at 570 °C. Particularly, 

the St/MCD-nanoMIPs in Figure 4.4 (c) and (d) also exhibited three decomposition stages: At 

180 and 164 °C, the starch and macadamia nanoMIPs had a first mass loss of approximately 

2%. This was probably because of the evaporation of the adsorbed acetonitrile used in the 
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template removal step (Korde et al., 2019). Further, the second thermal decomposition in starch 

and MCD-nanoMIPs was observed at 300 and 277 °C which was marked as the temperature 

where the polymers backbone collapses. This was due to decomposition of the monomer and 

the cross-linker used in the synthesis of St/MCD-nanoMIPs. It was further observed that at 468 

and 467 °C, there was 100% thermal decomposition of the starch and macadamia nanoMIPs, 

respectively. The DSC graph exhibited a sharp endothermic peak between 161.53 and 178.96 

°C for MCD-AgNPs and St-AgNPs, respectively, which is primarily due to the crystallization 

of AgNPs. The DSC shallow exothermic peak for the starch and macadamia nanoMIPs were 

observed at 369 and 350 °C, respectively, which is associated with the thermal decomposition 

of the polymers and the crystallization of the AgNPs (Wei et al., 2019). It is remarkable that 

the weight loss after the total decomposition (700 °C) for the St/MCD-AgNPs was ⁓90% 

whereas for the St/MCD-nanoMIPs it was almost ≈100%. Notably, the St/MCD-nanoMIPs 

showed high thermal stability compared to the St/MCD-AgNPs, thus demonstrating the 

St/MCD-nanoMIPs ability to endure rigorous operational conditions. However, the St-

nanoMIP were more stable than MCD-nanoMIP.  

 

 
Figure 4.4: TGA and DSC thermographs of (a) St-AgNPs, (b) MCD-AgNPs, (c) St-nanoMIPs 

and (d) MCD-nanoMIPs 



132 
 

4.10.1.5 X-ray diffraction (XRD) 

The St-AgNPs XRD diffraction patterns showed five sharp reflection peaks (Figure 4.5 (a)) at 

2 theta values of 38.14°, 44.37°, 64.48, 77.44°, and 81.64° which matched to (111), (200), 

(220), (311) and (222) planes indicating the face-centered cubic phase crystalline structure of 

metallic silver. Similar reflections were observed for the MCD-AgNPs patterns (Figure 4.5 

(b)) with distinct diffraction peaks of 2 theta values indicating the metallic silver at 39.10°, 

44.47°, 64.61°, 77.71° and 81.70°, respectively. AgNPs have shown to be in strong agreement 

with the JCPDS No. 04-0783 stated standard values. The discovery of a few unassigned peaks 

on MCD-AgNPs suggests a silver oxide and/or the bio-organic phase crystallize on the surface 

of silver nanoparticles as a result of silver's partial oxidation (Adhikari et al., 2022). In 

comparison to the (111) peak, the (200), (220), and (311) peaks were less intense indicating 

that the nano assemblies were primarily made of (111) lattice planes. Similar  observations of 

the face centered cubic crystal structure of AgNPs have previously been reported in published 

research findings employing starch as a reducing and capping agent for the synthesis of AgNPs 

(Ponsanti et al., 2020). Additionally, the produced AgNPs had high intensity peaks indicating 

a high degree of crystallinity. The broad diffraction peaks, on the other hand, show that the 

crystallite size is extremely small. The XRD patterns for the St/MCD nanoMIPs (Figure. 4.5 

(c) and (d)) showed that the silver peaks remain in face-centered cubic phase crystal planes, 

with additional wide peaks at 19.51 and 19.10° ascribed to the formation of an amorphous 

phase from the MIP. This suggests that silver remains unchanged with the addition of polymer 

and maintains its original crystal structure. It also validates the presence of crystalline AgNPs 

in the MIP particles. 
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Figure 4.5: XRD patterns of (a) St-AgNPs and (b) MCD-AgNPs, (c) St-nanoMIP and (d) 

MCD-nanoMIP. 

 

4.10.1.6 Fourier-transform infrared spectroscopy analysis 

The O–H stretching of starch and macadamia capped silver nanoparticles was related to the 

spectra's strong broad band at 3250 cm-1 and 3304 cm-1 which was linked to the production of 

inter and intramolecular hydrogen bonds (Figure 4.6). At 2917 and 2900 cm-1 the starch and 

macadamia silver nanoparticles showed a C–H band of asymmetric stretching which was 

attributed to water adsorbed in their amorphous portion. The bands for C–O and C–OH were 

observed at 1425 and 1233 cm-1 for the St-AgNPs, respectively and at 1450 and 1020 cm-1 for 

the MCD-AgNPs. These peaks are assigned to the stretching and vibration of the phenols, 

ketones, ethers, and esters in the surface of the St and MCD AgNPs adsorbents (Radzikowska-

Büchner et al., 2023, Erol et al., 2022). The observed FT-IR peaks in Figure 4.6 at 1425, 1718, 

1238 and 1125 cm-1 for MIP structures are characteristic of C=C, C=O, C–O and C–N bonds 

representative of the ester and alkene functional groups within ethylene glycol dimethacrylate 

(EGDMA) and the nitrogen in the monomer. These peaks shift in the intensity of some band 

after impregnation the MIP with AgNPs, indicating that AgNPs were successfully loaded onto 
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the nanoMIPs (e.g., the C-O band shifted from 1425 to 1450 cm-1). The interaction of MIP with 

AgNPs was not only seen at the peak shift, but also seen from the intensity of each peak. 

Accordingly, the wide transmittance bands observed at wavelength regions of 3646 and 3699 

cm-1 for the starch and macadamia nanoMIPs is linked to vibration and stretching of hydroxyl 

(OH–) groups and chemisorbed water. The aliphatic C-H groups, stretching in CH, CH2, and 

CH3 groups, may be attributed to the peaks that appear at approximately 2957.84 cm-1 and 

2943.42 cm-1, for the St-nanoMIP and MCD-nanoMIP, respectively. The bands at 1718 cm-1 

and 1724 cm-1 for the starch and macadamia nanoMIPs is linked to the carboxylic group (C=O). 

At 1125 cm-1 and 1135 cm-1 a C-N  stretch frequency of pyridine nitrogen of monomer which 

forms a hydrogen bonding between a pyridine molecule and pharmaceuticals, was observed 

for the starch and macadamia nanoMIPs, respectively (Mankar et al., 2020). Accordingly, this 

peak did not appear in the spectra of St/MCD-AgNPs since it was not incorporated with MIP 

monomer. Overall, the FTIR spectra demonstrated that the 2-VP polymer matrices with 

EGDMA crosslinking units had formed successfully. The absorption band at 546 cm-1 and 554 

cm-1 is assigned to the Ag stretching vibration for the starch and macadamia nanoMIPs (Wan 

Mat Khalir et al., 2020). These peaks were not found in the MIPs that were not incorporated 

with Ag nanoparticles. The vibration peaks observed in this work appeared identical to those 

in the MIPs spectra produced by Nkosi and co-workers, utilizing the same monomer and 

crosslinker, 2-VP and EGDMA (Nkosi et al., 2022). 

 

 
Figure 4.6: FTIR spectrum of (a) St-AgNPs, MIP, St-nanoMIP and (b) MCD-AgNPs, MIP, 

MCD-nanoMIP. 

 



135 
 

4.10.1.7 Raman Spectroscopy 

The Raman spectra of St-AgNPs (Figure 4.7 (a)) consists of a vibrational mode at 1039 cm-1 

assigned to aromatic stretching vibrations. The bands at 1301 cm-1 and 1774 cm-1 for the St-

AgNPs and at 1051 cm-1, 1340 cm-1 and 1582 cm-1 for the MCD-AgNPs (Figure 4.7 (b)) 

corresponds to the C=O stretching vibrations of the carboxylate group, respectively. The band 

at 2089 cm-1 is recognized as a characteristic C–H vibration peak. The bands at 156 cm-1, 269 

cm-1, 555 cm-1 for the St-AgNPs and at 143 cm-1 and 709 cm-1 for the MCD-AgNPs are due to 

AgNPs stretching. The bands at 816 cm-1 and 907 cm-1 are associated with ring deformation 

and C–H in plane bending vibrations, respectively. Similar Raman spectra was also observed 

by Joshi and co-workers on their synthesis of silver nanoparticles (Joshi et al., 2018). 

Accordingly, the fluorescence background was too high to determine the Raman for St and 

MCD nanoMIPs (Figure. 4.7 (c) and (d)). This suggest that the embedded silver nanoparticles 

around the recognition cavities of MIP surely enhance the Raman signals, making it difficult 

to identify these adsorbents correctly in the Raman spectrometer (Liu et al., 2011). 

 
Figure 4.7: Raman spectra of (a)St-AgNPs, (b) MCD-AgNPs, (c) St-nanoMIP and (d) MCD-

nanoMIP. 
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4.10.2 Adsorption studies 

4.10.2.1 Effect of sample pH on the adsorption of pharmaceuticals 

The effect of sample pH was investigated between a pH of 3 to 10. The results showed that the 

pH slightly influences the removal efficiency of the pharmaceuticals from aqueous medium 

and this may be attributed to the slight change in the adsorbate-adsorbent electrostatic 

interaction. The highest removal percentages of 97-99 % for the St-nanoMIP (Figure 4.8 (a)) 

and 98.9-99.9% for the MCD-nanoMIP (Figure 4.8 (b)) on selected pharmaceuticals were 

achieved at a pH 7 (97-99%). High adsorption at pH 7 can be explained due to the formation 

of hydrogen binding between carboxylic acid and amine groups in the pharmaceutical 

compounds with the surface functional groups of the St/MCD-nanoMIPs (Geravi and Ghaemy, 

2024). The targeted pharmaceutical compounds functional groups may function as H-acceptors 

during the H-bonding formation, interacting with the oxygen (O) containing groups such as -

OH, C=O and C-O  on the surface of the St/MCD-nanoMIPs (Hubetska et al., 2020). Due to 

the abundance of H+ ions in solution at acidic pH levels, H+ ions will compete with 

pharmaceutical ions to bind the negative charge on the surface of the St/MCD-nanoMIPs. 

Therefore, the positively charged target pharmaceuticals bind to the negatively charged 

St/MCD-nanoMIPs surface through electrostatic attraction force.  Furthermore, this caused a 

decrease in the negative charge on the St/MCD-nanoMIPs surface because it increases the 

concentration of hydrogen (H+) ions, which improves the adsorption of the positively charged 

pharmaceuticals cations. For this reason, the St/MCD-nanoMIPs exhibited an increase on the 

removal efficiencies at lower pH values (Ali et al., 2020). While the slightly low % removal at 

higher pH values could be caused by the possibility of electrostatic repulsion between the 

pharmaceutical and the surface of St/MCD-nanoMIPs. Notably, the concentration of hydroxyl 

(OH-) ions increases with pH, and the St/MCD-nanoMIPs adsorbents surface gains a negative 

charge. As a result, the amount of binding and the adsorption capacity of the adsorbents for the 

target pharmaceuticals decreased because of repulsion between the OH- ions and the 

pharmaceuticals' negatively charged ions.  The effect of electrostatic repulsion on the 

pharmaceuticals adsorption shows that their adsorption onto St-AgNPs is controlled by 

electrostatic or van der Waal's attraction (Adeola et al., 2021). The highest removal percentages 

(95-99%) of selected pharmaceuticals achieved at a pH value of 7, indicates that the St/MCD 

nanoMIPs have good adsorption capability in a neutral medium. This was due to the decreasing 

electrostatic repulsion between the protonated amine or carboxylate groups on target molecules 

and the positive charge on St/MCD-nanoMIPs surfaces at pH 7 (Hamad and El-Sesy, 2023). 
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Therefore, π-π interactions, such as the cation π of the protonated amino/carboxylate group of 

the target pharmaceuticals and π electrons of the adsorbent (St/MCD-nanoMIPs surfaces), as 

well as H-bonding between pharmaceuticals and the oxygen groups on the adsorbent, are 

proposed as the main possible mechanisms for the interaction of the target pharmaceuticals on 

the St/MCD-nanoMIPs surfaces at pH 7. 

 

 

 
Figure 4.8: Effect of pH on the removal of the selected pharmaceuticals by (a) St-nanoMIP and 

(b) MCD-nanoMIP. 

 

4.10.2.2 Effect of concentration on the adsorption of pharmaceuticals 

The influence of initial concentration was assessed between 0.2 to 1.5 mg L-1. Based on the 

acquired results, it was noticed that as the concentration increased there was a significant 

decrease in the percentage removal of the pharmaceuticals. The maximum removal (97-99%) 

for the MCD-nanoMIP (Figure 4.9 (b)) was observed at a concentration of 0.2 mg L-1. The 

removal efficiency for the St-nanoMIP increased as a function of initial concentration (Figure 

4.9 (a)); which was observed until 0.6 mg L-1 where the adsorbent reached equilibrium. This 

indicates that the rate of adsorption was higher and quicker due to a high amount of available 

active sites to accommodate the presented adsorbate. At high adsorbate concentrations, the 

active sites on the St/MCD-nanoMIP surface became saturated and thus hindered the 

adsorption of adsorbates present in the solution. Consequently, the high pharmaceuticals 

removal at 0.2 mg L-1 and 0.6 mg L-1 for the St-nanoMIP and MCD-nanoMIP is probably 

because of the suggested strong affinity between the positively charged pharmaceutical 

molecules and the negatively charged St/MCD-nanoMIP surface, particularly when the system 

works at a low initial mass value (Hamad and El-Sesy, 2023). 
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Figure 4.9: Effect of concentration on the removal of the selected pharmaceuticals by (a) St-

nanoMIP and (b) MCD-nanoMIP. 

 

4.10.2.3 Effect of adsorbent mass on the adsorption of pharmaceuticals 

The effect of adsorbent mass on the adsorption capacity was evaluated between 10 – 50 mg 

adsorbent. The removal efficiency of sulfamethoxazole, nevirapine and ibuprofen increased 

with increasing mass of MCD-nanoMIP adsorbent up to 20 mg (Figure 4.10 (b)). The reason 

for the increase could be that the quantity of active sites accessible for the adsorption process 

increases in tandem with an increase in the mass dosage of the adsorbent. However, further 

increase in mass could not raise the %removal of the pharmaceuticals. This could be due to the 

reduction of active sites for pharmaceuticals adsorption resulting from aggregation of the 

particles of MCD-nanoMIP (Trinh et al., 2020). Accordingly, removal efficiency for the 

targeted pharmaceutical increased with the increase in mass dosage from 10 to 50 mg for the 

St-nanoMIP in Figure 4.10 (a). The increase in St-nanoMIP dose leads to the increase the 

active sites for pharmaceutical compounds to bind which means more of these compounds are 

adsorbed on the surface. The extraction efficiency for all the investigated compounds varied 

from 92-98% when 50 mg of the St-nanoMIP was used. 
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Figure 4.10: Effect of adsorbent mass on the removal of the selected pharmaceuticals by (a) St-

nanoMIP and (b) MCD-nanoMIP. 

 

4.10.2.4 Effect of contact time on the adsorption of pharmaceuticals 

The impact of contact time was examined between 10-50 minutes. The contact time between 

the adsorbent and the adsorbate is an essential design parameter that affects how efficiently the 

adsorption processes work. The removal efficiency increased at 10 minutes with maximum 

removal % ranging from 94-96% and 96-99.9% for the St-nanoMIP (Figure 4.11 (a)) and 

MCD-nanoMIP (Figure 4.11 (b)). Due to the abundance of vacant recognition binding sites, 

the adsorption happened quickly. Thereafter, there was a slight reduction in the % removal. 

Competition for the same sites as more pharmaceutical molecules from the sample interact with 

the adsorbent particles may be the cause of this decrease in adsorption. When the adsorbent 

particles' capacity is surpassed, molecules with stronger interactions with the adsorbent surface 

functional groups tend to replace those with weaker adsorptive properties. Also, this may be 

due to adsorption-desorption of the pharmaceutical compounds after 10 minutes resulting in 

the observed decrease.  Accordingly, the adsorption rate increases early in the process because 

of the adsorbent's empty pore structure, and it gradually declines over time. As the number of 

molecules adsorbed on the surface increases over time, the pore ratio in the adsorbent structure 

decreases (Fakioğlu and Kalpaklı, 2022). Therefore, making it difficult for the pharmaceuticals 

to occupy the surface-active sites due to the repulsive forces between the pharmaceutical 

molecules and the bulk phases on the St/MCD-nanoMIPs. Notably, the adsorbent reaches 

saturation with a decrease in solvent accessible surface area, and the reduced inner surface area 

results in a decrease in adsorption efficiency with increase reaction time. According to the 

results, adsorption proceeded more quickly, with the majority of the adsorbate-adsorbent 

interaction occurring in the first 10 minutes. The adsorption uptake was because there are more 
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unoccupied active adsorption sites on the St/MCD nanoMIPs surface (Al-Senani and Al-Kadhi, 

2020).  

 

 
Figure 4.11: Effect of contact time on the removal of the selected pharmaceuticals by (a) St-

nanoMIP and (b) MCD-nanoMIP. 

 

4.10.2.5 Effect of temperature on the adsorption of pharmaceuticals 

The influence of temperature was assessed between 25 to 70 °C. From the results obtained in 

Figure 4.12 (a), it was noted that the % removal increased with increasing temperature up to 

30 °C and then slightly decreased for the St-nanoMIP. Whereas the maximum adsorption for 

the pharmaceuticals occurred at a temperature of 40 °C for the MCD-nanoMIP (Figure 4.12 

(b)). The temperature increase has been reported to cause an increase in total pore volume and 

porosity of the-nanoMIPs. Furthermore, at higher temperature the highest amount of 

pharmaceutical molecules reached the nanoMIPs surface as a result of the pharmaceuticals 

increasing kinetic energy with rising temperature leading to increased adsorption rates. 

Nonetheless, a slight decline in removal percentage was noted upon an additional rise in 

temperature after 30 °C. This was caused by the weakening of bonds between the adsorbate 

and the adsorbent moieties at temperatures (Bhattacharya et al., 2020). The increase in 

temperature is thought to be a sign that the adsorption process is endothermic. The reduced 

adsorption efficiency at lower temperature could be due to the tendency of the analytes to have 

reduced kinetic energy at low temperatures, hence obstructing analytes ability to access the 

adsorbent active site. 
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Figure 4.12: Effect of temperature on the removal of the selected pharmaceuticals by (a) St-

nanoMIP and (b) MCD-nanoMIP. 

 

4.10.3 Statistical analysis 

Using the Fisher's F test and an analysis of variance (ANOVA), the impact of the variables pH, 

contact time, mass dose, concentration, and temperature on the pharmaceutical’s removal 

process was investigated. The more significant terms of the model are indicated by larger F 

values and smaller p-values (Davarani et al., 2017). The ANOVA results in Table S4.2, show 

that the model has an F value of 98.2 and 75.32 for the St-nanoMIP and MCD-nanoMIP 

respectively, which are higher than the F critical value to prove significance. Accordingly, the 

variables were statistically significant at a 95% confidence level and had a P value < 0.05 for 

both St-nanoMIP and MCD-nanoMIP. Hence, the effects of concentration, contact time, mass 

dosage, temperature and pH were shown to significantly affect the removal efficiency of 

pharmaceuticals from water. This validates the outcome displayed in the main and interaction 

effect plots (Figure 4.8 to Figure 4.12). The error of the estimate is 2.41 for St-nanoMIP and 

3.39 for the MCD-nanoMIP, which means that the percentage of error of the studied parameters 

is very low. Further validation of the individual parameter’s significance is achieved by 

estimating the percentage contribution factor of each process parameter. The results in Table 

S4.3 shows that the mass dosage and temperature are major contributors with contribution 

factor of 81.05 and 43.74 % for the St-nanoMIP and 70.20 and 84.49% for the MCD-nanoMIP, 

respectively. Additionally, it was discovered that for St-nanoMIP, their contribution was in the 

following order: mass dosage>temperature>pH>concentration>contact time, and for MCD-

nanoMIP it was temperature>mass dosage>concentration>pH>contact time.  

 



142 
 

4.10.4 Adsorption kinetics 

The pseudo-first order and pseudo-second order models were adopted for the kinetic models 

of sulfamethoxazole, nevirapine and ibuprofen adsorption by St/MCD-AgNPs and St/MCD-

nanoMIPs. The linear and non-linear kinetic plots are depicted in Figure S4.1 and S4.2. The 

slope and the intercept of each linear and non-linear plots were used to calculate the adsorption 

rate constants (k1 and k2) and the amount of adsorption in equilibrium (qe). The values of the 

calculated kinetic parameters and regression coefficients are shown in Table 4.1 and Table 

4.2. The obtained R2 value for the pseudo-first order kinetic models depict relatively lower 

values for both the linear and non-linear models, hence indicting poor fitting of these models. 

In comparison, the R2 values for both the linear and non-linear pseudo-second order kinetic 

models demonstrated excellent conformity than the linear and non-linear pseudo-first order 

kinetic models. However, a stronger fit with the linear model compared to the non-linear model 

was observed, which explains why the linear pseudo-second order model has received the most 

reporting (Hidayat et al., 2021).  This was further confirmed by their low RMSE values which 

indicates a higher fit of the model. In comparison to the non-linear model, the pseudo-first 

order and pseudo-second order linear models offer a considerable benefit by directly 

calculating the equilibrium absorption capacity (qe) based on the adsorption path over time. In 

particular, the calculated qe values on the linear pseudo second order model were found to be 

very close to the obtained experimental values for both adsorbents as indicated in Table 4.1. 

However, for both the linear and non-linear pseudo-first order model, the calculated qe values 

differed significantly from the experimental data; as a result, high error functions (RMSE) were 

obtained. Accordingly, the linear regression was observed to be the most appropriate method 

for defining the kinetics of sulfamethoxazole, nevirapine and ibuprofen adsorption into 

St/MCD-nanoMIPs in the pseudo-second order model. Notably, pseudo-second-order kinetics 

indicate the existence of strong interactions or a high affinity between adsorbate and adsorbent. 

This also indicates the involvement of chemisorption in the rate-determining step in the 

adsorption mechanism (Hu et al., 2022), hence, the binding of the pharmaceuticals onto the 

adsorbent surface through strong ionic or hydrogen/covalent bonds. Accordingly, the pseudo-

second order constant rates (k2) varied when comparing the linear and nonlinear models. 

However, the values of k2 for all the pharmaceuticals in St-nanoMIP and MCD-nanoMIP were 

high compared to St/MCD-AgNPs. This is influenced by the adsorbent and adsorbate's binding 

strength and mass transfer speed (Nyirenda et al., 2022). Overall, the rate of adsorption for the 

tested pharmaceuticals has proved to be a fast process for the St/MCD-nanoMIPs. However, 

the behaviour of each compound was different, presumably due to their physicochemical 
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properties. According to the pseudo-second-order rate constant, the fastest adsorbing 

compound is nevirapine followed by ibuprofen, and sulfamethoxazole. This can be explained 

by the molecular weight and logKow of the pharmaceuticals (Ilyas et al., 2020). Pharmaceuticals 

with high molecular weight takes priority on the surface of the adsorbent and those with high 

logKow values are more hydrophobic, hence better, or faster adsorption performance is expected 

from them. The molecular weights for nevirapine, sulfamethoxazole and ibuprofen are 266.30 

mg L-1, 254.28 mg L-1 and 206.29 mg L-1. While the logKow values are 3.89, 0.89 and 3.97 for 

nevirapine, sulfamethoxazole and ibuprofen, respectively. As a result, nevirapine exhibits 

faster rate of adsorption than ibuprofen and sulfamethoxazole because of its higher molecular 

weight and logKow. 
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Table 4.1: Linear kinetics data for the adsorption of the selected pharmaceuticals onto St/MCD-AgNPs and St/MCD-nanoMIP 

Adsorbent Pharmaceuticals qe (mg g-1) 

Exp 

Pseudo-first order Pseudo second order 

  qe (mg g-1) 

Cal 

k1 R2 RMSE qe (mg g-1) 

Cal 

k2 R2 RMSE 

St-AgNPs Sulfamethoxazole 10.74 5.62 2.5 x 10-4 0.976 1.81 10.2 0.1254 0.9998 0.22 

Nevirapine 5.84 1.53 5 x 10-5 0.926 1.64 5.31 0.2268 0.9997 0.22 

Ibuprofen 9.55 1.57 7.83 x10-5 0.9916 2.45 8.29 0.1268 0.9997 0.51 

St-

nanoMIP 

Sulfamethoxazole 39.68 33.22 7.33 x 10-5 0.9949 2.82 39.88 2.09 0.9999 1.14 

Nevirapine 30.02 25.86 1.07 x 10-4 0.9848 1.87 28.87 2.36 0.9991 0.47 

Ibuprofen 29.50 21.81 9.83 x10-5 0.9862 2.80 26.29 2.08 0.9999 1.31 

MCD-

AgNPs 

Sulfamethoxazole 16.6 6.46 1 x10-5 0.9989 4.14 9.87 0.2891 0.9999 2.75 

Nevirapine 7.95 2.648 2.33x10-5 0.9974 2.16 5.25 0.6825 0.9999 1.10 

Ibuprofen 10.6 2.33 7.5 x 10-5 0.9945 3.38 8.87 0.1163 0.9998 0.71 

MCD-

nanoMIP 

Sulfamethoxazole 33.31 27.31 1.43 x 10-3 0.9530 3.23 31.32 0.521 0.9988 0.81 

Nevirapine 22.52 17.16 2.09 x 10-3 0.9842 1.71 21.80 0.959 0.9990 0.29 

Ibuprofen 32.10 10.61 5.32 x 10-3 0.9702 2.42 31.42 0.511 0.9967 0.28 
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Table 4.2: Non-linear kinetics data for the adsorption of the selected pharmaceuticals onto St/MCD-AgNPs and St/MCD-nanoMIP 

Adsorbent Pharmaceuticals qe (mg g-1) 

Exp 

Pseudo-first order Pseudo-second order 

qe (mg g-1) 

Cal 

k1 R2 RMSE qe (mg g-

1) Cal 

k2 R2 RMSE 

St-AgNPs Sulfamethoxazole 10.74 5.13 1.1 x 10-4 0.9563 2.00 8.89 0.0454 0.9856 0.76 

Nevirapine 5.84 1.01 2.8 x 10-4 0.9136 1.85 4.75 0.0268 0.9569 0.44 

Ibuprofen 9.55 1.97 3.97 x10-4 0.9382 2.29 9.02 0.0268 0.9566 0.22 

St-

nanoMIP 

Sulfamethoxazole 39.68 30.01 1.25x 10-5 0.9621 4.13 37.38 1.12 0.9789 0.94 

Nevirapine 30.02 21.55 1.07 x 10-3 0.9033 3.63 25.74 1.62 0.9703 1.75 

Ibuprofen 29.50 15.22 3.75 x10-4 0.9201 5.49 22.35 1.25 0.9625 2.92 

MCD-

AgNPs 

Sulfamethoxazole 16.6 5.35 2.2 x10-3 0.9081 4.59 14.96 0.1992 0.9654 0.67 

Nevirapine 7.95 3.84 5.03x10-4 0.8881 1.68 7.44 0.3325 0.9785 0.21 

Ibuprofen 10.6 1.95 5.9 x 10-5 0.9241 3.53 9.87 0.2163 0.9396 0.30 

MCD-

nanoMIP 

Sulfamethoxazole 33.31 18.21 2.13 x 10-3 0.9545 6.94 22.02 5.5 x 10-3 0.9575 4.61 

Nevirapine 22.52 10.64 2.95 x 10-3 0.8891 4.38 15.49 0.0257 0.9705 2.87 

Ibuprofen 32.10 8.46 8.28 x 10-3 0.9034 3.30 24.42 0.1283 0.9535 3.14 
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4.10.5 Adsorption isotherms 

The linear and non-linear Langmuir and Freundlich equilibrium constants and other parameters 

of the isotherm models are shown in Table 4.3 and Table 4.4. The results showed that the 

adsorption is favourable as the Langmuir dimensionless equilibrium constant (RL) is larger than 

zero and less than one (1). However, the non-linear Langmuir model showed that these values 

were substantially smaller in magnitude as compared to the linear model. The value of the 

heterogeneity factor 1/n was also less than 1 and greater than zero, therefore demonstrating 

evidence that the Freundlich isotherm is favourable. It was observed that these isothermal 

parameters varied slightly for the non-linear Freundlich model.  Hence, the adsorption data 

fitted well with both linear and non-linear Langmuir and Freundlich isotherms. Similar finding 

were also reported by Rosli and co-workers (Rosli et al., 2021). Further, the R2 values show 

that both adsorption models can properly explain the experimental data. The linear and non-

linear Langmuir isotherm model shows a slightly better fit compared to the linear and non-

linear Freundlich model. The linear Langmuir isotherm model R2 value, however, was less than 

that of the non-linear Langmuir isotherm model. This demonstrates that the non-linear 

Langmuir isotherm model provided the best fit for the experimental data on the adsorption of 

ibuprofen, nevirapine, and sulfamethoxazole on St/MCD-AgNPs. Therefore, adsorption 

isotherm fitting confirms that the adsorption took place as monolayer without lateral/further 

interaction between the pharmaceuticals in the homogeneous surface of both the adsorbent (St-

AgNPs and MCD-AgNPs). Chakraborty and co-workers  also reported that the non-linear 

Langmuir isotherms is a more suitable method in their study of the adsorption of ibuprofen 

onto Cocos nucifera shell biochar (Chakraborty et al., 2019). Additionally, the non-linear 

model for the St/MCD-nanoMIPs gave higher R2 values in contrast to the linear model. 

However, when the non-linear Langmuir and Freundlich isotherms are compared, the R2 value 

for the non-linear Freundlich isotherm have high correlation of determination compared to that 

of the non-linear Langmuir model. Thus, the best correlation for sulfamethoxazole, nevirapine 

and ibuprofen was observed in the non-linear Freundlich model. This proves that the St/MCD-

nanoMIPs possesses heterogeneously distributed active sites formed during nanoparticles 

molecular imprinting.  

 

Notably, the adsorption capacities (Qmax) of the non-linear model were higher than those of the 

linear model. These results demonstrate that, in comparison to the linear regression, the non-

linear regression was more effective in accounting for the adsorption parameters. Therefore, in 
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order to acquire adsorption isotherms, it is therefore advisable to predominantly use the non-

linear regression. Accordingly, the highest adsorption capacity (Qmax) for the studied 

pharmaceuticals was in the order of nevirapine>sulfamethoxazole>ibuprofen with values of 

37.41 mg g-1, 30.59 mg g-1, and 29.89 mg g-1 for the St-nanoMIP, while the MCD-nanoMIP 

values were 18.12 mg g-1, 14.91 mg g-1 and 11.88 mg g-1, respectively. The molecular structures 

of the pharmaceutical may be responsible for this affinity (Table S4.1), where nevirapine 

contains two aromatic rings, i.e., more hydrophobicity, while ibuprofen and sulfamethoxazole 

contain only one aromatic ring hence their interaction with AgNPs is via π-π interaction 

(Husein et al., 2019). When compared to St/MCD-nanoMIPs, the St/MCD-AgNPs did not 

exhibit a greater affinity for the targeted pharmaceuticals. Particularly, the Qmax values obtained 

for the St/MCD-nanoMIPs were higher compared to St-AgNPs and MCD-AgNPs. Also, large 

pores may facilitate solvent penetration and enable easy diffusion of the pharmaceutical 

compounds onto the adsorbent surface (Yu et al., 2022). This could therefore explain why 

St/MCD-nanoMIPs show a higher rate of pharmaceuticals adsorption compared to St/MCD-

AgNPs as adsorption capacity is affected by the material's pore structure, specifically its pore 

volume/diameter (Liu et al., 2021). 
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Table 4.3: Linear isotherms data for the adsorption of the selected pharmaceuticals onto St/MCD-AgNPs and St/MCD-nanoMIPs 

Isotherm Parameters 

Sulfamethoxazole Nevirapine Ibuprofen 

St-

AgNPs 

St-

nanoMIP 

MCD-

AgNPs 

MCD-

nanoMIP 

St-

AgNPs 

St-

nanoMIP 

MCD-

AgNPs 

MCD-

nanoMIP 

St-

AgNPs 

St-

nanoMIP 

MCD-

AgNPs 

MCD-

nanoMIP 

Freundlich 

KF (L mg-1) 2.15 3.42 2.63 3.35 2.30 3.57 5.05 4.48 1.68 4.63 0.92 4.81 

1/n 0.5922 0.62 0.67 0.40 0.57 0.51 0.98 0.38 0.89 0.51 0.71 0.37 

R2 0.7726 0.9999 0.9899 0.9923 0.8441 0.9955 0.9945 0.9807 0.8247 0.9993 0.9919 0.9951 

Langmuir 

Qmax 10.94 26.39 11.95 8.20 31.55 32.68 15.87 8.72 4.99 24.95 4.122 8.62 

KL (L mg-1) 3.04 0.874 10.25 0.36 0.1981 0.889 0.3460 0.38 2.4529 0.893 0.9559 0.19 

RL 0.032 0.144 0.097 0.55 0.3354 0.125 0.2242 0.61 0.039 0.120 0.0947 0.31 

R2 0.9981 0.9958 0.9949 0.562 0.9951 0.9960 0.9985 0.5792 0.9949 0.9847 0.9951 0.3743 
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Table 4.4: Non-linear isotherms data for the adsorption of the selected pharmaceuticals onto St/MCD-AgNPs and St/MCD-nanoMIPs 

Isotherm Parameters 

Sulfamethoxazole Nevirapine Ibuprofen 

St-

AgNPs 

St-

nanoMIP 

MCD-

AgNPs 

MCD-

nanoMIP 

St-

AgNPs 

St-

nanoMIP 

MCD-

AgNPs 

MCD-

nanoMIP 

St-

AgNPs 

St-

nanoMIP 

MCD-

AgNPs 

MCD-

nanoMIP 

Freundlich 

KF(L mg-1) 1.07 1.92 1.13 1.36 1.01 1.77 1.71 1.48 0.98 1.69 0.66 1.56 

1/n 0.55 0.60 0.61 0.38 0.55 0.49 0.93 0.40 0.89 0.50 0.70 0.33 

R2 0.8355 0.9995 0.9850 0.9993 0.8823 0.9965 0.9955 0.9805 0.7627 0.9991 0.9825 0.9965 

Langmuir 

Qmax 10.63 30.59 13.49 11.88 35.33 37.41 20.73 18.12 7.32 29.89 10.43 14.91 

KL (L mg-1) 0.18 0.14 1.43 0.22 0.089 0.55 0.23 0.25 1.33 0.48 0.76 0.095 

RL 0.022 0.095 0.077 0.36 0.13 0.098 0.16 0.43 0.022 0.089 0.078 0.11 

R2 0.9991 0.9982 0.9993 0.8621 0.9977 0.9998 0.9985 0.8578 0.9955 0.9923 0.9962 0.6365 
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4.10.6 Thermodynamics 

The values of ΔG°, ΔH° and ΔS° in Table 4.5, were calculated from the slope and intercept of 

the plot of lnKL and 1/T in Figure S4.3. The adsorption process was thermodynamically 

favoured and spontaneous, as evidenced by the increasing negative value of ΔG° and its 

magnitude with rising temperature (298-343 K). This may be the consequence of the 

adsorbent's pores expanding at a higher temperature, creating bigger pores that allow for a 

greater diffusion of the pharmaceutical molecules within the adsorbent. Moreover, the 

adsorption of the selected pharmaceuticals onto St/MCD-AgNPs and St-nanoMIPs was 

endothermic in nature which was illustrated by the positive values of ΔH° with a value lower 

than 40 kJ/mol. On the other hand, the negative ΔH° confirms that the adsorption process for 

the MCD-nanoMIP is of an exothermic nature. These results indicate that the adsorption of 

sulfamethoxazole, nevirapine and ibuprofen onto St/MCD-AgNPs and St-nanoMIPs is a purely 

physical process, while it is a chemical process for MCD-nanoMIP (Parashar et al., 2022). The 

physisorption process was due to the long range weak Van der Waals forces between 

pharmaceuticals interaction with St/MCD-AgNPs and St-nanoMIPs (Adeola et al., 2021), 

while chemisorption was due to the ionic or covalent interaction of the pharmaceuticals with 

MCD-nanoMIP (Alaqarbeh, 2021, Al-Ghouti and Da'ana, 2020). Further, the positive ΔS° 

values confirmed an irregular increase on the degree of disorderliness/randomness in the 

pharmaceuticals-nanoparticles/nanoMIPs interaction, thus indicating strong affinity of the 

pharmaceuticals with the adsorbents. This indicates that the adsorbed solvent molecules, which 

are displaced by the pharmaceutical species, gain more translational entropy than is lost by the 

adsorbate ions/molecules, thus allowing for the prevalence of randomness in the system. 
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Table 4.5: Thermodynamics data for the adsorption of the selected pharmaceuticals onto St/MCD-AgNPs and St/MCD-nanoMIPs 

Compounds 
ΔG° (kJ mol-1) ΔH° (kJ 

mol-1) 

ΔS° (J 

mol-1 K-1) 
R2 

298 K 303 K 313 K 323 K 333 K 343 K 

St-AgNPs 

Sulfamethoxazole -11.13 -11.46 -12.67 -13.90 -15.75 -17.75 32.42 144.9 0.9601 

Nevirapine -5.33 -5.49 -5.71 -6.17 -6.40 -6.63 3.58 29.89 0.9208 

Ibuprofen -9.24 -9.57 -10.17 -10.54 -11.45 -12.30 10.25 65.21 0.9368 

St-nanoMIPs 

Sulfamethoxazole -8,99 -8.73 -9.80 -10.39 -10.97 -11.46 7.51 55.38 0.9979 

Nevirapine -9.88 -9.61 -10.98 -11.69 -12.42 -13.05 10.98 70.14 0.9975 

Ibuprofen -9.90 -9.77 -11.30 -12.02 -12.89 -13.60 13.62 79.47 0.9870 

MCD-AgNPs 

Sulfamethoxazole -11.03 -11.98 -13.05 -13.95 -16.50 -18.32 35.44 155.5 0.9484 

Nevirapine -5.13 -5.42 -5.70 -6.02 -6.30 -6.58 3.58 31.34 0.9507 

Ibuprofen -9.92 -10.12 -10.54 -10.92 -11.33 -11.68 10.81 39.41 0.9676 

MCD-nanoMIPs 

Sulfamethoxazole -9,02 -8,85 -8,34 -7,65 -7,20 -5,52 -30,29 7,64 0,9622 

Nevirapine -8,53 -8,45 -8,75 -8,75 -8,90 -8,82 -5,87 8,88 0,9327 

Ibuprofen -10,12 -9,91 -9,93 -9,73 -9,52 -9,93 -12,19 7,31 0,9433 
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4.10.7 Selectivity of St/MCD-nanoMIPs 

The similar physicochemical properties and size of fenoprofen as the target compounds shows 

that it has a potential to compete for binding sites on the St/MCD-nanoMIPs cavities imprinted 

with sulfamethoxazole, nevirapine and ibuprofen. However, the results in Figure 4.13 (a) and 

(b) shows that the adsorption efficiency for fenoprofen was 26% for the St-nanoMIP and 30% 

for the MCD-nanoMIP. This was ascribed to a deficiency in molecular recognition, which is 

heavily impacted by the imprinting molecule's size, structure, and functional groups. 

Furthermore, this indicates the specificity and high selectivity of the St/MCD-nanoMIPs. The 

St/MCD-nanoMIPs selectivity can be explained by taking into account the target 

pharmaceuticals rigid molecular structure and their precise positions, which are most 

anticipated to be  responsible for the binding site interaction (Chiarello et al., 2021).  Notably, 

the adsorption efficiency of fenoprofen was lower than that of sulfamethoxazole, nevirapine, 

and ibuprofen, although they all have comparable structures. This suggests that conformation 

memory is mostly dependent on the memory of the specific functional group. Therefore, in 

addition to the molecule's size, the distribution of the functional groups themselves was crucial 

for St/MCD-nanoMIPs molecular recognition. Notably, fenoprofen cannot bring about specific 

binding in the same way as sulfamethoxazole, nevirapine and ibuprofen because either its size 

cannot match the cavities, or its functional group positions do not correspond to the functional 

groups in the cavities of the St/MCD-nanoMIPs. Hence it was easily washed out, leaving 

sulfamethoxazole, nevirapine and ibuprofen that were specifically bound within the imprinted 

cavities.  

The adsorption efficiency of sulfamethoxazole, nevirapine were between 80-98 % for St-

nanoMIP and 71-87 % for the MCD-nanoMIP. The high adsorption efficiencies were due to 

molecular recognition of the pharmaceuticals on the surface of St/MCD-nanoMIPs. Given its 

superior surface properties, the St-nanoMIP outperformed the MCD-nanoMIP in terms of 

adsorption efficiency. The selectivity of each compound on St/MCD-nanoMIPs is summarised 

by the Kd and k values in Table 4.6. The Kd values on the selectivity of St/MCD-nanoMIP 

were in the following order: nevirapine>sulfamethoxazole>ibuprofen. This could imply that 

the compounds imprinting cavities were formed as a result of the interaction between the 

pharmaceuticals functionality and its size, shape, and quantity of hydrogen bonding (Yu et al., 

2022). The results obtained show that specific selectivity factor (k) is larger than 1, indicating 

that the interactions, size and molecular memory of the nanoMIPs for sulfamethoxazole, 
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nevirapine and ibuprofen demonstrate high selectivity even in the presence of a competitor 

(Espinoza-Torres et al., 2023). 

 

 

 
Figure 4.13: Adsorption efficiency of the selected pharmaceuticals in the presence of 

competitor fenoprofen on (a) St-nanoMIP and (b) MCD-nanoMIP. 

 

Table 4.6: Selectivity of St/MCD-nanoMIPs towards the selected pharmaceuticals 

Pharmaceuticals St-nanoMIP MCD-nanoMIP 

Kd (mg g-1) k Kd (mg g-1) k 

Sulfamethoxazole 0.58 2.76 0.40 1.33 

Nevirapine 0.71 3.38 0.47 1.57 

Ibuprofen 0.48 2.29 0.37 1.23 

Fenoprofen 0.21 - 0.30 - 

 

4.10.8 Regeneration of St/MCD-nanoMIPs 

The results in Figure 4.14 (a) and (b) shows that the St-nanoMIP and MCD-nanoMIP particles 

remain highly stable even after the 5th cycle with their adsorption efficiency being greater than 

90%. This suggests that the St/MCD-nanoMIPs are effectively reusable as they preserve the 

adsorption capacity. However, a slow loss of particles throughout the washing phases could be 

the cause of the observed minor decline in MCD-nanoMIPs adsorption performances. 

Compared to other existing adsorbent materials that require considerable effort to be 

regenerated, the proven reusability and simple regeneration of St/MCD-nanoMIPs over 

multiple adsorption/desorption cycles is a crucial factor for a large-scale application. Notably, 
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the regeneration studies' findings indicate that the St/MCD-nanoMIPs can be reused with little 

loss of their selectiveness and specificity. This reduces costs as well as the use of virgin 

resources, which makes them not only economically viable but also significant as alternatives 

in the water treatment industry. 

 
Figure 4.14: Regeneration cycles of (a) St-nanoMIP and (b) MCD-nanoMIP cycle reuse. 

 

4.10.9 Application in wastewater 

The applicability of St-nanoMIP and MCD-nanoMIP in wastewater samples was conducted by 

carrying out adsorptive removal of sulfamethoxazole, nevirapine and ibuprofen from influents 

and effluents from three different wastewater treatment plants (WWTPs) in KwaZulu-Natal 

(Darvill, Northern and Amanzimtoti). The samples were first filtered to eliminate particulates 

and then analysed under the optimum conditions obtained for both St and MCD-nanoMIPs. 

Notably, the application of St-nanoMIP and MCD-nanoMIP in wastewater was done at the 

obtained optimum adsorption conditions. The St-nanoMIP concentration was 0.2 mg L-1, pH 

7, contact time of 10 minutes, adsorbent mass of 50 mg and temperature of 30 °C. Whereas for 

the MCD-nanoMIP the conditions were 0.6 mg L-1, 10 minutes, pH 7, adsorbent mass of 20 

mg and temperature of 40 °C. As seen in Table 4.7, the adsorption capacities for St-nanoMIP 

range from 52.8-82.8 mg g-1 and 51.2-82.9 mg g-1 for the influent and effluent, respectively. 

The MCD-nanoMIP had adsorption capacities ranging from 50.1-64.1 mg g-1 for the influent 

and 45.8 mg g-1 and 62 mg g-1 for the effluent, respectively for the three WWTPs. It can be 

noted that, both St-nanoMIP and MCD-nanoMIP exhibited great potential as excellent 

adsorbents with high adsorption ability for the removal of sulfamethoxazole, nevirapine and 

ibuprofen. Among the investigated pharmaceuticals, nevirapine exhibited high adsorption 

capacities in Darvill and Amanzimtoti WWTPs for both St-nanoMIP and MCD-nanoMIP. 

Nevirapine is widely used to treat HIV and prevent mother-to-child transmission, which could 
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be the reason for its high environmental detection frequency. (Cerveny et al., 2021). On the 

other hand, nevirapine was adsorbed more effectively by St/MCD-nanoMIPs in the three 

WWTPs because it is more aromatic (two benzene rings) and non-polar (log Kow = 3.89), while 

ibuprofen was the second most adsorbed compound since it has one aromatic ring and is also 

non-polar (log Kow = 4.85).  

Consequently, the size and the hydrophobicity nature of nevirapine and ibuprofen makes them 

most adsorbable. Sulfamethoxazole was the less adsorbed compound by St/MCD-nanoMIP 

since it is most hydrophilic compound with Log Kow of 0.89. Nielsen and Bandosz reported a 

similar trend, noting that compounds with a higher Log Kow adsorb more on organic matter 

than those with a lower Log Kow (Nielsen and Bandosz, 2016). These findings additionally 

validate that the strong adsorption interaction of the selected aromatic pharmaceuticals with 

St/MCD-nanoMIPs, most likely through π–π aromatic ring interaction, H-bonding, or 

hydrophobic interactions (Agustin et al., 2022, Rosli et al., 2021). Additionally, there were 

differences in the amounts of pharmaceuticals removed by St/MCD-nanoMIPs from WWTPs, 

which were primarily related to the characteristics of the influents and how the plants are 

operated (Khasawneh and Palaniandy, 2021).  

Nevirapine had the highest removal efficiency in all WWTPs (82-96%), while ibuprofen had 

69.8-76.8% and sulfamethoxazole had 50-72% on their removal by St-nanoMIP. Accordingly, 

MCD-nanoMIP had the highest removal efficiency for sulfamethoxazole (40-68%), while 

nevirapine had 54-63% and ibuprofen had 40-50%. Notably, high removal efficiencies were 

obtained for St-nanoMIP compared to MCD-nanoMIP. These results further indicate that the 

efficacy varies greatly depending on the adsorbent features. Since WWTPs must treat water 

containing a combination of pharmaceuticals at the same time, it is important to design an 

adsorbent with a high efficacy and large surface area for pharmaceuticals to adsorb. Overall, 

the selected pharmaceuticals were also found in effluent wastewater with adsorption capacities 

and removal efficiency that were comparable to those of the influents, suggesting that the 

treatment processes used in WWTPs did not effectively remove the compounds under 

investigation. This therefore is an indication that there is a need for an efficient method to be 

applied in WWTPs for the purpose of removing pharmaceuticals.



156 
 

Table 4.7: Adsorption capacities of selected pharmaceuticals in WWTPs 

WWTP Sampling 

point 

St-nanoMIP MCD-nanoMIP 

Sulfamethoxazole Nevirapine Ibuprofen Sulfamethoxazole Nevirapine Ibuprofen 

Qe (mg g-1) RE% Qe (mg g-1) RE% Qe (mg g-1) RE% Qe (mg g-1) RE% Qe (mg g-1) RE% Qe (mg g-1) RE% 

Darvill Influent 67.6 70 82.9 96 76.8 80 64.1 68 61.4 60 51.6 50 

Effluent 55.0 63 82.8 95 74.4 79 45.8 40 62.0 63 51.6 50 

Northern Influent 68.7 72 77.9 85 72.8 77 61.0 60 55.7 54 48.9 45 

Effluent 53.8 52 77.3 82 69.8 73 50.9 47 60.3 59 45.9 40 

Amanzimtoti Influent 52.8 51 80.6 91 72.1 77 60.6 59 60.9 60 50.4 47 

Effluent 51.2 50 79.6 88 71.1 75 58.7 55 58.2 54 47.2 42 

Qe = adsorption capacity 

RE= removal efficiency 
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4.11 Conclusion 

This study revealed that nanoMIPs can be utilized as an efficient adsorbent to remove the 

selected multi classes of pharmaceuticals from aqueous media. Incorporating nanoparticles to 

MIPs produces a new substance with improved features, such as increased thermal stability 

and adsorption capabilities. It was found that the error function (RMSE) values of the linear 

model were smaller than those of the non-linear model. Hence, the kinetics studies showed that 

the pseudo-second order linear model best describe the adsorption process and fast adsorption 

of compounds was observed for St/MCD-nanoMIPs.  This was due to the abundance of 

imprinted cavities, providing nanoMIPs with a high specific surface area and a significant 

number of binding sites thus enabling a quick pharmaceutical diffusion process into the 

material.  

Both linear and nonlinear models were effective for finding the ideal isotherm and its 

parameters. Nonetheless, when compared to a linear isotherm, the non-linear isotherm model 

performed better. The results revealed that the non-linear Freundlich isotherm is a more 

appropriate model for describing the adsorption of sulfamethoxazole, nevirapine and ibuprofen 

onto the St/MCD-nanoMIPs. This subsequently demonstrated that the predominant adsorption 

process for the St/MCD-nanoMIPs is physicochemical adsorption on the heterogeneous 

surface. However, the Langmuir isotherms demonstrated that monolayer adsorption occurred 

on the St/MCD-AgNPs, thus indicating that each pharmaceutical molecule was adsorbed on a 

unique localized adsorption site. Moreover, it also confirmed that there was no adsorbate 

transmigration in the plane of the surfaces, leading to homogeneous monolayer adsorption onto 

the adsorbent surface. Meanwhile, the adsorption thermodynamics described the adsorption 

process as spontaneous, endothermic, and physical in nature. Nonetheless, St/MCD-AgNPs 

demonstrated lesser adsorption capabilities than St/MCD-nanoMIPs, confirming the 

significance of St/MCD-nanoMIPs in the observation of enhanced adsorption. The St-nanoMIP 

showed a fast adsorption rate and high adsorption capacities when compared to MCD-

nanoMIPs. Thus, St -nanoMIPs have larger surface area which further favours enhancement in 

adsorption capacity.  

Apart from the ability to adsorb target pharmaceuticals with maximum selectivity and 

efficiency, another interesting feature of St/MCD-nanoMIPs is regeneration. Regeneration 

studies conducted over multiple adsorption and desorption cycles demonstrated that the 

St/MCD-nanoMIPs can be reused more than five times, an indication that the St/MCD-

nanoMIPs could be used repeatedly without losing their adsorption efficiency. Therefore, the 
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use of St/MCD-nanoMIPs as adsorbents to remove pharmaceuticals from wastewater could 

lower the running costs of the water treatment plants.  

 

The significance/statistical analysis of the findings was assessed using an analysis of variance 

and the F test, which demonstrated that the effects of contact time, concentration, temperature, 

adsorbent dosage, and pH were statistically significant. It was confirmed that the high 

adsorbing capacity of the St/MCD-nanoMIPs compared to the corresponding nanoparticles was 

due to its high surface area, high selectivity, H-bonding and π–π interaction with the benzene 

ring of the pharmaceuticals. The St/MCD-nanoMIPs proved to have higher adsorption capacity 

and good efficiency for the removal of sulfamethoxazole, nevirapine and ibuprofen in 

wastewater samples. The process was found to be cost-effective, environmentally friendly, 

versatile, highly selective, reusable, stable and easily applicable paving the way for the possible 

application of these nanoMIP materials in environmental pollution monitoring, especially of 

pharmaceuticals as they are not removed by the traditional wastewater treatment techniques. 
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Chapter 5  

Efficacy assessment of molecularly imprinted polymer incorporated with platanus 

acerifolia and moringa oleifera capped silver nanoparticles for the removal of multi-

class pharmaceuticals in wastewater 

Abstract 

Pharmaceuticals are one of the most prevalent contaminants discovered in water systems. The 

ineffectiveness of traditional wastewater treatment procedures to completely remove them 

results in their release into the rivers with the effluent water. Thus, there is a pressing need to 

remove pharmaceuticals effectively using different methods. Utilizing affordable technologies 

while maintaining standards for health and safety is one of the main problems in the wastewater 

treatment industry.  In this study, a cost effective and highly selective molecularly imprinted 

polymer (MIP) was combined with silver nanoparticles (AgNPs) capped with platanus 

acerifolia (PL) and moringa oleifera (MO) for selective removal of sulfamethoxazole, 

nevirapine and ibuprofen in wastewater. Moreover, the study focused on adsorption 

parameters, including temperature, pH, adsorbent dosage, adsorbate concentration, and contact 

time. The transmission electron microscopy results revealed that the MO/PL-AgNPs and 

MO/PL-nanoMIPs are nanosized and spherical in shape. The XRD confirmed a face centered 

cubic crystalline of silver nanoparticles onto the MO/PL-AgNPs and MO/PL-nanoMIPs. The 

adsorption experimental data for both nano-adsorbents (MO/PL-AgNPs and MO/PL-

nanoMIPs) fitted with the linear Langmuir model which indicates that the binding occurred on 

the homogeneous surface. Furthermore, the MO/PL-nanoMIPs adsorption capacities for the 

target pharmaceuticals were higher compared to MO/PL-AgNPs indicating that the nanoMIPs 

have larger surface areas which further enhances the adsorption capacity. The linear pseudo-

second order kinetic model best fitted on MO/PL-nanoMIPs which implied adsorption through 

chemisorption, while the thermodynamic results revealed that the adsorption process was 

spontaneous and endothermic. The MO/PL-nanoMIPs confirmed the high efficiency for the 

removal of target pharmaceuticals in wastewater. The method was successfully applied to 

remove the presence of these pharmaceuticals in wastewater samples. The removal efficiency 

of >61% in influent water samples and >45% in effluent water samples were observed. The 

lower removal efficiency may be attributed to the presence of other material present in both 

water samples, thus further studies reporting on the impact of physicochemical parameters in 

water are recommended.  
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5.1 Introduction 

Water pollution from pharmaceuticals is a constant concern to both human health and the 

environment (Samal et al., 2022). The development of analytical techniques has made it 

possible to find pharmaceuticals in several environmental matrices, including drinking water, 

sediments, waste effluents, surface water, and subsurface water (Sahani et al., 2022). The 

prevalence of pharmaceuticals in aquatic ecosystems demonstrates the ineffectiveness of 

traditional wastewater treatment procedures, necessitating the urgent need for pharmaceuticals 

to be removed as effectively as possible via alternative techniques (Birniwa et al., 2023). 

Utilizing affordable technologies while maintaining standards for health and safety is one of 

the main problems in the wastewater treatment industry. Particularly, MIPs offers excellent 

mechanical and chemical stability, low cost, long shelf life, strong anti-interference ability, and 

high selectivity in the removal of pharmaceuticals from wastewater. They adsorb quickly and 

with great selectivity on target analytes (Gkika et al., 2024). Accordingly, MIP is a polymer 

that is surrounded by target analytes, and the resulting polymer matrix is printed with precise 

cavities that have a three-dimensional structure that complements the analytes' size, shape, and 

binding sides. Nonetheless, the majority of MIP examples documented in the literature are 

predicated on the synthesis of bulk polymers (such as monoliths), which are typically 

associated with poor surface area and, hence, low binding capacity (Kuhn et al., 2020). A novel 

approach to this problem is the use of MIP nanoparticles, or nanoMIPs, which provide 

increased surface area, fast binding kinetics, stability, exceptional selectivity, and sensitivity 

(Zhang et al., 2023). Notably, molecular imprinting-based nanoparticles are nanoparticles 

combined with molecular imprinting technology to produce custom binding sites for the 

identification of certain environmental contaminants. The inventive combination of the 

underlying components in nanoparticles results in a unique design platform with great synthetic 

versatility, enhancing the overall adsorption performances, such as high adsorption capacity, 

short equilibrium time, good selectivity, and convenient usability. Therefore, the potential of 

nanoMIP adsorbents to remove environmental contaminants is of  significant scientific and 

technological interest due to their small size effect, combination flexibility/versatility, 

specificity and improved performance (Wang et al., 2023). Further, silver nanoparticles 

(AgNPs)  are versatile, simple-to-prepare, low-cost materials and  have a large surface area and 

high surface energy, which promotes surface reactivity and adsorption in the adsorptive site 

(Azeez et al., 2020). Chemically synthesized nanoparticles use chemicals as a reducing and 

capping agents, converting Ag ions to AgNPs. However, these methods are not very 

biocompatible, and they have harmful effects (Ratan et al., 2020). Accordingly, growing 
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interest has been shown recently in the use of green chemistry to synthesize AgNPs in order to 

minimize the use and production of harmful compounds. An alternative that has recently 

surfaced is the synthesis of nanoparticles using plants biomass due to their abundant availability 

and phytochemical profile as reducing and stabilizing agents (Soni et al., 2021). AgNPs 

mediated by plants biomass are non-hazardous, economical, environmentally benign, and 

easily synthesised. They act as natural agents for capping, stabilizing, and reducing (Jain et al., 

2021). Notably, some plants are used as capping and reducing agents at the same time to reduce 

energy consumption (Ying et al., 2022). Plants utilized in the synthesis process are abundant 

in polyphenols and bioactive chemicals that support the stabilization and reduction process and 

have a significant impact on the characteristics of the final nanoparticles (Wahab et al., 2021). 

Platanus acerifolia and moringa oleifera leaf extract are abundantly rich in polyphenols and in 

diverse groups of phytochemicals which can be used in the synthesis of nanoparticles (Shende 

et al., 2018, Shalaby et al., 2022). In contrast, both moringa oleifera and platanus acerifolia are 

inexpensive, widely/readily available materials that can be used in the synthesis of silver 

nanoparticles and can enhance the adsorption capabilities for the removal of ibuprofen, 

nevirapine, and sulfamethoxazole. The substantial global consumption of sulfamethoxazole, 

nevirapine, and ibuprofen, along with their known physicochemical and toxicological features, 

have sparked significant scientific interest in these pharmaceutical compounds. These 

pharmaceuticals become a concern to human health when they are present in aquatic 

environments because of their toxicity and ability to cause bacterial resistance, yet their 

consumption rate is increasing (Waleng and Nomngongo, 2022, Ngqwala and Muchesa, 2020). 

Hence, the main objective of this study was to prepare a silver nanoparticles molecularly 

imprinted polymer for selective and sustainable removal of sulfamethoxazole, nevirapine and 

ibuprofen in wastewater. In this study, the nanoMIPs were then synthesized by imprinting the 

MIP with PL and MO silver nanoparticles. Following synthesis, the materials were 

characterized chemically and physically to examine their morphology, structure, and other 

characteristics. To assess the removal capability towards the target pharmaceuticals, studies 

were conducted on the adsorption kinetics, isotherms, thermodynamics, regeneration 

performance, and selective adsorption ability of nanoMIP materials. 
 

5.2 Materials and methods 

5.2.1 Chemicals 

All chemicals, solvents and media used in this study were of analytical grade and purchased 

from Sigma Aldrich, (Johannesburg, South Africa). Analytical grade sodium hydroxide 



168 
 

(NaOH) (99.9%), silver nitrate (AgNO3) (99.8%), and soluble starch (99.9%). were supplied 

by Merck (Pty) Ltd (Johannesburg, South Africa). The Platanus acerifolia leaves were collected 

from the University of KwaZulu-Natal in Pietermaritzburg campus (South Africa). Moringa 

oleifera leaves powder was supplied by the Department of Agriculture and Rural Development 

located in Hilton, KwaZulu Natal. 

 

5.2.2 Sample Preparation  

100 mg/L stock solution of targeted pharmaceuticals was prepared by dissolving 10 mg of each 

template (sulfamethoxazole, Ibuprofen and nevirapine) in 100 mL of acetonitrile. From the 

stock solution a concentration range of standards ranging from 0.1-2 mg/L were prepared by 

appropriate dilutions of the stock solution. These standard solutions were analysed with the 

LC-MS system and used for the construction of the calibration curve. The Platanus acerifolia 

leaves were washed with tap water and left to dry overnight at room temperature.  The MRC 

SMM450 sample mill was used to grind the Platanus acerifolia which were then sieved into 

250 µm a using King test VB 200/300 sieve shaker from DLD Scientific (Durban, South 

Africa). The fine powder was soaked in ultrapure water and agitated for 3 hours with 

continuous stirring, thereafter, left to dry in the oven overnight at a temperature 105 ͦ C. 

 

5.2.3 Instrumentation and chromatographic conditions 

The analytical method reported by Hlengwa and Mahlambi was used in the analysis of the 

selected pollutant in this study (Hlengwa and Mahlambi, 2020). Briefly, a Shimadzu LC 2020 

series (Tokyo, Japan) coupled with a UV/Vis detector set at 210 nm was used to analyse the 

pharmaceuticals. The compounds were separated on a Shim-Pack GIST C18-HP (150 × 4.6 

mm i.d., 3,5 µm particle size) column (Tokyo, Japan) with a column temperature of 40 ˚C. The 

mobile phase comprised of 0.1% formic acid in water: ACN (10:90) at a constant flow of 0.4 

mL/min. The injection volume of 10 µL was used for the analysis. 

5.2.4 Environmental sample collection 

The wastewater samples were obtained from three treatment plants in the South African 

province of KwaZulu-Natal. The Northern and Amanzimtoti wastewater treatment plants 

(WWTPs) are situated in Durban, while the Darvill WWTP is situated in Pietermaritzburg. 

These WWTPs receive sewerage from both domestic and industrial wastes. Effluent samples 

were collected in 2.5 L dark brown bottles and stored in a ice box. The samples were then 
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transported to the laboratory where they were stored in the refrigerator (4°C) for further 

analysis. 
 

5.2.5 Synthesis of moringa oleifera and platanus acerifolia AgNPs 

Platanus acerifolia and Moringa oleifera leaves powder was dissolved in an alkali solution (1 

g of each was added), along with 0.25 g of NaOH platelets, in 100 mL of ultrapure water in an 

Erlenmeyer flask. This was done to increase the oxidation of Platanus acerifolia and Moringa 

oleifera, which in turn accelerated the nucleation and reduction rates by promoting AgNPs 

formation. After that, the mixture was agitated for 10 minutes at 80 °C using a magnetic stirrer 

while adding dropwise 20 mL of 0.1 M AgNO3 solution. The mixtures were then held under 

continuous stirring for 1 hour. The Moringa oleifera reaction medium acquired a yellow colour 

then changed to dark brown colour showing the formation of silver nanoparticles (MO-

AgNPs). Whereas the Platanus acerifolia medium change from brown to black, showing the 

formation of silver nanoparticles (PL-AgNPs). The colloidal solutions were allowed to 

gradually cool to 25 °C in 30 minutes following the completion of their reactions. After the 

reaction, the MO/PL-AgNPs were collected by centrifugation at 4500 rpm for 15 minutes to 

remove the larger-sized particles and then washed twice with acetone and water to remove the 

unreacted materials and impurities. Following collection, the MO/PL-AgNPs were oven-dried 

for 15 minutes at 80 °C (Okaiyeto et al., 2021). 

 

5.2.6 Synthesis of MIP nanoparticles 

The synthesis of multi-template molecularly imprinted polymer (MIP) as selective adsorbent 

for the removal of nevirapine, ibuprofen and sulfamethoxazole from wastewater was adopted 

with minor adjustments from a method used by Madikizela and co-workers (Madikizela and 

Chimuka, 2016). The MIP bulk polymerization was performed in two steps. The synthesis 

began with the dissolution of 20 mg of 1,1′-azobis-(cyclohexane carbonitrile) in 50 mL of 

toluene, to which 1.51 mL of ethylene glycol dimethacrylate (EGDMA) was added. Following 

that the reaction flask was then purged with nitrogen for 10 minutes and sealed. After that, the 

reaction was allowed to occur for 16 hours at 60 °C while being constantly stirred in an oil 

bath. The second step involved dissolving 25 mg of each pharmaceutical (ibuprofen, 

nevirapine, and sulfamethoxazole) in 25 mL of acetonitrile. Then, 25 mL of toluene, 60 mg of 

1,1′-azobis-(cyclohexane carbonitrile), 100 mg of the synthesized MO/PA-AgNPs, 1 mL of 2-

vinylpyridine, and 3.85 mL of ethylene glycol dimethacrylate (EGDMA) were added.  The 
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final mixture was then put into the first reaction flask, sealed, and nitrogen-purged for 15 

minutes to remove any remaining oxygen. After that, the reaction continued for 24 hours at 80 

°C in an oil bath. The resultant polymer was oven dried at 100 °C. After that, the polymer was 

milled, sieved and particles with sizes between 25 to 50 μm were collected. The Soxhlet 

extraction method was used to elute the templates from the resultant polymer by repeatedly 

washing it with a 9:1 v/v mixture of acetonitrile and acetic acid until the templates were not 

detected on the LC-MS. After that, 100% acetonitrile was used to wash the polymer in order 

to remove the acetic acid.  

 

5.3 Characterisation 

All-optical studies were conducted at room temperature using a Perkin Elmer Lambda 25 UV-

Vis spectrophotometer in the 200-800 nm wavelength range.  TEM (JEOL JEM1230, Tokyo, 

Japan) was used to assess the MO/PL-AgNPs and MO/PL-nanoMIPs formulation's 

morphology and particle size. The morphological and particles size of the AgNPs and 

nanoMIPs formulation were evaluated using TEM (JEOL JEM1230, Tokyo, Japan The surface 

morphology of the synthesized MO/PL-AgNPs and MO/PL-nanoMIPs was evaluated using a 

Zeiss Ultra Plus Field Emission Gun Scanning Electron Microscopy (FEG-SEM) instrument 

(Tokyo, Japan). Thermogravimetric (TGA) analysis was performed with an Anton Paar 

analyzer (Mettler Toledo, Columbus, USA) to assess the thermal stability of the synthesized 

MO/PL-AgNPs and MO/PL-nanoMIPs. The Rigaku MiniFlex 600 (Rigaku Tokyo, Japan) 

provided the X-ray diffraction (XRD) patterns for the synthesized MO/PL-AgNPs and MO/PL-

nanoMIPs. A Raman spectrometer in Via Renishaw (Renishaw, England) was used to record 

Raman spectra. To assess the functional groups present in the MO/PL-AgNPs and MO/PL-

nanoMIPs, the Perkin Elmer spectrum Fourier transform infrared Spectrometer (400 FTIR) 

equipped with a universal ATR sampling accessory was used. 

 

 

5.4 Adsorption experiments 

A series of adsorption experiments were conducted by preparing solutions of pharmaceutical 

compounds (i.e., sulfamethoxazole, nevirapine and ibuprofen) in water at different initial 

concentrations ranging from 0.2 to 1.5 mg/L. To observe pH effect, the adsorption experiments 

were carried out at the pH range of 2-10, adjusted by adding aliquots of 0.01 M NaOH or HCl. 

The agitation time was set between 10-60 minutes, the mass dosage of MO/PL-nanoMIPs 
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ranging from 10-50 mg, and temperature ranging from 25-70 °C. One parameter at a time was 

changed while the other remained fixed in order to optimize the settings. The percentage 

removal and adsorption capacity of MO/PL-nanoMIPs, respectively, were determined using 

the following equations: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (%) = (𝐶𝐶0−𝐶𝐶𝑒𝑒)
𝐶𝐶0

𝑋𝑋 100    5.1 

𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑒𝑒)𝑉𝑉
𝑊𝑊

       5.2 

 

Co and Ce are the initial and residual concentrations of pharmaceuticals in solution, expressed 

in mg/L, respectively. V (L) is the volume of the pharmaceutical solution used, and W (mg) is 

the weight of MO/PL-nanoMIPs used. 

 

5.5 Statistical analysis 

The adsorption experiments were statistically analysed using the F-test and ANOVA to 

determine the efficacy of the MO/PL-nanoMIPs material in the removal of sulfamethoxazole, 

nevirapine, and ibuprofen Examining each parameter's sum of square value facilitates the 

process's understanding of how each process variable influences the desired response. Equation 

5.3 is used to show the percentage contribution of each variable to the outcome. (Show et al., 

2020). 

 

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑆𝑆𝑆𝑆𝑝𝑝
𝑆𝑆𝑆𝑆𝑚𝑚

𝑋𝑋 100    5.3 

 

The sum of squares for the model in this instance is denoted by SSm, and the sum of squares 

for a selected parameter is denoted by SSp. 

 

5.6 Adsorption kinetics 

Adsorption is a time-dependent process, so it's important to assess the adsorption process' rate-

limiting step in order to remove pharmaceuticals from various wastewaters. The kinetic models 

of linear pseudo first order, linear pseudo second order, non-linear pseudo first order, and non-

linear pseudo second order were determined through the use of the adsorption capacities 

measured at different contact times. The linear pseudo-first order model is defined by the 

following equation (Paranjape and Sadgir, 2023): 

𝑙𝑙𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡     5.4 
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An x-axis representing time t (min) and a y-axis representing ln (qe - qt) was used to construct 

a line graph and determine a constant value for pseudo first order adsorption (k1) and qe 

calculation (qecal). This was followed by the plotting of a line graph with time t (min) as the x 

axis and t/qt as the y axis using the linear pseudo second order model in equation 5.5 below. 
1
𝑞𝑞𝑡𝑡

=  1
 𝑘𝑘2𝑞𝑞𝑒𝑒2

+  𝑡𝑡
𝑞𝑞𝑡𝑡

      5.5 

 

The equation of non-linear pseudo first order and non-linear pseudo second order, in equation 

5.6 and 5.7 were used to plot a graph using time t (minutes) as the x axis and qt as the y axis.  

𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒(1 + 𝑒𝑒𝐾𝐾1𝑡𝑡)      5.6 

𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑞𝑞2𝑘𝑘2𝑡𝑡
1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡

       5.7 

 

The amounts of pharmaceuticals adsorbed per unit mass of the adsorbent at equilibrium and 

time t are denoted by qe and qt (mg/g), respectively, and the adsorption rate constants for the 

pseudo first and pseudo second order kinetic models are k1 and k2 (min-1), respectively. 

 

5.7 Adsorption equilibrium 

The results from the adsorption at varied concentrations were used to determine the linear 

Langmuir and Freundlich isotherms and non-linear Langmuir and Freundlich isotherms. The 

Langmuir isotherm model is predicated on the idea that homogeneous surfaces with 

monolayers have uniform active sites. Equation 5.8 and 5.9 is an expression for the non-linear 

and linear Langmuir equation (Paranjape and Sadgir, 2023). 
1
𝑞𝑞𝑒𝑒

=  1
 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

+  𝑅𝑅𝐿𝐿
𝐾𝐾𝐿𝐿

      5.8 

 

𝑞𝑞𝑒𝑒 =  𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1+ 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

       5.9 

 

where the equilibrium adsorption capacity of the adsorbent (mg/g) is expressed as qe, the 

maximum monolayer adsorption capacity is represented by Qmax (mg/g), Ce (mg/L) is the 

concentration at equilibrium concentration and the Langmuir adsorption constant is represented 

by KL (L/mg). The equilibrium parameter, also known as the separation factor, or RL presented 

in equation 5.10, is a crucial component of the Langmuir model that establishes the favourable 

or unfavourable conditions for surfactant adsorption. 



173 
 

𝑅𝑅𝐿𝐿 = 1
1+ 𝐾𝐾𝐿𝐿𝐶𝐶𝑂𝑂

       5.10   

The application of the linear and non-linear Freundlich isotherm, which can be expressed by 

equations 5.11 and 5.12, is used for multi-layer adsorption on heterogeneous surfaces (Gabr et 

al., 2023). 

𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 = 𝑙𝑙𝑙𝑙𝐾𝐾𝐹𝐹 + 1
𝑛𝑛

 𝑙𝑙𝑙𝑙𝐶𝐶𝑒𝑒     5.11  

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒1/𝑛𝑛       5.12 

where Ce and qe denote for the equilibrium template concentration and amount adsorbed, 

respectively. The constants of the Freundlich isotherm model are the adsorption intensity (1/n) 

and the adsorption capacity (KF). Furthermore, the capacity and favourability of the 

adsorbent/adsorbate system are indicated by the exponent (1/n). 

 

5.8 Error analysis 

The linear and non-linear adsorption kinetics were assessed using the root mean square error 

(RMSE). The RMSE equation has the following expression: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = � 1
𝑛𝑛−1

∑ �𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
2𝑛𝑛

𝑖𝑖=1     5.13 

where qcalc is the adsorption capacity derived from the kinetic equation model, n is the number 

of observations, and qexp is the adsorption capacity derived from the experiment (Ahmadi et 

al., 2019). 

 

5.9 Thermodynamics 

The nature of the adsorption process and its viability were investigated through thermodynamic 

studies for pharmaceuticals uptake by AgNPs and nanoMIPs at seven different temperatures. 

Parameters like the enthalpy change (ΔH°), entropy change (ΔS°), and Gibbs free energy 

change (ΔG°) were utilized to assess the spontaneity of the adsorption process and provide an 

insight into potential removal mechanisms (Alnajrani and Alsager, 2020). 

 

∆𝐺𝐺° = −𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒/𝑐𝑐𝑒𝑒      5.14 

𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒/𝑐𝑐𝑒𝑒 = ∆𝑆𝑆°
𝑅𝑅
− ∆𝐻𝐻°

𝑅𝑅𝑅𝑅
      5.15 

 

The variables in this equation are the free energy change (ΔG°), the enthalpy change (ΔH°), the 

entropy change (ΔS°), T the absolute temperature (K), and R, the gas constant (8.314 J/mol K), 
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ce represents the target pharmaceuticals concentration at equilibrium (mg/L) and qe is the 

adsorption capacity at equilibrium (mg/g). 

 

5.10 Selectivity of MO/PL-nanoMIPs 

The selectivity of the nanoMIPs was tested using fenoprofen, which competes with the binding 

sites of MO/PL-nanoMIPs. The optimal conditions for preparing MO/PL-nanoMIPs selective 

adsorption performance were batch rebinding experiments with deionized water (pH 7.0). The 

water was spiked to produce a final concentration of 1 mg/L for both MO-nanoMIP and PL-

nanoMIP with a mixture of sulfamethoxazole, nevirapine, ibuprofen, while and fenoprofen was 

used as a competitor.  After adding 10 mL of the spiked solution to a flask with 30 mg of MO-

nanoMIPs and 20 mg of PL-nanoMIPs, the mixture was shaken for ten minutes at room 

temperature. The distribution coefficients (Kd), and selectivity coefficients (k) of the targeted 

pharmaceuticals and the competitor were acquired according to the following equations 

(Espinoza-Torres et al., 2023): 

 

𝐾𝐾𝑑𝑑 = 𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒
𝑊𝑊

𝑉𝑉      5.16 

 

where the polymer weight is W (mg), the solution volume is V (mL), the initial and final 

solution concentrations are Co and Ce, respectively, and the distribution coefficient is denoted 

by Kd (mg/g). 

 

𝑘𝑘 = 𝐾𝐾𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

    5.17 

 

Where k is the selectivity coefficient for the distribution coefficient of the targeted 

pharmaceuticals binding in the presence of a competitor. 

 

5.11 Reusability of nanoMIPs 

In order to evaluate the reusability of the synthesized materials 30 mg of MO-nanoMIP and 20 

mg of PL-nanoMIP that had previously adsorbed sulfamethoxazole, nevirapine, and ibuprofen 

were washed for 10 minutes in a 9:1, v/v acetonitrile/acetic acid solution. The MO/PL-

nanoMIPs were then regenerated using 10 mL of pure acetonitrile to desorb undesirable 

compounds. In the subsequent cycle, these MO/PL-nanoMIP adsorbents were then utilized yet 

again to adsorb sulfamethoxazole, nevirapine, and ibuprofen. Five repeated cycles of 
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adsorption–regeneration tests were performed to confirm MO/PL-nanoMIP stability and 

reusability (Mankar et al., 2020). The experimental conditions for the adsorption stage were 

maintained constant throughout each cycle. 

 

5.12 Results and discussion 

5.12.1 Characterisation 

5.12.1.1 UV-Visible Spectroscopy  

The peak observed  in Figure 5.1 (a) and (b) at 436 nm and 407 nm represents surface plasmon 

resonance (SPR), which is caused by the excitation of free electrons in the silver metal (Khane 

et al., 2022). This showed that when exposed to the bioactive components of the plant extract, 

the silver ion was reduced to elemental silver and eventually to silver nanoparticles, changing 

the optical properties of the silver nitrate solution. Accordingly, the UV spectra for the MO and 

PL-nanoMIPs showed a shift and a decrease in wavelength (431 nm and 404 nm). This can be 

attributed to size reduction and increase in stability of the particles when the AgNPs are 

incorporated with MIP.   

 
Figure 5.1: UV spectra of (a) MO-AgNPs and MO-nanoMIPs and (b) PL-AgNPs and PL-

nanoMIPs 

 

5.12.1.2 Scanning Electron Microscope (SEM)  

The SEM images verified the formation of silver nanoparticles. The SEM image of MO-AgNPs 

in Figure 5.2 (a) shows that the nanoparticles are well dispersed having irregular shape with 

elongated, polyhedral and some spherical shapes of heterogeneous sizes. The PL-AgNPs shows 

a smooth and wrinkled surface with nanoparticles predominantly spherical and slightly 

aggregated into larger particles (Figure 5.2 (b)). The wrinkled surface of PL-AgNPs is said to 

be the consequence of interactions between functional groups that include oxygen 
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(Spilarewicz-Stanek et al., 2016). This aggregation may be due to the presence of secondary 

metabolites in the PL leaf extracts. Even within the aggregates, the nanoparticles were not in 

direct contact, indicating that the nanoparticles were stabilized by a capping agent.  According 

to SEM images of MO-nanoMIP and PL-nanoMIP in Figure 5.2 (c) and (d), their surfaces 

were uneven, and their morphology has many pores of varying sizes and shapes, which 

indicated that there were a lot of active sites available for the adsorption of pharmaceuticals. 

The presence of cavities in the nanoMIPs structure allowed pharmaceutical compounds to 

permeate the surface of the adsorbents, which was beneficial to the adsorption process. 

According to the comparison of the MO/PL-AgNPs and MO/PL-nanoMIPs sizes, the formation 

of a polymeric network on the MO/PL-nanoMIPs surface was suggested by the increasing 

particle size (Geravi and Ghaemy, 2024).  

 

 
Figure 5.2: SEM images of (a) MO AgNPs, (b) PL-AgNPs, (c) MO-nanoMIP and (d) PL 

nanoMIP 
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5.12.1.3 Transmission electron microscopy (TEM) 

A high-resolution TEM image (Figure 5.3 (a) and (b)) revealed that the MO-AgNPs and PL-

AgNPs are uniform and have an irregular shape but are predominantly spherical. The particle 

size distribution histogram in Figure 5.3 (e) and (f) shows that the synthesized MO-AgNPs 

and PL-AgNPs have an average diameter of 22.79 nm and 17.40 nm, respectively. 

Interestingly, MO-AgNPs were entrapped within a matrix as seen on the TEM image (Figure 

5.3 (a)). It was determined that this cloud-like structure is made of organic material derived 

from plant extract that engulfs the synthesized MO-AgNPs (Figure 5.3 (a)) and serves as a 

capping agent (Zulkifli et al., 2020, Nakhaeitazreji et al., 2023).  Further, the TEM images 

shown in Figure 5.3 (c) and (d), depicted the porous network nature of both MO and PL-

nanoMIPs. Pharmaceuticals can attach to and diffuse toward the recognition sites more easily 

with such a porous structure's increased surface area (Kuhn et al., 2020). Notably, the silver 

nanoparticles had a nanosized structure where tiny particles with some spherical aggregate 

morphology bonded together and embedded in the polymer (MO and PL-nanoMIPs) surface 

to form nanosized clusters. These nanosized clusters has a mean average of 65.11 nm and 38.48 

nm as observed on the MO and PL-nanoMIPs particle size distribution histogram in Figure 5.3 

(g) and (h). Notably, the agglomeration in some regions of the MO/PL-nanoMIPs was due to 

narrow distribution nanoparticles being monodispersed in their dispersion (Nasraoui et al., 

2022).  
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Figure 5.3: TEM images of (a) MO AgNPs, (b) PL-AgNPs, (c) MO-nanoMIP and (d) PL nanoMIPs 
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5.12.1.4 Fourier transform infrared spectroscopy (FTIR)  

The results in Figure 5.4 (a) and (b) demonstrate the functional groups present in MO/PL-

AgNPs and MO/PL-nanoMIPs. The strong and broad peak for MO-AgNPs at 3275 cm-1 

and PL-AgNPs at 3250.31 cm-1 at corresponded to the stretching of OH functional 

(hydroxyl) groups. These peaks are known to be associated with stretching vibrations of 

hydroxyl groups in alcohols or phenolic compounds, CH2 and CH3 functional groups 

(Moodley et al., 2018).  The peaks at 2906.34-2840.42 cm-1 and 2856.90-2840.42 cm-1 for 

MO-AgNPs and PL-AgNPs were due to the asymmetric and symmetric stretching of 

aliphatic (C-H sp3) groups, respectively (Bindhu et al., 2020). The presence of aromatic 

rings can be confirmed by the band at 1522.17 cm-1 and 1596.32 cm-1, ascribed to C=C 

double bonds in ring structure for MO-AgNPs and PL-AgNPs (Thach et al., 2021). The 

peak at the wavenumber value 1293.54 cm-1 and 1217.32 cm-1 for MO and PL-AgNPs is 

associated with N-H bending. A broad band at 1101.04 cm-1 and 1021.65 cm-1 is generally 

found with oxidised carbons and has been assigned to C-O stretching in acids, alcohols, 

phenols, ethers and/or esters groups. In the area of 3606 cm-1 for the MIP, a broad band is 

formed which is a characteristic peak of the -OH group accompanied by the appearance of 

C-H band at 2920.77 cm-1, C=O (carboxylic acid) in the frequency region 1693.38 cm-1 

and C-N at 1084 cm-1 followed with C=C in the 1423.31 cm-1 region assumed to be derived 

from the functional groups of the hydroxyl functional group in alcohols and phenolic 

compounds,  aromatic ring and amine in the 2-VP monomer and the esters and alkenes 

EGDMA crosslinker, respectively (Zhao et al., 2023, Thach et al., 2021). These peaks 

appearance confirms that the MIP contained these moieties and that they could interact 

with the molecules in the template. Notably, the nanoMIPs also contained these peaks with 

a slight shift in the wavenumbers which indicate the successful synthesis of the 

combination of AgNPs with MIPs. The presence of hydroxyl groups (OH) in the MO and 

PL-nanoMIPs, caused by the chemisorbed water, is indicated by the band around 3509.86 

cm-1 and 3542.82 cm-1, respectively.  The peaks at 2947.54 cm−1 and 2945.48 cm−1 reflects 

the C-H stretching frequency either symmetric or asymmetric due to the presence of the 

aliphatic hydrocarbons chains and aromatic rings of alcohol/phenolic compounds in the 

MO and PL-nanoMIPs (Ravi et al., 2020). The strong stretching vibration absorption of 

the carboxylic acid group (C=O) in MO and PL-nanoMIPs was observed at 1719.91 cm-1 

and 1724.03 cm-1. The characteristics absorption peaks for MO-nanoMIP at 1141.12 and 

1450 cm-1 were due to the C -N and C=C stretching vibration of the amines and pyridine 

ring on the 2-VP monomer used in the synthesis of MIP and the nanoMIPs (Geravi and 
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Ghaemy, 2024). While the PL-nanoMIP showed a C-N and C=C bands at 1132.88 cm-1 

and 1458.32 cm-1, respectively.
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Figure 5.4: FTIR spectrum of (a) MIP, MO-AgNPs, MO-nanoMIP and (b) MIP, PL-AgNPs, PL-nanoMIP 
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5.12.1.5 Thermogravimetric analysis (TGA) and Differential scanning calorimetry 

(DSC) 

The TGA curve clearly indicates an initial weight loss observed at around 150 °C and 128 

°C, due to the loss of bound and unbound water molecules present in the obtained MO and 

PL-silver nanoparticles (Figure 5.5 (a) and (b)). A second weight loss appeared while 

temperature increases at 174.71-300 °C and 146.73-227.73 °C which accounted a 27% of 

the total MO and 3.5 % of PL-AgNPs weight. The breakdown of organic compounds like 

phenolic acid and carbohydrates is the cause of this weight loss (David and Moldovan, 

2020). A steady loss of weight appeared until 369.71-700 °C and 254.51-700 °C For MO 

and PL-AgNPs which accounted for 29%, probably determined by the thermal degradation 

of resistant aromatic compound and the decomposition of biogenic salt, such as carbonates. 

Accordingly, the DSC showed a sharp endothermic peak for MO-AgNPs 165.95 °C and 

269.75 °C for PL-AgNPs. According to Figure 5.5 (c) and (d), thermal analysis of MO and 

PL-nanoMIPs showed three weight loss steps. The first weight loss of 5% occurred around 

170.9 °C and 168.53 °C for the MO and PL-nanoMIPs due to the loss of the adsorbed water 

and the residue solvent molecules. There was a significant weight loss of about 63% from 

205 °C to 500 °C and 198.5 °C to 488 °C for MO and PL-nanoMIPs, which can be attributed 

to the decomposition of the polymer shell and loss of side groups such as acids and ester 

groups. The polymer was completely decomposed which was attributed to the 

decomposition of the polymer shell and loss of side groups such as acids and ester groups 

at 512 °C and 500 °C for the MO and PL-nanoMIPs, respectively. This further indicates 

that the AgNPs were successfully embedded on the MIP. The corresponding DSC 

thermogram showed a prominent exothermic peak at 458.05 °C and 363.29 °C might be 

due to the loss of pyridine and CO2 molecules (Thach et al., 2021). These peaks are also 

attributed to the crystallization of AgNPs.  
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Figure 5.5: TGA of (a) MO AgNPs, (b) PL-AgNPs, (c) MO-nanoMIP and (d) PL nanoMIPs 

 

5.12.1.6 X-ray diffraction (XRD) 

X-ray diffraction (XRD) analysis was used to further characterize the MO/PL-AgNPs. As 

illustrated in Figure 5.6 (a) and (b), all samples with specific diffraction peaks were highly 

crystallized materials. Accordingly, five predominant diffraction peaks located at 2θ = 

38.06°, 44.26°, 64.34°, 77.30°, and 81.53° for PL-AgNPs and 2θ=38.08°, 44.29, 64.37° ,

77.41°, and 81.37° for MO-AgNPs matched the Miller planes of the face centered cubic 

Ag0 phase (111), (200), (220), (311), and (222), respectively. Notably, the diffraction peak 

positions for the MO/PL-nanoMIPs remained unchanged. This indicates that AgNPs still 

retains in its original crystal structure and does not change with the addition of the polymer 

and confirmed the successful formation of crystalline MO/PL-AgNPs in the MIP particles. 

Moreover, an amorphous broad and less intense peak was observed at 2θ = 19.40° and 

17.81° for PL and MO nanoMIPs which is indicative of the polymer. Additionally, the 

intensity of the XRD peaks decreased after incorporation the nanoparticles with MIP 

because of the effect of the lower crystalline content in nanoMIPs and the amorphous 

polymeric surface of MIP (Figure 5.6 (c) and (d)) (Nurhayati and Royani, 2016). Similar 

observations were reported by Jiang and coworkers on their XRD characterization for 
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determination on sulfamethazine using molecularly imprinted polymers decorated 

with silver nanoparticles (Jiang et al., 2023). 

 

 
Figure 5.6: X-ray diffraction patterns of (a) PL-AgNPs, (b)MO-AgNPs, (c) PL-nanoMIP 

and (d) MO-nanoMIP 

 

5.12.1.7 Raman spectra 

The Raman bands of MO-AgNPs detected in 1794 and 2033 cm-1, have been assigned to 

the aromatic C-C stretching, whereas for PL-AgNPs these bands were detected at 1359, 

and 1597 cm-1. Moreover, the band at 1041 cm-1 for PL-AgNPs has been attributed to C-

O-C, while band at 820 cm-1 for the PL-AgNPs is due to AgNPs stretching. The band at 

2304 cm-1 is recognized as a characteristic C–H vibration peak. Accordingly, the 

fluorescence background was too high to determine the Raman for MO and PL-nanoMIPs 

(Figure 5.7 (c) and (d)). This suggest that the embedded silver nanoparticles around the 

recognition cavities of MIP surely enhance the Raman signals, making it difficult to 

identify these adsorbents correctly in the Raman spectrometer (Liu et al., 2011). However, 

the broad bands at 1592 cm−1 for the PL-nanoMIP can be attributed to the polymeric 

backbone of crosslinker used in the preparation of MIP interaction with AgNPs. 
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Figure 5.7: Raman spectra of (a) MO-AgNPs, (b) PL-AgNPs. (c) MO-nanoMIP and (d) 

PL-nanoMIP. 

 

5.12.2 Optimization of parameters 

5.12.2.1 pH effect 

Effect of pH on the removal of sulfamethoxazole, nevirapine and ibuprofen by MO-

nanoMIP and PL-nanoMIP can be seen in Figure 5.8 (a) and (b). It was observed from the 

results that the adsorption of these pharmaceuticals increases with an increase in pH of the 

solution to a maximum around a pH ∼7.0 (99.2-99.5% and 98.32 -99.61% for MO and PL-

nanoMIPs), and then decreases as the pH becomes more basic. Maximum removal 

efficiency at pH 7 can be explained due to the formation of hydrogen bond between 

carboxylic acid and amine groups in the imprinting structure and the functional groups in 

pharmaceutical molecules (Geravi and Ghaemy, 2024). Moreover, the pharmaceutical 

compounds sulfamethoxazole, nevirapine, and ibuprofen existed neutrally when the pH 

was increase to a range between their pKa. Notably, both MO and PL-nanoMIPs exhibited 

high % removal efficiencies from pH 3 to 5, due to that the MO/PL-nanoMIPs surface 

charge acquires more positive charge particles from the acidic pH solution increasing the 

electrostatic attraction between target pharmaceutical and the MO/PL-nanoMIP 

adsorbents. Furthermore, at acidic pH, the surface of adsorbents acquires a positive surface 
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charge due to dissociation of H+ and protonation from the amine group (Ezeuko et al., 

2022). Therefore, it was assumed that these compounds would bind to the MO/PL-

nanoMIPs via hydrogen bonding or electrostatic interactions in the positively charged 

form, and highest removal was noted (Qiu et al., 2022).  At pH>7, higher concentrations 

of basic hydroxyl ions are present, which builds a bridge between the molecules of the 

MO/PL-nanoMIPs and the pharmaceutical compounds (Ravi et al., 2020). Consequently, 

the surface of the MO/PL-nanoMIPs adsorbents is closely associated with -OH ions, which 

may prevent the pharmaceutical ions from reaching the surface of the functional groups 

due to repulsive forces. As a result, the pharmaceuticals and the OH-free ion compete to 

occupy the adsorbent's surface, which lowers the pharmaceutical’s ability to bind to the 

adsorbent.  

 

 
Figure 5.8: effect of pH on (a) MO-nanoMIP and (b) PL-nanoMIP 

 

5.12.2.2 Concentration effect 

As revealed in Figure 5.9 (a) and (b), the adsorption effectiveness of the MO and PL-

nanoMIPs adsorbent decreased as the concentration of target pharmaceuticals was 

increased. At lower concentrations, the active sites of the MO and PL-nanoMIPs surface 

are mostly empty, which resulted in high adsorption rates leading to increased 

pharmaceuticals diffusion to the adsorbent surface. The initial adsorbate concentration 

increase had less of an impact on the PL-nanoMIP adsorbent compared to the MO-

nanoMIP. The PL-nanoMIP pharmaceuticals removal efficiency decreased from 100 to 

77.7%, whereas for MO-nanoMIP removal efficiency decreased from 99.3% to 61.8% at 

concentration of 0.2 to 1.5 mg/L, respectively. It was noted that the increase in 

concentration resulted removal % decline. One possible reason for this decrease could be 

the MO/PL-nanoMIP adsorbents restricted number of active sites., which get more 

saturated as the concentration of the pharmaceuticals increases. Furthermore, once 
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pharmaceuticals reach saturation, it results in quick exhaustion of the binding sites on the 

adsorbents surface as the number of pharmaceutical molecules is increased. This leads to 

an electrostatic repulsion interaction between the pharmaceutical compounds and the 

adsorbent surface, which reduces the effectiveness of pharmaceutical removal. Notably, 

higher adsorbate concentrations restrict access to adsorption sites, hence the removal of 

pharmaceuticals relies on the initial concentration (Bankole et al., 2023).  

 

 
Figure 5.9: Effect of concentration on (a) MO-nanoMIP and (b) PL-nanoMIP 

 

5.12.2.3 Effect of mass dosage 

The results in Figure 5.10 shows an increase in % removal with the increase in mass dosage 

for MO/PL-nanoMIP. The maximum removal efficiency obtained at the mass dosage of 30 

mg was in the range of 100-97.7% for MO-nanoMIP (Figure 5.10 (a)) and between 100.1-

99.4% for PL-nanoMIP at 20 mg (Figure 5.10 (b)). Interestingly, the larger surface area 

and additional adsorption sites produced by increasing the number of MO/PL-nanoMIP 

adsorbent particles led to an improvement in removal efficiency. This increase also resulted 

in an increase in the number of pharmaceuticals bound to the adsorbent weight (Hamad 

and El-Sesy, 2023). The %removal efficiency  for both MO and PL-nanoMIP adsorbents 

declined as the adsorbent dosage increased, potentially due to the aggregation of  adsorbent  

high mass dosesage that decreased the adsorbent surface area. (Kebede et al., 2020). 

Moreso, it may also have been caused by that, the MO/PL-nanoMIPs surface has 

undergone equilibrium, or from insufficient pharmaceutical ions in the solution relative to 

the available binding sites or from interference between the increased adsorbent dose and 

binding sites. Furthermore, the results demonstrated that MO/PL-nanoMIPs had more 

binding sites for the removal of the targeted pharmaceuticals. 
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Figure 5.10: Effect of mass dosage on (a) Mo-nanoMIP and (b) PL-nanoMIP 

 

5.12.2.4 Effect of contact time 

The targeted pharmaceuticals were removed faster in the initial stages for both <O and PL-

nanoMIP adsorbents, as seen in Figure 5.11 (a) and (b), with the maximum removal (more 

than 90%) occurring in just 10 minutes of contact time. Hence the contact time of 10 min 

was considered as equilibrium time. During the early phases of adsorption, there were a lot 

of open surface sites. Nevertheless, over time, the repulsive forces between the bulk phases 

and the solute molecules on the solid caused them to become nearly saturated with selected 

pharmaceuticals and challenging to occupy. Beyond 10 minutes, pharmaceuticals % 

removal was observed to decrease slightly by 0.20-0.26%.  Majority of the empty regions 

on the surface of the adsorbents were occupied by pharmaceutical molecules, reducing the 

amount of accessible active sites and causing the pharmaceutical removal efficiency to 

decrease. 

 
Figure 5.11: Effect of contact time on (a) MO-nanoMIP and (b) PL-nanoMIP 
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5.12.2.5 Effect of temperature 

According to the graph in Figure 5.12 (a) and (b), removal efficiency percentages for both 

MO and PL-nanoMIPs increased as temperature increased. This is because the pore 

enlarges, and new active sites are developed as a result of bond breakage on the adsorbent 

surface. For MO-nanoMIP, maximum removal% was found to be 97.1-98.7% at 40 °C and 

for PL-nanoMIP, the highest removal efficiency was 99.95-100.20 % at 30 °C. 

Consequently, the optimal removal percentage was observed at 40 °C and 35 °C for MO 

and PL-nanoMIPs, respectively. Notably, the adsorption process of MO/PL-nanoMIPs is 

propelled by chemisorption, which is the reason why more removal was seen at high 

temperature(s). An increase in the rate of adsorption accompanied by a rise in temperature 

is thought to indicate that the adsorption process is endothermic (Bhattacharya et al., 2020). 

In contrast, beyond the optimal temperatures of MO and PL-nanoMIPs (40 °C and 30 °C), 

the targeted pharmaceuticals occupied all active sites, causing adsorption effectiveness to 

slow down as physical adsorption caused the intermolecular tensions between 

pharmaceuticals and adsorbents to break down at high temperatures. According to Altaf 

and colleagues, the increased updraft movement of pharmaceutical molecules at higher 

temperatures resulted in a decrease in pharmaceutical uptake, thus reduces the active sites 

and pharmaceuticals (Altaf et al., 2021). Notably, when the attraction between the 

pharmaceuticals and active sites weakened, there would be very little adsorption at high 

temperatures. An additional reasoning for the decline in removal efficiency as temperature 

rises could be that the system's heat energy increases, giving the adsorbate molecules more 

kinetic energy and making them more mobile (Natarajan et al., 2021). This reduced 

pharmaceuticals-surface adhesion resulting in a lower interaction with MO/PL-nanoMIP 

adsorbent's surface functionality, which in turn causes a decrease in removal efficiency. 

 

 
Figure 5.12: Effect of temperature on (a) Mo-nanoMIP and (b) PL-nanoMIP 
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5.12.3 Statistical analysis 

The effects of pH, contact time, mass dose, concentration, and temperature on the 

pharmaceutical's removal process were examined using the Fisher's F test and an analysis 

of variance (ANOVA). Notably, Models and variables are deemed important in statistical 

research when they have high F-values and low P-values (less than 0.05) (Moradi et al., 

2023).  The ANOVA results in Table S5.2, show that the model has an F value of 3.53 and 

3.51 for the MO-nanoMIP and PL-nanoMIP respectively, which are higher than the F 

critical value (2.71) therefore proving the significance of the model. Accordingly, the 

variables were statistically significant at a 95% confidence level and had a low probability 

value P< 0.05 suggesting that the ANOVA model was highly significant, for both MO-

nanoMIP and PL-nanoMIP. Moreso, the p-value for the concentration, contact time, mass 

dosage, temperature and pH parameters were found to be within the significance limit (less 

than 0.05), which shows that these parameters significantly affect the removal efficiency 

of pharmaceuticals. Accordingly, the Fisher's F-test indicated, with 95% confidence, that 

the regression model explained a large amount of the variation in the dependent variable 

because Fcal > Fcrit for all the parameters. This provides confirmation for the results shown 

in the main and interaction effect plots (Figure 5.8 to Figure 5.12). Consequently, there 

was a small percentage of error in the examined parameters, as evidenced by the estimate 

errors of 2.98 for MO-nanoMIP and 1.76 for PL-nanoMIP. The significance of each 

individual parameter was further validated by calculating the % contribution factor of each 

process parameter. As indicated by the data in Table S3, it was observed that for the MO-

nanoMIP the concentration had the highest contribution for the removal efficiency of the 

target pharmaceuticals, followed by mass dose, pH, temperature and lastly contact time 

with contribution factors being 35.88%, 6.26%, 5.09%, 2.43% and 0.019%, respectively. 

Particularly, for the Pl-nanoMIP, the mass dosage had the greatest influence (10.11%), 

followed by concentration (7.70%), pH (6.31%), temperature (4.94%) and contact time 

(0.25%).  

 

5.12.4 Adsorption kinetics 

The results in Table 5.1 and Table 5.2 show the determined qe, k1 and k2, the related linear 

regression coefficient R2, and root mean square error (RSME) values for MO and PL-

nanoMIP. These parameters were obtained from the linear and non-linear kinetic plots are 

depicted in Figure S5.1 and S5.2. Based on the linear and non-linear pseudo-first-order 

model, it was discovered that the experimental 𝑞𝑞𝑞𝑞 values for MO/PL-AgNPs and the 
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MO/PL-nanoMIPs did not match those calculated. This suggests that the adsorption 

kinetics of sulfamethoxazole, nevirapine, and ibuprofen on these adsorbents are not 

adequately represented by either linear of non-linear pseudo-first order model. 

Furthermore, the results show that for MO/PL-AgNPs and MO/PL-nanoMIPs, the pseudo-

second order kinetic parameters, as determined by linear and nonlinear methods, were 

found to differ slightly. However, the RSME values were lower for the linear pseudo-

second order model than non-linear pseudo-second order. This therefore confirms low error 

function and the good fit of the experimental data with linear pseudo-second order. Further, 

it was observed that the MO/PL-AgNPs, had a high R2 values for linear pseudo-second 

order (>0.999) in contrast to MO/PL-nanoMIPs. Moreover, the calculated values of 𝑞𝑞𝑞𝑞 

values for the linear pseudo-second order fitted well with the experimental data for MO/PL-

AgNPs and MO/PL-nanoMIPs. This suggests that the linear regression method of the 

pseudo-second order adsorption mechanism provides a more accurate description of the 

adsorption process. However, the qe values for the MO/PL-nanoMIPs were higher than 

those of MO/PL-AgNPs, indicating that the nanoMIPs have higher adsorption capacity for 

the target pharmaceuticals compared to AgNPs alone. According to the best fit to the 

pseudo-second order model, the rate-limiting stage in the process is chemisorption, which 

involves the exchange of electrons to generate valence forces between the functional 

groups of the adsorbents and the targeted pharmaceuticals (Meléndez-Marmolejo et al., 

2022). The reaction rate constant k2 was used to measure how quickly equilibrium was 

reached. Notably, when it is relatively high, equilibrium is established in a relatively short 

amount of time (Sekulic et al., 2019). Hence, it can be notable that k2 values increased in 

the order of IBP < SMX <NPX. This suggests that the initial availability of active 

adsorption sites influenced the molecular weight and rate of pharmaceuticals adsorption 

onto the adsorbent surface. Consequently, ibuprofen, sulfamethoxazole, and nevirapine 

have molecular weights of 266.30 mg/L, 254.28 mg/L, and 206.29 mg/L, respectively.  As 

a result, ibuprofen, a smaller molecule, had a higher adsorption capacity (Qmax) than two 

larger nevirapine and sulfamethoxazole molecules. This is probably because smaller 

molecules can more easily and readily bind to all of the accessible sites on the adsorbent, 

including those that are contained in tiny micropores. Similar results were also reported by 

Ravi and colleagues for the removal of pharmaceutical pollutants from water using novel 

porous organic polymers based on phenyl phosphate (Ravi et al., 2020).
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Table 5.1: Linear kinetics data for the adsorption of the selected pharmaceuticals onto MO/PL-AgNPs and MO/PL-nanoMIP 

Adsorbent Pharmaceuticals qe (mg/g) 

Exp 

Pseudo-first order Pseudo-second order 

qe (mg/g) 

Cal 

k1  R2 RMSE qe (mg/g) 

Cal 

k2 R2 RMSE 

MO-

AgNPs 

Sulfamethoxazole 10.49 7.37 1.67 x10-5 0.9975 1.19 10.02 0.2021 0.9997 0.38 

Nevirapine 5.88 3.54 1.67 x10-5  0.9980 1.49 4.84 0.1913 0.9999 0.18 

Ibuprofen 9.24 5.95 3.67 x10-5 0.9995 1.80 8.50 0.2554 0.9998 0.09 

MO-

nanoMIP 

Sulfamethoxazole 120.33 24.30 1.00 x10-5 0.353 4.17 119.4 0.0637 0.9993 0.17 

Nevirapine 66.89 6.25 8.33 x10-6 0.1789 2.30 65.78 0.0158 0.9974 0.18 

Ibuprofen 169.22 35.40 1.33 x10-5 0.1819 4.23 167.8 0.1644 0.9995 0.11 

PL-AgNPs Sulfamethoxazole 11.0 5.39 1.83 x10-5  0.9951 2.85 9.71 0.2889 0.9999 0.05 

Nevirapine 5.48 1.62 4.50 x10-5 0.9929 2.40 4.94 0.2470 0.9999 0.13 

Ibuprofen 9.62 3.06 4.83 x10-5 0.9967 2.14 8.79 0.3847 0.9999 0.09 

PL-

nanoMIP 

Sulfamethoxazole 136.02 53.11 8.00 x10-5 0.7102 4.18 135.8 0.0532 0.9977 0.09 

Nevirapine 80.25 45.11 5.00 x10-5 0.1656 6.26 79.44 0.0278 0.9978 0.13 

Ibuprofen 151.33 134.5 1.00 x10-4 0.1502 12.39 150.9 0.0918 0.9991 0.56 
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Table 5.2: Non-linear kinetics data for the adsorption of the selected pharmaceuticals onto MO/PL-AgNPs and MO/PL-nanoMIP 

Adsorbent Pharmaceuticals qe (mg/g) 

Exp 

Pseudo-first order Pseudo-second order 

qe (mg/g) 

Cal 

k1  R2 RMSE qe (mg/g) 

Cal 

k2 R2 RMSE 

MO-

AgNPs 

Sulfamethoxazole 10.88 5.44 1.85 x10-5 0.9598 1.81 9.63 0.2002 0.9899 0.51 

Nevirapine 5.78 3.89 1.87 x10-5  0.9479 1.82 5.06 0.1816 0.9996 0.29 

Ibuprofen 9.59 6.42 1.58 x10-5 0.9455 1.47 9.02 0.2505 0.9990 0.23 

MO-

nanoMIP 

Sulfamethoxazole 120.36 20.02 1.20 x10-5 0.1853 3.00 117.03 0.0626 0.9967 1.36 

Nevirapine 66.87 2.42 1.33 x10-6 0.3599 5.27 66.01 0.0145 0.9989 0.35 

Ibuprofen 169.42 31.82 1.13 x10-5 0.4697 6.72 169.02 0.1622 0.9996 0.16 

PL-AgNPs Sulfamethoxazole 11.69 4.22 3.44 x10-5  0.9432 2.36 10.11 0.2875 0.9956 0.65 

Nevirapine 5.96 1.22 4.23 x10-6 0.8390 2.05 5.46 0.2463 0.9995 0.20 

Ibuprofen 9.89 3.21 2.33 x10-5 0.9647 1.59 9.38 0.3812 0.9988 0.21 

PL-

nanoMIP 

Sulfamethoxazole 136.19 40.31 5.77 x10-5 0.8962 8.25 135.9 0.0501 0.9986 0.12 

Nevirapine 80.63 39.22 9.80 x10-5 0.3745 8.51 79.62 0.0265 0.9997 0.41 

Ibuprofen 151.48 110.8 3.23 x10-5 0.8936 12.92 148.3 0.0891 0.9999 1.30 
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5.12.5 Adsorption isotherms 

The Langmuir and Freundlich isotherms (linear and non-linear models) for the adsorption 

of sulfamethoxazole, nevirapine, and ibuprofen by MO/PL-AgNPs and MO/PL-nanoMIPs 

are shown in Table 5.3 and Table 5.4. The Langmuir constants (linear and non-linear) 

separation factor (KL) and equilibrium constant (RL) were less than one (1) and higher than 

zero. This shows how favourable the adsorption was for the MO/PL-AgNPs and MO/PL-

nanoMIPs. The results demonstrated the homogeneous nature of the MO/PL-AgNPs and 

MO/PL-nanoMIPs adsorbents by the monolayer sulfamethoxazole, nevirapine, and 

ibuprofen adsorption process. The linear and non-linear models for the Freundlich isotherm 

heterogeneity 1/n values were less than 1 and greater than zero, therefore indicating that 

both linear and non-linear Freundlich isotherm are favourable. Additionally, a suitable 

adsorption capacity is indicated by a Freundlich constant (KF) between 2 and 10 

(Kryuchkova et al., 2021). Notably the MO/PL-nanoMIPs KF values obtained were within 

the range compared to MP/PL-AgNPs, meaning good adsorption capacity of MO/PL-

nanoMIP adsorbents towards the pharmaceuticals studied. From the experimental value, 

the linear Langmuir isotherm co-relation coefficient R2 values were found to be closer to 

0.999 compared to that of the linear Freundlich model. This specifies that the linear 

Langmuir model better fitted to adsorption of sulfamethoxazole, nevirapine and ibuprofen 

onto the MO/PL-AgNPs and MO/PL-nanoMIPs. Therefore, verifying that the adsorption 

occurred within the monolayer homogeneous site of the adsorbent surface. Which indicates 

that once the pharmaceutical molecules occupy the adsorptive site, no more adsorption 

takes place (Ezeuko et al., 2022).  The maximum adsorption capacity (Qmax), which is 

commonly used to assess adsorbents' levels of efficiency, was measured using a Langmuir 

isotherm. Given the large specific surface area and the pore structure of mesoporous 

material. the Qmax values of MO/PL-nanoMIPs were significantly higher than MO/PL-

AgNPs. However, The PL-nanoMIP presented a stronger affinity towards the selected 

pharmaceuticals with Qmax value being higher than that of MO-nanoMIPs. Hence, the PL-

nanoMIP maximum equilibrium adsorption capacities for ibuprofen, sulfamethoxazole and 

nevirapine were 94.34, 27.24, and 110.1 mg/g, respectively. The Qmax showed direct 

correlation with molar mass of the adsorbate with ibuprofen exhibiting the highest 

adsorption capacity followed by sulfamethoxazole and nevirapine exhibiting the lowest 

adsorption capacities. Because sulfamethoxazole and nevirapine have larger molecular size 

than ibuprofen, it is harder for the molecules to access the adsorbent material pores, which 

accounts for their lower Qmax. Hence, the order of adsorption was 
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Ibuprofen>sulfamethoxazole>nevirapine. Notably, surface diffusion is therefore primarily 

responsible for driving the adsorption (Varela et al., 2024). 
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Table 5.3: Linear isotherms data for the adsorption of the selected pharmaceuticals onto MO/PL-AgNPs and MO/PL-nanoMIPs 

Isotherm Parameters 

Sulfamethoxazole Nevirapine Ibuprofen 

MO-

AgNPs 

MO-

nanoMIP 
PL-AgNPs 

PL-

nanoMIP 

MO-

AgNPs 

MO-

nanoMIP 

PL-

AgNPs 

PL-

nanoMIP 

MO-

AgNPs 

MO-

nanoMIP 

PL-

AgNPs 

PL-

nanoMIP 

Freundlich 

KF (L/mg) 2.89 4.25 0.093 2.94 0.29 8.28 0.65 2.99 1.40 1.08 2.02 2.94 

1/n 2.39 0.69 6.99 0.96 4.28 1.08 3.23 0.94 2.05 1.68 1.13 0.95 

R2 0.9902 0.9917 0.9969 0.9965 0.9898 0.9797 0.9943 0.9971 0.9952 0.9720 0.9966 0.9924 

Langmuir 

Qmax 10.18 32.50 20.83 94.34 9.46 16.91 13.39 27.24 12.39 97.74 22.96 110.1 

KL (L/mg) 0.51 0.63 0.41 0.12 1.39 0.088 0.49 0.075 0.20 1.00 0.19 0.061 

RL 0.020 0.61 0.323 1.13 0.078 0.92 0.26 1.01 1.02 0.50 0.34 0.94 

R2 0.9946 0.9987 0.9879 0.9996 0.9866 0.9988 0.9966 0.9998 0.9979 0.9990 0.9878 0.9986 
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Table 5.4: Non-linear isotherms data for the adsorption of the selected pharmaceuticals onto MO/PL-AgNPs and MO/PL-nanoMIPs 

Isotherm Parameters 

Sulfamethoxazole Nevirapine Ibuprofen 

MO-

AgNPs 

MO-

nanoMIP 
PL-AgNPs 

PL-

nanoMIP 

MO-

AgNPs 

MO-

nanoMIP 

PL-

AgNPs 

PL-

nanoMIP 

MO-

AgNPs 

MO-

nanoMIP 

PL-

AgNPs 

PL-

nanoMIP 

Freundlich 

KF (L/mg) 1.99 4.02 0.093 2.33 0.23 8.03 0.60 1.98 1.40 1.08 2.02 2.94 

1/n 1.89 0.55 6.20 0.78 4.03 1.01 3.11 0.90 2.05 1.68 1.13 0.95 

R2 0.9830 0.9877 0.9705 0.9955 0.9855 0.9886 0.9899 0.9906 0.9865 0.9830 0.9876 0.9904 

Langmuir 

Qmax 10.02 32.01 19.90 94.12 9.22 16.31 11.44 27.14 11.22 92.33 22.42 100.3 

KL (L/mg) 0.21 0.43 0.31 0.095 1.11 0.068 0.22 0.036 0.11 0.98 0.10 0.044 

RL 0.011 0.43 0.23 1.08 0.058 0.68 0.22 1.01 0.98 0.38 0.22 0.75 

R2 0.9877 0.9905 0.9777 0.9956 0.9822 0.9955 0.9897 0.9988 0.9982 0.9991 0.9789 0.9869 
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5.12.6 Thermodynamics 

Based on the slope and intercept of the plot of ln qe/ce and 1/T in Figure S5.3, the values of 

ΔG°, ΔH°, and ΔS° in Table 5.5 were determined. The results indicate that for both MO/PL-

nanoMIPs, the value of ΔG° was found to be negative at all temperatures. which shows that 

the adsorption of sulfamethoxazole. nevirapine and ibuprofen onto the MO/PL-nanoMIPs 

exhibit favourable and spontaneous adsorption. suggesting a high level of affinity between the 

pharmaceuticals and the adsorbent. Additionally, the Gibbs free energy variation was seen to 

decrease as temperature increased. suggesting that higher temperatures facilitate the adsorption 

process of the targeted pharmaceuticals with MO/PL-AgNPs and MO/PL-nanoMIPs. The 

reason for this could be that the adsorbent's pores expand at a higher temperature, creating 

larger pores that facilitate a greater diffusion of sulfamethoxazole. nevirapine and ibuprofen 

within the MO/PL-AgNPs and MO/PL-nanoMIP adsorbents (Haro et al., 2021).  The value of 

ΔH° is positive for MO/PL-AgNPs and MO/PL-nanoMIPs, indicating that the adsorption is 

endothermic, as rising temperatures drive the rate of adsorbate diffusion on the adsorbent 

surface to also increase. However, the values of ΔH° for the MO/PL-AgNPs were less than 40 

kJ/mol and more than 40 kJ/mol for the MO/PL-nanoMIPs. This therefore confirmed that the 

MO/AgNPs was dominated by physical adsorption whereas the MO/PL-nanoMIPs was 

dominated by chemical adsorption. Additionally, this suggests that physisorption (weak Van 

der Waals forces and π–π dispersion interactions) was the mode of adsorption for the MO/PL-

AgNPs (Heidari et al., 2023). Hence, the forces holding physisorbed pharmaceutical molecules 

on the MO/PL-AgNPs surface are insufficient to disrupt the chemical bonds within the 

adsorbed molecule. Whereas the adsorption of the target pharmaceuticals by MO/PL-nanoMIP 

was through chemisorption due to strong bonds (ionic or covalent interaction) between the 

pharmaceuticals and MO/PL-nanoMIPs.  Moreover, the positive value of ΔS° suggests that 

there is an increase in disorder in the solid/solute interface when sulfamethoxazole, nevirapine, 

and ibuprofen are adsorbed on MO/PL-nanoMIPs (Sadia et al., 2023).  
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Table 5.5: Thermodynamics data for the adsorption of the selected pharmaceuticals onto MO/PL-AgNPs and MO/PL-nanoMIPs 

Compounds 
ΔG° (kJ/mol) ΔH° 

(kJ/mol) 

ΔS° 

(J/mol/K) 
R2 

298 K 303 K 313 K 323 K 333 K 343 K 

MO-AgNPs 

Sulfamethoxazole -12.37 -13.10 -14.10 -15.00 -15.86 -16.63 15.34 93.962 0.9731 

Nevirapine -5.51 -5.66 -6.04 -6.40 -6.76 -7.00 4.75 34.43 0.9812 

Ibuprofen -9.73 -9.95 -10.37 -10.82 -11.26 -11.62 2.92 42.49 0.9837 

MO-nanoMIPs 

Sulfamethoxazole -18.03 -18.48 -19.26 -20.59 -26.07 -27.71 86.86 20.39 0.8427 

Nevirapine -2.76 -4.49 -5.88 -6.64 -6.33 -6.13 42.22 5.24 0.6882 

Ibuprofen -3.82 -3.88 -4.41 -4.64 -4.75 -5.57 96.94 35.15 0.8263 

PL-AgNPs 

Sulfamethoxazole -10.53 -12.06 -13.04 -14.77 -15.56 -16.88 29.14 134.7 0.9531 

Nevirapine -6.01 -6.13 -6.35 -6.56 -6.77 -8.00 4.44 12.68 0.9445 

Ibuprofen -10.10 -11.07 -11.07 -11.52 -12.12 -12.79 7.71 59.67 0.9721 

PL-nanoMIPs 

Sulfamethoxazole -5.56 -5.62 -5.78 -5.90 -6.02 -6.19 44.65 13.80 0.9826 

Nevirapine -4.42 -4.50 -4.61 -4.99 -5.08 -6.19 54.91 19.97 0.9022 

Ibuprofen -10.12 -10.75 -11.22 -12.01 -12.47 -13.57 101.4 69.45 0.9319 
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5.12.7 Selectivity 

To verify the formation of specific cavities in MO/PL nanoMIPs, competitive adsorption 

analysis was conducted in the presence of fenoprofen which has similar physicochemical 

properties as the target pharmaceuticals (sulfamethoxazole, nevirapine and ibuprofen). It 

was noted from the results in Figure 5.13 (a) that the MO-nanoMIP adsorbed 89% 

sulfamethoxazole, 79.6% nevirapine, 95.7% ibuprofen and 41.8% fenoprofen, whereas the 

PL-nanoMIP (Figure 5.13 (b)) adsorbed 96.9% sulfamethoxazole, 89.2% nevirapine, 

99.4% ibuprofen and 55.9% fenoprofen. Because of the MO/PL-nanoMIPs' enhanced 

molecular recognition selectivity toward sulfamethoxazole, nevirapine, and ibuprofen, it 

implies that the imprinting cavities were formed effectively during the polymerization 

process due to the interaction of the target molecules size, shape, and functionality. The 

target pharmaceutical's firm molecular structure and specific positions are most likely to 

be responsible for the binding site interaction, which explains the MO/PL-nanoMIPs 

selectivity (Chiarello et al., 2021). Nonetheless, the fenoprofen competitor's poor 

adsorption effectiveness in contrast to the targeted pharmaceutical indicates that 

conformation memory is mostly reliant on the memory of the particular functional group. 

Thus, the distribution of the functional groups themselves was important for MO/PL-

nanoMIPs molecular recognition, in addition to the molecule's size. Further, PL-nanoMIP 

had high adsorption efficiency in contrast to MO-nanoMIP. It can be therefore concluded 

that the PL-nanoMIP has a more superior surface for the target pharmaceuticals than MO-

nanoMIP.  

 
Figure 5.13: selectivity of the targeted pharmaceuticals for (a) MO-nanoMIP and (b) PL-

nanoMIP 

 

The selectivity of each compound on MO/PL-nanoMIPs is summarised by the Kd and k 

values in Table 5.6. Notably. The distribution ratio (KD) of ibuprofen, nevirapine, and 

sulfamethoxazole for both the MO and PL-nanoMIPs was notably higher than that of the 
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competitive compound fenoprofen. This is because the molecules of sulfamethoxazole, 

nevirapine, and ibuprofen match specific binding sites found in MO/PL-nanoMIPs.  This 

indicates that MO/PL-nanoMIPs are well suited to recognize and bind to the targeted 

pharmaceutical compound. Accordingly. the order of the Kd values for the MO/PL-

nanoMIP selectivity was ibuprofen > sulfamethoxazole > nevirapine. This indicates that 

the compounds' imprinting cavities formed in accordance with the interaction between the 

pharmaceuticals' functionality and their size, shape, and amount of hydrogen bonding 

(S’busiso et al., 2022). Additionally, the value of the specific selectivity coefficient (k) 

obtained was greater than 1 indicated that the synthesized MO/PL-nanoMIPs showed a 

good performance as remarkably successful molecular recognition (Roland et al., 2023). 

This is because, in contrast to the competing compound (fenoprofen), the synthesized 

MO/PL-nanoMIPs has binding sites that correspond to its template molecule 

(sulfamethoxazole, nevirapine, and ibuprofen). 

 

Table 5.6: Selectivity of MO/PL-nanoMIPs 

Pharmaceuticals MO-nanoMIP PL-nanoMIP 

Kd (mg/g) k Kd (mg/g) k 

Sulfamethoxazole 0.89 1.62 0.84 1.38 

Nevirapine 0.67 1.22 0.78 1.29 

Ibuprofen 0.91 1.67 0.89 1.46 

Fenoprofen 0.55 - 0.61 - 

 

5.12.8 Reusability of MO/PL-nanoMIPs 

The reusability of MO/PL-nanoMIPs was explored by investigating the adsorption 

efficiency in a number of adsorption-desorption cycles. The recyclability of MO-nanoMIP 

and PL-nanoMIP for the removal of ibuprofen, nevirapine, and sulfamethoxazole is 

depicted in Figure 5.14 (a) and (b). Upon recycling the adsorbents for five cycles, it was 

noted that the MO-nanoMIP adsorbent was effective continued to remove 86.7-88.8% and 

97-98% for PL-nanoMIP even in the fifth cycle. This suggests that the MO/PL-nanoMIPs 

can be efficiently reused over extended periods as they preserve the adsorption capacity. 

Nevertheless, the effectiveness of adsorbents slightly decreased after each cycle of 

adsorption/desorption, presumably as a result of a reduction in the number of available 
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active sites caused by blocking of the adsorbent surface's micropores and due to mass loss 

from handling or reusability of adsorbent surface as a result of repeated cycles. It is also 

possible that the ageing effect decreased the adsorbent's capacity for adsorption 

(Chakraborty et al., 2020, Bhattacharya et al., 2020). Overall, the findings point to the use 

of MO/PL-nanoMIPs as an inexpensive, efficient, reusable and sustainable adsorbent that 

shows a reasonably good capacity for adsorption of sulfamethoxazole, nevirapine, and 

ibuprofen. As such, their application in wastewater treatment should be taken into 

consideration as a strategy for environmental sustainability. 

 
Figure 5.14: Reusability cycles for (a) MO-nanoMIP and (b) PL-nanoMIP 

 

5.12.9 Application in wastewater  

Adsorptive removal of sulfamethoxazole. nevirapine. and ibuprofen from influents and 

effluents of Darvill, Northern, and Amanzimtoti wastewater treatment plants (WWTPs) 

located in KwaZulu-Natal was conducted in order to assess the applicability of MO/PL-

nanoMIP in wastewater samples. Table 5.7 displays the adsorption capacities and removal 

efficiency percentages of the target pharmaceutical compounds by MO/PL-nanoMIPs in 

each of the three WWTPs. The adsorption capacities of MO-nanoMIP for the influent and 

effluent. varied from 61.0-96.9 mg/g and 45.0-89.8 mg/g, respectively. On the other hand, 

the PL-nanoMIP exhibited adsorption capacities ranging from 98.7-148.8 mg/g for the 

influent and 62.3-99.9 mg/g for the effluent, respectively. Notably, the MO/PL-nanoMIPs 

demonstrated remarkable promise as superior adsorbents with strong adsorption capacity 

for the removal of sulfamethoxazole, nevirapine and ibuprofen. Notably, in the Darvill and 

Amanzimtoti WWTPs, nevirapine and ibuprofen showed the highest adsorption capacity 

on both MO-nanoMIP and PL-nanoMIP. The log Kow may serve as a preliminary measure 

for the high adsorption capacity obtained for ibuprofen and nevirapine. Consequently, 

ibuprofen and nevirapine have a higher log Kow (3.97 and 3.89) than sulfamethoxazole 

(0.89) as depicted in Table S5.1. This may be the result of hydrophobic interactions being 
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more prominent during competitive adsorption for nevirapine and ibuprofen (Sekulic et al., 

2019). Moreover, nevirapine and ibuprofen are highly consumed pharmaceuticals. 

Nevirapine is widely used to treat HIV and prevent mother-to-child transmission, while 

ibuprofen is commonly prescribed to treat fever and headaches, hence their high detection 

frequency in the environment. Furthermore, the adsorption of sulfamethoxazole, 

nevirapine, and ibuprofen by MO/PL-nanoMIPs yielded the highest removal efficiencies 

in all wastewater samples, ranging from 70.2 to 98%. This indicates that the target 

compounds were effectively removed from the wastewater by the applied MO/PL-

nanoMIPs. This further demonstrates that MO/PL-nanoMIPs can be applied in the removal 

of pharmaceuticals in different wastewater systems.
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Table 5.7: Adsorption capacities of selected pharmaceuticals in WWTPs by MO/PL-nanoMIPs 

Qe = adsorption capacity 

RE= removal efficiency 

 

WWTP Sampling 

point 

MO-nanoMIP PL-nanoMIP 

Sulfamethoxazole Nevirapine Ibuprofen Sulfamethoxazole Nevirapine Ibuprofen 

Qe (mg/g) 

RE

% Qe (mg/g) 

RE

% Qe (mg/g) 

RE

% Qe (mg/g) 

RE

% Qe (mg/g) 

RE

% 

Qe (mg/g) RE

% 

Darvill Influent 87.6 81 96.9 98 96.8 89 114.1 98 131.4 96 121.2 97 

Effluent 45.0 58 89.8 99 81.1 82 88.8 90 92.8 90 96.6 95 

Northen Influent 82.7 77 90.9 82 70.4 79 102.0 80 111.5 92 110.4 93 

Effluent 66.3 60 69.7 77 77.8 80 79.9 77 89.6 89 89.9 80 

Amanzimtoti Influent 79.6 61 93.6 89 88.7 78 98.7 89 125.3 94 148.8 98 

Effluent 55.1 45 70.2 78 62.5 70 62.3 78 98.4 86 99.9 88 
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5.13 Conclusion 

The synthesized adsorbent was characterized by UV-spectroscopy, SEM, TGA, XRD, Raman 

spectroscopy, and FTIR. It was found that MO/PL-nanoMIPs showed enhanced surface 

properties and had high thermal stability in contrast to MO/PL-AgNPs. Moreover, the F-test 

and ANOVA statistical analysis demonstrated that the effects of contact time, concentration, 

temperature, adsorbent dosage, and pH were statistically significant. The best fitting model for 

the adsorption process was the linear pseudo second order model, as demonstrated by the 

adsorption kinetics. The linear Langmuir isotherm proved to be the most appropriate adsorption 

isotherm, indicating that the MO/PL-nanoMIPs adsorption occurs through chemisorption and 

monolayer. These results demonstrate that, in comparison to the non-linear approach, the linear 

method was more effective to consider the adsorption process. The maximum adsorption 

capacity (Qmax) obtained from the linear Langmuir model was in the order of ibuprofen > 

sulfamethoxazole > nevirapine. Comparative adsorption demonstrated the relationship 

between adsorption and the pharmaceutical's molecular size and log Kow. The MO/PL-

nanoMIPs showed fast adsorption rate and high adsorption capacities when compared to 

MO/PL-AgNPs. Thus, MO/PL-nanoMIPs have larger surface area and are highly selective, 

which indicate that the incorporation of MIP and AgNPs favours enhancement in adsorption 

capacity. The thermodynamic analysis demonstrated that the adsorption process for MO/PL-

AgNPs and MO/PL-nanoMIPs is endothermic in nature, favourable, and spontaneous. Further, 

regeneration study confirmed potential of synthesized MO/PL-nanoMIP adsorbents in five 

cycles to remove pharmaceuticals from wastewater, thereby sustaining cost-efficiency. 

Accordingly, the MO/PL-nanoMIPs showed high selectivity (>90%) for the target 

pharmaceutical compounds in the presence of a competitor. When applied to remove the 

presence of these pharmaceuticals in wastewater samples, the method showed removal 

efficiency of >61% in influent water samples and >45% in effluent water samples. The lower 

removal efficiency may be attributed to the presence of other material present in both water 

samples, thus further studies reporting on the impact of physicochemical parameters in water 

are recommended. The obtained results confirmed the efficiency and applicability of nanoMIPs 

in pharmaceuticals removal in wastewater.  Notably, the nanoMIPs for pharmaceutical removal 

can effectively replace traditional methods due to their various advantages, which include 

excellent selectivity, reusability, low cost, and stability.  
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Chapter 6  

6.1 Conclusion  

In industry, effluents rarely contain a single component; hence adsorption systems design must 

be based on multi-component removal, making multi-component adsorption data a necessity. 

This study revealed for the first time the potential of a multi-template MIPs synthesized by 

bulk polymerization for the selective removal of sulfamethoxazole, nevirapine and ibuprofen 

simultaneously from wastewater. According to the results of the optimization of parameters 

affecting adsorption efficiency, it was observed that the synthesized MIP can simultaneously 

adsorb sulfamethoxazole, ibuprofen and nevirapine selectively. This indicates the potential 

application of the MIP for selective removal of pharmaceuticals in water or wastewater 

treatment. Additionally, kinetic studies and adsorption isotherms showed that the adsorption of 

the chosen pharmaceuticals adsorption onto the MIP cavities followed both a pseudo-second 

order kinetic model and a Langmuir adsorption isotherm. This demonstrated the homogeneity 

of the binding surface energies on the MIP, which led to numerous chemisorption interactions. 

In contrast to adsorbents that are sold commercially and cannot be reused, MIP demonstrated 

that it can be recycled five times by being cleaned with acetonitrile/acetic acid (9:1 v/v) prior 

their re-usage. As a result, less solid waste was produced, and the MIP sorbent costs are 

reduced.  

 

On the other hand, the synthesized AgNPs and MIP showed the capability of adsorbing the 

selected pharmaceuticals, however, AgNPs are not selective but have high surface area and 

MIP is highly selective but bulky. Therefore, this work’s results showed that the incorporation 

of AgNPs with MIP enhances the selectivity and reliability of molecular recognition while 

providing a material that is highly specific and has a high surface area for pharmaceuticals to 

be adsorbed. Accordingly, nanoMIPs were synthesized for the selective removal of three 

classes of pharmaceuticals from wastewater samples. These include antibiotics 

(sulfamethoxazole), antiretrovirals (nevirapine) and non-steroidal anti-inflammatory drugs 

(ibuprofen).  

 

In this study starch, macadamia nut shells, platanus acerifolia and moringa oleifera were 

selected as stabilizing and reducing agents for the synthesis of silver nanoparticles. This was 

due to their including accessibility, ease of use, environmental friendliness and affinity for 

target analytes. These silver nanoparticles were then each incorporated with MIP for the 
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enhancement of adsorption capability. It was observed from the result that the nanoMIPs had 

much better adsorption performance for the targeted pharmaceuticals than MIP and AgNPs 

alone. Consequently, this was in line with the enhanced adsorption caused by larger surface 

and porosity of the nanoMIPs. In comparison of starch and macadamia nanoMIPs, it was 

observed that the adsorption of the chosen pharmaceuticals onto the St/MCD-nanoMIP cavities 

followed a linear pseudo-second order adsorption model and a non-linear Freundlich 

adsorption isotherm, according to kinetics and isotherms studies. This demonstrated that the 

binding surface energies on the St/MCD-nanoMIP were heterogeneous, leading to a variety of 

chemisorption interactions. The adsorption isotherms fitted on the linear Langmuir model and 

the kinetics model fitted on the linear pseudo-second order for the MO/PL-nanoMIPs. 

Moreover, adsorbent regeneration is required to remove the pharmaceuticals and recover the 

adsorbent; otherwise, disposing of the adsorbents loaded with pharmaceuticals causes a 

secondary pollution issue. Hence, the regeneration of St/MCD-nanoMIPs and MO/PL-

nanoMIPs was conducted over five consecutive adsorption-regeneration cycles. Accordingly, 

the adsorption efficiency results over these cycles indicated that the nanoMIPs can be 

regenerated efficiently without obvious loss of performance, therefore, minimising secondary 

pollution problem. In addition, the developed analytical method was applied in the analysis of 

wastewater samples collected from three WWTPs. Even with complex species present in 

influent and effluent water, the use of nanoMIPs for the removal of sulfamethoxazole, 

nevirapine, and ibuprofen demonstrated outstanding adsorption affinity. The selected 

pharmaceuticals were detected in the wastewater samples with nevirapine being the most 

prominent. The results indicated that St/MCD-nanoMIPs and MO/PL-nanoMIPs were indeed 

effective adsorbent material for the removal of selected pharmaceuticals in wastewater, 

However, St-nanoMIP showed high adsorption capacities for the targeted pharmaceuticals 

compared to the MCD-nanoMIP. Whereas in comparison to MO-nanoMIP and PL-nanoMIP, 

the PL-nanoMIP had fairly higher adsorption capacities for the targeted pharmaceuticals than 

MO-nanoMIP. Higher adsorption capacities are due to the large surface area, and porosity of 

the St-nanoMIP and PL-nanoMIPs. When comparing the studied adsorbents, the PL-nanoMIP 

exhibited the highest adsorption capacity and well as faster equilibrium time for the targeted 

pharmaceuticals. This was due to the porous structure, many functional groups structural 

stability, and high specific surface area of PL-nanoMIP, which makes the targeted 

pharmaceuticals more readily adsorbed onto its surface. Moreover, Platanus acerifolia has been 

rarely employed as pollutants nano-adsorbent. Therefore, the application of PL-nanoMIPs may 

encourage more research in this field. Additionally, the application of PL-nanoMIPs reduces 
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environmental solid waste discharge by addressing the problem of disposing of unused platanus 

acerifolia leaves. Henceforth, applying platanus acerifolia as a nano-adsorbents can help 

accomplish sustainable development goals. Herein, the use of nanoMIPs as an adsorbent to 

remove pollutants from wastewater shows great potential for cost reduction of water treatment. 

Moreover, the study was able to demonstrate that pharmaceuticals remained in wastewater 

samples even after treatment procedures, demonstrating their persistence in wastewater. 

However, with the proposed effective nanoMIP adsorbent materials, the selected 

pharmaceuticals were effectively removed from the complex WWTPs matrices. As a result, 

these adsorbents may be used in wastewater treatment to remove a wide range of 

pharmaceuticals.  

 

6.2 Recommendations 

The findings of this study lead to the following recommendations for further research: 

• This work demonstrated a higher level of efficiency in the simultaneous determination 

of multiclass pharmaceuticals in complex wastewater samples through the use of 

combination adsorption material (AgNPs and MIP). Consequently, research into using 

a combination of adsorption materials rather than just one could improve the efficiency 

of pharmaceuticals detection and removal in WWTPs. 

• In order to lessen the impact of pharmaceuticals on aquatic species and the 

environment, additional regulations and standards pertaining to prescription, 

consumption, production, and importation of products containing these compounds are 

needed. The aquatic environment should be the primary focus of in-depth research on 

river waters that receive treated effluent. In South Africa, there is very little of this kind 

of information. 

• Although the primary focus of this study was wastewater matrices, it is advised to also 

examine other environmental matrices, such as river water, sediments, tap water, 

surface waters, and ground waters, in order to comprehend the presence and distribution 

of these pollutants in the environment. This will confirm this study with regards to the 

St/MCD-nanoMIPs and MO/PL-nanoMIPs ability and performance in removing 

pharmaceuticals as well as to determine upscale methods for its application for 

industrial use. 

• To further clarify the applicability of nanoMIPs, investigation of other WWTPs outside 

of KZN is required. 
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• Furthermore, there is a need to improve the collaboration between university research 

laboratories and WWTP laboratories. This would enable laboratories to create model 

plants that integrate newly developed adsorption material and pretreatment methods in 

order to evaluate their viability and efficacy without raising costs.  
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6.3 Supplementary data 

6.3.1 Chapter 4 

6.3.1.1 List of figures 

 

 
Figure S4.1: Linear pseudo-first order plots for (a)St-AgNPs, (b)MCD-AgNPs, (c)St-nanoMIP, (d)MCD-nanoMIP and linear pseudo-second order 

for (e)St-AgNPs, (f)MCD-AgNPs, (g)St-nanoMIP, (h)MCD-nanoMIP. 
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Figure S4.2: Non-linear Pseudo-first-order plots for (a)St-AgNPs, (b)MCD-AgNPs, (c)St-nanoMIP, (d)MCD-nanoMIP and Non-linear pseudo-

second-order for (e)St-AgNPs, (f)MCD-AgNPs, (g)St-nanoMIP, (h)MCD-nanoMIP. 
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Figure S4.3: Plot of lnKL and 1/T for the (a)St-AgNps (b)MCD-AgNps, (c)St-nanoMIP and 

(d)MCD-nanoMIP. 
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Table S4.2: Analysis of variance (ANOVA) and optimization parameters 

Parameters  St-nanoMIP 

Sum of 

square 

Df Mean 

square 

F value F crit P value  

Model 5540 4 1108 98.20 2.71 4 x10-3 

pH 1985  4 496 56.90 3.84 6.46 x10-6 

Mass dosage 4490  4 1123 30.83 3.84 6.55 x10-5 

Concentration 1746  5 349 63.14 3.33 3.08 x10-8 

Contact time 496  5 99 11.90 3.33 6.63 x10-4 

Temperature 2423  5 85 9.47 3.33 1.5 x10-3 

Residual 1803 20 388    

Pure error 2.41 6 11.92    

Total 7343 24     

  MCD-nanoMIP 

Model 1141 4 1228 75.32 2.71 3 x10-3 

pH 461  4 115 77.36 3.84 1.98 x10-6 

Mass dosage 801  4 200 44.28 3.84 1.68 x10-5 
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Concentration 707  5 361 121 3.33 1.25 x10-8 

Contact time 290  5 158 51.12 3.33 8.46 x10-7 

Temperature 964  5 193 630 3.33 3.7 x10-12 

Residual 1611 20 450    

Pure error 3.39 6 8.37    

Total 7752 24     

P-value = probability of error,  

df = degrees of freedom,  

F value= Fischer’s exact test 
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Table S4.3: Parameters contribution percentage 

Parameter Contribution factor (%) 

St-nanoMIP  MCD-nanoMIP 

pH 35.83 40.40 

Mass dosage 81.05 70.20 

Concentration 31.52 61.96 

Contact time 8.95 24.42 

Temperature 43.74 84.49 
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6.3.2 Chapter 5 

6.3.2.1 List of figures 

 

 

 
Figure S5.1: Linear Pseudo-first-order plots for (a) MO-AgNPs, (b) PL-AgNPs, (c) MO-nanoMIP, (d) PL-nanoMIP and Linear pseudo-second-

order for (e) MO-AgNPs, (f) PL-AgNPs, (g) MO-nanoMIP, (h) PL-nanoMIP 
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Figure S5.2: Non-linear Pseudo-first-order plots for (a) MO-AgNPs, (b) PL-AgNPs, (c) MO-nanoMIP, (d) PL-nanoMIP and Non-linear pseudo-

second-order for (e) MO-AgNPs, (f) PL-AgNPs, (g) MO-nanoMIP, (h) PL-nanoMIP 
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Figure S5.3: Plot of ln qe/ce and 1/T for the (a) MO-AgNPs (b) PL-AgNPs, (c) MO-nanoMIP 

and (d)PL-nanoMIP. 
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Table S5.2: Analysis of variance (ANOVA) and optimization parameters 

Parameters  MO-nanoMIP 

Sum of 
square 

Df Mean 
square 

F value F crit P value  

Model 7029 4 1405.82 3.53 2.71 0.02 

pH 358 4 89.57 26.74 3.84 1.11 x 10-4 

Mass dosage 440 4 110.18 17.60 3.84 4.97 x 10-4 

Concentration 2522 5 505.44 102.86 3.33 2.98 x 10-8 

Contact time 1.35 5 0.269 1.19 3.33 0.38 

Temperature 171 5 34.21 22.28 3.33 4 x 10-5 

Residual 2556 20 398    

Pure error 2.98 6 17.6    

Total 9585 24     

  PL-nanoMIP 

Model 6884 4 1376.87 3.51 2.71 0.02 

pH 435 4 108.52 139.46 3.84 1.98 x 10-7 

Mass dosage 696 4 173.98 35.60 3.84 3.83 x 10-5 



227 
 

Concentration 530 5 66.65 125.11 3.33 1.11 x 10-8 

Contact time 17.28 5 3.46 4.29 3.33 0.02 

Temperature 340 5 68.02 34.37 3.33 5.5 x 10-6 

Residual 2609 20 392    

Pure error 1.76 6 17.40    

Total 9493 24     

P-value = probability of error,  

df = degrees of freedom,  

F value= Fischer’s exact test 
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Table S5.3: Parameters contribution percentage 

Parameter Contribution factor (%) 

MO-nanoMIP  PL-nanoMIP 

Ph 5.09 6.31 

Mass dosage 6.26 10.11 

Concentration 35.88 7.70 

Contact time 0.019 0.25 

Temperature 2.43 4.94 

 




