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ABSTRACT

In the current study, remediation of efavirenz as a model antiretroviral drug in wastewater
effluents was investigated using a hybrid photodegrader based on titania embed on a magnetic
molecularly imprinted polymer (MMIP). Initially, a MMIP was synthesized to specifically
recognize and remove efavirenz from wastewater effluents. The magnetic smart polymer was
synthesized via a bulk polymerization technique with efavirenz as the template, and p-vinyl
benzoic acid the functional monomer in the presence of magnetite nanoparticles. The MMIP
was characterized using Fourier transform infrared spectroscopy and thermogravimetric
analysis. The performance of MMIP was optimized using a central composite design. The
optimum conditions for effective adsorption of efavirenz were pH 6.5, MMIP mass of 15 mg,
1 mg L efavirenz concentration and contact time of 40 min. The optimal binding capacity

achieved after 40 min of contact time and neutral conditions was 44.9 pg g.

Batch studies revealed that pseudo-second order and the Langmuir isotherm were the models
that explained the kinetics and mechanism of adsorption of efavirenz onto the MMIP. This
suggested that the interaction between the MMIP and the efavirenz was through chemisorption
and that once efavirenz binding reaches a maximum limit, no more binding occurs. The MMIP
was finally applied in the removal of efavirenz from real wastewater effluents polluted with
3.99 ng mL* of efavirenz. The polymeric sorbent could achieve 44.8% removal efficiencies.
Reusability studies showed less than 4% average loss in the binding capacity with every reuse
cycle, while there was no loss in binding capabilities when the polymer was utilized at about

half its binding capacity.

Finally, photocatalytic degradation of efavirenz was investigated as a potential remedial tool
for efavirenz in wastewater effluents. Titania was imbedded onto the MMIP to form a hybrid

MMIP/TiO2 nanocomposite with the ability to trap efavirenz from wastewater followed by its
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photodegradation. Its performance was also investigated using factorial design involving
initial concentration of efavirenz (20 - 60 pg L), mass of the MMIP/TiO; (5 -15 mg) and the
time of irradiation (20 - 40 min). The results were also observed in a form of contour plots. Up
to 99% photodegradation of efavirenz was achieved within 15 min. However, it was observed
that the photodegrader performed better under higher concentrations of efavirenz
concentrations. In general, the synthesis and optimization of a hybrid molecularly imprinted
titania nanocomposite for photodegradation of efavirenz in wastewater effluents was
successful. Its performance has proven that it can be a viable tool for remediation of efavirenz
in wastewater effluents. Efavirenz cannot be removed by conventional wastewater treatment
processes and advanced technologies such as the MMIP/TiO2 nanocomposite synthesized in
the current study could help minimize the release of efavirenz into surface water systems. This
work has yielded three manuscripts; a review article and two research papers. The review has

been published, one manuscript is under review and the final one has been drafted.
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1 INTRODUCTION

1.1 Background

The release of pharmaceuticals into the environment causes negative effects on the metabolism
of exposed living organisms and possibly humans. A wide range of pharmaceuticals exist but
the most common ones can be classified under antibiotics, painkillers, anti-inflammatory drugs,
antivirals, hormones, and antidepressants. Among these pharmaceutical residues, antiretroviral
drugs may be considered pollutants of emerging concern because studies that report their
presence in the environment are recent. Antiretroviral drugs (ARVDs) are among antiviral
pharmaceuticals with potentially serious ecotoxicological effects when they make their way
into the environment. Exposure to them via contaminated water may be consequential
especially for those already taking ARVDs and for new infections because they work against
a virus that easily mutates if the drugs are not taken according to prescription. The analysis of
ARVD:s in the aqueous environment only started in the past 10 years with the first studies in
South Africa reported in 2015 (Wood, Duvenage and Rohwer, 2015). Since then, there has
been a plethora of other studies that have detected ARVDs in wastewater, rivers and dams in
South Africa and the African continent at large (Gwenzi and Chaukura, 2018; Lawrence
Mzukisi Madikizela, Ncube and Chimuka, 2020). Major sources of the ARVDs in the
environment is mainly through effluents from wastewater treatment plants (WWTPs) (Gwenzi
and Chaukura, 2018; Lawrence Mzukisi Madikizela, Ncube and Chimuka, 2020) as well as
illicit or indiscriminate disposal of expired drugs. Poor sanitation in most African regions,
unavailability of modern ablution facilities that can be flushed with water to direct the human
waste into WWTPs and improper disposal of expired or unused medications contributes to the

direct contamination of surface water with pharmaceuticals (Zunngu et al., 2017).
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A further challenge for Africa is that the infection rates continue to increase resulting in more
ARVDs released into the environment as part of excreta. (Adeola and Forbes, 2022) and
(Ncube et al., 2018) recently reported findings that Southern Africa is a potential hotspot
regarding ARVD contamination due to relatively high therapeutic application and detection
thereof in water bodies (Ncube et al., 2018; Adeola, de Lange and Forbes, 2021). The presence
of ARVDs in various aqueous systems such as wastewater effluents, surface water, ground water,
and even drinking water has been reported extensively in Africa (Wood, Duvenage and Rohwer,
2015; Abafe et al., 2018; Moslah et al., 2018). Efavirenz and nevirapine are the most detected
ARVD:s in surface environments and some scholars now consider them as priority pollutants
in African water bodies (Nannou et al., 2019; Adeola, de Lange and Forbes, 2021). In
particular, the levels efavirenz are way higher compared to other ARVDs and was therefore

used in the current study as a model ARVD in wastewater effluents.

While most studies on pharmaceutical pollution have focussed on reporting their detection in
the aqueous environment, recent research has since shifted focus towards finding sustainable
pollution control technologies that can effectively control their levels in the environment.
Photocatalytic degradation has offered a viable alternative with the ability to eliminate
pharmaceutical residues through degradation and eventual mineralization to less-toxic products
(Fiorenza et al., 2019). Other sorbents such as clay and activated carbon have been reported in
literature. However, they are also unable to selectively remove organic contaminants at trace
levels, even though adsorption is a popular technique for removing both organic and inorganic

contaminants from environmental matrices (Fiorenza et al., 2019).

Among metal oxide photocatalyst, titanium dioxide (TiO2) (also called titania) is one of the
most promising for its advantageous properties such as low cost, chemical inertness, and

photostability compared to other metal oxide nanoparticles (Scuderi et al., 2016). TiO;
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photocatalyst performs exceptionally well in the photocatalytic degradation of organic

compounds and offers the benefits of high catalytic activity, high safety, and non-toxicity.

However, photocatalytic degradation also has its own disadvantages. The photocatalytic
oxidation is not a selective process being driven by the formation of radicals that degrade
anything organic. Therefore, the organic compounds present in water at high concentration are
efficiently degraded, compared to those that exist at low concentration due to competition with

interferents such as humic acids.

Therefore, this study was focused on introducing molecular imprinting technology where a
smart polymer with cavities specific to the targeted compound is synthesized and the
photocatalyst gets imbedded within the polymer matrix. A more detailed discussion of the
MIP-TiO2 and its applications in remediation of pharmaceuticals is presented as review article
(Paper 1) already published in Journal of Hazardous Materials Advances. The molecularly
imprinted polymer (MIP) matrix was also magnetized with magnetite to offer it an advantage
of keeping it static using an external magnetic field (Kaya, Cetinkaya and Ozkan, 2023). The
hybrid MMIP-TiO2 was synthesized, characterized and applied in the degradation of efavirenz
from wastewater effluents. The idea was that the MIP will selectively trap the efavirenz from
wastewater effluents; the magnetite will allow the polymer to be trapped and also be removed
from solution using an external magnetic; the TiO2 would then degrade the trapped efavirenz
and the final degradation products will escape from the cavities allowing the cavities to trap

more efavirenz from solution.

The performance of the hybrid photodegrader was optimized for various important parameters
to determine its optimum operating conditions for the effective remediation of efavirenz.
Firstly, parameters that affect the adsorption of efavirenz onto the MMIP cavities were

investigated. These included initial concentration, contact time, pH and MMIP dosage. For
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photodegradation, three parameters were investigated. These were initial concentration, time
of irradiation, and mass of MMIP/TiO.. All optimization studies were done using a multivariate
approach based on central composite designs (CCDs). Modde and Minitab 18 were the two
statistical software used to create the CCDs. The advantage of a multivariate approach over
one-factor-at-a-time (OFAT) is that it takes potential interactive effects into consideration
during optimization while OFAT investigates one factor at a time while keeping other constant.
Synthesis of the MMIP, its characterization and application for removal of efavirenz from
wastewater effluents is presented as Paper 2 and has been submitted to Journal of Water
Process Engineering for peer review. The synthesis of the hybrid MMIP-TiO2 nano-
photocatalyst, its characterization, optimization and application for degradation of efavirenz in
wastewater effluents is presented as Paper 3 ready for submission in Environmental Pollution

journal.

1.2 Problem statement

Conventional wastewater treatment processes are not effective in removal of ARVDs from
wastewater and various studies have detected the presence of ARVDs in water systems in South
Africa with efavirenz being the most prevalent and its concentrations way above other ARVDs.
This raises a serious concern because such exposure can lead to adverse risks to human health
and ecotoxicological effects to aquatic organisms. The current study intended to investigate the
potential of photocatalytic degradation as a potential remediation tool for removing efavirenz

in water sources.

1.3 Aim

To synthesize a hybrid MMIP/TiO2 nanocomposite for remediation of efavirenz from surface

water systems.
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1.4 Obijectives

e To synthesize a MIP, magnetite and TiO, to be used in the production of a hybrid

nanocomposite.

e To synthesize the MMIP/TiO2 nanocomposite.

e To characterize the MIP, TiO,, magnetite and MMIP/TiO, nanocomposite using
techniques such as thermogravimetric analysis (TGA), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transform-infrared (FTIR),

Brunauer-Emmett-Teller (BET) and powder X-ray diffraction (XRD).

e To determine the best working conditions for the effective photocatalytic degradation

of efavirenz using the MMIP/TiO2 nanocomposite.

e To predict the extent of adsorption of efavirenz onto the nanocomposite based on the

Langmuir and Freundlich adsorption isotherms.

e To predict the mechanism of adsorption of efavirenz on the nanocomposite based on

the pseudo first order (PFO) and pseudo second order (PSO) models.

e To develop and validate an GC/MS method for the analysis of efavirenz in aqueous

solution.

e To apply the synthesized hybrid nanocomposite for the photocatalytic removal of

efavirenz in water.
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2 LITERATURE REVIEW

2.1 Antiretroviral drugs

Antiretroviral drugs (ARVDSs) are therapeutic agents for the treatment of retroviral infections
such as human immunodeficiency virus (HIV), also popularly called the HIV disease. The HIV
virus infects the CD4 T cells responsible for the body's immunity. Antiretroviral treatment
against HIV does not eliminate the virus but rather prevents its rapid replication (Ncube et al.,
2018). The ARVDs as well as other pharmaceuticals are emerging contaminants that are
ultimately discharged into water bodies. Unused drugs and expired drugs are often disposed of
indiscriminately and therefore get into drainage systems and ultimately reach waterbodies
(Abafe et al., 2018). Antiretroviral drugs are used to treat retroviruses, which are different from
other viruses based on the mode of replication within their host, which involves RNA genetic
materials and not DNA materials like other viruses. Antiretroviral drugs may cause adverse
effects on the central and peripheral nervous systems (Abers, Shandera and Kass, 2014). The
rate and extent of neuropsychiatric adverse effects varies with different classes of ARVDs and
among each drug in their class. Neurotoxicity induced by nucleoside reverse transcriptase
inhibitor (NRT]I) occurs due to the inhibition of mitochondrial DNA polymerase. Over half of
the antiviral drugs are antiretroviral, and ARVDs are further classified based on their mode of
action, such as nucleoside reverse transcriptase inhibitors (NRTIS), non-nucleoside reverse
transcriptase inhibitors (NNRTIs), protease inhibitors, fusion inhibitors, post attachment
inhibitors, integrase inhibitors, pharmacokinetic enhancers, and so on Chahal 2017. ARVDs
are taken by prescribed options therefore they should be taken according to prescription. These
ARVDs do not eliminate HIV but rather they prevent its rapid replication, mother to child
transmission and, they decrease the amount of virus load in the blood stream. However, these
ARVDs may cause adverse effects on the central and peripheral nervous systems if not taken

carefully according to prescription (Gwenzi and Chaukura, 2018; L M Madikizela, Ncube and
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Chimuka, 2020). The rate and extent of these adverse effects varies with different classes of
ARVDs and among each drug in their class. For example, efavirenz predominantly affects the
central nervous system, leading to insomnia, irritability, and vivid dreams. Furthermore,
nevirapine, a first line ARVD, has been associated with chronic liver toxicity in humans after
200 mg was administered once daily for 14 days, followed by 200 mg twice daily (Adeola and
Forbes, 2022). Adverse human health effects caused by ARVD exposures include cough,
dizziness, fever, diarrhea, nausea, headache, rash, hepatotoxicity, hypersensitivity, psychosis,
insomnia, fatigue, vivid dreams, idiosyncratic myalgia, dyslipidemia, pancreatitis, lactic
acidosis, hepatic steatosis, and heart disease (Ncube et al., 2018). However, these adverse
effects occur only after being exposed to high concentrations, drug abuse, overdose, and/or
bioaccumulation of ARVDs over a long period of time and may not be relevant to exposure to
low levels in the environment. Currently, wastewater treatment plants are not able to remove
ARVDs from wastewater (Nggwala and Muchesa, 2020). In regard, some studies have detected
ARVDs in wastewater effluents, rivers, and dams (Nggwala and Muchesa, 2020). The
detection of ARVDs in surface water sources is an indication of the need for studies to find
tools that can be used to reduce or even eliminate their presence in the aquatic systems. In the

current study, the intention was to investigate the potential of photocatalytic degradation.

2.1.1 Properties of antiretroviral drugs

The behavior of pharmaceuticals in the environment is mainly dependent on their physical
properties such the solubility, acid dissociation constant (pKa) and octanol-water coefficient
(Kow). The physicochemical properties of efavirenz are listed in Table 1. The Kow value is
used to measure the hydrophobicity or hydrophilicity of a substance (Nannou et al., 2020).
Higher Kow value indicates the likeliness that a compound will be found more on a solid matrix
than in aqueous solution (Mtolo, Mahlambi and Madikizela, 2019). A pKa value represents

the acidity of a compound. Compounds with low pKa value such as efavirenz are strongly
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acidic (completely dissociates) and have higher water solubility (Settimo, Bellman and

Knegtel, 2014).

Table 1: Name, structure, and physicochemical properties of efavirenz (Wood, Duvenage and
Rohwer, 2015)

Name structure Mw (g mol?)  Kow pKa Solubility (mg mL™)
Efavirenz 315.675 4.15 -15 0.00855
Nevirapine 266.298 3.89 2.5 0.7046

2.1.2 Sources of ARVD contamination

Sources of contamination by ARVDs are summarized in Figure 1. As detailed in the published
review article (Paper 1), the main source of ARVDs in the environment is through wastewater
effluents. Various scholars have observed that developing countries are the most affected
because they still use conventional wastewater treatment processes with limited abilities to
remove pharmaceutical residues from effluents (Fekadu et al., 2019; Lawrence Mzukisi
Madikizela, Ncube and Chimuka, 2020). The situation is made worse because of the lack of
disposal directives to guide monitoring programs resulting in an uncontrolled release of
improperly treated wastewater with no repercussions or reparations for those responsible. The
presence of ARVDs in wastewater can be traced to excreta from people taking ARVD
medication (Wood, Duvenage and Rohwer, 2015; Patel et al., 2019). Improper domestic and
sewage waste disposal, drug manufacture, and hospital waste disposal are also important

sources of ARVD contamination (Wood, Duvenage and Rohwer, 2015; Schoeman, Dlamini
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and Okonkwo, 2017). Other sources of ARVD contamination include leachates from landfill,
effluents from hospitals, inadequate disposal of expired drugs, and waste dumped by research
institutions and pharmaceutical companies. Disposal of out-of-date or unwanted medicines,
which may occur via the sink/toilet or municipal landfill sites, means they may also eventually
leach into groundwater. Prescription practices leading to some unfinished prescriptions
contribute to the illicit disposal of unused drugs, thus compounding environmental pollution
concerns regarding pharmaceutical products (Frédéric and Yves, 2014). Aside from ingestion
of pharmaceuticals via prescription (or self-medication, which should be discouraged), human
exposure to pharmaceuticals also occurs via the food chain, such as drinking contaminated
water and eating food sources like crops, vegetables, fish, and dairy products containing
metabolized and untransformed ARVD compounds (Ebele, Abou-Elwafa Abdallah and

Harrad, 2017).

-
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Figure 1: Sources of ARVDs into the water bodies (Mansouri et al., 2021)
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2.1.3 Ecotoxicological impact of antiretroviral drugs

The presence of ARVDs in drinking water sources may cause adverse effects on humans and
aquatic organisms. The rate and extent of neuropsychiatric adverse effects varies with different
classes of ARVDs and among each drug in their class (Abers, Shandera and Kass, 2014).
Neurotoxicity induced by NRTI occurs due to the inhibition of mitochondrial DNA
polymerase. This mechanism of action is also the reason for the mitochondrial myopathy and
lactic acidosis that occurs with the use of zidovudine (Anderson and Rower, 2010). Efavirenz,
which is an NNRTI, is predominantly associated with antiretroviral-related central nervous
system toxicity, leading to insomnia, irritability, and vivid dreams (Abers, Shandera and Kass,
2014). However, efavirenz has been reported to have a relatively lower risk (8 - 25%) of
causing acute and chronic dermatological problems (Tchetnya et al., 2018). Nevirapine, a first-
line ARVD that is commonly detected in water sources has been associated with chronic liver
toxicity in humans (Gozalo et al., 2011). Adverse human health effects caused by ARVD
exposures include cough, dizziness, fever, diarrhea, nausea, headache, rash, hepatotoxicity,
hypersensitivity, psychosis, insomnia, fatigue, vivid dreams, idiosyncratic myalgia,
dyslipidemia, pancreatitis, lactic acidosis, hepatic steatosis, and heart disease (Ncube et al.,

2018).

2.2 Various methods for the removal of pharmaceuticals in wastewater

The removal of pharmaceuticals depends on different water treatment processes that result in
different efficiencies. Wastewater treatment plants are not designed to completely remove
pharmaceuticals (Patel et al., 2019). Currently, many large-scale water treatment methods are
available, such a electrochemical degradation (Li, Wang and Yu, 2021), photodegradation (An
etal., 2011; Jallouli et al., 2018; Bhembe et al., 2020), and advanced oxidation process (Huang

et al., 2015), precipitation, membrane filtration technology, and biodegradation. These modern

26



procedures have shown positive results throughout time, but they have significant limitations,
such as lower efficacy, a high energy need, and a complicated operating process. In this study,
photocatalytic degradation was explored. A review gives a brief overview of photocatalytic
degradation and its integration with MIPs for remediation of pharmaceutical residues in
aqueous environments is presented as Paper 1 (Section 3.1) already published in Journal of

Hazardous Materials Advances.
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3 MANUSCRIPTS AND PUBLISHED PAPERS

The following sub sections present the two published articles and a manuscript that is under
review in the Chemistry Africa journal. Each paper is presented with its own introduction,
methodology, results and discussion, conclusions and references. Referencing style is based on
the journal in which the paper was submitted. These manuscripts form part of the dissertation

and should be examined.

Section 5.1 presents a paper published in Journal of Hazardous Materials Advances.

Section 5.2 presents a paper published in Journal of Water Process Engineering

Section 5.3 presents a revised manuscript submitted in the Chemistry Africa journal.
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3.1 PAPER1

Paper 1 presents the published version of a review article published in the Journal of Hazardous
Materials Advances with Impact Factor of 5.5. The title of the review is; “Applications of
molecularly imprinted titania-based photocatalysis for degradation of pharmaceutical

pollutants in the aqueous environment”.
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Abstract

Pharmaceutical residues and their ecotoxicological impact on aquatic organisms are well
documented which has forced researchers to shift focus towards finding sustainable pollution
control technologies that can effectively control their levels in the environment. Photocatalytic
degradation has offered a viable alternative with the ability to eliminate pharmaceutical
residues through degradation and eventual mineralization to less-toxic products. Despite its
documented successes, photocatalysis still has its challenges that relate to the presence of
scavengers of photogenerated radicals and decomposed matrices accumulating on the surface
of the photocatalyst. This has led to the incorporation of molecularly imprinted polymers on
the surface of the photocatalyst to allow only selected targets to reach the photocatalyst. This
review provides a concise yet comprehensive look at the integration of photocatalysis with

molecular imprinting technology focussing on titania-based photocatalysts combined with
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molecularly imprinted polymers for selective degradation of pharmaceutical pollutants in the
aqueous environment. The principles, applications, challenges and future directions of
molecularly imprinted photocatalytic degradation as a technology for the remediation of

pharmaceuticals in aqueous environments are highlighted.

Keywords

MIPs, TiO, photocatalytic degradation, pharmaceuticals, pollution

Abbreviations

ARG - antibiotic resistant genes

g-CsNs - graphitic carbon nitride

MIPs - molecularly imprinted polymers

MOFs - Metal-Organic Frameworks

PEDOT - poly-3,4-ethylenedioxythiophene

POPD - poly-o-phenylenediamine
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1  Introduction

Photocatalytic degradation represents a promising approach for mitigating environmental
pollution by harnessing the power of light and semiconductor catalysts to degrade organic
contaminants. As research progresses and technology matures, photocatalysis is expected to
play a pivotal role in achieving sustainable development goals related to water and air quality
management worldwide. However, there still exists some challenges that have hindered
progress towards total acceptance of doped-TiO: as an ultimate remedial tool for pollutants in
the aqueous environment, and this has opened some avenues for improvement including
integration with molecular imprinting technology. Various photocatalysts in combination with
molecularly imprinted polymers (MIPs) and their applications in eradicating organic pollutants
in general have been presented in literature [1-12]. Some reviews have detailed synthesis
techniques for MIPs modified with TiO2 and their application in pollution remediation [13,14].
Reviews that touch on different nanostructure-based photocatalysts for degradation of
pharmaceuticals [15,16], antibiotics [17-19], antivirals [20], antipsychiatrics [21], nonsteroidal
anti-inflammatory drugs and analgesics [22], and some that target specific pharmaceuticals
such as sulfamethoxazole [23] have been presented in literature. A recent review also presented
studies that have reported remediation of antibiotics using various hybrid MIPs [24]. The
application of photocatalytic degradation and molecular imprinting in environmental pollution
research has gained much interest and their integration towards the production of hybrid
schemes targeting pharmaceutical pollution is an area that deserves a focussed review. The
current review seeks to provide a concise yet comprehensive look at the principles,
applications, challenges, and future directions of molecularly imprinted TiO2-based
photocatalytic degradation of pharmaceutical residues in the environment. It differs from all
other reviews in that it is a focussed review that details the integration of titania-based

photocatalysts with molecular imprinting technology for the purposes of pharmaceutical

36



remediation in aqueous environments. Other molecularly imprinted photocatalysts are also
discussed to better understand the potential value that molecular imprinting might bring to
pharmaceutical pollution control based on semiconductor photocatalysts. Interest in the
applications of molecularly imprinted TiO> as a technology for the remediation of
pharmaceuticals in agueous environments is a recent niche area with 83% of the referenced
studies done in the last 5 years (2019 - 2024). Only three studies were done more than 10 years
ago. The three papers were all published in 2012 for the degradation of oxytetracycline [25],

ciprofloxacin [26] and tetracycline [27].

2  Overview of pharmaceutical pollution in the aqueous environment

Pharmaceuticals are critical components of modern healthcare systems, contributing
significantly to public health improvements and quality of life. Their production is regulated
by health authorities in each country to ensure they meet stringent standards for safety, quality,
and efficacy. However, their fate after performing their therapeutic effect in the body has not
been prioritized with most of the residues making their way into the aqueous environment, thus
creating a challenge to environmental sustainability and water quality. Various scholars have
observed that developing countries are the most affected because they still use conventional
wastewater treatment processes with limited abilities to remove pharmaceutical residues from
effluents [28,29]. The situation is made worse because of the lack of disposal directives to
guide monitoring programs resulting in an uncontrolled release of improperly treated

wastewater with no repercussions or reparations for those responsible.

The presence of pharmaceutical residues in the aqueous environment poses a significant
concern due to their potential ecotoxicological and health impacts on the organisms that depend
on water if the water gets polluted. Pharmaceutical residues originate from the excretion of
pharmaceuticals by humans and animals, as well as improper disposal of unused medications

either by consumers or pharmaceutical manufacturing companies. A plethora of studies have
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attributed the presence of pharmaceutical residues in the aqueous environments to high
pharmaceutical consumption trends, the inability of conventional wastewater treatment
processes to fully degrade the pharmaceuticals, and the lack of pollution directives in some
countries [28,29]. Most pharmaceuticals enter aqueous environments primarily through
wastewater effluents from hospitals, households, and pharmaceutical industries while

relatively low amounts enter via improper disposal of unused or expired pharmaceuticals [30].

A wide range of pharmaceuticals exist but the most common ones can be classified under
antibiotics, painkillers, anti-inflammatory drugs, antivirals, antiretrovirals, hormones, and
antidepressants. Antibiotics and antiretrovirals are probably the worst pharmaceuticals to enter
the aquatic environment. Chronic exposure to low concentrations of antibiotics can contribute
to antibiotic resistance in bacteria [31-33] while antiretrovirals have the potential to promote
drug resistance in the human body if not taken according to prescription [34]. The other classes
also have endocrine-disrupting effects with the potential to cause behavioural changes in
aquatic organisms. Detection and monitoring of these residues have been crucial in pollution
management. The provision of monitoring data has led to a better understanding of the potential
risks of pharmaceuticals to ecosystems and human health and the drafting of policies that
address pharmaceutical residues in water bodies. Efforts typically focus on monitoring of
pharmaceuticals in aqueous environments, health risk assessment, and setting limits for
permissible concentrations in effluents. However, it is important to note that regulatory
frameworks vary globally and most developing countries have not yet defined frameworks for
pharmaceuticals in wastewater effluents. Another challenge is that the availability of
pharmaceutical pollution directives does not guarantee compliance with those directives due to
a lack of stringent measures against those that defy or ignore the guideline limits in effluents.
With data showing evidence of the presence of elevated levels of pharmaceutical residues in

the aqueous environment, researchers have since diverted to remediation. This is because
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pharmaceutical consumption continues to rise globally with new medicines being introduced
regularly. In addition, attempts at keeping effluents within guideline limits have failed due to
a lack of measures that enforce compliance. Remedial action that eliminates pharmaceuticals
by mineralization has provided hope for pollution management. Photocatalytic degradation
using radicals generated through the illumination of semiconductor materials has gained
traction in pollution remediation. Its intergradation with molecular imprinting technology has
offered a viable direction towards more effective management of pharmaceutical contaminants

in the environment.

3 Principles of photocatalytic degradation

Photocatalytic degradation is an advanced oxidation process that utilizes light and a
semiconductor catalyst to degrade organic pollutants into harmless by-products. It differs from
photolysis in that UV photolysis of H.O molecules is a result of light at 309 nm with energy of
about 4 eV resulting in dissociation of H.O molecules into "OH species and H20.. On the other
hand, photocatalysis is a process that harnesses the power of light to accelerate chemical
reactions on the surface of semiconductor materials used as catalysts [7,11]. When a
semiconductor absorbs light, electrons are excited from the valence band to the conduction
band leaving behind positively charged holes in the valence band [18]. These electron-hole
pairs can initiate oxidation or reduction reactions with surrounding molecules. Electrons in the
conduction band are free to move within the semiconductor material and can participate in
reduction reactions by donating their energy to react with molecules on the surface or dissolved
in the surrounding solution. The holes in the valence band are positively charged and
decompose pollutants through oxidation. In the presence of water and O3, the electrons in the
conduction band reduce O into superoxide radicals ("O2’), while the holes can attract electrons
from water molecules and hydroxyl ions (OH") forming hydroxyl radicals ("OH) with strong

oxidant properties [18]. The 'OH and "O." radicals are highly reactive and initiate the
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decomposition of organic molecules in solution breaking down complex molecules into
simpler, less-toxic substances. The "OH radical achieves this by either removing an electron or

H atom, or by adding itself to unsaturated bonds. The process is depicted in Fig. 1.

Fig. 1 Photocatalytic degradation schematic diagram

The most common semiconductor photocatalyst that has been utilized extensively in pollution
control is TiOa. Its preference as a photocatalyst stems from the fact that it is low-cost, readily
available and it is more stable in an aqueous solution [35]. Furthermore, TiO2 is non-corrosive,
highly stable and the degradation products are largely non-toxic compared to other
semiconductors with better photocatalytic activity such as ZnO [36]. Other important
photodegraders include graphitic carbon nitride (g-CsN4), Metal-Organic Frameworks (MOFs)
as well as some organic semiconductors such as poly-o0-phenylenediamine (POPD). These
photocatalytic semiconductors have been applied in the photodegradation of pharmaceuticals
in aqueous environments and some reviews on them are available in the literature [4,37].
However, the focus of the current review is TiO2 and its modification with MIPs for application

in the remediation of pharmaceutical residues in aqueous environments.

40



4 Integration of molecularly imprinted polymers with TiO2 photodegradation catalysts

3.2 Principle of titania photodegradation

The wavelength range in which TiO2 shows light response has been reported between 200 to
400 nm due to electron transition from the valence band (O2p) to the conduction band (Tisad).
The valence band position for TiOz is at 2.77 eV while the conduction band is at -0.33 eV
giving a band gap of 3.1 eV [38]. Electron transitions therefore only occurs when TiO: is
illuminated with photons having hv>3.1 eV. The band gap of the different types of TiO> is
larger than 3 eV (~3.0 eV for rutile to ~3.2 eV for anatase), thus making pure TiO. primarily
active for UV light. Anatase TiO, with 3.2 eV, corresponds to the absorption of light at 387
nm and below which falls at the lowest end of visible light [3]. The mechanism of
photodegradation by TiO2 doped with either metals or non-metals has been detailed in different
review articles [7,11,18]. The reviews emphasized that dopants act by minimizing the bandgap
of TiO allowing it to use higher wavelengths in the visible light region to transfer its
photoelectrons to the conduction band. The doped-TiO> therefore becomes active in the visible

light region.

3.3 Applications of titania-based photocatalyst in degradation of pharmaceutical residues

Applications of TiO: as a single isolated photocatalyst in the degradation of pharmaceutical
residues have been less represented in literature with relatively lower degradation efficiencies
compared to advanced or doped TiO2 photocatalysts. For example, Shaykhi and Zinatizadeh
[39] reported a photocatalytic-perozonation (Os/H202/UV/TiO2) reactor for degradation of
amoxicillin in a simulated wastewater treatment plant achieving 58% removal efficiencies in
250 min. The degradation of carbamazepine has been reported to attain complete

mineralization after 6 h of irradiation [40]. It is however, important to mention that most of the
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reported efficiencies are comparable with advanced degradation schemes. A study reported
TiOz irradiated with UV rays at 365 nm resulting in 90% removal of amoxicillin and 98% for
metformin over 150 min in a laboratory-scale synthetic hospital wastewater [41]. Recently,
some researchers arguably reported commercial Degussa P25 TiO2 with the ability to remove
three pharmaceuticals (propranolol-99.3%, mebeverine-98.5%, and carbamazepine-83.2%)
after irradiation with light of 253 nm for 30 min [42]. A large portion of TiO,-based
photocatalysis has been reported for the remediation of antiviral drugs. For example, a
TiO2/H20, system irradiated at 300 nm yielded 89.23% degradation rates of nevirapine in

wastewater within 60 min [43] while 87.1% was reported for lamivudine [44].

Doped TiO2 has been explored successfully as a replacement for plain TiO2 and its application
in the removal of pharmaceuticals has been a success story with various studies reporting better
catalytic performance and degradation efficiency under visible light. The purpose of doping is
to narrow the band gap or provide acceptors of the photoelectrons from the conduction band.
Decreasing the band gap results in more electrons being excited to the conduction band. The
end result is an improved photocatalytic activity. When doped, a hybridized valence band
occupying a higher energy level is formed which results in the reduction of the band gap. For
example, for a graphene/TiO2, a new hybridized valence band consisting of Cz, (from
graphene) and O (from TiO.) is formed [45]. The resultant graphene/TiO> can be attributed
to graphene’s enhanced quantum efficiency due to the plasmon resonance effect on its surface
which relates to its strong light absorbing ability. Another example is that of a TiO2/Ge
photocatalyst with a band gap of 2.83 eV compared to 3.21 eV for TiO; [46]. TiO2 doped with
other semiconductors has been explored successfully in pharmaceutical pollution remediation
and a plethora of studies are presented in literature reporting impressive photocatalytic activity

towards target pharmaceuticals [18,47,48].
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3.4 Challenges of photocatalytic degradation of pharmaceuticals in aqueous environments

Despite advancements in photocatalytic degradation approaches as shown by the applications
of doped semiconductors for removal of pharmaceutical residues in aqueous environments,
total pharmaceutical elimination still presents several challenges. Notably is the issue of matrix
effects. Water samples contain numerous organic and inorganic compounds [49,50], which can
limit the ability of a photodegrader to effectively perform its photocatalytic activity on the
intended pharmaceutical residue [38,51,52]. Another important challenge that complicates the
task of comprehensive remediation of pharmaceuticals is their existence in aqueous
environments at extremely low concentrations compared to matrices. Furthermore, aqueous
surface sources contain multiple pollutants that require remediation simultaneously [53]. Most
photodegraders are non-specific and their photogenerated radicals will react with anything
organic that exist on their surfaces. In this regard, it is observed that researchers have recently
introduced MIPs with the aim of selectively bringing the target pollutants to the surface of the
photodegrader [1,8]. MIPs are valued for their tailor-made selectivity, which can be
advantageous in applications requiring precise recognition and manipulation of specific
molecules [54-56]. The interrelationship between the MIP and the nanoparticle is synergistic.
The MIP offers specific binding sites that bring the target pollutant to the surface of the
photodegrader nanoparticle, while embedding the MIP on the nanoparticle itself enhances its

binding capability by offering a high surface area with more binding sites per unit area.

3.5 Principle of molecular imprinting technology

A MIP is created by polymerization of functional monomers with peripheral vinyl groups in
the presence of a template molecule. In most cases, the template molecule is the target
compound for which the MIP is intended to absorb from the agueous solution. The functional

monomer and the template molecule must have complementary functional groups that interact
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through weak non-covalent intermolecular forces such as Van der Waals forces and H-bonding.
Once the functional monomers have occupied strategic positions around the monomer, a cross
linker with terminal vinyl groups is added to the reaction mixture. Polymerization is then
initiated using a radical initiator such as azobisisobutyronitrile. The crosslinker helps create a
link between the functional monomers allowing them to maintain their positions around the
template molecules as the polymerization process progresses. Ethylene glycol dimethacrylate
is commonly used as the crosslinker [57]. The final product is a covalent solid structure with
the template molecules still trapped within its matrix. Since the interaction between the
monomer functional groups and those of the template are non-covalent, the trapped template
molecules can be washed out using an appropriate organic solvent leaving behind cavities or
imprints that are complementary in shape, size and functionality to the template molecule
[58,59]. These cavities have the ability to selectively isolate the target molecule or molecules
with similar structures and functional groups from aqueous solution in the presence of potential
interferents. These features have since permitted intergradation of molecular imprinting
technology with photocatalysis as remediation tools for pharmaceuticals in the environment.
Notably, the imprinted layer does not take part in photocatalysis but merely provides
recognition sites that help bring the targeted pollutant to the photocatalyst. In this regard, the
presence of the MIP on the surface of the photocatalyst is not expected to affect the degradation
pathways but offers channels that allow specific targets to reach the photocatalyst. Various
studies have reported applications of MIPs for isolation of pharmaceuticals from aqueous
samples and some review articles are present in literature [60-62]. The current review assesses
the integration of MIPs with photocatalysts including TiO> for remediation of pharmaceutical

residues in the aqueous environment.
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3.6  Applications of molecularly imprinted TiO2 photodegradation catalysts

While the purpose of doping TiO: is to reduce the band gap, in MIP-TiO2 systems the target is
to create specific binding sites to bring specific targets closer to TiO,. The concept of
molecularly imprinted photocatalytic degradation has been clearly illustrated in a graphical
abstract by Feng et al., (Fig. 2) that represented a MIP-TiO for degradation of norfloxacin
[63]. The schematic diagram shows TiO> nanoparticles embedded within a MIP particle with
holes/cavities that channel towards the nanoparticles. The advantage is that the MIP isolates
the target pollutant from a complex aqueous system. The isolated pollutant is brought closer to
the TiO2 and this minimizes potential interference from matrices in solution. With the process
of photocatalysis dependent on the photogenerated radicals, molecular imprinting on the
surface of photocatalysts has also been shown to greatly reduce the impact of radical
scavengers on the photocatalytic activity by keeping them away from the surface of the
photocatalyst [64]. While photocatalysis offers a green alternative to chemical oxidation
methods, the environmental impact of photocatalytic nanoparticles that can potentially leach
into the environment is another drawback for using metal oxides as photocatalysts [65-67].
However, copolymerization during synthesis of the MIP ensures that these nanoparticles
remain trapped within the polymer reducing their potential to leach into the environment.
Recent studies have further incorporated magnetite nanoparticles for the purpose of trapping
the MIP-TiO2 nano-scheme and keeping it stationary and also remove it from aqueous solution
using an external magnetic field [68—70]. This helps prevent the entire polymer from washing
away with the water in cases where they need to be deployed in the environment. The concept
of application of a magnetic MIP-TiO. scheme for degradation of pharmaceuticals in agqueous
environment is summarized in Fig. 3. This simplified version represents a pharmaceutical
compound being selectively trapped within the MIP-TiO. scheme and eventually getting

mineralized to less toxic products.
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Fig. 2 Graphical representation of magnetic molecularly imprinted photocatalytic degradation

of norfloxacin. Adapted with permission from Taylor & Francis [63].

Fig. 3 Degradation schematic diagram for pharmaceutical pollutants based on a magnetized

molecularly imprinted polymer embedded with titania
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TiO2 embedded on MIP cavities for photocatalytic degradation of pharmaceutical residues in
the environment has been reported in literature as shown in Table 1. Diclofenac is well studied
with the first application of MIP-TiO yielding just over 48% degradation efficiencies in 2018
[71]. However, the preceding studies have observed better efficiencies such as 91.4%
efficiency in 10 min [51]. Diclofenac has also been included in multiresidue remediation using
MIP-TiOz as the photocatalyst with fairly high degradation rates observed (Table 1). For
example, a study that reported degradation rates for seven pharmaceuticals, the rates for
diclofenac ranked second with about 42% [72]. Diclofenac is one of the most commonly used
over-the-counter anti-inflammatory medication for mild to moderate pain and is frequently

detected in the aqueous environment [73].

Table 1 Molecularly imprinted-TiO> photocatalysts applied in pharmaceutical degradation

Target(s) Photocatalyst Template Time (min)  Efficiency (%) Reference
Chlortetracycline  Fes04/g-C3aN4/TiO2/MIP Chlortetracycline 120 91.87 [38]
Ciprofloxacin MIP/C/TiOz Ciprofloxacin 90 87 [74]
MIP/POPD/TiO2/fly-ash Ciprofloxacin 60 70 [26]
Diclofenac MIP/TiOz Diclofenac 120 48.72 [71]
MIP/TiO2 Diclofenac 10 914 [51]
Enrofloxacin TiO2@SiO2@Fe304/MIP Enrofloxacin 90 - [75]
Norfloxacin CoFe20:@Ti02@MMIP Norfloxacin 150 84.2 [63]
Oxytetracycline MIP/POPD/TiO2/fly-ash Oxytetracycline 60 76 [25]
Sulfadiazine N-TiO2/C/MIP Sulfadiazine 140 99.25 [76]
Sulfamethoxazole ~ MIP-TiO2@Fe20:@g-CsN4  Sulfamethoxazole 96.8 [77]
Sulfasalazine MMIP@TIiO2 Sulfasalazine 10 92 [78]
Tetracycline MIP/TiOz Tetracycline 180 - [27]
Sulfadiazine MIP/TiOz Aniline (dummy) 80 99.9 [79]
Sulfamethoxazole 15 99.9
Diclofenac MIP/TiOz Diclofenac 60 86.6 [80]
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Ibuprofen Ibuprofen 75

Norfloxacin CoFe20:@TiO2@MMIP Norfloxacin 99.4 [81]
Ciprofloxacin 85.9

Tetracycline TiO2@MIP Tetracycline 50 95 [82]
Norfloxacin 80

Sulfamethoxazole 59

Thiamphenicol 45

Chloramphenicol 39

Diclofenac MIP/TiOz Diclofenac 60 42 [72]
Valsartan 46

Tioconazole 25

Ketoconazole 24

Ibuprofen 19

Atorvastatin 19

Gentamicine 11

Double heterojunction schemes have also been investigated in the photodegradation of
pharmaceuticals using molecularly imprinted TiO,-based photocatalysts. Examples include a
novel molecularly imprinted TiO2 doped with Fe2Oz and g-C3sN4 [77]. The two doping materials
were reported to reduce the rate of recombination of e/h™ pairs. Fe;O3 provided a Z-
heterojunction with TiO2 while g-C3N4 provided a second charge transfer mechanism. Due to
the MIP in the scheme, their double Z-scheme was able to selectively isolate sulfamethoxazole
from synthetic wastewater in the presence of sulfadiazine, ibuprofen and bisphenol A as
potential interferents. Sulfamethoxazole degradation efficiency was found to be 96.8% which

was more than double the efficiency observed for the potential interferents.

Most of the degradation studies using molecularly imprinted TiO2 photocatalysts have
validated the need for molecular imprinting by comparing the photocatalytic activity of the

target with that of potential competing pharmaceuticals. For example, to prove selectivity, Fang
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and colleagues investigated the degradation performance of norfloxacin-imprinted
CoFe;04@TiO2-MMIP towards norfloxacin, ciprofloxacin, ibuprofen, carbamazepine and
phenol then observed its specificity towards fluoroquinolones (norfloxacin-91.1% and
ciprofloxacin-85.9%) compared to other classes of pharmaceuticals with degradation of
ibuprofen at 34 %, carbamazepine at 3.4% and phenol at only 2.9% [81]. This was attributed
to the imprinted cavities on the surface of TiO2> which preferentially brought the
fluoroquinolones closer to the surface of the TiO, while the other compounds remained in
solution. Another study imprinted TiO2 with tetracycline and tested it against five antibiotics;
sulfamethoxazole, thiamphenicol, chloramphenicol, norfloxacin and tetracycline. The
tetracycline-imprinted TiO> achieved 95% degradation for tetracycline, 80% for norfloxacin
while sulfamethoxazole, thiamphenicol and chloramphenicol had 59, 45 and 39% degradation,
respectively [82]. The preference towards tetracycline was attributed to the shape and size of

imprinted cavities.

5 Photodegradation activities of other molecularly imprinted photocatalysts

5.1 Molecularly imprinted metal oxides

Some metal oxide nanoparticles with semiconductor properties have been utilized in
combination with molecular imprinting for photocatalytic degradation of pharmaceuticals.
ZnO is considered to have better semiconductor properties than TiO2 and its molecularly
imprinted version has been utilized in pharmaceutical pollution management. Cantarella et al.
[83] has reported molecularly imprinted ZnO nanonuts with the ability to selectively degrade
all the paracetamol within 3 h in the presence of four other water pollutants. Similarly, Du et
al. [53] reported a molecularly imprinted ZnO composite doped with NH2-UiO-66 MOF that
removed 61.9% in 30 min. Wang et al. [84] reported a FesO4/ZnO@MIP composite that

achieved 90.72% degradation of amoxicillin over 140 min. Interaction between ZnO with the
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dopants had synergistic effects which limited the e/h* recombination. Other molecularly
imprinted metal oxides have also been investigated. A NiO-CuS/MIP nanocomposite for
removal of letrozole in wastewater was found to exhibit over 90% degradation rates [85]. A
MIP-CuFeO.@MnO, nanocomposite was group-imprinted using aniline and pyrrole
copolymers and acrylamide as a dummy template for targeting tetracycline [52]. The
nanocomposite selectively degraded tetracycline achieving 92% efficiency. A surface
BiOCI/BisNbO7 photocatalyst imprinted with ceftriaxone has also been reported with a 92%

degradation of ceftriaxone after 100 min [86].

5.2 Molecularly imprinted graphene-based semiconductors

Molecularly imprinted graphene-based photocatalytic degradation has been utilized in
pharmaceutical pollution control in the environment. The application of graphene-based
nanomaterials in photocatalysis is due to the plasmonic resonance effect possessed by carbon
nanoparticles. This integrated approach utilizes the advantages that both molecular imprinting
and plasmon resonance can bring in photocatalytic degradation. A magnetic molecularly
imprinted bismuth phosphate@graphene oxide (BiPOs@GO-MMIP) was developed for
selective degradation of ciprofloxacin [87]. Its photocatalytic activity was attributed to Bi(PO4)
and GO with the authors noting that Bi(PO4) has more energy gap than GO resulting in the
transfer of photoelectrons from LUMO of GO to HOMO of Bi(POs) via & to ©* transitions.
About 75% of ciprofloxacin was degraded over 80 min. Lui et al. [76] have developed a
molecularly imprinted C-doped TiO> nanomaterial for sulfadiazine and recorded a 99.25%
degradation efficiency in 140 min. This was an indication that the selectivity of the molecularly
imprinted surface coupled with the surface plasmon effect brought by the thin sheets of
graphene greatly improved the photocatalytic activity of TiO2. An Fe304/g-C3N4/TiO2

heteroscheme imprinted with diclofenac achieved 68.34, 84.76 and 86.27% degradation rates
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towards diclofenac in wastewater, river water, and tap water [38]. It was obvious that the
complexity of the sample affects the performance of the photocatalyst with its performance in

wastewater lower compared to river and tap water.

5.3 Molecularly imprinted organic semiconductors

The potential of organic semiconductors as replacements for TiO. and other metal oxide
semiconductors has been investigated for pharmaceutical remediation with a list of studies
reported in literature where MIPs were combined with organic material as the photocatalysts
or as dopants for photocatalysts. The main advantage of organic semiconductors is that their
energy level positions can be adjusted. In their study, Huang et al. [88] synthesized a magnetic
molecularly imprinted photocatalyst based on poly-o-phenylenediamine doped with silver (Ag-
POPD) as an organic semiconductor for selective degradation of ciprofloxacin achieving a
70.85% degradation rate in 90 min. Similarly, an imprinted Ag-POPD was used elsewhere for
the same pharmaceutical with similar degradation rates (73.25%) in 90 min [89]. Huo et al.
[26] has modified molecularly imprinted TiO/fly ash cenospheres with POPD for degradation
of ciprofloxacin in wastewater yielding 70% efficiency in 60 min. The same authors presented
a similar approach but this time imprinting their cenospheres with oxytetracycline and La®* for
degradation of oxytetracycline yielding 76% in 60 min [25]. However, La®* did not impact the
catalytic activity of the cenospheres but merely enhanced the imprinting of oxytetracycline by
acting as a bridge between the O atoms of oxytetracycline and the N atoms of the acrylamide
monomers. A novel Cu?*-imprinted POPD-CoFe,04 heterojunction mesoporous photocatalyst
has been reported with the ability to reduce Cu?* and simultaneously degrade tetracycline [90].
CoFe204 acted as an acceptor of photo-induced holes from POPD. The CoFe;O4 holes were
responsible for degradation of tetracycline while Cu?* was reduced by photoelectrons from the

conduction band of POPD.
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Other semiconducting polymers have been reported in molecularly imprinted photocatalytic
degradation of pharmaceuticals. For example, polyaniline integrated with a WS,
semiconducting material where it acted by transferring charge carriers has been investigated in
the photocatalytic degradation of nitrofurantoin with an efficiency of 92% in 75 min [91].
Polyaniline is an organic conducting polymer which tends to keep the e’/h* pairs separated by
transferring charge carriers from WS, Lu et al. [92] developed a magnetic imprinted
nanoreactor based on poly-3,4-ethylenedioxythiophene (PEDOT) and CdS with double
photocatalytic activity towards danofloxacin. CdS acted as the photocatalyst, magnetite
enhanced transfer of conduction band photoelectrons while PEDOT extracted the photoinduced
holes. Molecular imprinting enhanced selectivity towards the danofloxacin with photocatalyst
achieving 84.8% degradation of danofloxacin. Its photocatalytic activity towards three other

pharmaceuticals (gatifloxacin, ciprofloxacin and tetracycline) ranged between 37 and 50%.

5.4 Molecularly imprinted metal organic frameworks

MIPs imbedded on MOFs is another area that has been explored in the degradation of
pharmaceutical pollutants in the environment. Yi et al. [17] recently reported a MIL100@MIP
for sulfamethoxazole with the study observing a 63.6% increase in the degradation
performance compared to non-imprinted scheme. Magnetic MIPs grafted on a MIL-100 MOF
have been reported for elimination of ciprofloxacin from wastewater effluents [93],
sulfamethoxazole in wastewater [94] and tetracycline in lake water [95]. The reported
Fe30:@MIL-100(Fe)@MIP  nanocomposites were imprinted with  ciprofloxacin,
sulfamethoxazole and tetracycline, respectively. The imprinted frameworks displayed a strong
preference towards the target pharmaceuticals in the presence of other pharmaceutical residues
as potential competitors. In both cases, the presence of Fes0.@MIP on the surface of MOF

allowed specific targets only to channel into the MOF. The photocatalytic activity was further
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enhanced by addition of H20. which helped to capture the photogenerated electrons to form
more "OH radicals. For MOF-based schemes, photodegradation occurs by photo-Fenton
processes. Lui et al. [96] has also reported a molecularly imprinted MOF anchored on porous
carbon forms that selectively removed norfloxacin, ibuprofen, naproxen, sulfadimethoxine and
caffeine. Another study created molecularly imprinted MOF channels utilizing the 3D
structural configuration of B-cyclodextrin for selective degradation of sulfamethoxazole [97].
Over 91% degradation rates in complex matrices including polluted river water were achieved

in 60 min.

5.5 Molecularly imprinted schemes based on novel semiconductors

Other hybrid schemes in which molecularly imprinted polymers were embedded on novel
semiconductor materials have been reported in photocatalytic degradation of pharmaceutical
pollutants. These include a ZnGa,04/Cr®* heterojunction photocatalyst for degradation of
tetracycline [98]. This heterojunction scheme had afterglow photocatalysis abilities in which
tetracycline could be degraded day-and-night. A molecularly imprinted magnetic v-
Fe20s/H202/chitosan composite has been reported for the removal of norfloxacin in
pharmaceutical wastewater through Fenton-like oxidative degradation [99,100]. Yan et al.
[101] has reported an imprinted P25@IL nanoreactor in which a MIP was synthesized using
an imidazole ionic liquid as a monomer and levofloxacin as the template. This novel MIP was
embedded on the surface of a TiO2 photocatalyst for the degradation of levofloxacin and
tetracycline in aqueous media. The imprinted nanoreactor had a strong preference for
levofloxacin compared to the non-imprinted nanoreactor with degradation rates of 50.69 and
25.58%, respectively. The authors attributed this to the specificity of the levofloxacin-

imprinted reactor towards levofloxacin.
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6 Challenges and considerations

Despite its promise, photocatalytic degradation still faces several challenges as a potential
remedial tool for pharmaceutical pollution control. TiO> may be readily available as a
commercial photocatalyst but it still needs to be modified or doped appropriately for it to
effectively degrade the target pollutant. Commercial TiO2 is marketed as P25, a combination
of about 80% anatase and 20% rutile [3]. Modification of TiO2 with selective imprinted
polymer cavities may help bring the target closer to the photocatalyst’s surface however,
embedding a solid matrix on the surface may create challenges related to incident light
accessibility. Effective photocatalytic degradation solely depends on light striking the
semiconductor [75]. In this regard, one of the major questions focuses on whether light can
fully transmit through the imprinting layer. Currently, there are limited studies that have
reported on the light permeability of imprinted polymers and the potential impact it can have
if the imprinted TiO> was to be upscaled. The most appropriate position of the TiO:
nanoparticles within the MIP matrix that could result in better accessibility of the incident light
has not yet been reported. More research is required in this regard to assess the potential of

upscaling molecularly imprinted photocatalysts for application in the environment.

Another notable observation in the applications of molecularly imprinted TiO2-based
photocatalysts and any other imprinted photocatalyst is the lack of pilot-scale studies and
industrial applications to demonstrate their feasibility and economic viability in large-scale
environmental remediation projects. MIPs are tailored for single specific targets and currently,
most studies have reported molecularly imprinted photodegraders that target a single
pharmaceutical (Table 1). This approach is not environmentally plausible because
pharmaceuticals exist in the environment as mixtures, all of which are of ecotoxicological
concern, indicating a need for multiresidue remedial tools. It should be noted that some studies

have already initiated this approach [72,82]. However, the results are not yet convincing with
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efficiencies ranging between 11 and 46% for 7 pharmaceuticals [72], and 39 - 95% for 5
pharmaceuticals [82]. Importantly, a single pharmaceutical was used as the imprinting template
which might explain the low degradation efficiencies towards the targeted compounds (Table

1). Multitemplate imprinting might be a solution to this problem.

The type of matrix is also a contributing factor that has proven to limit the potential upscaling
and commercialization of photocatalysts. Liu et al. [38] recently observed that their
molecularly imprinted Fes04/g-CsN4/TiO2 heteroscheme attained different degradation rates
towards diclofenac in tap water (86.27%), polluted river water (84.76%), pulping wastewater
(65.69%), and pharmaceutical wastewater (68.34%), despite the scheme being imprinted with
diclofenac. Tang et al. [97] also observed a reduction in the degradation abilities of a
MIP/ZnO/MOF towards sulfamethoxazole in polluted river water (91%) compared to tap water
(97%). It is obvious that degradation is lower for samples with more complex matrices and
there is a need for proper optimization strategies in consideration of matrices. Related to
matrices is the issue of interferents, which reduce the photocatalytic activity by adsorbing on
the photocatalyst surface and blocking the active sites, scavenging ‘OH and ‘O radicals, and
competition for incident light. For example, Liu et al. [38] observed that photodegradation of
chlorotetracycline using Fe304/g-C3N4/TiO2/MIP decreased significantly from 91.87% to
61.29% in the presence of humic acids. They mentioned that humic acid adsorbed on the
surface and scavenged for photogenerated O radicals. It also decomposed under continuous
illumination and further accumulated on the surface of the photocatalyst. This observation
creates a challenge because humic substances including fulvic acids and humic acids are always
a part of wastewater treatment [49,50]. They possess other advantages such as the removal of
toxic trace metals and other lipophilic constituents from wastewater. VVarious other important
scavengers that inhibit the degradation activities of molecularly imprinted photocatalysts have

been mentioned in the literature. One study observed that the degradation rates for diclofenac
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decreased from 91.4% to 84.8, 61.7, and 29.5% in the presence of butanol, EDTA-2Na and p-
benzoquinone, respectively [51]. Another study reported that isopropanol, triethanolamine, and
p-benzoquinone led to a reduction in tetracycline rates from 92% to 62.5, 54.38 and 78.9%,
respectively [52]. Alcohols such as isopropanol are scavengers of ‘OH radicals, p-
benzoquinone targets "O>" radicals while triethanolamine scavenges the holes. Save for humic
acids, the levels of these radical scavengers in municipal wastewater are not well defined. In
this regard, the focus should shift towards those potential scavengers that are known to exist in

relevant concentrations in the aqueous environment.

Other inhibitors to commercialization have been raised when discussing the potential of
molecularly imprinted photocatalysts. The production of commercial MIPs has always been a
challenge for researchers because they need to be synthesized for a specific target [102]. This
has failed because priority pollutants cannot be the same for potential customers from different
areas. Another challenge is that regeneration studies which focus on the stability of
molecularly imprinted photocatalysts if deployed in the environment have not yet been fully
explored. Impressive regeneration results have been presented for most of the molecularly
imprinted TiO2 photocatalysts in which the photocatalyst is reused based on lab-scale stagnant
water, usually between 5 and 10 cycles. However, the challenge is that if the photocatalyst was
to be applied in the environment it would have to be deployed and be continuously in contact
with flowing water. Reusability studies should therefore consider photocatalyst deployment

times.

There is also a challenge of the parent pharmaceutical achieving 100% degradation without
being completely mineralized. An example was presented by Li et al. [103] in which
amoxicillin, methyl orange and 3-chlorophenol all achieved 100% degradation but their
mineralization was 78.1, 47.9 and 35.7%, respectively. Another study observed that while
diclofenac achieved 89% degradation after 10 min, its mineralization was only 17% [51]. These
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observations raise the issue of the toxicity of intermediate degradation products that do not
achieve complete mineralization. It is however important to point out that molecularly
imprinted photocatalysts give less products since the intermediates can remain in the cavities
to permit mineralization [97], but the toxicity of the unmineralized products remains a concern.
Different studies have observed different ecotoxicities of the intermediates depending on the
target pharmaceutical. For example, Peng et al. [52] observed that the intermediate products of
tetracycline were less toxic towards aquatic organisms compared to tetracycline. However, An
et al. [104] noted that acyclovir’s inhibition towards bacteria, algae, and daphnia ranged
between 4.8 and 35.1%, but the ecotoxicities increased to 14.3 - 79.0% when the same
organisms were exposed to the treated solution of acyclovir indicating the cumulative
ecotoxicity due to intermediates. Even after complete degradation of acyclovir, the bio-
toxicities remained between 7.2 and 14.4%. The implication was that the unmineralized
intermediates were toxic towards bacteria, algae, and daphnia. These conflicting observations
are an indication of the challenge of intermediates and the need for further studies that can

provide more informed ecotoxicity data.

7  Perspectives

Research continues to seek methodologies that can either substitute or enhance the applicability
of photocatalysts for the remediation of pollutants in the environment. The potential of co-
doping is one area that could potentially elevate the applicability of molecularly imprinted TiO>
photocatalysts for the remediation of pharmaceuticals [18]. For example, a typical single Z-
scheme has the disadvantage that migration of charge carriers to higher valence bands and
lower conduction bands is coupled with a loss of catalytic redox potential. Utilizing multiple
heterojunction schemes where TiO> is coupled with other semiconductors is one approach that
could help increase the catalytic conduction band potential and improve the photocatalytic

activity. A recent study has investigated a novel molecularly imprinted TiO>@Fe203@g-C3Na4
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in which Fe>O3 and g-C3N4 were used as co-dopants on the surface of the MIP-TiO2[77]. The
inclusion of g-C3N4 provided a second charge transfer mechanism in addition to the Fe>Os Z-
heterojunction thus reducing the rate of recombination of e’/h* pairs. Another study observed
that TiO.@ZnFe;O04/Pd gave better catalytic performance than TiO.@ZnFe>O4 [105], while
co-doping TiO2 with carbon and nitrogen gave better photocatalytic performances [76,106].
These are indications of the potential of co-doping in enhancing the photocatalytic abilities of

TiOo.

Having mentioned the potential ecotoxicity effects due to the leaching of nanoparticles into the
environment, some researchers have substituted inorganic nanoparticles including metal oxides
and graphene with organic semiconductors [88]. These include POPD, PEDOT, and some
MOFs as discussed in Sections 5.3 - 5.5. More of these materials need to be identified and their
potential as substitutes for TiO2 should be investigated. Furthermore, the use of organic
solvents in synthesizing MIPs requires careful assessment and regulation. With green
chemistry procedures advocating for the use of environmentally friendly solvents, deep eutectic
solvents and ionic liquids have been mentioned in the synthesis of MIPs [107]. This approach

could be adopted in the synthesis of MIP-based photocatalysts.

With most studies still focussing on remediation of single pharmaceuticals, a shift towards
multiresidue degradation can be an important approach that could result in upscaling
molecularly imprinted photocatalysts. Nearly 10 years ago, de Escobar et al. [72] attempted a
MIP/TiO2 imprinted with cavities for seven pharmaceuticals belonging to different classes
(atorvastatin, diclofenac, ibuprofen, tioconazole, valsartan, ketoconazole, and gentamicine).
They observed that degradation rates for the multitemplate imprinted TiO. photocatalyst were
enhanced by over 400%. Multiple pharmaceutical degradation is an area that needs serious
attention because pollutants do not exist in isolation in the environment and photocatalysts with
multiresidue degradation capabilities are required. Multiple imprinted photocatalysts with two

58



or more heterojunctions can be further explored to enhance the degradation abilities of
imprinted photocatalysts to remediate multifarious pharmaceuticals from the environment.
Furthermore, some studies have observed that using dummy templates results in better
degradation activities than when target pharmaceuticals are used as the templates. For example,
Lietal. [79] synthesized a MIP/TiO2 with sulphonamide and sulfamethoxazole as templates.
They compared their activities with a MIP/TiO prepared using aniline as a dummy template
and observed that it performed better than target-imprinted MIP/TiO2, with the additional

advantage of producing fewer intermediates and by-products.

Various other novel methods that could be further explored have been mentioned in the
literature. Zhang et al. [98] have initiated the concept of afterglow photocatalysis with the
ability to degrade pollutants day and night. Another area that might excite researchers in the
near future has been recently mentioned in literature where a MIP-based photocatalyst was
utilized for the mitigation of antibiotic resistant genes (ARGS) in aqueous environment [64].
In their study, the researchers synthesized guanine-imprinted g-CsN4 nanosheets and used them
to degrade plasmid-encoded (blanpwm-1) multi-drug ARG in wastewater effluents. Imprinting g-
C3N4 with guanine enhanced the adsorption of the ARG on its surface resulting in
photodegradation efficiencies that were 37-fold faster than bare g-CsN4. ARGs are of global
concern because of their persistence in the environment and photocatalytic degradation might
provide a potentially effective way of removing them in the environment. Photodegradation

helps fragment and mineralize the DNA of the ARG thus preventing it from repair.

Common MIP/doped-TiO, photocatalysts still underperform when compared to MIP/TiO>
schemes with dopants that possess plasmonic resonance properties. The future of molecularly
imprinted photocatalysts might fall on utilizing the advantages of molecularly imprinting and
dopants with plasmonic resonance properties. Studies that integrated molecular imprinting with
graphene-doped photocatalysts have observed better performances compared to individual
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techniques combined with TiO,. For example, a molecularly imprinted C-doped TiO>
nanomaterial for sulfadiazine recorded a 99.25% degradation efficiency in 140 min [76]. A
tetracycline imprinted Ag/AgsVOa4/g-CsNa photocatalyst that utilized Ag® for its surface
plasmon resonance resulted in a 90% degradation efficiency of tetracycline over 120 min [108].
These observations are an indication that combined utilization of molecular imprinting and
plasmon resonance could shape the future of photocatalytic degradation of organic pollutants,

necessitating further studies in this area.

8 Conclusions

Photocatalytic degradation represents a promising approach to controlling environmental
pollution. Its integration with molecular imprinting technology is expected to play a pivotal
role in achieving sustainable goals related to pharmaceutical control in the environment.
Currently, the approach has several drawbacks that need to be addressed before it can be
considered as a plausible alternative in pharmaceutical pollution control. One notable drawback
is the lack of pilot-scale studies and industrial applications to demonstrate their feasibility and
economic viability in large-scale environmental remediation projects. Continued research is
therefore essential to further explore innovative solutions around molecularly imprinted
photocatalysts for sustainable pharmaceutical residue management including substituting metal
oxide nanoparticles with organic semiconductors and exploring multiresidue
photodegradation. The review identifies that the integration of molecular imprinted polymers
with semiconductor materials for photodegradation of pollutants is a relatively new niche area
with 83% of the studies so far done within the last 5 years (2019 - 2024) and more studies are

expected in the few coming years.
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wastewater effluents using a magnetic molecularly imprinted polymer: Synthesis,

multivariate optimization and application”.

In this work, a magnetic molecularly imprinted polymer (MMIP) nanosorbent was synthesized,
optimized via central composite design and finally applied in the removal of efavirenz in
wastewater effluents. The MMIP boasts the magnetic advantage that allows it to be held static
and can be removed from the real effluents in the environment using an external magnetic field.
The results of the study observed that the MMIP may be a viable tool for removal of efavirenz
from wastewater effluents. The manuscript was published in the Journal of Water Process

Engineering for peer review. https://doi.org/10.1016/j.jwpe.2025.107786
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Abstract

Efavirenz is the most detected antiretroviral drug in the aqueous environment and its levels are
way higher compared to other antiretroviral drugs. This is a cause for concern and requires a
shift towards finding remedial ways to minimize its potential impact to aquatic organisms. In
the current study, a magnetic molecularly imprinted polymer was synthesized, optimized via
central composite design and finally applied to remove of efavirenz from wastewater effluents.
The magnetic smart polymer was synthesized via a bulk polymerization technique owing to its
simplicity, low cost yet it yields a polymer of high purity. Efavirenz was used as the template
and p-vinyl benzoic acid as the functional monomer. Based on coefficient plots, summary of
fit and contour plots, the removal of efavirenz was directly affected by contact time, initial
concentration of efavirenz and the mass of the magnetic polymer used under neutral conditions.
The optimal binding capacity achieved after 40 min of contact time and neutral conditions was

44.9 ug g*. The polymeric sorbent could achieve 44.8% removal efficiencies from real
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wastewater effluents polluted with 3.99 ng mL™ of efavirenz. Reusability studies showed less
than 4% average loss in the binding capacity with every reuse cycle, while there was no loss in

binding capabilities when the polymer was utilized at about half its binding capacity.

Keywords: central composite design; efavirenz; molecularly imprinted polymer; pollution;

wastewater

1 Introduction

The release of pharmaceuticals into the aqueous environment has negative effects on humans
and other aquatic species. Antiretroviral drugs (ARVDs) are among a group of pharmaceuticals
with potentially serious ecotoxicological effects when they make their way into the
environment. Exposure to them via contaminated water may be consequential especially for
those already taking ARVDs and for new infections because ARVDs work against a virus that
easily mutates if the drugs are not taken according to prescription. The analysis of ARVDs in
the aqueous environment in South Africa started about 10 years ago and the first paper was
published in 2015 [1]. Since then, there has been a plethora of other studies that have detected
ARVDs in wastewater, rivers and dams in South Africa and the African continent at large [2,3].
Major sources of the ARVDs in the environment are mainly through effluents from wastewater
treatment plants (WWTPs) as well as illicit or indiscriminate disposal of expired drugs [2,3].
Poor sanitation in most African regions, unavailability of modern ablution facilities that can be
flushed with water to direct the human waste into WWTPs and improper disposal of expired
or unused medications have contributed to the direct contamination of surface water with

pharmaceuticals.

A further challenge for Africa is that the infection rates continue to surge resulting in more

ARVDs released into the environment as part of excreta [4,5]. South Africa in particular has
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been identified as a hotspot regarding ARVD contamination due to the relatively high
therapeutic application and lack of wastewater treatment processes that can effectively
minimize their release via effluents. In this regard, the presence of ARVDs in various aqueous
systems such as wastewater effluents, surface water, ground water, and even drinking water has
been reported extensively in South Africa [1,6,7]. Efavirenz is the most detected ARVD in
surface environments and some scholars now consider it as a priority pollutant in African water
bodies [5,8]. The performance of conventional wastewater treatment processes in South Africa
has recently been observed to be less effective in the removal of efavirenz [9]. For example,
four WWTPs in the Gauteng Province could only remove between 21 and 27% of efavirenz
[10]. In the Eastern Cape Province, WWTPs were reported to achieve between 2 and 12%
removal efficiencies [11], while in the KwaZulu Natal Province, removal efficiencies for four
of the five WWTPs ranged between 19 and 38% [12] . In view of these observations, it is
crucial that alternative removal strategies are explored to minimize entry of efavirenz into the

environment through WWTP effluents.

In the current study, we have investigated a magnetic molecularly imprinted polymer (MMIP)
as a potential remedial tool for efavirenz in WWTP effluents. MIPs are the synthetic materials
with structural cavities designed to selectively isolate a specific target from complex matrices.
The MIPs have been utilized in separation science to selectively isolate target analytes from
complicated samples [13]. Despite the documented advantages that include low-cost
production and stability, classic MIPs still have the challenge of isolating them from the sample
matrix once they have adsorbed the target molecule. In this regard, recent studies have
emphasize the need for incorporating magnetic materials to allow for their removal using an
external magnetic field [14-17]. In our study, the MMIP was synthesized, characterized and
its performance was optimized before its application as a sorbent to remove efavirenz from real

effluent samples from a WWTP in Durban, South Africa. With the view that the smart polymer
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needs to be deployed in wastewater effluents, it was magnetized with magnetite (iron oxide) to
offer the advantage of trapping it at the deployment site using an external magnetic force
[18,19] The trapped MMIP could be recovered from wastewater effluents, cleaned, and re-
deployed to continue adsorbing efavirenz from the effluents. Previously, MIPs for ARVDs
have been utilized as sorbents for solid phase extraction (SPE) for the purposes of quantifying
ARVDs in various aqueous samples, including efavirenz [12,20-22]. Nevirapine was included
in the study as a competitor of efavirenz for the active binding sites on the magnetic polymer

cavities.

2  Methods and Materials

2.1 Chemicals and reagents

Analytical grade efavirenz and nevirapine as well as all organic solvents of HPLC grade
(acetonitrile, methanol, ethyl acetate, dimethylformamide and toluene) were purchased from
Merck (Pty) Ltd, Johannesburg, South Africa. Chemicals for synthesis of the MIP including
ethylene glycol dimethacrylate (EGDMA) (the cross-linker), p-vinyl benzoic acid (the
monomer) and 1,1'-azobis(isobutyronitrile) (AIBN) as the initiator were also purchased from

Merck (Pty) Ltd, Johannesburg, South Africa.

2.2 Gas chromatography mass spectrometry

Chromatographic quantitation was carried out on a gas chromatograph coupled with triple
quadrupole mass spectrometry (GC-TQMS) by Scion instruments, Goes, Netherlands. A 100-
ng mL! standard was first run in full scan mode to determine a suitable temperature program
and the retention times of the efavirenz and nevirapine. A temperature program from 170 to

280°C gave retention times of 4.15 and 5.12 min, respectively. The transfer line temperature

and source temperature were set at 290°C and 250°C, respectively. The spectra of the two
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ARVDs were searched in the NIST library and positively identified with 87 and 92% matches
for efavirenz and nevirapine, respectively. A single ion monitoring (SIM) method was then
created by setting the 4.15 and 5.12 min as retention times while the m/z values were set at 316
and 266 for efavirenz and nevirapine, respectively. The mass error was set at 5 ppm. The GC-
TQMS was then calibrated using 10 calibration standards of efavirenz in the concentration
range of 10 - 100 ng mL™%. The limit of detection (LOD) and limit of quantitation (LOQ) were
computed using the linear regression method based on the Linest function in Excel. These were
further used to determine the method detection limit (MDL) and method quantitation limit

(MQL) based on the amount of MMIP used and the volume of the effluents.

2.3 Synthesis of a magnetic smart sorbent

2.3.1 Synthesis of magnetite

For synthesis of magnetite, 3 g of FeCls.6H.0 and 1.5 g of FeSO4.7H20 were dissolved in 100
mL of deionized water in a round bottom flask. The solution was heated to 50°C and then 12
mL of concentrated ammonia solution was added and the mixture stirred vigorously for 30 min.
The temperature was then increased and maintained at 90°C for 30 min. Magnetic nanoparticles
were magnetically retained at the bottom of the flask, washed with water and ethanol and dried

in an oven overnight at 60°C.

2.3.2 Synthesis of a magnetic molecularly imprinted polymer

The synthesis of MMIP was done by transferring 0.0736 mmol of efavirenz as a template into
a 50 mL round bottom flask containing 3 mL dimethylformamide as a porogen. The resulting
homogeneous solution was stirred at 200 rpm and 40°C for 5 min to completely dissolve the
monomer templates in dimethylformamide. Then 41 mg of p-vinyl benzoic acid as a functional
monomer was added and the mixture stirred for a further 5 min. A 0.2 g mass of magnetite

from Section 2.3.1 was added to the solution followed by mild ultrasonic treatment for 15 min.
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Then 208 uL of EGDMA was added as a crosslinker followed by 100 mg of the AIBN initiator.
The mixture was allowed to pre-polymerize in an inert atmosphere (nitrogen) for 10 min and
the temperature of the mixture was then increased to 70°C and maintained for 30 min. The
temperature was finally increased to 90°C until a polymer was formed. The polymer was
formed within 2 h but it was allowed to remain in the silicon bath at 90°C for a further 2 h to
stabilize. The product was dried in an oven overnight at 70°C. The dried MMIP was then
crushed into a fine powder and washed with methanol/acetic acid (9:1 v/v) to remove the
ARVD template molecules creating cavities within each grain of the polymer powder. The
magnetic polymer was then characterized using Fourier transform infrared spectroscopy
(FTIR) and thermogravimetric analysis (TGA). The MIP was synthesized using the same

procedure as MMIP in the absence of the magnetite.

2.4 Optimization experiments using central composite design

The interactive effects of four factors that could affect the adsorption of efavirenz from aqueous
solution were optimized simultaneously using central composite design (CCD) created on
MODDE Pro statistical software by Sartorius, Gottingen, Germany. These were sample pH (4
- 9), mass of MMIP (5 - 15 mg), initial concentration of efavirenz (0.1 - 1 ng mL™) and contact
time (10 - 120 min). The design output based on a quadratic model with star points placed on
the faces of the sides composed of 27 experiments of which three of the experiments were
randomly set for repeated design runs. The CCD output was then experimented and the peak
area was chosen as a response factor. All the 27 design runs were done in triplicate and the

average peak area was used for data analysis.
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2.5 Investigating the mechanism and kinetics of adsorption

To investigate the extent of adsorption of efavirenz, 50 mg of the MMIP was dispersed into 5
mL spiked solutions over a concentration range of 10 - 300 ng mL™. The extraction process
was allowed to take place under ambient conditions for 10 min. The results were then used to
plot two important isotherm models; the Langmuir and Freundlich adsorption isotherms. The
Langmuir adsorption isotherm predicts linear adsorption and a maximum surface coverage
[23]. The model explains that all binding sites are homogeneous with uniform adsorption
energy and that each site can accommodate only one molecule, thus only a single layer of
adsorption (a monolayer) occurs [24]. The mathematical representation of the linearized form
of the Langmuir model is summarized using Eq. 1. On the other hand, the Freundlich
adsorption isotherm model predicts a heterogeneous binding site distribution, meaning binding
sites with different adsorption energies [23]. The linearized mathematical representation of the
Freundlich model is summarized using Eq. 2. These linearized equations are used to plot linear
graphs based on the y = mx + ¢ form. The model whose linear plot gives a higher coefficient

of determination (R?) is accepted as the model that explains the extent of adsorption.

1/qe = (1/KLQmax) (Cie) + 1/Qmax (1)

where ge is the adsorption capacity of the ARVDs at equilibrium (ng g), Qmax is the
monolayer maximum adsorption capacity of the sorbent (ng g*) and K, is the Langmuir

equilibrium constant (L g*) and Ce is the concentration of ARVDs (ng g}).

logqe = logk,, + 1/n108Ci (2)
where Kk is the Freundlich constant (L g1) and n is the heterogeneity factor.
The pseudo-first-order (PFO) and pseudo-second- order (PSO) adsorption kinetic models are
the most commonly used in understanding adsorption kinetics. To investigate the kinetics, a 50
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mg mass of the MMIP was added in centrifuge tubes containing 5 mL of water spiked at 200
ng mL*! of efavirenz. Three tubes were randomly collected for analysis at specific time
intervals over a period of 10 to 120 min. The analysis data was then used to plot the linear
forms of the PFO and PSO models based on Eq. 3 and 4, respectively. The model with a better
R? value was accepted as the one that explained the mechanism of adsorption of efavirenz onto
the MMIP cavities. PFO predicts that adsorption occurs by physisorption while PSO predicts

chemisorption.

In(qe — q¢) = Inq, — kqt ©)
t/ -1 t
/qe - /kzqe2+ /qe (4)

where k; and k; are the rate constants for the pseudo first- and second-order models (min),

respectively.

2.6 Reusability studies

To investigate the possibility of reusing the polymer to extract efavirenz from effluent samples,
the MMIP was used and regenerated repeatedly under its maximum binding capacity and at
half its binding capacity. This was done by placing 10 mg of the MMIP in 5 mL of water spiked
at 50 and 100 pg mL! of efavirenz then allowing adsorption to occur at 25°C for 40 min. This
was followed by trapping the MMIP using an external magnet and the spiked sample decanted.
Thereafter, the MMIP was washed with 5 mL methanol to determine the amount of efavirenz
extracted. The same MIP was used repeatedly for five consecutive cycles of

adsorption/desorption.
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2.7 Application of the MMIP in wastewater effluent samples

2.7.1 Wastewater effluent collection and analysis

Samples were collected from a WWTP in Durban, South Africa that treats both domestic and
industrial wastewater using conventional treatment methods with chlorination as the final step.
After chlorination, the effluents are discharged into a nearby river. Wastewater was collected
at the exit point where the treated wastewater discharges into a river after chlorination. All
samples were collected into 2.5 L brown glass bottles and transported to the laboratory in cooler
boxes. In the laboratory, the samples were sonicated and immediately filtered through 0.45 um
filter paper. The filtered samples were then extracted using solid phase extraction (SPE) with
Hydrophilic-Lipophilic-Balance (HLB) (6 cc Vac, 200 mg) cartridges by Waters Corporation,
Milford, USA as sorbents followed by analysis using a gas chromatography coupled with triple
quadrupole mass spectrometry (GC-TQMS). For SPE, 50 mL of wastewater effluent samples
was diluted with 50 mL deionized water. The HLB cartridges were first conditioned with 5 mL
of methanol followed by equilibrating with 3 mL of deionized water. The diluted wastewater
effluent samples (100 mL) were then loaded at about 1 mL min. The pumping process was
continued for a further 5 min to dry the cartridges. About 1 mL of 2% methanol in water was
then used to wash the cartridges. Finally, 5 mL of methanol was used to elute the analytes from
the cartridges followed by immediate analysis using GC-TQ/MS. This process was repeated

three times.

2.7.2  Removal of efavirenz using the magnetic polymer

Once the amount of efavirenz had been determined in effluents using SPE-GC-TQMS, the
MMIP was then applied to the effluent samples to remove the ARVDs. A volume of 100 mL
of undiluted wastewater effluent sample was poured into a 250 mL beaker. Then 20 mg of the
MMIP was added and the mixture allowed to settle. After 30 min, a magnet was used to trap

the MMIP at the bottom of the beaker and the effluent was decanted. The MMIP was then
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washed with 5 mL of methanol to determine the amount of efavirenz trapped by the polymer.
The amount trapped was then compared with the amount found in the effluents using SPE. This
was used to determine the efficiency of the MMIP in removing the ARVDs from wastewater

effluents using Eq. 5.
Removal efficiency = nMM”’/nE x 100% (5)
where np 1S the amount removed by the MMIP, ngis the amount of efavirenz in effluents.

3 Results and Discussion

3.1 Characterization results

All the significant peaks observed for the MIP in Fig. 1A agreed with the information acquired
from previous studies in which p-vinyl benzoic acid and EDGMA were used during polymer
formation [25]. The FTIR of the synthesized magnetite exhibited typical -OH and Fe-O
absorption bands as evidence of the purity of the synthesized magnetite nanoparticles [26]. The
broad signal band at around 3400 cm™ represented -OH stretching while the two bands at
around 1650 and 1480 cm™ were due to -OH and O-H vibrational modes of water particles on
the surface of the nanoparticle. The Fe-O stretching was observed at around 580 cm™. The
presence of -OH and Fe-O bands was an indication that the synthesized magnetite nanoparticles
were of high purity. After co-polymerization, the -OH stretch initially observed for magnetite
was suppressed both at 3400, 650 and 1480 cm™ which was an indication that the magnetite
lost the H2O particles from its surface as it was incorporated into the MIP during co-

polymerization.
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Fig. 1 FTIR spectrum (A) and TGA thermogram (B) of the sorbents.

The TGA results in Fig. 1B show that the MMIP the hybrid polymer maintains its weight up
to 250°C and only degrades to about 80% at 350°C. The incorporation of the magnetite
nanoparticles tend to destabilize the polymer because the MIP maintained almost 100%
stability up to 350°C. Results of similar nature where MIPs maintain more than 80% of its
weight at temperatures above 300°C have been reported in literature [27-29]. These
observations are an indication that the polymer can be used under extreme environmental

conditions without degradation.

3.2 Optimization results

3.2.1 Method validity and interactive effects

The performance of the design model and its fit-for-purpose summary is presented visually in
Fig. 2. The coefficient plots in Fig 2A show that initial concentration of the ARVD in solution,
the mass of the MMIP used as the sorbent and the time it remains in contact with efavirenz had
a positive significant effect on the adsorption kinetics. However, a change in pH of the solution
seemed to have a minimal effect which is similar to other studies from the literature [5]. The
coefficient plots further show that most factors had minimal dependence on interactive effects

except for the pH*pH dual interaction which led to a significant negative effect on the MMIP’s
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performance, while the MMIP*MMIP interaction had a significantly positive effect. The
reliability of these observations is presented as a summary of fit plots (Fig. 2B). Acceptable
values for coefficient of determination (R?), predictive relevance (Q?), and reproducibility were
observed for the model with R? = 0.890, Q2 = 0.833 and reproducibility of 0.99 indicating
minimal error in the response output. The negative value of the model validity in Fig. 2B does
not necessarily imply an incorrect model form but rather represents an artificial lack of fit since
acceptable values are observed for R?, Q2 and reproducibility. This implies that the model error

is still in the same range as the pure error, therefore it can be utilized as a valid model.

Surface response outputs obtained through simultaneous investigation of effects of initial
concentration, contact time, sample pH and mass of MMIP were visualized in form of contour
plots as shown in Fig. 2C. From the plots, it was observed that initial concentration, mass of
the MMIP and contact time had a direct effect on the amount of efavirenz extracted from
solution which corroborated with the results of coefficient plots in Fig 2A. As for pH, efavirenz
was adsorbed better under neutral conditions with both basic and acidic conditions resulting in

less adsorption.
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Fig. 2 Coefficient plots (A), summary of fit (B) and contour plots (C) of the optimized factors.
IC — initial concentration; CT — contact time; MM — mass of the magnetic molecularly

imprinted polymer.

3.2.2 Adsorption kinetics and mechanism

The adsorption of efavirenz followed pseudo second order kinetics (Table 1) suggesting that
the interaction between the MMIP and the efavirenz was through chemisorption attaining a
maximum adsorption of 44.9 pg g* within 40 min (Fig. 3). Similar adsorption kinetics have
been observed where a MMIP was used for extraction of other pharmaceuticals including 17f3-
estradiol [30]. Other studies on MMIP for pharmaceuticals have obtained faster kinetics
including Dai and colleagues who investigated adsorption kinetics of carbamazepine and

clofibric acid and achieved equilibrium after 15 min [31]. When the MMIP was used to bind
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nevirapine as an interferent, it was observed that its maximum binding capacity towards

nevirapine was just 11.5 ug g .

For the adsorption modelling results, it was observed that the Langmuir model was favoured
with a higher R? value of 0.9975 compared to 0.991 for the Freundlich model (Table 1). The
Freundlich model value is still relatively high but Fig. 4B shows that it fails to explain the
adsorption mechanism at low concentrations of efavirenz. The Langmuir isotherm model was
therefore accepted as the model that explains the extent of adsorption of the efavirenz onto the
MMIP cavities. In addition, the R. value was in the favourable range of 0<R.<1, while the
predicted maximum adsorption capacity of 48.9 ug g* (Tablel) is comparable with the
experimental maximum value of 53.6 ug g* (Fig. 3). The Langmuir isotherm model assumes
that all binding sites are homogeneous with uniform adsorption energy and the adsorption
process gives a monolayer coverage. This was an indication that once a MIP cavity is occupied,
no further adsorption occurs on that cavity. This agrees with the adsorption kinetic results in
which interaction between efavirenz and the MIP cavity functional groups was predicted to

occur through chemisorption [12,20,21].
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Fig. 3 Effects of contact time on the adsorption capacity. Experimental conditions: initial

concentration of efavirenz — 200 ng mL™, sample pH — 6, adsorbent mass -50 mg and sample

volume -5 mL
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Fig. 4 Effects of initial concentration on the adsorption capacity. A - Langmuir model; B -

Freundlich model

Table 1 Modelling results

Pseudo-1%t order  Pseudo-2" order Freundlich model  Langmuir model
R? R? K2 (g ug™ mint) R? R? K.(uLg?) R Qmax (Ug g
0.9752 0.9833 151 0.9910 0.9975 0.1199 0.199 489

R? - coefficient of determination; K, pseudo-second order constant; de - equilibrium adsorption
capacity; Ky - the Langmuir equilibrium adsorption constant (L g); R — the separation factor;

Qmax - maximum adsorption capacity
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3.3 Reusability studies

MMIP regeneration studies in Fig. 5A show a slight gradual decrease in the adsorption capacity
if the MMIP is used close to its maximum capacity, however losing only 19% after five
consecutive cycles. The reusability of the synthesized MIP corresponds to the behaviour
reported in literature for the extraction of abacavir [28]. Minimal loss is observed if the MMIP
is used repeatedly at half its binding capacity maintaining an almost 100% reusability (Fig. 5B)
which is advantageous considering the concentrations of efavirenz that have been reported in

the environment [7,12,21].
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Fig. 5 Reusability of efavirenz in five consecutive cycles at the MMIP maximum binding

capacity (A) and at half its capacity (B).

3.4 Application in wastewater samples

3.4.1 Method validation and levels of efavirenz in wastewater effluents

Validation parameters for analysis of efavirenz using GC-TQMS are presented in Table 2.
Good sensitivity of the SPE-GC-TQMS was observed with the MDL and MQL for efavirenz
at 0.0265 and 0.0804 ng mL™, respectively. All relative standard deviation values based on
triplicate analysis were less than 14%. Most studies have reported LODs such as 0.41 ug L*
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[12], and 0.16 ng mL, [32]. Studies that report MDLs for efavirenz remain limited in literature
[33]. For example, the MDL values were 0.12 and 0.84 ng L™ in river and estuary samples,
respectively [11], while 0.70 up to 9 ng L* have been reported in WWTP effluents using LC-
MS [7,10,33].

The amount of efavirenz detected in the effluent using SPE-GC-TQMS was found to be 3.99
ng mL* (Table 2). The results are comparable with those reported in WWTP effluents across
South Africa. In the KwaZulu Natal Province where the current study was conducted,
researchers have reported varying concentrations of efavirenz mostly between 0.028 and 34 ng
mL? [7,12,21] while higher concentrations of 46 - 96.11 ng mL™ have also been recently
reported [34]. In other provinces within South Africa, levels of efavirenz in wastewater
effluents range between 0.021 and 7.6 ng mL™ [10,35-38]. Nevirapine was not detected in the
current study which corroborates with other studies where it was either not detected or just
reported in very low levels less than 1.92 ng mL™ [7,10,21,36-39]. Extreme concentrations of

up to 92.11 ng mL* have also been reported [34].

3.4.2 Removal of efavirenz from wastewater effluents

The application of the MMIP as a sorbent that removes efavirenz from undiluted raw
wastewater effluents gave an average of 44.8% (Table 2). This performance was considered
relatively effective since the effluents were undiluted and unspiked which represented true
wastewater effluent with its matrices. These performances are comparable with other advanced
treatment processes that have been applied on wastewater effluents for the purposes of
removing ARVDs from the effluents. For example, photolysis based on UV/H20, has been
reported to remove between 20 and 50% of nevirapine from effluents [40]. However, other
processes that perform better than the current method have been reported in the literature.
Adeola and colleagues used graphene wool and reported 80% removal efficiency for efavirenz

[5]. An exfoliated graphene sorbent for removal of ARVDs including efavirenz achieved up to
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81% efficiency for ARVDs [34]. The same research group further reported up to 86% removal
efficiency using activated macadamia nutshells [41]. While the reported sorbents from the
literature performed better, the MMIP sorbent used in the current study boasts the magnetic
advantage that allows it to be held static and can be removed from the real effluents in the
environment using an external magnetic field. It is noteworthy mentioning that most studies
that have mentioned recoveries of ARVDs from effluents are almost always done for the
purposes of quantitation while studies that report removal efficiencies as a remedial tool remain
limited. In this regard, the magnetic sorbent presented in the current study might be a viable

remedial approach with potential applicability in the environment.

Table 2 Method validation, concentration of ARVDs in effluents and removal efficiencies

Analyte SIM ion Calibration MDL MQL *Concentration in  Removal efficiency
(m/z) R? Accuracy (%) (ngmL?t) (ng mL?) effluent (ng mL?) (% + RSD%)
Efavirenz 315 0.990 92.2-104.7 0.0265 0.0804 3.99 448 +11
8
Nevirapin 266 0.998 92.3-104 0.0331 0.100 n.d -
e 1

n.d - not detected;

*Done using SPE

4 Conclusions

A magnetic smart polymer has been successfully synthesized and applied as a sorbent for
efavirenz from wastewater effluents achieving 44.8% removal efficiencies. Its fit for purpose
prediction was verified statistically using central composite design outputs such as coefficient
plots, summary of fit and contour plots. Although the removal efficiency is still relatively low,
the smart sorbent was optimized using environmental wastewater effluent polluted with

efavirenz. The sorbent has a further advantage of being magnetized which could permit for its
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deployment in the environment and its eventual recovery for reuse using an external magnetic
field. The magnetic sorbent has shown great potential and could be a viable alternative to

remediation of efavirenz and other ARVDs from surface water sources.
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PAPER 3

Paper 3 is revised version of a manuscript submitted to the Chemistry Africa journal. The title
of the manuscript is “Photodegradation of efavirenz in wastewater effluents using a hybrid

TiO2 — magnetic molecularly imprinted polymer”.

This manuscript reports the synthesis of titania nanoparticles embedded with a magnetic
molecularly imprinted polymer (MMIP/TiO3) as a photocatalyst in the degradation of efavirenz
in wastewater effluents under visible light. The manuscript presents a detailed optimization of
the degradation process using a multivariate approach. The photocatalytic degradation Kinetics
were investigated using river water and wastewater effluents with degradation efficiencies up
to 95 and 99%, respectively. The results of the study show that photodegradation using the

MMIP/TiO; could be a solution for remediation of efavirenz in polluted aqueous environments.
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Abstract

Efavirenz has been frequently detected in wastewater effluents which poses health hazards to
human beings and the aquatic organisms that may rely on the rivers and dams that receive the
polluted effluents. This study reports the synthesis of titania nanoparticles embedded on a magnetic
molecularly imprinted polymer (MMIP/TiO>) as a photocatalyst for the degradation of efavirenz
in wastewater effluents and river water samples. The hybrid MMIP/TiO2 was synthesized via bulk
polymerization of p-vinylbenzoic acid in the presence of TiO2, magnetite and efavirenz as a
template. Pareto charts from factorial designs observed that during the photodegradation process,
the initial concentration of efavirenz was more important than the mass of MMIP/TiO2 and time
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of irradiation. Optimum degradation was observed for minimal mass of MMIP/TiO2 (5 mg) within
15 min of irradiation while efficiencies increased with increase in initial concentration of efavirenz
in both wastewater effluents and river water. Irradiation was done using light of 365 nm
wavelength after 40 min contact time to ensure efavirenz gets adsorbed onto the polymer cavities
before irradiation. The maximum adsorption capacity of the MMIP/TiO. in wastewater effluent
was 176 pg g while in river water it was 158 pg g*. High degradation efficiencies up to 95%
were observed for efavirenz in river water and 99% in wastewater effluents. The photodegraded
could be removed from solution after degradation using an external magnetic field. The results of
the study show that photodegradation using the MMIP/TiO2 could be a solution for remediation

of efavirenz from wastewater effluents.

Keywords

efavirenz; photocatalytic degradation; molecularly imprinted polymer; titania; wastewater

effluents
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1 Introduction

The presence of antiretroviral drugs (ARVDs) in water sources can have implications for the
development of drug-resistant strains of viruses and their toxicity to aquatic organisms [1].
Among ARVDs, efavirenz is frequently detected in surface water sources and its
concentrations are relatively higher compared to other ARVDs [2]. Efavirenz is a non-
nucleoside reverse transcriptase inhibitor which has been widely used in South Africa to treat
various mutant strains of HIV since 1998 and is the third most used ARVD worldwide which

might explain its frequent detection in the aqueous environment [3].

Efavirenz, like other pharmaceuticals, is released into the environment primarily through
wastewater effluents as conventional wastewater treatment processes are not designed to
remove complex compounds such as pharmaceuticals. Most pharmaceuticals are only partially
removed during water purification [4]. Since efavirenz cannot be completely degraded in
conventional WWTPs and has been reported in concentrations as high as 96.11 ng mL™? in
effluents [5], the search for other effective yet affordable remedial tools becomes important to
minimize its release into the environment. Several researchers have investigated various
remedial methods mostly based on adsorption [6], [7] while photocatalytic degradation has
recently gained much interest in remediation of pharmaceutical pollutants from aqueous
environmental sources [8], [9]. However, the photocatalysts used still have challenges related
to selectivity prompting researchers to integrate them with molecularly imprinted polymers

(MIPs). The selective advantages of MIPs is widely discussed in literature [10], [11].

Molecularly imprinted photocatalysts and their magnetized core/shell counterparts have
attracted considerable interest because of their favorable attributes, such as superparamagnetic
properties, outstanding selectivity, and remarkable stability [12], [13]. Various advanced
photodegraders have been mentioned in combination with MIPs but titania remains a cheap yet
effective choice over other photodegraders [8], [14]. Titania is readily available and non-
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corrosive in an aqueous solution and the degradation products are largely non-toxic.
Furthermore, the titania photocatalysts perform exceptionally well in the photocatalytic
degradation of organics in wastewater and offer the benefits of high catalytic activity, high
safety, and non-toxicity [15]. As of now there is no photocatalyst that is accepted universally

for removal of pollutants from the agueous environment which prompts for more studies.

In the current study, a hybrid photodegrader was synthesized focusing on the combination of
an imprinted polymer and titania to determine its potential as a remedial tool for removing
efavirenz from wastewater effluents. The MIP cavities were created using efavirenz as a
template. The magnetic MIP impregnated with titania (MMIP/TiO2) was synthesized by bulk
polymerization using p-vinylbenzoic acid as a monomer, efavirenz as a template, magnetite as
a magnetic material and TiO> as the photodegrading nanomaterial. Optimization studies to
determine the best conditions for initial concentration of efavirenz, the MMIP/TiO, dosage and

the contact time were done based on multivariate analysis.

2  Methods and materials

2.1 Chemicals and Reagents

Analytical grade efavirenz as well as all organic solvents of HPLC grade acetonitrile, methanol,
ethanol, ethyl acetate, dimethylformamide (DMF) and toluene) were purchased from Merk Pty
Ltd, Johannesburg, South Africa. Chemicals for synthesis of the MMIP/TiIO> including
efavirenz, p-vinyl benzoic acid, ethylene glycol dimethacrylate (EGDMA), 32% hydrochloric
acid (HCI), 1,1-azobis(isobutyronitrile) (AIBN), titanium tetraisopropoxide (TTIP),
FeCl3.6H20 and FeSO4.7H20 were also purchased from Merk Pty Ltd, Johannesburg, South

Africa.
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2.2 Instrumentation and method validation

The analysis of efavirenz was done using high-performance liquid chromatography coupled
with a diode array detector (HPLC-DAD). The column used was a Phenomenex kinetex
Gemini® C18 5 um (150 x 4.6 mm). The mobile phase gradient composed of 25% ultrapure
water and 70% acetonitrile in isocratic mode. The injection volume was 20 pL at a flow rate
of 1 mL min for 7 min. The detector wavelength was set at 247 nm. The HPLC-DAD was
calibrated with 10 standard solutions of efavirenz in the concentration range of 0.1 - 1.0 mg L
L with the calibration curve attaining linearity value of 0.9964. The sensitivity of the analytical
method computed using the linear regression approach gave a limit of detection of 2.15 pg L*

and limit of quantitation of 7.46 ug L.
2.3 Synthesis of titania

TiO2 was synthesized using a sol-gel method. Initially, 14 mL of titanium isopropoxide was
added in a beaker followed by addition of 120 mL ethanol and stirring for 30 min (solution A).
In a different beaker, 2 mL of 2 M HCI was added to 4 mL of deionized water and gently mixed
(solution B). Solution B was then added dropwise to solution A and left to stir at room
temperature until a gel was formed. The gel was transferred to an oven at 100°C and left to dry

for 24 h. The gel was finally calcined at 550°C for 4 h to remove the volatile substances.
2.4 Synthesis of a hybrid nanocomposite

The MMIP/TiO2 was obtained via bulk polymerization on the surface of TiO2 and magnetite
nanoparticles. In the pre-polymerization stage, 23.2 mg of efavirenz was dissolved in 3 mL
dimethylformamide at 40°C followed by 41 mg of p-vinyl benzoic acid. TiO2 (200 mg) and
magnetite (0.2 mg) were then added into the mixture followed by mild ultrasonication for 15
min. Finally, 208 pL of EGDMA was added and the temperature raised to 70°C. After 10 min,
the temperature was increased to 90°C under vacuum and the polymerization process was
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initiated with 100 mg of the AIBN under a nitrogen gas atmosphere. After 4 h, the polymer
was transferred into an oven at 70°C and allowed to dry for 12 h. The MMIP/TiO. polymer
was then crushed into a fine powder of <150 um, washed with methanol/acetic acid (9:1 v/v)
to remove efavirenz leaving cavities whose size and position of functional groups

complementary to efavirenz. The washed polymer was returned to the oven for 2 h.
2.5 Photodegradation optimization

The interactive effects of three factors that could affect the adsorption of efavirenz from
aqueous solution were optimized simultaneously using a full factorial design created on
Minitab 18 statistical software. The three factors were initial concentration of efavirenz,
MMIP/TiO2 dosage and contact time. On the software, initial concentration was set between
20 and 60 pg L, MMIP/TiO2 between 5 and 15 mg, and contact time was from 20 - 40 min.
Importantly, the initial concentration range inputted in the design falls within the
environmentally relevant concentrations of efavirenz in South Africa aqueous systems where
researches have reported up to 96.11 pg L [5], [16]-[21]. The design output composed of 20
randomized experiments based on 8 cube points, 6 centre points in the cube and 1 replicate run.
The experiments were then carried out in triplicate and the degradation efficiency was given as
the response factor. All experiments were carried out in darkness and the effluent MMIP/TIiO;
mixture was illuminated with light of 365 nm wavelength from a LABOQUIP UV-A lamp.
The MMIP/TIiO2 was separated from the solution using a magnet and the concentration of the
remaining solution was analysed using HPLC-DAD. The degradation efficiency was calculated

using Eq. 1.
Degradation efficiency = (o = Cf)/c X 100% 1)
o

where C, and Cs are the initial and final concentration of efavirenz, respectively.
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2.6  Adsorption kinetics

Before investigating the factors that affect photodegradation, it was important to investigate
the Kkinetics of adsorption of efavirenz on to the sorbent. The idea was to determine the
minimum time needed for efavirenz to enter the sorbent cavities before effecting
photodegradation. To investigate the kinetics before eradiation, 50 mg mass of the MMIP/TiO:
was added in 24 vials containing 10 mL of wastewater effluent spiked at 1 mg L™ of efavirenz.
Three vials were randomly collected for analysis at specific times over a period of 5 to 120
min. The experiments were repeated using spiked river water. Wastewater was not filtered
while the river water was quite dirty and needed to be filtered before use. The analysis data
was also used to determine the mechanism of adsorption of efavirenz on the MMIP/TiO;
cavities based on Eq. 2 & 3 that represent the linearized forms of the pseudo-first and second

order models, respectively.

In(q. — q:) =Inq, — kit
2)

t 1 t

/qe - /kzqe2 + /qe
(3)

where ki and k- are the rate constants for the pseudo first- and second-order models (min™),

respectively.

3  Results and discussion
3.1 Characterization results

Characterization results for MMIP/TiO> after immersion in efavirenz solution using the Zeiss
Ultra Plus Field Emission Gun Scanning Electron Microscopy (Tokyo, Japan) in tandem with
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Energy Dispersive X-ray Spectroscopy (SEM-EDS) are shown in Fig 1. The SEM results show
a rough surface for the imprinted polymer (Fig 1A) while the EDS identified elementary
composition of the polymer. Ti, Fe and Cl which relate to the presence of titania, magnetite
and efavirenz, respectively were identified within the polymer. The three important elements
(Ti, Fe and CI) were all identified using EDS with weight percentages of 0.26, 0.17 and 0.17%,
respectively as shown in Fig 1. The detection of ClI may suggest the presence of efavirenz
molecules within the MMIP/TiO> trapped within the MIP cavities before photodegradation.
Generally, C and O contributed the highest percentage weights recording 77.38 and 20.33%,
respectively. The presence of Cu and Ca could be due to the purity of the analytical grade

chemicals used during synthesis of the MMIP/TiO..

Fig 1. Characterization results using SEM-EDX showing surface (A) and the elementary

composition (B) of the hybrid MMIP/TiO; polymer.
3.2 Adsorption kinetics and mechanism

The adsorption of efavirenz followed pseudo second order kinetics (Table 2) indicating that
the interaction between the MMIP/TiOz and the efavirenz was through chemisorption attaining
a maximum adsorption capacity of 176 pg g™ for wastewater effluent and 158 pg g in river
water within 40 min (Fig 2). The adsorption capacity of the hybrid (MMIP/TiO2) was greater
than that of the MMIP alone (48.8 ug g™1), probably because of the presence of 200 mg of TiO;

nanoparticles that offer more surface area to the polymer. The same MMIP was previously
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observed to adsorb efavirenz followed a Langmuir isotherm forming a monolayer on the
surface cavities [19]. This is in agreement with the kinetics observed during the current study.
Better adsorption capacities for pharmaceuticals in deionized water using MIP/TiO2
nanosorbents and their doped versions have been reported for pollutants including 4.5 mg g

for atrazine [22] and 24.54 mg g~' for chlorotetracycline [23].

200 A
180 -
160 -

Riverwater

2 100 - —@— \Wastewater
effluent

0 20 40 60 80 100 120 140
time (min)

Fig 2. Effects of contact time on the adsorption capacity. Experimental conditions: initial
concentration of efavirenz — 1 mg. L™, MMIP/TiO, dosage — 50 mg and sample volume — 10

mL for both wastewater effluent and river water.

Table 2. Modelling results

RZ
Sample Pseudo 1%t order Pseudo 2" order
River water 0.8740 0.9883
Wastewater effluent 0.8693 0.9945
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3.3 Optimization and degradation kinetics

The Pareto chart analysis shown in Fig 3 illustrates the percentage level of the influence of
each variable independently and their interaction on the response. The initial concentration of
efavirenz was the main independent factor affecting photodegradation of efavirenz
significantly in both wastewater effluent and river water samples. The pareto charts also show
that time of irradiation had a small significant effect on the response in river water while in
wastewater effluent it shows that mass of MMIP/TiO2 had a small effect on the response. The
results are similar to the one for tenofovir mineralization even though the significant factors

were contact time and initial concentration [24].

A B

Fig 3. Factor effects for photodegradation of efavirenz in river water (A) and wastewater (B).

The results of the Pareto charts are supported by the contour plots in Fig 4. For example, Fig
4A & D, which represent the interactive effects of initial concentration and MMIP/TiO2 dose
for wastewater and river water, respectively clearly show that an increase in concentration
resulted in better degradation efficiencies while the MMIP/TiO2 dosage remained insignificant.
This could be a result of matrix effects that limit the sorption of efavirenz onto the MIP cavities
when concentrations are low. However, for wastewater effluents the degradation efficiencies
at low efavirenz concentrations were still very high (80%) at lower concentrations of efavirenz

(Fig 4A), while they were about 40% for efavirenz in river water. Importantly, the river water
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was dirtier and had to be filtered before use during optimization experiments. The same trend
was observed for interactive effects of concentration of efavirenz and the time of irradiation

(Fig 4B & E).

In both samples, optimum photodegradation was attained within 15 min of irradiation. These
observations are in contrast to those reported for nevirapine where the researchers reported a
decrease in degradation efficiencies [25]. In their study, the authors had spiked water with very
high concentrations of nevirapine (5 - 20 ppm) compared to 0.02 - 0.06 ppm (20 - 60 pg L™?)
in the current study. It is important to point out that the efavirenz concentration investigated in
this study falls within the environmental concentrations reported in literature [2], [5], and real
wastewater effluents and river water were used. The 15-min optimum degradation time is
similar to what has been reported in literature in which MIP/TiO; was used including the
degradation of sulfamethoxazole [26], sulfasalazine [27], and diclofenac [28], while most of
the studies using MIP/TiO; for degradation of pharmaceuticals have reported longer times in

the 50 - 180 min range [8].

In Fig 4C & F, which represent the interactive effects of the less important factors
(MMIP/TiO.) dosage and time of irradiation), the contour plots for wastewater effluents
represented degradation efficiencies above 92% while for river water they were above 60% in
the entire optimization range. Larger amounts of MMIP/TiO, dosage gave lower degradation
efficiencies probably due to agglomeration effects. For river water samples, a ridge contour
response was observed (Fig 4F) in which similar degradation effects were observed when
MMIP/TiO2 dosage was low over a short period but also when the dosage was high after a long
contact time. The plot of relative concentration of efavirenz in solution with degradation time

given in Fig 5 shows fast degradation kinetics within 20 min.
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Fig 4. Interactive effects of factors for efavirenz in wastewater (A — C) and in river water (D —

F).
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Fig 5. Degradation Kkinetics for efavirenz in wastewater effluents using UV light of 365 nm

wavelength.

3.4 Degradation results

From the optimization studies, it was observed that degradation efficiency of efavirenz in
wastewater effluent samples was up to 99% while in river water it was 95%. The river water
samples were dirtier than the wastewater effluents which could explain this observation. In
addition, the maximum adsorption capacity was higher in wastewater effluents compared to
river water samples (Fig 2). While this is the first study that reports photocatalytic degradation
of ARVDs using a MIP/TiO2 photodegrader, similar efficiencies have been reported for other
pharmaceuticals [8]. For example, degradation of sulfadiazine and sulfamethoxazole was
99.9% using MIP/TiO- [26]. A hybrid MMIP/TiO.@g-CsN4 achieved 96.8% degradation of
sulfamethoxazole [29], while another study reported 99.25% degradation of sulfadiazine using
N-TiO2/C/MIP [30]. Lower degradation efficiencies have been reported where TiO2 was used
without molecular imprinting. For example, one study reported 84% degradation efficiency of
efavirenz in water using a doped silver nano catalyst [31]. Other studies have used

UV/Ti02/H202 nanocatalysts for other ARVDs achieving 89.23% degradation for nevirapine
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[32] and 87.1% for lamivudine [33]. The results of the current therefore show that molecularly
imprinted TiO2 photocatalysts perform better as remediation tools for ARVDs in wastewater
effluents. Conventional wastewater treatment processes are inefficient in preventing exit of
efavirenz from wastewater treatment plants, and a magnetic photodegrader imprinted with
cavities specific for efavirenz and deployed at the effluent exit point could be help reduce entry

of efavirenz into effluent-receiving rivers.

4  Conclusion and recommendations

A hybrid MMIP/TiO2 nanocomposite was successfully synthesized and optimized using
multivariate approaches. It was then applied to degrade efavirenz in wastewater effluents
spiked at environmentally relevant concentrations with the degradation efficiencies reaching
99% in wastewater effluents and 95% in polluted river water samples. The response surface
model showed that initial concentration of efavirenz was the most significant factor with
degradation efficiencies relatively lower in trace concentrations of efavirenz. Generally, the
magnetic component of the nanocomposite allows it to be deployed in exit points of wastewater
effluents and kept static using an external magnetic field. The MIP component allows for
selective isolation of efavirenz from solution and bringing it close to TiO2> embedded within
the polymer matrix. The degradation process is continuous because as the efavirenz gets
degraded, the degradation products move out of the cavities allowing the MIP to adsorb more
efavirenz. The hybrid MMIP/TiO- has proven to be a viable remediation tool that could prevent
efavirenz from entering surface water systems through wastewater effluents. Considering that
the current study was done in a laboratory scale, it would be important to perform further
studies to upscale the MMIP/TiO> for application in wastewater treatment plants. More studies
are required to better understand the economic aspects as well as the stability of the sorbent

and the potential environmental implications due to unintended leaching of its components into
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the environment. The capabilities of the sorbent towards other ARVDs and different matrices

can also be explored.
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GENERAL CONCLUSIONS

Two hybrid polymers, MMIP and MMIP@TiO. were successfully synthesized via bulk
polymerization. The characterization was done to determine their physiochemical properties.
The TGA results showed that the two polymers maintained its weight up to 250°C and then
degrade to about 350°C. For the FTIR it was observed that magnetite exhibited typical -OH
and Fe-O absorption bands. After co-polymerization, these stretches were suppressed
indicating that the magnetite lost the H>O particles from its surface as it was incorporated into
the MIP during co-polymerization. The adsorption kinetics were studied and indicated that
pseudo second order was the best fit model with R? of 0.9833 and favoured a Langmuir model
with R? of 0.9975. The multivariate optimization was performed to identify the optimum
conditions for MIPs performance. The optimum conditions were pH 6, initial concentration 1
mg L and contact time 40min. Re-usability studies were also done and showed that the MMIP
can be used up to 5 cycles. The MMIP was applied as a sorbent for removal of efavirenz from
wastewater effluents and achieved 44.8% removal efficiencies. It’s fit for purpose prediction
was verified statistically using central composite design outputs such as coefficient plots,
summary of fit and contour plots. Although the removal efficiency was relatively low, the smart
sorbent was optimized using environmental wastewater effluent polluted with efavirenz. A
hybrid MMIP/TiO2> smart polymer also successfully synthesized and applied for the
photodegradation of efavirenz in wastewater effluents. Incorporation of TiO; into the MMIP
cavities it gave greater degradation efficiencies of up to 99%. This was obtained using a
multivariate optimization where concentration was the only significant factor which explains
that an increase in concentration decreases the degradation efficiency of efavirenz in the

solution.
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ARTICLE INFO ABSTRACT

Keywords: Pharmaceutical residues and their ecotoxicological impact on aquatic organisms are well documented which has

MIPs forced researchers to shift focus towards finding sustainable pollution control technologies that can effectively

3?2 Ivtic deeradati control their levels in the environment. Photocatalytic degradation has offered a viable alternative with the

Phomcata }:lcl egradation ability to eliminate pharmaceutical residues through degradation and eventual mineralization to less-toxic
armaceuticals . . . . .

Pollution products. Despite its documented successes, photocatalysis still has its challenges that relate to the presence

of scavengers of photogenerated radicals and decomposed matrices accumulating on the surface of the photo-
catalyst. This has led to the incorporation of molecularly imprinted polymers on the surface of the photocatalyst
to allow only selected targets to reach the photocatalyst. This review provides a concise yet comprehensive look
at the integration of photocatalysis with molecular imprinting technology focussing on titania-based photo-
catalysts combined with molecularly imprinted polymers for selective degradation of pharmaceutical pollutants
in the aqueous environment. The principles, applications, challenges and future directions of molecularly
imprinted photocatalytic degradation as a technology for the remediation of pharmaceuticals in aqueous envi-
ronments are highlighted.

1. Introduction Lai et al., 2018; Chen et al., 2020; Guan et al., 2021; Zhang et al., 2023a;

Wang et al., 2023; Koe et al., 2019; Li et al., 2023). Some reviews have

Photocatalytic degradation represents a promising approach for
mitigating environmental pollution by harnessing the power of light and
semiconductor catalysts to degrade organic contaminants. As research
progresses and technology matures, photocatalysis is expected to play a
pivotal role in achieving sustainable development goals related to water
and air quality management worldwide. However, there still exists some
challenges that have hindered progress towards total acceptance of
doped-TiO as an ultimate remedial tool for pollutants in the aqueous
environment, and this has opened some avenues for improvement
including integration with molecular imprinting technology. Various
photocatalysts in combination with molecularly imprinted polymers
(MIPs) and their applications in eradicating organic pollutants in gen-
eral have been presented in literature (Sajini et al., 2019; Ali et al., 2024;
Krakowiak et al., 2021; Singh and Borthakur, 2018; Bagheri et al., 2021;

detailed synthesis techniques for MIPs modified with TiOy and their
application in pollution remediation (Sun et al., 2018; Luo et al., 2022).
Reviews that touch on different nanostructure-based photocatalysts for
degradation of pharmaceuticals (Ruziwa et al., 2023; Majumder et al.,
2021), antibiotics (Yi et al., 2023; Basavarajappa et al., 2020; Chen
et al., 2022), antivirals (Rana et al, 2024), antipsychiatrics
(Mohamadpour and Mohamadpour, 2024), nonsteroidal anti-in-
flammatory drugs and analgesics (Vahidifar et al., 2022), and some that
target specific pharmaceuticals such as sulfamethoxazole (Musial et al.,
2023) have been presented in literature. A recent review also presented
studies that have reported remediation of antibiotics using various
hybrid MIPs (Mumtaz et al., 2024). The application of photocatalytic
degradation and molecular imprinting in environmental pollution
research has gained much interest and their integration towards the

Abbreviations: ARG, antibiotic resistant genes; g-C3Ny4, graphitic carbon nitride; MIPs, molecularly imprinted polymers; MOFs, Metal-Organic Frameworks;

PEDOT, poly-3,4-ethylenedioxythiophene; POPD, poly-o-phenylenediamine.
* Corresponding author.
E-mail address: SomandlaN@dut.ac.za (S. Ncube).

https://doi.org/10.1016/j.hazadv.2024.100513

Received 29 August 2024; Received in revised form 20 October 2024; Accepted 24 October 2024

Available online 28 October 2024

2772-4166/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:SomandlaN@dut.ac.za
www.sciencedirect.com/science/journal/27724166
https://www.elsevier.com/locate/hazadv
https://doi.org/10.1016/j.hazadv.2024.100513
https://doi.org/10.1016/j.hazadv.2024.100513
http://crossmark.crossref.org/dialog/?doi=10.1016/j.hazadv.2024.100513&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

A. Sibdli et al.

production of hybrid schemes targeting pharmaceutical pollution is an
area that deserves a focussed review. The current review seeks to pro-
vide a concise yet comprehensive look at the principles, applications,
challenges, and future directions of molecularly imprinted TiO2-based
photocatalytic degradation of pharmaceutical residues in the environ-
ment. It differs from all other reviews in that it is a focussed review that
details the integration of titania-based photocatalysts with molecular
imprinting technology for the purposes of pharmaceutical remediation
in aqueous environments. Other molecularly imprinted photocatalysts
are also discussed to better understand the potential value that molec-
ular imprinting might bring to pharmaceutical pollution control based
on semiconductor photocatalysts. Interest in the applications of molec-
ularly imprinted TiO, as a technology for the remediation of pharma-
ceuticals in aqueous environments is a recent niche area with 83 % of the
referenced studies done in the last 5 years (2019-2024). Only three
studies were done more than 10 years ago. The three papers were all
published in 2012 for the degradation of oxytetracycline (Huo et al.,
2012a), ciprofloxacin (Huo et al., 2012b) and tetracycline (Wang et al.,
2012).

2. Overview of pharmaceutical pollution in the aqueous
environment

Pharmaceuticals are critical components of modern healthcare sys-
tems, contributing significantly to public health improvements and
quality of life. Their production is regulated by health authorities in each
country to ensure they meet stringent standards for safety, quality, and
efficacy. However, their fate after performing their therapeutic effect in
the body has not been prioritized with most of the residues making their
way into the aqueous environment, thus creating a challenge to envi-
ronmental sustainability and water quality. Various scholars have
observed that developing countries are the most affected because they
still use conventional wastewater treatment processes with limited
abilities to remove pharmaceutical residues from effluents (Madikizela
et al., 2020; Fekadu et al., 2019). The situation is made worse because of
the lack of disposal directives to guide monitoring programs resulting in
an uncontrolled release of improperly treated wastewater with no re-
percussions or reparations for those responsible.

The presence of pharmaceutical residues in the aqueous environment
poses a significant concern due to their potential ecotoxicological and
health impacts on the organisms that depend on water if the water gets
polluted. Pharmaceutical residues originate from the excretion of
pharmaceuticals by humans and animals, as well as improper disposal of
unused medications either by consumers or pharmaceutical
manufacturing companies. A plethora of studies have attributed the
presence of pharmaceutical residues in the aqueous environments to
high pharmaceutical consumption trends, the inability of conventional
wastewater treatment processes to fully degrade the pharmaceuticals,
and the lack of pollution directives in some countries (Madikizela et al.,
2020; Fekadu et al., 2019). Most pharmaceuticals enter aqueous envi-
ronments primarily through wastewater effluents from hospitals,
households, and pharmaceutical industries while relatively low amounts
enter via improper disposal of unused or expired pharmaceuticals
(Bavumiragira et al., 2022).

A wide range of pharmaceuticals exist but the most common ones can
be classified under antibiotics, painkillers, anti-inflammatory drugs,
antivirals, antiretrovirals, hormones, and antidepressants. Antibiotics
and antiretrovirals are probably the worst pharmaceuticals to enter the
aquatic environment. Chronic exposure to low concentrations of anti-
biotics can contribute to antibiotic resistance in bacteria
(Theuretzbacher, 2013; Larsson and Flach, 2022; Skandalis et al., 2021)
while antiretrovirals have the potential to promote drug resistance in the
human body if not taken according to prescription (Ncube et al., 2018).
The other classes also have endocrine-disrupting effects with the po-
tential to cause behavioural changes in aquatic organisms. Detection
and monitoring of these residues have been crucial in pollution
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management. The provision of monitoring data has led to a better un-
derstanding of the potential risks of pharmaceuticals to ecosystems and
human health and the drafting of policies that address pharmaceutical
residues in water bodies. Efforts typically focus on monitoring of phar-
maceuticals in aqueous environments, health risk assessment, and
setting limits for permissible concentrations in effluents. However, it is
important to note that regulatory frameworks vary globally and most
developing countries have not yet defined frameworks for pharmaceu-
ticals in wastewater effluents. Another challenge is that the availability
of pharmaceutical pollution directives does not guarantee compliance
with those directives due to a lack of stringent measures against those
that defy or ignore the guideline limits in effluents. With data showing
evidence of the presence of elevated levels of pharmaceutical residues in
the aqueous environment, researchers have since diverted to remedia-
tion. This is because pharmaceutical consumption continues to rise
globally with new medicines being introduced regularly. In addition,
attempts at keeping effluents within guideline limits have failed due to a
lack of measures that enforce compliance. Remedial action that elimi-
nates pharmaceuticals by mineralization has provided hope for pollu-
tion management. Photocatalytic degradation using radicals generated
through the illumination of semiconductor materials has gained traction
in pollution remediation. Its intergradation with molecular imprinting
technology has offered a viable direction towards more effective man-
agement of pharmaceutical contaminants in the environment.

3. Principles of photocatalytic degradation

Photocatalytic degradation is an advanced oxidation process that
utilizes light and a semiconductor catalyst to degrade organic pollutants
into harmless by-products. It differs from photolysis in that UV photol-
ysis of H,0 molecules is a result of light at 309nm with energy of about
4eV resulting in dissociation of HoO molecules into *OH species and
H505. On the other hand, photocatalysis is a process that harnesses the
power of light to accelerate chemical reactions on the surface of semi-
conductor materials used as catalysts (Chen et al., 2020; Koe et al.,
2019). When a semiconductor absorbs light, electrons are excited from
the valence band to the conduction band leaving behind positively
charged holes in the valence band (Basavarajappa et al., 2020). These
electron-hole pairs can initiate oxidation or reduction reactions with
surrounding molecules. Electrons in the conduction band are free to
move within the semiconductor material and can participate in reduc-
tion reactions by donating their energy to react with molecules on the
surface or dissolved in the surrounding solution. The holes in the valence
band are positively charged and decompose pollutants through oxida-
tion. In the presence of water and Oy, the electrons in the conduction
band reduce O into superoxide radicals (*03), while the holes can
attract electrons from water molecules and hydroxyl ions (OH’) forming
hydroxyl radicals (*|OH) with strong oxidant properties (Basavarajappa
et al., 2020). The *OH and *03 radicals are highly reactive and initiate
the decomposition of organic molecules in solution breaking down
complex molecules into simpler, less-toxic substances. The *OH radical
achieves this by either removing an electron or H atom, or by adding
itself to unsaturated bonds. The process is depicted in Fig. 1.

The most common semiconductor photocatalyst that has been uti-
lized extensively in pollution control is TiO,. Its preference as a photo-
catalyst stems from the fact that it is low-cost, readily available and it is
more stable in an aqueous solution (Teixeira et al., 2016). Furthermore,
TiO4 is non-corrosive, highly stable and the degradation products are
largely non-toxic compared to other semiconductors with better pho-
tocatalytic activity such as ZnO (Li et al., 2021). Other important pho-
todegraders include graphitic carbon nitride (g-C3N4), Metal-Organic
Frameworks (MOFs) as well as some organic semiconductors such as
poly-o-phenylenediamine (POPD). These photocatalytic semiconductors
have been applied in the photodegradation of pharmaceuticals in
aqueous environments and some reviews on them are available in the
literature (Singh and Borthakur, 2018, Xia et al., 2021). However, the
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Fig. 1. Photocatalytic degradation schematic diagram.

focus of the current review is TiO5 and its modification with MIPs for
application in the remediation of pharmaceutical residues in aqueous
environments.

4. Integration of molecularly imprinted polymers with TiOy
photodegradation catalysts

4.1. Principle of titania photodegradation

The wavelength range in which TiO, shows light response has been
reported between 200 to 400 nm due to electron transition from the
valence band (Ozp) to the conduction band (Tizq). The valence band
position for TiOy is at 2.77 eV while the conduction band is at -0.33 eV
giving a band gap of 3.1 eV (Liu et al., 2024). Electron transitions
therefore only occurs when TiO is illuminated with photons having hv
> 3.1 eV The band gap of the different types of TiO; is larger than 3 eV
(~3.0 eV for rutile to ~3.2 eV for anatase), thus making pure TiOo
primarily active for UV light. Anatase TiOy with 3.2 eV, corresponds to
the absorption of light at 387 nm and below which falls at the lowest end
of visible light (Krakowiak et al., 2021). The mechanism of photo-
degradation by TiOy doped with either metals or non-metals has been
detailed in different review articles (Chen et al., 2020; Koe et al., 2019;
Basavarajappa et al., 2020). The reviews emphasized that dopants act by
minimizing the bandgap of TiO5 allowing it to use higher wavelengths in
the visible light region to transfer its photoelectrons to the conduction
band. The doped-TiO, therefore becomes active in the visible light
region.

4.2. Applications of titania-based photocatalyst in degradation of
pharmaceutical residues

Applications of TiO as a single isolated photocatalyst in the degra-
dation of pharmaceutical residues have been less represented in litera-
ture with relatively lower degradation efficiencies compared to
advanced or doped TiOy photocatalysts. For example, Shaykhi and
Zinatizadeh ~ (2014) reported a  photocatalytic-perozonation
(03/H205/UV/TiO3) reactor for degradation of amoxicillin in a simu-
lated wastewater treatment plant achieving 58 % removal efficiencies in
250 min. The degradation of carbamazepine has been reported to attain
complete mineralization after 6 h of irradiation (Haroune et al., 2014). It
is however, important to mention that most of the reported efficiencies
are comparable with advanced degradation schemes. A study reported
TiOy irradiated with UV rays at 365 nm resulting in 90 % removal of
amoxicillin and 98 % for metformin over 150 min in a laboratory-scale
synthetic hospital wastewater (Chinnaiyan et al., 2019). Recently, some
researchers arguably reported commercial Degussa P25 TiO; with the
ability to remove three pharmaceuticals (propranolol-99.3 %,

Journal of Hazardous Materials Advances 16 (2024) 100513

mebeverine-98.5 %, and carbamazepine-83.2 %) after irradiation with
light of 253 nm for 30 min (Navidpour et al., 2024). A large portion of
TiOg-based photocatalysis has been reported for the remediation of
antiviral drugs. For example, a TiO2/H205 system irradiated at 300 nm
yielded 89.23 % degradation rates of nevirapine in wastewater within
60 min (Ncube et al., 2023) while 87.1 % was reported for lamivudine
(An et al., 2011).

Doped TiO3 has been explored successfully as a replacement for plain
TiO4 and its application in the removal of pharmaceuticals has been a
success story with various studies reporting better catalytic performance
and degradation efficiency under visible light. The purpose of doping is
to narrow the band gap or provide acceptors of the photoelectrons from
the conduction band. Decreasing the band gap results in more electrons
being excited to the conduction band. The end result is an improved
photocatalytic activity. When doped, a hybridized valence band occu-
pying a higher energy level is formed which results in the reduction of
the band gap. For example, for a graphene/TiO,, a new hybridized
valence band consisting of Cyp, (from graphene) and Oz (from TiO») is
formed (Li et al., 2013). The resultant graphene/TiO5 can be attributed
to graphene’s enhanced quantum efficiency due to the plasmon reso-
nance effect on its surface which relates to its strong light absorbing
ability. Another example is that of a TiO2/Ge photocatalyst with a band
gap of 2.83 eV compared to 3.21 eV for TiOy (Chun et al., 2015). TiOy
doped with other semiconductors has been explored successfully in
pharmaceutical pollution remediation and a plethora of studies are
presented in literature reporting impressive photocatalytic activity to-
wards target pharmaceuticals (Basavarajappa et al., 2020; Varma et al.,
2020; Ahmadpour et al., 2024).

4.3. Challenges of photocatalytic degradation of pharmaceuticals in
aqueous environments

Despite advancements in photocatalytic degradation approaches as
shown by the applications of doped semiconductors for removal of
pharmaceutical residues in aqueous environments, total pharmaceutical
elimination still presents several challenges. Notably is the issue of
matrix effects. Water samples contain numerous organic and inorganic
compounds (Zhu et al., 2023; Chianese et al., 2020), which can limit the
ability of a photodegrader to effectively perform its photocatalytic ac-
tivity on the intended pharmaceutical residue (Liu et al., 2024; Bi et al.,
2021; Peng et al., 2024). Another important challenge that complicates
the task of comprehensive remediation of pharmaceuticals is their ex-
istence in aqueous environments at extremely low concentrations
compared to matrices. Furthermore, aqueous surface sources contain
multiple pollutants that require remediation simultaneously (Du et al.,
2020). Most photodegraders are non-specific and their photogenerated
radicals will react with anything organic that exist on their surfaces. In
this regard, it is observed that researchers have recently introduced MIPs
with the aim of selectively bringing the target pollutants to the surface of
the photodegrader (Sajini et al., 2019; Guan et al., 2021). MIPs are
valued for their tailor-made selectivity, which can be advantageous in
applications requiring precise recognition and manipulation of specific
molecules (Belbruno, 2019; Martin-Esteban, 2013; Kaya et al., 2023).
The interrelationship between the MIP and the nanoparticle is syner-
gistic. The MIP offers specific binding sites that bring the target pollutant
to the surface of the photodegrader nanoparticle, while embedding the
MIP on the nanoparticle itself enhances its binding capability by offering
a high surface area with more binding sites per unit area.

4.4. Principle of molecular imprinting technology

A MIP is created by polymerization of functional monomers with
peripheral vinyl groups in the presence of a template molecule. In most
cases, the template molecule is the target compound for which the MIP is
intended to absorb from the aqueous solution. The functional monomer
and the template molecule must have complementary functional groups
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that interact through weak non-covalent intermolecular forces such as
Van der Waals forces and H-bonding. Once the functional monomers
have occupied strategic positions around the monomer, a cross linker
with terminal vinyl groups is added to the reaction mixture. Polymeri-
zation is then initiated using a radical initiator such as azobisisobutyr-
onitrile. The crosslinker helps create a link between the functional
monomers allowing them to maintain their positions around the tem-
plate molecules as the polymerization process progresses. Ethylene
glycol dimethacrylate is commonly used as the crosslinker (Madikizela
et al., 2018). The final product is a covalent solid structure with the
template molecules still trapped within its matrix. Since the interaction
between the monomer functional groups and those of the template are
non-covalent, the trapped template molecules can be washed out using
an appropriate organic solvent leaving behind cavities or imprints that
are complementary in shape, size and functionality to the template
molecule (Gkika et al., 2024; Vasapollo et al., 2011). These cavities have
the ability to selectively isolate the target molecule or molecules with
similar structures and functional groups from aqueous solution in the
presence of potential interferents. These features have since permitted
intergradation of molecular imprinting technology with photocatalysis
as remediation tools for pharmaceuticals in the environment. Notably,
the imprinted layer does not take part in photocatalysis but merely
provides recognition sites that help bring the targeted pollutant to the
photocatalyst. In this regard, the presence of the MIP on the surface of
the photocatalyst is not expected to affect the degradation pathways but
offers channels that allow specific targets to reach the photocatalyst.
Various studies have reported applications of MIPs for isolation of
pharmaceuticals from aqueous samples and some review articles are
present in literature (Villarreal-Lucio et al., 2022; Speltini et al., 2017;
Huang et al., 2015a). The current review assesses the integration of MIPs
with photocatalysts including TiO; for remediation of pharmaceutical
residues in the aqueous environment.
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4.5. Applications of molecularly imprinted TiO photodegradation
catalysts

While the purpose of doping TiO; is to reduce the band gap, in MIP-
TiO4 systems the target is to create specific binding sites to bring specific
targets closer to TiOy. The concept of molecularly imprinted photo-
catalytic degradation has been clearly illustrated in a graphical abstract
by Feng et al. (Fig. 2) that represented a MIP-TiO, for degradation of
norfloxacin (Fang et al., 2023). The schematic diagram shows TiO,
nanoparticles embedded within a MIP particle with holes/cavities that
channel towards the nanoparticles. The advantage is that the MIP iso-
lates the target pollutant from a complex aqueous system. The isolated
pollutant is brought closer to the TiOy and this minimizes potential
interference from matrices in solution. With the process of photo-
catalysis dependent on the photogenerated radicals, molecular
imprinting on the surface of photocatalysts has also been shown to
greatly reduce the impact of radical scavengers on the photocatalytic
activity by keeping them away from the surface of the photocatalyst
(Yuan et al., 2020). While photocatalysis offers a green alternative to
chemical oxidation methods, the environmental impact of photo-
catalytic nanoparticles that can potentially leach into the environment is
another drawback for using metal oxides as photocatalysts (Zhang et al.,
2022a; Renzi and Blaskovi¢, 2019; Nguyen et al., 2020a). However,
copolymerization during synthesis of the MIP ensures that these nano-
particles remain trapped within the polymer reducing their potential to
leach into the environment. Recent studies have further incorporated
magnetite nanoparticles for the purpose of trapping the MIP-TiOy
nano-scheme and keeping it stationary and also remove it from aqueous
solution using an external magnetic field (Poonia et al., 2022; Huang
etal., 2018; Cui et al., 2022). This helps prevent the entire polymer from
washing away with the water in cases where they need to be deployed in
the environment. The concept of application of a magnetic MIP-TiO,
scheme for degradation of pharmaceuticals in aqueous environment is
summarized in Fig. 3. This simplified version represents a pharmaceu-
tical compound being selectively trapped within the MIP-TiOy scheme

Norfloxacin |
Photocatalytic degradation

CO; H,O /

@ TiO, nanoparticles "

/
@ Molecularly imprinted holes i

-
el
-—

— N N
— N N
— N N

Wastewater containing norfloxacin

Fig. 2. Graphical representation of magnetic molecularly imprinted photocatalytic degradation of norfloxacin. Adapted with permission from Taylor & Francis (Fang

et al., 2023).
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Fig. 3. Degradation schematic diagram for pharmaceutical pollutants based on a magnetized molecularly imprinted polymer embedded with titania.

and eventually getting mineralized to less toxic products.

TiOy embedded on MIP cavities for photocatalytic degradation of
pharmaceutical residues in the environment has been reported in liter-
ature as shown in Table 1. Diclofenac is well studied with the first
application of MIP-TiOj yielding just over 48 % degradation efficiencies
in 2018 (de Escobar et al., 2018). However, the preceding studies have
observed better efficiencies such as 91.4 % efficiency in 10 min (Bi et al.,
2021). Diclofenac has also been included in multiresidue remediation
using MIP-TiO as the photocatalyst with fairly high degradation rates
observed (Table 1). For example, a study that reported degradation rates
for seven pharmaceuticals, the rates for diclofenac ranked second with

commonly used over-the-counter anti-inflammatory medication for mild
to moderate pain and is frequently detected in the aqueous environment
(Sathishkumar et al., 2020).

Double heterojunction schemes have also been investigated in the
photodegradation of pharmaceuticals using molecularly imprinted
TiOg-based photocatalysts. Examples include a novel molecularly
imprinted TiO2 doped with Fe;O3 and g-C3N4 (Zhang et al., 2024). The
two doping materials were reported to reduce the rate of recombination
of e/h™ pairs. FeyO3 provided a Z-heterojunction with TiO, while
g-C3N4 provided a second charge transfer mechanism. Due to the MIP in
the scheme, their double Z-scheme was able to selectively isolate sul-

about 42 % (de Escobar et al., 2016). Diclofenac is one of the most

famethoxazole from synthetic wastewater

in the presence of

Table 1
Molecularly imprinted-TiO, photocatalysts applied in pharmaceutical degradation.
Target(s) Photocatalyst Template Time (min) Efficiency (%) Reference
Chlortetracycline Fe304/8-C3Ny4/TiO2/MIP Chlortetracycline 120 91.87 (Liu et al., 2024)
Ciprofloxacin MIP/C/TiOy Ciprofloxacin 90 87 (Li et al., 2020)
MIP/POPD/TiO,/fly-ash Ciprofloxacin 60 70 (Huo et al., 2012)
Diclofenac MIP/TiO, Diclofenac 120 48.72 (de Escobar et al., 2018)
MIP/TiO, Diclofenac 10 91.4 (Bi et al., 2021)
Enrofloxacin TiO,@SiO,@Fe304/MIP Enrofloxacin 90 - (Lu et al., 2014)
Norfloxacin CoFe,04@TiO,@MMIP Norfloxacin 150 84.2 (Fang et al., 2023)
Oxytetracycline MIP/POPD/TiO,/fly-ash Oxytetracycline 60 76 (Huo et al., 2012)
Sulfadiazine N-TiO,/C/MIP Sulfadiazine 140 99.25 (Li et al., 2022)
Sulfamethoxazole MIP-TiO,@Fe,03@g-C3N4 Sulfamethoxazole 96.8 (Zhang et al., 2024)
Sulfasalazine MMIP@TiO, Sulfasalazine 10 92 (Mokhtari et al., 2023)
Tetracycline MIP/TiO, Tetracycline 180 - (Wang et al., 2012)
Sulfadiazine MIP/TiO, Aniline (dummy) 80 99.9 (Li et al., 2023)
Sulfamethoxazole 15 99.9
Diclofenac MIP/TiO, Diclofenac 60 86.6 (Eslami et al., 2023)
Ibuprofen Ibuprofen 75
Norfloxacin CoFe;04@TiO,@MMIP Norfloxacin 99.4 (Fang et al., 2021)
Ciprofloxacin 85.9
Tetracycline TiO,@MIP Tetracycline 50 95 (Sheng et al., 2022)
Norfloxacin 80
Sulfamethoxazole 59
Thiamphenicol 45
Chloramphenicol 39
Diclofenac Valsartan MIP/TiO, Diclofenac 60 42 (de Escobar et al., 2016)
Tioconazole 46
Ketoconazole 25
Ibuprofen Atorvastatin Gentamicine 24
19
19
11
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sulfadiazine, ibuprofen and bisphenol A as potential interferents. Sul-
famethoxazole degradation efficiency was found to be 96.8 % which was
more than double the efficiency observed for the potential interferents.

Most of the degradation studies using molecularly imprinted TiOy
photocatalysts have validated the need for molecular imprinting by
comparing the photocatalytic activity of the target with that of potential
competing pharmaceuticals. For example, to prove selectivity, Fang and
colleagues investigated the degradation performance of norfloxacin-
imprinted CoFe;04@TiO, MMIP towards norfloxacin, ciprofloxacin,
ibuprofen, carbamazepine and phenol then observed its specificity to-
wards fluoroquinolones (norfloxacin-91.1 % and ciprofloxacin-85.9 %)
compared to other classes of pharmaceuticals with degradation of
ibuprofen at 34 %, carbamazepine at 3.4 % and phenol at only 2.9 %
(Fang et al., 2021). This was attributed to the imprinted cavities on the
surface of TiOy which preferentially brought the fluoroquinolones closer
to the surface of the TiO, while the other compounds remained in so-
lution. Another study imprinted TiO5 with tetracycline and tested it
against five antibiotics; sulfamethoxazole, thiamphenicol, chloram-
phenicol, norfloxacin and tetracycline. The tetracycline-imprinted TiOy
achieved 95 % degradation for tetracycline, 80 % for norfloxacin while
sulfamethoxazole, thiamphenicol and chloramphenicol had 59, 45 and
39 % degradation, respectively (Sheng et al., 2022). The preference
towards tetracycline was attributed to the shape and size of imprinted
cavities.

5. Photodegradation activities of other molecularly imprinted
photocatalysts

5.1. Molecularly imprinted metal oxides

Some metal oxide nanoparticles with semiconductor properties have
been utilized in combination with molecular imprinting for photo-
catalytic degradation of pharmaceuticals. ZnO is considered to have
better semiconductor properties than TiO5 and its molecularly imprinted
version has been utilized in pharmaceutical pollution management.
Cantarella et al. (2018) has reported molecularly imprinted ZnO nano-
nuts with the ability to selectively degrade all the paracetamol within 3
h in the presence of four other water pollutants. Similarly, Du et al.
(2020) reported a molecularly imprinted ZnO composite doped with
NH,-UiO-66 MOF that removed 61.9 % in 30 min. Wang et al. (2023)
reported a Fe304/ZnO@MIP composite that achieved 90.72 % degra-
dation of amoxicillin over 140 min. Interaction between ZnO with the
dopants had synergistic effects which limited the e /h* recombination.
Other molecularly imprinted metal oxides have also been investigated. A
NiO-CuS/MIP nanocomposite for removal of letrozole in wastewater
was found to exhibit over 90 % degradation rates (Rabizadeh et al.,
2020). A MIP-CuFeO,@MnO; nanocomposite was group-imprinted
using aniline and pyrrole copolymers and acrylamide as a dummy
template for targeting tetracycline (Peng et al., 2024). The nano-
composite selectively degraded tetracycline achieving 92 % efficiency. A
surface BiOCl/BisNbO; photocatalyst imprinted with ceftriaxone has
also been reported with a 92 % degradation of ceftriaxone after 100 min
(Zhang et al., 2023).

5.2. Molecularly imprinted graphene-based semiconductors

Molecularly imprinted graphene-based photocatalytic degradation
has been utilized in pharmaceutical pollution control in the environ-
ment. The application of graphene-based nanomaterials in photo-
catalysis is due to the plasmonic resonance effect possessed by carbon
nanoparticles. This integrated approach utilizes the advantages that
both molecular imprinting and plasmon resonance can bring in photo-
catalytic degradation. A magnetic molecularly imprinted bismuth
phosphate@graphene oxide (BiPO4@GO-MMIP) was developed for se-
lective degradation of ciprofloxacin (Kumar et al., 2020). Its photo-
catalytic activity was attributed to Bi(PO4) and GO with the authors
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noting that Bi(PO4) has more energy gap than GO resulting in the
transfer of photoelectrons from LUMO of GO to HOMO of Bi(PO4) via ©
to n* transitions. About 75 % of ciprofloxacin was degraded over 80 min.
Li et al. (2022) have developed a molecularly imprinted C-doped TiO5
nanomaterial for sulfadiazine and recorded a 99.25 % degradation ef-
ficiency in 140 min. This was an indication that the selectivity of the
molecularly imprinted surface coupled with the surface plasmon effect
brought by the thin sheets of graphene greatly improved the photo-
catalytic activity of TiOp. An Fe304/8-C3N4/TiO2 heteroscheme
imprinted with diclofenac achieved 68.34, 84.76 and 86.27 % degra-
dation rates towards diclofenac in wastewater, river water, and tap
water (Liu et al., 2024). It was obvious that the complexity of the sample
affects the performance of the photocatalyst with its performance in
wastewater lower compared to river and tap water.

5.3. Molecularly imprinted organic semiconductors

The potential of organic semiconductors as replacements for TiO,
and other metal oxide semiconductors has been investigated for phar-
maceutical remediation with a list of studies reported in literature where
MIPs were combined with organic material as the photocatalysts or as
dopants for photocatalysts. The main advantage of organic semi-
conductors is that their energy level positions can be adjusted. In their
study, Huang et al. (2021) synthesized a magnetic molecularly imprin-
ted photocatalyst based on poly-o-phenylenediamine doped with silver
(Ag-POPD) as an organic semiconductor for selective degradation of
ciprofloxacin achieving a 70.85 % degradation rate in 90 min. Similarly,
an imprinted Ag-POPD was used elsewhere for the same pharmaceutical
with similar degradation rates (73.25 %) in 90 min (Liu et al., 2022).
Huo et al. (2012) has modified molecularly imprinted TiOy/fly ash
cenospheres with POPD for degradation of ciprofloxacin in wastewater
yielding 70 % efficiency in 60 min. The same authors presented a similar
approach but this time imprinting their cenospheres with oxytetracy-
cline and La®" for degradation of oxytetracycline yielding 76 % in 60
min (Huo et al., 2012). However, La®* did not impact the catalytic ac-
tivity of the cenospheres but merely enhanced the imprinting of
oxytetracycline by acting as a bridge between the O atoms of oxytetra-
cycline and the N atoms of the acrylamide monomers. A novel
Cu*"-imprinted POPD-CoFe,0,4 heterojunction mesoporous photo-
catalyst has been reported with the ability to reduce Cu?* and simul-
taneously degrade tetracycline (He et al., 2019). CoFe304 acted as an
acceptor of photo-induced holes from POPD. The CoFe;0O4 holes were
responsible for degradation of tetracycline while Cu?" was reduced by
photoelectrons from the conduction band of POPD.

Other semiconducting polymers have been reported in molecularly
imprinted photocatalytic degradation of pharmaceuticals. For example,
polyaniline integrated with a WS, semiconducting material where it
acted by transferring charge carriers has been investigated in the pho-
tocatalytic degradation of nitrofurantoin with an efficiency of 92 % in 75
min (Fatima et al., 2024). Polyaniline is an organic conducting polymer
which tends to keep the e /h™ pairs separated by transferring charge
carriers from WS,. Lu et al. (2020) developed a magnetic imprinted
nanoreactor based on poly-3,4-ethylenedioxythiophene (PEDOT) and
CdS with double photocatalytic activity towards danofloxacin. CdS
acted as the photocatalyst, magnetite enhanced transfer of conduction
band photoelectrons while PEDOT extracted the photoinduced holes.
Molecular imprinting enhanced selectivity towards the danofloxacin
with photocatalyst achieving 84.8 % degradation of danofloxacin. Its
photocatalytic activity towards three other pharmaceuticals (gati-
floxacin, ciprofloxacin and tetracycline) ranged between 37 and 50 %.

5.4. Molecularly imprinted metal organic frameworks
MIPs imbedded on MOFs is another area that has been explored in

the degradation of pharmaceutical pollutants in the environment. Yi
et al. (2023) recently reported a MIL100@MIP for sulfamethoxazole
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with the study observing a 63.6 % increase in the degradation perfor-
mance compared to non-imprinted scheme. Magnetic MIPs grafted on a
MIL-100 MOF have been reported for elimination of ciprofloxacin from
wastewater effluents (Li et al., 2022), sulfamethoxazole in wastewater
(Xie et al., 2022) and tetracycline in lake water (Fu et al., 2024). The
reported Fe304@MIL-100(Fe)@MIP nanocomposites were imprinted
with ciprofloxacin, sulfamethoxazole and tetracycline, respectively. The
imprinted frameworks displayed a strong preference towards the target
pharmaceuticals in the presence of other pharmaceutical residues as
potential competitors. In both cases, the presence of Fe304@MIP on the
surface of MOF allowed specific targets only to channel into the MOF.
The photocatalytic activity was further enhanced by addition of HyO,
which helped to capture the photogenerated electrons to form more *OH
radicals. For MOF-based schemes, photodegradation occurs by
photo-Fenton processes. Liu et al. (2021) has also reported a molecularly
imprinted MOF anchored on porous carbon forms that selectively
removed norfloxacin, ibuprofen, naproxen, sulfadimethoxine and
caffeine. Another study created molecularly imprinted MOF channels
utilizing the 3D structural configuration of p-cyclodextrin for selective
degradation of sulfamethoxazole (Tang et al., 2022). Over 91 % degra-
dation rates in complex matrices including polluted river water were
achieved in 60 min.

5.5. Molecularly imprinted schemes based on novel semiconductors

Other hybrid schemes in which molecularly imprinted polymers
were embedded on novel semiconductor materials have been reported in
photocatalytic degradation of pharmaceutical pollutants. These include
a ZnGay04/Cr" heterojunction photocatalyst for degradation of tetra-
cycline (Zhang et al., 2022). This heterojunction scheme had afterglow
photocatalysis abilities in which tetracycline could be degraded
day-and-night. A molecularly imprinted magnetic y-Fe;O3/H30,/chi-
tosan composite has been reported for the removal of norfloxacin in
pharmaceutical wastewater through Fenton-like oxidative degradation
(Huang et al., 2015; Wu et al., 2016). Yan et al. (2022) has reported an
imprinted P25@IL nanoreactor in which a MIP was synthesized using an
imidazole ionic liquid as a monomer and levofloxacin as the template.
This novel MIP was embedded on the surface of a TiO photocatalyst for
the degradation of levofloxacin and tetracycline in aqueous media. The
imprinted nanoreactor had a strong preference for levofloxacin
compared to the non-imprinted nanoreactor with degradation rates of
50.69 and 25.58 %, respectively. The authors attributed this to the
specificity of the levofloxacin-imprinted reactor towards levofloxacin.

6. Challenges and considerations

Despite its promise, photocatalytic degradation still faces several
challenges as a potential remedial tool for pharmaceutical pollution
control. TiO, may be readily available as a commercial photocatalyst but
it still needs to be modified or doped appropriately for it to effectively
degrade the target pollutant. Commercial TiO, is marketed as P25, a
combination of about 80 % anatase and 20 % rutile (Krakowiak et al.,
2021). Modification of TiO5 with selective imprinted polymer cavities
may help bring the target closer to the photocatalyst’s surface however,
embedding a solid matrix on the surface may create challenges related to
incident light accessibility. Effective photocatalytic degradation solely
depends on light striking the semiconductor (Lu et al., 2014). In this
regard, one of the major questions focuses on whether light can fully
transmit through the imprinting layer. Currently, there are limited
studies that have reported on the light permeability of imprinted poly-
mers and the potential impact it can have if the imprinted TiO, was to be
upscaled. The most appropriate position of the TiO, nanoparticles
within the MIP matrix that could result in better accessibility of the
incident light has not yet been reported. More research is required in this
regard to assess the potential of upscaling molecularly imprinted pho-
tocatalysts for application in the environment.
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Another notable observation in the applications of molecularly
imprinted TiOy-based photocatalysts and any other imprinted photo-
catalyst is the lack of pilot-scale studies and industrial applications to
demonstrate their feasibility and economic viability in large-scale
environmental remediation projects. MIPs are tailored for single spe-
cific targets and currently, most studies have reported molecularly
imprinted photodegraders that target a single pharmaceutical (Table 1).
This approach is not environmentally plausible because pharmaceuticals
exist in the environment as mixtures, all of which are of ecotoxicological
concern, indicating a need for multiresidue remedial tools. It should be
noted that some studies have already initiated this approach (de Escobar
et al., 2016; Sheng et al., 2022). However, the results are not yet
convincing with efficiencies ranging between 11 and 46 % for 7 phar-
maceuticals (de Escobar et al., 2016), and 39-95 % for 5 pharmaceuti-
cals (Sheng et al., 2022). Importantly, a single pharmaceutical was used
as the imprinting template which might explain the low degradation
efficiencies towards the targeted compounds (Table 1). Multitemplate
imprinting might be a solution to this problem.

The type of matrix is also a contributing factor that has proven to
limit the potential upscaling and commercialization of photocatalysts.
Liu et al. (2024) recently observed that their molecularly imprinted
Fe304/g-C3N4/TiO4 heteroscheme attained different degradation rates
towards diclofenac in tap water (86.27 %), polluted river water (84.76
%), pulping wastewater (65.69 %), and pharmaceutical wastewater
(68.34 %), despite the scheme being imprinted with diclofenac. Tang
et al. (2022) also observed a reduction in the degradation abilities of a
MIP/ZnO/MOF towards sulfamethoxazole in polluted river water (91
%) compared to tap water (97 %). It is obvious that degradation is lower
for samples with more complex matrices and there is a need for proper
optimization strategies in consideration of matrices. Related to matrices
is the issue of interferents, which reduce the photocatalytic activity by
adsorbing on the photocatalyst surface and blocking the active sites,
scavenging *OH and *O3 radicals, and competition for incident light. For
example, Liu et al. (2024) observed that photodegradation of chlorote-
tracycline using Fe304/g-C3Ny4/TiOo/MIP decreased significantly from
91.87 % to 61.29 % in the presence of humic acids. They mentioned that
humic acid adsorbed on the surface and scavenged for photogenerated
O, radicals. It also decomposed under continuous illumination and
further accumulated on the surface of the photocatalyst. This observa-
tion creates a challenge because humic substances including fulvic acids
and humic acids are always a part of wastewater treatment (Zhu et al.,
2023; Chianese et al., 2020). They possess other advantages such as the
removal of toxic trace metals and other lipophilic constituents from
wastewater. Various other important scavengers that inhibit the
degradation activities of molecularly imprinted photocatalysts have
been mentioned in the literature. One study observed that the degra-
dation rates for diclofenac decreased from 91.4 % to 84.8, 61.7, and 29.5
% in the presence of butanol, EDTA-2Na and p-benzoquinone, respec-
tively (Bi et al., 2021). Another study reported that isopropanol, trie-
thanolamine, and p-benzoquinone led to a reduction in tetracycline
rates from 92 % to 62.5, 54.38 and 78.9 %, respectively (Peng et al.,
2024). Alcohols such as isopropanol are scavengers of *OH radicals,
p-benzoquinone targets *O3 radicals while triethanolamine scavenges
the holes. Save for humic acids, the levels of these radical scavengers in
municipal wastewater are not well defined. In this regard, the focus
should shift towards those potential scavengers that are known to exist
in relevant concentrations in the aqueous environment.

Other inhibitors to commercialization have been raised when dis-
cussing the potential of molecularly imprinted photocatalysts. The
production of commercial MIPs has always been a challenge for re-
searchers because they need to be synthesized for a specific target
(Lowdon et al., 2020). This has failed because priority pollutants cannot
be the same for potential customers from different areas. Another
challenge is that regeneration studies which focus on the stability of
molecularly imprinted photocatalysts if deployed in the environment
have not yet been fully explored. Impressive regeneration results have
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been presented for most of the molecularly imprinted TiO, photo-
catalysts in which the photocatalyst is reused based on lab-scale stag-
nant water, usually between 5 and 10 cycles. However, the challenge is
that if the photocatalyst was to be applied in the environment it would
have to be deployed and be continuously in contact with flowing water.
Reusability studies should therefore consider photocatalyst deployment
times.

There is also a challenge of the parent pharmaceutical achieving 100
% degradation without being completely mineralized. An example was
presented by (Li et al., 2015) in which amoxicillin, methyl orange and
3-chlorophenol all achieved 100 % degradation but their mineralization
was 78.1, 47.9 and 35.7 %, respectively. Another study observed that
while diclofenac achieved 89 % degradation after 10 min, its minerali-
zation was only 17 % (Bi et al., 2021). These observations raise the issue
of the toxicity of intermediate degradation products that do not achieve
complete mineralization. It is however important to point out that
molecularly imprinted photocatalysts give less products since the in-
termediates can remain in the cavities to permit mineralization (Tang
et al., 2022), but the toxicity of the unmineralized products remains a
concern. Different studies have observed different ecotoxicities of the
intermediates depending on the target pharmaceutical. For example,
Peng et al. (2024) observed that the intermediate products of tetracy-
cline were less toxic towards aquatic organisms compared to tetracy-
cline. However, An et al. (2015) noted that acyclovir’s inhibition
towards bacteria, algae, and daphnia ranged between 4.8 and 35.1 %,
but the ecotoxicities increased to 14.3-79.0 % when the same organisms
were exposed to the treated solution of acyclovir indicating the cumu-
lative ecotoxicity due to intermediates. Even after complete degradation
of acyclovir, the bio-toxicities remained between 7.2 and 14.4 %. The
implication was that the unmineralized intermediates were toxic to-
wards bacteria, algae, and daphnia. These conflicting observations are
an indication of the challenge of intermediates and the need for further
studies that can provide more informed ecotoxicity data.

7. Perspectives

Research continues to seek methodologies that can either substitute
or enhance the applicability of photocatalysts for the remediation of
pollutants in the environment. The potential of co-doping is one area
that could potentially elevate the applicability of molecularly imprinted
TiOy photocatalysts for the remediation of pharmaceuticals
(Basavarajappa et al., 2020). For example, a typical single Z-scheme has
the disadvantage that migration of charge carriers to higher valence
bands and lower conduction bands is coupled with a loss of catalytic
redox potential. Utilizing multiple heterojunction schemes where TiO3 is
coupled with other semiconductors is one approach that could help in-
crease the catalytic conduction band potential and improve the photo-
catalytic activity. A recent study has investigated a novel molecularly
imprinted TiO2@Fe;03@g-C3Ny4 in which FeoO3 and g-C3N4 were used
as co-dopants on the surface of the MIP-TiO, (Zhang et al., 2024). The
inclusion of g-C3N4 provided a second charge transfer mechanism in
addition to the FeyOs Z-heterojunction thus reducing the rate of
recombination of e /h™ pairs. Another study observed that TiO,@Zn-
FeyO4/Pd gave better catalytic performance than TiO,@ZnFeyO4
(Ahmadpour et al., 2020), while co-doping TiO, with carbon and ni-
trogen gave better photocatalytic performances (Li et al., 2022; Nguyen
et al., 2020). These are indications of the potential of co-doping in
enhancing the photocatalytic abilities of TiO».

Having mentioned the potential ecotoxicity effects due to the
leaching of nanoparticles into the environment, some researchers have
substituted inorganic nanoparticles including metal oxides and gra-
phene with organic semiconductors (Huang et al., 2021). These include
POPD, PEDOT, and some MOFs as discussed in Sections 5.3-5.5. More of
these materials need to be identified and their potential as substitutes for
TiO4 should be investigated. Furthermore, the use of organic solvents in
synthesizing MIPs requires careful assessment and regulation. With
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green chemistry procedures advocating for the use of environmentally
friendly solvents, deep eutectic solvents and ionic liquids have been
mentioned in the synthesis of MIPs (Madikizela et al., 2022). This
approach could be adopted in the synthesis of MIP-based photocatalysts.

With most studies still focussing on remediation of single pharma-
ceuticals, a shift towards multiresidue degradation can be an important
approach that could result in upscaling molecularly imprinted photo-
catalysts. Nearly 10 years ago, de Escobar et al. (2016) attempted a
MIP/TiO, imprinted with cavities for seven pharmaceuticals belonging
to different classes (atorvastatin, diclofenac, ibuprofen, tioconazole,
valsartan, ketoconazole, and gentamicine). They observed that degra-
dation rates for the multitemplate imprinted TiOy photocatalyst were
enhanced by over 400 %. Multiple pharmaceutical degradation is an
area that needs serious attention because pollutants do not exist in
isolation in the environment and photocatalysts with multiresidue
degradation capabilities are required. Multiple imprinted photocatalysts
with two or more heterojunctions can be further explored to enhance the
degradation abilities of imprinted photocatalysts to remediate multi-
farious pharmaceuticals from the environment. Furthermore, some
studies have observed that using dummy templates results in better
degradation activities than when target pharmaceuticals are used as the
templates. For example, Li et al. (2023) synthesized a MIP/TiO, with
sulphonamide and sulfamethoxazole as templates. They compared their
activities with a MIP/TiO; prepared using aniline as a dummy template
and observed that it performed better than target-imprinted MIP/TiO,
with the additional advantage of producing fewer intermediates and
by-products.

Various other novel methods that could be further explored have
been mentioned in the literature. Zhang et al. (2022) have initiated the
concept of afterglow photocatalysis with the ability to degrade pollut-
ants day and night. Another area that might excite researchers in the
near future has been recently mentioned in literature where a MIP-based
photocatalyst was utilized for the mitigation of antibiotic resistant genes
(ARGS) in aqueous environment (Yuan et al., 2020). In their study, the
researchers synthesized guanine-imprinted g-C3N4 nanosheets and used
them to degrade plasmid-encoded (blaypy-1) multi-drug ARG in
wastewater effluents. Imprinting g-C3N4 with guanine enhanced the
adsorption of the ARG on its surface resulting in photodegradation ef-
ficiencies that were 37-fold faster than bare g-C3N4. ARGs are of global
concern because of their persistence in the environment and photo-
catalytic degradation might provide a potentially effective way of
removing them in the environment. Photodegradation helps fragment
and mineralize the DNA of the ARG thus preventing it from repair.

Common MIP/doped-TiO, photocatalysts still underperform when
compared to MIP/TiOy schemes with dopants that possess plasmonic
resonance properties. The future of molecularly imprinted photo-
catalysts might fall on utilizing the advantages of molecularly
imprinting and dopants with plasmonic resonance properties. Studies
that integrated molecular imprinting with graphene-doped photo-
catalysts have observed better performances compared to individual
techniques combined with TiO,. For example, a molecularly imprinted
C-doped TiO2 nanomaterial for sulfadiazine recorded a 99.25 % degra-
dation efficiency in 140 min (Li et al., 2022). A tetracycline imprinted
Ag/Ag3V04/g-C3N4 photocatalyst that utilized Ag® for its surface plas-
mon resonance resulted in a 90 % degradation efficiency of tetracycline
over 120 min (Sun et al., 2019). These observations are an indication
that combined utilization of molecular imprinting and plasmon reso-
nance could shape the future of photocatalytic degradation of organic
pollutants, necessitating further studies in this area.

8. Conclusions

Photocatalytic degradation represents a promising approach to
controlling environmental pollution. Its integration with molecular
imprinting technology is expected to play a pivotal role in achieving
sustainable goals related to pharmaceutical control in the environment.
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Currently, the approach has several drawbacks that need to be addressed
before it can be considered as a plausible alternative in pharmaceutical
pollution control. One notable drawback is the lack of pilot-scale studies
and industrial applications to demonstrate their feasibility and eco-
nomic viability in large-scale environmental remediation projects.
Continued research is therefore essential to further explore innovative
solutions around molecularly imprinted photocatalysts for sustainable
pharmaceutical residue management including substituting metal oxide
nanoparticles with organic semiconductors and exploring multiresidue
photodegradation. The review identifies that the integration of molec-
ular imprinted polymers with semiconductor materials for photo-
degradation of pollutants is a relatively new niche area with 83 % of the
studies so far done within the last 5 years (2019-2024) and more studies
are expected in the few coming years.
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ARTICLE INFO ABSTRACT

Editor: Tzyy Haur Chong Efavirenz is the most detected antiretroviral drug in the aqueous environment and its levels are way higher

compared to other antiretroviral drugs. This is a cause for concern and requires a shift towards finding remedial

Keywords: ways to minimize its potential impact to aquatic organisms. In the current study, a magnetic molecularly
Centfal composite design imprinted polymer was synthesized, optimized via central composite design and finally applied to remove of
Efavirenz L efavirenz from wastewater effluents. The magnetic smart polymer was synthesized via a bulk polymerization
Molecularly imprinted polymer . . o L . - . . .

Pollution technique owing to its simplicity, low cost yet it yields a polymer of high purity. Efavirenz was used as the
Wastewater template and p-vinyl benzoic acid as the functional monomer. Based on coefficient plots, summary of fit and

contour plots, the removal of efavirenz was directly affected by contact time, initial concentration of efavirenz
and the mass of the magnetic polymer used under neutral conditions. The optimal binding capacity achieved
after 40 min of contact time and neutral conditions was 44.9 g g~*. The polymeric sorbent could achieve 44.8 %
removal efficiencies from real wastewater effluents polluted with 3.99 ng mL~! of efavirenz. Reusability studies
showed <4 % average loss in the binding capacity with every reuse cycle, while there was no loss in binding
capabilities when the polymer was utilized at about half its binding capacity.

1. Introduction

The release of pharmaceuticals into the aqueous environment has
negative effects on humans and other aquatic species. Antiretroviral
drugs (ARVDs) are among a group of pharmaceuticals with potentially
serious ecotoxicological effects when they make their way into the
environment. Exposure to them via contaminated water may be conse-
quential especially for those already taking ARVDs and for new in-
fections because ARVDs work against a virus that easily mutates if the
drugs are not taken according to prescription. The analysis of ARVDs in
the aqueous environment in South Africa started about 10 years ago and
the first paper was published in 2015 [1]. Since then, there has been a
plethora of other studies that have detected ARVDs in wastewater, rivers
and dams in South Africa and the African continent at large [2,3]. Major
sources of the ARVDs in the environment are mainly through effluents
from wastewater treatment plants (WWTPs) as well as illicit or indis-
criminate disposal of expired drugs [2,3]. Poor sanitation in most Afri-
can regions, unavailability of modern ablution facilities that can be

* Corresponding author.
E-mail address: SomandlaN@dut.ac.za (S. Ncube).

https://doi.org/10.1016/j.jwpe.2025.107786

flushed with water to direct the human waste into WWTPs and improper
disposal of expired or unused medications have contributed to the direct
contamination of surface water with pharmaceuticals.

A further challenge for Africa is that the infection rates continue to
surge resulting in more ARVDs released into the environment as part of
excreta [4,5]. South Africa in particular has been identified as a hotspot
regarding ARVD contamination due to the relatively high therapeutic
application and lack of wastewater treatment processes that can effec-
tively minimize their release via effluents. In this regard, the presence of
ARVDs in various aqueous systems such as wastewater effluents, surface
water, ground water, and even drinking water has been reported
extensively in South Africa [1,6,7]. Efavirenz is the most detected ARVD
in surface environments and some scholars now consider it as a priority
pollutant in African water bodies [4,8]. The performance of conven-
tional wastewater treatment processes in South Africa has recently been
observed to be less effective in the removal of efavirenz [9]. For
example, four WWTPs in the Gauteng Province could only remove be-
tween 21 and 27 % of efavirenz [10]. In the Eastern Cape Province,
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WWTPs were reported to achieve between 2 and 12 % removal effi-
ciencies [11], while in the KwaZulu Natal Province, removal efficiencies
for four of the five WWTPs ranged between 19 and 38 % [12]. In view of
these observations, it is crucial that alternative removal strategies are
explored to minimize entry of efavirenz into the environment through
WWTP effluents.

In the current study, we have investigated a magnetic molecularly
imprinted polymer (MMIP) as a potential remedial tool for efavirenz in
WWTP effluents. MIPs are the synthetic materials with structural cav-
ities designed to selectively isolate a specific target from complex
matrices. The MIPs have been utilized in separation science to selec-
tively isolate target analytes from complicated samples [13]. Despite the
documented advantages that include low-cost production and stability,
classic MIPs still have the challenge of isolating them from the sample
matrix once they have adsorbed the target molecule. In this regard,
recent studies have emphasized the need for incorporating magnetic
materials to allow for their removal using an external magnetic field
[14-17]. In our study, the MMIP was synthesized, characterized and its
performance was optimized before its application as a sorbent to remove
efavirenz from real effluent samples from a WWTP in Durban, South
Africa. With the view that the smart polymer needs to be deployed in
wastewater effluents, it was magnetized with magnetite (iron oxide) to
offer the advantage of trapping it at the deployment site using an
external magnetic force [18,19] The MMIP could be recovered from
wastewater effluents, cleaned, and re-deployed to continue adsorbing
efavirenz from the effluents. Previously, MIPs for ARVDs have been
utilized as sorbents for solid phase extraction (SPE) for the purposes of
quantifying ARVDs in various aqueous samples, including efavirenz
[12,20-22]. Nevirapine was included in the study as a competitor of
efavirenz for the active binding sites on the magnetic polymer cavities.

2. Methods and materials
2.1. Chemicals and reagents

Analytical grade efavirenz and nevirapine as well as all organic
solvents of HPLC grade (acetonitrile, methanol, ethyl acetate, dime-
thylformamide and toluene) were purchased from Merck (Pty) Ltd.,
Johannesburg, South Africa. Chemicals for synthesis of the MIP
including ethylene glycol dimethacrylate (EGDMA) (the cross-linker), p-
vinyl benzoic acid (the monomer) and 1,1-azobis(isobutyronitrile)
(AIBN) as the initiator were also purchased from Merck (Pty) Ltd.,
Johannesburg, South Africa.

2.2. Gas chromatography mass spectrometry

Chromatographic quantitation was carried out on a gas chromato-
graph coupled with triple quadrupole mass spectrometry (GC-TQMS) by
Scion instruments, Goes, Netherlands. A 100-ng mL ! standard was first
run in full scan mode to determine a suitable temperature program and
the retention times of the efavirenz and nevirapine. A temperature
program from 170 to 280 °C gave retention times of 4.15 and 5.12 min,
respectively. The transfer line temperature and source temperature were
set at 290 °C and 250 °C, respectively. The spectra of the two ARVDs
were searched in the NIST library and positively identified with 87 and
92 % matches for efavirenz and nevirapine, respectively. A single ion
monitoring (SIM) method was then created by setting the 4.15 and 5.12
min as retention times while the m/z values were set at 316 and 266 for
efavirenz and nevirapine, respectively. The mass error was set at +5
ppm. The GC-TQMS was then calibrated using 10 calibration standards
of efavirenz in the concentration range of 10-100 ng mL™'. The limit of
detection (LOD) and limit of quantitation (LOQ) were computed using
the linear regression method based on the Linest function in Excel. These
were further used to determine the method detection limit (MDL) and
method quantitation limit (MQL) based on the amount of MMIP used
and the volume of the effluents.

Journal of Water Process Engineering 74 (2025) 107786
2.3. Synthesis of a magnetic smart sorbent

2.3.1. Synthesis of magnetite

For synthesis of magnetite, 3 g of FeCl3.6H;0 and 1.5 g of FeS-
04.7H,0 were dissolved in 100 mL of deionized water in a round bottom
flask. The solution was heated to 50 °C and then 12 mL of concentrated
ammonia solution was added and the mixture stirred vigorously for 30
min. The temperature was then increased and maintained at 90 °C for
30 min. Magnetic nanoparticles were magnetically retained at the bot-
tom of the flask, washed with water and ethanol and dried in an oven
overnight at 60 °C.

2.3.2. Synthesis of a magnetic molecularly imprinted polymer

The synthesis of MMIP was done by transferring 0.0736 mmol of
efavirenz as a template into a 50 mL round bottom flask containing 3 mL
dimethylformamide as a porogen. The resulting homogeneous solution
was stirred at 200 rpm and 40 °C for 5 min to completely dissolve the
monomer templates in dimethylformamide. Then 41 mg of p-vinyl
benzoic acid as a functional monomer was added and the mixture stirred
for a further 5 min. A 0.2 g mass of magnetite from Section 2.3.1 was
added to the solution followed by mild ultrasonic treatment for 15 min.
Then 208 pL of EGDMA was added as a crosslinker followed by 100 mg
of the AIBN initiator. The mixture was allowed to pre-polymerize in an
inert atmosphere (nitrogen) for 10 min and the temperature of the
mixture was then increased to 70 °C and maintained for 30 min. The
temperature was finally increased to 90 °C until a polymer was formed.
The polymer was formed within 2 h but it was allowed to remain in the
silicon bath at 90 °C for a further 2 h to stabilize. The product was dried
in an oven overnight at 70 °C. The dried MMIP was then crushed into a
fine powder and washed with methanol/acetic acid (9:1 v/v) to remove
the ARVD template molecules creating cavities within each grain of the
polymer powder. The magnetic polymer was then characterized using
Fourier transform infrared spectroscopy (FTIR) and thermogravimetric
analysis (TGA). The MIP was synthesized using the same procedure as
MMIP in the absence of the magnetite.

2.4. Optimization experiments using central composite design

The interactive effects of four factors that could affect the adsorption
of efavirenz from aqueous solution were optimized simultaneously using
central composite design (CCD) created on MODDE Pro statistical soft-
ware by Sartorius, Gottingen, Germany. These were sample pH (4-9),
mass of MMIP (5-15 mg), initial concentration of efavirenz (0.1-1 ng
mL_l) and contact time (10-120 min). The design output based on a
quadratic model with star points placed on the faces of the sides
composed of 27 experiments of which three of the experiments were
randomly set for repeated design runs. The CCD output was then
experimented and the peak area was chosen as a response factor. All the
27 design runs were done in triplicate and the average peak area was
used for data analysis.

2.5. Investigating the mechanism and kinetics of adsorption

To investigate the extent of adsorption of efavirenz, 50 mg of the
MMIP was dispersed into 5 mL spiked solutions over a concentration
range of 10-300 ng mL™'. The extraction process was allowed to take
place under ambient conditions for 10 min. The results were then used to
plot two important isotherm models; the Langmuir and Freundlich
adsorption isotherms. The Langmuir adsorption isotherm predicts linear
adsorption and a maximum surface coverage [23]. The model explains
that all binding sites are homogeneous with uniform adsorption energy
and that each site can accommodate only one molecule, thus only a
single layer of adsorption (a monolayer) occurs [24]. The mathematical
representation of the linearized form of the Langmuir model is sum-
marized using Eq. 1. On the other hand, the Freundlich adsorption
isotherm model predicts a heterogeneous binding site distribution,
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meaning binding sites with different adsorption energies [23]. The
linearized mathematical representation of the Freundlich model is
summarized using Eq. 2. These linearized equations are used to plot
linear graphs based on the y = mx + ¢ form. The model whose linear plot
gives a higher coefficient of determination (R?) is accepted as the model
that explains the extent of adsorption.

e () () 1/

where qe is the adsorption capacity of the ARVDs at equilibrium (ng
g 1), Qmax is the monolayer maximum adsorption capacity of the sor-
bent (ng g~1) and Ky, is the Langmuir equilibrium constant (L g 1) and C,
is the concentration of ARVDs (ng g~ 1).

logqe = logKr + 1/nlogCi @)

where Kg is the Freundlich constant (L g~1) and n is the heterogeneity
factor.

The pseudo-first-order (PFO) and pseudo-second- order (PSO)
adsorption kinetic models are the most commonly used in understanding
adsorption kinetics. To investigate the kinetics, a 50 mg mass of the
MMIP was added in centrifuge tubes containing 5 mL of water spiked at
200 ng mL~! of efavirenz. Three tubes were randomly collected for
analysis at specific time intervals over a period of 10 to 120 min. The
analysis data was then used to plot the linear forms of the PFO and PSO
models based on Eq. 3 and 4, respectively. The model with a better R?
value was accepted as the one that explained the mechanism of
adsorption of efavirenz onto the MMIP cavities. PFO predicts that
adsorption occurs by physisorption while PSO predicts chemisorption.

In(q. — q:) = Inq. —k;t 3

Yq. = /kaq.2 T Yo, )

where k; and k; are the rate constants for the pseudo first- and second-
order models (min’l), respectively.

2.6. Reusability studies

To investigate the possibility of reusing the polymer to extract efa-
virenz from effluent samples, the MMIP was used and regenerated
repeatedly under its maximum binding capacity and at half its binding
capacity. This was done by placing 10 mg of the MMIP in 5 mL of water
spiked at 50 and 100 pg mL ™" of efavirenz then allowing adsorption to
occur at 25 °C for 40 min. This was followed by trapping the MMIP using
an external magnet and the spiked sample decanted. Thereafter, the
MMIP was washed with 5 mL methanol to determine the amount of
efavirenz extracted. The same MIP was used repeatedly for five
consecutive cycles of adsorption/desorption.

2.7. Application of the MMIP in wastewater effluent samples

2.7.1. Wastewater effluent collection and analysis

Samples were collected from a WWTP in Durban, South Africa that
treats both domestic and industrial wastewater using conventional
treatment methods with chlorination as the final step. After chlorina-
tion, the effluents are discharged into a nearby river. Wastewater was
collected at the exit point where the treated wastewater discharges into
a river after chlorination. All samples were collected into 2.5 L brown
glass bottles and transported to the laboratory in cooler boxes. In the
laboratory, the samples were sonicated and immediately filtered
through 0.45 pm filter paper. The filtered samples were then extracted
using solid phase extraction (SPE) with Hydrophilic-Lipophilic-Balance
(HLB) (6 cc Vac, 200 mg) cartridges by Waters Corporation, Milford,
USA as sorbents followed by analysis using a gas chromatography
coupled with triple quadrupole mass spectrometry (GC-TQMS). For SPE,

Journal of Water Process Engineering 74 (2025) 107786

50 mL of wastewater effluent samples was diluted with 50 mL deionized
water. The HLB cartridges were first conditioned with 5 mL of methanol
followed by equilibrating with 3 mL of deionized water. The diluted
wastewater effluent samples (100 mL) were then loaded at about 1 mL
min~". The pumping process was continued for a further 5 min to dry the
cartridges. About 1 mL of 2 % methanol in water was then used to wash
the cartridges. Finally, 5 mL of methanol was used to elute the analytes
from the cartridges followed by immediate analysis using GC-TQ/MS.
This process was repeated three times.

2.7.2. Removal of efavirenz using the magnetic polymer

Once the amount of efavirenz had been determined in effluents using
SPE-GC-TQMS, the MMIP was then applied to the effluent samples to
remove the ARVDs. A volume of 100 mL of undiluted wastewater
effluent sample was poured into a 250 mL beaker. Then 20 mg of the
MMIP was added and the mixture allowed to settle. After 30 min, a
magnet was used to trap the MMIP at the bottom of the beaker and the
effluent was decanted. The MMIP was then washed with 5 mL of
methanol to determine the amount of efavirenz trapped by the polymer.
The amount trapped was then compared with the amount found in the
effluents using SPE. This was used to determine the efficiency of the
MMIP in removing the ARVDs from wastewater effluents using Eq. 5.

Removal efficiency = nMM,p/nE x 100% 5)

where nypp is the amount removed by the MMIP, ng is the amount of
efavirenz in effluents.

3. Results and discussion
3.1. Characterization results

All the significant peaks observed for the MIP in Fig. 1A agreed with
the information acquired from previous studies in which p-vinyl benzoic
acid and EDGMA were used during polymer formation [25]. The FTIR of
the synthesized magnetite exhibited typical -OH and Fe—O absorption
bands as evidence of the purity of the synthesized magnetite nano-
particles [26]. The broad signal band at around 3400 cm ™! represented
-OH stretching while the two bands at around 1650 and 1480 cm™! were
due to -OH and O—H vibrational modes of water particles on the surface
of the nanoparticle. The Fe—O stretching was observed at around 580
cm L. The presence of -OH and Fe—O bands was an indication that the
synthesized magnetite nanoparticles were of high purity. After co-
polymerization, the -OH stretch initially observed for magnetite was
suppressed both at 3400, 650 and 1480 cm ™! which was an indication
that the magnetite lost the HpO particles from its surface as it was
incorporated into the MIP during co-polymerization.

The TGA results in Fig. 1B show that the MMIP polymer maintains its
weight up to 250 °C and only degrades to about 80 % at 350 °C. The
incorporation of the magnetite nanoparticles tends to destabilize the
polymer because the MIP maintained almost 100 % stability up to
350 °C. Results of similar nature where MIPs maintain >80 % of their
weight at temperatures above 300 °C have been reported in literature
[27-29]. These observations are an indication that the polymer can be
used under extreme environmental conditions without degradation.

3.2. Optimization results

3.2.1. Method validity and interactive effects

The performance of the design model and its fit-for-purpose sum-
mary is presented visually in Fig. 2. The coefficient plots in Fig. 2A show
that initial concentration of the ARVD in solution, the mass of the MMIP
used as the sorbent and the time it remains in contact with efavirenz had
a positive significant effect on the adsorption kinetics. However, a
change in pH of the solution seemed to have a minimal effect which is
similar to other studies from the literature [4]. The coefficient plots
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Fig. 1. FTIR spectrum (A) and TGA thermogram (B) of the sorbents.
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Fig. 2. Coefficient plots (A), summary of fit (B) and contour plots (C) of the optimized factors. IC - initial concentration; CT — contact time; MM — mass of the

magnetic molecularly imprinted polymer.

further show that most factors had minimal dependence on interactive
effects except for the pH*pH dual interaction which led to a significant
negative effect on the MMIP's performance, while the MMIP*MMIP
interaction had a significantly positive effect. The reliability of these
observations is presented as a summary of fit plots (Fig. 2B). Acceptable
values for coefficient of determination (RZ), predictive relevance (Qz),
and reproducibility were observed for the model with R? = 0.890, Q2 =
0.833 and reproducibility of 0.99 indicating minimal error in the
response output. The negative value of the model validity in Fig. 2B does

not necessarily imply an incorrect model form but rather represents an
artificial lack of fit since acceptable values are observed for Rz, Q2 and
reproducibility. This implies that the model error is still in the same
range as the pure error, therefore it can be utilized as a valid model.
Surface response outputs obtained through simultaneous investiga-
tion of effects of initial concentration, contact time, sample pH and mass
of MMIP were visualized in form of contour plots as shown in Fig. 2C.
From the plots, it was observed that initial concentration, mass of the
MMIP and contact time had a direct effect on the amount of efavirenz
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extracted from solution which corroborated with the results of coeffi-
cient plots in Fig. 2A. As for pH, efavirenz was adsorbed better under
neutral conditions with both basic and acidic conditions resulting in less
adsorption.

3.2.2. Adsorption kinetics and mechanism

The adsorption of efavirenz followed pseudo second order kinetics
(Table 1) suggesting that the interaction between the MMIP and the
efavirenz was through chemisorption attaining a maximum adsorption
of 44.9 pg g~ within 40 min (Fig. 3). Similar adsorption kinetics has
been observed where a MMIP was used for extraction of other phar-
maceuticals including 17p-estradiol [30]. Other studies on MMIP for
pharmaceuticals have obtained faster kinetics including Dai and col-
leagues who investigated adsorption kinetics of carbamazepine and
clofibric acid and achieved equilibrium after 15 min [31]. When the
MMIP was used to bind nevirapine as an interferent, it was observed that
its maximum binding capacity towards nevirapine was just 11.5 pg g~ .

For the adsorption modelling results, it was observed that the
Langmuir model was favoured with a higher R? value of 0.9975
compared to 0.991 for the Freundlich model (Table 1). The Freundlich
model value is still relatively high but Fig. 4B shows that it fails to
explain the adsorption mechanism at low concentrations of efavirenz.
The Langmuir isotherm model was therefore accepted as the model that
explains the extent of adsorption of the efavirenz onto the MMIP cav-
ities. In addition, the Ry, value was in the favourable range of 0 < R < 1,
while the predicted maximum adsorption capacity of 48.9 pg g~
(Table 1) is comparable with the experimental maximum value of 53.6
pg g~ (Fig. 3). The Langmuir isotherm model assumes that all binding
sites are homogeneous with uniform adsorption energy and the
adsorption process gives a monolayer coverage. This was an indication
that once a MIP cavity is occupied, no further adsorption occurs on that
cavity. This agrees with the adsorption kinetic results in which inter-
action between efavirenz and the MIP cavity functional groups was
predicted to occur through chemisorption [12,20,22].

3.3. Reusability studies

MMIP regeneration studies in Fig. 5A show a slight gradual decrease
in the adsorption capacity if the MMIP is used close to its maximum
capacity, however losing only 19 % after five consecutive cycles. The
reusability of the synthesized MIP corresponds to the behaviour reported
in literature for the extraction of abacavir [28]. Minimal loss is observed
if the MMIP is used repeatedly at half its binding capacity maintaining
an almost 100 % reusability (Fig. 5B) which is advantageous considering
the concentrations of efavirenz that have been reported in the envi-
ronment [6,12,22].

3.4. Application in wastewater samples

3.4.1. Method validation and levels of efavirenz in wastewater effluents
Validation parameters for analysis of efavirenz using GC-TQMS are
presented in Table 2. Good sensitivity of the SPE-GC-TQMS was
observed with the MDL and MQL for efavirenz at 0.0265 and 0.0804 ng
mL~}, respectively. All relative standard deviation values based on
triplicate analysis were <14 %. Most studies have reported LODs such as
0.41 pg L1 2], and 0.16 ng mL’l, [32]. Studies that report MDLs for

Table 1
Modelling results.
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Fig. 3. Effects of contact time on the adsorption capacity. Experimental con-
ditions: initial concentration of efavirenz — 200 ng mL~!, sample pH — 6,
adsorbent mass — 50 mg and sample volume — 5 mL.

efavirenz remain limited in literature [33]. For example, the MDL values
were 0.12 and 0.84 ng L™! in river and estuary samples, respectively
[11], while 0.70 up to 9 ng L~! have been reported in WWTP effluents
using LC-MS [6,10,33].

The amount of efavirenz detected in the effluent using SPE-GC-TQMS
was found to be 3.99 ng mL~! (Table 2). The results are comparable with
those reported in WWTP effluents across South Africa. In the KwaZulu
Natal Province where the current study was conducted, researchers have
reported varying concentrations of efavirenz mostly between 0.028 and
34ng mL~! [6,12,22] while higher concentrations of 46-96.11 ng mL~!
have also been recently reported [34]. In other provinces within South
Africa, levels of efavirenz in wastewater effluents range between 0.021
and 7.6 ng mL~! [10,35-38]. Nevirapine was not detected in the current
study which corroborates with other studies where it was either not
detected or just reported in very low levels <1.92 ng mL!
[6,10,22,35,36,38,39]. Extreme concentrations of up to 92.11 ng mL™!
have also been reported [34].

3.4.2. Removal of efavirenz from wastewater effluents

The application of the MMIP as a sorbent that removes efavirenz
from undiluted raw wastewater effluents gave an average of 44.8 %
(Table 2). This performance was considered relatively effective since the
effluents were undiluted and unspiked which represented true waste-
water effluent with its matrices. These performances are comparable
with other advanced treatment processes that have been applied on
wastewater effluents for the purposes of removing ARVDs from the ef-
fluents. For example, photolysis based on UV/H203 has been reported to
remove between 20 and 50 % of nevirapine from effluents [40]. How-
ever, other processes that perform better than the current method have
been reported in the literature. Adeola and colleagues used graphene
wool and reported 80 % removal efficiency for efavirenz [4]. An exfo-
liated graphene sorbent for removal of ARVDs including efavirenz
achieved up to 81 % efficiency for ARVDs [34]. The same research group
further reported up to 86 % removal efficiency using activated macad-
amia nutshells [41]. While the reported sorbents from the literature
performed better, the MMIP sorbent used in the current study boasts the
magnetic advantage that allows it to be held static and can be removed

Pseudo-1st order Pseudo-2nd order

Freundlich model

Langmuir model

R? R? Ko (g ug ! min~1) R?

R? Ki (L g™ Ry Qmax (1 ™)

0.9752 0.9833 1.51 0.9910

0.9975 0.1199 0.199 48.9

R? - coefficient of determination; K, pseudo-second order constant; q. - equilibrium adsorption capacity; Ky - the Langmuir equilibrium adsorption constant (L g~ ); Ry

— the separation factor; Q. - maximum adsorption capacity.
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Fig. 5. Reusability of efavirenz in five consecutive cycles at the MMIP maximum binding capacity (A) and at half its capacity (B).

Table 2
Method validation, concentration of ARVDs in effluents and removal efficiencies.

Analyte SIM ion (m/ R? Calibration accuracy MDL (ng MQL (ng Concentration in effluent (ng Removal efficiency (% + RSD
2) (%) mL™) mL™1) mL™Y) %)

Efavirenz 315 0.9908  92.2-104.7 0.0265 0.0804 3.99 448 £11

Nevirapine 266 0.9981 92.3-104 0.0331 0.100 n.d -

n.d - not detected.

from the real effluents in the environment using an external magnetic
field. It is noteworthy mentioning that most studies that have mentioned
recoveries of ARVDs from effluents are almost always done for the
purposes of quantitation while studies that report removal efficiencies as
a remedial tool remain limited. In this regard, the magnetic sorbent
presented in the current study might be a viable remedial approach with
potential applicability in the environment.

4. Conclusions

A magnetic smart polymer has been successfully synthesized and
applied as a sorbent for efavirenz from wastewater effluents achieving
44.8 % removal efficiencies. Its fit for purpose prediction was verified
statistically using central composite design outputs such as coefficient
plots, summary of fit and contour plots. Although the removal efficiency
is still relatively low, the smart sorbent was optimized using environ-
mental wastewater effluent polluted with efavirenz. The sorbent has a
further advantage of being magnetized which could permit for its
deployment in the environment and its eventual recovery for reuse using
an external magnetic field. The magnetic sorbent has shown great po-
tential and could be a viable alternative to remediation of efavirenz and
other ARVDs from surface water sources.
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Table S2-1: MODDE software multivariate optimization

Exp No Exp Name Run Incl/Excl

Order
1 N1 55 Incl
2 N2 31 Incl 1 5 4 5
3 N3 57 Incl 0.1 40 4 5
4 N4 42 Incl 1 40 4 5
5 N5 4 Incl 0.1 5 9 5
6 N6 98 Incl 1 5 9 5
7 N7 65 Incl 0.1 40 9 5
8 N8 77 Incl 1 40 9 5
9 N9 104 Incl 0.1 5 4 15
10 N10 99 Incl 1 5 4 15
11 N11 69 Incl 0.1 40 4 15
12 N12 47 Incl 1 40 4 15
13 N13 95 Incl 0.1 5 9 15
14 N14 49 Incl 1 5 9 15
15 N15 44 Incl 0.1 40 9 15
16 N16 56 Incl 1 40 9 15
17 N17 15 Incl 0.1 22.5 6.5 10
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Understanding the adsorption kinetics of efavirenz using molecularly
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INTRODUCTION CHARACTERIZATION

Efavirenz is the most detected antiretroviral drug in the aqueous Thermogravimetric analysis Fourier transform infrared spectroscopy

Wy

environment and its levels are way higher compared to other

antiretroviral drugs. This is a cause for concern and requires a shift

MIP
Magnetite
————— MMIP

Welght (%)

towards finding remediation ways to minimize its potential impact to

aquatic organisms. In the current study we have synthesized a magnetic

molecularly imprinted polymer; optimized it via central composite design S

Temperature ( °C) Wavenumber{cm ')

and finally applied it in the removal of efavirenz in wastewater effluents. + MMIP stable up to 300 °C + Magnetite exhibited typical -OH and Fe-O

absorption bands
* After co-polymerization, these stretches were
suppressed indicating that the magnetite lost the

AI M AN D o Bj ECTIVES H2O particles from its surface as it was

incorporated into the MIP during co-polymerization
Aim L
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* To determine the best working conditions of efavirenz
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Good values for R%, Q? and reproducibility were observed for the

nanocomposite based on the Langmuir and Friedrich. * Strong correlation between * Positive response for contact time, initial "7 Tor 6,890, Q2 = 0,833 but with a better

predicted and experimental values concentration, and mass of the MMIP

*  Minimum effect due to pH
METHODOLOGY Response Contour plots

reproducibility of 0.99 indicating minimal error in the response
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* Efavirenz as a template
* p-vinylbenzoic acid as a functional monomer
* EGDMA as a crosslinker

Optimization using Central Composite Design

60000

N
o

Contact Time [min]
Mass of MMIP [mg]

—_
Ul

Initial Concentration [ppm]

o o o

55000

—

o
o
™o

(921

N

Application in polluted wastewater effluents

RESULTS AND DISCUSSION Optimum conditions:  pH — neutral

Initial Concentration — | ppm
Modelling results Contact Time — 40 min

Mass of the MMIP — |5 mg

Method validation and application in contaminated wastewater

effluents

CONCLUSION

* Based on coefficient plots, summary of fit and contour plots, the removal of efavirenz was
directly affected by contact time, initial concentration of efavirenz and the mass of the
Adsorption of efavirenz fits the following models; magnetic Polymer used under neutral conditions.
* Langmuir isotherm - model assumes that all binding sites are homogeneous with lts optimal binding capacity achieved after 40 min contact time was 44.9 ug g’

uniform adsorption energy and the adsorption process gives a monolayer coverage. The magnetic polymer could achieve 44.8% removal efficiencies from real wastewater
* Pseudo 2" order model - the interaction between the MMIP and efavirenz is effluents polluted with 3.99 ng mL-! of efavirenz

through chemisorption
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