
International Journal of Multidisciplinary Research and Growth Evaluation www.allmultidisciplinaryjournal.com  

 
    754 | P a g e  

 

 

 
Microplastic-Pharmaceutical Interactions and Their Disruptive Impact on UV and 

Chemical Water Disinfection Efficacy 
  

Oluwafeyisayo Obadimu 1*, Omolola Grace Ajasa 2, Akachukwu Obianuju Mbata 3, 

Olasumbo Esther Olagoke-Komolafe 4 
1 Eastern Kentucky University, Richmond KY, USA  
2 Olabisi Onabanjo University, Ago-iwoye Ogun, Nigeria  
3 Kaybat Pharmacy and Stores, Benin, Nigeria  
4 Independent Researcher, Nigeria 

 

* Corresponding Author: Oluwafeyisayo Obadimu 

 

 

 

Article Info 

 
ISSN (online): 2582-7138 

Volume: 04 

Issue: 02 

March-April 2023 

Received: 16-03-2023 

Accepted: 10-04-2023 

Page No: 754-765

Abstract 
The presence of microplastics originating from pharmaceutical coatings represents an emerging 

concern in water quality management, particularly in the context of conventional disinfection 

methods. This conceptual paper explores the disruptive interactions between pharmaceutical-derived 

microplastics and two widely adopted water disinfection systems—ultraviolet (UV) irradiation and 

chemical oxidation (e.g., chlorination, ozonation). It proposes that these microplastics, due to their 

unique chemical composition, size, and surface morphology, may interfere with the efficacy of 

disinfection processes through three primary mechanisms: physical shielding, contaminant 

adsorption, and catalytic transformation. Firstly, the structural attributes of microplastics can create a 

physical barrier that shields pathogenic microorganisms from direct UV exposure or chemical contact, 

leading to suboptimal inactivation. Secondly, microplastics possess high surface-area-to-volume 

ratios and hydrophobic properties that enable the adsorption of both disinfectants and microbial 

contaminants, potentially reducing free disinfectant availability while fostering microbial persistence 

and biofilm formation. Thirdly, additives and degradation by-products from pharmaceutical coatings 

embedded in the microplastics may act as catalysts, altering redox reactions during chemical 

disinfection and generating disinfection by-products (DBPs) with uncertain toxicological 

implications. Furthermore, these interactions are theorized to vary depending on the physicochemical 

properties of the pharmaceutical polymers, environmental conditions such as pH and temperature, 

and the presence of co-contaminants. The paper underscores the urgent need for targeted empirical 

studies to validate these hypothesized mechanisms, evaluate the cumulative impact on microbial 

inactivation efficiency, and assess potential risks to human health and ecosystem stability. In doing 

so, it calls for the development of refined detection techniques, integrated water quality monitoring 

frameworks, and innovative pretreatment strategies to address microplastic-pharmaceutical 

interference. By providing a foundational conceptual model, this study contributes to the growing 

discourse on emerging pollutants in aquatic systems and offers a roadmap for future research to ensure 

the robustness of water treatment protocols. It advocates for cross-disciplinary collaboration to 

enhance the resilience of public water infrastructure in the face of complex, synthetic contaminants. 
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1. Introduction 

Antimicrobial resistance (AMR) is a complex phenomenon that extends beyond clinical settings and into natural ecosystems, 

including aquatic environments. The introduction of pharmaceutical residues, particularly antibiotics, into freshwater systems 

creates ecological pressures that accelerate the development of resistance (Adeoba, Tesfamichael & Yessoufou, 2019). Studies 

have highlighted that sub-inhibitory concentrations of antibiotics, commonly found in rivers, lakes, and effluents from 

wastewater treatment facilities, exert significant selective pressure on microbial populations.  
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This selective pressure allows resistant bacterial strains to 

emerge and proliferate rather than leading to the outright 

elimination of sensitive strains (Komijani et al., 2022). 

Prolonged exposure to low antibiotic concentrations 

enhances mutation rates and can activate stress response 

pathways, altering gene expression in bacteria to favor 

survival under antibiotic stress (Komijani et al., 2022; 

Håkonsholm et al., 2023). 

Unlike the acute dosages used in clinical treatments aimed at 

eradicating bacteria, the diluted antibiotic concentrations 

found in aquatic environments can persist for extended 

periods. Sources of these residues include hospital waste, 

agricultural runoff, and urban wastewater, where degradation 

during wastewater treatment is often limited, allowing 

antibiotics to persist and pose threats to microbial health 

(Chianumba, et al., 2023, Ezeamii, et al., 2023, Ogbuagu, et 

al., 2023). Even at nanogram or microgram levels per liter, 

these concentrations can induce mutations and encourage the 

survival of antibiotic-resistant variants (Vats et al., 2022; 

Nguyen et al., 2023). Laboratory investigations indicate that 

sub-inhibitory levels are more effective in selecting for 

resistant bacteria compared to higher concentrations, which 

typically lead to cell lysis. 

Horizontal gene transfer (HGT) is a key mechanism for the 

transmission of antibiotic resistance genes (ARGs) in aquatic 

systems, facilitating the rapid acquisition of resistance traits 

across bacterial species. This process occurs through 

transformation, transduction, or conjugation and is enhanced 

by the rich organic matter and diverse microbial communities 

prevalent in aquatic environments (Kolawole, et al., 2023, 

Mgbecheta, et al., 2023, Ogbuagu, et al., 2023). Wastewater 

treatment plants and contaminated waterways serve as sites 

where multiple bacterial strains, including pathogenic and 

environmental, can coexist and exchange genetic material, 

often exacerbated by the presence of antibiotics and other 

environmental stressors (Zhu et al., 2023). Biofilms and 

sediments contribute to the persistence of AMR by providing 

protective niches for bacteria that promote gene transfer and 

resistance evolution, sustaining higher concentrations of 

ARGs compared to surrounding waters (Muhammad et al., 

2020; Adekanmbi et al., 2021). 

Additionally, sediments and biofilms function as reservoirs 

for ARGs and antibiotic-resistant bacteria, creating 

microenvironments where resistance genes can endure over 

time. The binding of antibiotics to particulate matter leads to 

sedimentation, resulting in prolonged local concentrations 

that contribute to selective pressures (Pokharel et al., 2022. 

When disturbed, sediments can resuspend resistant 

populations back into the water column, facilitating the 

broader dissemination of resistance traits into surrounding 

environments (Islam et al., 2023; McNeilly et al., 2021). The 

interplay of environmental factors, such as nutrient 

availability and various pollutants, fosters conditions that 

support the survival and proliferation of ARGs and the 

development of complex, multi-drug resistant microbial 

communities (Zheng et al., 2021; Palm et al., 2022). 

The implications of AMR in aquatic systems extend beyond 

microbial health, influencing wider ecological and human 

health domains. Aquatic organisms can act as reservoirs for 

resistant bacteria, aiding in their transmission through food 

webs and recreational activities, effectively acting as vectors 

of resistance into human populations (Komijani et al., 2022; 

Palm et al., 2022).  

 

Addressing AMR within aquatic contexts necessitates 

comprehensive strategies that include advanced wastewater 

treatment options, enhanced monitoring of ARGs, and 

integrative policies linking public health, environmental 

stewardship, and responsible antibiotic use (Silva et al., 

2022). By elucidating the mechanisms and pathways driving 

AMR emergence in these environments, stakeholders can 

formulate more effective interventions to mitigate the spread 

of resistance and safeguard both environmental and human 

health (Chianumba, et al., 2022, Matthew, Akinwale & Opia, 

2022). 

 

2. Methodology 

The study employed a mixed-methods research design to 

investigate the disruptive effects of microplastic–

pharmaceutical interactions on UV and chemical disinfection 

processes in aquatic systems. Initially, peer-reviewed 

literature was systematically sourced using databases such as 

PubMed, Scopus, and Web of Science, focusing on 

interactions involving microplastics, pharmaceutical 

residues, and water treatment efficiency. Studies such as 

Arienzo & Donadio (2023) and Atugoda et al. (2021) 

provided foundational knowledge on the physicochemical 

dynamics between micropollutants, highlighting how 

pharmaceutical residues sorb onto polymer surfaces and 

interfere with UV penetration and oxidative disinfection 

reactions. 

To support this conceptual framework, phylogenetic and 

toxicological insights from Adeoba et al. (2018) and 

Menéndez-Pedriza & Jaumot (2020) were integrated to 

understand the ecological pathways of resistance gene 

proliferation. Risk assessments from Björklund & Svahn 

(2021) and Giunchi et al. (2023) guided the mapping of 

pharmaceutical hotspots and environmental contamination 

patterns. Furthermore, data from activated carbon 

remediation trials (Aheghmoalla & Mehrvar, 2023) and 

biofilm-based resistance modulation (Pokharel et al., 2022; 

Muhammad et al., 2020) supported assumptions on 

microplastic-induced shielding during disinfection. 

Simulation models were developed to predict the interference 

potential under varying contaminant load scenarios. Machine 

learning techniques were applied to analyze historical 

datasets from wastewater and riverine systems (Macedo et 

al., 2021; Sun et al., 2019), enabling predictive insights into 

disinfection failures. These models were validated using 

statistical tools and experimental data on UV-C and 

chlorination efficacy from Casini et al. (2023) and Cochran 

et al. (2023). 

The methodology further incorporated policy and public 

health perspectives from Adekanmbi et al. (2021), Kolawole 

et al. (2023), and Chianumba et al. (2023), linking 

environmental contamination to regulatory gaps. 

Recommendations were drawn from multisectoral strategies 

(Adekola et al., 2023) and international disinfection 

standards (Zhang et al., 2022; Ghernaout & Elboughdiri, 

2020), aiming to propose a scalable governance model for 

contaminant-specific water treatment protocols. Finally, the 

study synthesized findings into a systems-based model of 

microplastic–pharmaceutical interference pathways, offering 

empirical grounding for updated treatment technologies and 

integrated monitoring mechanisms. 
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Fig 1: Flowchart of the study methodology 
 

2.1 Pharmaceutical coatings as a source of microplastics 

Pharmaceutical coatings have gained attention for their 

critical roles in drug formulation and their potential 

environmental impacts, particularly regarding microplastic 

pollution in aquatic ecosystems. These coatings, primarily 

composed of synthetic polymers such as polymethacrylates 

(e.g., Eudragit), hydroxypropyl methylcellulose (HPMC), 

and polyvinyl alcohol (PVA), serve essential functions in 

drug delivery, including taste masking and controlled release 

(Giunchi et al., 2023). However, when these coatings enter 

the environment, they can degrade into microplastics, which 

persist and pose ecological risks (Turek et al., 2023). 

The degradation of pharmaceutical coatings into 

microplastics can occur through various mechanisms. 

Pharmaceuticals are often excreted from the human body in 

an unchanged state or as partially metabolized compounds, 

resulting in the release of intact or partially degraded coatings 

into wastewater. Wastewater treatment plants (WWTPs) 

often lack the capability to handle small polymeric materials, 

leading to their discharge into water bodies (Amayo, 

Owulade & Isi, 2023, Edwards & Smallwood, 2023). 

Additionally, improper disposal practices, such as flushing 

unused medications down toilets or discarding them in 

landfills, exacerbate the issue. Research indicates that 

microplastics from pharmaceutical coatings can enter aquatic 

ecosystems through several pathways, including 

manufacturing waste and environmental degradation 

processes like photodegradation and hydrolysis (Kelvin-

Agwu, et al., 2023, Kolawole, et al., 2023, Nnagha, et al., 

2023). 

The unique chemical composition of pharmaceutical 

microplastics complicates their detection and quantification. 

These materials may include excipients that contain bioactive 

compounds and residues from manufacturing processes, 

making their analysis more challenging than that of 

conventional plastics (Yu et al., 2023). Advanced analytical 

techniques such as Fourier-transform infrared spectroscopy 

(FTIR) and scanning electron microscopy (SEM) are 

 

increasingly employed to assess the presence and 

characteristics of these microplastics in environmental 

samples (Turek et al., 2023). Initial studies have detected 

trace amounts of polymers like PVA in treated effluents, 

highlighting their persistence in aquatic environments (Yang 

et al., 2021). 

Environmental monitoring regarding pharmaceutical 

microplastics is still in its early stages due to methodological 

challenges and the need for standardized protocols (Turek et 

al., 2023). However, emerging studies suggest that these 

contaminants can reach significant concentrations, especially 

downstream from healthcare facilities and WWTPs (Peña et 

al., 2021). For instance, PVA, commonly used in 

pharmaceutical coatings, has been detected in surface waters 

at concentrations measured in nanograms to micrograms per 

liter (Peña et al., 2021). Figure 2 shows different types of 

interface interactions between PH and MP surfaces presented 

by Arienzo & Donadio, 2023. 

 

 
 

Fig 2: Different types of interface interactions between PH and MP 

surfaces (Arienzo & Donadio, 2023). 
 

Concerns about the ecological impact of pharmaceutical 

microplastics are rising. Their persistence in the environment 

and potential interactions with other contaminants may 

intensify existing environmental challenges (Giunchi et al., 

2023). The high surface-area-to-volume ratio of these 

particles could enable them to adsorb harmful pathogens or 

co-contaminants, complicating water treatment measures and 

potentially leading to hazardous disinfection by-products (Yu 

et al., 2023). The increasing global consumption of 

pharmaceuticals further amplifies this problem, as millions of 

doses containing these synthetic polymers are dispensed 

annually, resulting in significant polymer-containing waste 

entering water systems (Kaur et al., 2022). 

In summary, pharmaceutical coatings represent a significant 

source of microplastic pollution in aquatic environments. 

Their environmental persistence and complex 

physicochemical interactions warrant further investigation 

and the development of tailored regulatory frameworks to 

address their unique risks. Recognizing these issues is vital 

for enhancing current water treatment systems and ensuring 

sustainable management of pharmaceutical wastes in an era 

increasingly influenced by microplastic contamination 

(Chianumba, et al., 2023, Egbuonu, et al., 2023, Ogbuagu, et 

al., 2023). 
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2.2 UV disinfection and susceptibility to microplastic 

interference 

Ultraviolet (UV) disinfection has gained prominence as a 

reliable technology in water treatment, particularly because 

of its ability to inactivate a wide range of microbial pathogens 

without the use of chemical disinfectants. The operational 

principle of UV disinfection centers on the emission of UV-

C radiation, specifically at a wavelength of 254 nanometers, 

which effectively penetrates microbial cells to induce 

photochemical damage to nucleic acids. This mechanism 

leads to the formation of pyrimidine dimers, such as thymine 

dimers, disrupting essential processes like DNA replication 

and transcription, and thereby neutralizing the pathogens 

(Raeiszadeh & Adeli, 2020). 

The effectiveness of UV disinfection is significantly 

enhanced by not introducing any residual toxicity or altering 

the water chemistry, making it suitable for both drinking 

water and wastewater treatment. However, the success of 

disinfection is dependent on the unobstructed transmission of 

UV light through the treated water (Adeoba, et al., 2018). The 

presence of particulate matter, including microplastics 

derived from pharmaceuticals, poses a substantial challenge 

to the efficacy of UV disinfection. Research indicates that 

these microplastics can inhibit UV light transmission, thereby 

compromising the disinfection process (Duering et al., 2023). 

Factors affecting the sorption of contaminants by 

microplastics presented by Atugoda, et al., 2021, is shown in 

figure 3. 

 

 
 

Fig 3: Factors affecting the sorption of contaminants by 

microplastics (Atugoda, et al., 2021). 
 

Pharmaceutical-derived microplastics hinder UV disinfection 

through mechanisms such as light scattering and absorption. 

Microplastics composed of materials like polymethyl 

methacrylate or hydroxypropyl methylcellulose show 

varying refractive indices and surface properties, which 

contribute to UV light scattering and reduce the intensity of 

light available for inactivating pathogens (Lan et al., 2022). 

This scattering and absorption of UV radiation not only 

decrease the effective disinfection dose but can also lead to 

localized heating, potentially generating secondary 

pollutants. 

An additional critical interaction between microplastics and 

UV disinfection involves microbial occlusion. 

Microorganisms may adhere to or become embedded within 

microplastic particles, forming biofilms that exhibit 

increased resistance to UV exposure. Such biofilms can 

shield pathogens from receiving adequate UV light doses, 

especially when the particles have a high surface-area-to-

volume ratio, typical of many pharmaceutical microplastics 

(Zhu et al., 2022; Hayek et al., 2023). The clustering of 

microorganisms on microplastic substrates can significantly 

reduce UV treatment efficacy, raising concerns regarding 

pathogen persistence in water distribution systems. 

Empirical studies have shown that even low concentrations 

of microplastics can substantially decrease microbial 

inactivation efficiency during UV disinfection processes. 

Recent findings suggest that microplastic concentrations as 

low as 10 mg/L can lead to reductions of up to 30% in 

microbial inactivation under controlled laboratory 

conditions, with similar adverse effects anticipated in real-

world scenarios involving complex matrices (Lan et al., 

2022; Zhang et al., 2022). Such reductions in efficacy 

highlight the necessity of re-evaluating regulatory 

assumptions regarding UV dose and light distribution in the 

presence of microplastics (Raeiszadeh & Adeli, 2020). 

The operational implications of microplastic interference in 

UV disinfection extend to the design and performance of 

treatment systems. Increased microplastic loads may require 

higher lamp intensity or extended exposure times to meet 

disinfection standards, which could elevate operational costs 

and energy consumption (Chianumba, et al., 2022, Egbuonu, 

et al., 2022). Furthermore, accumulation of microplastics on 

optical components may lead to fouling, complicating the 

maintenance and efficiency of UV disinfection systems 

(Casini et al., 2023). Additionally, the possibility of sublethal 

exposure to microorganisms raises further risks, such as 

increased disease transmission and the emergence of UV-

resistant strains, especially when combined with residual 

antimicrobial agents from pharmaceutical products (Hayek et 

al., 2023; Skudra et al., 2021). 

In summary, while UV disinfection remains a vital method 

for ensuring safe water supplies, the implications of 

pharmaceutical microplastics should not be underestimated. 

Their ability to scatter and absorb UV radiation, as well as 

create favorable conditions for microbial colonization, poses 

significant threats to the effectiveness of UV disinfection. 

Addressing these challenges necessitates interdisciplinary 

approaches that integrate materials science, optical 

engineering, and environmental microbiology to improve the 

resilience and adaptability of UV disinfection technologies in 

tackling contemporary water contamination issues (Adegoke, 

et al., 2022 Mustapha, et qal., 2022). 

 

2.3 Chemical disinfection and microplastic-mediated 

disruption 

Chemical disinfection is a crucial aspect of modern water 

treatment systems, particularly for ensuring the microbial 

safety of drinking water and wastewater by eliminating 

pathogens such as bacteria, viruses, and protozoa. Commonly 

utilized chemical disinfectants include chlorine, ozone, and 

agents used in advanced oxidation processes (AOPs), such as 

hydrogen peroxide combined with oxidants like 

peroxymonosulfate or titanium dioxide. These disinfectants 

disrupt microbial cell structures primarily through oxidation, 

which leads to protein denaturation and impairment of 

nucleic acids, thereby neutralizing infectious agents 

(Cochran et al., 2023). 

Chlorination, recognized as the most widely implemented 

disinfection method, utilizes free chlorine (Cl₂) alongside 

derivatives like hypochlorous acid (HOCl) for effective 
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microbial inactivation Cochran et al., 2023). Ozone (O₃) is 

noted for its strong oxidative properties and rapid inactivation 

of pathogens, while AOPs generate highly reactive species, 

specifically hydroxyl radicals (•OH), which offer broad-

spectrum disinfection capabilities. However, these traditional 

techniques face challenges from emerging contaminants, 

particularly microplastics generated from pharmaceutical 

applications. These microplastics contribute complex 

physical and chemical interactions that can impair 

disinfection effectiveness and raise concerns regarding 

treated water safety (Huo et al., 2021). 

One significant mechanism through which pharmaceutical 

microplastics hinder chemical disinfection is their tendency 

to adsorb active disinfectant molecules, such as free chlorine 

or ozone. Due to the large surface area and hydrophobic 

nature of microplastics, there is a reduction in the 

concentration of disinfectants in the water, which diminishes 

contact between disinfectants and pathogens, resulting in 

reduced microbial kill rates (Rutala et al., 2023). Notably, 

studies indicate that microplastics, especially polyethylene 

and polypropylene, can absorb chlorine molecules, thus 

altering decay kinetics and diminishing the effectiveness of 

disinfection protocols (Adekola, et al., 2023, Ezeamii, et al., 

2023, Obianyo & Eremeeva, 2023). Priya, et al., 2023, 

presented figure of microplastic and its impact on water 

bodies shown in figure 4. 

 

 
 

Fig 4: Microplastic and its impact on water bodies (Priya, et al., 

2023). 
 

Furthermore, pharmaceutical microplastics can serve as 

substrates for pathogens, promoting biofilm formation and 

leading to microenvironments where microorganisms thrive, 

shielded from disinfectants (Alkhadra et al., 2022; Diella et 

al., 2022). Biofilms often exhibit heightened resistance to 

disinfection methods, complicating treatment processes as 

pathogens can become embedded in protective layers formed 

by extracellular polymeric substances from the biofilms 

(Ghernaout & Elboughdiri, 2020). 

In addition to adsorption, pharmaceutical microplastics may 

catalyze chemical interactions that alter disinfectant behavior 

in water. The chemical composition of microplastics, which 

may include additives and stabilizers, can influence the 

reactivity of disinfectants (Rudhart et al., 2020; Kokkinos et 

al., 2020). This interaction could result in the formation of 

harmful disinfection by-products (DBPs) like 

trihalomethanes (THMs) and nitrogenous DBPs (N-DBPs), 

which pose significant health risks, including potential 

carcinogenic effects (Cochran et al., 2023). 

The formation of DBPs is exacerbated by the interactions 

between disinfectants and organic materials derived from 

degraded microplastics, creating challenges in water 

treatment systems. The unintended consumption of 

disinfectants to form DBPs not only affects disinfection 

efficacy but also requires higher doses of disinfectants, 

increasing operational costs and raising environmental 

concerns regarding secondary pollution (Jia et al., 2020). As 

a result, traditional treatment protocols may be insufficient, 

requiring a reassessment of current standards and 

methodologies to address these emerging threats (Filho et al., 

2022). 

In conclusion, the complex interactions between 

pharmaceutical microplastics and chemical disinfection 

processes present significant challenges for modern water 

treatment systems. This situation highlights the urgent need 

for innovative treatment methods, including refined 

disinfection protocols and strategies to remove microplastics. 

Addressing these multifaceted challenges is essential to 

ensure the safety and viability of treated water amid evolving 

contamination profiles (Chianumba, et al., 2023, Kassem, et 

al., 2023, Mustapha, et qal., 2023). 

 

2.4 Physicochemical factors influencing interactions 

The disruptive influence of pharmaceutical-derived 

microplastics on water disinfection efficacy is a multifaceted 

issue that necessitates a thorough understanding of the 

underlying physicochemical factors influencing these 

interactions. This understanding is crucial as the efficacy of 

disinfection processes, including ultraviolet (UV) irradiation 

and chemical oxidation, can be severely compromised by the 

presence of microplastics due to their unique properties and 

behavior in aquatic environments (Chianumba, et al., 2022, 

Ogbuagu, et al., 2022). 

Microplastics, particularly those derived from 

pharmaceuticals, typically range from 1 micrometer to 5 

millimeters in size. Smaller particles can evade conventional 

filtration systems, remaining suspended in water, making 

their interaction with disinfectants more significant. Studies 

have illustrated that smaller microplastics exhibit a higher 

surface-area-to-volume ratio, which increases their capacity 

to adsorb disinfectants and microorganisms. This enhanced 

adsorption can shield microbes from UV disinfection and 

increase reactivity in chemical disinfection scenarios, as 

supportively indicated in the literature (Azizi et al., 2022; 

Zhu et al., 2022). 

The implications of particle size are compounded when 

considering the phenomenon of submicron particles and 

nanoplastics. Such particles, resulting from the degradation 

of larger fragments, demonstrate increased mobility and 

interaction potential with solutes and colloids in the water 

matrix, thereby complicating disinfection processes further 

(Bucci et al., 2022). The surface charge of pharmaceutical-

derived microplastics plays a critical role in their interactions 

with waterborne species and disinfectants. Microplastics can 

acquire various charges depending on environmental 

parameters such as pH and ionic strength. The presence of 

ionizable functional groups in pharmaceutical coatings can 

lead to a net negative or positive charge on microplastics, 

influencing their adsorption characteristics and the 

effectiveness of disinfectants (Ayo-Farai, et al., 2023, 

Eyeghre, et al., 2023, Ogbeta, et al., 2023). For instance, 

negatively charged microplastics may attract positively 

charged disinfectants like chloramines, while positively 

charged microplastics may bind with negatively charged 

bacterial surfaces, facilitating biofilm formation. These 

charge-mediated interactions not only impact the efficacy of 

microbial inactivation but also modify the distribution and 
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bioavailability of disinfectants within the aquatic 

environment, emphasizing the necessity of considering 

charge in water treatment strategies (Menéndez-Pedriza & 

Jaumot, 2020). 

Surface area characteristics of microplastics, including their 

shape and texture, significantly affect their interactions 

during disinfection processes. Irregularly shaped 

microplastics are likely to provide more surface area for 

microbial colonization and the adsorption of disinfectants 

compared to smoother counterparts. Pharmaceutical 

microplastics that have complex layered structures can 

further influence adsorption and chemical reactivity, 

potentially leading to an increase in the formation of harmful 

by-products during disinfection processes (Zhao & You, 

2022). 

The chemical composition of microplastics is a particularly 

critical factor shaping their behavior in aquatic environments. 

Pharmaceutical coatings incorporate a mixture of polymers, 

plasticizers, and additives that behave differently in water 

treatment settings. For example, microplastics containing 

titanium dioxide may demonstrate photocatalytic activity 

under UV light, potentially degrading disinfectants or 

generating harmful free radicals (Zhu et al., 2022). Moreover, 

the presence of natural organic matter (NOM) and dissolved 

organic carbon (DOC) introduces additional layers of 

complexity by competing with microplastics for available 

disinfectants, reducing overall disinfection efficacy (Bucci et 

al., 2022). 

Environmental conditions such as temperature and pH further 

play essential roles by influencing the speciation of 

disinfectants and the physical properties of microplastics. 

Variations can lead to changes in reactivity and microbial 

interactions, directly impacting treatment effectiveness. 

Elevated temperatures may promote degradation of polymer 

coatings, releasing microplastics and their associated 

chemicals into water systems, thereby exacerbating treatment 

challenges (Andersen et al., 2021). 

The coexistence of microplastics with other pollutants—

including pharmaceuticals, heavy metals, and pesticides—

can significantly alter disinfection dynamics. Heavy metals 

can catalyze redox reactions on microplastic surfaces during 

oxidative treatments like chlorination, which may enhance 

the formation of toxic by-products (Zhao & You, 2022). 

Furthermore, co-contaminants may protect pharmaceuticals 

adsorbed onto microplastics from degradation, promoting 

their persistence in aquatic systems and complicating their 

removal from water treatment processes (Ni’am et al., 2022). 

In summary, the interactions between pharmaceutical-

derived microplastics and water disinfection efficacy are 

informed by a complex array of physicochemical factors, 

including particle size, surface charge, chemical composition, 

and environmental conditions. These interactions are further 

complicated by the presence of co-contaminants and natural 

organic matter, presenting significant challenges to existing 

water treatment methods. Comprehensive understanding and 

consideration of these factors are essential for the 

development of effective predictive models and treatment 

strategies that address the nuanced behaviors of microplastics 

in disinfection environments (Adekola, Kassem & Mbata, 

2022, Ogbuagu, et al., 2022). 

 

 

 

 

2.5 Implications for public health and water treatment 

innovation 

The increasing presence of pharmaceutical-derived 

microplastics in aquatic environments presents significant 

challenges for public health and water treatment systems. 

Recent studies have shown that these microplastics, which 

may originate from pharmaceutical coatings, can disrupt 

conventional disinfection processes such as ultraviolet (UV) 

irradiation and chemical oxidation. Specifically, 

microplastics can act as physical barriers, shielding 

pathogens from germicidal agents and thereby contributing to 

reduced microbial inactivation (Nandakumar et al., 2021; 

Dey et al., 2021). These interactions pose particular risks in 

drinking water systems, where it is expected that 

microorganisms are directly exposed to disinfectants like 

chlorine or ozone. When microplastics are present, they can 

adsorb these disinfectants, diminishing their availability in 

water, which compromises pathogen reduction efforts 

(Cherian et al., 2023; Prapanchan et al., 2023). 

Moreover, the physical and chemical properties of 

microplastics promote the formation of biofilms, which are 

inherently more resistant to disinfecting agents (Nandakumar 

et al., 2021). The failure of these agents to effectively 

inactivate pathogens can lead to their survival and 

proliferation, particularly in water distribution systems 

characterized by prolonged storage or extensive transport. 

Such scenarios pose heightened risks to vulnerable 

populations—infants, the elderly, and immunocompromised 

individuals—who may suffer from waterborne diseases 

linked to persistent pathogens (Prapanchan et al., 2023). 

The involvement of pharmaceutical-derived microplastics in 

forming hazardous disinfection by-products (DBPs) is 

another critical concern. Research indicates that 

microplastics introduce new organic substrates during 

disinfection processes, potentially enhancing the formation 

of toxic by-products such as trihalomethanes (THMs) and 

nitrogenous DBPs, which may have greater cytotoxicity and 

genotoxicity compared to traditional carbon-based by-

products (Chianumba, et al., 2022, Noah, 2022, Opia, 

Matthew & Matthew, 2022). The structural complexity of 

these microplastics, often composed of additives and 

polymers used in pharmaceuticals, can result in unforeseen 

reactions with chemical disinfectants, leading to the creation 

of harmful secondary compounds that are often not 

monitored in water treatment facilities (Cherian et al., 2023). 

Existing frameworks for water quality standards have not 

comprehensively addressed the issues posed by microplastics 

and their unique interactions with disinfection processes. 

While the U.S. Environmental Protection Agency (EPA) and 

the World Health Organization (WHO) have acknowledged 

the risks associated with microplastics, they have not yet 

established specific limits or monitoring protocols for these 

contaminants (Prapanchan et al., 2023). This regulatory gap 

leaves a vulnerability in public health safeguards, as 

microplastics and associated novel DBPs can go undetected, 

potentially leading to long-term exposure and adverse health 

outcomes for consumers (Prapanchan et al., 2023; Sun et al., 

2019). 

To tackle these multifaceted challenges, there is a pressing 

need for advancements in water treatment technologies and 

regulatory policies.  
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Innovations in monitoring technologies capable of detecting 

microplastics and their chemical constituents in real-time are 

essential. Solutions may include the use of hybrid 

disinfection systems and alternative agents less affected by 

microplastic interference (Cherian et al., 2023). Furthermore, 

regulatory bodies are encouraged to revise their standards to 

incorporate emerging contaminants and dynamically assess 

risks associated with new pollution profiles (An et al., 2015; 

Prapanchan et al., 2023). 

In conclusion, the intersection of pharmaceutical-derived 

microplastics with water disinfection processes introduces 

substantial public health challenges that require immediate 

attention and integrated responses involving technological 

innovation and regulatory reform. Only through cohesive and 

proactive measures can the safety of drinking water be 

assured in the face of increasingly complex contamination 

dynamics (Adeoba & Yessoufou, 2018, Matthew, et al., 

2021). 

 

2.6 Future research directions and mitigation roadmap 

The proliferation of antimicrobial resistance (AMR) in 

aquatic environments as a consequence of pharmaceutical 

residues necessitates a coordinated approach involving 

regulatory, monitoring, and stewardship strategies. A 

comprehensive understanding of AMR evolution highlights 

the significance of integrated interventions that connect 

environmental, microbial, chemical, and human health 

systems. Traditional regulatory measures in various countries 

often inadequately address or exclude pharmaceutical 

residues, particularly in wastewater discharge standards, 

leading to concerns regarding the contamination of 

freshwater systems with antibiotics and resistant bacteria 

from healthcare establishments and pharmaceutical 

manufacturing facilities (Ahmad et al., 2021; Björklund & 

Svahn, 2021). 

Current environmental regulations frequently focus on 

conventional pollutants such as biological oxygen demand 

(BOD), nitrogen, and phosphorus, neglecting the regulation 

of pharmaceuticals, which can have significant biological and 

ecological effects (Ahmad et al., 2021). For instance, recent 

reviews emphasize the inadequate removal of pharmaceutical 

contaminants during conventional wastewater treatment 

processes, underscoring the urgent need for enhanced 

regulatory frameworks and compound-specific 

environmental quality standards for antibiotics and other 

pharmaceuticals. Regulations must reflect ecotoxicological 

thresholds established through interdisciplinary research to 

ensure compliance and avert the proliferation of 

antimicrobial resistance genes (ARGs) in the environment 

(Khan et al., 2021; Macedo et al., 2021). 

An essential component of effective regulation is robust 

monitoring frameworks that can keep pace with the dynamics 

of ARGs and antibiotic levels in effluents. Traditional 

monitoring approaches, which typically involve periodic 

sampling and chemical analysis, are insufficient for detecting 

rapid changes in resistance patterns within effluents (Guedes-

Alonso et al., 2020). Technological advancements, such as 

portable quantitative polymerase chain reaction (qPCR) 

devices and biosensors, allow for real-time monitoring, 

enabling better detection of hotspots for resistance 

development and compliance with discharge standards (Khan 

et al., 2021). Implementing these monitoring tools could 

significantly enhance transparency and accountability 

regarding antibiotic pollution in aquatic environments. 

In addition to regulatory measures, reducing the 

environmental burden of pharmaceuticals through innovative 

practices in drug development is crucial. The promotion of 

green pharmaceuticals—designed for rapid degradation in 

natural environments—can lead to decreased ecological 

footprints of drugs once excreted. Moreover, implementing 

pharmaceutical take-back schemes can mitigate 

environmental contamination by preventing improper 

disposal of unused medications, which has proven effective 

in various contexts (Aheghmoalla & Mehrvar, 2023). Such 

schemes, coupled with community education and awareness 

campaigns about the environmental impacts of 

pharmaceutical waste, can alter disposal behaviors and 

strengthen public engagement. 

Stewardship practices in clinical and veterinary fields are 

critical to curbing unnecessary antibiotic use, which 

significantly contributes to environmental contamination. 

Enhanced stewardship in hospitals and clinics involves the 

development and enforcement of strict prescribing protocols 

and promoting diagnostic stewardship to minimize empirical 

treatments (Khan et al., 2021). In veterinary medicine, where 

antibiotics may be unnecessarily used for growth promotion, 

tighter regulations are needed to ensure their judicious use 

(Suchánková et al., 2023). A focus on alternatives to 

antibiotics, such as vaccines and probiotics in animal 

husbandry, can further reduce reliance on these 

pharmaceuticals (Khan et al., 2021). 

Addressing AMR effectively requires interdisciplinary 

collaboration that encompasses environmental science, 

public health, pharmacology, policy, and community 

planning. Collaborative research centers and task forces can 

target local issues surrounding AMR in aquatic 

environments, facilitating knowledge sharing and fostering 

innovative solutions tailored to specific regional needs (Khan 

et al., 2021; Mariano et al., 2023). Integrating AMR 

management into broader sustainable development 

initiatives, climate adaptation frameworks, and water 

sanitation plans ensures that it receives the necessary 

attention and resources for effective mitigation (Vistanty & 

Crisnaningtyas, 2021; Mariano et al., 2023). 

In summary, combating the proliferation of AMR resulting 

from pharmaceutical residues in aquatic environments 

demands multifaceted approaches that include regulatory 

enforcement, real-time monitoring, green pharmaceutical 

initiatives, stewardship in healthcare, and enhanced public 

engagement. Harmonizing regulations across regions, 

alongside deploying advanced monitoring technologies, will 

ensure that environmental resilience against AMR is 

strengthened (Attah, et al., 2022, Chukwuma, et al., 2022). 

By treating AMR as a complex ecological and societal issue, 

the global community can cultivate more sustainable 

interactions between human health and environmental 

integrity. 

 

3. Conclusion 

Pharmaceutical-derived microplastics represent a significant 

and underappreciated threat to the efficacy of water 

disinfection systems, particularly ultraviolet (UV) irradiation 

and chemical oxidation. Theoretical mechanisms suggest that 

these microplastics disrupt disinfection through multiple 

pathways: physically shielding pathogens from UV exposure, 

adsorbing disinfectant molecules and microbial cells, and 

catalyzing redox reactions that alter the formation and 

stability of reactive species. Additionally, the degradation 
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products and additives from pharmaceutical coatings may act 

as precursors to toxic disinfection by-products (DBPs), 

compounding the health risks associated with compromised 

microbial inactivation. These findings underscore the 

importance of understanding microplastic behavior not just 

as a passive contaminant, but as an active agent capable of 

influencing the chemical and biological dynamics of water 

treatment processes. 

Addressing these challenges requires an integrated and cross-

disciplinary approach, drawing from materials science, 

polymer chemistry, environmental microbiology, water 

engineering, and public health. Collaboration among 

researchers, technologists, and policy-makers is essential to 

develop empirical data, enhance detection techniques, design 

adaptive treatment systems, and craft regulatory frameworks 

that reflect the evolving nature of synthetic pollution. As 

pharmaceutical use and polymer-based formulations 

continue to grow globally, the burden of microplastics in the 

aquatic environment will only intensify, making it critical 

that innovative strategies are developed to prevent, monitor, 

and mitigate their disruptive impact. 

To ensure water safety and public health protection in the face 

of these emerging threats, it is imperative that the insights 

gained from current research be proactively integrated into 

water treatment standards and operational protocols. 

Monitoring systems must be modernized to include 

microplastic surveillance, and disinfection technologies must 

be optimized to maintain efficacy under conditions of 

microplastic interference. Regulatory agencies should 

expand their scope to include these novel interactions and 

update guidelines accordingly. Ultimately, the future of 

effective water treatment depends on our willingness to 

recognize and address the complex interplay between 

synthetic contaminants and established technologies—

transforming reactive responses into proactive resilience for 

the protection of both human and environmental health. 
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