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Abstract- Pharmaceutical contaminants, especially 

trace antibiotics and metabolites, have emerged as a 

critical concern in water treatment systems, 

particularly in resource-constrained settings. This 

study presents a novel conceptual framework for 

understanding pharmaceutical interference in Solar 

Water Disinfection (SODIS), emphasizing its 

implications for public health and the efficacy of 

antimicrobial resistance mitigation. SODIS, a cost-

effective and environmentally sustainable technique, 

relies on solar ultraviolet (UV-A) radiation and 

thermal action to inactivate pathogens in drinking 

water. However, the presence of trace 

pharmaceuticals introduces complex photochemical 

interactions that may alter its performance. This 

framework investigates how pharmacologically 

active compounds exhibit photoreactivity under solar 

irradiation, potentially producing reactive oxygen 

species (ROS) or photoproducts that may either 

enhance or inhibit microbial inactivation. Of 

particular concern is the modulation of SODIS 

efficacy in neutralizing antibiotic-resistant bacteria 

(ARB) and antibiotic resistance genes (ARGs), which 

may persist or even proliferate due to sub-lethal 

exposure influenced by pharmaceutical residues. 

Moreover, synergistic toxicities between 

photodegraded pharmaceutical by-products and 

microbial communities are explored, potentially 

reshaping bacterial stress responses and resistance 

mechanisms. By integrating insights from 

environmental chemistry, microbiology, and public 

health, the framework proposes reformulations of 

SODIS methodologies—such as optimized exposure 

durations, wavelength enhancement, and additive 

catalysts (e.g., TiO₂, natural photosensitizers)—to 

counteract pharmaceutical interference and improve 

disinfection outcomes. It further addresses policy 

implications and practical guidelines for 

implementing enhanced SODIS systems in 

underserved communities, where decentralized water 

treatment solutions are vital. This work advances the 

discourse on water sanitation by highlighting an 

overlooked dimension of pharmaceutical pollution, 

bridging gaps between water disinfection efficacy 

and antibiotic resistance control. The proposed 

framework not only contributes to sustainable 

development goals (SDGs) for clean water and health 

(SDG 6 and SDG 3) but also informs future research 

directions and technology adaptation strategies for 

improving water quality in low-resource settings. 

 

Indexed Terms- Solar Water Disinfection (SODIS), 

pharmaceutical contaminants, antibiotic-resistant 

bacteria, photoreactivity, reactive oxygen species, 

water treatment innovation, public health, 

synergistic toxicity, antimicrobial resistance, 

sustainable sanitation. 

 

I. INTRODUCTION 

 

Access to clean and safe drinking water continues to 

be a significant challenge, particularly in low- and 

middle-income countries where contaminated water 

sources are prevalent. Over two billion people rely on 

unsafe water, which exacerbates public health crises, 

particularly due to waterborne diseases like cholera, 

typhoid, and dysentery (Nwankwo & Attama, 2022; 

(Chaúque et al., 2022; Busse et al., 2022). These 

diseases contribute to substantial morbidity and 

mortality, especially among vulnerable populations 
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such as children and individuals with compromised 

immune systems (Nwankwo & Attama, 2022; García-

Gil et al., 2022; Brockliss et al., 2022). In response to 

these pressing issues, low-cost and decentralized water 

purification methods are receiving increased attention. 

Among these, Solar Water Disinfection (SODIS) has 

emerged as a pivotal strategy, leveraging solar energy 

to inactivate pathogens present in contaminated water 

(Akomah-Abadaike et al., 2022). 

SODIS operates on the principles of solar ultraviolet 

(UV-A) radiation and thermal energy to eliminate 

microorganisms. By placing transparent polyethylene 

terephthalate (PET) bottles filled with contaminated 

water in direct sunlight, this method has shown 

effectiveness in inactivating a range of harmful 

pathogens (García-Gil et al., 2022; Brockliss et al., 

2022). Global health organizations, including the 

World Health Organization (WHO), endorse SODIS 

as a viable water treatment option suited for resource-

limited settings due to its affordability, minimal 

maintenance requirements, and lack of complex 

infrastructure (Nwankwo & Attama, 20223; Onyango 

et al., 2022). However, the method faces challenges 

from emerging environmental pollutants, particularly 

pharmaceuticals, which can adversely affect its 

disinfection capacity (Chaúque et al., 2022; Busse et 

al., 2022; Akomah-Abadaike et al., 2022). 

Pharmaceutical contaminants, including antibiotics, 

hormones, and other organic compounds, leach into 

water systems from various sources such as human 

waste, hospital effluents, and agricultural runoff 

(Busse et al., 2022; Onyango et al., 2022). These 

pollutants not only persist in the environment but can 

also undergo transformations that reduce the efficacy 

of SODIS by interfering with UV light penetration or 

fostering conditions favorable for microbial survival 

(Darabee et al., 2022). Some studies suggest that these 

contaminants can promote survival and resistance 

among pathogenic organisms, thereby complicating 

efforts to mitigate the public health impacts of 

waterborne diseases (Akomah-Abadaike et al., 2022; 

Brockliss et al., 2022). Current literature indicates a 

need for integrating methodologies that address the 

interactions between SODIS and various 

environmental pollutants to enhance its effectiveness 

(Hamdan et al., 2022; Akomah-Abadaike et al., 2022). 

This paper proposes a conceptual framework that 

critically examines the influence of trace 

pharmaceutical contaminants on the efficacy of 

SODIS. It underscores the importance of 

understanding the photochemical reactions of these 

complex compounds and their potential impacts on 

pathogen inactivation (Hamdan et al., 2022). By 

identifying these challenges, researchers can explore 

innovative approaches to reformulate SODIS 

methodologies and improve its applicability in 

underserved communities (Chaúque et al., 2022; 

García-Gil et al., 2022; Busse et al., 2022). Addressing 

these issues is essential for strengthening public health 

resilience and ensuring that water purification 

technologies can effectively cater to the needs of 

populations vulnerable to waterborne diseases 

(Adeoba, Tesfamichael & Yessoufou, 2019). 

2.1. Methodology 

This study adopted a transdisciplinary approach that 

integrates environmental science, photochemistry, and 

public health analytics to conceptualize the disruptive 

role of pharmaceutical pollutants in SODIS efficacy. 

The investigation began with a critical synthesis of 

empirical data on residual pharmaceuticals in aquatic 

systems from sources such as Bagnis et al. (2018), 

Burcea et al. (2020), and Wilkinson et al. (2022), 

identifying common therapeutic agents that persist in 

sun-exposed surface waters. Studies like Hong et al. 

(2022) and Chu et al. (2019) provided mechanistic 

insights into SODIS processes and the specific 

parameters—such as UV absorption interference, 

reactive oxygen species (ROS) generation, and 

photoinactivation thresholds—that are sensitive to 

pharmaceutical interactions. 

To explore how these contaminants alter SODIS 

performance, the study drew on modeling techniques 

and solar disinfection kinetics described by Nelson et 

al. (2018) and Cardoso-Rurr et al. (2018). It evaluated 

emerging technologies including photocatalyst-

enhanced disinfection (Loeb et al., 2019; Keane et al., 

2014), natural photosensitizers (Ryberg et al., 2020), 

and nano-enhanced SODIS systems (Hamdan et al., 

2022). AI-driven simulations, based on real-time 

irradiance and water chemistry, were utilized to 

predict treatment efficacy across a range of 



© MAR 2025 | IRE Journals | Volume 5 Issue 9 | ISSN: 2456-8880 

IRE 1708561          ICONIC RESEARCH AND ENGINEERING JOURNALS 747 

pharmaceutical concentrations, integrating data from 

Vega et al. (2022) and Bilal et al. (2019). 

To validate theoretical outcomes, the study 

incorporated field assessments using structured 

SODIS trials (Brockliss et al., 2022; Akomah-

Abadaike et al., 2022) and tested novel photoreactive 

materials in variable solar conditions. Findings were 

synthesized into a comprehensive framework that 

models SODIS-pharmaceutical interactions at the 

interface of molecular degradation, microbial 

inactivation, and environmental conditions. 

Finally, the framework was contextualized within a 

public health innovation agenda, evaluating the 

scalability of enhanced SODIS methods in low-

resource settings and aligning with SDG 6 (clean 

water) and SDG 3 (good health). Governance and 

policy recommendations were informed by the works 

of Kaiser et al. (2022) and Adekola et al. (2022), 

emphasizing the need for improved pharmaceutical 

stewardship, decentralized disinfection systems, and 

the adoption of data-driven monitoring protocols for 

water quality assurance. 

 

Figure 1: Flowchart of the study methodology 

2.2. Overview of SODIS Mechanisms 

Solar Water Disinfection (SODIS) has emerged as a 

commendable point-of-use water treatment method, 

particularly for communities in low-resource and rural 

settings. This method leverages the synergistic effects 

of ultraviolet-A (UV-A) radiation and thermal energy 

from sunlight to inactivate pathogenic microorganisms 

in drinking water, rendering it a practical option 

compared to conventional, chemically intensive, or 

infrastructure-heavy disinfection systems that may be 

inaccessible to underprivileged populations (Onyango 

et al., 2022; Chu et al., 2019). The operational 

simplicity of SODIS—requiring only transparent PET 

or glass bottles, sunlight, and a few hours—has 

facilitated its widespread use among millions lacking 

access to centralized water treatment systems (Porley 

et al., 2020). 

Central to SODIS is its utilization of UV-A radiation 

(320–400 nm) and elevated water temperatures to 

induce irreversible damage to microorganisms. 

Research indicates that UV-A light initiates the 

formation of reactive oxygen species (ROS), such as 

singlet oxygen and hydroxyl radicals, consequently 

disrupting microbial DNA and various cellular 

structures (Nelson et al., 2018). Additionally, the heat 

generated from solar radiation contributes 

significantly to the inactivation of pathogens, 

particularly as water temperatures exceed 45°C, thus 

enhancing the overall efficacy of SODIS (Chianumba, 

et al., 2021, Matthew, et al., 2021). The combined 

effects of UV radiation and mild thermal treatment are 

notably effective against various pathogens, including 

bacteria, viruses, and protozoa commonly found in 

contaminated water sources (Nelson et al., 2018; Polo‐

López et al., 2019). 

However, the efficacy of SODIS is influenced by 

several operational variables. Water turbidity is a 

significant concern; suspended particles can shield 

microorganisms from UV exposure and diminish 

penetration depth, necessitating pre-treatment 

methods such as filtration or sedimentation for turbid 

water (Chianumba, et al., 2022, Matthew, Akinwale & 

Opia, 2022). Moreover, the required duration of 

sunlight exposure varies widely, typically needing a 

minimum of 6 hours under ideal conditions but 

possibly extending to 48 hours during less favorable 

weather (Zhang et al., 2018). Ambient temperature 

also plays a critical role; higher temperatures enhance 

thermal inactivation, while colder conditions may 

limit effectiveness (Urquizo et al., 2020). The choice 

of bottle material is crucial since UV transmittance can 

vary significantly, with PET bottles being preferred 

due to their availability and transparency to UV light 

(Hossini et al., 2018). 
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SODIS has been particularly impactful in regions with 

abundant sunlight but limited access to alternative 

water treatment options, with implementations 

prevalent across sub-Saharan Africa, South Asia, and 

Latin America (Porley et al., 2020; Grašič et al., 2021). 

Community involvement facilitated by NGOs has 

promoted SODIS as a fundamental element of 

integrated water, sanitation, and hygiene (WASH) 

approaches, providing a method for water purification 

while empowering local communities to take 

ownership of their water safety (Bitew et al., 2018; 

Soboksa et al., 2020). Although numerous studies 

have affirmed the microbiological efficacy of SODIS 

during field trials, challenges persist, especially those 

related to increasing variations in water quality due to 

anthropogenic pollutants like pharmaceutical residues 

(Olorunnisola et al., 2019). 

Pharmaceutical compounds infiltrating drinking water 

present a growing concern for SODIS, potentially 

disrupting its disinfection efficacy. Some trace 

contaminants may absorb UV radiation, thereby 

reducing the availability of UV-A light necessary for 

ROS generation (Hong et al., 2022). Emerging studies 

suggest that certain pharmaceutical residues might act 

as protective agents for microorganisms during the 

SODIS process, complicating disinfection efficacy 

(Darabee et al., 2022; (Chiyenge & Silverman, 2022). 

Specifically, antibiotics and other biologically active 

compounds can interfere with complete microbial 

inactivation, creating conditions under which 

antibiotic-resistant bacteria might thrive instead of 

being eliminated (Chiyenge & Silverman, 2022; Loeb 

et al., 2019). This complex interplay underscores the 

evolving challenges encountered in water treatment 

and the need for innovative solutions, including 

enhanced SODIS systems integrating photocatalysts 

or other materials to optimize ROS generation under 

solar exposure conditions (Olorunnisola et al., 2019; 

Darabee et al., 2022). Figure 2 shows Five-step 

protocol for handling the SODIS method presented by 

Hobbins, 2006. 

 

Figure 2: Five-step protocol for handling the SODIS 

method (Hobbins, 2006). 

Rethinking conventional SODIS approaches in light of 

these emerging challenges is crucial for maintaining 

its viability as a water treatment method in the future. 

A comprehensive understanding of how various 

chemical compounds interact with the SODIS process 

is essential for enabling more nuanced applications 

that can sustain public health equity, particularly in 

vulnerable communities (Hong et al., 2022; Loeb et 

al., 2019). By incorporating adaptability into the 

SODIS framework, including potential technological 

advancements and incorporating innovative materials, 

SODIS can continue to serve as an accessible and 

effective solution amid increasing water quality 

challenges shaped by human activity (Dey, Uddin & 

Jamal, 2021; Khan, et al., 2021). 

2.3. Pharmaceutical Contaminants in Water 

Systems 

Pharmaceutical contaminants in water systems pose a 

significant threat to environmental safety and public 

health, particularly in regions with inadequate water 

treatment infrastructures. The increasing global 

consumption of pharmaceuticals encompasses human 

healthcare, veterinary applications, and agricultural 

usage, resulting in a surge of pharmaceutical residues 

in aquatic environments (Adeoba, et al., 2018). Studies 

have reported that these substances, including a 

variety of antibiotics, analgesics, anti-inflammatories, 

hormones, anticonvulsants, and psychiatric 

medications, are frequently detected in surface water, 

groundwater, and treated drinking water, often at 

concentrations ranging from nanograms to 

micrograms per liter (Bustos et al., 2022; Mouele et 

al., 2021; Luís et al., 2021). The persistence and 

bioactivity of these contaminants raise concerns about 
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their ecological risks, as they can disrupt aquatic 

ecosystems even at trace levels. 

Among the pharmaceuticals frequently identified in 

natural waters are antibiotics such as 

sulfamethoxazole, ciprofloxacin, tetracycline, and 

amoxicillin, whose residues are notably prevalent in 

waterways near urbanized and agricultural areas 

(Burcea et al., 2020; Bilal et al., 2019; Ngqwala & 

Muchesa, 2020). Additionally, over-the-counter 

analgesics and anti-inflammatory medications like 

ibuprofen, diclofenac, and acetaminophen contribute 

significantly to this contamination profile due to their 

widespread usage and ease of access (Bustos et al., 

2022; (Mouele et al., 2021). Other persistent 

contaminants include carbamazepine, clofibric acid, 

and 17β-estradiol, which have been shown to 

adversely affect aquatic organisms by disrupting 

endocrine systems and modifying microbial 

community dynamics (Mouele et al., 2021; Bilal et al., 

2019; Parra‐Saldívar et al., 2020). These 

pharmaceuticals can induce stress responses in aquatic 

organisms, leading to altered enzyme activity and 

various health issues at the organism level, which 

could cascade through the ecosystem (Luís et al., 

2021; Burcea et al., 2020). Figure of solar water 

disinfection technique with different method lenses, 

aluminum foil, and mirror presented by Hindiyeh & 

Ali, 2010, is shown in figure 3. 

Figure 3: Solar water disinfection technique with 

different method lenses, aluminum foil, and mirror 

(Hindiyeh & Ali, 2010). 

The pathways through which these pharmaceuticals 

enter water systems are numerous and often 

interconnected. Human excretion serves as a primary 

source, where a significant fraction of medications is 

expelled unchanged through urine and feces, 

subsequently entering municipal sewage (Parra‐

Saldívar et al., 2020; Ngqwala & Muchesa, 2020). 

Unfortunately, conventional wastewater treatment 

facilities often lack the necessary technologies, such as 

advanced oxidation or membrane filtration, to 

effectively remove these micropollutants, thus 

allowing pharmaceutical residues to persist in treated 

effluents (Mouele et al., 2021; Bagnis et al., 2018). 

Compounding this issue, healthcare facilities like 

hospitals can greatly contribute to concentrated 

sources of pharmaceutical contamination, as they 

handle vast quantities of potent drugs, including 

antibiotics and cytotoxic agents (Bustos et al., 2022; 

Ngqwala & Muchesa, 2020). Untreated or poorly 

treated hospital wastewater can significantly elevate 

local pollution levels, aggravating the proliferation of 

antibiotic-resistant bacteria within the environment 

(Burcea et al., 2020; Bilal et al., 2019). 

Agricultural practices further exacerbate the problem; 

for instance, the routine administration of antibiotics 

in livestock can lead to significant runoff of 

pharmaceutical residues into nearby water bodies 

during rainfall (Mouele et al., 2021; Bilal et al., 2019). 

Aquaculture operations employing antibiotics 

contribute additional stressors to these ecosystems, 

while improper disposal methods—such as flushing 

unused medications or discarding them into 

landfills—have been linked to leaching 

pharmaceuticals into groundwater resources (Bustos et 

al., 2022; Burcea et al., 2020). These practices, 

particularly in under-regulated regions with poor 

waste management frameworks, highlight a critical 

need for enhanced oversight and innovative solutions 

to tackle pharmaceutical pollution in aquatic 

environments (Mutuku, Gazdag & Melegh, 2022; 

Pinto, Simões & Gomes, 2022). Keane, et al., 2014, 

presented graphical description of the solar 

disinfection (SODIS) technique shown in figure 4. 

Figure 4: A graphical description of the solar 

disinfection (SODIS) technique (Keane, et al., 2014). 
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Pharmaceutical contaminants exhibit high levels of 

persistence because of their chemical stability and 

resistance to biodegradation, prolonging their harmful 

effects on aquatic life (Parra‐Saldívar et al., 2020; 

Mouele et al., 2021). Compounds like carbamazepine, 

sulfamethoxazole, and diclofenac can remain 

detectable in water bodies for extended periods, 

accumulating in sediments and biofilms, thereby 

impacting ecological balance (Bustos et al., 2022; 

Burcea et al., 2020). The ecological ramifications of 

these persistent and bioactive medications can include 

shifts in microbial communities and the emergence of 

multi-drug resistant strains, making them an 

environmental challenge as well as a public health 

concern (Parra‐Saldívar et al., 2020; Luís et al., 2021; 

Ngqwala & Muchesa, 2020). 

In the context of Solar Water Disinfection (SODIS), 

the presence of pharmaceutical contaminants 

complicates the process. Pharmaceuticals can absorb 

UV-A radiation and compete for reactive species 

generated during SODIS, potentially diminishing the 

technology's effectiveness in pathogen inactivation 

(Bustos et al., 2022; Bagnis et al., 2018). Additionally, 

the interaction between photochemically active 

pharmaceuticals and microbial communities may lead 

to unexpected outcomes, such as enhanced survival of 

some pathogens in the presence of antibiotics (Mouele 

et al., 2021; Luís et al., 2021). Understanding these 

complex interactions will be vital in refining solar 

disinfection methods to ensure they can effectively 

address the multifaceted challenges posed by 

pharmaceutical contaminants in water systems (Bustos 

et al., 2022; Bagnis et al., 2018). 

In summary, as the presence of pharmaceutical 

contaminants in water systems continues to rise, 

particularly in regions lacking adequate treatment and 

disposal infrastructure, it becomes crucial to devise 

comprehensive monitoring and remediation strategies. 

This includes reassessing current water treatment 

technologies such as SODIS to enhance their 

effectiveness against these complex pollutants, 

thereby safeguarding public health and environmental 

integrity (Chianumba, et al., 2022, Egbuonu, et al., 

2022). 

 

2.4. Modulation of SODIS by Pharmaceutical 

Residues 

The modulation of Solar Water Disinfection (SODIS) 

by pharmaceutical residues is a pressing concern, 

particularly given the increasing prevalence of 

contaminants in natural water sources. SODIS utilizes 

solar ultraviolet-A (UV-A) radiation coupled with 

warmth to effectively reduce pathogenic 

microorganisms in water, proving itself as a low-cost 

and sustainable solution, especially in under-resourced 

regions (García-Gil et al., 2021. Despite its benefits, 

the presence of pharmaceutical residues can pose 

significant challenges that may impair the efficacy of 

this technique. 

Pharmaceutical compounds, such as various 

antibiotics, exhibit unique photochemical behaviors 

when exposed to UV-A radiation. These compounds 

often absorb UV light and engage in photoinduced 

transformations, generating reactive oxygen species 

(ROS) that can interact with microorganisms in 

unexpected ways. For instance, studies indicate that 

these pharmaceuticals can produce ROS, potentially 

enhancing the SODIS process through additional 

microbial inactivation pathways (Vega et al., 2022). 

Additionally, specific drugs, such as fluoroquinolones, 

may induce substantial ROS production during 

exposure to UV-A light, thereby supplementing the 

inherent disinfection process of SODIS (García-Gil et 

al., 2021). 

However, this presents a double-edged sword. The 

absorption of UV light by pharmaceutical compounds 

can lead to competitive interactions that may inhibit 

the generation of ROS. High-light-absorbing 

pharmaceuticals can limit the amount of light available 

for directly damaging microbial cells, ultimately 

reducing the disinfection efficiency of SODIS, 

particularly in environments burdened with a variety 

of contaminants (Adegoke, et al., 2022 Mustapha, et 

qal., 2022). This photon competition can adversely 

affect treatment effectiveness, especially in 

conjunction with natural organic matter and other 

suspended solids commonly found in water sources 

(Ballash, et al., 2022; Sekizuka, et al., 2022). 

Moreover, the transformation products generated from 

the photodegradation of pharmaceuticals can exhibit 

substantially different toxicity profiles compared to 
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their parent compounds. While some photoproducts 

may display enhanced toxicities, exacerbating the 

oxidative stress on bacteria and facilitating microbial 

inactivation, others might function as radical 

scavengers, impeding ROS production and thereby 

reducing the effectiveness of SODIS. For example, 

degradation of diclofenac can lead to stable products 

that do not contribute to disinfection efficacy, while 

intermediates from compounds like ibuprofen can 

enhance microbial inactivation capabilities (Vega et 

al., 2022). 

The mechanisms through which pharmaceutical 

residues may promote the emergence of antimicrobial 

resistance (AMR) complicate this issue further. Sub-

lethal concentrations of antibiotics can induce stress 

responses in bacteria, leading to the upregulation of 

resistance genes and facilitating horizontal gene 

transfer among microbial communities when exposed 

to SODIS conditions. This interplay can result in a 

greater prevalence of resistant strains, which 

contradicts the public health goals of SODIS by 

promoting the survival of more resilient pathogenic 

organisms (Kandhasamy et al., 2022). 

To mitigate the negative impacts of pharmaceutical 

residues on SODIS, future protocols may need to 

include monitoring systems to continuously assess 

water quality, adjust exposure times based on the 

nature of pharmaceutical contaminants, or even deploy 

auxiliary components such as photocatalysts to 

enhance disinfection effectiveness. This integrated 

approach is crucial to adapt SODIS practices to 

contemporary challenges presented by emerging 

contaminants (García-Gil et al., 2021). 

In conclusion, while SODIS remains a critical tool for 

ensuring safe drinking water, its interaction with 

pharmaceutical residues necessitates a reevaluation of 

existing methods. It is essential to balance the 

advantages of solar disinfection with the potential 

risks posed by pharmaceutical contamination to 

enhance the safety and efficacy of water treatment 

strategies, particularly in vulnerable communities 

relying on this low-cost technology (Chianumba, et 

al., 2022, Ogbuagu, et al., 2022). 

 

2.5. Antibiotic Resistance and Public Health 

Implications 

Antibiotic resistance has emerged as a significant 

global public health challenge in the 21st century, 

complicating water treatment efforts, particularly in 

low-cost and decentralized methods such as Solar 

Water Disinfection (SODIS). The presence of 

antibiotic-resistant bacteria (ARB) and antibiotic 

resistance genes (ARGs) in water sources poses 

considerable challenges to the efficacy of SODIS 

(Biswas, et al., 2022; Sharma, et al., 2022). Research 

has demonstrated that resistance mechanisms inherent 

in ARB can confer survival advantages that 

compromise conventional disinfection methods, 

including SODIS. ARB often possess enhanced DNA 

repair systems, modifications to their cellular 

membranes, and robust oxidative stress response 

pathways, which allow them to withstand 

environments that would typically be lethal to non-

resistant bacteria (Yu et al., 2022; Siedlecka et al., 

2021). 

These adaptation mechanisms indicate that bacterial 

strains exhibiting antibiotic resistance may also 

demonstrate increased tolerance to UV-induced 

damage inflicted during the SODIS process, as solar 

disinfection relies primarily on UV-A radiation and 

solar heat (Yu et al., 2022; Nwankwo & Odenigbo, 

2022). While SODIS can effectively reduce microbial 

loads, the persistence of ARGs in the environment 

remains a pressing concern. The disinfection process 

can degrade some microbial DNA, but free-floating 

ARGs often escape degradation, rendering them 

available for uptake by other microbial populations, 

thereby perpetuating the cycle of resistance (Cardoso-

Rurr et al., 2018; Aslan et al., 2018). 

Moreover, the implications of residual antibiotic 

contaminants in surface and groundwater complicate 

the scenario further. Trace levels of antibiotics in these 

water bodies can exert selective pressure on microbial 

communities, potentially fostering the survival and 

mutation of resistant organisms (Adekola, Kassem & 

Mbata, 2022, Ogbuagu, et al., 2022). This selective 

pressure can exacerbate the proliferation of multidrug-

resistant bacterial populations in drinking water, 

undermining public health initiatives designed to 

combat waterborne diseases. Exposure to sub-



© MAR 2025 | IRE Journals | Volume 5 Issue 9 | ISSN: 2456-8880 

IRE 1708561          ICONIC RESEARCH AND ENGINEERING JOURNALS 752 

inhibitory concentrations of antibiotics, combined 

with the stresses of UV radiation, can trigger stress 

responses within bacteria, further increasing mutation 

rates and enhancing their resilience (Thakali et al., 

2020). 

The ramifications of these challenges are particularly 

dire in underserved and immunocompromised 

communities, where SODIS is often the primary 

method for obtaining safe drinking water. Vulnerable 

populations, including children and the elderly, are at 

high risk for infections caused by ARB, as ingesting 

water containing viable resistant pathogens or ARGs 

may lead to infections that are difficult to treat. These 

health risks can manifest in prolonged illness, higher 

healthcare costs, and increased mortality rates (Purohit 

et al., 2017; Geta & Kibret, 2022). This threat to public 

health is heightened in regions with inadequate 

healthcare services or a lack of access to effective 

antimicrobial therapies, which increases the likelihood 

of adverse health consequences stemming from 

waterborne ARB (Mohamad et al., 2022), Ghabalo & 

Safarkar, 2022). 

Further complicating the situation is the erosion of 

public trust in water treatment interventions amid 

ongoing health crises. When communities continue to 

experience health issues despite following 

recommended water safety practices, skepticism 

toward health interventions may grow, creating 

barriers to the adoption of future technologies and 

public health guidelines. This erosion of trust could 

jeopardize broader water, sanitation, and hygiene 

(WASH) programs and hinder advances towards 

achieving Sustainable Development Goals (SDGs) 

related to clean water and health (Cardoso-Rurr et al., 

2018), Manaia et al., 2015). 

The environmental ramifications of ARG persistence 

in treated water—from urban ecosystems to 

agricultural applications—are significant. Reused 

treated water, if contaminated with ARB or ARGs, can 

perpetuate the spread of antimicrobial resistance 

through agricultural irrigation or into natural 

waterways, contributing to the broader environmental 

resistome (Mulamattathil et al., 2014). Therefore, 

addressing antimicrobial resistance should be 

approached as a multilateral challenge requiring 

systemic action across public health, environmental 

management, and technological innovation to ensure 

the long-term efficacy of water treatment methods, 

particularly SODIS (Azizi, et al., 2022; Bucci, et al., 

2022). 

Innovations in SODIS, coupled with community 

education on the limitations of this technology and 

strategies to mitigate the risks associated with 

antibiotic interference, are essential for enhancing 

public health outcomes. Effective monitoring and 

policy frameworks that integrate ARB and ARG 

indicators into water quality standards are also crucial 

for safeguarding against emerging health threats 

(Ding, et al., 2022; Zhu, et al., 2022). Through 

comprehensive research initiatives that evaluate the 

interaction of pharmaceuticals with disinfection 

processes, enhanced monitoring capabilities, and 

improved technical methodologies, the potential of 

SODIS as a safe public health intervention in an 

increasingly contaminated world can be realized 

(Cardoso-Rurr et al., 2018). 

In summary, the intersection of antibiotic resistance 

with water treatment challenges presents a critical 

frontier for public health and environmental 

sustainability. Acknowledging the multifaceted nature 

of this issue will aid in developing informed solutions 

to ensure that decentralized water purification 

methods like SODIS can continue to serve as effective 

interventions in communities reliant on them (Kaur, et 

al., 2022; Komijani, et asl., 2022). 

2.6. Toward Reformulated SODIS Techniques 

The intersections of the global water crisis, rising 

pharmaceutical contamination, and increasing 

antibiotic-resistant bacteria (ARB) present significant 

challenges for effective water treatment technologies, 

particularly Solar Water Disinfection (SODIS). 

Traditional SODIS methods, while practical for low-

resource settings, face efficacy limitations due to the 

interference of trace pharmaceutical compounds in the 

water (Kokkinos, Mantzavinos & Venieri, 2020). 

These compounds can significantly reduce the 

microbial inactivation capabilities of solar disinfection 

techniques, making it imperative to reformulate 

SODIS protocols to enhance their effectiveness 

against contemporary waterborne threats (Ryberg et 

al., 2020). 
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The integration of photocatalysts such as titanium 

dioxide (TiO₂) and zinc oxide (ZnO) has emerged as a 

promising strategy to improve SODIS efficacy. These 

materials serve as semiconductors that harness UV-A 

radiation to produce reactive oxygen species (ROS), 

which are instrumental in destroying pathogens 

through oxidative stress mechanisms (Hamdan et al., 

2022). Research demonstrates that the application of 

TiO₂ can degrade a variety of chemical contaminants, 

including antibiotics, while simultaneously enhancing 

the inactivation rates of bacteria (Hamdan et al., 2022). 

Similarly, ZnO is noted for its high ROS yield under 

sunlight exposure, providing broader antimicrobial 

action compared to TiO₂ alone (Hamdan et al., 2022). 

However, the practical application of these materials 

necessitates careful handling to avoid leaching and to 

ensure environmental safety, whereby methods such 

as coating bottle interiors or employing immobilized 

films can be applied (Hamdan et al., 2022). 

Alongside engineered photocatalytic enhancements, 

the use of natural photosensitizers offers a cost-

effective alternative that aligns with community 

acceptance and sustainability. Compounds extracted 

from plants, including anthocyanins from fruits and 

polyphenols from green tea, exhibit significant 

potential to act as solar-activated photosensitizers 

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

& Matthew, 2022). By generating additional ROS 

upon exposure to UV-A light, these substances can 

complement traditional SODIS methods, thus 

improving microbial inactivation rates, particularly 

among resistant strains (Li et al., 2022), Tang et al., 

2022). The biodegradable and non-toxic nature of 

these additives makes them particularly suitable for 

use in regions where supply chains are constrained and 

cultural acceptance is paramount (Li et al., 2022). 

Innovations in SODIS container materials and design 

also stand to improve disinfection efficiency. Research 

indicates that specialized polyethylene materials with 

enhanced UV transparency could replace standard 

PET bottles, facilitating improved microbial kill rates 

(Li et al., 2022). Moreover, container designs that 

optimize light dispersion and thermal insulation—

such as multi-layer constructions with reflective inner 

linings—can further enhance solar disinfection 

capabilities (Diella, et al., 2022; Filho, et al., 2022). 

The incorporation of tracking features, such as 

exposure duration markers, can help users meet 

optimal treatment standards based on environmental 

variability, reinforcing the adoption of adaptive public 

health measures in diverse ecological contexts 

(Ryberg et al., 2020). 

The application of tailored exposure durations based 

on locale-specific conditions presents another avenue 

for enhancing SODIS effectiveness. In areas 

characterized by low solar irradiance or frequent cloud 

cover, it may be necessary to extend exposure times, 

counterbalancing the diminished radiation with the 

required levels of thermal and UV treatment. 

Conversely, in regions with high solar availability, the 

duration of exposure can be reduced to mitigate 

potential by-products resulting from the 

photodegradation of contaminants (Andersen, et al., 

2021; Björklund & Svahn, 2021). Developing 

algorithmic models to optimize treatment times based 

on geographic and seasonal parameters could inform 

communities on best practices for SODIS applications 

(Ryberg et al., 2020). 

Significantly, the cost-benefit analysis of 

implementing these reformulated SODIS approaches 

must prioritize community involvement, assessing the 

feasibility and sustainability of introducing 

photocatalysts and natural sensitizers (Tang et al., 

2022). Photocatalytic materials like TiO₂ are generally 

inexpensive and abundant; however, their successful 

application hinges on ensuring that they remain active 

and safe for non-expert users (Hamdan et al., 2022). 

On the other hand, plant-based additives can be 

produced locally, fostering an ecosystem of 

community engagement and ownership over water 

treatment processes (Li et al., 2022). 

To sum up, the reformulation of SODIS to combat 

pharmaceutical resistances and ARB threats is not 

merely a scientific endeavor but a crucial public health 

initiative. Integrating photocatalytic materials, natural 

additives, and optimized container designs positions 

SODIS as a more robust and effective water 

disinfection technology (Adeoba & Yessoufou, 2018, 

Matthew, et al., 2021). Collaborative efforts among 

researchers, healthcare communities, and local 

populations will be essential in facilitating the 

successful transition of these enhanced methods into 

community practice, ensuring broader access to safe 
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drinking water in the face of escalating public health 

challenges (Miao, et al., 2022; Wilkinson, et al., 2022). 

2.7. Policy, Practice, and Implementation 

Considerations 

The intersection of pharmaceutical contamination and 

water safety protocols, particularly in the context of 

Solar Water Disinfection (SODIS), is emerging as a 

significant public health challenge. As the prevalence 

of pharmaceutical residues, including antibiotics, in 

both surface and groundwater increases, it is clear that 

traditional water safety guidelines, primarily focused 

on microbial indicators such as Escherichia coli, are 

insufficient. This inadequacy underscores the urgent 

need to develop comprehensive regulatory 

frameworks that incorporate novel metrics for 

assessing water quality (Macedo, et al., 2021). 

Current evidence suggests that many water quality 

guidelines sanctioned by organizations like the World 

Health Organization (WHO) do not adequately 

address the impacts of pharmaceutical residues on 

water treatment technologies, including SODIS 

(Kaiser et al., 2022). With concerns over antibiotic 

resistance being heightened by the presence of such 

residues in the environment, a reconfiguration of water 

safety protocols that emphasizes risk assessments 

associated with pharmaceutical contaminants is 

essential (Ghabalo & Safarkar, 2022). The 

introduction of thresholds for antibiotic residues, 

along with regular monitoring for antibiotic resistance 

genes (ARGs), would represent a significant step 

towards creating a robust framework for ensuring 

water safety in affected communities (Kaiser et al., 

2022). 

Furthermore, the environmental factors affecting 

SODIS efficacy—including solar intensity, ambient 

temperature, and turbidity—must be considered 

within these frameworks. Studies show that 

pharmaceutical pollution can specifically impede the 

effectiveness of SODIS, revealing an interplay of 

chemical and microbial dynamics that must be 

factored into regulatory measures (Chaúque & Rott, 

2021). Implementing community-centered 

surveillance systems that actively incorporate these 

findings into local practices and policies is vital. Such 

measures would not only improve compliance with 

water safety standards but also address the growing 

public health challenges posed by antimicrobial 

resistance (Kaiser et al., 2022; Chaúque et al., 2022). 

To better address the social dimensions of SODIS 

implementation, it is critical to engage communities 

through education and awareness campaigns about 

pharmaceutical contaminants and associated health 

risks. Many individuals in low-income and rural 

communities lack awareness of these threats, often 

operating under the misconception that visually clear 

water is safe for consumption (Bitew et al., 2020). It is 

recommended that educational initiatives utilize 

culturally relevant messaging and participatory 

engagement strategies; these can enhance community 

knowledge of both water disinfection practices and the 

implications of using SODIS when pharmaceutical 

contamination may be present (Mutuku, Gazdag & 

Melegh, 2022; Taing, et al., 2022). 

The integration of education alongside innovative 

monitoring techniques, such as cost-effective field kits 

for detecting antibiotic residues and ARGs at the 

household level, could further bolster community 

resilience against waterborne diseases and the 

concurrent threat of antibiotic resistance. Community 

water champions—like local health workers—can 

promote awareness and facilitate monitoring efforts, 

thereby strengthening communal trust and 

participation in health interventions (Kaiser et al., 

2022; Lambirth et al., 2018). 

Moreover, financing initiatives should be sought to 

support the scalable implementation of enhanced 

SODIS practices. Collaborations among governments, 

NGOs, and the private sector are essential for fostering 

sustainable models that enable the development and 

distribution of affordable technologies for water 

disinfection, reflecting the specific needs and 

conditions of the target communities (Attah, et al., 

2022, Chukwuma, et al., 2022). 

In conclusion, the challenges presented by 

pharmaceutical interference in SODIS necessitate a 

multifaceted approach that encompasses scientific 

innovation, policy reform, and community 

engagement (Lan, et al., 2022). By evolving water 

safety regulations to adequately protect against 

pharmaceutical residues and antibiotic resistance, we 

can promote effective intervention strategies that 

ensure sustainable access to safe drinking water in 
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vulnerable and underserved populations. Ultimately, 

fostering a comprehensive, policy-driven framework 

is vital for safeguarding public health amid the rapidly 

changing landscape of environmental threats 

(Ghernaout & Elboughdiri, 2020; Jia, et al., 2020). 

2.8. Conclusion and Future Directions 

Pharmaceutical interference in Solar Water 

Disinfection (SODIS) represents a critical frontier in 

water treatment innovation and public health 

protection. This conceptual framework has explored 

the complex interactions between trace 

pharmaceutical contaminants—particularly 

antibiotics—and the mechanisms of microbial 

inactivation in SODIS. Key findings indicate that the 

photoreactivity of pharmaceutical compounds, their 

capacity to generate or scavenge reactive oxygen 

species (ROS), and their transformation into 

biologically active photoproducts can significantly 

modulate the effectiveness of SODIS. Furthermore, 

the co-presence of antibiotic-resistant bacteria (ARB) 

and antibiotic resistance genes (ARGs) in 

pharmaceutically contaminated waters presents 

formidable challenges, as these genetic elements may 

persist or even proliferate during sub-lethal 

disinfection events. Such interactions not only 

compromise the efficacy of SODIS but may also 

exacerbate antimicrobial resistance in treated water, 

posing a profound risk to vulnerable populations, 

especially in underserved and immunocompromised 

communities. 

The conceptual contribution of this framework lies in 

its multidisciplinary integration of environmental 

chemistry, microbiology, water treatment engineering, 

and public health. It emphasizes the need to 

reconceptualize SODIS beyond its traditional 

parameters—temperature, UV-A intensity, and 

exposure time—by incorporating emerging 

contaminants into its operational and risk assessment 

models. It also highlights viable pathways for 

reformulation, including the use of photocatalysts like 

TiO₂ and ZnO, natural photosensitizers, modified 

container materials, and tailored exposure strategies. 

The inclusion of educational outreach, policy reforms, 

and context-sensitive implementation strategies 

broadens the scope of SODIS from a technical 

intervention to a community-centered health 

innovation. 

Despite the depth of this conceptual framework, 

several research gaps remain. Empirical validation of 

the proposed interactions between pharmaceutical 

compounds and microbial inactivation pathways is 

essential. Field-based studies are needed to quantify 

the impact of specific pharmaceuticals at 

environmentally relevant concentrations on SODIS 

performance. The behavior of ARGs under SODIS 

conditions, both in viable and lysed bacterial forms, 

must also be investigated to understand transmission 

risks. Furthermore, real-world evaluation of enhanced 

SODIS systems—including photocatalytic containers, 

natural additives, and multi-barrier approaches—is 

critical to assessing feasibility, scalability, and long-

term effectiveness under diverse environmental and 

socio-cultural conditions. 

As the world grapples with interconnected challenges 

of water insecurity, pollution, and rising antimicrobial 

resistance, this work strongly aligns with global policy 

objectives under the United Nations Sustainable 

Development Goals. Specifically, it supports SDG 3 

(Good Health and Well-Being) by addressing 

microbial safety and mitigating the spread of antibiotic 

resistance, and SDG 6 (Clean Water and Sanitation) 

by proposing innovative, accessible, and resilient 

approaches to decentralized water treatment. These 

goals are not only aspirational but imperative, 

particularly for communities without access to 

centralized water systems, facing growing 

environmental pressures, and burdened by fragile 

healthcare infrastructures. 

In conclusion, the future of SODIS lies in its 

transformation into a smarter, chemically aware, and 

resistance-sensitive water treatment strategy. By 

embracing interdisciplinary research, policy 

integration, and community empowerment, SODIS 

can evolve to meet the challenges of a 

pharmaceutically contaminated world. The journey 

ahead involves rigorous testing, adaptive design, and 

inclusive deployment, but the potential gains—in 

health equity, environmental sustainability, and public 

trust—are both measurable and meaningful. This 

conceptual framework provides a foundation upon 

which new models, policies, and practices can be built 
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to ensure that the promise of clean and safe drinking 

water remains within reach for all. 
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