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Abstract: Heterocyclic pharmaceuticals are emerging contaminants due to their toxic, carcinogenic nature and 

detrimental impact on the natural ecosystem. These compounds pose a significant environmental concern 

given their widespread use in medical therapy, constituting over 90% of new medications. Their unique 

chemical structure contributes to their persistence in various environmental matrices, necessitating urgent 

measures to mitigate their risks. This review comprehensively examines the sources, environmental fate, 

toxicity, and long-term risks associated with heterocyclic pharmaceuticals, proposing potential remediation 

strategies. The article commences with an overview of the diverse types of heterocyclic pharmaceuticals and 

their applications, focusing on compounds containing heteroatoms such as nitrogen, oxygen, and sulfur. 

Subsequently, it explores the sources and pathways through which these pollutants enter the environment, 

including wastewater discharge, agricultural runoff, improper disposal, resistance to biodegradation, and 

bioaccumulation. The toxic effects and long-term consequences of exposure to heterocyclic pharmaceuticals 

are then discussed, encompassing neurotoxicity, genotoxicity, mutagenesis, cardiovascular and metabolic 

toxicity, carcinogenicity, and teratogenesis. Additionally, the review summarizes various remediation 

strategies and treatment solutions aimed at reducing the environmental impact of these compounds, drawing 

insights from the literature. The research concludes by identifying critical areas for future research, 

emphasizing the urgent need for more effective remediation strategies to address the growing concern posed 

by these emerging contaminants. 

Keywords: heterocyclic compounds; pharmaceuticals; risk assessment; environmental threat; 

remediation; water recovery 

 

1. Introduction 

Heterocyclic compounds are cyclic structures containing at least one atom other than carbon, 

known as a heteroatom [1]. The most common heteroatoms are oxygen, nitrogen, and sulfur, but 

others like phosphorus, iron, magnesium, and selenium can also be incorporated, often within five 

or six-membered rings [2,3]. These substances occur naturally in the environment and can be 

synthesized in large quantities through industrial processes [4]. Their significance lies in their 

widespread pharmaceutical use, including medicines, insecticides, and crop protection agents. 

Heterocycles can be designed to produce beneficial compounds such as hormones, antibiotics, and 
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vitamins [5,6]. They also exhibit various biological activities, including antibacterial, antifungal, anti-

inflammatory, anticancer, antiviral, anti-allergic, anthelmintic, antioxidant, anticonvulsant, anti-

histamine, anti-leprosy, and antihypertensive properties [7–9]. Heterocycles play a crucial role in 

modern drug development, enabling the modification of physicochemical properties like solubility, 

lipophilicity, polarity, and hydrogen bonding capacity of biologically active agents. This optimization 

of ADME/Tox (Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties is essential 

for developing effective pharmaceuticals [10,11]. The World Health Organization (WHO) estimates 

that over 90% of new medications contain heterocyclic structures [12]. 

However, heterocyclic compounds' widespread presence and persistence in ecosystems and 

their toxic, carcinogenic, and other hazardous effects pose a significant environmental concern 

[13,14]. Even trace amounts of these compounds in drinking water can disrupt endocrine function, 

impair development, and modulate biological processes, including intracellular calcium signaling 

and tumor cell proliferation. Exposure to heterocyclic pharmaceuticals can also have toxic effects on 

the thyroid, reproductive organs, liver, nervous system, and other body systems [15,16]. The United 

States Environmental Protection Agency (USEPA) has classified some heterocyclic compounds as 

priority pollutants [17]. Pharmaceutical pollution of surface and groundwater is a well-recognized 

environmental hazard in many countries [3]. The heterocyclic structure of these compounds makes 

them highly soluble, allowing them to contaminate groundwater readily. Heterocyclic substances 

have been detected in various environmental matrices at concentrations ranging from parts per 

billion (ppb) to parts per million (ppm), and they are often characterized by their high polarity [18]. 

For example, sulfonamides, a group of antibiotics, have been consistently found in surface waters at 

concentrations ranging from 0.13 to 1.9 µg/L [19]. Triadimefon, another heterocyclic compound, has 

also been widely detected in surface waters at elevated levels [20]. 

The increasing contamination of water sources with toxic compounds is a growing concern due 

to the expansion of industries and the high-tech sector. A previous study estimated that 

approximately 38,000 chemicals are in use, with more than 300 new compounds being created 

annually. These components are constantly discharged into the water environment [22,23]. 

According to the United Nations report on world water development, over 80% of the wastewater 

generated worldwide is released untreated into the environment [24]. Given the risks associated with 

heterocyclic pharmaceuticals and their widespread use, it is imperative to address the contamination 

of water sources, particularly wastewater from industrial operations [25,26]. Developing effective 

methods and strategies to reduce the harmful impacts of these compounds is crucial [27]. 

This review aims to shed light on heterocyclic pharmaceuticals' concerns, providing detailed 

insights into their environmental fate, ecotoxicity, and long-term risks. By identifying knowledge 

gaps and exploring innovative remediation options, this review seeks to contribute to developing 

more effective and sustainable approaches to mitigate the harmful impacts of these compounds on 

ecosystems and human health. 

2. Overview of Heterocyclic Pharmaceuticals 

Heterocyclic compounds play a pivotal role in medicinal chemistry and the pharmaceutical 

industry due to their biological activity and stability. They are widely used in drug design and 

production, forming the core structure of numerous pharmaceutical agents [28]. 

Common heterocyclic compounds encompass amino acids, vitamins, and enzyme precursors. 

Heterocycles with condensed ring structures exhibit diverse physiological functions and are 

classified based on the heteroatoms they contain [2,3]. The following sections will delve into the most 

prevalent pharmaceutical heterocyclic compounds, categorized by their heteroatoms and their 

applications in the pharmaceutical field. 

2.1. Nitrogen-Containing Heterocycles 

Nitrogen-containing heterocycles represent the most prevalent class of heterocyclic compounds 

employed in pharmaceuticals, comprising nearly 50% of approved new chemical entities [28]. Over 

85% of bioactive molecules possess at least one nitrogen atom [11]. These compounds exhibit a broad 
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spectrum of biological activities due to their structural resemblance to natural and synthetic 

molecules [29]. In recent years, the primary nitrogen-containing heterocyclic building blocks utilized 

in medicinal chemistry have included pyrroles, indoles, triazoles, pyrimidines, 

imidazoles/benzimidazoles, tetrazoles, and quinolines [13]. Among these, the indole heterocycle is 

one of the most widely used therapeutics found in both natural and synthetic sources. It possesses a 

diverse range of medicinal and biological activities [30,31]. The indole's physiological activity and its 

demonstrated anti-inflammatory, antibacterial, antitubercular, anticonvulsant, antifungal, 

antimalarial, antidiabetic, antidepressant, antioxidant, anticancer, and antimicrobial effects have 

garnered significant attention [16,32,33]. Indole and its derivatives are indispensable in medicinal 

chemistry. Figure 1 illustrates the well-known basic structure of indole and its derivatives commonly 

used in medicines and drugs. 

 

Figure 1. Structure of common indole derivatives and their application in pharmaceutical chemistry. 

2.1.1. Benzimidazole and Imidazole 

Benzimidazole and imidazole are well-recognized nitrogen-containing heterocyclic rings that 

exist in similar tautomeric forms [34]. Their versatile properties have captivated medicinal chemists, 

leading to their widespread use in pharmaceutical drug development [35]. Benzimidazole rings, in 

particular, have long served as a preferred scaffold for synthesizing therapeutic compounds with 

diverse pharmacological and biological applications [36]. Notable derivatives include thiabendazole, 

albendazole, flubendazole, fenbendazole, mebendazole, and triclabendazole [37]. These compounds 

have demonstrated significant potential in the discovery of novel agents with various 

pharmacological and biological activities, including antiprotozoal, antihelminthic, antiviral, 

antimicrobial, antimalarial, anti-inflammatory, antidiabetic, anticancer, antiparasitic, antioxidant, 

and anticonvulsant properties [38,39]. To illustrate the diverse therapeutic applications of these 

heterocyclic compounds, Figure 2 presents the pharmacological activities of different benzimidazole 

derivatives and their corresponding names and therapeutic classes. 
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Figure 2. Structure of common benzimidazole derivatives and their application in pharmaceutical 

chemistry. 

2.1.2. Pyrazole: A Versatile Nitrogen-Containing Heterocycle 

Pyrazole, another nitrogen-containing heterocyclic substance, has emerged as a valuable 

scaffold and adaptable lead compound in pharmaceutical research due to its intriguing biological 

properties [40]. Its ease of synthesis and amenability to chemical modification make pyrazole a highly 

attractive compound for medicinal chemistry [41]. 

Pyrazole derivatives exhibit a broad range of cytoprotective and modulatory activities, leading 

to diverse therapeutic applications, including anticancer, antibacterial, antifungal, antinociceptive, 

antidepressant, and, most notably, anti-inflammatory effects [42–44]. Figure 3 illustrates the chemical 

structures of the most common pyrazole heterocyclic compounds, along with their corresponding 

names and therapeutic classes. 
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Figure 3. Structure of common pyrazole derivatives and their application in pharmaceutical 

chemistry. 

2.2. Oxygen and Nitrogen-Containing Heterocycles 

Oxygen and nitrogen-containing heterocycles exhibit unique properties attributed to their 

ability to form diverse non-covalent interactions with enzymes and biological receptors [45]. Among 

the most common examples are oxazole and isoxazole. These compounds differ in positioning their 

heteroatoms (oxygen and nitrogen) within their ring structures, leading to distinct chemical 

properties [46]. 

These compounds' unique ring structures, heteroatom positions, and chemical properties 

contribute to their versatile biological activities. Numerous oxazole derivatives, including oxazoles, 

oxazolines, isoxazoles, oxazolidones, oxadiazoles, and benzoxazoles, have found applications as 

medicinal drugs [47]. These compounds have demonstrated significant potential for treating various 

diseases, showcasing their valuable development potential and broad applicability as drugs with 

diverse biological activities. These activities encompass anti-inflammatory, antibacterial, antifungal, 

antiparasitic, anti-obesity, antitubercular, anticancer, antiviral, analgesic, anti-neuropathic, 

antidiabetic, and antioxidative properties, as illustrated in Figure 4 [45,48].  

 

Figure 4. Common oxazole-derived medicinal agents and their application in pharmaceutical 

chemistry. 

2.3. Sulfur-Containing Heterocycles 

Sulfur-containing heterocycles have garnered significant attention from pharmaceutical 

researchers in medicinal chemistry due to their demonstrated importance in drug discovery [49]. 

These S-heterocycles serve as fundamental building blocks in various synthetic analogues, 

encompassing a wide range of therapeutic activities. They have been a core component of numerous 

FDA-approved drugs and active compounds for decades [49,50]. Therapeutic applications for these 

sulfur-containing drugs include anticancer, antiviral, antimicrobial, antidiabetic, antihypertensive, 

and anti-inflammatory activities [50]. Thiophene (a five-membered heterocycle) and thiopyran (a six-

membered heterocycle) represent the most common S-heterocycles that do not contain nitrogen. 

Numerous drugs and pharmaceuticals are derived from thiophene, finding widespread 

application in various medical treatments, as illustrated in Figure 5. 
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Figure 5. Common thiophene derivatives and their application in pharmaceutical chemistry. 

2.3.1. Thiopyrans: A Less Explored Class of Sulfur-Containing Heterocycles 

Compared to thiophene, thiopyrans have received less attention from researchers due to the 

abundance of diverse six-membered oxygen heterocycles in nature, offering an alternative scaffold 

[51]. However, their potential biological activities have sparked growing interest in recent years. 

Thiopyrans find utility in organic synthesis and pharmaceutical chemistry, serving as versatile 

building blocks for producing compounds with antibacterial, anti-hyperplasia, anti-psychiatric, and 

anticancer properties [52]. A well-known example of a drug derived from thiopyran is Meticrane, a 

diuretic. 

2.4. Nitrogen and Sulfur-Containing Heterocycles 

Heterocycles incorporating both nitrogen and sulfur within their structures have witnessed 

significant advancements in recent decades, leading to the development of novel synthetic and 

natural agents [53]. S-N heterocyclic compounds commonly include thiazole, isothiazole, and 

thiazolidine. 

Thiazole, in particular, has garnered widespread attention in pharmaceuticals and medical 

treatment due to its diverse biological activities, encompassing anti-inflammatory, antibacterial, 

antiviral, anticancer, and antifungal properties [54–57]. The thiazole ring, composed of sulfur and 

nitrogen, possesses aromatic characteristics, enabling the delocalization of pi (π) electrons between 

bonds and providing numerous reactive sites for donor-acceptor, nucleophilic, and oxidation 

reactions [53,58,59]. Several thiazole analogues have gained approval for treating various diseases. 

Figure 6 illustrates common chemical structures of thiazole-containing drugs that serve as active 

pharmaceutical ingredients. 

Compared to thiazole, isothiazole (a structural isomer with reversed sulfur and nitrogen 

positions) and thiazolidine (differing in double bonds) have found less frequent application in 

medicinal chemistry or therapeutic activities. However, they possess specialized uses. For instance, 

isothiazole is employed in psychiatric drugs such as ziprasidone, while thiazolidine is utilized in 

diabetic treatments like Pioglitazone and Rosiglitazone. 
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Figure 6. Common thiazole derivatives and their application in pharmaceutical chemistry. 

3. Sources and Environmental Fate of Heterocyclic Pharmaceuticals 

As highlighted in the previous section, numerous pharmaceuticals and compounds used for 

medical purposes are derived from heterocyclic compounds. These substances, characterized by their 

versatile chemical structures and therapeutic properties, play a crucial role in modern medicine. 

Pharmaceuticals are produced in vast quantities worldwide for both human and veterinary use, 

totaling thousands of tons annually [60]. Domestic use represents the most significant source of 

emissions [61,62]. Healthcare services, hospitals, industrial chemical residues, veterinary practices, 

agriculture, and aquaculture all contribute to releasing pharmaceuticals and drugs into the 

environment [63]. 

Pharmaceuticals can enter the environment during manufacturing, consumption, and disposal 

[64]. Improper disposal of unused or expired drugs through sinks and toilets contributes to the 

growing problem of pharmaceutical waste, with an estimated 3-50% of pharmaceuticals becoming 

waste [65]. The presence of heterocyclic pharmaceuticals in the environment raises significant 

concerns due to their high toxicity and persistence, as their breakdown in environmental matrices is 

often incomplete [61,62]. If not detected and managed appropriately, disposal can lead to residue 

leakage and accumulation over time. 

In addition to their widespread use and improper disposal, heterocyclic compounds, mainly 

those containing nitrogen, exhibit high solubility compared to other pharmaceutical compounds. 

This allows them to readily enter aquatic environments, becoming prevalent in both surface and 

groundwater, as well as wastewater from industrial processes [18,66]. These chemicals can also be 

transferred to the soil through irrigation and other practices. Increased quantities of heterocyclic 

pharmaceuticals have been detected in various aquatic environments, including surface water, 

groundwater, and wastewater, within a concentration range of 0.03 to 11,000 ng/L [62]. Surface waters 

have been found to contain concentrations ranging from 0.03 ng/L to 11 μg/L [18]. A 2023 study by 

Zhang et al. on wastewater treatment plant effluent and river samples identified 5,783 organic 

compounds, including pharmaceuticals [66]. The study revealed that wastewater treatment plant 

effluent contributed 33.6% of these compounds to the river, highlighting the significant 

environmental impact of wastewater treatment plants on aquatic pollution and the need for 

improved treatment technologies. 
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Heterocyclic pharmaceuticals in aquatic systems can undergo various fates, including 

biodegradation, photolysis, or sorption. Microbial communities and photolysis can partially degrade 

these compounds, while their sorption in all environmental matrices affects bioavailability, 

potentially causing toxicity to the ecosystem [67]. The resistance of pharmaceutical pollutants to 

conventional wastewater treatment plant methods poses a significant challenge. Figure 7 summarizes 

the pathways through which heterocyclic pharmaceuticals are released into the environment, 

emphasizing their environmental contamination. It focuses on the sources and fate, including 

industrial waste, improper human and animal waste disposal, and wastewater effluents from 

domestic use and hospitals.  

 

Figure 7. Sources and fate of pharmaceuticals such as heterocyclic compounds into the environment. 

Reproduced with permission [67]. Copyright 2019, Elsevier. 

4. Toxicity, Long-Term Risks, and Impacts on Ecosystems of Heterocyclic Pharmaceuticals 

As noted in Section 2, heterocyclic pharmaceuticals play a vital role in healthcare, offering 

significant therapeutic advantages and improving patients' quality of life. However, as discussed in 

Section 3, their widespread usage and persistence pose a substantial environmental concern. 

Heterocyclic compounds present considerable health hazards due to their inherent recalcitrance and 

notable acute toxicity, mutagenicity, carcinogenicity, teratogenicity, and genotoxicity in diverse 

species, including humans, microbes, animals, and plants [68–70]. Not only do heterocycles exhibit 

these effects in their structural form, but their toxicity can also increase as they decompose into more 

hazardous derivatives and byproducts. 

In addition to these detrimental effects, heterocyclic compounds exhibit persistence in 

environmental matrices due to their resistance to degradation processes and possess high 

bioavailability. Nitrogen, oxygen, or sulfur-containing heterocycles have higher water solubility, 

potentially contaminating groundwater and adversely impacting soil by transporting them through 

water, posing environmental risks such as aquatic and terrestrial toxicity, biomagnification, and 

potential human health risks [18]. 

As demonstrated in the previous section, exposure to heterocyclic pharmaceuticals occurs 

through various pathways, including water, soil, food ingestion, inhalation, and contact [71]. This 

exposure can lead to numerous toxicological impacts, such as neurotoxicity, genotoxicity and 

mutagenesis, cardiovascular and metabolic toxicity, carcinogenicity, and teratogenesis [72]. Nitrogen 
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or oxygen-containing compounds can cause neurotoxicity through oxidative damage and 

neurodegenerative disorders. Pyrazole, for example, can depress the central nervous system, and 

prolonged exposure can lead to neurological disruption, headaches, dizziness, and cognitive decline 

[62]. Thiophene, an S-containing heterocycle, can also cause short-term headaches, dizziness, and 

unconsciousness, while long-term exposure affects the neurological and cardiovascular systems 

without known carcinogenic effects [62]. 

Heterocyclic compounds can potentially cause DNA breakdown and mutations through 

genotoxicity, disrupting gene regulation, oxidative stress, mitochondrial dysfunction, and apoptosis. 

Mutagenesis occurs when reactive metabolites directly bind to DNA through activating aromatic 

hydrocarbon receptors (AhR), posing significant risks, especially with long-term exposure [73]. 

Indoxyl sulfate, a metabolite of indole (one of the heterocyclic compounds), can cause cardiovascular 

toxicity, including myocardial necrosis, hypertrophy, fibrosis, and vasculitis, especially at high 

concentrations [62]. Prolonged exposure to heterocyclic substances can disrupt normal metabolic 

processes through mechanisms related to oxidative stress, leading to metabolic disorders like insulin 

resistance or the development of type 2 diabetes [74]. 

Nitrogen-containing heterocyclic substances, including pyrazole, are strongly carcinogenic and 

linked to various cancers like prostate and colorectal cancer. The substitution of nitrogen atoms alters 

their toxicological profile, making them more persistent and capable of DNA damage. Consequently, 

some nitrogen-containing heterocycles are classified as human carcinogens by the International 

Agency for Research on Cancer (IARC) [73]. Certain heterocyclic chemicals can induce 

developmental defects in humans and teratogenesis, mainly when exposure occurs during pregnancy 

[71,73]. 

While heterocyclic pharmaceuticals offer significant medical benefits, it is evident that they pose 

severe risks due to their persistence and bioaccumulation. Their toxic effects, ranging from 

neurotoxicity to carcinogenic potential, can adversely affect critical biological functions and 

pathways. Figure 8 summarizes the toxicological effects of these chemicals on human health. 

 

Figure 8. Toxicological impacts of heterocyclic pharmaceuticals on human health. 
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4.1. Ecological Impacts of Heterocyclic Pharmaceuticals 

The extensive toxicological consequences of heterocyclic compounds extend beyond human 

health to ecosystems. These compounds significantly threaten aquatic and terrestrial creatures, 

including marine species, soil organisms, and plants. Their mobility and widespread availability 

exacerbate this risk. The persistence of heterocyclic compounds in the environment, their potential 

for long-term harm, and their accumulation in aquatic environments have adverse impacts on fish, 

invertebrates, and algae, often resulting in lethal and sub-lethal effects such as chronic toxicity that 

disrupts reproductive and developmental processes [71]. Terrestrial toxicity, which affects soil 

organisms, including earthworms and plants, inhibits soil ecosystem function. 

Studies examining the aquatic ecotoxicity of heterocycles have utilized three species: the marine 

bacterium Aliivibrio fischeri, the freshwater algae Raphidocelis subcapitata, and the crustacean 

Daphnia magna. Experiments have revealed that most tested heterocycles are "very toxic" to 

freshwater species, with EC50 values less than 1 mg/L, placing them in the acute danger category 1 

[75]. Another study focused on the toxicity of heterocycles, employing D. magna crabs and 

Saccharomyces cerevisiae yeast as test specimens. The study found that both the heterocyclic core and 

the halogen atoms influenced the compounds' toxicity against D. magna [76]. 

The multifaceted toxicity of heterocycles and their capacity to damage both the environment and 

human health underscore the urgent need for robust monitoring and regulatory measures. 

Comprehensive risk assessments and ongoing monitoring are essential to mitigate heterocyclic 

pharmaceutical residues' environmental fate, effects, and toxicity. 

5. Remediation Technologies and Treatment Solutions of Heterocyclic Pharmaceutical 

Heterocyclic pharmaceuticals pose significant environmental concerns due to their persistence 

and potential toxicity in aquatic ecosystems, as highlighted in the previous section. Addressing the 

long-term ecological risks associated with these pollutants requires a multifaceted approach, 

encompassing source reduction, monitoring techniques, analysis and detection, regulatory 

frameworks, and environmental treatment. 

Various methods are available for monitoring these compounds in the environment, including 

Quantitative Structure-Activity Relationship (QSAR) and Quantitative Structure-Property 

Relationship (QSPR) models. These models predict the risks associated with pollutants' 

physicochemical properties [77]. Developing green and sustainable approaches for producing 

pharmaceutical heterocyclic compounds can also serve as remediation practices, ensuring the 

production of physiologically active molecules for drug design while aligning with pharmaceutical 

production sustainability [78,79]. 

Even after monitoring and detection, the bioactivity of heterocyclic pharmaceuticals remains a 

concern. Their presence in water bodies can lead to long-term environmental and health implications, 

necessitating their removal [80]. Conventional wastewater treatment plants often prove inadequate 

in eliminating these persistent organic contaminants [81]. This has spurred interest in developing 

more efficient and appropriate water treatment systems to address this challenge [80]. 

5.1. Evaluation of Remediation Technologies 

To effectively remove these contaminants from wastewater, a variety of remediation 

technologies and treatment solutions have been developed, including biological treatment [18], 

advanced oxidation processes (photo-Fenton and photocatalysis) [82], and membrane and filtration 

technologies [83]. Table 1 summarizes some relevant findings from the literature on the removal of 

pharmaceutical heterocyclic compounds. 

Each remediation method possesses its own advantages and limitations. For instance, a 

significant concern with photocatalytic degradation is the generation of hazardous byproducts, 

which requires further research to elucidate reaction pathways and intermediates and identify 

byproducts [69]. A study by Zhang et al. in 2023 investigated the toxicity of nitrogen-containing 

heterocyclic compounds after UV/H2O2 treatment using D. magna and Vibrio fischeri assays. The 
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results revealed increased toxicity for both compounds post-treatment, suggesting that the 

degradation process could inadvertently generate toxic byproducts [96]. This finding underscores the 

need for more effective strategies that ensure the proper degradation of these persistent pollutants 

while minimizing the development and toxicity of hazardous byproducts. 

Combination approaches can achieve more effective results in removing emerging 

contaminants. Future research should prioritize innovative, sustainable treatment solutions for 

heterocyclic compounds to reduce toxicity and promote a more sustainable approach to pollution 

remediation. 

Table 1. Selected examples of pharmaceutical heterocycle compound removal methods. 

Pharmaceutical 

Compound 

Heterocycle 

Type 
Method Used Operating conditions 

Efficiency 

(%) 
Ref. 

Indomethacin (Anti-

inflammatory) 
Indole 

UV–

vis/peroxydisulfate 

pH = 7, [IM] = 20 µM and 

[PDS] = 20 µM 

100% in 24 

min 
[84] 

Pindolol 

(Antihypertensive) 
Indole 

Photodegradation 

(photolysis) 

River water with riverine 

[DOM] = 20mgC/L, [NO3] = 1 

mM 

68% in 42  

min 
[85] 

Telmisartan 

(Antihypertensive) 
Benzimidazole 

Photocatalytic 

Degradation (TiO2) 

UV light, pH 7.0, [TN] = 

5.5 × 10−5 mol/L, TiO2 mass = 

20 mg 

100% in 180 

min 
[86] 

Albendazole 

(Antibacterial) 
Benzimidazole 

UV-C + H2O2 

process 

[ALB] = 1 mg/L, [O3]= 

1.5 mg/L, UV-C= 185/254 nm 

radiation peaks  and incident 

photon flux Np = 1.033 × 10-6 

Einstein/s 

>99% in 120 

min 
[87] 

Sildenafil            

(Phosphodiesterase 

type 5 Inhibitor) 

Pyrazole Sunlight/PMS 
Synthetic wastewater (pH ±8), 

[PMS ]= 800μM, [SIL]=3 mg/L 

100% in 130 

min 
[88] 

Celecoxib (Anti-

inflammatory) 
Pyrazole 

Photochemical, UV 

Lamp 

River water, pH= 7.8, [CLC]= 

2.00 μg/L, irradiated UV = 254 

nm 

100% in 1 

week 
[89] 

Sulfisoxazole 

(Antibiotic) 
Oxazole 

Photodegradation, 

Fe3O4 

Nanoparticles 

Fe₃O₄ mass 1 g/L, [SSX] 10 

ppm, irradiated with 150 W 

UV lamp 

60% in 120 

min 
[90] 

Oxaprozin (Anti-

inflammatory) 
Oxazole 

Electrochemical 

Anodic Oxidation 

(Ti/IrO2 anode) 

[OXA] = 203 μmol/L, Current 

density: 30.25 mA/cm2, 

[sodium chloride]=0.225 mol/L 

100% in 4 

min 
[91] 

Olanzapine 

(Antipsychotic) 
Thiophene 

Photocatalytic 

degradation (TiO2) 

[OLA] = 5 × 10−5 mol/L, Solar 

simulated light (250 and 500 

W/m²), catalyst mass 1.56 g/L 

100% in 120 

min 
[92] 

Clopidogrel 

(Antiplatelet) 
Thiophene 

Electrochemical 

advanced 

oxidation (Electro-

Fenton Process) 

[CPG] = 0.02 mM, [Fe2+] = 0.7 

mM, [Na2SO4] = 50 mM, pH = 

3, I = 0.55 A and V = 0.3 L. 

70.4% in 8 h [93] 
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Cefixime           

(Antibacterial) 
Thiazole 

Photocatalytic 

Degradation 

(Bi12TiO20) 

[CFX] = 10 mg/L, pH = 6, 

catalyst dosage = 1.5 g/L, 

94.93% in 

180 min 
[94] 

Nitazoxanide 

(Antiparasitic) 
Thiazole 

Photocatalytic 

Degradation 

(BiOI/Bi4O5I2 

heterostructure) 

Photocatalyst mass 0.4 mg/L, 

[NTZ] = 10 mg/L, 150 W 

mercury lamp (500–550 nm, 

7.31–7.53 mW cm−2) 

100% in 60 

min 
[95] 

6. Conclusions and Perspectives 

As demonstrated in this review, heterocyclic pharmaceutical pollutants pose a significant 

environmental risk due to their toxic and carcinogenic properties. Their widespread use in medical 

therapy, constituting over 90% of new medications, and their persistence in various environmental 

matrices, exacerbates the risk and harms the natural ecosystem. Therefore, preventing the spread of 

these compounds into the environment is imperative. 

This review has comprehensively examined the sources, environmental fate, toxicity, and long-

term risks associated with heterocyclic pharmaceuticals, proposing potential remediation strategies. 

The study commenced with an overview of the diverse types of heterocyclic pharmaceuticals and 

their applications, focusing on the most common heteroatoms: nitrogen, oxygen, and sulfur. It 

subsequently explored their sources and pathways into the environment, emphasizing their 

resistance to biodegradation and their ability to accumulate in organisms. These chemicals can enter 

water systems through wastewater discharge, agricultural runoff, and improper disposal. 

Furthermore, the review discussed the toxic effects and long-term consequences of exposure to 

heterocyclic pharmaceuticals, including neurotoxicity, genotoxicity, mutagenesis, cardiovascular and 

metabolic toxicity, carcinogenicity, and teratogenesis. Additionally, various remediation strategies 

and treatment solutions for reducing the environmental impact of these compounds were reviewed, 

and multiple technologies and approaches were identified for efficiently removing contaminants 

from wastewater, such as biological treatment, advanced oxidation processes, and membrane and 

filtration technologies. 

This review concludes by emphasizing the urgent need for future research to develop effective 

strategies for reducing the formation and toxicity of hazardous byproducts from persistent 

pollutants. It recommends combination approaches, which have shown greater efficacy in removing 

emerging contaminants. Additionally, there is a critical need to innovate and implement sustainable 

treatment solutions for heterocyclic compounds to mitigate their toxicity and promote a more 

sustainable approach to pollution remediation. 

The topic discussed here also invites further reflection on "Global Health and Environmental 

Justice." The environmental impact of heterocyclic pharmaceuticals, like other pollution sources, 

often disproportionately affects marginalized communities and developing countries with limited 

infrastructure and access to clean water and sanitation. This highlights the complexity of potential 

solutions. Given human, animal, and environmental health interconnectedness, the One Health 

approach appears to be the most appropriate. 

Furthermore, to mitigate the environmental impact of heterocyclic pharmaceuticals, it is 

essential to develop and enforce robust international regulations governing these substances' 

production, use, and disposal. Increased public awareness of the environmental risks associated with 

the production and consumption of pharmaceuticals, including heterocyclics, is also necessary. This 

awareness can promote responsible consumption and disposal practices, as well as the adoption of 

green chemistry practices in the pharmaceutical industry, such as designing and producing 

compounds with reduced toxicity and persistence. 

Continuous research and development of innovative wastewater treatment technologies, such 

as advanced oxidation processes, membrane filtration, and bioremediation, are crucial for effectively 

removing heterocyclic pharmaceuticals from the environment. Additionally, nanomaterial-based 

solutions for pollutant removal and degradation should be explored. 
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