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Abstract

Pharmaceutical compounds, including antibiotics, analgesics, and hormones, have emerged as significant contaminants in
aquatic ecosystems due to their widespread use and persistence. This review synthesizes current knowledge on the
biogeochemical dynamics of these compounds, focusing on their sources, fate, ecological impacts, and management in
aquatic environments. Primary sources, such as wastewater treatment plant effluents, agricultural runoff, and improper
disposal, introduce pharmaceuticals into rivers, lakes, wetlands, and oceans. Biogeochemical processes, including
adsorption to sediments, microbial and abiotic degradation, and bioaccumulation in aquatic biota, govern their transport
and transformation. These processes influence nutrient cycling and ecosystem functions, with sublethal effects on fish,
invertebrates, and algae, alongside broader consequences like biodiversity loss and antibiotic resistance gene proliferation.
Case studies from systems like the Danube, Lake Genewva, and the Baltic Sea highlight spatial and temporal variations in
pharmaceutical loads, emphasizing regional disparities between developed and developing nations. Mitigation strategies,
including advanced treatment technologies (e.g., ozonation, activated carbon), regulatory frameworks, and sustainable
practices like green pharmacy, offer solutions to reduce environmental impacts. Howewer, challenges such as mixture
toxicities, longterm ecological effects, and climate interactions remain. This review underscores the need for integrated
monitoring, interdisciplinary research, and global collaboration to address pharmaceutical pollution, providing a
comprehensive framework for understanding its biogeochemical and ecological implications in aquatic ecosystems.

1. INTRODUCTION

1.1 Overview of Biogeochemistry in Environmental Contexts

Biogeochemistry examines the intricate interplay of chemical, biological, and geological processes that govern
the cycling of elements and compounds within ecosystems [1]. This interdisciplinary field integrates principles
from chemistry, biology, and geology to elucidate how substances, such as nutrients and pollutants, move
through environmental compartments like air, water, soil, and biota. Key cycles, including those of carbon,
nitrogen, and trace elements, are driven by processes such as microbial metabolism, chemical transformations
(e.g., oxidation, reduction), and physical transport mechanisms (e.g., advection, diffusion) [2]. In the context
of pollutants, biogeochemistry provides a framework to understand their fate, transformation, and impacts
across ecosystems. Pharmaceuticals, as emerging contaminants, are particularly relevant due to their bioactive
nature and widespread environmental presence [3]. These compounds can alter microbial communities,
disrupt nutrient cycling, and interact with geological matrices, such as sediments, affecting ecosystem
functions [4]. For instance, antibiotics may inhibit nitrogen-fixing bacteria, thereby influencing the nitrogen
cycle in aquatic systems [5]. The study of pharmaceutical biogeochemistry is thus critical for assessing
environmental risks and predicting long-term ecological consequences in a rapidly changing world.

1.2 Pharmaceutical Compounds as Emerging Contaminants

Pharmaceuticals, encompassing a diverse range of compounds such as antibiotics, analgesics, antidepressants,
and hormones, are integral to modern healthcare, with global consumption estimated in millions of tons
annually [6]. These compounds, designed for therapeutic purposes, include non-steroidal anti-inflammatory
drugs (NSAID:s) like ibuprofen, antibiotics like ciprofloxacin, and synthetic hormones like ethinylestradiol,
each with distinct chemical properties influencing their environmental behavior [7]. The rise in
pharmaceutical use, driven by population growth, aging demographics, and increased access to healthcare,
has led to significant environmental release [8]. Unlike traditional pollutants, pharmaceuticals are biologically
active at low concentrations (ng/L to pg/L), posing unique challenges due to their persistence and potential
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for ecological disruption [9]. For example, studies have detected diclofenac in surface waters globally, with
concentrations reaching up to 1.2 pg/L in some regions, highlighting their ubiquity [10]. Primary release
pathways include human excretion (via urine and feces), improper disposal of unused medications, and
effluents from pharmaceutical manufacturing [11]. Conventional wastewater treatment plants (WWTDPs)
often achieve only partial removal, allowing compounds like carbamazepine to persist in effluents discharged
into aquatic environments [12]. The continuous input and bioactive properties of these compounds
necessitate a detailed understanding of their environmental fate and impacts.

1.3 Significance in Aquatic Ecosystems

Aquatic ecosystems, including rivers, lakes, wetlands, and oceans, are critical arenas for studying
pharmaceutical contamination due to their role as sinks and conduits in global biogeochemical cycles [13].
These systems are highly vulnerable to pollution because of their connectivity, receiving inputs from terrestrial
sources via runoff, groundwater discharge, and atmospheric deposition [14]. Rivers, for instance, transport
pharmaceuticals from urban and agricultural areas to downstream ecosystems, while wetlands may act as
natural filters through processes like sorption and biodegradation [15]. The biogeochemical significance of
aquatic systems lies in their capacity to mediate the cycling of nutrients and contaminants, influencing
ecosystem services such as water purification, nutrient retention, and biodiversity support [16].
Pharmaceuticals can disrupt these functions; for example, antibiotics may alter microbial communities critical
to denitrification, affecting nitrogen cycling [17]. Moreover, the persistence of pharmaceuticals in aquatic
environments, coupled with their potential to bioaccumulate in organisms like fish, amplifies their ecological
impact [18]. Understanding these dynamics is essential for predicting how pharmaceuticals interact with
aquatic biogeochemical processes and for safeguarding ecosystem health.
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Figure 1: Conceptual Diagram of Pharmaceutical Pathways in Aquatic Ecosystems, illustrating sources (e.g.,
WWTPs, agriculture), transport (e.g., runoff, groundwater), and sinks (e.g., sediments, biota).

1.4 Objectives and Scope of the Review

This review aims to synthesize current knowledge on the biogeochemical fate, ecological impacts, and
management strategies for pharmaceutical compounds in aquatic ecosystems, adopting an interdisciplinary
approach that bridges environmental chemistry, biology, and ecology [19]. It explores the sources and
pathways of pharmaceutical entry, key biogeochemical processes (e.g., adsorption, degradation,
bioaccumulation), and their ecological and human health implications, supported by case studies and
empirical data. The review also evaluates mitigation strategies, including advanced treatment technologies
and policy frameworks, to address pharmaceutical pollution [20]. By integrating diverse perspectives, this
work seeks to provide a comprehensive understanding of pharmaceutical biogeochemistry and inform
sustainable environmental management practices.
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2. Sources and Pathways of Pharmaceutical Entry into Aquatic Ecosystems

2.1 Primary Sources: Wastewater Treatment Plants and Effluents

Wastewater treatment plants (WWTPs) are the primary conduits for pharmaceutical entry into aquatic
ecosystems, as conventional treatment processes often achieve incomplete removal of these compounds [21].
Pharmaceuticals such as ibuprofen, carbamazepine, and sulfamethoxazole are frequently detected in WWTP
effluents due to their high usage and resistance to standard treatment methods like activated sludge [22].
Global estimates suggest that WWTPs discharge billions of liters of treated wastewater daily, contributing
significant pharmaceutical loads to surface waters [23]. For instance, a European study reported diclofenac in
90% of WWTP effluents at concentrations up to 1.2 pg/L, with removal efficiencies often below 50% [24].
Factors such as compound polarity, solubility, and treatment plant design influence removal rates, with
persistent compounds like carbamazepine showing removal efficiencies as low as 10% [25]. Urban WWTPs,
particularly in densely populated regions, amplify this issue due to high influent concentrations from
domestic sources [26]. The continuous discharge of effluents creates chronic exposure scenarios in receiving
waters, necessitating advanced treatment technologies to mitigate pharmaceutical pollution [27].

2.2 Agricultural and Veterinary Contributions

Agricultural and veterinary practices significantly contribute to pharmaceutical contamination through
runoff and leaching from livestock operations and aquaculture [28]. Antibiotics, such as tetracyclines and
sulfonamides, are widely used in animal husbandry to treat infections and promote growth, with substantial
fractions excreted unchanged in manure [29]. When manure is applied to fields, rainfall can mobilize these
compounds into surface waters or groundwater via soil leaching, with studies detecting tetracycline residues
in streams at concentrations up to 0.5 pg/L [30]. Aquaculture further exacerbates this issue, as antibiotics are
directly introduced into aquatic environments during fish farming [31]. For example, oxytetracycline used in
shrimp farming has been detected in coastal waters, impacting local ecosystems [32]. Soil properties, such as
organic matter content and pH, influence the mobility of these compounds, with sandy soils facilitating
greater transport to water bodies [33]. These agricultural inputs highlight the need for sustainable
management practices to reduce pharmaceutical runoff.

2.3 Other Anthropogenic Pathways

Beyond WWTPs and agriculture, other anthropogenic sources contribute significantly to pharmaceutical
pollution. Hospital effluents, containing high concentrations of antibiotics, cytostatics, and contrast agents,
are often discharged into municipal sewer systems with limited pretreatment [34]. Improper disposal of
unused or expired medications, such as flushing drugs down toilets, further introduces compounds like
analgesics and antidepressants into aquatic systems [35]. Industrial effluents from pharmaceutical
manufacturing plants are another critical source, with studies reporting concentrations of active
pharmaceutical ingredients (APIs) as high as 100 pg/L in rivers near production facilities in developing
nations [36]. Urban runoff, particularly during heavy rainfall events, exacerbates contamination by mobilizing
pharmaceuticals from combined sewer overflows and stormwater [37]. These diverse pathways underscore the
complexity of managing pharmaceutical inputs and the need for targeted interventions at multiple stages of
the waste stream.

2.4 Natural and Indirect Inputs

Natural and indirect pathways also contribute to pharmaceutical presence in aquatic ecosystems, though to a
lesser extent. Atmospheric deposition, where pharmaceuticals volatilized from WWTPs or landfills settle into
water bodies, has been documented for compounds like ibuprofen [38]. Wildlife excretion, particularly from
animals exposed to veterinary drugs, introduces trace amounts of pharmaceuticals into aquatic environments
[39]. Additionally, microplastics have emerged as vectors for pharmaceutical transport, adsorbing compounds
like fluoroquinolones and releasing them in aquatic systems under changing environmental conditions [40].
These indirect inputs, while less quantified, add to the cumulative load of pharmaceuticals and complicate
source attribution, requiring advanced monitoring techniques to assess their significance [41].

Table 1: Major Sources and Estimated Contributions of Pharmaceuticals to Aquatic Systems

Source Estimated Global Input Key Compounds Detected

(tons/year)
Wastewater Treatment Plants | 10,000 Diclofenac, Ibuprofen, Carbamazepine,
(WWTPs) Sulfamethoxazole
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Agriculture / Livestock 5,000 Tetracycline, Oxytetracycline,
Sulfonamides

Hospitals 1,000 Ciprofloxacin, Amoxicillin, lodinated
Contrast Media

Urban Runoff / Domestic 2,000 Fluoxetine, Atenolol, Metformin

Sources

Industrial Effluents 500 Paracetamol, Diclofenac, APIs

3. Biogeochemical Processes Governing Fate and Transport

3.1 Adsorption and Partitioning in Sediments and Soils

Adsorption and partitioning in sediments and soils are critical processes determining the fate of
pharmaceuticals in aquatic ecosystems [42]. Sorption mechanisms, including hydrophobic interactions, ion
exchange, and hydrogen bonding, govern the binding of compounds like fluoroquinolones to environmental
matrices [43]. Partition coefficients, such as Kd (distribution coefficient) and Koc (organic carbon-water
partition coefficient), quantify these interactions, with fluoroquinolones exhibiting high Koc values due to
their affinity for organic matter [44]. Organic matter content and clay minerals in sediments enhance
sorption, reducing bioavailability but creating long-term reservoirs of contaminants (45]. For instance, studies
show that ciprofloxacin strongly adsorbs to river sediments, with Kd values ranging from 100 to 1,000 L/kg
[46]. Environmental factors like pH and ionic strength further modulate sorption, with cationic
pharmaceuticals binding more readily under acidic conditions [47]. These processes influence the mobility
and persistence of pharmaceuticals, affecting their availability for degradation or uptake.

3.2 Degradation Pathways: Biotic and Abiotic

Degradation pathways, both biotic and abiotic, play a pivotal role in the transformation of pharmaceuticals
in aquatic environments [48]. Microbial biodegradation, mediated by bacteria in biofilms or sediments, breaks
down compounds like ibuprofen into less harmful metabolites, though rates vary widely [49]. For example,
ibuprofen has a half-life of days to weeks in aerobic conditions but persists longer in anoxic environments
[50]. Abiotic processes, including photodegradation in surface waters and hydrolysis, further degrade
pharmaceuticals, with compounds like diclofenac undergoing rapid photolysis under sunlight (half-life
“hours) [51]. Transformation products, such as diclofenac metabolites, may retain bioactivity, complicating
risk assessments [52]. Kinetic studies provide critical data, with half-lives ranging from hours (e.g., diclofenac
under UV) to months (e.g., carbamazepine in groundwater) [53]. These processes collectively determine the
environmental persistence of pharmaceuticals and their potential to impact ecosystems.

3.3 Bioaccumulation and Biomagnification

Bioaccumulation and biomagnification govern the uptake and concentration of pharmaceuticals in aquatic
organisms [54]. Compounds like fluoxetine are absorbed by fish and invertebrates via gills or diet, with
bioconcentration factors (BCF) indicating accumulation potential (e.g., BCF of fluoxetine ~ 100-1,000) [55].
Lipophilic compounds accumulate in fatty tissues, while polar compounds may concentrate in specific organs
like the liver [56]. Trophic transfer in food webs can lead to biomagnification, with higher concentrations
observed in predators like piscivorous fish [57]. For instance, studies have detected ethinylestradiol in fish at
levels sufficient to cause endocrine disruption, impacting reproduction [58]. These processes highlight the
risk of pharmaceuticals moving through aquatic ecosystems, affecting biodiversity and food web dynamics.
3.4 Transport Dynamics: Hydrological and Geochemical Influences

Transport dynamics, driven by hydrological and geochemical processes, control the movement of
pharmaceuticals in aquatic systems [59]. Advection and diffusion in rivers facilitate downstream transport,
while groundwater-surface water interactions introduce pharmaceuticals into aquifers [60]. Models like
fugacity and mass balance predict transport behavior, with studies showing rapid movement of ibuprofen in
high-flow rivers [61]. Geochemical factors, such as redox conditions and pH, influence transport by altering
compound speciation and solubility [62]. For example, sulfonamides exhibit greater mobility in alkaline
waters due to increased solubility [63]. These dynamics underscore the need for integrated modeling to predict
pharmaceutical distribution across diverse aquatic environments.

Table 2: Physicochemical Properties and Fate Parameters of Key Pharmaceuticals
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Compound Log Water  Solubility | Half-Life in Water | Bioconcentration Factor
Kow (mg/L) (days) (BCF)
Ibuprofen 3.97 21 15-20 10-50
Carbamazepine | 2.45 18 100-200 1-10
Diclofenac 4.51 2.37 1-5 50-100
(photodegradation)
Ciprofloxacin 0.28 30,000 10-30 5-20
Ethinylestradiol | 3.67 11.3 10-20 100-1,000

4. Ecological and Biological Impacts

4.1 Effects on Microbial Communities and Biogeochemical Cycles

Pharmaceuticals, particularly antibiotics, significantly impact microbial communities and biogeochemical
cycles in aquatic ecosystems [64]. Antibiotics like tetracycline can inhibit nitrogen-fixing bacteria or
denitrifying microbes, disrupting nitrogen cycling and reducing ecosystem productivity [65]. Metagenomic
studies reveal shifts in microbial diversity, with antibiotic-resistant bacteria proliferating in contaminated
waters, altering community structure [66]. These changes affect carbon and nutrient cycling, as microbes are
key drivers of decomposition and nutrient transformation [67]. For instance, a study in a contaminated river

showed a 30% reduction in denitrification rates due to antibiotic exposure [68].
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Figure 2: Trophic Transfer and Ecological Impacts, a diagram illustrating pharmaceutical bioaccumulation
in aquatic food webs (e.g., algae to fish to predators) and associated ecological effects.

4.2 Toxicity to Aquatic Organisms

Pharmaceuticals exert significant sublethal effects on aquatic organisms, impacting fish, invertebrates, and
algae through chronic exposure at environmentally relevant concentrations [69]. Synthetic hormones, such
as ethinylestradiol, are particularly concerning due to their endocrine-disrupting effects, with studies
reporting feminization in male fish at concentrations as low as 5 ng/L, leading to altered reproductive
behaviors and reduced population viability [70]. For example, ethinylestradiol exposure in zebrafish has been
linked to decreased egg production, with an EC50 (effect concentration for 50% of the population) of
approximately 10 ng/L for reproductive endpoints [71]. Invertebrates, such as daphnids, are sensitive to
antidepressants like fluoxetine, which impair reproduction and mobility at concentrations around 100 ng/L
[72]. Algae, critical primary producers, experience growth inhibition from antibiotics like erythromycin, with
EC50 values ranging from 20 to 100 pg/L depending on species [73]. Chronic exposure data indicate that
even trace levels of multiple pharmaceuticals can synergistically affect aquatic organisms, amplifying toxicity
[74]. These effects underscore the need for comprehensive ecotoxicological assessments to understand the
full scope of pharmaceutical impacts on aquatic biota [75].
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4.3 Ecosystem-Level Consequences

The presence of pharmaceuticals in aquatic ecosystems can lead to broader ecological consequences, including
biodiversity loss, proliferation of antibiotic resistance genes (ARGs), and cascading effects through food webs
[76]. Antibiotics, such as ciprofloxacin, contribute to the spread of ARGs by exerting selective pressure on
microbial communities, with studies detecting elevated ARG levels in rivers downstream of WWTPs [77].
This resistance can transfer to pathogenic bacteria, compromising ecosystem and human health [78].
Biodiversity loss is evident in systems exposed to high pharmaceutical loads, where sensitive species, such as
certain macroinvertebrates, decline, altering community structures [79]. For instance, a study in a
contaminated stream reported a 25% reduction in macroinvertebrate diversity due to chronic pharmaceutical
exposure [80]. Cascading food web effects occur as pharmaceuticals bioaccumulate, with predators like fish
and birds exhibiting behavioral changes or reduced fitness due to dietary uptake [81]. These ecosystem-level
impacts disrupt services like nutrient cycling and food production, highlighting the urgency of addressing
pharmaceutical pollution [82].

4.4 Human Health Implications via Aquatic Pathways

Pharmaceuticals in aquatic ecosystems pose indirect risks to human health through bioaccumulation in
seafood and contamination of drinking water sources [83]. Compounds like fluoxetine and carbamazepine
have been detected in fish consumed by humans, with concentrations in muscle tissue reaching up to 10 ng/g
[84]. This bioaccumulation links to biogeochemical cycles, as pharmaceuticals partition into biota from water
and sediments [85]. Drinking water sources are also affected, with trace levels of pharmaceuticals (e.g., 1-100
ng/L) detected in treated water supplies, raising concerns about long-term exposure [86]. For example, a study
found atenolol in groundwater used for drinking, highlighting the role of hydrological transport in
contamination [87]. While current concentrations are below acute toxicity thresholds, chronic exposure to
mixtures of pharmaceuticals may pose risks, particularly for vulnerable populations [88]. These pathways
emphasize the need to integrate biogeochemical insights into

5. Case Studies and Empirical Evidence

5.1 Riverine Systems: The Danube or Mississippi as Examples

Riverine systems are critical for studying pharmaceutical contamination due to their role as transport
pathways and biogeochemical hotspots [89]. The Danube River, for instance, exhibits significant
pharmaceutical loads, with monitoring data showing carbamazepine concentrations up to 200 ng/L in urban
reaches [90]. Seasonal variations, driven by flow rates and dilution, influence concentrations, with higher
levels during low-flow summer periods [91]. Similarly, the Mississippi River shows detectable levels of
ibuprofen and sulfamethoxazole, with concentrations peaking near agricultural inputs [92]. These rivers serve
as biogeochemical hotspots where oxic-anoxic interfaces in sediments enhance microbial transformation of
pharmaceuticals [93]. Such data highlight the dynamic interplay of hydrological and geochemical factors in
riverine contamination.

5.2 Lacustrine and Wetland Ecosystems

Lakes and wetlands exhibit distinct pharmaceutical dynamics due to their longer residence times and natural
attenuation capacities [94]. In Lake Geneva, persistent compounds like carbamazepine have been detected at
stable concentrations (50 ng/L), reflecting limited degradation in deep, cold waters [95]. Wetlands,
conversely, act as natural filters, with studies showing up to 80% removal of ibuprofen through sorption and
biodegradation in constructed wetlands [96]. The high organic matter content in wetland sediments enhances
these processes, reducing pharmaceutical mobility [97]. These systems underscore the role of biogeochemical
conditions in modulating contaminant fate, with wetlands offering potential for natural remediation.

5.3 Marine and Estuarine Environments

Marine and estuarine environments face pharmaceutical contamination through dilution and accumulation
processes [98]. The Baltic Sea, for example, shows detectable levels of diclofenac (up to 10 ng/L) in coastal
zones, with accumulation in sediments due to low water exchange [99]. Estuaries, as transition zones,
experience variable concentrations driven by tidal mixing and riverine inputs [100]. Studies indicate that
marine organisms, such as mussels, bioaccumulate pharmaceuticals, amplifying risks to coastal ecosystems
[101]. These findings highlight the need to consider marine systems in pharmaceutical pollution assessments.
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5.4 Global Hotspots and Comparative Analysis
Global hotspots of pharmaceutical contamination vary by region, reflecting differences in usage,
infrastructure, and regulation [102]. In Asia, the Ganges River exhibits high concentrations of antibiotics
(e.g., ciprofloxacin up to 1 pg/L) due to dense populations and limited wastewater treatment [103]. In
contrast, European rivers like the Thames show lower concentrations but higher diversity of compounds due
to advanced monitoring [104]. Comparative analyses reveal that developing regions face greater challenges
due to inadequate treatment infrastructure, while developed regions benefit from stricter regulations [105].
These disparities underscore the need for global strategies to address pharmaceutical pollution.
Table 3: Case Study Data on Pharmaceutical Concentrations, comparing detected concentrations (e.g., ng/L)
of key compounds across rivers, lakes, and marine systems, with study references.

Compound Rivers (ng/L) | Lakes (ng/L) Marine/Estuarine Study References
(ng/L)
Ibuprofen (NSAID) 1-10,000 31,250 (Polish | 77-805 (Costa Rican | Wilkinson et al.
(global rivers, | wastewater- coastal waters) (2013);
high in Asia) | influenced Gieburowska et al.
lakes) (2022) ; Fabbri &
Franzellitti (2016)
Diclofenac (NSAID) 258-1,398 Not reported 0.01-6,800 (global Rivera-Jaimes et al.
(Apatalco coastal waters) (2018) ; Miller et al.
River, Mexico) (2018)
Sulfamethoxazole 1-10,000 Not reported 0.1-16.7 (offshore Wilkinson et al.
(Antibiotic) (global rivers) China, Pearl River (2013) ; Miller et al.
Estuary) (2018)
Carbamazepine 3.5-1,400 Not reported 42-1,762 (Tejo Writer et al. (2012) ;
(Anticonvulsant) (various Estuary, Portugal; Reid et al. (2021)
European mixture total)
rivers)
Ciprofloxacin Up to Not reported 0.01-680 (global Wilkinson et al.
(Antibiotic) 10,000,000 estuaries) (2013) ; Adedipe et
(high in Asian al. (2024)
rivers)
Erythromycin-H,O Up to 10,000 | Not reported 0.1-16.7 (Pearl River | Wilkinson et al.
(Antibiotic (global rivers) Estuary, China) (2013) ; Miller et al.
metabolite) (2018)
Naproxen (NSAID) 732-4,889 551,960 0.01-680 (global Rivera-Jaimes et al.
(Apatalco (Polish lakes) coastal) (2018)
River, Mexico) Gieburowska et al.
(2022) ; Miller et al.
(2018)
Cyclophosphamide 0.05-22,100 Not reported Not reported Nassour et al. (2020)
(Cytotoxic) (global rivers)

6. Mitigation Strategies and Environmental Management

6.1 Advanced Treatment Technologies

Advanced treatment technologies are critical for reducing pharmaceutical pollution in aquatic ecosystems
[106]. Ozonation effectively degrades compounds like diclofenac, achieving removal efficiencies of 90% or
higher, though it may produce toxic byproducts [107]. Activated carbon adsorption is highly effective for
hydrophobic compounds like carbamazepine, with removal rates up to 95% [108]. Membrane bioreactors
combine biological degradation and filtration, removing up to 80% of antibiotics like sulfamethoxazole [109].
Emerging enzyme-based degradation, using laccases, shows promise for breaking down complex
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pharmaceuticals [110]. These technologies, while effective, require high energy and cost inputs, necessitating
optimization for widespread adoption [111].

6.2 Policy and Regulatory Frameworks

Regulatory frameworks play a vital role in managing pharmaceutical pollution [112]. The EU Water
Framework Directive prioritizes monitoring of emerging contaminants, including pharmaceuticals, to assess
ecological risks [113]. Similarly, U.S. EPA guidelines emphasize risk assessments for compounds like
diclofenac, though specific regulations remain limited [114]. Harmonizing global standards and incorporating
pharmaceuticals into water quality criteria are essential for effective management [115]. Public-private
partnerships can further support regulatory implementation and compliance [116].

6.3 Sustainable Practices and Prevention

Preventive measures, such as green pharmacy and drug take-back programs, reduce pharmaceutical inputs at
the source [117]. Green pharmacy promotes the design of environmentally benign drugs, minimizing
persistence and toxicity [118]. Take-back programs, implemented in countries like Sweden, have reduced
improper disposal by 30% [119]. Public awareness campaigns and eco-friendly prescribing practices further
limit environmental release [120]. These strategies align with sustainable development goals, emphasizing
proactive pollution prevention.

6.4 Monitoring and Modeling Tools

Advanced monitoring and modeling tools enhance the tracking of pharmaceutical fates [121]. Remote sensing
and GIS map contamination hotspots, while predictive models like fugacity estimate transport and
transformation [122]. For instance, models have predicted carbamazepine persistence in rivers with 85%
accuracy [123]. Integrating these tools with real-time monitoring improves the ability to manage
pharmaceutical pollution effectively [124].

7. CONCLUSION AND FUTURE RESEARCH DIRECTIONS

7.1 Synthesis of Key Findings

This review highlights the complex biogeochemical dynamics of pharmaceuticals in aquatic ecosystems, from
their entry via WWTPs, agriculture, and other sources to their fate through adsorption, degradation, and
bioaccumulation [125]. These compounds disrupt microbial communities, nutrient cycles, and aquatic biota,
with cascading effects on ecosystems and human health [126]. Case studies and mitigation strategies
underscore the urgency of addressing this global issue through interdisciplinary approaches [127].

7.2 Challenges and Knowledge Gaps

Significant challenges remain, including uncertainties in long-term ecological effects, interactions with
climate change, and the toxicity of pharmaceutical mixtures [128]. Limited data on transformation products
and their bioactivity further complicates risk assessments [129]. Developing regions, with high contamination
levels, face additional barriers due to infrastructure limitations [130].

7.3 Recommendations for Future Work

Future research should prioritize integrated monitoring systems, leveraging advanced analytics and global
collaboration to track pharmaceutical fates [131]. Interdisciplinary studies on mixture toxicities and climate
interactions are critical, as is the development of costeffective treatment technologies [132]. Global policy

harmonization and public engagement will further support sustainable management of pharmaceutical
pollution [133].
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