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	        ABSTRACT
Pharmaceutical wastes are emerging as significant groundwater contaminants, raising 
concerns over their long-term impacts on public health and ecosystems. This review 
examines the major sources of contamination—such as wastewater treatment plants 
(WWTPs), septic systems, industrial discharges, and agricultural runoff—and explores 
how physicochemical properties and subsurface interactions influence their environmental 
fate. Although advanced analytical tools, such as liquid chromatography–tandem mass 
spectrometry (LC-MS/MS), have improved detection at trace levels, challenges in effective 
removal persist. Frequently detected contaminants include non-steroidal anti-inflammatory 
drugs (NSAIDs), antibiotics, antidepressants, and hormone-disrupting compounds, often 
present in concentrations ranging from nanograms to micrograms per litre. Promising 
treatment technologies, including advanced oxidation processes and activated carbon 
adsorption, are discussed alongside their limitations. This review highlights the urgent need 
for comprehensive monitoring programmes, cost-effective remediation methods, and further 
investigation into the chronic effects of low-dose pharmaceutical exposure.

INTRODUCTION

Pharmaceuticals are essential to modern medicine and are widely used in both 
human and veterinary healthcare for treating infections, alleviating pain, regulating 
hormones, and managing psychological conditions. Major classes include 
antibiotics, anti-inflammatories, hormones, β-blockers, and lipid regulators (Xiang 
et al. 2021, Boxall et al. 2012). However, the widespread use of these compounds, 
coupled with their partial metabolism and poor removal in conventional treatment 
systems, has resulted in their persistent accumulation in the environment-
particularly in groundwater (Ortúzar et al. 2022).

Pharmaceutical residues reach groundwater through various pathways, 
including effluent discharge from wastewater treatment plants (WWTPs), leaking 
sewer systems, agricultural runoff, industrial effluents, landfill leachates, and 
improper drug disposal (Shaheen et al. 2022). Consequently, groundwater-an 
essential source of drinking water—is increasingly contaminated with a diverse 
array of pharmaceutical compounds, such as antibiotics, antidepressants, hormones, 
and anti-inflammatory agents (Morin-Crini et al. 2022, Nag et al. 2023).

Despite significant advancements in analytical detection-particularly through 
techniques such as liquid chromatography coupled with tandem mass spectrometry 
(LC-MS/MS), the effective removal of pharmaceuticals remains a challenge. Most 
existing treatment systems are not designed to target such compounds, and their 
chronic, low-level presence poses potential long-term risks to ecosystems and 
human health. Furthermore, transformation products generated during degradation 
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processes may be equally or more toxic and persistent than 
the parent compounds.

Although awareness of pharmaceutical contamination 
is increasing, comprehensive reviews specifically focused 
on their occurrence and behaviour in groundwater systems 
remain limited. This review addresses that gap by synthesising 
current knowledge on the sources, environmental fate, health 
risks, detection methods, and treatment technologies related 
to pharmaceutical contaminants in groundwater. The review 
also highlights emerging research challenges and emphasises 
the need for improved regulatory and remediation frameworks.

MATERIALS AND METHODS

This review was conducted following PRISMA guidelines. 
Peer-reviewed studies published between 2005 and 2024 
were retrieved from databases including Scopus, Web of 
Science, PubMed, MEDLINE, AGRIS, UGC CARE, and 
Reaxys.

Search Strategy 

Search terms included combinations of “pharmaceutical 
contaminants,” “groundwater pollution,” “NSAIDs fate,” 
“LC-MS/MS detection,” and “treatment technologies,” using 
Boolean operators.

Selection Criteria

Included studies focused on pharmaceutical contamination in 
groundwater, covering sources, fate, detection, health risks, 
and treatment. Excluded were non-peer-reviewed articles, 

surface water-only studies, or those lacking methodological 
rigor.

Screening and Data Extraction

Out of 450 initial articles, 400 remained after duplicates were 
removed. After abstract screening and full-text review, 92 
studies were selected. Extracted data included compound 
types, concentrations, analytical methods, and treatment 
outcomes. Results were synthesized thematically and 
presented in tables where applicable. 

OCCURRENCE AND SOURCES OF 
PHARMACEUTICAL CONTAMINANTS 

Pharmaceutical residues are increasingly detected in 
groundwater globally, typically at concentrations ranging 
from nanograms to micrograms per litre. Their presence is 
primarily attributed to anthropogenic sources and the limited 
removal efficiency of wastewater treatment systems. Key 
contributors include municipal WWTPs, leaky sewer lines, 
industrial effluents, agricultural runoff, and improper drug 
disposal (Lapworth et al. 2012, Luo et al. 2014).

A nationwide study conducted in China investigated 35 
pharmaceutical compounds in influent and effluent samples 
from 12 WWTPs across different cities. The results revealed 
significant regional variation, with WWTPs in northern 
cities exhibiting higher influent concentrations than those 
in the south. Caffeine was reported at the highest influent 
concentration, reaching up to 1775.98 ng.L-1. Despite 
advanced infrastructure in some facilities, the overall 

NEPT 2 of 21 
 

2012). However, the widespread use of these compounds, coupled with their partial metabolism and poor removal 
in conventional treatment systems, has resulted in their persistent accumulation in the environment-particularly in 
groundwater (Ortúzar et al. 2022). 

Pharmaceutical residues reach groundwater through various pathways, including effluent discharge from 
wastewater treatment plants (WWTPs), leaking sewer systems, agricultural runoff, industrial effluents, landfill 
leachates, and improper drug disposal (Shaheen et al. 2022). Consequently, groundwater-an essential source of 
drinking water—is increasingly contaminated with a diverse array of pharmaceutical compounds, such as 
antibiotics, antidepressants, hormones, and anti-inflammatory agents (Morin-Crini et al. 2022, Nag et al. 2023). 

Despite significant advancements in analytical detection-particularly through techniques such as liquid 
chromatography coupled with tandem mass spectrometry (LC-MS/MS), the effective removal of 
pharmaceuticals remains a challenge. Most existing treatment systems are not designed to target such 
compounds, and their chronic, low-level presence poses potential long-term risks to ecosystems and human 
health. Furthermore, transformation products generated during degradation processes may be equally or more 
toxic and persistent than the parent compounds. 

Although awareness of pharmaceutical contamination is increasing, comprehensive reviews specifically 
focused on their occurrence and behaviour in groundwater systems remain limited. This review addresses that 
gap by synthesising current knowledge on the sources, environmental fate, health risks, detection methods, and 
treatment technologies related to pharmaceutical contaminants in groundwater. The review also highlights 
emerging research challenges and emphasises the need for improved regulatory and remediation frameworks. 

 

Fig. 1: Conceptual Overview of Pharmaceutical Wastes in the Environment. 

MATERIALS AND METHODS 

This review was conducted following PRISMA guidelines. Peer-reviewed studies published between 2005 
and 2024 were retrieved from databases including Scopus, Web of Science, PubMed, MEDLINE, AGRIS, UGC 
CARE, and Reaxys. 

Sources
Industrial Effluents

WWTPs
Improper Expired Drug Disposal

Major Contaminants
Antibiotics

NSAIDs
Hormones & Hormone Disruptors

Antidepressants

Concerns
Antibiotic Resistance
Endocrine Disruption

Risk to Aquatic Ecosystem

Analytical Detection Techniques
Chromatographic Techniques

Mass Spectrometry
Spectroscopic Techniques

Biosensors and Immunoassays

Pharmaceutical 
Wastes

Fig. 1: Conceptual Overview of Pharmaceutical Wastes in the Environment.



3

Nature Environment and Pollution Technology • Vol. 25, No. 1, 2026

www.neptjournal.com

removal efficiency was low: only 14.3% of pharmaceuticals 
achieved a mean removal efficiency greater than 70%, 
while 51.4% were removed at rates below 30% (Liu et al. 
2017). These findings highlight not only the prevalence 
of pharmaceutical pollutants in urban wastewater systems 
but also the inefficiency of existing treatment frameworks, 
especially in rapidly urbanising regions.

In contrast, many European countries have adopted 
tertiary treatment technologies such as ozonation, activated 
carbon adsorption, and membrane filtration-resulting in 
higher removal efficiencies (up to 80–95% for selected 
compounds). However, even these advanced systems are 
often ineffective at fully removing persistent pharmaceuticals 
such as carbamazepine and diclofenac (Zhang et al. 2008, 
Luo et al. 2014).

Pharmaceuticals also enter groundwater through leaky 
sewer systems, surface runoff, improper disposal, and 
agricultural practices. In urban areas, ageing infrastructure 
allows compounds such as oestrogens and NSAIDs to 
migrate into shallow aquifers, as documented in Kraków, 
Poland (Rusiniak et al. 2021). In rural areas, veterinary 
pharmaceuticals from manure, biosolids, and reclaimed 
water used in irrigation contribute to diffuse contamination 

(Kümmerer 2009). Industrial effluents represent another 
major source, particularly in regions with inadequate 
environmental regulation. For instance, elevated levels 
of ibuprofen and naproxen were detected in soil and 
groundwater near pharmaceutical manufacturing facilities 
in Pakistan (Ashfaq et al. 2017), while hospital-associated 
WWTPs in South Africa were found to discharge multiple 
pharmaceuticals, including antibiotics, β-blockers, and 
antihistamines (Kanama et al. 2018). These examples 
illustrate that pharmaceutical contamination in groundwater 
is both widespread and multifactorial. Urban areas tend 
to be affected by centralised WWTP inefficiencies and 
infrastructure leaks, while rural and peri-urban zones are 
impacted more by agricultural runoff and decentralised 
disposal practices. Regional differences in regulation, 
treatment technology, and pharmaceutical consumption 
patterns further influence contaminant profiles.

FATE AND TRANSPORT IN GROUNDWATER

The behavior of pharmaceuticals in groundwater is governed 
by their physicochemical properties-such as solubility, 
polarity, molecular weight, and ionization potential, as 
well as site-specific environmental conditions. Hydrophilic 

Table 1: Prevalence and levels of frequently identified pharmaceutical pollutants across various matrices in multiple countries (Alqarni  2024).  

Pharmaceutical
Contaminants

Classification Occurrence Concentration Country References

Ofloxacin and 
Ciprofloxacin

Antibiotics WWTP influent 1000–2200  ng.L-1 Italy Verlicchi et al. 2012.

Tramadol, ofloxacin, 
gemfibrozil, atenolol,
caffeine, and 
cetirizine

Analgesic, 
antibiotics, 
lipid regulator,
β-blocker, stimulant and 
antihistamine

Irrigation water 1100–4400 ng.L-1 Spain García-Valverde 
et al. 2023.

Estrone, 17b-estradiol, 
estriol, 
2-hydroxyestrone, 
16α-hydroxyestrone, 
4-hydroxyestrone, 
2-hydroxyestradiol, 
4- hydroxyestradiol, 
17-epiestriol, 
16 keto-estradiol, 
and 16-epiestriol

Steroidal hormones WWTP (effluent 
& influent)

n.d.–62.9 ng.L-1 China Tang et al. 2020

River water n.d.–51.7 ng.L-1

Ketoprofen, 
diclofenac, and
indomethacin

Analgesic/NSAIDs Sludge 4.4–77 ng.g-1 Japan Matsuo et al. 2011.

Amoxicillin Antibiotics STP 172 ng.L-1 India Mutiyar & Mittal 
et al. 2013.

Atenolol, 
ciprofloxacin, 
sulfamethoxazole, 
ranitidine

β-blocker, 
Antibiotics and 
antihistamine

WWTP (effluent 
and influent)

34–3585 ng.L-1 Saudi 
Arabia

Mostafa et al. 2023.

STP sewage treatment plant,   n.d.: Not detected
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compounds like acetaminophen and caffeine migrate more 
readily through aquifers, whereas hydrophobic or ionizable 
compounds, such as carbamazepine and diclofenac, 
tend to adsorb to organic matter, limiting their mobility 
but enhancing persistence (Lv et al. 2019, Clara et al.  
2005).

Environmental factors, including redox conditions, pH, 
temperature, and microbial activity, influence degradation 
rates and transport dynamics (Jelic et al. 2011). Some 
pharmaceuticals persist in aquifers for extended periods, 

long after their initial release, reflecting their environmental 
stability (Lapworth et al. 2012).

Wastewater treatment efficiency also affects 
pharmaceutical transport. Advanced technologies like 
membrane bioreactors and sequencing batch reactors provide 
improved removal but still leave detectable residues of 
compounds such as ofloxacin and clarithromycin (Liu et al. 
2017, Zhang et al. 2008).

These findings highlight the complexity of pharmaceutical 
behavior in subsurface environments and the need for 
refined models to assess long-term contaminant mobility 
and exposure risk (Ruhoy & Daughton 2008, Petrie et al.  
2015).

Transformation Products and Metabolites

The degradation of pharmaceutical compounds in the 
environment often leads to the formation of transformation 
products (TPs), which may be more persistent, mobile, or toxic 
than their parent molecules (Kümmerer 2009). For instance, 
carbamazepine commonly transforms into carbamazepine-
10,11-epoxide, a compound known for its environmental 
stability and comparable toxicity (Miao et al. 2005).
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Table 2: Different classes and nature of pharmaceutical drug (Chander et 
al. 2016).

Pharmaceutical 
classes

Pharmaceutical 
drugs

Nature of 
Pharmaceutical Drug

Anti-
inflammatory

Aspirin
Diclofenac
Ibuprofen

Hydrophilic
Varies
Moderate hydrophobic

Antidepressants Clofibric acid
Bezafibrate
Fenofibric acid

Moderate hydrophobic
Hydrophobic
Hydrophobic

Antiepileptics Carbamazepine Moderate hydrophobic

Antibiotics Ciprofloxacin Hydrophilic
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antibiotics can adversely affect planktonic organisms, which 
occupy the foundational level of the food web. Exposure has 
been shown to disrupt their physiological, morphological, 
and behavioural functions, leading to shifts in interspecies 
dynamics and ecosystem structure (Gunathilaka et al. 2023). 
Similarly, in terrestrial environments, antibiotic residues in 
soil can alter microbial community composition, thereby 
disturbing nutrient cycling and ecosystem balance (Brooks 
et al. 2008).

One of the most pressing concerns associated with 
environmental antibiotic contamination is the proliferation 
of antibiotic-resistant bacteria, which poses a critical threat 
to both public and animal health (Gangar & Patra 2023, 
Gillings 2014). Resistant microorganisms have been detected 
in wild-caught marine and terrestrial species, including those 
intended for human consumption (Gillings 2014). In addition 
to fostering resistance, antibiotics can also be toxic to non-
target species, further compromising ecosystem stability 
(Gangar & Patra 2023).

An emerging concern is the development of the so-called 
“plastisphere” microbial communities that colonise plastic 
debris in aquatic environments. These surfaces have been 
identified as vectors for antibiotic-resistant bacteria and 
resistance genes, thereby facilitating the spread of resistance 
across marine ecosystems (Andryukov et al. 2022).

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs are among the most widely prescribed medications 
for pain, inflammation, and fever. Common examples include 
paracetamol, diclofenac, and ibuprofen, all of which have 
been frequently detected in aquatic environments (Parolini 
2020). These compounds primarily enter water systems as 
excreted metabolites.

NSAIDs are known to bioaccumulate in aquatic organisms 
such as Mytilus galloprovincialis, leading to toxic effects 
such as oxidative stress, hepatotoxicity, immunosuppression, 
and developmental abnormalities (Elizalde-Velázquez & 
Gómez-Oliván 2020). Sublethal effects can occur even at 
environmentally relevant concentrations. For example, NSAID 
exposure has been linked to male-biased sex ratios and altered 
gene expression in zebrafish (Bereketoglu et al. 2020).

Hormones & Hormone Disruptors

Hormonal pharmaceuticals and endocrine-disrupting 
chemicals (EDCs) are exogenous compounds that mimic, 
block, or otherwise interfere with endogenous hormonal 
signaling pathways. These substances have been increasingly 
associated with adverse physiological and developmental 
effects in both aquatic organisms and humans (De Falco & 
Laforgia 2021, Streifer & Gore 2021).

Transformation processes such as microbial metabolism, 
hydrolysis, photolysis, and partial oxidation produce by-
products with altered physicochemical properties, often 
resulting in increased water solubility and reduced sorption 
to soils. These characteristics enhance their transport through 
aquifers, contributing to their widespread detection in 
groundwater (Patel et al. 2019).

Because treated wastewater and landfill leachates often 
contain both parent compounds and TPs, the continuous 
release of these mixtures results in pseudo-persistent 
environmental exposure. Even as individual compounds 
degrade, their sustained input maintains relatively stable 
concentrations in groundwater.

Despite their significance, TPs are frequently overlooked 
in environmental monitoring and regulation. This omission 
hampers risk assessments, as TPs can differ substantially 
in toxicity and behavior from their precursors. There is a 
critical need to expand monitoring frameworks and analytical 
protocols to specifically target TPs and develop tailored 
remediation strategies (Petrie et al. 2015).

PHARMACEUTICAL CONTAMINANTS (PCS)

Pharmaceuticals are categorised based on their mechanisms 
of action, chemical structure, interaction with biological 
systems, and therapeutic use. The primary classes of 
pharmaceutical contaminants in the environment include 
antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), 
hormonal agents (including endocrine disruptors), and 
antidepressants.

Antibiotics

Antibiotics are widely used in both human and veterinary 
medicine to prevent and treat bacterial infections. While 
these compounds have greatly advanced medical outcomes, 
their extensive and often indiscriminate use has led to their 
pervasive presence in aquatic environments, where they now 
represent a major class of environmental contaminants (Bilal 
et al. 2019, Gillings 2014). The most commonly detected 
antibiotic pollutants include fluoroquinolones, macrolides, 
tetracyclines, and sulphonamides (Sonkar et al. 2024).

These compounds enter the environment through 
multiple pathways, including domestic wastewater discharge, 
agricultural runoff, hospital effluents, and pharmaceutical 
manufacturing waste. Consequently, antibiotics have been 
detected at varying concentrations in seawater, surface water, 
groundwater, and even treated drinking water supplies (Bilal 
et al. 2019).

Their environmental presence poses significant risks to 
both aquatic and terrestrial ecosystems. In aquatic systems, 
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In aquatic environments, EDCs have been shown to 
impair reproductive and behavioural functions in fish, 
potentially leading to long-term disruptions in population 
dynamics (Hotchkiss et al. 2008). Notably, several EDCs 
are capable of inducing epigenetic modifications, which 
may be heritable across generations, thereby compounding 
their ecological and health risks (Fudvoye et al. 2014). 
In humans, exposure to EDCs has been implicated in a 
range of health conditions, including infertility, thyroid 
disorders, precocious puberty, metabolic dysfunctions such 
as obesity and diabetes, and skeletal abnormalities (Pironti 
et al. 2021, Turan 2021). Moreover, these compounds may 
interfere with neurodevelopment, contributing to elevated  
risks of neurological and cognitive disorders (Streifer & 
Gore 2021).

Antidepressants

Antidepressants are pharmaceutical agents prescribed for 
the management of depression and other related psychiatric 
disorders. They are typically categorized into four main 
classes: tricyclic antidepressants (TCAs), monoamine 
oxidase inhibitors (MAOIs), selective serotonin reuptake 
inhibitors (SSRIs), and serotonin-norepinephrine reuptake 
inhibitors (SNRIs) (Carreno & Frazer 2022). In recent 
years, the widespread detection of these compounds-
particularly SSRIs in aquatic environments has emerged 
as a significant ecological concern.

Experimental studies utilizing artificial stream 
mesocosms have demonstrated that environmentally 
relevant concentrations of fluoxetine and citalopram  
(20 µg.L-1) can lead to measurable ecological disturbances. 
These include a reduction in gross primary productivity by 
up to 29% and a decline in biofilm community respiration 
by at least 43%. Additionally, treated streams exhibited 
earlier emergence of dipteran midges compared to 
control conditions (Richmond et al. 2016). These results 
suggest that even low-level concentrations of SSRIs can 
substantially alter aquatic ecosystem function, potentially 
disrupting trophic interactions and the life cycles of aquatic  
organisms.

IMPACTS OF PHARMACEUTICALS ON HUMAN 
HEALTH

Pharmaceutical contaminants in groundwater raise 
growing concerns for public health, particularly through 
chronic low-dose exposure via drinking water, food crops, 
and recreational use of groundwater-fed systems. While 
concentrations are generally in the ng.L-1 to low µg.L-1 range, 
certain compounds have been detected at levels exceeding 
risk thresholds in various studies (Lapworth et al. 2012).

Risk assessment frameworks commonly use the Hazard 
Quotient (HQ), Risk Quotient (RQ), and Excess Cancer 
Risk (ECR) to evaluate human exposure:

	 •	 HQ is the ratio of exposure concentration to a reference 
dose (RfD).

	 •	 RQ compares environmental concentrations to 
predicted no-effect concentrations (PNECs).

	 •	 ECR estimates lifetime cancer risk from chronic 
exposure to carcinogenic substances.

For instance, carbamazepine, frequently detected in 
groundwater across Europe and Asia, has been reported 
with HQ values approaching or exceeding 1, indicating 
potential chronic health risks (Mompelat et al. 2009). 
Similarly, diclofenac and sulfamethoxazole often present 
RQ values >1 in both WWTP effluents and adjacent 
aquifers, especially near urban or industrial hotspots (Rizzo 
et al. 2013).

Recent  s tudies have shown that  infants  and 
immunocompromised individuals are particularly 
vulnerable to compounds with endocrine-disrupting 
potential, such as estrone and 17β-estradiol, found in 
some drinking water wells at levels exceeding 10 ng.L-1  
(Kleywegt et al. 2011). These concentrations, although low, 
are within ranges known to disrupt hormonal regulation 
during developmental windows of exposure (Sumpter & 
Johnson 2005).

A meta-analysis of global occurrence and risk studies 
(Patel et al. 2019) highlighted that at least 18 commonly 
detected pharmaceuticals in environmental waters 
exceed their Predicted No-Effect Concentration (PNEC) 
or acceptable daily intake (ADI) thresholds in localized 
scenarios. Among them, ofloxacin, clarithromycin, and 
erythromycin-H₂O were frequently identified as high-risk, 
particularly in areas with high WWTP effluent discharge 
and limited water reuse treatment infrastructure.

Moreover, many existing risk assessments fail to 
account for cumulative exposure, synergistic effects, or 
transformation products, which may enhance or compound 
toxicological effects. The limited scope of monitoring 
efforts-often focused solely on parent compounds-
underestimates potential human health risks (Petrie et al. 
2015).

Therefore, future assessments should incorporate 
multi-compound exposure models, population-specific 
vulnerability assessments, and expanded monitoring 
frameworks that include both parent pharmaceuticals 
and transformation products. This is especially critical 
in regions dependent on groundwater for potable use and 
lacking advanced treatment technologies. 
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ANALYTICAL TECHNIQUES FOR THE DETECTION 
OF PHARMACEUTICALS

The analysis of pharmaceutical residues in environmental 
matrices demands high sensitivity and specificity due to 
the low concentrations at which these compounds typically 
occur. Chromatographic methods, particularly when coupled 
with mass spectrometric detection, are extensively utilized 
for their ability to separate, detect, and quantify diverse 
pharmaceutical compounds across complex matrices.

Chromatographic Techniques

High-Performance Liquid Chromatography (HPLC): 
High-Performance Liquid Chromatography (HPLC) is a 
widely used technique in the analysis of pharmaceutical resi-
dues due to its high resolution, precision, and reproducibility. 
It separates analytes based on their polarity and interactions 
with the stationary and mobile phases. HPLC, when coupled 
with ultraviolet (UV), diode array detector (DAD), or mass 
spectrometry (MS) detectors, offers robust sensitivity and 
quantification. For instance, Petrović et al. (2013) identified 
81 pharmaceuticals in Serbian surface waters using ultra-per-
formance liquid chromatography with mass spectrometry 
(UPLC-MS), with ibuprofen concentrations up to 20.1 μg.L-1. 
Similarly, Cai et al. (2014) reported carbamazepine at 38.24 
ng.L-1 in Beijing tap water using HPLC-MS/MS. However, 
matrix effects such as ion suppression may reduce accuracy; 
this can be mitigated through solid-phase microextraction 
(SPME) and micellar desorption (MD) (Padrón et al. 2009, 
Cahill et al. 2004).

Gas Chromatography (GC): Gas Chromatography (GC) 
is especially suitable for volatile and thermally stable phar-
maceutical compounds. GC coupled with mass spectrometry 

(GC-MS) is commonly used for identifying analgesics, 
NSAIDs, and antibiotics. Farré et al. (2001) and Sadkowska 
et al. (2017) detected ibuprofen and diclofenac in river and 
wastewater samples using GC-MS techniques. Derivatization 
is often necessary for polar compounds, increasing sample 
preparation time and potential for analyte loss (Quintana et 
al. 2007).

Mass Spectrometry-Based Hyphenated Techniques

Liquid Chromatography-Mass Spectrometry (LC-MS): 
Liquid Chromatography–Mass Spectrometry (LC-MS) com-
bines chromatographic separation with molecular detection, 
offering high sensitivity for a wide range of pharmaceutical 
compounds, both polar and non-polar. Detection limits typ-
ically range from 1 to 1000 ng.L-1 depending on the sample 
matrix and instrument configuration (Ferrer & Thurman 
2012). Nonetheless, matrix-induced ion suppression may 
impact quantitative accuracy, which necessitates the use 
of internal standards and thorough calibration procedures 
(Rodrigues et al. 2024).

Gas Chromatography-Mass Spectrometry (GC-MS):  
GC-MS is employed for thermally stable pharmaceuticals 
and is ideal for analyzing volatile residues. Reddersen & 
Heberer (2003) reported detection of 19 pharmaceutical 
compounds with GC-MS using selective ion monitoring 
(SIM), achieving Limits of detection (LODs) in the range of 
1–10 ng.L-1. While highly selective, GC-MS is limited by its 
requirement for analyte volatility or chemical derivatization.

Tandem Mass Spectrometry Coupled with Liquid Chro-
matography (LC-MS/MS): LC-MS/MS utilizes multiple 
reaction monitoring (MRM) to improve specificity and 
reduce background noise in complex matrices. Boix et al. 

Table 3: Analytical approaches for detecting pharmaceutical compounds of different classes in various locations.

Class of 
Pharmaceutical

Pharmaceutical 
Compound

Concentration Analytical 
Technique

Location References

Antibiotic,
Fluoroquinolone
Antihistamine
Beta -adrenoreceptor 
antagonist

Ciprofloxacin
Enrofloxacin
ofloxacin
Cetirizine
Metoprolol

1400 μg.L-1

210 μg.L-1

55 μg.L-1

2100 μg.L-1

4 μg.L-1

LC-MS Hyderabad, India Fick et al. 
2009

Anti-Epilepsy
Antibiotic

Carbamazepine
Sulfamethoxazole

26,329.6 ng.L-1

6968 ng.L-1
UPLC - ESI-MS/MS Eastern 

Cape Province, 
South Africa

Vumazonke 
et al. 2020

Anti-inflammatories Naproxen
Ibuprofen

0.16 μg.L-1

0.17 μg.L-1
HPLC - PDA Kwazulu- 

Natal Province, 
South Africa

Ngubane 
et al. 2019

LC-MS, Liquid Chromatography –Mass Spectrometry

UPLC- ESI-MS/MS, Ultra-Performance Liquid Chromatography Electrospray Ionization Tandem mass Spectrometry

HPLC – PDA, High-Performance Liquid Chromatography with a Photodiode Array Detector
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(2014) and Gracia-Lor et al. (2009) successfully quantified 
a wide range of pharmaceuticals, including sulfamethoxa-
zole and ketoprofen, in environmental waters at sub-ng.L-1 
levels. Sample preparation typically includes solid-phase 
extraction (SPE), and method validation often requires the 
use of isotope-labeled internal standards.

Spectroscopic Techniques

UV-Visible Spectroscopy: UV-Vis spectroscopy is a 
cost-effective screening method based on the Beer–Lambert 
principle of light absorption. While useful for high-concen-
tration assessments in relatively clean matrices, its applica-
bility in complex environmental samples is restricted due to 
low specificity and interference from natural organic matter 
(Singh et al. 2021, Hussain et al. 2020).

Fluorescence Spectroscopy and Infrared (IR) Spec-
troscopy: Fluorescence spectroscopy, especially using 
excitation-emission matrix (EEM) analysis, offers high sen-
sitivity for naturally fluorescent pharmaceuticals, although 
background signal interference may compromise accuracy 
(Jing et al. 2022). Infrared spectroscopy, particularly Fou-
rier-transform IR (FTIR) and attenuated total reflectance 
(ATR) modes, is employed for functional group identifica-
tion. However, spectral distortions due to water absorption 
present analytical challenges (Hahn et al. 2010, Goldberg 
& Chaffotte 2005).

Advanced and Emerging Techniques

Biosensors and Immunoassays: Biosensors and immuno-
assays represent innovative, high-throughput platforms for 
the rapid detection of pharmaceuticals in aquatic systems. 
Electrochemical and optical biosensors offer real-time 
monitoring with high specificity, while immunoassays 
provide robust sensitivity via antigen–antibody interactions 
(Sanvicens et al. 2011, Cháfer-Pericás et al. 2010). However, 
issues such as cross-reactivity, matrix effects, and limited 

standardization constrain their widespread implementation 
(Adrián et al. 2009, Petz 2009).

TREATMENT TECHNOLOGIES

Advanced Oxidation Processes

Advanced Oxidation Processes (AOPs) are highly effective 
technologies for degrading pharmaceutical contaminants in 
water. They function by generating hydroxyl radicals (•OH), 
which are extremely reactive species capable of breaking 
down complex organic pollutants into carbon dioxide and 
water (Stefan 2017, Wang & Xu 2012). These radicals are 
produced through mechanisms such as ultraviolet (UV) 
radiation, photocatalysis, ozonation, Fenton reactions, and 
electrochemical oxidation (Khader et al. 2024). AOPs are 
particularly effective in treating recalcitrant compounds 
like antibiotics and NSAIDs, which are often resistant to 
conventional biological processes (Michael et al. 2013, 
Zawadzki 2022). However, AOPs require significant energy 
input and chemical reagents, leading to high operational costs. 
Their efficiency can also be affected by pH, background 
matrix composition, and the presence of halide ions. In 
some cases, partial oxidation may result in the formation 
of toxic by-products, necessitating careful optimisation and 
monitoring (Taoufik et al. 2021, Stefan 2017).

Membrane Filtration

Membrane filtration is a pressure-driven separation 
technique that employs semi-permeable membranes to 
remove pharmaceuticals based on size exclusion and 
charge interactions. Four main types exist: microfiltration 
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse 
osmosis (RO), with NF and RO being most effective for 
pharmaceutical removal due to their finer pore sizes (Scott 
1995, Cevallos-Mendoza et al. 2022). Removal efficiencies 
for many pharmaceuticals often exceed 90%, with reports 
of up to 99% for certain compounds (Iqbal et al. 2023). 

Table  4: Comparative evaluation of analytical techniques for pharmaceutical contaminant detection in environmental matrices.

Technique LOD [ng.L-1] Sensitivity Selectivity Application References

HPLC 50–100 Moderate Moderate–High Quantification of target drugs Ahmed 2024, Cai et al. 2014

GC-MS 1–50 High High Volatile pharmaceuticals Farré et al. 2001, Sadkowska 
et al. 2017

LC-MS/MS <1–10 Very High Very High Multi-residue trace analysis Boix et al. 2014, Gracia-Lor 
et al. 2009

UV-Vis 1000–5000 Low Low Screening of APIs Singh et al. 2021

Fluorescence <100 High Moderate–High Naturally fluorescent drugs Jing et al. 2022

IR (FTIR, ATR) 500–2000 Moderate Low–Moderate Functional group ID Hahn et al. 2010

Biosensors <50 High High On-site screening Sanvicens et al. 2011

Immunoassays <10 High High Hormonal drugs, antibiotics Cháfer-Pericás et al. 2010
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Despite high effectiveness, membrane fouling remains a 
significant limitation, reducing efficiency and increasing 
energy consumption. Additionally, not all pharmaceuticals 
are retained, and small polar compounds may pass through 
certain membranes (Rosman et al. 2018). Hybrid systems 
such as membrane bioreactors (MBRs), which combine 
biological degradation and physical filtration, are being 
explored to enhance treatment performance and operational 
efficiency (Hernando et al. 2007).

Activated Carbon Adsorption

Activated carbon adsorption is a well-established and 
effective method for removing pharmaceutical residues 
from aqueous media. The technique relies on physical 
and chemical interactions such as pore filling, hydrogen 
bonding, and electrostatic forces between pharmaceutical 
molecules and the high-surface-area carbon material (Wang 
et al. 2021). Adsorption capacity depends on pore structure, 
surface area, and the physicochemical properties of both 
the pharmaceutical and the carbon surface. Studies have 
shown that microporous carbons derived from sources such 
as pinecones and Butia capitata endocarp effectively adsorb 
ketoprofen, paracetamol, and other drugs (Kerkhoff et al. 
2021, Yu et al. 2023). Isotherm models such as Langmuir, 
Freundlich, and Redlich–Peterson are used to describe 
adsorption behaviour (Delgado et al. 2019). Challenges 
include competitive adsorption from co-existing organics, 
expensive regeneration, and decreased performance over 
time due to fouling and pore blockage (Zieliński et al. 2022, 
Heusser et al. 2023).

CONCLUSIONS

Pharmaceuticals and their transformation products (TPs) 
persist in groundwater due to incomplete removal by 
conventional treatment technologies, particularly under 
real-world environmental conditions. Current research often 
overlooks key factors, such as mixture toxicity, chronic 
low-dose exposure, and site-specific hydrogeological 

variability limiting the effectiveness of risk assessments and 
management strategies. While analytical techniques have 
advanced, treatment technologies and regulatory frameworks 
remain fragmented and inadequate.

KEY RECOMMENDATIONS

	 1.	 Establishing unified regulatory standards for 
pharmaceuticals and TPs in groundwater,

	 2.	 Integrating multi-barrier treatment solutions-such as 
membrane processes integrated with advanced oxidation 
processes (AOPs)-that are both scalable and adaptable 
to real-world conditions,

	 3.	 Developing affordable, real-time monitoring tools and 
decentralized filtration systems,

	 4.	 Expanding environmental surveillance frameworks to 
include TPs, and

	 5.	 Incentivizing green drug design and responsible disposal 
through take-back programs.

A coordinated, cross-disciplinary approach is essential 
to advance regulatory policies, technological innovation, 
and research efforts for safeguarding groundwater quality.
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