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 Environmental pollution is one of the most challenging issues for the 
sustainability of our planet, human health, and ecosystem integrity. Increasing 
evidence of the release of organic, inorganic, and emerging contaminants 
necessitates measures for more accurate, rapid, and inexpensive techniques 
for contamination detection. Although traditional analytical methodologies 
yield reliable results, they are often hampered by time-consuming sample 
preparation, high operational costs, and low applicability in the field. Recent 
developments in analytical science have provided a host of innovative 
technologies that can overcome these limitations. This review provides a 
thorough examination of emerging analytical techniques for the detection of 
pollutants in the environment, including nanomaterial-based sensors, 
surface-enhanced Raman spectroscopy (SERS), laser-induced breakdown 
spectroscopy (LIBS), and mass spectrometry-coupled hybrid systems GC–GC-
MS and LC–MS/MS. Portable applications have also been developed by 
integrating microfluidic and lab-on-a-chip devices for convenient real-time 
analysis. Finally, the inclusion of machine learning (ML) and artificial 
intelligence (AI) algorithms has dramatically changed the data interpretation 
process to include predictive modeling and automated environmental 
monitoring. There is also an emphasis on environmentally friendly and 
sustainable analytical techniques, including miniaturized, solvent-free, and 
bioanalytical procedures, that conform to green chemistry guidelines. Despite 
these achievements, there are significant obstacles in terms of 
standardization, analytical performance, and scalability. The objectives of this 
review are to discuss the present advancements, address the identified 
limitations, and offer future research strategies on smart, integrated, and 
sustainable analytical methodologies for the rapid detection and management 
of environmental contaminants. 
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G R A P H I C A L  A B S T R A C T 

 

Introduction  

Environmental pollution has become one of the 

most significant global threats in the 21st century, 

placing the health of ecosystems, biodiversity, and 

human populations at risk. Rapid 

industrialization, urbanization, and agricultural 

intensification have resulted in unprecedented 

levels of diverse pollutants entering air, water, 

and soil systems. Pollution can occur from human 

and primary biological sources, manifesting as 

heavy metals, polycyclic aromatic hydrocarbons 

(PAHs), pharmaceuticals, and microplastics 

among other modern contaminants. Pollution is 

often characterized by persistence, 

bioaccumulation, or toxicity, which may occur at 

very low concentrations, making its detection, 

quantification, and monitoring key aspects of 

modern environmental science [1]. The ability to 

accurately monitor the level of pollutants 

represents not only the critical foundation for any 

environmental risk assessment, but also provides 

a scientific basis for establishing mitigation or 

regulatory policies. Analytical chemistry plays an 

essential role in the methods used to provide 

environmental safety through developing 

sensitive, selective, and rapid detection 

methodologies [2]. Environmental pollution is 

characterized by the release of toxic chemical, 

physical, and biological substances into the 

natural environment, causing problems for 

human beings, other living organisms, and natural 

resources. Human activities, including burning 

fossil fuels, mining, industrial discharge, 

agricultural runoff, and dumping waste, are major 

contributors to air, water, and soil pollution. 

Global reports to organizations such as the United 

Nations environment programme (UNEP) and the 

world health organization (WHO) indicate a 

worrying increase in the concentrations of 

pollutants across different compartments of the 

environment. For example, approximately 9 

million people die prematurely each year from 

pollution-related causes, representing one of the 

greatest global health challenges [3]. Pollution has 

broad implications for human health. It affects 

aquatic and terrestrial ecosystems, disrupts 

nutrient cycling, and results in biodiversity loss. 

The transboundary nature of many pollutants, 

especially persistent organic pollutants (POPs) 

and microplastics, has made pollution a global 

problem that requires international cooperation 

and sophisticated monitoring approaches. 

Climate change further complicates this concern 

because pollution processes increasingly rely on 

climate-dependent drivers that influence 

pollutant distribution, transformation, and 
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toxicity, resulting in complex interdependencies 

[4]. Consequently, accurate detection and ongoing 

monitoring of pollutants are crucial to achieving 

sustainable development goals (SDGs), especially 

those related to clean water and sanitation (SDG 

6), climate action (SDG 13), and life underwater 

on land (SDG 14 and 15). Nonetheless, the current 

pollution scenarios are complex and require 

analytical methods capable of addressing multiple 

matrices, low analyte levels, and complex 

chemical interactions [2]. Pollutants can be 

broadly categorized into three groups based on 

their chemical nature, source, or persistence: 

organic, inorganic, and persistent. Organic 

pollutants include pesticides, polychlorinated 

biphenyls (PCBs), PAHs, dyes, and pharmaceutical 

residues. These compounds are generally carbon-

based, and can persist in the environment for long 

periods, bioaccumulate, and exhibit mutagenic 

properties. Inorganic pollutants include heavy 

metals (e.g., lead, mercury, cadmium, and arsenic), 

nitrates, phosphates, and fluoride ions that 

frequently originate from industrial effluents, 

mining operations, and agricultural additions [5]. 

A relatively new class of contaminants, known as 

emerging contaminants of concern (ECCs), 

includes substances such as personal care 

products, endocrine disruptors, perfluorinated 

compounds, and nanomaterials. Often, these 

compounds are not considered contaminants or 

are rarely monitored because they are relatively 

new and challenging contaminants to detect. 

Micro-and nanoplastics are another class of 

pollutants, and much attention has been paid to 

them because of their pervasiveness and risk of 

lasting environmental impacts. Microplastics are 

microscopic products of large plastic items that 

break down or smaller-sized materials that are 

intentionally manufactured for industrial use [6]. 

Each class of pollutant poses unique analytical 

issues. For example, organic compounds are 

challenging to analyze because they are often 

insoluble in water and present at trace levels. 

Generally, organic compounds require extraction 

and precision for both quantitative and 

qualitative confirmation. Inorganics pose 

challenges for quantification, and therefore, 

speciation. Microplastics and nanoplastics require 

complementary approaches that combine 

spectroscopy, microscopy, and thermal analysis 

to determine the morphology and size 

distribution of the polymers or fibers. Therefore, 

these unique classes of pollutants create a need 

for suites of analytical approaches that can 

characterize each contaminant type, as well as 

pollutant diversity [7]. The techniques included in 

this review were selected based on their recent 

advancements in environmental analytical 

research, growing adoption in contemporary 

monitoring studies, and their demonstrated 

potential to overcome the limitations of 

traditional methods. This review also differs from 

the existing literature in that it provides an 

integrated perspective that combines emerging 

analytical technologies with machine learning–

driven data interpretation, green and sustainable 

analytical approaches, and smart sensing systems. 

By synthesizing these domains, this review offers 

a comprehensive framework that reflects the 

future direction of environmental pollutant 

detection, beyond traditional technique-specific 

discussions. 

Necessity of advanced analytical techniques 

The correct identification of environmental 

contaminants is more than a research focus; it 

matters to health policies, industry regulations, 

and ecosystem restoration. Traditional 

environmental monitoring methods are usually 

trustworthy, but do not possess sufficient 

sensitivity and selectivity to identify new 

pollutants and contaminants in ultra-trace 

amounts. There is still a key analytical challenge 

when working with environmental samples due 

to their complexity, which includes a blend of 

organic compounds, inorganic ions, and 

particulates that commonly interfere with 
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detection limits. Thus, sufficient analytical 

innovations are needed to eliminate matrix 

effects, minimize detection limits, and support 

rapid field analysis [8]. New analytical techniques 

are based on recent developments and 

innovations in nanotechnology, spectrometry, 

electrochemistry, and data analysis technologies 

for improved performance. For example, 

nanomaterial-based sensors have exceptional 

sensitivity due to the high surface-to-volume ratio 

of the nanostructures, resulting in the detection of 

pollutants at the picomolar level.  

Similarly, Surface-Enhanced Raman 

Spectroscopy (SERS) takes advantage of the 

plasmonic properties of metallic nanostructures 

to enhance Raman signals by several orders of 

magnitude, allowing users to detect molecular 

fingerprints at low concentrations [9]. Hybrid 

technologies based on mass spectrometry (MS), 

such as gas chromatography-mass spectrometry 

(GC-MS) and liquid chromatography-tandem 

mass spectrometry (LC-MS/MS), have 

revolutionized pollutant analysis by enabling 

accurate qualitative and quantitative 

determinations. Microfluidic and lab-on-a-chip 

systems are advancing the field of portable 

environmental monitoring by enabling real-time 

detection with minimal reagent consumption and 

waste production [10]. Moreover, the use of 

machine learning (ML) and artificial intelligence 

(AI) with analytical devices has changed data 

interpretation and pattern recognition. These 

computational analytical methodologies can 

analyze large datasets, identify complex pollutant 

signatures, and predict contamination trends for 

smarter and more adaptive environmental 

monitoring systems as the intersection of 

analytical chemistry, materials science, and 

computational intelligence evolves the future of 

environmental pollutant detection [11]. 

 

 

Limitations of conventional detection methods 

Although considerable advances have been 

made, conventional analytical techniques such as 

atomic absorption spectroscopy (AAS), UV-Vis 

spectrophotometry, and gas/liquid 

chromatography have intrinsic limitations in 

meeting the ever-growing analytical demands. 

These approaches usually require timely, labor-

intensive preparation of samples and the use of 

hazardous solvents or interventions, with the 

necessary aspect of portability hypertrophying 

the in-field area or the needs of the client. 

Furthermore, they are typically prescriptive in 

their design for analyte detection for target 

analysis and may not detect unknown pollutants 

or pollutants with similar structures unless the 

analyte is known beforehand [12]. For example, 

chromatography-based approaches are strong for 

separating complex mixtures, but because of the 

time-consuming nature of the laborious 

extraction and pre-concentration steps, analyte 

loss and contamination are possible. 

Spectroscopic approaches often encounter 

limitations in terms of detection limits and 

interference from sample matrices. 

Electrochemical methodologies, although very 

promising, sometimes face electrode fouling or 

poor reproducibility [13]. Another major 

limitation was the concurrent detection of 

multiple pollutants. Field environmental samples 

typically exhibit heterogeneous mixtures of 

pollutants at various concentrations. Standard 

procedures traditionally involve assaying one or a 

few analytes at a time, which is inadequate for a 

full environmental assessment. Moreover, many 

traditional methods may depend on a centralized 

lab infrastructure that is not suitable for real-time 

environmental monitoring [14]. These methods 

may also raise concerns regarding sustainability 

given the economic and environmental costs 

associated with their use. 
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Analytical workflows that require large volumes 

of toxic solvents or create significant waste are 

contradict the call for better solutions under the 

green chemistry movement. Future solutions for 

environmental monitoring must provide more 

sustainable and cost-effective analytical systems 

for use at both larger and smaller scales. Novel 

approaches are also emerging, such as using 

solvent-free extraction methods, microfluidic 

devices, and biosensing tools, to address the 

challenge of delivering quick, sensitive, and 

environmentally appropriate methods [15]. 

Evolution toward next-generation detection 

technologies 

The development of environmental analytical 

chemistry has been motivated by the dual 

objectives of improved analytical capabilities and 

sustainability. The 21st century has witnessed a 

shift from traditional bulk-scale instrumentation 

to miniaturized, integrated, and automated 

systems. Developments in materials science, 

nanomaterials, polymers and hybrid composites, 

photonics, and microfabrication technologies 

have facilitated this transition [16]. 

Nanotechnology has also introduced new sensing 

mechanisms and has enhanced transduction 

efficiency. More specifically, there is a growing 

trend toward incorporating metal nanoparticles, 

carbon nanotubes, quantum dots, and graphene-

based nanomaterials into sensors for ultrahigh 

sensitivity and selectivity. The surface chemistry 

associated with these nanomaterials allows for 

the immobilization of biorecognition elements, 

such as enzymes, antibodies, and DNA probes for 

highly specific pollutant detection [17]. 

Simultaneously, using a combination of 

techniques or hybrid (or hyphenated) approaches 

has substantially enhanced the ability to identify 

and, in some cases, quantify more complex 

pollutants (i.e., multimedia and multi-compound 

pollutants). For instance, the use of techniques 

such as GC−MS, LC−MS/MS, and ICP−MS 

(inductively coupled plasma−mass spectrometry) 

offers exceptionally strong multi-element and 

multi-compound analysis capability. Other 

techniques, such as Laser-Induced Breakdown 

Spectroscopy (LIBS) and SERS, are no longer 

emerging methods and are now vital for rapid and 

non-destructive detection [18]. The introduction 

of microfluidic and lab-on-a-chip systems is 

another important advancement. These platforms 

integrate multiple analytical steps (sample 

collection, separation, reaction, and detection) 

within a single miniaturized platform that aids 

both the analysis and sample throughput. These 

systems significantly decrease both reagent 

consumption and waste, complying with the 

principles of green analytical chemistry (GAC). 

Additionally, when combined with wireless data 

transmission and internet of things (IoT) 

technologies, these systems allow real-time 

network environmental monitoring [19]. 

Integration of digital and smart analytical systems 

A newly emerging mainstay in environmental 

assessment is the merger of digital technologies 

with analytical instruments. The combination of 

AI, ML, and big data analytics with sensing 

systems enables intelligent data processing, noise 

reduction, and predictive modeling. Smart 

analytical systems can now autonomously 

recognize abnormal pollutant behaviors, optimize 

calibration suggestions, and predict future 

contamination based on environmental 

electronics trends [20]. Using ML, algorithms can 

classify spectroscopic data to differentiate 

between pollution types with indistinguishable 

spectral signatures. AI predictive models are 

utilized to simulate pollution dispersal patterns 

and to enact pre-emptive methods for pollution 

control. This creates interoperability between IoT 

and cloud-based systems by allowing near real-

time availability of data from multiple monitoring 

networks to enable quick data-informed actions 

by environmental authorities [21]. This 
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represents a change from reactive to pre-

environmental management, where analytical 

systems both identify pollution and predict or 

prevent its escalation. However, executing these 

systems comes with the challenge of harmonizing 

the proposed data formats, securing 

communication standards, and developing 

cooperation toward multidisciplinary approaches 

across programs [22]. 

Toward Sustainable and green analytical 

chemistry (GAC) 

Sustainability is becoming an essential element 

in the development of analytical disciplines. GAC 

reduces the environmental detriment in every 

aspect of the analytical process, minimizing the 

use of solvents, energy, and waste generation. GAC 

is characterized by solid-phase microextraction 

(SPME), dispersive liquid–liquid microextraction 

(DLLME), and microwave-assisted extraction 

(MAE), which are leading the green movement in 

analytical sciences to minimize analytical use and 

maximize the added benefits of reducing the 

environmental impact [23]. The use of 

bioanalytical systems has been demonstrated in 

enzyme-based assays, microbial biosensors, and 

immunoassays, which utilize biodegradable, non-

toxic, and renewable chemicals instead of 

traditional chemical reagents. Many bioanalytical 

systems operate under mild conditions and are, 

therefore, ideal for ongoing environmental 

monitoring. Implementing additional criteria (or 

methodologies), such as pairing green methods 

with portable devices for field measures and 

assessing the analytical process as a tool to reduce 

laboratory measures [24].  

In addition to sustainability defined in terms of 

broader societal environmental protection 

agendas, sustainable analytical chemistry also 

supports industries and regulatory authorities 

through local compliance within global 

sustainable frameworks. Therefore, GAC paired 

with innovative methodologies is the way of the 

future for environments and denigration of the 

analytical process when selecting out the 

chemicals [25]. 

Types of Environmental Pollutants and their 

Impact 

Environmental pollutants exist as unique and 

diverse chemical, physical, and biological 

materials released into the environment by 

natural and human activities. Environmental 

pollutants may occur in air, water, and soil 

ecosystems, disrupt the ecological balance, and 

present extreme potential for harm to humans 

and animals. The complexity of environmental 

pollution reflects the diversity of its 

contaminants, including organic and inorganic 

materials, micro- and nanoplastics, and emerging 

contaminants, all of which have differing 

physicochemical properties, ecological behaviors, 

and toxicological risks. Understanding the 

impacts of pollutants on ecosystems is critical for 

developing new and improved analytical methods 

that can detect, quantify, and monitor 

environmental contaminants across different 

environmental matrices [26]. Pollutants include, 

but are not limited to, organic pollutants, 

inorganic pollutants, micro- and nanoplastics, and 

ECCs (Table 1). An overview of these major 

pollutant categories may reveal their ecological 

and toxicological impacts. As shown in Figure 1, 

each pollutant category demonstrates how 

pollutants enter ecosystems and disrupt 

biological systems, thereby contributing to long-

term ecohealth and human health concerns. 

Figure 1 also depicts the overall toxicological and 

ecological considerations as ecological and human 

health concerns increase, and climate change 

advances the need for sustainable pollutant 

control and remediation. 



P. Erukulla et al. / Adv. J. Chem. A 2026, 9 (6), 962-996 

 

968 

 

 

Figure 1. Types of environmental pollutants and their associated impacts [26] 

Table 1. Types of environmental pollutants and their impact 

Type of 

pollutant 
Sources 

Environmental 

impact 

Human health & 

ecological 

implications 

Ref. 

Organic 

pollutants 

Pesticides, industrial chemicals, 

petroleum hydrocarbons, dyes, 

and pharmaceuticals 

Persistent 

contamination of 

soil and water; 

Bioaccumulation 

in food chain 

Endocrine disruption, 

carcinogenicity, 

reproductive toxicity, 

and ecosystem 

imbalance 

[27] 

Inorganic 

pollutants 

Heavy metals (Hg, As, Pb, and 

Cd), nitrates, phosphates, and 

acids 

Long-term soil 

and water 

toxicity; and 

alteration of pH; 

biomagnification 

Neurotoxicity, organ 

failure, developmental 

issues, and 

eutrophication in 

aquatic systems 

[28] 

Micro- and 

nanoplastics 

Plastic degradation, synthetic 

textiles, cosmetics, and 

packaging waste 

Ubiquitous 

distribution; 

long-term 

persistence; and 

transport of 

adsorbed toxins 

Oxidative stress, 

inflammation, cellular 

toxicity, and ingestion 

by aquatic organisms 

disrupting food webs 

[29] 

ECCs 

Pharmaceuticals, personal care 

products, pfas, hormones, and 

nanomaterials 

Difficult to 

degrade; 

unknown long-

term fate; and 

increasing 

environmental 

loads 

Antibiotic resistance, 

endocrine disruption, 

chronic toxicity, and 

unknown synergistic 

effects 

[30] 
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Toxicologica

l and 

ecological 

implications 

Combined impact of all 

pollutant classes 

Habitat 

degradation, 

biodiversity loss, 

and reduced 

ecosystem 

resilience 

Multi-organ toxicity, 

immune suppression, 

increased disease 

susceptibility, and 

ecosystem collapse risk 

[31] 

Organic pollutants  

Organic pollutants are among the most 

important environmental contaminants in the 

world. They include a wide range of chemicals, 

such as PAHs, pesticides, pharmaceuticals, 

personal care products (PPCPs), volatile organic 

compounds (VOCs), and industrial solvents. Many 

of these compounds are hydrophobic, chemically 

stable, and persist in the environment, leading to 

bioaccumulation and biomagnification in the food 

chain [32]. PAHs are primarily produced from the 

incomplete combustion of organic matter, fossil 

fuels, and biomass. These sources include, but are 

not limited to, vehicle exhaust, industrial 

emissions, coal tar, and cigarette smoke. PAHs are 

highly lipophilic and accumulate in the sediments 

and biota. Some compounds, such as 

benzo[a]pyrene, are well-documented 

carcinogens and mutagens that induce oxidative 

stress and DNA damage in living organisms. The 

persistence of these compounds in the 

environment and their low biodegradability 

means that a sensitive detection method, such as 

GC–MS or SERS, is necessary [33]. Agricultural 

practices have resulted in extensive use of 

organophosphates, organochlorines, carbamates, 

and pyrethroids. These compounds are critical for 

safeguarding crops, yet they remain persistent 

and toxic to the environment. Organochlorine 

pesticides, such as DDT, aldrin, and dieldrin, are 

particularly infamous for their tendency to 

degrade slowly and bioaccumulate in marine and 

terrestrial food webs. Chronic exposure is 

associated with endocrine disruption, 

reproductive toxicity, and neurotoxicity. Pesticide 

residues are often detected in soils, groundwater, 

and atmospheric particulates, suggesting that 

they are dispersed globally [34]. Pharmaceuticals, 

such as analgesics, hormones, and antibiotics, 

enter aquatic systems through excretion into 

water, insufficient disposal and flushing of unused 

pharmaceuticals, and effluents from wastewater 

treatment plants. Many pharmacologically active 

compounds resist conventional water treatment 

processes, leading to low-level contamination of 

the surface and drinking water. Routine exposure 

to and release of antibiotics are driving the 

evolution of antibiotic-resistant bacteria, which 

presents a significant public health issue. In 

addition, hormones such as ethinylestradiol can 

be considered endocrine disrupting compounds 

(EDCs) and will affect reproductive behavior in 

aquatic organisms at nanogram levels and 

perhaps even lower [35]. VOCs (volatile organic 

compounds) such as benzene, toluene, and 

formaldehyde are important contributors to air 

quality degradation and ground-level ozone. 

Chronic inhalation exposure has been linked to 

adverse health effects, including respiratory and 

neurological illnesses, as well as cancer. Semi-

volatile compounds such as phthalates and flame 

retardants are present in both indoor and outdoor 

environments and can accumulate in dust and 

human tissues. Emerging analytical detection 

techniques utilizing high-performance liquid 

chromatography (HPLC) and GC–MS have become 

important tools for monitoring the trace levels of 

these pollutants [36]. 

Inorganic pollutants  

Inorganic pollutants, particularly heavy metals, 

metalloids, and inorganic ions, represent another 

significant class of contaminants with negative 

effects on environmental and human health. In 
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contrast to organic pollutants, metals do not 

biodegrade and can persist in ecosystems for 

centuries while continuing to cycle through 

different environmental compartments. Elements 

such as lead (Pb), cadmium (Cd), mercury (Hg), 

arsenic (As), chromium (Cr), and nickel (Ni) enter 

the environment through industrial discharge, 

mining, smelting, fertilizers, and wastewater 

effluents. Heavy metals accumulate in sediments, 

plants, and animal tissues and cause chronic 

toxicity. For example, lead causes neurological 

and developmental problems in children, 

cadmium causes renal dysfunction, and mercury 

affects the functioning of the central nervous 

system. Arsenic-contaminated groundwater, 

particularly in South and Southeast Asia, has 

become a global public health emergency, leading 

to skin lesions and cancers. Chromium (VI) is 

another metal known to be a carcinogen that is 

typically found in areas near the tannery and 

electroplating industries. Analyzing the presence 

of these metals requires the use of highly sensitive 

analytical techniques (e.g., such as ICP–MS, AAS, 

and X-ray fluorescence (XRF) [37]. Agricultural 

runoff, which contains nitrogen fertilizers and 

animal wastes, results in nitrate contamination of 

the surface and groundwater. High levels of 

nitrate in drinking water can result in 

methemoglobinemia, or "blue baby syndrome," in 

infants, and is also linked with some 

gastrointestinal cancers. In aquatic ecosystems, 

elevated nitrate and phosphate levels can cause 

eutrophication or excessive algal growth, which 

depletes oxygen and disrupts aquatic 

biodiversity. The measurement of nitrate 

concentrations in water bodies through either UV-

visible spectroscopy or ion chromatography is a 

common practice in the field of water quality [38]. 

Although fluoride at trace levels of exposure is 

beneficial to dental health, excessive fluoride 

exposure can cause dental and skeletal fluorosis. 

The presence of naturally occurring fluoride 

contamination in groundwater is still an ongoing 

environmental problem, especially in the arid 

regions of India, China, and Africa. Other ions, 

such as sulfates, chlorides, and cyanides from 

industrial processes, both directly and indirectly, 

can change the chemical equilibrium of aquatic 

ecosystems and negatively impact their water 

quality. Continuous monitoring via ion-selective 

electrodes and microfluidic sensors can allow 

real-time detection of various inorganic 

contaminants in water [28]. 

Micro- and nanoplastics 

Microplastics (MPs) and nanoplastics (NPs) have 

recently been recognized as ubiquitous pollutants 

that can be found throughout marine, freshwater 

and terrestrial environments. MPs can either be 

the result of the degradation of larger plastics, 

referred to as secondary MPs, or they can be 

produced for cosmetic and industrial purposes as 

microbeads, referred to as primary MPs. The 

small size of microplastics (less than 5 mm) and 

nanoplastics (nanoplastics are less than 100 nm) 

facilitates their entry into the ecosystem, where 

they bioaccumulate in organisms and translocate 

across biological membranes [39]. Microplastics 

also transport related pollutants, such as 

hydrophobic organic contaminants, heavy metals, 

and pathogens, which can enhance their 

bioavailability and toxicity. Other researchers 

have detected MPs in food, drinking water, and 

air, which are related to their global prevalence. 

Once plastic particles are ingested, they can cause 

inflammation, oxidative stress, and other 

metabolic disruptions for fauna in aquatic 

systems and mammals. Furthermore, due to the 

large surface area and reactivity of nanoparticles, 

NPs may cross cellular membranes, allowing the 

introduction of genotoxicity and immune 

dysfunction [40]. Examining environmental MPs 

and NPs can be difficult because they are 

heterogeneous mixtures and are small in size. 

Thus, emerging technologies, such as Fourier-

transform infrared spectroscopy (FTIR), Raman 

spectroscopy, pyrolysis-GC-MS–MS, and 
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nanoparticle tracking analysis (NTA), are being 

applied to identify and quantify plastic particles 

from complex matrices. The potential for negative 

impacts on living organisms and persistence in 

the environment highlights the need for 

continuous improvements in the detection of 

micro-and nanoplastics in ecosystems, 

classification, and risk assessment methodologies 

[41]. While micro- and nanoplastics represent a 

rapidly expanding class of particulate pollutants, 

another increasingly significant group comprises 

chemically diverse emerging contaminants, 

whose environmental behavior and long-term 

risks remain poorly understood. 

Emerging contaminants of concern 

ECCs are a large and expanding class of 

contaminants that were not previously 

considered for purposes of systematic planetary 

monitoring or regulation but are now increasingly 

recognized as potentially harmful contaminants 

with environmental and human health 

implications. The ECC class includes 

perfluoroalkyl substances (PFASs), endocrine-

disrupting compounds (EDCs), nanomaterials, 

cosmetics and personal care products, industrial 

additives, and drinking water disinfection 

byproducts. PFASs are synthetic fluorinated 

chemicals used in firefighting foams, nonstick 

cookware, and coatings for water repellency. 

PFASs have very strong C–F bonds that produce 

exceptional thermal and chemical stability, 

contributing to their almost non-degradability; 

hence, they are often referred to as "forever 

chemicals." Some PFASs have been linked to 

immunotoxicity, thyroid dysfunction, and cancer. 

PFASs can be detected at extremely low levels 

(ng/L) using sensitive methods such as high-

resolution LC–MS/MS and time-of-flight mass 

spectrometry (TOF-MS) [42]. EDCs interfere with 

hormone-mediated signaling pathways and act as 

hormone mimics or blockers. Common EDCs 

include bisphenol A (BPA), phthalates, and certain 

pharmaceuticals. EDCs have the potential to 

impact reproductive health, metabolism, and the 

development of humans and wildlife, and they are 

of concern because of their environmental 

persistence and potential for bioaccumulation 

[43]. The rapid growth of nanotechnology has 

resulted in the entry of engineered nanomaterials 

(ENMs) such as silver, titanium dioxide, and zinc 

oxide nanoparticles into the environment. These 

engineered particles have favorable properties 

for various uses in industry and biomedicine; 

however, uncontrolled release could present 

challenges for cytotoxicity, genotoxicity, and the 

induction of oxidative stress in aquatic and 

terrestrial systems. Traditional analytical 

methods usually do not have the capacity to fully 

characterize nanoparticles in environmental 

samples because of their ultrasmall size, complex 

matrices, and continuously changing nature. 

Consequently, new analytical strategies, such as 

single-particle ICP–MS, electron microscopy, and 

nanoparticle-resolved spectroscopy, are 

imperative for evaluating these nanomaterials. 

Water disinfection processes that utilize chlorine 

or chloramines can degrade them into 

disinfection byproducts (DBPs), including 

trihalomethanes (THMs) and haloacetic acids 

(HAAs), which are all thought to be potentially 

carcinogenic. With the increasing trend toward 

the reuse and desalination of water compounds, it 

is important to track the formation of DBPs by 

minimizing human exposure using advanced 

analytical control strategies [44]. 

Toxicological and ecological implications 

The impacts of environmental pollutants can be 

seen both ecologically and toxicologically, and can 

take the form of acute and chronic effects on 

organisms, ecosystems, and human populations. 

Toxicity can be attributed to mechanisms such as 

oxidative stress, genotoxicity, endocrine 

disruption, neurotoxicity, and 

immunosuppression [45]. Pollutants may modify 
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gene expression, alter signal transduction 

pathways, and damage cellular macromolecules. 

Many pollutants lead to oxidative stress, whereby 

reactive oxygen species (ROS) are generated and 

ultimately contribute to lipid peroxidation, DNA 

strand breaks, and protein oxidation. For 

example, PAHs and heavy metals can activate 

cytochrome P450 enzymes, leading to the 

formation of reactive intermediates that initiate 

carcinogenesis. On a broader scale, systemic 

exposure to pollution alters metabolic, 

reproductive, and developmental outcomes. For 

instance, while aquatic effects are not the only 

synonyms for pollution, sub-lethal exposure to 

pesticides and pharmaceuticals can influence the 

growth rates, behavioral patterns, and enzyme 

activity of aquatic organisms. Furthermore, 

endocrine disruptors can feminize male fish and 

affect the reproductive success of amphibians, 

whereas heavy metals may accumulate in the 

tissues of fish, creating a toxicological hazard 

through the consumption of these fish from a 

human dietary exposure assessment standpoint. 

[46]. Pollutants disrupt nutrient cycling, decrease 

biodiversity, and hinder ecosystem functionality 

at the ecosystem level. Eutrophication from 

nitrates and phosphates causes hypoxic “dead 

zones,” while acid rain from industrial sources 

causes forest and aquatic habitat loss. POPs, 

which are highly complex chemical mixtures, have 

reached remote areas of the Arctic because of 

long-range atmospheric transport. From a human 

health perspective, chronic exposure to pollutants 

is linked to a long list of diseases, such as cancers, 

cardiovascular disease, respiratory diseases, 

disruption of the endocrine system, and even 

neurodevelopmental delays. Children and 

pregnant women from disadvantaged areas are 

most severely affected by a lack of regulations and 

exposure mitigation to address environmental 

pollution [47]. Synergistic and cumulative effects 

from mixed pollutants further complicate risk 

assessments. For example, co-exposure to heavy 

metals and organic contaminants may produce 

either additive or synergistic toxicity, increasing 

the human health risk more than each 

contaminant on its own. Modern environmental 

monitoring should evolve quickly from the 

assessment of single compounds to integrated 

multi-pollutant assessments using new analytical 

and computational tools [48]. 

Emerging Analytical Techniques and 

Technological Advancements 

The ongoing advancement in environmental 

pollution has produced a great need for research 

into analytical methods that are more sensitive, 

selective, and rapid for the analysis of pollutants. 

Traditional methods, including UV–Vis 

spectrophotometry, flame atomic absorption 

spectroscopy (FAAS), and simple 

chromatography, are generally reliable but 

frequently lack sensitivity, portability, and 

versatility, and thus cannot be applied to modern 

environmental monitoring applications. In the 

past two decades, the revolution in 

nanotechnology, spectroscopy, microfluidics, and 

artificial intelligence has not only transformed 

analytical chemistry, but has also given rise to a 

multidimensional discipline that is capable of 

addressing complex environmental problems. 

The following sections focus on recent, impactful 

analytical technologies for the detection and 

quantification of environmental pollutants with 

greater accuracy, precision, and sustainability 

[49]. 

Nanomaterial-based sensors and biosensors 

Nanomaterials have changed the field of 

environmental analysis with an increased level of 

sensitivity, surface area to volume ratios, and 

tunable physicochemical properties. 

Nanomaterial-based sensors rely on engineered 

nanostructures such as gold nanoparticles 

(AuNPs), carbon nanotubes (CNTs), graphene, 

metal-organic frameworks (MOFs), and quantum 

dots (QDs), which amplify signals and improve 
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detection limits. Metal and metal oxide 

nanoparticles (e.g., ZnO, TiO₂, and Fe₃O₄) serve as 

electron mediators in electrochemical 

nanosensors, increasing the current response for 

analytes such as heavy metals, nitrates, and 

pesticides. For example, chemical sensors 

consisting of gold nanoparticle-modified 

electrodes are directly applicable for the 

detection of mercury ions at concentrations as 

low as 1 ppb, which is far superior to conventional 

analytical techniques. Similarly, graphene-based 

field-effect transistors (GFETs) provide a direct 

platform for monitoring organic contaminants in 

real time, which is faster than most traditional 

methods due to their high electrical conductivity 

and fast electron transfer [50]. The term 

biosensor refers to a biologically based material 

(such as enzymes, antibodies, and nucleic acids) 

integrated with nanomaterials and has 

demonstrated high specificity and selectivity. 

Existing studies have utilized enzyme-based (e.g., 

acetylcholinesterase (AChE)-modified CNT 

sensors) nanobiosensors for the detection of 

organophosphate pesticides. DNA-based 

biosensors employing complementary base-pair 

hybridization are increasingly being utilized in 

the detection of mutagenic and genotoxic 

pollutants in water. Additionally, plasmonic 

nanosensors based on localized surface plasmon 

resonance (LSPR) exhibit unique optical signals 

when a substance of interest interacts with the 

nanosensor, allowing for the detection of 

pollutants without the need for labeling. The 

incorporation of nanotechnology in the 

development of portable miniaturized detection 

platforms has made it possible to conduct on-site 

environmental assessments using mobile 

interfaces. The combination of nanosensors with 

Internet-of-Things (IoT) technologies represents 

the next generation of smart environmental 

monitoring [51]. Biosensors enhanced with 

nanomaterials are summarized in this schematic 

by showing their components, target analytes, and 

types of applications. The schematic describes the 

fundamental biosensing mechanism, whereby a 

biocomponent interacts with an analyte and 

subsequently generates a measurable signal using 

a transducer. All biosensors can detect different 

types of complex organic (toxins, pesticides, and 

antibiotics) and inorganic (metals, phosphates, 

and nitrates) pollutants using biocomponents, 

such as enzymes, antibodies, nucleic acids, and 

whole cells. Technologies using nanomaterials 

can improve the sensitivity, specificity, and speed 

of detection, and provide analytical tools for 

clinical and performance diagnostic tests, 

environmental compliance assessments, and food 

quality monitoring (Figure 2). 

Surface-enhanced Raman spectroscopy 

SERS has become one of the most effective 

vibrational spectroscopic techniques for detecting 

environmental pollutants because of the 

combination of the molecular specificity and 

ultrahigh sensitivity of SERS. SERS works through 

the enhancement of Raman scattering signals of 

analyte molecules adsorbed onto roughened 

metallic surfaces, usually silver (Ag), gold (Au), or 

copper (Cu) nanostructures, through LSPR. This 

enhancement can be increased by 10⁶–10¹⁴ times, 

and SERS may allow the detection of single 

molecules. SERS is particularly useful for 

detecting PAHs, pesticides, and industrial dyes in 

aqueous samples, with minimal sample 

processing. In practice, Au–Ag bimetallic 

nanostructures can detect rhodamine B and 

malachite green with detection limits below 

nanomolar concentrations [52]. Recent progress 

has included portable SERS gadgets and fiber-

optic SERS probes that provide real-time and in 

situ monitoring capabilities in remote or 

hazardous environments. When combined with 

microfluidic devices, these techniques measure 

the sample streams and provide reproducible 

enhancement conditions. Spectral pattern 

discovery using ML is combined with SERS to 

automate pollutant classification and reduce 
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human interpretation and measurement errors. 

Finally, SERS will benefit from multiplex detection 

using multiple spectrally distinct reporters to 

simultaneously detect multiple contaminants at 

the same time, which is a significant jump toward 

more complete environmental monitoring 

systems [53].  

 

Figure 2. Schematic representation of nanomaterial-enhanced biosensor components and their mechanism for 

detecting organic and inorganic environmental pollutants  

Laser-induced breakdown spectroscopy  

LIBS is a rapid, multi-element, and almost no 

sample preparation analytical method that is 

being increasingly used for the analysis of 

environmental contaminants. LIBS is based on 

focusing a high-energy laser pulse onto the target 

surface to generate a microplasma that emits 

light, which is representative of the atomic 

composition of the sample. One of the main 

strengths of LIBS is its ability to analyze samples 

in real time, which is especially useful for heavy 

metals (Pb, Cd, As, and Cr) in soils and sediments. 

LIBS can analyze solid, liquid, and gas samples, 
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with little to no sample pretreatment. With 

advances in double-pulse and femtosecond LIBS 

systems, the detection limits have improved, 

achieving detection limits below ppm in complex 

matrices. LIBS instruments are now paired with 

computational chemometric algorithms and ML 

models to improve accuracy and reduce matrix 

effects, allowing quantitative analysis of samples. 

With advancements and lower technology costs, 

the portability of LIBS has allowed for field-

deployable instruments useful for industrial 

effluent analysis and environmental remediation 

monitoring. LIBS can also be interfaced with 

Raman or Laser-Induced Fluorescence (LIF) 

systems to provide complementary molecular and 

elemental analyses, allowing for a better 

understanding of the pollutant composition and 

transformations [54]. A schematic shows how 

LIBS, a new analytical method, is receiving more 

attention for the rapid and multi-element 

detection of environmental contaminants. A high-

energy laser pulse strikes the sample, creating a 

microplasma that produces characteristic light, 

and the emitted radiation is collected at an angle 

(θ) and converted to spectral data displayed on 

the computer after the optical signal is captured 

by the detector. LIBS can analyze solids, liquids, 

and aerosols with little or no sample preparation 

in real time, making it an ideal method for 

monitoring contaminants in environmental 

matrices (Figure 3). 

Capillary electrophoresis and microchip 

technologies 

Capillary Electrophoresis (CE) has emerged as 

an essential analytical technique for 

environmental analysis because of its high 

separation efficiency, low sample and solvent 

consumption, and fast analytical time. CE 

functions in the separation of analytes according 

to their charge-to-mass ratio under an electric 

field, which is well suited to ionic pollutants such 

as nitrates, phosphates, and heavy metals. The 

development of micellar electrokinetic 

chromatography (MEKC) and capillary zone 

electrophoresis (CZE) has expanded the use of CE 

to nonpolar and neutral pollutants, such as 

pesticides and pharmaceuticals. Ultimately, CE 

combined with a UV–Vis, NIR, or mass 

spectrometric detector (CE–MS) increases the 

sensitivity and structural elucidation capabilities 

[55]. Recent trends involve microchip 

electrophoresis (ME) and lab-on-a-chip (LOC) 

devices that take the CE platform and miniaturize 

the CE system into a microfluidic chip, delivering 

rapid, automated, and simultaneous analyses.

 
Figure 3. Working mechanism of LIBS showing laser-generated plasma and emission-based elemental analysis for 

rapid pollutant detection 

These devices integrate sample pre-treatment, 

separation, and detection on the same platform, 

decreasing the analysis time, required samples, 

and the amount of reagent needed. The 



P. Erukulla et al. / Adv. J. Chem. A 2026, 9 (6), 962-996 

 

976 

 

development of nanoparticle-modified 

microchannels in microchip CE can enhance 

analyte adsorption and facilitate control over the 

electroosmotic flow to achieve better resolution 

and reproducibility. Implementing CE with more 

recent microchip technologies is a significant step 

toward green, portable, and cost-effective 

environmental diagnostics [56]. Although CE-

based platforms provide rapid and low-

consumption separation capabilities, advanced 

pollutant characterization often requires coupling 

separation with high-resolution detection 

systems such as mass spectrometry. 

Mass spectrometry coupled hybrid techniques (GC–

MS, LC–MS/MS) 

Mass spectrometry (MS) maintains its position 

as a fundamental analytical chemistry technique 

for toxicant analysis due to its unmatched 

sensitivity, selectivity, and structural 

characterization. To address the current 

environment, researchers define modern 

chemicals of concern via hybrid methodologies, 

such as Gas Chromatography-Mass Spectrometry 

(GC-MS) and Liquid Chromatography-Tandem 

Mass Spectrometry (LC-MS/MS), which combine 

efficient separation and powerful detection 

capabilities. GC-MS is particularly useful for 

volatile and semi-volatile organic compounds, 

such as PAHs, pesticides, and hydrocarbons, while 

LC-MS/MS is particularly effective for non-volatile 

and thermally labile toxicants, such as 

pharmaceuticals and endocrine-disrupting 

chemicals (EDCs). High-resolution mass 

spectrometry (HRMS) analyzers and time-of-

flight (TOF) mass spectrometers enable 

untargeted screening and recognition of ECCs 

[57]. New techniques, including Orbitrap MS and 

Quadrupole-Time of Flight (QTOF), improve mass 

accuracy and resolution, enabling the 

identification of trace-level toxicants in complex 

environmental matrices. Uniform descriptors 

such as ambient ionization (DART-MS and DESI-

MS) allow for minimal-to-no sample preparation 

for direct analysis, paving the way for unique in 

situ environmental sample monitoring. 

Automation, miniaturization, and data-driven 

reporting make MS-based methodologies an 

important platform for powder-monitoring 

assistance. The increasing combination of MS with 

microextraction methods and green sample 

preparation techniques addresses sustainability 

needs, while maintaining high-level analytical 

performance [58]. Mass spectrometry (MS), a 

highly sensitive analytical technique frequently 

applied to measure trace-level environmental 

contaminants, is based on the following 

principles. A sample is injected, vaporized, and 

subjected to an electron beam, which ionizes 

molecules to form charged ions. These ions were 

subsequently charged and propelled through an 

electromagnetic environment, where they were 

separated based on their mass-to-charge ratios 

(m/z). The ions are detected, counted, and 

quantified by the detector, which generates a 

characteristic set of spectra associated with a 

particular pollutant. Thus, MS can offer precise 

multi-component measurements of organic and 

inorganic pollutants in air, water, and soil 

samples, as shown in Figure 4. Despite the 

analytical power of MS-based methods, the need 

for portable, real-time, and resource-efficient 

approaches has accelerated the development of 

microfluidic and lab-on-chip platforms for onsite 

pollutant monitoring. 
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Figure 4. Schematic representation of mass spectrometry for environmental pollutant analysis 

Microfluidic and lab-on-a-chip platforms 

Microfluidic systems and lab-on-a-chip (LOC) 

technologies represent the latest trends in 

miniaturized analytical platforms designed for 

environmental monitoring. These systems 

integrate multiple laboratory functions into one 

microchip with microchannels, measuring tens to 

hundreds of micrometers, and include sample 

preparation, reaction, separation, and detection. 

The benefits of LOC systems are their minimum 

sample volume, high throughput, and real-time 

monitoring. LOC devices have been developed to 

measure heavy metals, pesticides, and microbial 

contamination in water using electrochemical or 

optical detection methods. Further advances in 

performance have come from integrating 

nanomaterials; for example, gold nanoparticles 

and graphene oxide have been added to 

microfluidic channels to improve conductivity, 

sensitivity, and specificity for target analytes. The 

use of droplet-based microfluidics enables the 

digital control of discrete sample volumes, thus 

allowing rapid analysis that is reproducible and 

accurate for variable, dynamic environmental 

systems [51]. Paper-based microfluidic devices 

(μPADs) are rapidly becoming low-cost and eco-

friendly alternatives for detecting pollutants, 

which can conveniently be used in low-resource 

settings. μPADs are amenable to use with 

smartphones for colorimetric or fluorescence 

readings, providing low-cost, easy-to-use 

instruments for on-site use. The combination of 

microfluidics, nanotechnology, and artificial 

intelligence is creating autonomous 

environmental monitoring systems that self-

calibrate and allow for continuous and distributed 

sensing within smart cities and industrial 

ecosystems [59]. Building on the strengths of 

microfluidic miniaturization, recent studies have 

increasingly integrated multiple complementary 

techniques to create hybrid systems with 

improved analytical breadth and precision. 

Integration of multimodal and hybrid analytical 

systems 

One emerging trend is the development of 

multimodal analytical platforms that integrate 

complementary techniques to take advantage of 



P. Erukulla et al. / Adv. J. Chem. A 2026, 9 (6), 962-996 

 

978 

 

their higher analytical capabilities. These include 

SERS–LC–MS systems that combine molecular 

fingerprinting with quantitative mass analysis 

and LIBS–Raman systems that combine elemental 

and molecular information. These hybrid systems 

enable concurrent detection of multiple classes of 

pollutants (organic, inorganic, and biological) and 

cross-validate the results to strengthen accuracy 

and support claims. While less straightforward, 

sensor arrays described as “electronic tongues or 

noses” utilize networks of multisensor arrays to 

recognize patterns in complex environmental 

mixtures. When combined with ML algorithms, 

these sensors can classify the sources of 

pollutants and provide information on 

concentration levels and gradients to help with 

regulatory decisions. Developments of hybrid 

instruments that also rely on AI have begun to use 

deep learning to help identify specific pollutants 

in spectral or chromatographic assessments, 

which can provide a method of increased 

automation and reliability in data-hungry 

environmental work [60]. 

Technological miniaturization and automation 

The environmental monitoring landscape is 

undergoing radical shifts due to miniaturization 

and automation, which facilitate portable, 

affordable, and real-time analytical devices. 

Portable gas chromatographs, online Raman 

spectrometers, and nanosensors coupled with 

smartphones now allow for the democratized 

detection of pollutants in the field. Automated 

sample preparation modules and robotic arms 

enable consistent, high-throughput analyses, 

protect humans from hazardous environments, 

and reduce uncertainty related to human 

interactions. The trend of Internet-connected 

analytical devices (e.g., IoT-based analytics) 

enables continuous remote monitoring of air, soil, 

and water quality. By coupling cloud-based data 

management systems, remote analyses can be 

synchronized for cross-datum time-series 

analyses, pattern recognition, and the predictive 

modeling of environmental conditions. 

Collectively, these advancements contribute to 

sustainable, decentralized monitoring 

infrastructure [51]. 

Application of ML and AI in Pollutant 

Detection 

The use of ML and AI has led to a paradigm shift 

in environmental pollution monitoring. With 

environmental data growing exponentially from 

analytical instruments, sensors, and remote 

monitoring, computational models must 

accommodate complex, nonlinear, and 

multidimensional datasets. Traditional analytical 

and statistical models are often not sufficiently 

sensitive to detect the complexity and 

interrelationships in environmental data. Thus, 

ML and AI have the potential to improve detection 

efficacy, maximize sensor applications, predict 

pollution behavior over time, and allow for 

automatic environmental monitoring systems. 

The synthesis of these techniques with purposeful 

analytical platforms (e.g., spectroscopy, 

chromatography, and sensor-based systems) 

represents a new era in the detection and 

quantification of environmental pollutants, which 

can increase analytical accuracy and permit real-

time and remote monitoring of the environment 

in response to growing global pollution 

challenges. This section reports the foundational 

applications of ML and AI for pollutant detection 

regarding their ability to process and recognize 

patterns in data, develop predictive models, and 

synthesize IoT-enabled sensor networks [61]. 

Data processing and pattern recognition 

Assessment of environmental contaminants 

usually includes extracting information from large 

volumes of heterogeneously distributed data 

generated by various analytical instruments that 

often differ in specialized techniques (e.g., gas 

chromatography–mass spectrometry (GC–MS), 
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liquid chromatography–tandem mass 

spectrometry (LC–MS/MS), FTIR, and SERS. These 

datasets show variability arising from 

environmental effects, instrument sensitivity, or 

sampling complexities. ML algorithms facilitate 

and exhibit better data preprocessing, feature 

extraction, and classification, thus improving the 

analytical accuracy. Dimensionality reduction and 

visualization methods, such as Principal 

Component Analysis (PCA), Independent 

Component Analysis (ICA), or t-distributed 

Stochastic Neighbor Embedding (t-SNE), are two 

common approaches for pollutant datasets among 

other dimensionality reduction methods. PCA 

converts large datasets into uncorrelated linear 

combinations known as principal components to 

facilitate pattern recognition while removing 

experimental noise. PCA (for image or spectral 

features) was successfully combined with support 

vector machines (SVMs) for the discrimination of 

multiple heavy metals from water samples using 

mixed-mode spectral and imaging data. Similar 

uses of Partial Least Squares (PLS) regression and 

autoencoders can be employed to compress 

sensor data, further facilitating the identification 

of pollutants with minimal computational load 

[62]. 

Pollutant classification projects commonly 

utilize supervised learning algorithms such as 

support vector machines (SVM), random forests 

(RF), k-nearest neighbors (k-NN), and artificial 

neural networks (ANN). For instance, ANN-based 

models trained using fluorescence or UV-Vis 

spectral data can differentiate between organic 

pollutants (e.g., PAHs and pesticide 

contamination. Likewise, convolutional neural 

networks (CNN) capable of processing 

complicated, image-based data (e.g., 

hyperspectral or satellite images) can assist in 

detecting spatial patterns of contaminants in 

water bodies and soils. Unsupervised learning 

algorithms, such as k-means clustering, 

hierarchical clustering, and self-organizing maps 

(SOM), are also helpful in revealing hidden 

patterns in datasets and classifying unknown 

pollutants without pre-labeled data. These 

methods can be particularly useful in exploratory 

data analyses of environmental datasets and can 

be used to identify pollutant types, 

concentrations, or an unknown mix of ketones, 

phenolics, or aromatic compounds. For example, 

clustering algorithms have been used in air 

quality index (AQI) decomposition by geographic 

region to develop and analyze pollution hotspots 

over time [63]. 

The interpretation of AI data has improved 

spectral and chromatographic resolution, 

circumventing the challenges associated with 

overlapping peaks and low signal-to-noise ratios. 

ML-assisted deconvolution algorithms are also 

useful for distinguishing chemically similar 

compounds, thereby improving quantification. 

Deep learning models are widely used to interpret 

the more subtle Raman shifts that can occur in 

SERS based detection of pollutants, allowing for 

the detection of trace-level contaminants, such as 

bisphenol A, arsenates, or remnants of 

pharmaceuticals. Furthermore, it is increasingly 

common to apply Deep Belief Networks (DBNs) 

and Recurrent Neural Networks (RNNs) in the 

automation of chromatographic peak 

identification and the correction of retention 

times to reduce the variations that can occur from 

human intervention. Environmental monitoring 

frequently relies on integrating data collected 

from multiple analytical sources that differ in 

their spectral, spatial, and temporal dimensions. 

The fusion of multimodal data supports pollutant 

detection accuracy when ML is used to leverage 

the information sets imparted by various data 

modalities. An example of this application is the 

combination of the outputs of gas 

chromatography and mass spectrometry (GC–MS) 

with Fourier transform infrared spectroscopy 

(FTIR) data when analyzed using ML algorithms, 

which allows for complete characterization of the 

extracted volatile organic compounds (VOCs) in 

environmental matrices. In addition, the 
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advanced use of ensemble learning and Bayesian 

fusion methods can add to the robustness of a 

pollutant detection system and allow for the 

consideration of uncertainty quantification and 

probabilistic reasoning [64]. 

Predictive modelling for environmental monitoring 

Predictive modeling is one of the most 

innovative uses of ML and AI for environmental 

pollutant detection. AI systems can predict 

concentrations, forecast pollution events, and 

help build monitoring programs using historical 

datasets for training. ML models used for air, 

water, and soil pollution forecasting include long 

short-term memory (LSTM) networks, gradient 

boosting machines (GBM), and Random Forest 

regression. Because of their ability to retain 

memory, LSTM networks can be effectively used 

to analyze time-series data to forecast the 

concentrations of pollutants such as PM2.5, NO₂, 

and SO₂. Forecasting and making predictions are 

critical to the success of early warning systems in 

urban and/or industrial settings. AI-assisted 

source apportionment methods assist in 

identifying the sources and contributions of 

various pollutants. For instance, positive matrix 

factorization (PMF) coupled with ML models has 

been utilized to estimate the contributions of 

transportation, industry, and agricultural runoff 

to the observed pollutant levels. These hybrid 

models provide useful analyses for policymakers 

that address targeted mitigation efforts [65]. 

AI-based quantitative structure-activity 

relationship (QSAR) models are useful tools for 

predicting the environmental fate and toxicity of 

new contaminants. By relating molecular 

descriptors to physicochemical properties, ML 

algorithms can model a variety of parameters, 

including biodegradation potential, 

bioaccumulation, and ecotoxicity. Deep learning 

models have also enhanced the accuracy of QSAR 

models in predicting the toxicological potential of 

pharmaceuticals, microplastics, and compounds 

that disrupt the endocrine system. For example, 

deep neural networks can be trained on molecular 

datasets to quickly predict lethal concentration 

(LC₅₀) values for aquatic organisms exposed to 

new chemicals, thus eliminating the need for 

large-scale animal testing. This supports both 

ethical environmental assessments and 

sustainability analyses. AI facilitates the 

assimilation of spatiotemporal data to create 

pollution maps with a high spatial resolution. The 

integration of data (including air quality data) has 

addressed gaps and has been applied using 

Geographically Weighted Regression (GWR), 

Deep Spatiotemporal Networks, and hybrid 

models, such as CNN–RNN models, to track the 

dynamics of pollutants over space and time. Some 

applications are focused on predicting the plume 

dynamics of airborne particulate matter, heavy 

metal contamination in soil, and water quality 

related to fluoroalkyl substances in surface water 

[66]. 

The advancement of remote sensing and satellite 

imagery, when combined with AI-based 

classification algorithms (such as Random Forests 

and Support Vector Machines), has vastly 

improved the feasibility of large-scale monitoring. 

For example, Sentinel-2 and Landsat imagery 

combined with an AI model can be used to 

quantify chlorophyll concentrations, turbidity, 

and the occurrence of algal blooms as proxies for 

pollution in aquatic systems. An important aspect 

of AI-based predictive modeling is the continuous 

optimization of the model, which involves cross-

validation, hyperparameter tuning, and the use of 

ensemble learning to ensure consistency in 

prediction. The reliability of the models can be 

further enhanced through quantification of 

uncertainty and frameworks that support 

interpretability of predictions, such as Shapley 

Additive Explanations (SHAP) and Local 

Interpretable Model-agnostic Explanations 

(LIME). The use of these methodologies allows 

environmental scientists to assess the relative 

influence of variables associated with pollutant 
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behavior and spatial distribution, while 

simultaneously providing reliability to 

predictions and enhancing transparency [67]. 

Integration with sensor networks and iot devices 

The rapid advancement of the IoT and smart 

sensor technologies has further increased the 

impact of AI and ML on environmental monitoring 

in real time. The limitations of traditional 

analytical procedures are periodic sampling and 

laboratory-based measurements, which may not 

capture significant temporal environmental 

variability. The implementation of AI algorithms 

within a network of distributed sensors provides 

a continuous, automated, and adaptive 

monitoring system for detecting pollutants even 

at very low concentrations. Sensor networks 

deployed under extreme environmental 

conditions suffer from signal drift, noise, and 

sensor aging. ML algorithms are essential for 

dynamically calibrating sensors and adjusting 

error signals. For example, Gaussian Process 

Regression (GPR) and Adaptive Neural Networks 

can be used to model the non-linear responses of 

a sensor while correcting drift from 

electrochemical sensors or optical sensors that 

are used to measure air and water quality. 

Transfer learning provides a mechanism for 

sharing knowledge between sensors deployed in 

different environments while ensuring that 

calibration is maintained [68]. 

The idea of Edge AI, which deploys AI models 

directly to IoT devices or local processing units, 

has transformed pollutant monitoring in the field. 

Edge computing reduces the latency for data 

transmission, making real-time decision-making 

and anomaly detection possible. For example, AI-

based microcontrollers in portable water-quality 

sensors can instantaneously warn of abnormal 

pH, turbidity, or heavy metal concentrations. 

Similar air quality drones using CNN models can 

autonomously detect pollution plumes in 

industrial areas, circling back to send alerts to 

environmental agencies. AI-enabled autonomous 

underwater vehicles (AUVs) and aerial drone 

systems have been helpful for large spatial range 

environmental monitoring. These AUVs and aerial 

systems have ML algorithms built into their 

functions for navigation, data collection, and 

pollutant detection. For example, underwater 

robots employing optical techniques (e.g., 

fluorescence and Raman sensors) embedded with 

AI models can be used to detect oil spills, 

microplastics, and nutrient imbalances in aquatic 

ecosystems. Aerial drones equipped with 

hyperspectral imaging and deep learning 

classifiers can identify and map pollution 

gradients in agricultural or urban settings with a 

high level of spatial resolution. Environmental 

monitoring infrastructure includes many sensor 

networks that are often connected. For example, 

AI-enabled predictive maintenance models can 

monitor the health metrics of sensors (i.e., battery 

health, connectivity of sensors, and signal 

integrity) to predict near-miss sensor failures and 

provide seamless monitoring. In addition, AI 

technology in cloud applications collects sensor 

data distributed across a range of geographical 

locations, allowing the analytics and retraining of 

models at scale. The combination of Big Data 

analytics and blockchain to authenticate data, as 

well as the AI-fueled autonomous monitoring of 

data, facilitates transparency, scalability, and 

reliability in global environmental monitoring 

networks [69]. 

Green and sustainable analytical approaches 

Concern regarding environmental pollution has 

not only increased the need for rigorous and rapid 

analytical detection methods, but has also created 

a demand for these methods to be more 

sustainable. While conventional analytical 

methods are effective, they utilize large volumes 

of hazardous solvents, create toxic waste, and 

require excessive amounts of energy, which 

contradicts the essential objective of protecting 
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the environment. Thus, green chemistry 

principles are properly incorporated into 

analytical protocols, a subdiscipline of analytical 

methods collectively referred to as GAC. The idea 

of GAC focuses on the development and use of 

analytical procedures that minimize their 

negative environmental impact and maximize 

efficiency and sustainability while still 

demonstrating analytical excellence. In this 

context, green and sustainable analytical 

approaches for the detection of environmental 

pollutants are quickly becoming transformative 

approaches for environmental monitoring, risk 

assessment, and environmental compliance 

(Table 2)[70]. 

Table 2. Green and sustainable analytical approaches 

Approach Principle/technique 
Green chemistry 

features 
Advantages Limitations Ref. 

Miniaturized 

sample 

preparation 

Microextraction 

techniques (spme, 

lpme, dllme, and µ-

spe) 

Low solvent use, 

reduced sample 

volume, and 

minimal waste 

generation 

High 

sensitivity, 

rapid 

extraction, 

and portable 

and field-use 

potential 

Limited 

extraction 

capacity, 

method and 

optimization 

required 

[71] 

Solvent-free and 

alternative 

solvent methods 

Supercritical fluid 

extraction (sfe), 

pressurized hot 

water extraction 

(phwe), ionic liquids, 

and  deep eutectic 

solvents 

Replaces toxic 

solvents, uses 

water or co₂, and 

improves 

biodegradability 

Eco-friendly, 

high 

selectivity, 

and 

improved 

analyte 

recovery 

High 

instrumentation 

cost (sfe) and 

viscosity issues 

(des/ils) 

[72] 

Green 

chromatographic 

techniques 

Uhplc, hilic, capillary 

electrophoresis, and 

eco-friendly mobile 

phases 

Reduced solvent 

consumption, and 

energy-efficient 

systems 

Faster 

analysis, 

high 

resolution, 

and suitable 

for complex 

samples 

Requires 

advanced 

detectors and 

careful method 

development 

[73] 

Sensor-based 

and biosensing 

approaches 

Electrochemical 

sensors, bioassays, 

and 

optical/fluorescent 

sensing 

Low reagent use, 

real-time 

monitoring, and 

reusable 

components 

On-site 

detection, 

low-cost, 

minimal 

waste 

Limited multi-

analyte 

detection, and 

sensitivity to 

environmental 

conditions 

[74] 

Paper-based and 

microfluidic 

devices 

µpads, lab-on-chip 

systems 

Biodegradable 

substrates, ultra-

low reagent volume 

Portable, 

affordable, 

suitable for 

field 

applications 

Lower precision 

compared to lab 

instruments; 

short shelf-life 

[59] 

Green 

spectroscopic 

methods 

Ftir, raman, nir, and 

fluorescence 

spectroscopy 

No 

chemicals/solvents, 

direct analysis with 

Rapid, non-

destructive, 

and versatile 

Matrix 

interference 
[64] 
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minimal sample 

prep 

may reduce 

accuracy 

Automation & AI-

assisted 

approaches 

Robotics, ML-based 

data interpretation 

reduces 

Experimental error, 

minimizes 

reanalysis cycles 

Enhanced 

accuracy, 

lower 

overall 

resource 

consumption 

Requires 

computational 

resources & 

training data 

 

Waste-

minimized 

analytical 

platforms 

Reusable columns, 

closed-loop solvent 

recycling, 

miniaturized lab 

setups 

Reduced hazardous 

waste, lower 

environmental 

footprint 

Cost-

effective, 

regulatory 

compliance-

friendly 

Initial setup 

cost may be 

high 

[75] 

Miniaturized and solvent-free sample preparation 

techniques 

The preparation of analytical samples is a pivotal 

step in any analytical itinerary, frequently 

signifying over 70 % of the total time, expense, 

and environmental footprint of an analytical 

workflow. Conventional sampling methods, such 

as liquid–liquid extraction (LLE) and Soxhlet 

extraction, are both solvent-intensive, require 

high energy consumption, and produce significant 

waste byproducts. To mitigate these limitations, 

several miniaturized and solvent-free methods 

have been developed that align with the principles 

of GAC by minimizing solvent use, sample volume, 

and energy consumption. SPME is a primary 

example of a miniaturized sample preparation 

method that incorporates sampling, extraction, 

concentration, and introduction of a sample for 

analysis in a single step without the use of 

solvents. A fiber pre-coated with a selective 

sorbent (e.g., polydimethylsiloxane, polyacrylate, 

or carboxyl) is used to extract target analytes 

directly from the sample matrix and/or the 

sample headspace. This method has been 

successfully employed to detect volatile and semi-

volatile organic pollutants such as PAHs, 

pesticides, and volatile organic compounds 

(VOCs). It has been shown to be solvent-free with 

minimal sample manipulation and is highly 

compatible with gas chromatography-mass 

spectrometry (GC-MS) and liquid 

chromatography-mass spectrometry (LC-MS) 

systems, making SPME a sustainable and versatile 

choice for environmental analysis. Stir bar 

sorptive extraction (SBSE) is another 

miniaturized sample preparation method that 

employs a stir bar coated in a polymeric film, 

allowing for the adsorption of analytes while the 

sample is agitated compared to SPME. This 

technique offers a superior extraction capacity 

and improved sensitivity for hydrophobic 

contaminants. FPSE is a relatively new variation 

of this idea, which utilizes a sorbent created from 

a sol-gel on a flexible substrate, such as polyester 

fabric. FPSE offers direct immersion of flexible 

substrates into aqueous or biological matrices, 

while also providing good extraction efficiency, 

reusability, and green solvent compatibility. Both 

techniques significantly reduce the amount of 

solvent used and the generation of waste in 

analytical applications. DLLME has become 

widely utilized as an analysis method that is fast, 

simple, and has a low impact on the environment 

that extracts analytes from liquid samples. It 

employs a very small number of extraction 

solvent microliters, which disperse very quickly 

throughout the aqueous sample to achieve very 

high enrichment factors. Variations in ionic liquid-

based DLLME (IL-DLLME) and deep eutectic 
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solvent-based DLLME (DES-DLLME) have further 

enhanced its green credentials [76]. These 

solutions substitute toxic organic solvents with 

biodegradable, non-volatile, and recyclable 

solvents, providing selective extraction of heavy 

metals, pesticides, and pharmaceuticals from 

environmental waters. Energy-efficient 

extraction principles, such as MAE and 

ultrasound-assisted extraction (UAE), have 

significantly shortened the extraction time, 

amount of solvent used, and thermal degradation 

of analytes. MAE utilizes microwave energy to 

induce rapid heating of solvents and their 

matrices, which accelerates mass transfer 

processes. UAE employs ultrasonic energy waves 

to effectively disrupt sample matrices and 

enhance the diffusion of analytes. Both MAE and 

UAE are particularly useful methods for 

extracting pollutants from solid matrices, 

including sediments, soils, and plant tissues, while 

achieving very high recoveries with relatively low 

environmental impact. Supercritical fluids, 

particularly carbon dioxide (CO₂), have been 

recognized as green solvents in the field of 

analytical extraction because of their adjustable 

solvent properties, low toxicity, and ease of 

recovery. Supercritical combination methods, 

such as supercritical fluid extraction (SFE), 

provide a green alternative to organic solvent 

extraction when working with nonpolar or 

moderately polar compounds. With supercritical 

fluid extraction (SFE), the mild operating 

conditions of supercritical fluids minimize the 

degradation of samples and permit the extraction 

of hydrophobic pollutants, including, but not 

limited to, hydrocarbons and PCBs. When 

combined with a chromatographic system, SFE 

provides an entirely green analytical process in 

which the environmental monitoring of 

hydrophobic pollutants is achievable [77]. 

 

Green chromatography and eco-friendly detection 

methods 

Chromatography continues to be the basis of 

analytical science for the detection of 

environmental pollutants. However, conventional 

chromatographic techniques such as high-

performance liquid chromatography (HPLC) use 

substantial amounts of organic solvents, resulting 

in an abundance of waste. Therefore, the 

development of green chromatography and eco-

friendly detection systems has been a key area of 

focus for sustainable analytical chemistry. SFC is 

characterized by the use of supercritical CO₂ as 

the mobile phase along with a small percentage of 

co-solvent (usually methanol or ethanol) as the 

mobile phase. The tunable polarity of 

supercritical CO₂ enables its use in a wide range of 

analytes with a relatively low environmental 

footprint. SFC has demonstrated high efficiency 

and selectivity in the detection of pesticides, 

pharmaceuticals, and endocrine-disrupting 

chemicals. In addition, CO₂ used for SFC can be 

recycled, leading to substantially lower solvent 

consumption and waste compared to HPLC. 

Currently, high-performance liquid 

chromatography (HPLC) is focused on minimizing 

the use of hazardous solvents and reducing 

energy consumption. For example, aqueous 

normal-phase chromatography (ANP) and 

hydrophilic interaction liquid chromatography 

(HILIC) have been implemented as green 

alternatives using a water-dominant mobile 

phase or changing toxic solvents such as 

acetonitrile for ethanol or propanol with lower 

toxicity. Miniaturized HPLC formats such as 

capillary HPLC, or ultra-high-performance liquid 

chromatography (UHPLC), reduce solvent 

consumption and waste volume. All four methods 

provided improved separation efficiencies and 

speeds [78]. While traditional GC methods make 

use of small amounts (if at all) of a carrier gas (e.g., 

helium or hydrogen), the trend toward hydrogen 

as a renewable carrier gas and toward fast GC has 
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resulted in some improvements to the 

environmental profile of gas-phase separations. 

Methods, including micro-GC and thermal 

desorption techniques, have allowed traditional 

detectors, such as UV–Vis or flame ionization, to 

introduce solvent-free samples, which is 

beneficial for the analysis of volatile pollutants. 

Furthermore, detector technology is increasingly 

being developed to minimize the use of energy 

and reagents. Examples include electrochemical 

detectors, fluorescence-based sensors, and 

photoacoustic spectroscopy. Electrochemical 

detectors are a particularly attractive option for 

green analysis because of their low power 

consumption, high sensitivity, and ability to be 

analyzed in aqueous systems without reagents. 

Likewise, both surface plasmon resonance (SPR) 

and fiber-optic biosensors are powerful platforms 

for label-free detection with low environmental 

footprint, making them ideally suited for use in 

green chemical initiatives. Sustainable solvents, 

such as ionic liquids (ILs) and deep eutectic 

solvents (DESs), have attracted interest as 

alternatives to traditional organic solvents 

because they have negligible vapor pressure, are 

biodegradable, and their solvation properties can 

be tailored. These types of solvents are used more 

frequently in chromatographic and spectroscopic 

instrumentation for pollutant analysis. Moreover, 

the utilization of biobased stationary phases in the 

form of renewable polymers derived from 

cellulose or chitosan reduces continued reliance 

on petrochemical sources, fostering sustainability 

in chromatographic separations [79]. 

Bioanalytical and enzyme-based systems for 

environmental assessment 

The rise of bioanalytical systems, including 

enzyme-based assays, whole-cell biosensors, and 

biomimetic recognition elements, represents a 

shift in the rationale toward sustainable pollutant 

detection. They offer a level of biological 

recognition and catalysis that potentially allows 

for high selectivity, low toxicity, and minimal 

reagent use. These approaches provide skeptical 

promise as complementary methods to 

traditional instrumental analysis as they can be 

rapid, on-site, and cheaper whole monitoring 

systems. Enzyme-based biosensors utilize 

biological catalysts (e.g., oxidases, reductases, and 

hydrolases) to selectively detect environmental 

pollutants. A well-established example of enzyme-

based biosensors is the use of 

acetylcholinesterase as a recognition element to 

detect organophosphate and carbamate 

pesticides through enzyme inhibition. Other 

examples of enzyme-based biosensors include the 

use of laccases and peroxidases for detecting of 

phenolic compounds. These systems frequently 

involve the application of nanomaterials, 

including graphene, gold nanoparticles, and 

carbon nanotubes, to increase the rate of electron 

transfer and provide analytical sensitivity. In all 

scenarios, enzyme-based biosensors utilize 

aqueous solutions as the pure phase, avoiding the 

need for organic solvents or cell-deadening 

reagent applications, as in other methodologies. 

Whole-cell biosensors utilize living microbial or 

algal cells that have been genetically engineered 

to produce measurable signals (luminescence, 

fluorescence, or color change) in response to 

pollutants. For example, bioluminescent bacteria 

have been engineered to express lux genes and 

are being increasingly used to assess the toxicity 

of heavy metals and organic pollutants. Such 

biosensors offer a comprehensive evaluation of 

both bioavailability and toxicity, rather than just 

the concentration levels. They are 

environmentally friendly because they use 

renewable biological materials and can be used 

with limited or no instrumentation [80]. 

Aptamers, synthetic single-stranded DNA, and 

RNA oligonucleotides are increasingly popular 

recognition elements for green analytical systems. 

Aptamers exhibit high affinity and specificity 

toward a wide range of pollutants including heavy 

metals, antibiotics, and pesticides. Aptamer-based 
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sensors (aptasensors) eliminate the need to use 

antibodies, which are frequently expensive and a 

burden on the environment through their 

production. In addition, aptasensors coupled with 

electrochemical or fluorescence readout systems 

provide reusable, inexpensive, and solvent-free 

analytical systems that can be used to monitor 

pollutants in the environment. Enzyme-

mimicking nanomaterials (nanozymes) 

demonstrate a combination of enzyme-like 

catalytic efficiency and the stability and 

sustainability of nanomaterials. Fe₃O₄, CeO₂, and 

MnO₂ nanoparticles, for example, have 

peroxidase- or oxidase-like activity for detecting 

pollutants via colorimetric or electrochemical 

responses. Nanozymes are viable, stable, and 

economical options for ecological detection 

compared to natural enzymes while fully adhering 

to green analytical principles. The co-location of 

bioanalytical systems with microfluidic chips and 

lab-on-a-chip approaches has revolutionized the 

field of sustainable monitoring of pollutants. 

These instruments operate using very small 

sample volumes (in the microliter range), 

consume negligible amounts of reagents, and can 

produce on-site real-time analyses. For example, 

paper-based microfluidic devices functionalized 

with either enzymes or aptamers can be low-cost, 

disposable, and biodegradable alternatives for 

environmental monitoring, particularly in 

restrictive resource contexts [81] Bioanalytical 

and enzyme-based systems are tabulated in Table 

3. 

Table 3. Bioanalytical and enzyme-based systems for environmental assessment 
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Challenges, Limitations, and Future 

Perspectives 

Analytical and instrumental limitations 

Although substantial advancements have been 

made in the field of analytical science, the 

detection and quantification of environmental 

pollutants are still severely limited by the 

problems associated with developing analytical 

methods. One such problem is the complex and 

heterogeneous chemical makeup of many 

environmental matrices, such as soil, sediment, 

and wastewater, which present matrix effects that 

normally inhibit accurate quantification. 

Nanomaterial-based sensors, SERS, and LIBS 

methods have extremely sensitive detection 

levels; however, reproducibility and stability of 

the signal are common issues. Variability in the 

preparation, modification, or overall use of 

nanomaterials can lead to variations in the 

standard response, making the reproducibility of 

data outcomes difficult. Furthermore, 

environmental samples are rarely isolated and 

may contain several different co-occurring 

contaminants that produce similar signals, 

leading to possible false positives or negatives in 

detection. Instrumental limitations also create 

significant hurdles for trace detection. For 

example, although mass spectrometric (MS) 

techniques, such as gas chromatography-mass 
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spectrometry (GC–MS) or liquid chromatography-

tandem mass spectrometry (LC–MS/MS), are 

selectively sensitive to environmental pollutants, 

they are not simple instruments requiring custom 

modifications, lengthy methods, careful 

calibration, and experienced personnel, all of 

which may constitute extensive maintenance. 

These high capital and operational costs, 

combined with the demanding operating 

conditions of laboratories, confine their use in 

environmental systems. Portable instruments and 

other devices, usually have lower analytical 

resolution and at least concerning analyte 

detection limits, these portable instruments often 

compromise on sensitivity relative to a benchtop 

system. Another significant limitation is the 

sample preparation step; despite advances in 

miniaturized and solvent-free sample preparation 

techniques, the pre-treatment of samples remains 

labor-intensive and time-consuming. Solid-phase 

extraction (SPE), SPME, and microfluidic devices 

have made it possible to increase the analytical 

throughput; however, problems of clogging, 

sample loss, and variability in different matrices 

remain challenges. Real-time monitoring 

technologies (e.g., biosensors, lab-on-a-chip 

systems) can be further hindered by long-term 

stability and selectivity issues when faced with 

varying environmental conditions (e.g., 

temperature, humidity, and pH) throughout the 

duration of monitoring. The detection of ECCs, 

such as pharmaceuticals, personal care products, 

and micro/nanoplastics, is particularly 

problematic when these pollutants are in ultra-

trace (<ng/L) concentrations and requires 

advanced analytical techniques that can detect 

analytes at extremely low limits of quantification 

(LOQs). Techniques such as nano-sensors, 

fluorescence-based probes, and electrochemical 

devices have all contributed to the sensitive 

detecting these contaminants, but these 

methodologies still struggle to detect multiple 

analytes simultaneously, further complicating 

quantification in real environmental samples. 

Natural organic matter, salts, and particulate 

matter can interfere with the detection of target 

analytes, creating uncertainty in the 

quantification. Finally, some of these 

contaminants degrade or transform, creating 

byproducts that go undetected using traditional 

sample preparation and analytical configurations 

that may underrepresent the overall 

contamination. 

Standardization and regulatory issues 

The rapid evolution of analytical methods has 

surpassed the creation of standardized methods 

and regulations for environmental monitoring. 

The lack of an internationally accepted method for 

validation, data interpretation, and performance 

assessment inhibits the ability to compare the 

results on a global scale. There are numerous new 

analytical methods, especially nanosensors, SERS, 

and microfluidic devices, which do not have 

standardized methods for calibration or certified 

reference materials. This gap reduces the 

reproducibility between laboratories and makes 

it difficult to obtain regulatory approvals. 

Regulatory agencies such as the U.S. 

environmental protection agency (EPA), 

european chemicals agency (ECHA), and national 

pollution control boards have developed methods 

for traditional pollutants; however, methods are 

still being developed for the new generation of 

contaminants such as pharmaceuticals, endocrine 

disruptors, and microplastics. Disagreements 

regarding threshold concentration limits, toxicity, 

and environmental half-life complicate the 

formation of guidelines for detection methods 

complex. In addition, the lack of agreement on 

analytical performance parameters (e.g., limit of 

detection (LOD), limit of quantification (LOQ), and 

signal-to-noise ratio) makes it difficult to compare 

different methods. Data management and 

reporting remain as regulatory challenges. In 

addition to the model approaches for pollutant 

detection and prediction using AI and ML, data 
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integrity and traceability are critical 

considerations. Many AI-driven models suffer 

from a lack of transparency concerning 

algorithmic rationales or decision-making - the 

“black box” issue - which hampers the traceability 

of predictive results in regulatory terms. 

Additionally, the variability of analytical results 

can be caused by differences in the frequency of 

data collection, calibration of sensors and 

analytical methodologies, and variable 

environmental conditions for longitudinal trend 

assessment. Nor is there a global harmonization 

on the certification of analytical devices, which 

presents an additional concern regarding data 

confidence as portable or in situ monitoring 

systems developed in the context of specific 

regional conditions may not meet international 

validation standards. For example, biosensors 

that electrochemically detect heavy metals in 

rivers and were constructed for use in Europe 

were shown not to detect the same heavy metals 

under modified conditions in tropical climates 

(humidity and temperature). Thus, limitations of 

scalability and commercialization of analytical 

systems will continue to exist with no global 

collaboration undertaken to harmonize 

regulations. Ethical and environmental 

considerations associated with the use of 

nanomaterials in sensors and detection platforms 

also require attention. Even with nanomaterials, 

the disposal of these devices after environmental 

monitoring could lead to a secondary pollution 

impacts if not rendered inert. Therefore, 

regulatory policies need to include a life-cycle 

approach to risk concerning the ongoing use of 

analytical materials by promoting eco-design, 

recyclability, and waste minimization. Regulatory 

agencies must collaborate with research 

institutions to establish validation protocols that 

ensure that analytical techniques are reliable, 

environmentally safe, and data traceable and 

reproducible in meeting global sustainability 

objectives. 

Integration of smart sensing systems 

The future of detecting environmental pollutants 

lies in smart sensing systems where analytical 

chemistry and digital technologies, IoT and 

artificial intelligence converge, leading to complex 

technical as well as management and analysis the 

data to obtain results to share. Smart sensors with 

wireless communication modules handle large 

amounts of real-time data that require proper 

data analytics frameworks for processing, 

interpretation, and storage functions. There are 

many areas where the current infrastructure, 

especially in developing regions, is not suitable for 

handling the required data, resulting in significant 

monitoring shortfalls. Sensor networks from 

different monitoring devices also need to have 

compatibility for signal acquisition, processing, 

and transmission protocols. Unfortunately, many 

analyzers operate on different platforms and 

communication standards, resulting in poor 

interoperability across platforms. This highlights 

the need for common protocols to be adopted 

along with similar metadata formats to facilitate 

data sharing throughout global-based monitoring 

systems. The supply of power and energy 

efficiency are also two hurdles facing IF: an 

autonomous sensor must be deployed for 

continuous remote monitoring of the 

environment. Even though some energy-

harvesting and/or low-power electronic systems 

are employed, challenges remain in maintaining 

continuous environmental monitoring, especially 

in remote and/or water-based-based settings. 

Environmental changes, such as temperature and 

salinity fluctuations, can also negatively impact 

sensor performance, leading to drift in calibration 

parameters and potentially compromising data 

certainty. Self-healing materials and adaptive 

algorithms are being tested to overcome these 

challenges, but the development of these 

applications is still in the early stages. 

Cybersecurity and data privacy can present new 

threats to smart environmental monitoring 
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networks. Connecting IoT-based pollutant 

detection devices to cloud-based data repositories 

opens new possibilities for data breaches and data 

manipulation. Resources will need to be allocated 

to ensure the integrity, authenticity, and 

confidentiality of data using the strategic use of 

blockchain or encryption technologies to navigate 

a new complex vision for smart sensing systems. 

Another important issue is the high cost and 

scalability of smart sensing networks. While 

nanotechnology and microfabrication have 

helped lower the overall cost of sensors, building 

distributed real-time monitoring infrastructures 

over broad geographical areas remains expensive. 

Technology and institutional support to maintain 

and calibrate large sensor arrays are essential for 

practical use, and this support is not consistently 

available in low-resource contexts. Thus, the 

creation of cost-effective, self-calibrating, and 

straightforward sensors is crucial for achieving 

global equity in monitoring environmental 

pollutants. From a technological perspective, 

harnessing the capability of AI-based predictive 

model systems within sensor network structures 

has potential, but is challenging. This requires the 

training of accurate AI models that depend on 

high-quality, large-scale data. Unfortunately, 

high-quality datasets are often inconsistent or 

unavailable. Low-quality datasets will result in 

biased predictions or generalizations when AI-

based predictive models are applied to new 

environmental conditions. Additionally, in terms 

of maintenance, when pollutant profiles, seasonal 

variations, and human activity require continued 

model retraining, this becomes more complicated. 

Data sharing between academic institutions, the 

government, and industry may mitigate these 

weaknesses and encourage the development of 

more resilient environmental monitoring 

frameworks. 

 

 

Future research directions 

Future research should aim to create analytical 

approaches that are highly sensitive, selective, 

stable, portable, and suitable for real-time use. 

The next generation of analytical platforms 

should focus on detecting multiple analytes, 

minimizing sample preparation, and reducing the 

use of toxic materials. Hybrid analytical systems 

that integrate a combination of spectroscopy, 

chromatography, and electrochemical sensing 

into microfluidic or lab-on-chip schemes 

represent a very promising direction for analysis, 

as these systems can merge preconcentration, 

separation, and detection into a single analytical 

platform that can produce rapid results while 

consuming minimal time and resources. A key 

area of research should help improve the 

reproducibility and longevity of nanomaterial-

based sensors and biosensors in the field. 

Strategies, such as surface passivation, polymer 

encapsulation, and bio-inspired coatings, may 

enhance fouling and performance variability 

related to environmental variations. 

Furthermore, the use of molecularly imprinted 

polymers (MIPs), which are recognition elements 

that include aptamers and peptide receptors, can 

improve the specificity of target analytes and 

enhance the detection of trace contaminants. The 

expansion of AI and ML in the analytical workflow 

should extend beyond data interpretation. Future 

applications should encompass to the 

optimization of instruments, signal correction, 

and predictive analytics. Adaptive algorithms that 

can learn from the variability in the environment 

or analysis process can enhance robustness and 

lead to fully autonomous field-deployable 

systems. In addition, the integration of digital 

twins and environmental modeling may offer 

virtual simulations to optimize sensor placement, 

anticipate pollutant transport, and evaluate 

remediation plans. From a sustainability 

standpoint, it should be a priority to apply GAC 

principles; it should be the focus of research to 
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employ solvent-free extraction, biodegradable 

materials for sensors, and energy-efficient 

detection technologies. Conventional methods 

that require solvents should be replaced by green 

chromatography methods that leverage aqueous 

mobile phases, recyclable adsorbents, and 

minimize waste. Renewable energy applications, 

using microfluidics leveraged by solar energy as 

an example, could improve the environmental 

footprint of environmental principles of 

environmental monitoring process. The next 

stage is the evolution of environmental analytical 

science. Chemists, material scientists, data 

engineers, and environmental policymakers must 

coordinate efforts to establish integrated systems 

that can operate continuously and autonomously. 

Global pollutant databases and open-access 

repositories will also improve work transparency 

and expedite advancements. Data-sharing 

frameworks can also facilitate the production of 

global pollution maps to support the identification 

of hotspots of contamination and remediation 

efforts. Converting laboratory-scale analytical 

innovations into commercially viable and field-

deployable technologies remains a significant 

ongoing challenge. Future work should focus on 

the cost, simplicity of use, and robustness of the 

device to make its widespread implementation 

feasible. Pilot-scale field test programs are 

necessary to scale up analytical performance in 

real-world situations and bridge the gap between 

academic research and industrial applications. 

Furthermore, policy context that those policies 

should reward the development of sustainable 

analytical technologies for commercial use, 

utilizing funding and subsidies as well as 

international cooperation. The forthcoming 

trends in environmental analytical science are 

expected to be based on smart, sustainable, and 

autonomous systems. This long-term vision 

should be integrated with smart sensors, AI-

powered analytics, and cloud-enabled 

environmental databases to monitor the global 

environment continuously in real time. In 

addition to overcoming the current issues of 

standardization of methods, data management, 

and technical performance, these new analytical 

platforms have the potential to dramatically 

increase our ability to screen, determine quality, 

and measure exposure on a comprehensive scale 

and mitigate environmental pollution, 

contributing to a cleaner and more sustainable 

planet. 

Conclusion 

The detection and monitoring of environmental 

pollutants have been transformed by the rapid 

development of new analytical techniques that 

allow for the accurate, sensitive, and real-time 

evaluation of contaminants across a variety of 

ecosystems. Complex pollutant mixtures can now 

be quantified at the trace level due to 

advancements in analytical accuracy, sensitivity, 

and detection limits brought about by 

nanomaterial-based sensors, SERS, LIBS, and 

hybrid mass spectrometry techniques. Data 

interpretation, predictive modeling, and 

environmental surveillance capabilities are 

further strengthened by the combination of 

artificial intelligence, ML, and IoT-enabled smart 

sensing systems. Additionally, the use of GAC 

concepts, such as solvent-free, bioanalytical, and 

miniature methods, reduces the environmental 

impact and aligns pollutant detection with 

sustainability objectives. Despite these 

developments, there are still obstacles to 

achieving cost-effectiveness, field-deployable 

dependability, global standardization, and 

regulatory compliance. Future research should 

emphasize AI-driven autonomous sensing 

systems capable of self-calibration and real-time 

decision-making; the development of hybrid 

multimodal platforms integrating spectroscopic, 

chromatographic, electrochemical, and 

nanosensor-based methods; the expansion of IoT-

enabled smart sensor networks for continuous 

monitoring; and globally harmonized standards 
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for method validation and data interoperability to 

ensure reliability and regulatory acceptance of 

next-generation analytical technologies. 
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