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ABSTRACT

The definition of environmental pollution is becoming increasingly diverse, with accelerating change and exposure

to complex mixtures that defy traditional detection-based monitoring approaches. We discuss the current trends in envi-

ronmental analytical chemistry whereby, rather than targeted quantification, an integrated pollutant assessment, which

upholds chemical discovery, interpretability, and real-world relevance, is desired. We initially explain the conceptual

change between preset sets of analytes to the chemical space exploration made possible by exploring the chemical space

using high-resolution mass spectrometry, multidimensional separations, and rapid/direct analysis technologies. We next

mention how the new classes of contaminants and transformation products, as well as the complexity of mixtures, reveal

the long-standing gaps in sensitivity, selectivity, and confidence of the identification, especially in the non-targeted work-

flows. In response to such limitations, we now mention changes that combine chemical measurement with biological

and data-informed aspects, such as effect-based assays, exposure-oriented metrics, chemometrics, and machine learning

feature prioritization and structure annotation. We also look at the transformation of higher orders of analytical products

into clean-up programs and decision programs, which should focus on continuous and in-place sensing, tiered monitoring

designs, and risk-based prioritization plans that more closely reflect the changing realities of the environment. Lastly, we

determine future research requirements in harmonization, open data infrastructure, and reproducibility, and the development

of autonomous and intelligent analytical systems that can perform adaptive monitoring and provide insights quickly. All

these changing frontiers transform environmental analysis into a detection instrument into an actionable environmental
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intelligence that can be used to proactively manage and protect the ecosystems and human health.
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1. Introduction

This pollution of the environment has turned out to be

one of the major characteristics of the scientific and social

life of the twenty-first century [1,2]. The immediate industri-

alization, the increase of urban centers, the stimulation of

agricultural processes, and the constant influx of new chemi-

cals into the business have led to an unprecedented variety

and complexity of contaminants in the natural systems [3,4].

Anthropogenic substances, many thousands of which are

now found in air, water, soil, and biota, both at trace and

ultra-trace levels. This rising chemical load has seen an es-

calating burden on analytical science and made it one of the

foundations of environmental surveillance, risk assessment,

and regulatory decision-making.

In the past, the need to detect and measure pollutants

with progressively greater sensitivity and accuracy has been

a powerful motivating factor in the field of environmental

analytical chemistry [5,6]. The development of chromatog-

raphy separation methods, mass spectrometry, and sample

preparation methods has allowed the use of contaminants

in concentrations previously considered impossible. These

successes have been important in establishing sources of

contamination, monitoring trends of pollutants, and imple-

menting regulatory standards. Nevertheless, with the devel-

opment of analytical capabilities, it has become more and

more clear that it is impossible to combat the complexity of

the challenges presented by modern environmental pollution

only through detection.

The main weakness of the traditional analytical

paradigms is that they utilize an approach that is specific

to a list of known compounds [7]. Although it is useful in the

case of regulated substances, targeted analysis intrinsically

ignores unknown or unanticipated chemicals, transforma-

tion products, and complex mixtures that are predominant in

environmental matrices in the real world. That leads to the

fact that significant portions of the chemical space contained

in environmental samples cannot be characterized, leading

to the idea known as the unknown unknowns. This analyti-

cal blind spot is specifically worrying when considering that

chemicals are being rapidly introduced into the industrial and

consumer market at an even faster rate than the regulatory

frameworks are able to assess their environmental behavior

and the risks they may present to the environment.

Simultaneously, increased awareness of the fact that

environmental risk is not only dependent on the presence or

concentration of individual chemicals is growing [8,9]. The

dynamics of pollutants include transformation, partitioning,

and bioaccumulation, which have an effect on the persistence,

mobility, and biological impacts of pollutants. Furthermore,

living organisms and ecological systems are exposed to com-

pound inter-relations and not isolated compounds, which

pose serious concerns of cumulative, synergistic, or antag-

onistic effects. The traditional analytical methods, which

focus on the quantification of an individual compound, do

not capture these realities and make them less pertinent to

the overall assessment of the environment.

To address these problems, the environmental analysis

discipline is experiencing a paradigm shift from detection-

based measurement to the overall characterization and inter-

pretation of pollutants. This transformation is made possible

by the development of high-resolution instrumentation, mul-

tidimensional separation methods, and computational data

analysis, which can be combined to expand the chemical

coverage and gain a better understanding of the complex-

ity of the environment. Non-targeted and suspect screening

methods, especially, have become potent instruments for

the discovery of previously not identified contaminants and

transformation products. These techniques are based on high-

resolution mass spectrometry and large spectral databases,

and represent a step forward by relating to new environ-

mental discoveries because these techniques are no longer

predetermined lists of analytes [7,10].

Simultaneously, the combination of chemical analysis

with the biological and toxicological approaches is transform-

ing the interpretations of environmental data [11]. Efforts to

couple chemical measurements with effect-based assays, bio-

analytical tools, as well as exosmic approaches have been
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on the rise to provide an association between the presence of

contaminants and biological outcomes. This integration pays

attention to the fact that the relevance of analysis goes beyond

chemical identification to the knowledge of bioavailability,

internal exposure, and possible adverse effects. These meth-

ods are particularly useful to rank the pollutants of interest

in complicated mixtures, where an abundance of chemicals

may not be related to ecological or human health hazards.

The bombastic increase in data generated through the

sophisticated methods of analysis has further increased inno-

vation in the areas of chemometrics, machine learning, and

artificial intelligence [12,13]. The recent environmental data is

described by great dimensionality, huge volume, and great

uncertainty, which implies the need to apply advanced com-

putational methods to extract features, annotate compounds,

and recognize patterns. The methods that are data-driven

not only increase the level of efficiency and confidence of

the analysis, but also give the possibility of a retrospective

analysis, where the past-collected data may be reconstrued

as new knowledge and a new set of databases appears. This

data revolution of environmental analysis is transforming the

meaning of information generation, sharing, and recycling

in disciplines.

In addition to the developments in laboratories, there

is a growing need for ways to analyze the real-world data

that would be timely and spatially resolved. The conven-

tional monitoring plans, which use discrete sampling and

centralized laboratory tests, are not always able to reflect the

temporal dynamics of pollutant inputs and changes. New

technologies in the field of field-deployable, sensor-based,

and continuous monitoring are promising alternatives that

support near-real-time evaluation and more responsive en-

vironmental administration. With the integration of lower

analytical and computational schemes, such technologies

can fill the gap between the capability of analysis and the

ability to make environmental decisions in practice [14,15].

Although these advances have been made, there are ma-

jor challenges. Non-targeted analysis analytical workflows

are not harmonized; data interpretation may be resource-

intensive, and translation of more complex analysis output

into a regulatory or risk assessment context is still in its in-

fancy. It is necessary to remove these problems with both

technological innovation and conceptual realignment, which

means understanding that environmental analysis needs to

be more than a means of detection; it should also become an

environmental intelligence platform [6,16].

It is against this backdrop that this review looks at the

emerging frontiers of analytical methods of assessing envi-

ronmental pollutants, not through detection. Instead of creat-

ing a comprehensive list of techniques, the review pays atten-

tion to the new tendencies, conceptual changes, and integra-

tive approaches to defining and understanding environmental

pollutants in new ways. Some of the essential advances in so-

phisticated instrumentation, methods of analyzing complex

and emerging contaminants, the integration of chemical and

biological information, and data-acquired innovations are

mentioned, and their effects on environmental surveillance,

risk management, and control are discussed [11,17,18]. It is

expected that by raising the opportunities and challenges,

this review will offer a prospective view of the role of an-

alytical science in solving the complexity of contemporary

environmental pollution.

2. Paradigm Shifts in Environmental

Pollutant Analysis

The accelerating transformation of environmental pol-

lution has forced a radical reconsideration of the nature of the

analytical evaluation of the pollutants. Although initial activ-

ities in the field of environmental analytical chemistry were

mainly driven by environmental regulations and the need

to identify sources, the current issues are much further than

those of the initial intention. The increasing variety of chemi-

cal substances, their constant change in the environment, and

the rising consciousness of mixture effects have conceivably

contributed to the change of analytical paradigms. This shift

is not just a technological shift but also more of a conceptual

shift toward what is technically meaningful as environmental

information [19].

2.1. From TargetedAnalysis to Comprehensive

Chemical Space Exploration

The classical methods of environmental observation

have been based on the selective methods of analysis, where

particular compounds of interest are chosen a priori and

measured by a verified method [20]. The plan has been very

effective in monitoring controlled pollutants and determining

whether or not there is adherence to environmental regula-
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tions. Nevertheless, it is fundamentally limited by the known

knowledge and regulatory interests, which makes it inappro-

priate to reflect the entire chemical nature of environmen-

tal systems. Because of this, many compounds containing

some form of new chemical or transformation product, and

otherwise structurally unanticipated compounds, will go un-

detected [21].

As a countermeasure, the non-targeted and suspect

screening methodologies have come into the scene as a revo-

lutionary and transformational alternative. These techniques

seek to probe a far wider range of the chemical space that

may be contained in environmental samples, in many cases

without a priori knowledge of the identity of a compound.

With improvements in the high-resolution analytical instru-

mentation, it is possible to screen hundreds or thousands of

features simultaneously by extensive chemical screening. It

is also a change away from a compound-centric analysis to

a sample-centric exploration where environmental matrices

are characterized as complex chemical systems instead of

groups of isolated analytes. This not only increases the an-

alytical coverage but also increases the possibility of using

discovery-based environmental science [22].

2.2. Limitations of Detection-Centered Frame-

works

Although sensitivity and selectivity have greatly im-

proved, detection-based analytical systems are increasingly

constrained in their application to current environmental

problems. The data on the quantitative concentration alone

do not tell much information on the behavior of the pollu-

tants, especially when the compounds transform rapidly or

have context-dependent toxicity. Factors that tend to control

the environmental relevance include chemical speciation,

bioavailability, persistence, and interaction with other con-

taminants, none of which can be appropriately described

using traditional detection measures [23,24].

In addition, exposure to the environment seldom occurs

in a single form. Rather, complex and dynamic mixtures are

exposed to organisms, the overall effects of which cannot

be reasonably determined given concentrations of individ-

ual compounds. Trying to detect compounds analytically

based only on detection limits will be vulnerable to missing

low-abundance compounds that can have disproportionate

biological consequences or can serve as markers of larger

patterns of contamination. As a result, the sole focus on detec-

tion limits and the quantification accuracy is being viewed as

inadequate to carry out their environmental assessment [7,25].

This awakening has led to reinventing analytical prior-

ities, where interpretability, contextualization, and relevance

are given increasing priority. The analytical products are

now anticipated to verify the existence of contaminants in

addition to informing knowledge about the origins, changes,

and possible effects of contaminants. This widened expecta-

tion highlights the necessity of analytical frameworks that

combine chemical data and environmental processes with

biological endpoints [26,27].

2.3. Toward Holistic and IntegrativeAnalytical

Strategies

The shift in environmental pollutant analysis is identi-

fied by a tendency in the direction of holistic and integrative

approaches that go beyond detection. Modern methods of

analysis are more and more aimed at integrating general

chemical screening with contextual data, which allows inter-

preting environmental pollution more sensitively [28]. This

integration involves various aspects, such as time variability,

space distribution, and interaction of chemical and biological

systems.

The shift between static measurements and a dynamic

environmental characterization has been made possible by

high-throughput workflows of analytical processes and ad-

vanced data processing methods [29,30]. Analysis of retrospec-

tive data, e.g., can be used to rewrite analytical measurements

as archived data are revisited with new compounds of con-

cern, which makes analytical measurements into long-term

environmental measurements. Meanwhile, the adoption of

the idea of effect-based and exposure-oriented concepts into

the analytical design does indicate an increasing acknowl-

edgment that environmental analysis needs to be closer to

the reality of exposure situations.

Taken collectively, these trends portend the abandon-

ment of reductionist methods of analytic approaches to a

systems approach. This conceptual evolution of environ-

mental pollutant analysis beyond detection is illustrated in

Figure 1. The analysis of environmental pollutants is nowa-

days considered an interpretive science, whose challenge

consists in deriving useful action out of complexity instead

of recording the presence of chemicals. The paradigm shift
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forms the basis of the sophisticated analytical technologies,

integrative approaches, and data innovations in the follow-

ing sections, which, in combination with each other, form

the shifting boundaries of environmental pollutant appraisal

beyond detection. Table 1 provides an overview of the evo-

lution of analytical paradigms in environmental pollutant

assessment, highlighting the shift from targeted detection

toward integrative and effect-relevant strategies.

Figure 1. Conceptual evolution of environmental pollutant analysis from targeted, detection-centered workflows toward integrative

frameworks that emphasize comprehensive chemical coverage, biological relevance, and data-driven interpretation.

Table 1. Evolution of analytical paradigms in environmental pollutant assessment, summarizing the progression from targeted compound-

specific analysis to non-targeted, effect-based, and exposure-oriented approaches.

Paradigm Primary Objective Typical Workflow Strengths Key Limitations Best-Fit Use Cases

Targeted analysis
Quantify known

priority pollutants

Standards-based

method; calibration;

confirmatory ID

High quant

accuracy;

regulatory

acceptance

Misses

unknowns/TPs;

limited scope

Compliance monitoring;

trend tracking for

regulated lists

Suspect screening
Find expected-but-not-

confirmed chemicals

HRMS + suspect list +

scoring

Broader coverage;

faster than full

non-target

Depends on list

quality; ID confidence

varies

Emerging contaminants

with known structures

Non-target

screening (NTS)

Discover unknowns

and new signals

HRMS feature

extraction; annotation;

prioritization

Captures

“unknown

unknowns”;

retrospective use

High data burden;

many unassigned

features

Discovery, hotspot

investigation, research

monitoring

Effect-directed

analysis (EDA)

Link chemistry to

biological effects

Bioassays +

fractionation +

chemical ID

Effect relevance;

mixture-aware

Resource-intensive;

assay selection

impacts results

Mixture toxicity drivers;

prioritizing unknown

hazards

Exposure-

/exposome-

oriented analysis

Characterize

internal/accessible

dose

Passive sam-

pling/biomonitoring +

chemistry

Bioavailability

relevance

Complex

interpretation;

confounding factors

Human/ecological

exposure characterization
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3. Advanced Analytical Technologies

for Complex Environmental Matri-

ces

The increasing chemical complexity of environmental

systems has necessitated the emergence and application of

powerful analytical tools capable of identifying and quantify-

ing highly heterogeneous mixtures across varying matrices.

Thousands of organic and inorganic constituents with diverse

concentrations and physicochemical characteristics occur in

environmental samples, including surface water, wastewa-

ter, soil, sediments, and biota. This complexity can often

not be separated in conventional single-dimensional separa-

tions and low-resolution detectors, resulting in co-elution,

ion suppression, and ambiguous compound identification.

In its turn, the contemporary analysis of the environment is

becoming highly dependent upon high-resolution equipment

and multidimensional approaches to environmental analy-

sis, which are more concerned with extensive coverage and

structural details as well as analytical certainty [20,31].

3.1. High-Resolution Detection and Multidi-

mensional Separation Techniques

Modern environmental pollutant assessment has been

dominated by high-resolution analytical platforms. The in-

troduction of high-resolution mass spectrometry (HRMS)

has significantly changed the analytical situation as it now

allows measuring the masses precisely, having a high mass

resolving power, and better structural clarification [10]. Such

applications are especially important in screening methods

that are non-targeted and where the identity of the compound

is unknown before screening, and analytics confidence relies

on high-precision mass measurements and recognition of

isotopic patterns.

Simultaneously, multidimensional chromatographic

methods have become potent means of dealing with the ex-

treme complexity of environmental samples [32,33]. Liquid

chromatography and two-dimensional gas chromatography

offer greater separation capacity since they are orchestrated

through orthogonal approaches to separation that greatly re-

duce the potential to co-elute and offer better detection of low-

abundance compounds. These methods prove particularly

useful in isomeric species and structurally related contami-

nants which cannot be differentiated in a one-dimensional

separation. Multidimensional separations can also be used in

conjunction with high-resolution detection to provide a syn-

ergistic method that improves the qualitative and quantitative

capabilities. Retrospective and comparative analysis has also

been made easy by the incorporation of high-resolution de-

tection with sophisticated separations [34]. The rich datasets

created by these platforms can always be revisited with the

changes in the analytical standards, databases, and identifi-

cation algorithms. The ability will convert single analyses

into long-term information (resources), will aid in trend anal-

ysis, source apportionment, and the detection of emerging

contaminants with time.

3.2. Rapid, Direct, and Field-Oriented Analyti-

cal Approaches

Although analytical platforms based in the laboratory

offer the best resolution and sensitivity, they are usually lim-

ited by intensive sample preparation, long analysis times,

and limited time resolution. These constraints have created

a need to look into quick and direct analytical methods that

will probably reduce sample treatment and hasten the collec-

tion of data. This trend is represented by ambient and direct

ionization techniques, where analytes can be subjected to the

detector with little or no chromatographic separation [35,36].

These methods minimize the turnaround time of analysis

and could maintain the labile compounds that could be oth-

erwise lost during long exposure of the sample to long-term

processing.

The evolution of small and miniature-sized analytical

systems is also indicative of the increased focus on field-

oriented analysis [37,38]. The miniaturized mass spectrome-

ters, sensor-based systems, and lab-on-a-chip systems are

also being considered in in situ environmental monitoring.

Despite frequent trade-offs in sensitivity or resolution with a

laboratory-based system, the technologies have tremendous

benefits regarding the spatial coverage, temporal resolution,

and responsiveness to temporal changes in pollution. Con-

sequently, they can be used in screening assessments, early

warning mechanisms, and adaptive monitoring plans.

Notably, the high-end lab analysis should not be substi-

tuted for rapid and field-deployable techniques, but instead

should be supplemented. When combined in a system of

analyzed layers, they can be used to allocate resources effi-

ciently since samples or locations that should be investigated
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more closely can be determined. Such a merger of field

responsiveness and precision in the laboratory is one crit-

ical milestone towards more agile and context-responsive

environmental pollutant assessment [39,40].

Collectively, enhanced resolutions of detection, multi-

dimensional separation, and fast methods of analysis have

dramatically increased the analytical arsenal in environmen-

tal studies [17]. The major analytical technologies supporting

this expanded toolbox and their complementary roles in en-

vironmental pollutant assessment are summarized in Table

2. These technologies underpin the transition from narrow,

target-driven measurement toward comprehensive character-

ization of complex environmental matrices, setting the stage

for addressing the analytical challenges posed by emerging

contaminants and chemical mixtures discussed in the follow-

ing section.

Table 2. Overview of advanced analytical technologies applied to complex environmental matrices, including high-resolution detection,

multidimensional separations, rapid/direct analysis, and field-deployable systems.

Technology Class
Typical

Platform/Examples

Key Analytical

Advantage
Main Constraints Typical Outputs

High-resolution MS

(HRMS)
Orbitrap, TOF

Accurate mass; broad

screening; structural clues

Complex data processing;

ID confidence varies

Features, formulas, tentative

IDs, spectral matches

Tandem MS/MS

workflows
DDA/DIA acquisition

Improved structural

annotation; library

matching

Spectral coverage

tradeoffs; method

dependence

Fragment spectra;

confidence-ranked annotations

Multidimensional

chromatography
GC × GC, LC × LC

Resolves co-elution; better

isomer separation

Instrument complexity;

longer methods

Enhanced peak capacity;

cleaner spectra

Ambient/direct

analysis

Ambient ionization;

minimal prep

Speed; reduced sample

handling

Lower selectivity; matrix

effects

Rapid fingerprints; screening

indicators

Advanced sample

preparation

SPE variants; passive

samplers; microextraction

Improved sensitivity;

matrix cleanup;

time-integrated sampling

Method bias; recovery

variability

Enriched extracts;

time-weighted exposure

proxies

Field-deployable

systems
Portable MS; sensor arrays

Temporal/spatial

resolution; responsiveness

Performance tradeoffs;

calibration drift

Near-real-time signals;

screening alarms

4. Analytical Challenges Posed by

Emerging and Complex Pollutants

The continuous introduction of new chemicals into the

environment, coupled with the transformation of existing

substances, has created an expanding and increasingly com-

plex pollutant landscape [41].

The emerging contaminants usually find their way into

the environmental systems without full characterizations of

their fate, behavior or possible impacts, which pose a great

challenge to analytical science. Such difficulties are further

enhanced by complex mixtures and the dynamic process of

the environment that complicate detection, identification and

interpretation. Representative categories of emerging and

complex pollutants and the analytical challenges they pose

are summarized in Table 3.

Table 3. Major categories of emerging and complex environmental pollutants and the analytical challenges associated with their detection,

identification, and interpretation.

Pollutant Category Representative Examples
Why Analytically

Challenging
Common Pitfalls

Recommended Analytical

Strategies

Persistent & mobile

organics

Highly polar organics;

diverse industrial additives

Poor retention in

conventional LC; wide

polarity range

Underestimation due

to method bias

Mixed-mode LC; HRMS

suspect/NTS; tailored extraction

Transformation

products (TPs)

Oxidation/photoly-

sis/biodegradation

products

Often unknown; lack

standards; transient

Missed in targeted

lists

NTS + pathway-informed

suspects; time-resolved sampling

Complex mixtures
Wastewater effluents;

stormwater; sediments

Co-elution; matrix

suppression; huge feature

counts

False

positives/negatives

Multidimensional separations;

QA/QC scoring; chemometrics

Isomers/isobars
Structural isomers; same

nominal mass

Similar MS signals;

ambiguous annotation

Misidentification

without separation

LC × LC, GC × GC; ion mobility;

MS/MS + retention indices

Particulate-associated

contaminants

Sorbed organics;

particle-bound metals

Heterogeneous distribution;

extraction efficiency
Poor reproducibility

Standardized extraction; replicate

design; particle characterization
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4.1. Novel Contaminant Classes andAnalytical

Uncertainty

The possible emerging pollutants include a wide spec-

trum of chemicals, such as industrial chemicals, pharmaceu-

ticals, ingredients of personal care products, and high-tech

materials that are specially developed to be used in a partic-

ular way [42]. A large number of these compounds are highly

persistent, mobile, or bioaccumulative and do not have any

analytical standards or monitoring protocols. Their structural

heterogeneity and the unconventional nature of their physic-

ochemical characteristics may make them inaccessible or

unreliable to the standard analytical techniques.

Another major challenge will be transformation prod-

ucts that are created by the abiotic and biotic pro-

cesses, like photolysis, oxidation, hydrolysis, and microbial

metabolism [43]. Their transformation products can vary sig-

nificantly in toxicity, mobility, and persistence from their

parent compounds and are often not found in target com-

pounds lists and reference libraries. Consequently, environ-

mental evaluations involving a single set of parent chemicals

run the risk of underestimating chemical diversity as well as

environmental risk. The detection of such products can be

based on indirect evidence and sophisticated data processing,

which leads to an extra uncertainty in analytical processes.

4.2. Chemical Mixtures and Cumulative Expo-

sure

There are hardly any isolated events of environmental

contamination. Environmental matrices, on the contrary, usu-

ally have intricate combinations of chemicals with a variety

of origins and in the process of co-transformation [44]. There

are significant challenges in the analytical characterization

of such mixtures because overlapping signals, effects of the

matrix, and variation of the concentrations may blend the

components. Although separation and detection technologies

can be highly developed, it is still a challenge to differentiate

between the signal and the background noise.

The significance of mixtures is not limited to the com-

plexity of the analysis, from an environmental and toxicolog-

ical point of view [45]. The cumulative effects of co-occurring

chemicals can be very different than those that are expected

with individual behavior of the compounds, creating con-

cerns of cumulative and interactive effects. The isolated

compound-based analytical methods do not offer as much

insight into the dynamics of mixtures, and there is a lack of

connection between the results of analysis and actual expo-

sure conditions. To deal with this disconnection, analytical

methods are needed that are able to represent the composition

of mixtures in a form that allows significant understanding

of synergized effects.

4.3. Gaps in Sensitivity, Selectivity, and Inter-

pretability

In spite of the development in technology, there are still

large gaps in the sensitivity and selectivity needed to fully

characterize emerging and complex pollutants [6,21]. The com-

pounds of environmental significance are found at ultra-trace

levels, which are frequently close or below the detection lim-

its of instrumentation, especially in complex matrices where

interferences are common. Increased sensitivity with se-

lectivity is one of the main analytical issues of interest, in

particular in non-targeted workflows that need to strike the

right balance between overall coverage and confidence of

analysis.

Another issue of importance is that of interpretabil-

ity [46]. Modern methods of analysis usually produce a huge

amount of data in which the number of features is often

thousands, many of which cannot be reliably given known

chemical structures. The incomplete databases, insufficient

access to reference standards, and the uncertainties related

to provisional identifications all contribute to the hindrance

of the translation of these data into actionable environmental

insight. The analytical outcomes can therefore be incomplete

or ambiguous in their depiction of environmental contam-

ination, and thus, they can be used in the process of risk

assessment and regulation decisions.

All these issues highlight the need to have analytical

frameworks that would transcend the occurrence of individ-

ual instances of detection to case-integration strategies that

can successfully combat novelty in chemistry as well as mix-

ture complexities and interpretive uncertainties [9,47]. The

identification and the confrontation of these limitations are

the key to the further development of environmental pollutant

assessment and the incentive to integrate chemical analysis

with biological and data-intensive methods mentioned in the

following section.
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5. Coupling Chemical Analysis with

Biological and Data-Driven In-

sights

Since analytical methods have extended the capability

to measure and describe complex chemical signatures in envi-

ronmental samples, it has become clearer that chemical data

are not adequate to determine environmental relevance. The

occurrence of a substance, even when correctly determined

and measured, does not necessarily have a direct relation-

ship with ecological or health hazards to man. It is this

understanding that has led to increasing attempts to integrate

chemical analysis with biological response measurement and

data interpretation, thus closing the gap between the ability

to analyze and the consequences on the environment [11,48].

5.1. Effect-Based and Exposure-Oriented Ana-

lytical Strategies

The methods of analysis based on its effect are a signif-

icant development of purely chemical measurements. These

methods combine bioanalytical methods, including in vitro

assays and organism-level responses, with chemical analysis

to determine the biological activity of complicated samples

in the environment [11,49]. Effect-based approaches do not

evaluate the environmental impact of individual compounds,

but instead evaluate the overall biological response to mix-

tures of chemicals, providing a more exposure-relevant way

of viewing environmental contamination.

This has proven to be very useful in the determina-

tion of biologically active but chemically uncharacterized

components in complex mixtures. In most situations, low-

concentration compounds can have a dramatic impact on

biology, whereas relatively benign impacts can be caused by

relatively high concentrations of chemicals. The effect-based

strategies allow ranking of pollutants that should be investi-

gated further by associating observed effects and chemical

fingerprints, either by fractionation or comparative analysis.

These methods are also useful in identifying transformation

products and emerging pollutants whose toxicological char-

acteristics are not well-known [50].

Exposure-oriented concepts can also be used to expand

the analytical range to include bioavailability and internal

exposures in addition to the external concentrations [51]. Pas-

sive sampling and biomonitoring methods help to gain an

understanding of the proportion of contaminants that is avail-

able to the organisms, and can induce a biological reaction.

The methods, together with chemical analysis, make the ana-

lytical data relevant to the environment and lead to a more

realistic perspective of exposure mechanisms in various en-

vironments and trophic levels.

5.2. Chemometrics, Machine Learning, and

Computational Integration

The combination of biological and chemical analysis

is becoming more and more possible through the develop-

ment of chemometrics and computational data analysis [52].

The nature of modern environmental data is high dimen-

sionality and complexity, and is commonly represented by

thousands of chemical features and multiple biological re-

sponse endpoints. Such data could only be extracted into

useful relationships using advanced statistical and computing

tools that could help establish the pattern, correlation, and

drivers of effects that could be observed.

Environmental analysis: Chemometrics techniques

have historically been used to aid in the interpretation of

multivariate data, source apportionment, and pattern recog-

nition [12,53]. Most recently, these capabilities were extended

with machine learning and artificial intelligence methods,

making it possible to select features automatically, priori-

tize compounds, and predictively model these actions. The

tools can be used to identify relationships between chemical

profiles and biological result even in cases where the iden-

tities of the compounds may not be known. Consequently,

the analysis processes will cease to rely on compound-by-

compound assessments to become more comprehensive and

effective inspections. An integrative workflow linking chem-

ical analysis, biological response assessment, and data-driven

interpretation is illustrated in Figure 2.

Computational integration is also capable of facilitating

retrospective and comparative studies between studies and

monitoring programs [54]. Data formats, spectral libraries,

and open-access databases can be used to increase the inter-

operability of analytical datasets and provide the ability to

compare across systems. These resources, added together

with the biological response data, would help in creating pre-

dictive frameworks that correlate the chemical occurrence

and the possible effects to facilitate proactive rather than

reactive environmental assessment.
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Figure 2. Integrative analytical workflow combining high-resolution chemical profiling, effect-based bioassays, exposure-oriented

metrics, and data-driven tools such as chemometrics and machine learning.

Coupling chemical analysis and biological and data-

driven understanding is, therefore, a paradigm change in

environmental pollutant assessment [55,56]. These integrative

methods can be used to convert complex datasets into prac-

tical environmental intelligence by matching the outputs of

the analytical processes with the relevance of exposures and

effects. Not only does this increase the scientific useful-

ness of analytical measurements, but it also increases their

usefulness in risk assessment and environmental manage-

ment, opening the way to even more knowledgeable decision-

making in the ever-more-complicated chemical environment.

6. Toward Real-World Relevance:

Monitoring, Risk, and Regulatory

Implications

The final worth of progress in environmental analytical

science is that it can be used to guide real-world decision-

making. Even though high-resolution instrumentation, inte-

grative workflows, and data-driven interpretation have sig-

nificantly increased the analytical capacity, the main issue

has been to translate the progress into actual environmental

monitoring and risk assessment. It is only with the help of

analytical methods that can create detailed chemical data and

optimize them in accordance with the temporal, spatial, and

regulatory contexts in which environmental decisions are

taken that this gap can be bridged [57].

6.1. Advancing Environmental Monitoring be-

yond Discrete Measurements

Traditional environmental surveillance schemes have

always used periodic sampling and subsequent analysis in

the laboratory. Even though this is a good approach to get

high-quality data, in most cases, it does not reflect the dy-

namism of the pollutant inputs, transport, and transformation.

The events of contamination on a short-term basis, seasonal

changes, and occasional releases can bemissed, and exposure

and environmental risk cannot be assessed correctly [58].

A promising direction for operationalizing advanced

analytical approaches is the development of tiered monitor-

ing frameworks that integrate multiple levels of analytical

resolution and complexity. In such a framework, Tier 1
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consists of rapid, field-deployable tools, including sensor

technologies and portable analytical devices, which enable

high-frequency screening and early detection of anomalies

or pollution events. These methods provide timely, cost-

effective data but typically lack detailed chemical resolu-

tion. Tier 2 involves comprehensive laboratory-based analy-

ses, particularly high-resolution mass spectrometry coupled

with non-target and suspect screening workflows. This tier

provides in-depth chemical characterization, enabling the

detection of both known and previously unrecognized con-

taminants. It serves as a confirmatory and exploratory layer

that builds upon Tier 1 observations. Tier 3 incorporates

effect-based assessment, including in vitro bioassays and

biomarker-based approaches, to evaluate the biological rele-

vance of detected chemical mixtures. By linking chemical

exposure to biological responses, this tier provides critical

insight into potential ecological and human health risks. Im-

portantly, feedback between tiers is essential for maximizing

effectiveness. Signals detected in Tier 1 can trigger targeted

Tier 2 investigations, while findings from Tier 2 and Tier 3

can inform the refinement of monitoring priorities and sensor

development. Such an integrated, tiered framework offers a

practical pathway for transitioning from data-rich analytical

outputs to risk-informed environmental management and

decision-making [59].

The innovations in sensor technology and miniaturized

analytic platforms, as well as automated sampling systems,

allow nearly real-time data collection in a wide range of com-

partments of the environment. These technologies, when

combined with more sophisticated analytical processes, give

a more comprehensive and time-resolved view of environ-

mental pollution. Adaptive monitoring designs through such

approaches enable resources to be targeted at hotspots or

high-risk times of the year as opposed to evenly distributed

sampling efforts.

6.2. Translating Analytical Complexity into

Risk Assessment

The growing sophistication of analytical information

offers opportunities and threats to the assessment of envi-

ronmental risks. Non-targeted and high-resolution methods

produce highly detailed data, which accounts not only for

chemical diversity but also mixture composition, but risk

assessment systems are typically designed to be built on

just a few well-known substances. Such a discrepancy may

hamper the proper deployment of sophisticated analytical

information in the regulatory settings [60].

The interest in risk-based prioritization strategies, capi-

talizing on integrative analytical outputs, is growing in this

effort to help deal with this challenge. Effect-based tests and

exposure metrics, data-based prioritization tools of complex

chemical profiles, have provided avenues through which

complex chemical profiles can be translated into measures

of potential concern. These strategies do not entail iden-

tifying individual compounds at all, and subjecting them

to toxicological characterization; instead, the priority is on

identifying fractions or properties that cause the biological

effects or reflect high exposure potential. These strategies

are much more in line with exposure situations that can occur

in the real world and help in the more efficient distribution

of regulatory and management resources. Table 4 summa-

rizes how different analytical outputs can be aligned with

monitoring objectives, risk assessment needs, and regulatory

decision contexts.

Table 4. Alignment of analytical outputs with environmental monitoring, risk assessment, and regulatory decision-making contexts.

Decision Context
Analytical Inputs That

Matter Most

Evidence Level Typically

Needed
Suitable Workflow

Common Reporting

Endpoints

Routine compliance

monitoring

Quantitative

concentrations of regulated

compounds

High (validated method,

reference standards)
Targeted LC/GC methods

Concentration vs. limits;

QA/QC metrics

Screening & prioritization

Broad chemical

fingerprints + semi-quant +

effect indicators

Moderate (scoring +

confirmatory follow-up)

Suspect + NTS +

effect-based triage

Priority lists; confidence

ranks; hotspots

Incident response

(spills/events)

Fast detection + source

indicators
Time-critical; confirm later

Rapid/direct methods +

targeted confirmations

Alerts; likely source

classes; time trends

Risk assessment support
Exposure relevance +

mixture/effect context

Strong for key drivers;

tiered evidence
EDA + bioassays + HRMS

Drivers of effect; margins

of exposure; uncertainty

Adaptive regulation &

surveillance

Trends, emerging signals,

retrospective discovery

Increasingly accepted if

transparent

HRMS archives +

harmonized workflows

Watch lists; early warning;

evidence dossiers
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6.3. Implications for Environmental Policy and

Regulation

The development of methods of analysis that extend

past the detection level has a considerable consequence on

the environmental policy and regulation [61]. State-of-the-art

analytical tools question the regulatory traditions and ideals

of incorporating predetermined lists of priority pollutants

and concentrations in nature, which rely on fixed thresh-

olds. Although the frameworks have played a significant

role in managing legacy contaminants, they do not work well

in managing new chemicals, transformation products, and

complicated mixtures.

To introduce a more developed analytical understand-

ing into regulatory practice, there should be a balance be-

tween scientific innovation and practical application. Cases

of standardization of methods, comparison of data, and inter-

pretation should be tackled to make sure that the regulations

are accepted and transparent. Simultaneously, the increased

accessibility of the total chemical and biological informa-

tion offers the possibilities of more adaptive and proactive

regulations. Through the adoption of integrative monitoring

practices and risk-based prioritization, the environmental

policy can be transformed to be more proactive and anticipa-

tory of risk development instead of responsive to the existing

risks [62,63]. On the whole, to achieve the best effect of en-

vironmental analytical science on society, it is necessary

to match analytical innovation and real-world monitoring,

risk estimation, and regulation requirements. With the ever-

changing analytical methods, their practical application in

the decision-making processes will be essential in helping

to deal with the complicated and dynamic issues of environ-

mental pollution.

7. Future Directions and Research

Needs

Regardless of the high development of the analytical

technologies and integrative assessment strategies, environ-

mental pollutant analysis is a quickly developing sphere that

is subject to considerable scientific and practical difficul-

ties [6]. The rapidly growing rate of chemical innovation,

together with the growing complexity of environmental and

regulatory systems, requires further methodological advance-

ment and conceptual elaboration. The development of an-

alytical performance in the future should not focus solely

on analytical performance; however, the problems of scala-

bility, interpretability, and long-term applicability should be

addressed.

7.1. Addressing the Challenge of Unknown and

Evolving Pollutants

Among the most urgent research requirements is the

opportunity to raise the level of analytical processing of un-

known and changing pollutants. To address the challenge

of “unknown unknowns,” a structured prioritization strat-

egy is essential for translating non-target screening outputs

into actionable knowledge. Rather than treating unidentified

features as uniformly important, multiple complementary

criteria can be applied to rank their relevance. Analytical

indicators such as frequency of detection across samples,

signal intensity, and persistence in time-series datasets can

be used to identify dominant or recurrent features. In parallel,

statistical associations with effect-based bioassay responses

provide a means to link chemical signals with biological

relevance, thereby prioritizing features that are most likely

to contribute to observed toxicity [21]. Although the non-

targeted and suspect screening methods have increased the

chemical coverage significantly, a significant proportion of

the features detected is not known or identified at best. Fur-

ther development of structural elucidation instruments, build-

ing larger reference libraries, and the creation of more robust

confidence frameworks of compound identification are only

some of the necessary steps toward eliminating uncertainty

in environmental assessments.

In addition, computational approaches offer valuable

support for prioritization. Suspect screening based on struc-

ture prediction, molecular formula assignment, and database

matching can help narrow candidate identities, while in sil-

ico tools such as quantitative structure–activity relationship

(QSAR)models and toxicity prediction platforms can be used

to estimate hazard potential. Network-based analyses and

feature clustering can further reveal co-occurrence patterns

and potential transformation pathways [64]. The emerging

concern is that chemicals can be transformed quickly over

time, not only in their pattern of use but also in their behav-

ior in the environment. Monitoring of these changes and

the early warning indicators will be heavily on longitudinal

monitoring, with the assistance of retrospective data analysis.
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Development of analytical processes andmethods with a flex-

ible structure to meet the changing chemical environments

will make the environmental monitoring program more re-

silient and relevant. By integrating analytical prominence,

biological relevance, and predicted toxicity, such tiered pri-

oritization strategies enable a more efficient allocation of

resources toward the identification and confirmation of high-

priority unknowns, thereby advancing non-target analysis

from descriptive profiling toward risk-oriented interpreta-

tion.

7.2. Standardization, Data Sharing, and Repro-

ducibility

Due to the growing data intensity of environmental

analysis, the problems of standardization and reproducibil-

ity are put into the limelight. Diversity in the methods of

data analysis, data processing procedures, and reporting may

impede inter-study comparisons and reduce the overall appli-

cability of analytical findings. The creation of non-targeted

analysis, data annotation, and quality assurance guidelines

that are harmonized is one of the research priorities [65,66].

The sharing of information and the open-access ma-

terials is also of great significance. The comparisons of

studies across various studies are easily achieved through

shared spectral libraries, curated databases, and interoper-

able data formats, enabling methodological progress to be

more rapid. Open data also encourages reproducibility and

builds credibility in the results of the analysis, especially

when the outcomes are to be used in policy or regulatory

contexts. The challenges to data sharing based on technical,

institutional, and cultural issues will be necessary in order to

make a full-scale data-driven environmental analysis [67,68].

7.3. Toward Autonomous and Intelligent Ana-

lytical Systems

In the future, the combination of high-quality analytical

tools, automation, and artificial intelligence will lead to the

creation of autonomous and smart systems of analysis [69].

Automated sample manipulation, real-time data processing,

and adaptive monitoring algorithms can revolutionize envi-

ronmental analysis as a mostly retrospective profession into a

proactive and responsive one. These systems would have the

ability to automatically broaden or narrow sampling plans

according to trends that have been identified or anomalies

reported, and make them more efficient and relevant to the

environment.

The vision will be achieved through tight collaboration

in the field of analytical chemistry, environmental science,

data science, and engineering. The factors of reliability,

transparency, and interpretability of autonomous systems

will become especially significant in the areas where analyti-

cal outputs are used to make high-stakes decisions. However,

the search for smart analytical platforms is a viable path to

solve the magnitude and intricacy of environmental chal-

lenges in the future [14,70].

Overall, further development of environmental pollu-

tant assays beyond detection will rely on continued inno-

vation in the analytical processes, data infrastructure, and

conceptual models. The future research will be able to fur-

ther reinforce the place of analytical science as a pillar of

informed environmental protection and sustainable manage-

ment by answering the challenges of unknown pollutants,

standardization and transparency, and intelligent systems.

8. Conclusion

The blistering development of ecological pollution has

essentially transformed the importance of analytical science

in the analysis of the environment. With the ever-growing

diversity, complexity, and dynamism of chemical contami-

nants, the detection-based analytical paradigms are no longer

adequate to reflect on the environmental exposure and risk

realities. The shift to methods of analysis that go beyond sim-

ple identification and quantification to thoroughly examine

characterization, contextual interpretation, and environmen-

tal relevance has been observed in this review.

The development of high-resolution instruments and

multidimensional separationmethods has significantly broad-

ened the chemical space of the complex environmental ma-

trices through the potential of finding novel, previously un-

known contaminants and transformation products. Simulta-

neously, the advent of non-targeted and suspect-based screen-

ing can be described as disruptive to the traditional analytical

paradigms, whereby traditional screening methods priori-

tized specific lists of analytes in the sample, but the focus

of the analysis shifted to the exploration of the sample itself.

These advances have changed the scope of the analytical
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capability, but they also pose other obstacles to the data com-

plexity, uncertainty, and interpretability in question.

Importantly, a combination of chemical analysis with

biological and data-driven insights has become a charac-

teristic of the modern evaluation. The effect-based assays,

exposure-oriented metrics, and computation tools are the key

to providing the necessary context of understanding com-

plexes of chemical signatures, and their analytical outputs

can be more closely related to human and ecological health

effects. These integrative methods complement the value of

analytical data in risk assessment and prioritization of pollu-

tants by rendering the chemical distributions of importance

to biology as well.

The transformation of advanced methods of analysis

into practical monitoring and control systems is a major

problem. The potential avenues to balancing analytical in-

novativeness and environmental decision-making through

continuous, in situ monitoring technologies, risk-based prior-

itization strategies, and adaptive regulatory concepts can be

viewed as promising. Their effective implementation, how-

ever, requires a solution to the problem of standardization,

reproducibility, and data transparency and an enhancement

of collaboration between scientific and regulatory communi-

ties.

Going forward, the future of the evaluation of environ-

mental pollutants is in the creation of versatile, integrative,

and intelligent systems of analysis that can be able to adapt

to the changing chemical environment. Further development

will not be possible only through technological innovation

but also through conceptual changes, which will consider en-

vironmental analysis as an interpretive science and decision-

support science. Analytical chemistry can take a critical

role in the future of ensuring emerging risks are predicted

and contribute to a healthy environment in a more complex

world by surpassing detection and embracing data-informed

approaches.
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