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Abstract: Emerging contaminants (ECs), encompassing pharmaceuticals, personal care products,
pesticides, and industrial chemicals, represent a growing threat to ecosystems and human health
due to their persistence, bioaccumulation potential, and often-unknown toxicological profiles.
Addressing these challenges necessitates advanced analytical tools capable of detecting and
quantifying trace levels of ECs in complex environmental matrices. This review highlights the
pivotal role of mass spectrometry (MS) in monitoring ECs, emphasizing its high sensitivity,
specificity, and versatility across various techniques such as Gas Chromatography-Mass
Spectrometry (GC-MS), Liquid Chromatography-Mass Spectrometry (LC-MS), and High-
Resolution Mass Spectrometry (HR-MS). The application of MS has facilitated the real-time
detection of volatile organic compounds, comprehensive non-targeted screening of unknown
contaminants, and accurate quantification in diverse matrices including water, soil, and air. Despite
its effectiveness, challenges such as matrix interferences, lack of standardized methodologies, and
limited spectral libraries persist. However, recent advancements, including hybrid MS systems and
the integration of artificial intelligence (AI), are paving the way for more efficient environmental
monitoring and predictive modeling of contaminant behavior. Continued innovation in MS
technologies and collaborative efforts are essential to overcome existing challenges and ensure
sustainable solutions for mitigating the risks associated with emerging contaminants.
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1. Introduction

Emerging contaminants (ECs), or contaminants of emerging concern (CECs), include various
chemical substances with potential risks to human health and ecosystems due to their persistence
and toxicity [1]. These substances have been identified in the environment and consist of
pharmaceuticals[2], personal care products[3], endocrine disruptors[4], and industrial chemicals[5].
Despite their presence, they largely remain unregulated or inadequately monitored. Many of these
contaminants enter ecosystems through wastewater, agricultural runoff, or industrial emissions and
landfill leachate[6] posing potential risks to both ecosystems and human health. The persistence and
potential bioaccumulation of ECs, combined with their often-unknown toxicological profiles, can
disrupt natural habitats, alter biodiversity, and introduce health risks when they infiltrate drinking
water sources [7].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Categories of emerging contaminants.

Emerging contaminants are constantly evolving, as substances initially identified become
recognized environmental threats with advancing scientific insights. This category includes both
newly synthesized chemicals and "legacy” contaminants which are familiar substances like lead and
arsenic. Their effects and environmental behaviors are now being reconsidered as new data surfaces.
Pollutants such as cyanotoxins from algal blooms and by-products from water treatment processes
illustrate the extensive and unpredictable range of these contaminants. The complex, interconnected
effects of these pollutants highlight the necessity for multidisciplinary approaches to thoroughly
evaluate their impacts on human health, ecosystems, and natural resources. The criteria for
classifying a substance as an emerging contaminant (EC) hinge on several key factors, which
underscore their potential risks to ecosystems and human health. First, persistence in the
environment is a fundamental trait; ECs tend to resist natural degradation processes, allowing them
to remain active and accumulate over extended periods [8]. This persistence makes them difficult to
manage through conventional treatment or remediation processes, increasing their chances of
widespread distribution. Another important factor is bioaccumulation, as many ECs are capable of
concentrating within biological systems, potentially transferring from one organism to another across
trophic levels [9]. This can lead to long-term ecological impacts, as these contaminants travel up the
food chain, posing threats to wildlife and, eventually, humans who consume contaminated species.

Toxicity is also a significant criterion, although toxicological data on many ECs remains
incomplete. Despite this limitation, some ECs have been linked to harmful effects on various
organisms, particularly through endocrine and reproductive disruptions. For example,
pharmaceuticals and personal care products that act as endocrine disruptors can alter hormonal
balances in aquatic species, leading to population-level effects [10]. Finally, ubiquity and detection
are key considerations. ECs are increasingly detected in a wide range of environments, from urban
and rural water systems to remote ecosystems like Arctic waters and even atmospheric layers. Their
ability to spread across diverse habitats further emphasizes their potential for far-reaching impacts.
Together, these criteria highlight the complexity of managing ECs and the need for enhanced
monitoring, regulation, and public awareness to address their environmental and health implications
effectively [11].
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In tackling emerging contaminants, researchers and policymakers must navigate challenges in
prioritization and risk assessment. Limited toxicological data, along with varying persistence and
degradation rates, complicate efforts to establish safe exposure thresholds and environmental
guidelines. The constantly evolving landscape of these contaminants calls for adaptive management
strategies and enhanced funding for research. Proactive monitoring and advanced treatment
technologies are essential to mitigate the risks associated with these pollutants, yet resource
constraints and gaps in public awareness continue to hinder widespread implementation.

The detection and quantification of these contaminants are essential for environmental safety,
as many of them exhibit toxic properties even at low concentrations. Increased detection efforts have
highlighted the widespread distribution of ECs across different environmental media, including soil,
water, and air. The environmental behavior of these contaminants is complex and often varies with
chemical composition, posing challenges to effective environmental management. Their potential to
affect various ecological and human health systems has prompted regulatory agencies to monitor
their prevalence and influence, especially in sensitive ecosystems like aquatic environments [7].

2. Mass Spectrometry for Emerging Contaminants Analysis

Mass spectrometry (MS) has emerged as a critical analytical tool in identifying and quantifying
ECs in complex environmental samples. MS has become an invaluable analytical tool in detecting
and quantifying emerging contaminants (ECs) within environmental samples. Its high sensitivity,
selectivity, and adaptability make it especially suitable for analyzing trace contaminants across
various environmental media, such as water, soil, and air. Several MS techniques stand out for
environmental applications, each offering unique advantages based on the characteristics of the
contaminants. Gas Chromatography-Mass Spectrometry (GC-MS) is commonly used for analyzing
volatile and semi-volatile organic compounds, such as industrial chemicals and certain pesticides. By
separating compounds based on their volatility before they reach the MS detector, GC-MS enables
precise identification and quantification, making it a preferred method for monitoring air quality and
soil contamination.

Liquid Chromatography-Mass Spectrometry (LC-MS), in contrast, is well-suited for non-volatile
and thermally unstable compounds, such as pharmaceuticals and personal care products. LC-MS
separates analytes based on their solubility in different solvents, allowing it to handle the complex
matrix of environmental samples like wastewater. This technique is highly effective for monitoring
ECs in aquatic environments, where such contaminants are often found in low concentrations.

Proton Transfer Reaction Mass Spectrometry (PTR-MS) is a real-time MS technique primarily
used for detecting volatile organic compounds (VOCs) directly in the air without the need for pre-
separation. This high-throughput capability makes PTR-MS suitable for continuous environmental
monitoring, especially for compounds that rapidly disperse or change concentrations, such as VOCs
from industrial emissions.

Lastly, Selected Ion Flow Tube Mass Spectrometry (SIFT-MS)[12] is another direct MS method
that provides real-time detection of trace gases in complex samples. Like PTR-MS, SIFT-MS does not
require pre-separation but instead uses controlled chemical ionization to achieve high sensitivity and
specificity. This method is effective for detecting reactive and labile compounds in ambient air,
making it particularly useful for monitoring pollutants with short atmospheric lifetimes.

These MS techniques collectively offer a robust toolkit for detecting diverse ECs, providing
crucial insights into their distribution, behavior, and potential risks in the environment. Their
application allows scientists to track contamination patterns, identify sources, and assess ecological
impacts, informing both remediation efforts and regulatory policies.

MS techniques offer high sensitivity and specificity, making them ideal for detecting trace
amounts of ECs. The precision and accuracy of MS enable environmental scientists to monitor
contamination levels accurately, trace pollution sources, and evaluate potential ecological impacts.
This review focuses on discussing the various applications of MS in detecting and studying ECs, with
an emphasis on recent advancements and challenges. The primary objective of this review is to
provide an in-depth analysis of the role of MS in environmental monitoring of ECs, exploring its
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methodologies, applications, and limitations. By reviewing key studies and recent developments, this
article aims to contribute to the growing body of knowledge on ECs and support the development of
effective regulatory and mitigation strategies for environmental safety.

The selection of an appropriate mass spectrometry (MS) technique for detecting emerging
contaminants (ECs) depends on several key characteristics of the contaminants, such as their
volatility, polarity, thermal stability, concentration levels, and the complexity of the matrix in which
they are found. Each MS technique has distinct advantages based on these factors, so making the
right choice is essential for accurate, sensitive detection (Figure 2).

Volatility: The volatility of a contaminant plays a significant role in choosing between Gas
Chromatography-Mass Spectrometry (GC-MS) and Liquid Chromatography-Mass Spectrometry
(LC-MS). GC-MS is ideal for volatile and semi-volatile compounds that can be vaporized without
decomposition, like benzene, toluene, and some pesticides, which are commonly found in industrial
and agricultural settings [13]. LC-MS, however, is preferred for non-volatile or thermally sensitive
compounds, such as antibiotics and steroid hormones, which would degrade if vaporized [14].

Polarity: The polarity of ECs influences their separation and detection efficiency in
chromatography. LC-MS is particularly effective for polar and ionic compounds like pharmaceutical
residues (e.g., acetaminophen) and certain personal care products, as it separates these substances in
a liquid phase. In contrast, GC-MS is well-suited for non-polar or moderately polar contaminants,
like polycyclic aromatic hydrocarbons (PAHSs) and certain plasticizers, which are more stable in a
gaseous phase.

Thermal Stability: For contaminants that are thermally unstable—such as certain pesticides like
carbamates or chemicals in personal care products —LC-MS or techniques that do not involve sample
heating, like Selected Ion Flow Tube Mass Spectrometry (SIFT-MS)[15] or Proton Transfer Reaction
Mass Spectrometry (PTR-MS)[16], are optimal. These techniques avoid the high temperatures in GC-
MS, preserving the integrity of compounds that would otherwise degrade.

Concentration Levels and Sensitivity Needs: Some ECs exist in trace amounts, requiring
techniques with high sensitivity. High-Resolution Mass Spectrometry (HR-MS) and Tandem MS
(MS/MS) offer precise quantification even at low concentrations, which is essential for contaminants
like endocrine-disrupting compounds (e.g., bisphenol A) in aquatic systems. For continuous
monitoring of volatile organic compounds (VOCs) in the air, SIFT-MS and PTR-MS are advantageous
as they enable real-time, high-sensitivity detection.

Matrix Complexity: The environmental matrix —whether water, soil, air, or biota—significantly
impacts MS technique selection. For instance, LC-MS, often combined with solid-phase extraction, is
ideal for detecting pharmaceuticals and pesticides in water. GC-MS, on the other hand, is highly
effective for analyzing air samples for industrial pollutants and soil samples for semi-volatile
compounds like PAHs. For gaseous matrices, PTR-MS and SIFT-MS are particularly useful, providing
real-time analysis without extensive sample preparation.

Reactivity and Chemical Composition: For highly reactive or labile compounds, rapid
techniques like PTR-MS or SIFT-MS, which avoid lengthy sample preparation, are suitable. These
methods enable fast, real-time detection of reactive VOCs from industrial emissions, such as
formaldehyde and acetaldehyde, which can change composition over time if not analyzed
immediately.
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Figure 2. Parameters influencing the selection of MS instruments for analysis of emerging
contaminants categorized by factors such as volatility, polarity, reactivity, and matrix complexity.

By carefully considering these characteristics, researchers can select the MS technique that
provides optimal sensitivity, specificity, and reliability for detecting and quantifying emerging
contaminants in diverse environmental samples. This approach ensures precise data collection on EC
prevalence and environmental impact, guiding effective monitoring and regulatory decisions.

3. Sample Preparation and Extraction Methods for EC Analysis

Preparing samples and extracting compounds are crucial steps in identifying emerging
contaminants, especially when using advanced techniques to screen for known and unknown
substances. Since environmental, biological, and food samples often come with complex mixtures,
these steps must be carefully tailored to ensure accurate results while minimizing interference from
other materials in the sample. Common methods like solvent extraction and solid-phase extraction
(SPE) are widely used, with SPE being particularly effective for isolating contaminants from liquids
[17]. To tackle the diversity of chemicals present, researchers often use a combination of different SPE
sorbents or sequential solvent extractions, aiming to capture a wide range of substances. Materials
like Oasis HLB and C18 are frequently chosen for their ability to handle challenging samples, though
no single approach is perfect for every situation [18]. Dispersive micro SPE (DMSPE) is a promising
approach that simplifies the SPE process by using sorbent mixtures for direct in-situ preconcentration
of analytes, while fast on-line SPE introduces automation, improved repeatability, and sub-ng L
detection limits [19].

Advanced techniques, such as gel permeation chromatography (GPC), help remove unwanted
lipids and other impurities, though they can sometimes cause the loss of important compounds [20].
Recently, innovative solutions like ionic liquids[21], nanomaterials[22], and molecularly imprinted
polymers[23] have started to make a difference by improving the precision and efficiency of
extractions. A recent review by Sereshti et al. provides a comprehensive overview of nanosorbent-
based solid-phase microextraction (SPME) techniques for monitoring emerging organic contaminants
(EOCs) in water and wastewater samples. The authors discuss the preparation, properties,
advantages, and limitations of various nanosorbents used in SPME applications, including carbon-
based materials like graphene and carbon nanotubes, as well as magnetic nanosorbents and metal-
organic frameworks. They highlight that the selection of sorbent material is crucial for the efficiency
of SPME, as it directly affects the extraction performance for target pollutants [24].

In some cases, direct injection of samples into analytical instruments is an option, but it often
struggles to detect low-concentration contaminants or deal with complex sample types. The field still
faces challenges, including the lack of standardized methods and the difficulty of validating results
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without established reference materials. Despite these obstacles, researchers continue to develop and
refine techniques, making it possible to uncover and better understand the hidden chemicals that
may impact our environment and health.

4. Environmental Matrices and Challenges in MS Analysis

Analyzing emerging contaminants (ECs) in diverse environmental matrices presents significant
challenges, particularly when employing mass spectrometry (MS) techniques. Environmental
samples such as water, sediments, soils, and air are complex and heterogeneous, often containing a
multitude of organic and inorganic substances that can interfere with the detection and quantification
of ECs. For instance, sediments may harbor various polar pesticides that are difficult to extract and
analyze due to their low hydrophobicity and potential degradation during sample preparation [25].
The presence of natural organic matter, humic substances, and other co-contaminants can suppress
or enhance ionization in MS, leading to inaccurate quantification. Moreover, the transformation
products of ECs, formed through biological or chemical degradation, add another layer of
complexity. High-resolution mass spectrometry (HRMS) has emerged as a powerful tool to identify
these transformation products, offering high mass accuracy and the ability to perform non-target
screening [26].

Recently, Nguyen et al. addressed the challenges of analyzing multi-class emerging
contaminants in complex environmental matrices like soil and sediment, emphasizing the need for
robust methodologies to extract trace-level contaminants while minimizing interference from organic
matter. The study optimized a QUEChERS-based extraction method coupled with UPLC-MS/MS for
90 emerging organic contaminants, including pesticides, pharmaceuticals, and PFASs, achieving
recoveries between 70% and 120% with low matrix effects. The use of citrate buffer and 1-2% formic
acid significantly improved recoveries for diverse chemical classes, highlighting the importance of
pH optimization in enhancing extraction efficiency [27].

However, the lack of standardized protocols and comprehensive spectral libraries for these
emerging contaminants and their transformation products hampers the identification process.
Additionally, the continuous introduction of new chemicals into the environment necessitates
constant updates to analytical methods and databases. Addressing these challenges requires the
development of robust sample preparation techniques, advanced MS methodologies, and
comprehensive databases to ensure accurate detection and assessment of ECs across various
environmental matrices.

5. Recent Advances in MS for Emerging Contaminants Detection

Recent advancements in mass spectrometry (MS) have significantly enhanced the detection and
analysis of emerging contaminants (ECs) in environmental matrices. Innovations such as direct mass
spectrometry techniques, including Proton Transfer Reaction Mass Spectrometry (PTR-MS), have
enabled real-time monitoring of volatile organic compounds (VOCs) with high sensitivity and rapid
response times. Salthammer et al. (2023) highlight the critical role of Proton Transfer Reaction Mass
Spectrometry (PTR-MS) in analyzing organic compounds in indoor air environments [28]. This
advanced technique provides real-time monitoring of very volatile and volatile organic compounds
(VVOCs and VOCs) with high sensitivity, often reaching detection limits in the parts-per-trillion (ppt)
range. PTR-MS offers significant advantages over traditional chromatographic methods by enabling
the direct analysis of complex mixtures in the gas phase. The authors utilized ion-dipole collision
theories, such as Average Dipole Orientation (ADO) and capture theory, to compute proton transfer
rate constants (ker) for 114 organic compounds, supported by density functional theory (DFT) for
dipole moment and polarizability calculations. Key challenges identified include calibration
difficulties, molecular fragmentation influenced by electric field strengths, and the importance of
thermally averaged quantum chemical calculations to (ker) accuracy. This work underscores PTR-
MS as a versatile tool for applications in emerging contaminants detection.

Additionally, the integration of Ion Mobility Spectrometry-Mass Spectrometry (IMS-MS) has
improved analytical selectivity by separating ions based on their shape and charge, thereby
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facilitating the differentiation of isomeric and isobaric species. Aly et al. demonstrated the utility of
ion mobility spectrometry coupled with mass spectrometry (IMS-MS) for the rapid characterization
and detection of persistent organic pollutants (POPs) and their metabolites [29]. This study evaluated
64 chemicals, including pesticides, industrial chemicals, pharmaceuticals, and polyfluoroalkyl
substances (PFAS), using complementary ionization techniques like electrospray ionization (ESI) and
atmospheric pressure photoionization (APPI). IMS-MS allowed simultaneous separation of parent
compounds and their degradation products based on molecular weight and drift time, enabling rapid
screening without extensive sample preparation. Key findings include the superior sensitivity of ESI
for polar metabolites and the ability of IMS-MS to distinguish isomers of hydroxylated and sulfated
POPs. The results underscore the potential of IMS-MS as a robust screening tool for environmental
pollutants, facilitating exposure assessment and advancing understanding of chemical degradation
pathways.

Ambient ionization techniques, such as Desorption Electrospray lonization (DESI) and Direct
Analysis in Real Time (DART), have revolutionized the field by allowing direct sampling of surfaces
under ambient conditions, thus reducing sample preparation time and preserving the integrity of
labile compounds. Raths et al. demonstrate the potential of Desorption Electrospray Ionization Mass
Spectrometry (DESI-MS) in visualizing the spatial distribution of organic contaminants and their
biotransformation products within amphipod tissues [30]. DESI-MS imaging, combined with
cryosectioning, revealed high sensitivity for detecting small organic molecules, surpassing Matrix-
Assisted Laser Desorption lonization (MALDI-MS) in certain contexts. DESI's minimal sample
preparation and ability to detect compounds with lower fragmentation make it a valuable tool for
environmental sciences, though advancements are needed to analyze samples at environmentally
relevant concentrations. Jing et al. introduced a sorbent and solvent co-enhanced direct analysis in
real-time mass spectrometry (SSE-DART-MS) method for high-throughput detection of trace
pollutants in water. By integrating graphitic carbon nitride (g-C3N4) sorbents with organic solvents,
the technique achieved signal enhancements of up to 100-fold for phthalic acid esters (PAEs), with
detection limits as low as 0.07 ng/L [31]. The approach combines the advantages of solid-phase
extraction and DART-MS, offering superior sensitivity and reduced matrix interference. This
innovative method demonstrates potential for rapid, environmentally friendly analysis of trace
contaminants in complex samples (Figure 3).

@
%@“

Figure 3. Scheme of SSE-DART-MS[31].

High-Resolution Mass Spectrometry (HR-MS) has become a pivotal tool in identifying unknown
ECs, offering precise mass measurements that aid in elucidating molecular formulas and structures.
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Giannelli Moneta et al. and Yang et al. emphasize the power of high-resolution mass spectrometry
(HRMS) for non-target screening of environmental contaminants. Giannelli Moneta et al. applied LC-
HRMS to Arctic snow and aerosol samples, identifying over 150 compounds, including potential
anthropogenic pollutants like plasticizers and flame retardants. This method highlighted the
challenges of tracing sources due to limited overlap between snow and aerosol contaminants [32].
Yang et al. showcased HRMS's utility in industrial settings, identifying new pollutants from
metallurgical and incineration processes. They highlighted HRMS's high sensitivity for emerging
contaminants, enabling source identification and supporting sustainable industrial development [33].
Together, these studies underscore HRMS as a critical tool for tracking environmental pollutants and
advancing sustainable practices. The application of HR-MS in non-target screening approaches has
expanded the scope of environmental analysis, enabling the detection of previously unrecognized
contaminants and their transformation products. These technological advancements collectively
contribute to a more comprehensive understanding of ECs in the environment, enhancing the ability
to monitor and mitigate their impact on ecosystems and human health.

6. Applications of MS in Monitoring Emerging Contaminants

Mass spectrometry (MS) has become indispensable in monitoring emerging contaminants (ECs)
across diverse environments, offering unmatched sensitivity and specificity. In aquatic systems, MS
techniques like LC-MS/MS and HRMS are widely used to detect pharmaceuticals, personal care
products, and other micropollutants in water bodies, even at trace levels [34]. Nazar et al. utilized
GC-MS/MS and LC-MS/MS to analyze 345 micropollutants, including pesticides and endocrine
disruptors, in fish from the Cochin estuary, highlighting the bioaccumulation of these contaminants
and their associated health risks [35]. Similarly, atmospheric monitoring benefits from MS techniques
like PTR-MS, which detect industrial pollutants such as volatile organic compounds (VOCs) in real-
time. For soil and sediments, MS-based methods effectively trace pesticide residues and persistent
organic pollutants, aiding environmental risk assessments. In biological matrices, MS applications
extend to biomonitoring ECs in wildlife, as demonstrated by the analysis of fish tissues to identify
endocrine disruptors and polyaromatic hydrocarbons. These studies underscore the versatility of MS
in providing robust, high-sensitivity detection across environmental and biological contexts.
Atmospheric monitoring benefits from MS methods such as PTR-MS and DART-MS, which facilitate
real-time analysis of volatile organic compounds (VOCs) and industrial pollutants, providing
insights into air quality and pollutant dispersion. Soil and sediment analysis relies on GC-MS and
LC-MS to trace pesticide residues and persistent organic pollutants, revealing contamination
pathways and environmental persistence. In aquatic systems, MS methods like LC-MS/MS and GC-
MS/MS enable the detection of trace levels of pharmaceuticals, pesticides, and other ECs in water and
sediments, as highlighted by Peris and Eljarrat. Their work underscores the importance of multi-
residue analysis for tracking contaminants like oxadiazon, which pose significant risks to aquatic
organisms [36]. For biological samples, MS-based biomonitoring identifies ECs and their metabolites
in wildlife, such as polar bears and amphibians, elucidating bioaccumulation and ecological risks.
Jasrotia et al. emphasize the widespread impact of endocrine-disrupting chemicals (EDCs) on aquatic
ecosystems, highlighting their detrimental effects on wildlife and human health [37]. These
chemicals, originating from industrial, agricultural, and pharmaceutical sources, disrupt hormonal
balance and affect reproduction, development, and metabolism in aquatic organisms. The study
reveals bioaccumulation of EDCs through food webs, leading to significant ecological and health
risks. Common contaminants include heavy metals, flame retardants, and pesticides, which interfere
with endocrine signaling pathways. Efforts to mitigate these effects include advanced wastewater
treatment technologies and the adoption of green chemistry solutions. This underscores the urgent
need for coordinated global action to address the challenges posed by EDCs. These applications
underscore MS's pivotal role in understanding the distribution and impact of ECs on ecosystems and
human health.
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7. Data Analysis and Interpretation in MS-Based EC Studies

Data analysis and interpretation in mass spectrometry (MS)-based studies of emerging
contaminants (ECs) involve a multi-step process that is essential for extracting reliable and
meaningful results from complex environmental samples. Advanced data processing techniques,
including peak detection, spectral deconvolution, and alignment of retention times, are fundamental
to identifying contaminants amidst a high background of interfering substances [38]. These methods
often rely on software tools and algorithms that can handle large, multidimensional datasets,
ensuring accurate quantification and identification of target and non-target compounds.

Bioinformatics and chemometric tools have become indispensable in analyzing MS data,
especially in studies of ECs, which often involve complex mixtures. Techniques such as principal
component analysis (PCA), hierarchical clustering, and machine learning models aid in identifying
patterns, classifying contaminants, and correlating their presence to potential sources or
environmental factors. For example, chemometric approaches can differentiate between
anthropogenic and natural compounds, while machine learning can predict the behavior and
degradation pathways of emerging contaminants based on MS data. These tools also facilitate the
integration of MS data with other environmental datasets, offering a holistic understanding of
contaminant behavior and impacts. Eysseric et al. presented a comprehensive workflow for non-
targeted screening (NTS) of trace organic contaminants in surface waters using high-resolution mass
spectrometry (HRMS). Their approach integrated three complementary tools: Similar Partition
Searching (SPS), Global Natural Products Social Networking (GNPS), and MetFrag for the analysis
of tandem mass spectra. This combinatorial method enabled the identification of 253 contaminants,
including pharmaceuticals, consumer product additives, and pesticides, with 44 compounds
confirmed using reference standards [39]. Advanced computational techniques and empirical
databases allowed structural annotation and the detection of transformation products at ultra-trace
levels. This study demonstrates the power of combining in silico tools and empirical data for robust,
high-confidence contaminant analysis in complex environmental matrices. Meijer et al. developed
the CECscreen database, an extensive resource for annotating chemicals of emerging concern (CECs)
in non-targeted high-resolution mass spectrometry (HRMS) studies. This database aggregates over
70,000 "MS-ready" structures and includes simulated Phase I metabolites, expanding its applicability
for exposome research. Advanced computational tools were used for structural standardization,
physicochemical property prediction, and metabolite simulation, ensuring reliable annotations [40].
Integration with bioinformatics platforms like MetFrag facilitates chemical identification and
prioritization based on environmental and toxicological relevance. This approach addresses
challenges in data analysis, offering a robust solution for identifying known and unknown CECs in
complex biological matrices.

Figure 4 illustrates the three-step workflow for developing the CECscreen database for
chemicals of emerging concern (CECs). The first step, aggregation and standardization, involves
combining existing CEC lists, removing duplicates and inorganic compounds, standardizing
structures into "MS-ready" and "QSAR-ready" formats, and calculating exact masses. The second step
focuses on metabolite simulation using BioTransformer to predict Phase I metabolites and
standardize their structures. The final step retrieves metadata, including physicochemical properties,
toxicity, and environmental fate, to support comprehensive chemical annotation in HRMS-based
studies.
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Figure 4. The three major steps and sub steps in the pipeline to create a “MS-ready” database of CECs
for screening in human samples. The first step is the aggregation of existing CECs lists and
standardization to produce structure forms that can be measured with MS or are compliant with
QSAR models. In the second step, metabolites are simulated, and their structures are standardized.
In the final step, metadata is collected and predicted for physicochemical properties, environmental
fate and toxicity [40]. Reprinted with permission from Elsevier.

Despite these advances, several challenges hinder the interpretation of results and ensure
reproducibility. Variations in sample preparation methods, instrumental settings, and data
processing workflows can lead to inconsistencies between studies. Moreover, the lack of
standardization in reporting MS data, including library matching criteria and ion fragmentation
patterns, further complicates cross-study comparisons. Ensuring reproducibility requires the
adoption of standardized protocols, rigorous quality control measures, and the development of open-
access databases that allow researchers to share and validate their findings. Such databases can also
serve as reference tools for the identification of unknown compounds, fostering collaboration and
improving the reliability of MS-based EC studies.

8. Future Trends and Perspectives

Future trends in mass spectrometry (MS) for emerging contaminant (EC) analysis are set to
revolutionize environmental monitoring through technological and digital advancements. High-
resolution and hybrid MS technologies, such as Orbitrap and time-of-flight (TOF) systems, are
continually evolving, offering enhanced sensitivity, mass accuracy, and dynamic range for detecting
trace-level contaminants in complex matrices. These advancements enable improved non-targeted
screening and identification of both known and unknown contaminants, facilitating comprehensive
environmental surveillance [41,42].

The integration of artificial intelligence (AI) and machine learning into MS workflows is another
transformative trend. These digital tools can automate peak identification, classify compounds, and
predict transformation products based on large datasets, significantly reducing manual data
processing time while enhancing accuracy. Al-driven algorithms are already being explored for
pattern recognition, source apportionment, and predictive modeling of contaminant behavior and
fate in various environmental compartments [43].
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Moreover, MS is emerging as a critical tool in predictive and preventive environmental
monitoring, aiding in early identification of pollutants and assessing their ecological and health risks.
By enabling the detection of contaminants at ultra-trace levels and revealing transformation
pathways, MS supports the development of mitigation strategies and policy interventions. For
example, real-time MS-based monitoring of air and water quality can provide actionable data to
prevent environmental crises, making it an invaluable tool for achieving sustainable environmental
management goals [44].

These advancements underscore the role of MS in addressing the growing challenges posed by
ECs, bridging the gap between analytical science and environmental protection, and supporting
global efforts to safeguard ecosystems and public health.

9. Conclusion

Emerging contaminants (ECs) present significant environmental and health challenges due to
their persistence, bioaccumulation potential, and often-unknown toxicological effects. Addressing
these challenges requires robust analytical tools, with mass spectrometry (MS) standing out as a
pivotal technology for detecting, identifying, and quantifying ECs across diverse environmental
matrices. The versatility of MS techniques, including GC-MS, LC-MS, PTR-MS, and HR-MS, has
enabled unparalleled sensitivity and specificity, supporting the monitoring of contaminants at trace
levels and advancing our understanding of their environmental behavior and impacts.

This review highlights the critical role of MS in environmental monitoring, from the real-time
analysis of volatile organic compounds to the non-targeted identification of unknown pollutants.
Despite its effectiveness, challenges such as matrix interferences, standardization gaps, and the need
for comprehensive spectral libraries persist. These issues underline the importance of continued
innovation in sample preparation methods, MS technologies, and data analysis approaches to
improve the reliability and reproducibility of results. Looking forward, advancements in MS
instrumentation, combined with the integration of artificial intelligence and machine learning,
promise to revolutionize environmental monitoring. These technologies will enable more efficient
data interpretation, predictive modeling of contaminant behavior, and the development of targeted
mitigation strategies. By fostering interdisciplinary collaboration and supporting regulatory efforts,
MS will continue to play a vital role in addressing the complex issues posed by ECs, ensuring the
protection of ecosystems and human health.
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