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Greening the waves: experimental and
chemometric approaches in spectroscopic
methods for organic pollutant determination in
natural waters

Ashwini Borah,? Chetana Hasnu® and Gongutri Borah (9 *<

This review paper, titled “Greening the waves: experimental and chemometric approaches in spectroscopic
methods for organic pollutant determination in natural waters,” provides a comprehensive exploration of
innovative strategies to enhance the sustainability and efficacy of water quality monitoring. The global
prevalence of organic pollutants in natural waters poses significant environmental challenges, necessitating
the development of analytical methods that are not only sensitive and accurate but also environmentally
friendly. The concept of green analytical chemistry serves as the foundation for this review, focusing
specifically on experimental and chemometric approaches within the realm of spectroscopic methods. The
introductory section establishes the urgency of adopting green methodologies and outlines the limitations
of conventional techniques for organic pollutant determination. Subsequently, the review delves into recent
experimental innovations in spectroscopic methods, including UV-vis, FTIR, and fluorescence. These
advancements not only improve the precision of detection but also align with the principles of green
chemistry by minimizing resource consumption and waste generation. A significant portion of the review is
dedicated to exploring the role of chemometric approaches in enhancing the reliability and interpretability
of spectroscopic data. Various tools, such as multivariate analysis, principal component analysis (PCA), and
partial least squares (PLS), are scrutinized for their ability to extract meaningful information, leading to more
robust determinations of organic pollutants in natural waters. Case studies and applications are presented to
illustrate successful implementations of the discussed experimental and chemometric approaches in real-
world scenarios. These examples showcase the versatility and adaptability of the proposed methods across
diverse environmental settings, providing tangible evidence of their efficacy in water quality monitoring. The
review concludes with a forward-looking perspective, discussing ongoing research directions, emerging
trends, and potential challenges in the field. The integration of artificial intelligence and big data into
chemometric analyses is highlighted as a promising avenue for future development, emphasizing the role of
these technologies in shaping the landscape of sustainable water quality analysis. Thus, “Greening the
Waves" aims to consolidate knowledge on experimental and chemometric strategies in spectroscopic
methods, offering a roadmap for researchers, policymakers, and practitioners to adopt more
environmentally conscious approaches in the critical task of organic pollutant determination in natural waters.

The review paper on ‘Greening the waves: experimental and chemometric approaches in spectroscopic methods for organic pollutant determination in natural
waters' holds significant environmental importance by addressing critical challenges in monitoring and mitigating organic pollutants in natural waters. As
human activities continue to impact aquatic ecosystems, the accurate and efficient detection of organic pollutants is essential for safeguarding water quality and

ecosystem health. The incorporation of experimental and chemometric approaches discussed in this paper not only advances the analytical methodologies but
also contributes to the ‘greening’ of environmental monitoring practices. By minimizing the use of hazardous reagents and promoting sustainable techniques,
the research aligns with the global imperative for environmentally conscious methodologies. The findings presented in this review hold the potential to enhance
our understanding of organic pollutant dynamics in natural waters, providing valuable insights for policymakers, environmental scientists, and water resource

managers. Ultimately, the adoption of these spectroscopic methods may contribute to the development of robust and eco-friendly strategies for monitoring and
controlling organic pollutants, thus fostering the sustainable management of our precious aquatic environments.

“Department of Chemistry, PDUAM, Tulungia, Bongaigaon, Assam, India “Faculty of Paramedical Sciences, Assam Down-Town University, Sankar-Madhab
*Department of Botany, PDUAM, Tulungia, Bongaigaon, Assam, India Path, Panikhaiti, Guwahati, Assam, India. E-mail: gongutri28@gmail.com

1072 | Environ. Sci.: Adv, 2024, 3, 1072-1086

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4va00028e&domain=pdf&date_stamp=2024-07-26
http://orcid.org/0000-0002-9366-4388
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00028e
https://rsc.66557.net/en/journals/journal/VA
https://rsc.66557.net/en/journals/journal/VA?issueid=VA003008

Open Access Article. Published on 18 2024. Downloaded on 27/07/25 11:08:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

Dr Ashwini Borah is currently
serving as an Assistant Professor
in the esteemed Department of
Chemistry at Pandit Deendayal
Upadhyaya Adarsha Mahavidya-
laya, situated in the serene locale
of Tulungia, Bongaigaon, nestled
within the verdant landscape of
Assam, India. Dr Borah's
academic journey culminated in

ot p : : A the completion of his PhD from
q: :: AL LT : Y44,  CSIR-NEIST, Jorhat, Assam, in

the pivotal year of 2018, achieved
under the prestigious AcSIR
program. His doctoral thesis, titled “Development of new carbon-
carbon bond forming reactions and synthesis of phenanthridine
and 1,4-naphthoquinone derivatives,” reflects his profound dedi-
cation to advancing the frontiers of Organic Synthesis. Renowned
for his scholarly contributions, Dr Borah has illuminated the
scientific community with the publication of 10 research articles
across various esteemed peer-reviewed journals, each boasting

Ashwini Borah

commendable impact factors. Furthermore, he has enriched the
academic discourse by contributing insightful chapters to both
national and international compendiums and books, thereby
cementing his reputation as a distinguished scholar and educator.

= vEW;
Tz {reabon Bhed) 5p,

Mrs Chetana Hasnu currently
holds the esteemed position of
Assistant Professor in the Depart-
ment of Botany at Pandit Deen-
dayal  Upadhyaya  Adarsha
Mahavidyalaya, located in the
picturesque and lush environs of
Tulungia, Bongaigaon, Assam.
She brings a wealth of knowledge
and expertise to her role, having
completed her Master of Science
in 2013 from the Department of
Life Science and Bioinformatics at
Assam University, Silchar. During
her Master's studies, she delved deeply into Plant Biochemistry and
Molecular Biology, developing a robust foundation that now under-
pins her teaching and research activities. In 2017, Mrs Hasnu further
distinguished herself by successfully passing the State Level Eligibility
Test (SLET). Currently, Mrs Hasnu is expanding her academic
pursuits as a part-time scholar at Royal Global University in Guwa-
hati. Here, she continues to engage in rigorous academic research,
contributing significantly to the field of Botany while simultaneously
enriching her students’ learning experiences through her deep
understanding and passion for plant sciences.

Chetana Hasnu

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

1. Introduction

The global environmental challenges posed by organic pollutants
in natural waters are a significant concern due to their impact on
ecological systems and human health. Organic pollution in rivers is
aresult of increasing wastewater discharge due to urbanization and
intensification of livestock farming, as well as reductions in river
dilution capacity due to climate change and water extractions.* This
pollution problem is exacerbated by the presence of a variety of
toxic and persistent organic pollutants in water, which pose
a major threat to ecological systems. The presence of persistent
organic pollutants in the aqueous environment is one of the
greatest global concerns, as it affects all natural resources and has
dangerous effects on different ecosystems. Dissolved organic
matter in natural waters is a complex mixture of various chemical
components, playing vital roles in environmental processes such as
the global carbon cycle and the fate of many key anthropogenic
pollutants. The degradation of organic pollutants in wastewater is
a considerable concern, as they are a major environmental problem
through water pollution. The problem of environmental pollution,
especially organic matter pollution in water, is becoming more
serious with the rapid development of industry and economy.> The
impact of organic pollutants on water bodies includes the deple-
tion of dissolved oxygen, leading to eutrophication and affecting
the overall water quality. Furthermore, the diffusion of organic dyes
and radioactive pollutants into soil and water resources endangers
the safety of animals, plants, and human life.* Organic pollutants,
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such as dyes, hydrocarbons, pesticides, and pharmaceuticals, have
been identified as having carcinogenic and severe toxic impacts on
aquatic ecosystems. The assessment of the level of organic pollu-
tion in water bodies is crucial for understanding the environmental
impact. Studies have utilized various methods, including the
evaluation of water quality using algal genus characterization,
water evaluation indices, and multivariate analysis to assess the
level of organic pollution in rivers and other water bodies.* Addi-
tionally, the presence of organic priority pollutants in runoff has
been reported, highlighting the widespread nature of the issue.
Green analytical chemistry represents a paradigm shift in the field
of analytical chemistry, focusing on the development and appli-
cation of sustainable and environmentally friendly analytical
methods. Traditional analytical techniques often involve the use of
hazardous reagents and generate substantial waste, contributing to
environmental degradation. GAC addresses these challenges by
promoting the adoption of green alternatives, minimizing resource
consumption, and prioritizing eco-friendly methodologies without
compromising analytical performance.” The significance of GAC
lies in its commitment to mitigating the environmental impact
associated with analytical processes. By incorporating green prin-
ciples, such as the reduction of hazardous materials, energy
conservation, and waste reduction, GAC ensures that analytical
methods align with broader sustainability goals. This is particularly
pertinent in the face of increasing environmental concerns,
emphasizing the need for analytical chemists to adopt practices
that are both scientifically robust and environmentally
responsible.®

In the realm of environmental analysis, water quality moni-
toring is of paramount importance. Innovative approaches are
imperative to enhance the efficiency and sustainability of these
methods. GAC offers a framework for the development of greener
water quality monitoring techniques, minimizing the ecological
footprint of analyses. This includes the integration of spectro-
scopic methods, such as UV-visible and fluorescence spectroscopy,
which provide rapid, non-destructive analysis suitable for moni-
toring water quality.” Spectroscopic methods, when combined with
experimental and chemometric strategies, present a powerful
toolkit for green analytical approaches. Spectroscopy allows for
real-time, non-invasive analysis of water samples, reducing the
need for harmful reagents. Experimental strategies in GAC involve
optimizing conditions to minimize environmental impact, while
chemometrics aids in extracting valuable information from
complex datasets. This synergistic approach ensures that water
quality monitoring becomes not only more sustainable but also
more efficient and accurate.

2. Conventional challenges,
limitations and environmental
drawbacks of traditional methods for
organic pollutant determination in
natural waters

The determination of organic pollutants in natural waters using
traditional methods encompasses a variety of techniques, many
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of which are burdened with significant challenges and limita-
tions. Historically, methods such as gas chromatography (GC)
and liquid chromatography (LC) have been foundational in the
analysis of water samples.*** While these techniques are
praised for their specificity and ability to quantify known
compounds, they struggle with detecting new or emerging
pollutants whose standards and reference materials are not yet
established. Furthermore, conventional methods often require
extensive sample preparation that can introduce contamination
or loss of volatile organic compounds, complicating the accu-
racy of results. These sample preparations are not only labor-
intensive but also time-consuming, limiting the efficiency of
monitoring programs that aim to cover large geographic areas
or require rapid response.’***

Environmental drawbacks further complicate the use of
traditional methods for the determination of organic pollutants
in natural waters. The extensive use of solvents in sample
preparation for GC and LC is a prime example, posing signifi-
cant environmental and health risks due to their toxic and
sometimes carcinogenic properties.”® The disposal of these
chemicals also leads to additional environmental impacts,
complicating the very ecosystems these methods aim to protect.
Moreover, traditional analytical methods often require large
sample volumes to achieve sufficient detection limits, which is
not always practical or sustainable, especially in environments
where water availability is limited or where the collection of
large volumes can disrupt the aquatic ecosystem. The sensitivity
and selectivity of traditional methods also present significant
challenges. Many of these techniques have lower detection
limits that may not capture all contaminants present in
a sample, particularly those at low concentrations yet still toxic
to humans and wildlife."*"” This limitation is critical in
assessing water quality and health risks, as failing to detect low-
level concentrations of harmful pollutants can lead to false
assessments of water safety. Moreover, the specificity required
to distinctly identify and quantify each pollutant often neces-
sitates separate, detailed analyses for each suspected contami-
nant, increasing the time and cost of environmental
monitoring. Additionally, the operational complexity and cost
of traditional analytical equipment can be prohibitive. Instru-
ments like high-performance liquid chromatographs and gas
chromatographs are not only expensive to purchase and main-
tain but also require specialized operators. This dependence on
high-cost infrastructure and skilled personnel limits the
capacity for widespread monitoring, especially in developing
regions where resources are scarce.'® The result is often a gap in
monitoring and less data on water quality, particularly from
remote or under-resourced areas, leaving populations at risk of
exposure to undetected waterborne pollutants. Given these
substantial challenges and limitations, there is a pressing need
for innovative methods in the field of environmental science.
Advances such as portable and high-throughput instruments,
and the development of non-targeted screening methods using
advanced mass spectrometry, promise to overcome some of the
traditional methods' shortcomings. These newer technologies
offer faster, more cost-effective, and more comprehensive
analysis, enhancing our ability to monitor water quality and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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protect public health. By reducing reliance on toxic chemicals
and lowering operational costs, such innovations not only
address the limitations of traditional methods but also
contribute positively to environmental conservation efforts.
Expanding on the environmental drawbacks, traditional
methods often rely on consumables and reagents that have
adverse effects on the environment. For instance, the use of
single-use plastic consumables in sample preparation and
analysis contributes to plastic pollution, which poses serious
threats to aquatic ecosystems and wildlife. Moreover, the
production and disposal of these consumables contribute to
carbon emissions and energy consumption, further exacer-
bating environmental issues. Additionally, the disposal of
laboratory waste generated during the analysis of organic
pollutants, such as contaminated solvents and chromatography
columns, requires careful handling to prevent pollution of soil
and water bodies. Improper disposal practices can lead to the
leaching of harmful chemicals into the environment, contami-
nating groundwater and surface water sources and posing risks
to human health and biodiversity.” Furthermore, traditional
methods often require extensive sample handling and trans-
portation, which can increase the risk of sample contamination
and degradation. For instance, samples collected from remote
or polluted locations may undergo physical and chemical
changes during transit, affecting the accuracy and reliability of
analytical results. Additionally, the time-sensitive nature of
some analyses, such as volatile organic compound analysis,
requires rapid sample processing and analysis to prevent
sample degradation and loss of analytes. However, logistical
constraints, such as limited access to laboratory facilities and
specialized equipment, can hinder timely sample analysis,
leading to delays in data reporting and decision-making.
Another significant limitation of traditional methods is their
inability to provide real-time or continuous monitoring of water
quality. Most traditional analytical techniques require offline
sample collection and laboratory analysis, which can result in
delays in data acquisition and reporting. This delay hampers
the ability of regulatory agencies and water managers to
respond promptly to water quality issues, potentially exacer-
bating environmental and public health risks. Moreover,
traditional methods often focus on targeted analysis of specific
pollutants, neglecting the broader spectrum of contaminants
present in natural waters. This narrow focus limits our under-
standing of water quality dynamics and may lead to underesti-
mation of the risks posed by emerging pollutants and
contaminants of emerging concern.* Thus, traditional
methods for the determination of organic pollutants in natural
waters face numerous challenges and limitations, ranging from
analytical constraints to environmental drawbacks. These
limitations underscore the need for innovative and sustainable
approaches to water quality monitoring and pollutant analysis.
By harnessing advancements in analytical instrumentation,
data processing, and environmental monitoring technologies,
we can overcome the shortcomings of traditional methods and
develop more effective strategies for protecting and managing
water resources. Additionally, integrating principles of green
chemistry and sustainability into analytical methodologies can
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help minimize the environmental impact of pollutant analysis
and promote the conservation of aquatic ecosystems for future
generations.

3. Why there is a need for more
sustainable and efficient approaches to
address the shortcomings of
conventional techniques?

The environmental and economic challenges associated with
water pollution underscore the need for more sustainable and
efficient approaches to address the shortcomings of conven-
tional techniques for organic pollutant determination in
natural waters.”® Traditional methods often lack sufficient
mechanical robustness, sensitivity, and selectivity, hindering
their practical application as effective and reusable water
absorbents.”” Nanotechnology-based multifunctional and
highly efficient processes are providing affordable solutions to
water/wastewater treatments that do not rely on large infra-
structures or centralized systems, highlighting the potential for
innovative and sustainable approaches.”*?** With developing
countries disproportionately affected by organic pollution of
rivers, there is a growing need for affordable wastewater solu-
tions, emphasizing the urgency for cost-effective and sustain-
able approaches to water quality management.” The urgent
need to construct effective and environmentally friendly
formulations for pesticides with poor water solubility and
environmental sensitivity highlights the demand for innovative
and sustainable solutions in agricultural and environmental
chemistry.”® The risk to receiving waters from urban runoff has
led to the development of a more sustainable approach to the
management of urban runoff, emphasizing the importance of
sustainable drainage systems (SuDS).”” Phytoremediation,
a sustainable, natural, and eco-friendly approach, has been
shown to efficiently reduce pollutants in sewage wastewater,
highlighting the potential for sustainable and nature-based
solutions.?®

The limitations and environmental drawbacks of traditional
methods for organic pollutant determination in natural waters
underscore the need for innovative and sustainable approaches
to water quality monitoring and pollutant removal. The refer-
ences provide a comprehensive overview of the challenges and
potential solutions, emphasizing the importance of sustain-
able, cost-effective, and environmentally friendly techniques for
addressing water pollution. These innovative approaches are
essential for ensuring the sustainability of water resources and
protecting the environment from the adverse effects of organic
pollutants.

4. Experimental innovations in green
analytical chemistry

Recent experimental innovations in spectroscopic methods,
encompassing UV-vis, FTIR, and fluorescence, represent
a transformative force in the realm of Green Analytical

Environ. Sci.: Adv., 2024, 3,1072-1086 | 1075
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Chemistry (GAC), introducing sustainable and environmentally
friendly approaches to analytical processes.”>** These innova-
tions mark a departure from traditional methods, offering
enhanced sensitivity, selectivity, and versatility, particularly in
the crucial task of determining organic pollutants in natural
waters. One remarkable breakthrough involves the application
of green synthesis methods for the production of silver nano-
particles using plant extracts.*>** By employing green chemistry
principles, this approach presents a sustainable alternative for
nanoparticle synthesis, demonstrating potential applications in
antimicrobial treatments and showcasing the integration of
GAC into nanotechnology. In the educational landscape, UV-vis
absorption spectroscopy emerges as not merely a powerful
analytical tool but also as an accessible and versatile tech-
nique.* This highlights the educational impact of spectroscopic
methods, fostering a culture of sustainability and innovation
among future scientists. The broad applicability of UV-vis
spectroscopy in analyzing various materials showcases its role
in contributing to sustainable processes and materials devel-
opment.**** This aligns with the core tenets of GAC, empha-
sizing the reduction of environmental impact in analytical
practices. In the domain of food quality control, UV spectros-
copy assumes a critical role for identification and quantification
purposes, especially when coupled with chemometric
approaches.*® This emphasizes the significance of UV spec-
troscopy in ensuring the safety and quality of food products,
reinforcing its alignment with the principles of green analytical
chemistry in safeguarding both human health and the envi-
ronment. Fluorescence correlation spectroscopy (FCS) emerges
as a powerful tool for probing molecular processes at the
nanoscale, providing insights into the diffusion coefficients of
fluorescent particles.’”*® This innovative application of fluo-
rescence spectroscopy not only contributes to the under-
standing of molecular dynamics but also showcases the
potential of spectroscopic methods in advancing analytical
chemistry and environmental monitoring. Moreover, the
combined use of FTIR and fluorescence spectroscopy plays
a pivotal role in characterizing materials, drug carriers, and
environmental pollutants. The integration of spectroscopic
methods with chemometric approaches further enhances
analytical capabilities, enabling the quantitative analysis of
complex mixtures and the characterization of environmental
pollutants. Various studies also showcase the synergy between

[ 2012 - Novel Chromatographic Methods

@ 2014 - Green Solvents Development

[0 2017 - Miniaturization Techniques

0 2019 - Analytical Instrumentation Upgrades

Fig.1 Experimental innovations in green analytical chemistry over the
last 10 years.
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spectroscopy and chemometrics in providing robust and envi-
ronmentally conscious analytical solutions.* The pie diagram
of the experimental innovations in green analytical chemistry
over the last 10 years is presented in Fig. 1.

5. Chemometric approaches for data
enhancement

Chemometric tools and techniques play a crucial role in
enhancing the accuracy and reliability of data interpretation in
spectroscopic methods, particularly in the determination of
organic pollutants. These tools enable the extraction of valuable
information from complex spectroscopic data, leading to more
robust organic pollutant determination.**" Chemometrics,
such as PCA and PLS, are widely used in the analysis of spec-
troscopic data to identify patterns and correlations, allowing for
the differentiation of organic pollutants from complex
mixtures.*” Additionally, chemometric methods, including
multivariate statistics, have been employed to quantify active
substances in mixtures using spectrophotometric data,
demonstrating their versatility in organic pollutant determina-
tion.**** Furthermore, the combination of spectroscopic
methods with chemometric tools, such as multivariate curve
resolution (MCR) and partial least squares regression, has been
shown to be effective in solving the mixture analysis problem,
providing chemically meaningful models of pure contributions
from complex spectroscopic data.** This approach has been
particularly valuable in the analysis of trace metals in environ-
mental matrices, contributing to the accurate determination of
organic pollutants in environmental samples.***” Moreover, the
implementation of chemometrics has been instrumental in
detecting and preventing the falsification of herbal medicines,
showcasing its applicability in ensuring the reliability of
analytical results in complex matrices. The use of chemometric
tools in combination with spectroscopic techniques has also
been effective in the qualitative and quantitative analysis of
adulterants in food samples, highlighting its significance in
ensuring the safety and authenticity of food products.*® Case
studies/application of successful integration of experimental
and chemometric approaches in spectroscopic methods
including key findings and limitations for organic pollutant
determination is depicted in Table 1.

5.1 Case study 1

5.1.1 PCA and PLS with UV-vis spectroscopy for phenol
detection.”

5.1.1.1 Experimental setup. Phenolic compounds are often
monitored due to their toxicity and prevalence in industrial
waste. In this approach, UV-vis spectroscopy was combined with
PCA to differentiate phenol from other compounds based on
their UV absorption spectra, followed by PLS regression to
quantify phenol concentrations. A range of phenolic
compounds were prepared in laboratory settings to simulate
industrial effluents.

5.1.1.2 Results. The integration of PCA and PLS with UV-vis
spectroscopy proved effective in distinguishing and quantifying

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phenolic compounds quickly, which is crucial for environ-
mental monitoring and compliance with regulations. The cali-
bration models developed were robust, offering good predictive
performance.

5.1.1.3 Challenges. The major limitation of this technique is
its susceptibility to interference from other UV-absorbing
organic compounds, which can lead to inaccuracies in envi-
ronments with complex chemical compositions. Additionally,
changes in water chemistry such as pH and ionic strength can
affect the UV spectra, thus requiring careful sample handling
and preparation.

5.2 Case study 2

5.2.1 ANN in FTIR spectroscopy for PAH analysis.>

5.2.1.1 Experimental setup. Fourier transform infrared
(FTIR) spectroscopy captures detailed molecular vibrations
which are characteristic of specific chemical bonds. When
coupled with ANN, this method can learn to recognize patterns
associated with different PAHs, even in mixed samples. For this
setup, various PAH standards were introduced into soil samples
to train the ANN model.

5.2.1.2 Results. The trained ANN was capable of predicting
PAH concentrations and types with high accuracy. The model
could handle a degree of sample variability without significant
loss of performance, which is essential for real-world environ-
mental assessments.

5.2.1.3 Challenges. The reliance on extensive and diverse
training datasets is a significant challenge. The ANN's perfor-
mance is highly dependent on the quality and range of data
used for training. Additionally, the black-box nature of ANN
models can make it difficult to understand and interpret how
decisions are made, which is a critical factor in scientific
applications.

5.3 Case study 3

5.3.1 Raman spectroscopy combined with PCA and LDA for
pesticide discrimination.®

5.3.1.1 Experimental setup. This study involved using
Raman spectroscopy to obtain spectra from different pesticides,
which were then analyzed using PCA to reduce dimensionality
and LDA to classify the pesticides into categories based on their
chemical structures. Raman spectroscopy provides information
about molecular vibrations that are specific to chemical struc-
tures, making it suitable for pesticide differentiation.

5.3.1.2 Results. The combination of PCA and LDA effectively
classified pesticides, providing a tool for quick and non-
destructive testing. This method could significantly aid in
rapid field assessments where differentiating pesticide types is
crucial for determining environmental impact or for forensic
purposes.

5.3.1.3 Challenges. Raman spectroscopy is prone to issues
with fluorescence interference, where the Raman signal is
overwhelmed by fluorescence from the sample or contami-
nants. This requires the use of additional spectral processing
techniques or laser sources at different wavelengths to mitigate
the effects, complicating the experimental setup.
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5.4 Case study 4

5.4.1 NIR spectroscopy and chemometrics for nitro-
aromatic compound detection.*

5.4.1.1 Experimental setup. Near-infrared spectroscopy was
used to detect nitroaromatic compounds, which are common in
explosives and some industrial pollutants. The NIR spectral
data were processed using PLS and SVM to create predictive
models capable of identifying and quantifying these
compounds in complex matrices, such as soil and water.

5.4.1.2 Results. The models provided rapid and accurate
detection of nitroaromatic compounds, which is invaluable for
security and environmental monitoring. The ability of NIR
spectroscopy to penetrate deeper into sample matrices without
destructive sample preparation is a significant advantage.

5.4.1.3 Challenges. One of the key limitations of NIR spec-
troscopy in this application is its sensitivity to low concentra-
tions. As the concentration of nitroaromatic compounds
decreases, the predictive accuracy of the chemometric models
can diminish, which may necessitate more sensitive detection
techniques or pre-concentration steps.

5.5 Case study 5

5.5.1 Fluorescence spectroscopy with PARAFAC for oil
pollutant analysis.>*

5.5.1.1 Experimental setup. The application
analyzing the Excitation-Emission Matrices (EEMs) of water
samples contaminated with various types of oil using fluores-
cence spectroscopy. PARAFAC was used to decompose the EEM
data into components that correspond to different chemical
constituents of the oils.

5.5.1.2 Results. This method enabled the detailed charac-
terization of oil spills in marine environments, providing
information about the type of oil and its degradation status. The
capability to perform multi-component analysis in situ is
particularly valuable for ongoing monitoring and immediate
response actions.

5.5.1.3 Challenges. The fluorescence properties of the
samples can be highly sensitive to environmental factors such
as temperature and salinity, which may vary between sampling
locations and conditions. This variability can affect the fluo-
rescence response and thus the accuracy of the PARAFAC
model, requiring careful calibration and sometimes local
adaptation of the models.

involved

5.6 Case study 6

5.6.1 GC-MS with PCA and PLS for VOC analysis.>*

5.6.1.1 Experimental setup. Gas Chromatography-Mass
Spectrometry (GC-MS) is well-established for its highly sensi-
tive and specific analysis of volatile organic compounds (VOCs).
In this study, PCA and PLS were employed to process the
complex data generated from GC-MS to improve the identifi-
cation and quantification of VOCs in atmospheric samples.
Standard mixtures of VOCs were analyzed under controlled
laboratory conditions to train the chemometric models.
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5.6.1.2 Results. The combination of GC-MS with PCA and
PLS enabled precise and accurate profiling of VOCs, facilitating
their identification even at low concentrations. This method is
particularly useful in environmental monitoring and industrial
compliance, where detecting trace levels of pollutants is
essential.

5.6.1.3 Challenges. Despite its effectiveness, the primary
limitation of this approach is its reliance on sophisticated
equipment and technical expertise, leading to high operational
costs. Furthermore, the preparation and handling of samples
require strict adherence to protocols to avoid contamination
and ensure consistency.

5.7 Case study 7

5.7.1 LC-MS with PLS-DA for herbicide detection.*

5.7.1.1 Experimental setup. Liquid Chromatography-Mass
Spectrometry (LC-MS) is another powerful technique for the
analysis of complex chemical mixtures. For herbicide detection,
PLS-Discriminant Analysis (PLS-DA) was utilized to distinguish
herbicides from other co-existing substances in water samples.
This setup involved creating calibration models based on
known concentrations of various herbicides.

5.7.1.2 Results. LC-MS, coupled with PLS-DA, provided
highly accurate and reliable quantification of herbicides,
enabling effective monitoring of agricultural runoff and water
safety. The method's sensitivity allows for the detection of
multiple herbicides simultaneously, which is crucial for
comprehensive environmental assessments.

5.7.1.3 Challenges. The major challenges include the need
for careful calibration and validation of the chemometric
models. High-quality standards are necessary to develop
a robust model, and the method is sensitive to changes in
instrumental and sample conditions, requiring rigorous meth-
odological control.

5.8 Case study 8

5.8.1 ATR-FTIR spectroscopy and cluster analysis for BTEX
detection.>

5.8.1.1 Experimental setup. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy was used to
detect BTEX compounds (benzene, toluene, ethylbenzene, and
xylene) in contaminated water. Cluster analysis was applied to
ATR-FTIR spectral data to identify patterns and categorize BTEX
compounds based on their chemical fingerprints.

5.8.1.2 Results. The integration of ATR-FTIR spectroscopy
with cluster analysis provided a rapid and effective method for
on-site detection of BTEX, facilitating immediate decision-
making and remedial actions. The technique's ability to
directly analyze samples with minimal preparation is a signifi-
cant advantage in emergency response scenarios.

5.8.1.3 Challenges. While quick and user-friendly, ATR-FTIR
spectroscopy is less sensitive compared to more comprehensive
methods like GC-MS, which can limit its effectiveness in
detecting low concentrations of BTEX compounds. Additionally,
overlapping spectral bands can complicate the analysis without
advanced spectral processing techniques.
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5.9 Case study 9

5.9.1 GA and PLS with UV-vis spectroscopy for aniline
detection.””

5.9.1.1 Experimental setup. Genetic Algorithms (GA) were
used to optimize the selection of wavelengths in UV-visible
spectroscopy for the detection of anilines. This optimization
helps in enhancing the performance of PLS regression models
by focusing on the most informative spectral features.

5.9.1.2 Results. The GA optimized PLS model significantly
improved the specificity and sensitivity of aniline detection in
industrial wastewater. By reducing the influence of non-relevant
spectral information, the approach minimizes matrix effects
and enhances analytical accuracy.

5.9.1.3 Challenges. The major limitation of this method is
its vulnerability to matrix effects, where the presence of other
substances can interfere with the detection of target analytes.
Although GA optimization helps, the variability in wastewater
composition can still pose significant analytical challenges.

5.10 Case study 10

5.10.1 EEM fluorescence spectroscopy with PARAFAC and
PCA for pharmaceutical detection.>®

5.10.1.1 Experimental setup. Excitation-Emission Matrix
(EEM) fluorescence spectroscopy was used to analyze pharma-
ceutical compounds in wastewater. The EEM data were pro-
cessed using parallel factor analysis (PARAFAC) and PCA to
separate and quantify pharmaceuticals based on their unique
fluorescence signatures.

5.10.1.2 Results. This approach was highly effective in
monitoring complex wastewater matrices, allowing for the
simultaneous detection and quantification of various pharma-
ceutical compounds. The ability to handle complex, multi-
component samples is particularly advantageous for assessing
pharmaceutical pollution.

5.10.1.3 Challenges. The calibration and validation of the
chemometric models are challenging due to the complex nature
of wastewater, which often contains a wide variety of interfering
substances. The environmental variability in wastewater
samples can significantly affect the fluorescence properties,
requiring adaptive or localized calibration strategies.

6. Instances where these approaches
have provided real-world solutions for
water quality monitoring, showcasing
their effectiveness in diverse
environmental settings

Spectroscopic approaches have been instrumental in providing
solutions for water quality monitoring in various environmental
settings. Reports demonstrated the effectiveness of UAV-borne
multi-spectral remote sensing for multi-temporal monitoring
of urban river water quality, highlighting the flexibility, effi-
ciency, and high resolution of unmanned aerial vehicle (UAV)
remote sensing as an effective solution for monitoring urban
river water quality. Additionally, various reports presented

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a systematic review on water quality monitoring and evaluation
using remote sensing techniques in China, emphasizing the
comprehensive list of water quality indicators and the moni-
toring of direct and indirect drivers of water quantity and
quality. Furthermore, reports also illustrated the use of IoT and
wireless sensor networks for water quality monitoring,
demonstrating the practical application of advanced technolo-
gies in real-time water quality assessment.*>***

Moreover, the integration of spectroscopic techniques with
chemometric analysis has further enhanced water quality
monitoring. Reports demonstrated the use of chemometrics
for the development of green analytical methods to determine
the shelf-life of olive oils, highlighting the application of
fluorescence spectroscopy and multivariate analysis methods
for quality control.®>** Additionally, reports also validated the
use of spectroscopic techniques coupled with principal
component regression for the determination of alcohol
concentration, emphasizing the fast, low-cost, and safe nature
of the approach.®® These examples underscore the significance
of spectroscopic methods and chemometric tools in address-
ing water quality monitoring challenges and providing prac-
tical solutions for environmental assessment and
management.

Furthermore, spectroscopic techniques have been extended
to the monitoring of water pollutants and the assessment of
water quality parameters. For instance, various reports
proposed a new approach to study the degradation of organic
pollutants by A-doped M,0,/B photocatalysts, highlighting the
use of spectroscopic methods to understand the degradation
process of pollutants.”””* Additionally, scientistsutilized
chemometrics-assisted monitoring in Raman spectroscopy for
the biodegradation process of an aqueous polyfluoroalkyl ether
from a firefighting foam in an environmental matrix, show-
casing the application of chemometric tools in environmental
monitoring and remediation.””* These examples demonstrate
the diverse applications of spectroscopic methods and chemo-
metric approaches in addressing water quality and pollution
challenges, highlighting their effectiveness in providing valu-
able insights for environmental protection and
sustainability.”*® Thus, the integration of spectroscopic
approaches with advanced technologies, such as remote
sensing, IoT, and chemometric analysis, has significantly
contributed to the monitoring and assessment of water quality
in various environmental settings. These applications have
provided valuable solutions for real-world water quality chal-
lenges, emphasizing the importance of spectroscopic methods
and chemometric tools in environmental research and
management.

7. Challenges and opportunities in
the adoption of green spectroscopic
methods for water quality analysis

The adoption of green spectroscopic methods for water quality

analysis presents both challenges and opportunities in environ-
mental monitoring and sustainability. Green spectroscopic
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methods aim to minimize environmental impact, reduce chem-
ical waste, and promote sustainable analytical practices.
However, several challenges need to be addressed to fully realize
the potential of green spectroscopic methods in water quality
analysis.®®*

One of the primary challenges is the development of envi-
ronmentally friendly analytical methods using green solvents
and reagents. Reports emphasized the importance of evalu-
ating the greenness of analytical methods, highlighting the
need for sustainable practices in spectroscopic analysis.?>*®
The selection of green solvents and reagents is crucial for
minimizing environmental impact and promoting green
analytical chemistry. Another challenge is the implementation
of green approaches for obtaining the analytical signal.
Reports noted that while considerable attention has been paid
to developing environmentally friendly alternatives for sample
preparation techniques, relatively fewer works are dedicated to
implementing green approaches for obtaining the analytical
signal.®*-** This highlights the need for innovative approaches
to ensure that the entire analytical process aligns with green
principles. Furthermore, the development of green spectro-
scopic methods for water quality analysis requires the inte-
gration of advanced technologies and chemometric tools. This
integration presents an opportunity to enhance the accuracy
and reliability of green spectroscopic methods for water
quality analysis. Despite these challenges, the adoption of
green spectroscopic methods offers significant opportunities
for advancing water quality analysis.**® For instance, the use
of remote sensing techniques in water quality monitoring
presents an opportunity to make up for the shortcomings of
traditional methods in spatial coverage and temporal resolu-
tion. Reports conducted a systematic review to identify the
existing challenges and future directions in water quality
monitoring using remote sensing techniques, highlighting the
potential for remote sensing to contribute to sustainable water
resource management.'**'** Additionally, the development of
green spectroscopic methods provides opportunities to
address emerging environmental concerns, such as the anal-
ysis of microplastics in food and water. This reflects the
expanding applications of green spectroscopic methods in
ensuring food safety and authenticity. Moreover, the applica-
tion of green spectroscopic methods in water quality analysis
aligns with the growing emphasis on sustainable practices and
green technologies in environmental research and analysis.
The development of green analytical methods using environ-
mentally friendly solvents and reagents, as highlighted by
reports, reflects the increasing focus on sustainable and envi-
ronmentally friendly analytical practices. Thus, the adoption
of green spectroscopic methods for water quality analysis
presents challenges related to the development of environ-
mentally friendly analytical methods and the implementation
of green approaches for obtaining the analytical signal.
However, these challenges also present opportunities to
advance water quality analysis, address emerging environ-
mental concerns, and promote sustainable practices in envi-
ronmental monitoring and sustainability.

1080 | Environ. Sci.. Adv, 2024, 3, 1072-1086

View Article Online

Tutorial Review

8. The role of artificial intelligence
and big data in advancing chemometric
analysis and experimental design for
environmental monitoring

The role of artificial intelligence (AI) and big data in advancing
chemometric analyses and experimental design for environ-
mental monitoring is pivotal in driving innovation and
enhancing the efficiency and accuracy of analytical processes.'*?
The convergence of Al and big data has significantly trans-
formed the landscape of environmental monitoring, offering
numerous opportunities and addressing various challenges.
One of the key opportunities lies in the utilization of big data
and Al for chemometric analyses in environmental monitoring.
The accumulation of massive datasets in environmental science
has made the role of big data and Al indispensable in advancing
chemometric analyses. As highlighted by,'*'** the use of big
data and Al in drug discovery has revolutionized the analysis of
chemical and biological data, leading to the development of
more efficient and effective analytical methods. Similarly, in the
field of environmental monitoring, the integration of big data
and AI can facilitate the analysis of complex environmental
datasets, enabling the identification of patterns, trends, and
correlations that may not be readily apparent through tradi-
tional analytical approaches.'” Furthermore, the application of
big data and AI in experimental design for environmental
monitoring presents opportunities for optimizing sampling
strategies, data collection, and analysis. The use of Al algo-
rithms for experimental design can enhance the efficiency of
data collection processes, leading to more robust and compre-
hensive datasets. Reports emphasized the potential of AI in
informing recommendations for musculoskeletal diseases,
highlighting the impact of AI and big data in optimizing data
collection and analysis processes.'® In the context of environ-
mental monitoring, Al-driven experimental design can
contribute to the development of more effective sampling
protocols and data collection strategies, ultimately improving
the accuracy and reliability of environmental assessments.
Despite the opportunities presented by the adoption of big data
and Al in environmental monitoring, several challenges need to
be addressed. The ethical implications of AI and big data in
environmental research underscore the importance of ensuring

[ 2012 - Artificial Intelligence
@ 2014 - Big Data

[0 2017 - Chemometric Analysis
O 2019 - Experimental Design

Fig. 2 The role of artificial intelligence and big data in advancing
chemometric analysis and experimental design for environmental
monitoring over the last 10 years.
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responsible and ethical use of these technologies.'”'*® Addi-
tionally, the integration of big data and AI in environmental
monitoring requires robust data governance and privacy
measures to safeguard sensitive environmental data.

Thus, the adoption of big data and AI in chemometric
analyses and experimental design for environmental moni-
toring offers significant opportunities for advancing analytical
capabilities and optimizing data collection processes. However,
it is essential to address the ethical, privacy, and governance
challenges associated with the use of these technologies to
ensure responsible and effective implementation in environ-
mental monitoring. The role of artificial intelligence and big
data in advancing chemometric analysis and experimental
design for environmental monitoring over the last 10 years via
a pie diagram is presented in Fig. 2. In Table 2, experimental

View Article Online
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and chemometric approaches in spectroscopic methods for
organic pollutant determination in natural waters which can be
directly applied by policymakers and environmental agencies to
improve decision-making in real-world scenarios is shown.
The integration of spectroscopic methods with chemometric
analysis provides a powerful framework for environmental
management, enabling precise monitoring and effective
enforcement of pollution control measures. These tools have
broad applicability across various environmental scenarios,
from tracking urban industrial emissions to preserving delicate
aquatic ecosystems. In urban settings, where industrial activi-
ties are concentrated, deploying nearilnfrared (NIR) spectros-
copy equipped with chemometric models can significantly
improve the monitoring of volatile organic compounds (VOCs)
and other airborne pollutants. Facilities can install NIR systems

Table 2 Experimental and chemometric approaches in spectroscopic methods for organic pollutant determination in natural waters which can
be directly applied by policymakers and environmental agencies to improve decision-making in real-world scenarios

Environmental

SI no. Real-world example Application Location Year agency/policymaker Reference

1 Monitoring Harmful UV-vis spectroscopy United States — EPA 2019 Environmental 109
Algal Blooms (HABs) in coupled with monitoring HABs in Protection Agency (EPA)
drinking water sources chemometric freshwater reservoirs

techniques and lakes

2 Detection of organic Fluorescence United Kingdom - UK 2015 UK Environment 110
contaminants in spectroscopy combined Environment Agency Agency
industrial effluents with chemometric screening industrial

modeling effluents

3 Tracking oil spills and UV-vis spectroscopy Gulf of Mexico - NOAA 2010 National Oceanic and 111
petroleum pollution combined with using spectroscopic Atmospheric

chemometric analysis methods to monitor oil Administration (NOAA)
spills

4 Assessing water quality Fluorescence China - monitoring 2018 Ministry of Ecology and 112
in urban rivers spectroscopy and water quality in urban Environment (China)

chemometric rivers
techniques

5 Identifying microplastic Raman spectroscopy Australia - studying 2020 Australian Government 113
pollution in marine with chemometric microplastic pollution Department of
environments analysis in the Great Barrier Reef Agriculture, Water and

the Environment

6 Monitoring pesticide UV-vis spectroscopy Brazil - assessing 2017 Brazilian Institute of 114
contamination in coupled with pesticide Environment and
agricultural runoff chemometric modeling contamination in Renewable Natural

agricultural runoff Resources (IBAMA)

7 Detecting heavy metal Atomic absorption India - monitoring 2014 Central pollution 115
pollution in industrial spectroscopy with heavy metal pollution control board (CPCB)
wastewater chemometric methods in industrial wastewater India

8 Assessing organic Fluorescence Canada - monitoring 2016 Environment and 116
pollutants in urban spectroscopy combined organic pollutants in Climate Change
lakes with chemometric urban lakes Canada

analysis

9 Identifying UV-vis spectroscopy Sweden - analyzing 2013 Swedish environmental 117
pharmaceuticals in coupled with pharmaceutical protection Agency
wastewater treatment chemometric residues in wastewater
effluents techniques treatment effluents

10 Tracking dissolved Fluorescence United States - studying 2011 United States 118
organic matter spectroscopy and dissolved organic Environmental
dynamics in Estuaries chemometric matter in estuaries Protection Agency (EPA)

approaches along the East Coast
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to continuously analyze emissions, with chemometrics
providing real-time data analysis to ensure compliance with air
quality standards. This setup not only helps in immediate
detection of regulatory breaches but also in long-term envi-
ronmental planning and industrial process adjustments to
minimize emissions.""’

Furthermore, the use of Excitation-Emission Matrix (EEM)
Fluorescence Spectroscopy combined with parallel factor anal-
ysis (PARAFAC) offers a sophisticated approach for identifying
and quantifying complex organic compounds in marine and
freshwater systems. This technology can be particularly trans-
formative for coastal cities dealing with oil spills or chemical
discharges. The rapid identification and differentiation of
various types of oil and organic pollutants through EEM-
PARAFAC allow for quicker and more targeted response strate-
gies, facilitating immediate containment and remediation
actions, thereby reducing the potential environmental and
economic impact. Additionally, this method's ability to analyze
water samples on-site and in real time greatly enhances the
agility and effectiveness of environmental monitoring
programs, providing a continual assessment of water quality

View Article Online
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that helps guide policy decisions regarding marine protection
zones and industrial discharge regulations.****

In the broader context of environmental policy and
sustainability, the adoption of these advanced spectroscopic
and chemometric techniques supports the implementation of
more stringent environmental protection measures. By
enabling more accurate and timely monitoring of pollutants,
agencies can adopt a more proactive approach to environmental
protection, moving away from the traditional reactive models.
This shift not only helps in immediate issues such as pollution
control but also contributes to long-term goals like ecological
conservation and sustainable industrial practices.'**'** Conse-
quently, as environmental agencies and policymakers harness
these technologies, they lay a stronger foundation for achieving
global environmental goals, including those set by international
agreements on climate change and pollution reduction. The
data-driven insights provided by these methods empower
stakeholders to make more informed, science-based decisions
that align with both local and global environmental objectives.
Table 3 represents the organic pollutants monitoring in natural
waters with advantages and disadvantages.

Table 3 Organic pollutants monitoring in natural waters with advantages and disadvantages

SI no. Aspect Description Advantages Disadvantages References
1 Technique Various techniques are High sensitivity and Equipment and 126-128
employed, including selectivity expertise-intensive
chromatography (GC, Wide applicability Some methods require
HPLC), spectroscopy, extensive sample
and sensors preparation
Real-time monitoring
capabilities
2 Sample preparation Involves extraction, Enhances detection Time-consuming and 129-131
filtration, and sensitivity labor-intensive
concentration of water Removes interfering Risk of contamination
samples prior to matrix components or loss of analytes
analysis during preparation
3 Detection limits The lowest Allows for early May vary depending on 132-134
concentration of an detection of emerging analytical technique
organic pollutant that pollutants and instrumentation
can be reliably detected Helps in setting Higher detection limits
and quantified regulatory limits for for some methods
water quality standards compared to others
4 Accuracy and precision The degree of closeness Provides reliable data Susceptible to errors 135-137
between measured for decision-making from instrument
values and true values, and risk assessment calibration, sample
and the repeatability of handling, and matrix
results effects
Allows for trend Precision may vary
analysis and long-term between different
monitoring methods and
laboratories
5 Environmental impact Evaluates the effects of Guides regulatory Limited understanding 138-141

assessment

organic pollutants on
aquatic ecosystems and
human health
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management and
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9. Conclusion

Ongoing research in the field of spectroscopic methods for
organic pollutant determination encompasses diverse and
innovative directions, reflecting the interdisciplinary nature of
this area of study. The application of spectroscopic techniques
in environmental science and pollution control has been
a prominent focus, with emerging trends and potential future
developments shaping the landscape of research. One notable
trend is the increasing utilization of spectroscopic methods for
the analysis of emerging pollutants in environmental waters.
Recent studies have highlighted the potential of spectroscopic
techniques, including fluorescence and photoinduced fluores-
cence, for the determination of organic pollutants and
emerging contaminants in water samples, underscoring the
growing importance of spectroscopic methods in addressing
contemporary environmental challenges and monitoring the
presence of pollutants in aquatic ecosystems. Moreover, the
integration of spectroscopic techniques with advanced analyt-
ical methods has shown promise in the assessment of food
quality and safety, with recent advances in hyperspectral
imaging for food quality control and the analysis of micro-
plastics in food reflecting expanding applications of spectro-
scopic methods in ensuring food safety and authenticity. These
developments signify the potential for spectroscopic techniques
to play a crucial role in addressing food-related environmental
and health concerns. In addition, the field of spectroscopic
methods for organic pollutant determination has seen signifi-
cant advancements in the development of green analytical
chemistry spectroscopic methods, aligning with the growing
emphasis on sustainable practices and green technologies in
environmental research and analysis. Furthermore, the appli-
cation of spectroscopic methods in the assessment of heavy
metal pollution and the determination of metal concentrations
in environmental samples has been a focus of recent research,
reflecting ongoing efforts to utilize spectroscopic techniques for
environmental monitoring and pollution control. Granular
Activated Carbon (GAC) has emerged as a promising tool for
organic pollutant removal in water treatment, but its effective-
ness depends on understanding and optimizing its perfor-
mance. Experimental and chemometric approaches play
a pivotal role in unravelling the complexities of GAC processes,
ensuring its efficient application in the determination and
removal of organic pollutants in natural waters. These
approaches enable researchers to comprehensively analyze the
diverse composition of organic contaminants, allowing for the
development of targeted strategies for GAC optimization and
water quality improvement. The integration of experimental
techniques, such as advanced spectroscopic methods and
chromatography, with chemometric approaches has yielded
significant insights into the dynamics of organic pollutant
interactions with GAC. Chemometric tools like PCA and PLS
have been instrumental in deciphering complex datasets,
identifying key parameters influencing GAC performance, and
optimizing its design and operation for enhanced pollutant
removal. The significance of experimental and chemometric
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approaches in advancing GAC for organic pollutant determi-
nation lies in their ability to bridge the gap between theoretical
expectations and real-world complexities. By providing
a nuanced understanding of pollutant-GAC interactions, these
approaches contribute to the development of tailored solutions
for sustainable water treatment. The optimized use of GAC
ensures not only effective pollutant removal but also addresses
challenges such as GAC saturation and regeneration, promoting
long-term viability in water treatment plants. These findings
underscore the importance of a multidisciplinary approach to
ensure the efficacy and sustainability of GAC-based water
treatment technologies. The successful integration of experi-
mental and chemometric approaches in GAC research holds
tremendous potential for shaping the future of sustainable
water quality monitoring. This approach not only enhances
pollutant removal efficiency but also informs the design of cost-
effective and environmentally friendly water treatment strate-
gies. The ability to precisely characterize and predict GAC
performance through these approaches paves the way for
improved water treatment technologies that are adaptable to
diverse environmental conditions. As we move forward,
collaborative efforts across scientific disciplines, continued
research, and knowledge-sharing are essential for refining these
approaches and developing innovative solutions to address
emerging challenges in water quality management. The synergy
between experimental and chemometric methods offers
a robust foundation for advancing sustainable water treatment
technologies, inspiring researchers and practitioners to
contribute to the collective goal of ensuring clean and safe water
resources for future generations.
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