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Abstract: Groundwater is of vital significance to achieve the 2030 Agenda and its Sus-
tainable Development Goals (SDGs); nevertheless, it remains vulnerable to contamination
from phenolic compounds. This systematic review critically evaluates the chromatographic
and spectrometric techniques applied in real-case groundwater contamination studies
involving phenolic compounds. It highlights advances, limitations, and research gaps.
A comprehensive research strategy retrieved a total of 345 publications from the Scopus
and Web of Science databases, of which 52 (from the years 1984 to 2023) met the PRISMA
criteria. The review identified 107 phenolic compounds across 25 countries. Temporal and
spatial analyses, source identification, and pollutant profiles were systematically assessed
per country. The study also mapped priority (n = 11) and hazardous (n = 27) phenolic
compounds according to the USEPA, comparing their detectability across analytical meth-
ods. The most frequently applied techniques were LC-MS and LC-MS/MS, while GC-MS
demonstrated competitive performance when combined with derivatization. The study
found that contamination was predominantly reported in the Global North, with industrial
and domestic sewage being the main sources. The highest concentrations reported were
40 × 106 ng/L for 4-methylphenol and 50 × 106 ng/L for phenol, both of which are haz-
ardous substances typically linked to industrial/domestic effluents and the use of pesticides.
These findings highlight the imperative for regulatory measures and international scientific
collaboration to enhance groundwater monitoring, particularly in the Global South, where
data scarcity persists.

Keywords: mass spectrometry; gas chromatography; water quality; 2030 Agenda; phenol

1. Introduction
The 2030 Agenda was adopted in 2015 by the United Nations (UN). It is an action

plan consisting of 17 Sustainable Development Goals (SDGs), as a roadmap for people
to have peace and prosperity, to end poverty, and to protect the planet [1]. Although
universal access to sanitation and clean water is one of the goals of the 2030 Agenda
(SDG 6) [1,2], the complexity of its implementation poses a significant barrier to achieving
sustainable development [3–5]. Countries, regions, and cities experiencing rapid economic
development are primarily responsible for the increase in water demand [6]. Currently,
around half of the world’s population experiences severe water shortages for at least part
of the year [7].
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Water shortages are affected by hydro-climatic conditions, socioeconomic factors,
government policies, and an increase in human demand for the resource [3,8]. Most of this
increase occurs in cities, countries, and regions experiencing rapid economic development,
especially in emerging economies [6]. Groundwater represents approximately 99% of all
liquid freshwater on the planet and plays an essential role in supplying human consump-
tion, agricultural irrigation, and industrial processes [6,9]. Groundwater is responsible for
supplying around 25% of all water used for irrigation and half of the freshwater used for
domestic purposes [9]; it is also particularly important in arid and semi-arid regions where
surface water is limited [10].

With 58.3% of the world’s population living in urban areas (4.77 billion people) [11],
it is estimated that half of them are supplied by groundwater [9]. Aquifer systems play
a fundamental role in combating poverty and in socioeconomic development, as well
as being essential for strengthening socio-environmental resilience in the face of climate
change [9,12]. Although groundwater has some relative geological protection, its contami-
nation can be difficult to reverse and results in significant socio-environmental impacts and
risks to public health [9,10,12,13]. Among the main environmental pollutants and sources of
water contamination, phenolic compounds stand out, with more than 60 different phenols
already identified and quantified in aqueous matrices around the world [14].

These compounds are common substances in nature from the metabolism of plants;
their chemical structure has a specific characteristic, which comprises an aromatic ring with
one or more hydroxyl substituents [15]. The replacement of the hydrogen of the aromatic
ring with a halogen functional group, alkyl, phenyl, and benzyl, among others, gives rise to
a vast group of phenolic compounds [16]. For example, nitrophenols, which are present in
the atmosphere due to the gases generated by burning fuel in vehicles, and chlorophenols,
which are used in disinfectants, antiseptics, and various household products [17].

Phenolic compounds are also widely synthesized in the industry for coal conversion,
phenolic resin, the coke oven, petrochemicals, textiles, leather, fiberglass, paint, the paper
industry, adhesives, pharmaceuticals, soap, paper, and wood preservatives [17–19]. Sources
of contamination include but are not limited to industrial effluents, landfill leaching, agri-
cultural runoff, and wastewater discharges [19,20]. In addition, pesticides and herbicides
derived from phenols pose additional risks to the contamination of aquatic ecosystems [19].

The toxicity of these compounds is widely documented, and they are classified as
priority pollutants due to their association with endocrine disorders, damage to the central
nervous system, circulatory system failures and carcinogenic potential, in addition to being
biologically accumulated in organisms through the food chain [14,18,20–22]. In contact
with water, these compounds are transformed into new fractions that can pose even more
risks than their original molecules [19].

Detecting phenolic compounds in groundwater is challenging due to the large number
of known and unknown compounds and their varied physicochemical characteristics,
which include low volatility, high polarity, and high solubility in water [14,23]. Phenols
have very low concentrations and are affected by factors such as dilution by flow with
other sources, seasonal climatic variations, pH, chemical–physical changes in general, and
sediment resuspension [14].

Conventional and emerging methods for their detection and quantification have been
reviewed in the literature and include hyphenated techniques developed from the coupling
of two or more analytical techniques, for example, gas chromatography–mass spectrometry
(GC-MS), high-performance liquid chromatography–tandem mass spectrometry (HPLC-
MS/MS), inductively coupled plasma mass spectrometry (ICP-MS), and time-of-flight mass
spectrometry (TOF-MS) [14,19,22,24]. Generally, the first analytical technique separates or
increases the resolution, and the second technique characterizes the sample [24].
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Although the academic production on advanced analytical techniques is diverse, the
contamination of groundwater matrices by phenolic compounds is complex and involves
the hydrogeological conditions of the aquifer and the diversity of degradation sources.

This varied production also highlights the need for a synthesis of knowledge applied
to real groundwater samples since the lack of a systematic review comparing the efficiency
and suitability of the techniques can compromise the recognition of the best approach for
real phenolic compound contamination scenarios.

Thus, the study aims to conduct a Systematic Literature Review, following the Pre-
ferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) protocol [25],
to investigate chromatographic and spectrometric techniques applied in real cases of
groundwater contamination by phenolic compounds. The adoption of the PRISMA proto-
col enabled a careful and comparative evaluation of the available methods to contribute to
the selection of the most effective approaches for monitoring and remediating this problem.

2. Materials and Methods
The review has been carried out following the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA 2020) guidelines. The literature search was initially
conducted in October and November 2024 and subsequently updated in March 2025. The
objective of the study is to identify, categorize, and compare the analytical approaches used
to detect phenolic compounds in groundwater. Considering it is a systematic review, this
study relies entirely on secondary data extracted from peer-reviewed publications.

2.1. Eligibility Criteria

The PRISMA protocol was followed to reduce bias and ensure the quality of the
work [25–27]. The Population, Interest and Context (PI-Co) mnemonic was used to for-
mulate the research question; this mnemonic is normally used to develop Systematic
Literature Review (SLR) questions based on qualitative review or synthesis [28]. Thus, the
following were defined: population—groundwater contaminated by phenolic compounds;
interest—use of chromatographic and spectrometric analytical techniques for identification
and quantification; context—detection of phenolic contaminants in environmental samples,
with a focus on real groundwater. Based on this, general research questions were structured
for the study: (1) What chromatographic and spectrometric techniques have been used to
analyze phenolic compounds in real groundwater? (2) In which location was the study
carried out, and what is the environmental context of the site? (3) What are the main
limitations and advances of the techniques used?

Studies using chromatography and spectrometry techniques to analyze phenolic
contaminants in real groundwater were included. The articles selected for this review were
published in any period if they were available in their full version in one of the languages
of technical mastery of the research team (English, Portuguese, or Spanish). The exclusion
criteria for the studies were as follows: (1) object of study other than groundwater and/or
phenols and their compounds; (2) simulated scenarios or synthetic groundwater; (3) studies
that did not use spectrometry and chromatography techniques to analyze phenols; (4)
no specification of the study site; (5) identification of phenolic compounds without their
proper quantification.

2.2. Information Sources

The Web of Science (WoS) and Scopus repositories were selected as the preferred
databases for collecting articles for this research. Created in 1964, WoS is the oldest database,
with coverage in 2020 of around 75 million academic data points, more than 1.5 billion ref-
erences cited in 254 disciplines [29], and coverage of around 34,000 journals [30]. Although
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each database presents at least some set of journals covered exclusively, this number
is small for WoS [29], which also presents a low proportion of absence of highly cited
documents [31]. Given the relevance to science of local and regional journals that address
social needs, in 2015, WoS deepened its reach, maintaining a balance between subjects and
regions [30].

Scopus was launched in 2004 by Elsevier as a database of abstracts and citations with
peer-reviewed scientific content that has more than 77.8 million records [29,32]. Scopus
is among the largest curated bibliographic databases, whose indexed material is selected
through a process of content screening followed by continuous re-evaluation [29,32]. With
more than 23,000 active journal titles, Scopus indexes 66.07% more unique journals com-
pared to WoS [29].

Although sources such as Google Scholar, Dimensions, and Microsoft Scholar can be
considered more comprehensive, their search functionalities have several limitations that
make complex Boolean searches in their web interface and metadata export difficult [33].
From this perspective, WoS and Scopus remain the main sources of publication metadata
and impact indicators [34,35]. As extracting data from different databases can produce
different results due to the varying coverage of journals in the two sources [29], to obtain a
more representative sample, both WoS and Scopus were selected as the primary sources for
the studies.

2.3. Search and Selection Strategies

A comprehensive search was carried out, with no restrictions on period or language,
using a combination of descriptors and the Boolean operators “AND” and “OR”, with the
application of the operator (*) to capture variations of the words; the search string used is
shown in Box 1. In the WoS database, the search was conducted on 24 October 2024, while
for the Scopus database, the search was conducted on 5 November 2024. The searches in
the databases were updated on 14 March 2025. In both databases, the search was carried
out with institutional registration and access by the University of São Paulo.

Box 1. Search string used in the scientific databases Web of Science and Scopus on 24 October and
5 November 2024, respectively.

WoS (“phenol*”) (Topic) and (“ groundwater*” or “ ground water*” or “subsurface water*”
or “Underground water*”) (Topic) and (“spectrometry” OR “chromatography”) (Topic)

Scopus (TITLE-ABS-KEY ((“phenol*”)) AND TITLE-ABS-KEY ((“groundwater*” OR “ground
water*” OR “subsurface water*” OR “Underground water*”)) AND TITLE-ABS-KEY
((“spectrometry” OR “chromatography”)))

The search identified 151 records in WoS and 281 in Scopus published between 1968
and 2025. The results were saved in lists in the respective databases, exported as a file
with a <Tab delimited file> “TXT” structure for WoS and “CVC” format for Scopus. The
main data (index base, authors, year, article title, source title, language, document type and
DOI) were converted and organized in a Microsoft Excel spreadsheet, with an identifier
number for each record. Two variables were added for validation: “evaluation”, with the
values <included/excluded>, and “exclusion criteria”, with the values <study objective
other than groundwater or phenols/simulated scenarios or synthetic waters/study site not
identified/full document not located/unavailable in English-Portuguese-Spanish/does
not use spectrometry-chromatography/duplicate study> (Figure 1).

All 432 records retrieved were accessed to identify the complete studies in English,
Portuguese, or Spanish. In this evaluation, 87 duplicate records were excluded, leaving a
total of 345 studies for analysis of their convergence with the research topic and eligibility
concerning the established criteria.
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Figure 1. PRISMA 2020 flow diagram (adapted for this study).

The studies were analyzed in their entirety. This analysis was carried out indepen-
dently by two researchers to reduce individual bias and increase the reliability of the review.
All the analyses were validated and certified by a third researcher with more experience
in the field. After evaluation, of the 345 articles analyzed, 52 remained for technical re-
view: 23 from Scopus only, 8 from WoS only, and 21 studies indexed in both databases
(Table S1—Supplementary Material).

2.4. Data Extraction, Evaluation and Synthesis

The WoS and Scopus databases were reassessed. The lists of studies initially retrieved
from the two databases were edited to keep only the studies selected as eligible. The
complete metadata from each database was exported and converted into “XLS” format files.
These two files were merged into a single database, with normalization of the equivalent
categories, and exported into “TXT” and “XLS” formats.

Data extraction was conducted systematically, using a standardized matrix for col-
lection [36]. The matrix was structured into categories related to the following: (i) biblio-
graphic information (title, authors, year of publication); (ii) study objectives; (iii) sample
characteristics (type and specificity of groundwater; socioeconomic distribution (Global
North and South); environmental context; type of contamination); (iv) analytical methods
and techniques employed (experimental conditions, detection limits and instrumentation);
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(v) results and main findings (concentration and types of phenolic compounds, perfor-
mance of analytical techniques and practical relevance); (vi) quality aspects (assessment of
risk of bias and reported limitations).

The extracted data were organized in a Microsoft Excel spreadsheet and coded to
facilitate analysis. Initially, open coding was carried out by assigning descriptive labels to
the extracted data (variables). The codes were then grouped or ungrouped and normalized
using axial coding to connect related themes [36,37]. This methodological approach was
used to standardize the data and to guarantee the quality of its extraction.

To minimize errors and biases, the data were extracted by one researcher, and the
consistency of the extraction was validated by two independent researchers. The variables
corresponding to the chemical elements, analyte extraction techniques, and analytical
techniques were standardized by the researcher with the most experience in trace analysis
and environmental chemistry and certified by the researcher who carried out the extraction.

As the identification of several common names and synonyms can lead to duplications
or omission of relevant data when analyzing information from different sources, to reduce
bias and avoid ambiguities caused by different names, the Chemical Abstracts Service
(CAS) number was used in the standardization of phenolic compounds. When compounds
with various names were found in different articles, the most common one was selected
and identified with the CAS number in the database for this study. The CAS number was
searched on the PubChem website [38].

The risk of bias was assessed for the 52 studies included in the sample. Although all of
them presented evidence that the analyses were carried out on real groundwater, it was not
possible to identify the environmental context of the collection site or the precise location
of the sites sampled for 40% (N = 21) of them. However, the transparency of the analytical
methods and the availability of complementary data were considered when assessing the
risk of sampling bias. As the compounds detected were identified with their respective
CAS number, and the sources of pollution and the analytical, extraction, and derivatization
techniques were duly standardized and certified by expert researchers in the field, the
risk of bias was considered low, with a high level of robustness of the findings. Although
the findings of this review may be subject to publication bias, this risk is also considered
low given that the global research ecosystem increasingly relies on data from WoS and
Scopus [34], which were the two repositories used to collect the articles.

2.5. Classification of Specific Phenolic Compounds

In 1970, the Environmental Protection Agency (USEPA) was created for the protection
of human health and to safeguard the natural environment on US territory [39]. Envi-
ronmental regulations are updated periodically, organized, and codified in the Code of
Federal Regulations (CFR), which is structured into 50 titles, each covering a specific area
of federal regulation. To implement and enforce environmental regulations, the USEPA has
developed test procedures (analytical methods) for measuring regulated pollutants, which
are contained in regulations codified at Title 40 CFR [40].

Title 40 covers regulations on environmental protection, which include topics such
as water and air quality, solid and hazardous waste management, toxic substances, and
chemical control [40]. Globally, the USEPA is recognized as one of the most influential
environmental regulatory agencies [41]. With an adequate budget, a wealth of technical
knowledge, and a variety of available technologies [41], the USEPA has an institutional
leadership position in published research on environmental monitoring [42], contributing
to policies in other nations. For this RSL, Chapter I (Environmental Protection Agency)
of Title 40 was examined in its Subchapter D Water Programs (Part 116); Subchapter J
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Superfund, Emergency Planning, and Community Right-to-Know Programs (Part 302);
and Subchapter N Effluent Guidelines and Standards (Part 423) [40].

The designation of hazardous substances for the Clean Water Act (CWA) is made in
Part 116 of the 40 CRF, which establishes the framework for regulating the discharge of
pollutants into U.S. waters to restore and maintain their chemical, physical, and biological
integrity [43,44]. Substances classified as hazardous by the USEPA, when discharged in
any quantity into jurisdictional waters, present an imminent and substantial endanger-
ment to public health or welfare [45]. With the designation of a chemical (element and
compound) as a hazardous substance by the CWA, its reportable quantity is established by
regulation, and discharge in quantities that may be harmful to navigable waters and waters
of the contiguous zone is prohibited; a total of 326 substances are currently classified as
hazardous [45].

Part 302 of 40 CFR deals with “Designation, reportable quantities, and notifications” in
compliance with the Comprehensive Environmental Response, Compensation, and Liability
Act of 1980 (CERCLA). This act establishes prohibitions and requirements regarding closed
and abandoned hazardous waste sites. It governs liability for hazardous releases and
establishes a trust fund for cleanup when no responsible party can be identified [46].
CERCLA also specifies “reportable quantities” (RQs) for each substance, which are the
minimum release amounts that require notification to the USEPA [45].

In addition to hazardous substances, priority pollutants are also regulated by the
CWA. For these, Appendix A of 40 CFR Part 423, designated as the Priority Pollutants
List, lists 126 priority pollutants that are regulated by the USEPA and for which analytical
test methods have been developed [47]. The phenolic compounds found in the 52 studies
in this review were classified based on these environmental regulations established by
the USEPA.

2.6. Data Analysis and Synthesis

The data were normalized for co-occurrence analysis, which aims to explore the
keywords that co-occur in two or more articles and that represent the main content of the
studies by describing the topics covered by a knowledge domain. A keyword network
shows the structure of the body of knowledge by presenting the inter-relationships and
organization of research topics [48,49].

VOSviewer software version 1.6.20 was used to analyze the co-occurrence of key-
words. After selecting the keywords described by the author, 156 terms were extracted
for normalization (standardization of synonyms and different forms of the same word).
Exported in a “TXT” file for processing, the normalization resulted in 116 terms for analysis
(Table S2—Supplementary Material). The adjusted terms were entered into a synonym file
with instructions for the analytical software to replace all instances of a keyword (embedded
terms) with another (label) [50].

In the keyword co-occurrence analysis, keywords were identified that co-occur more
frequently and have greater link strength. Thus, keywords with a minimum occurrence of
two times and a minimum link strength of two were considered, resulting in 29 matches.
VOSviewer’s “overlay visualization” function was used to help detect the evolutionary
trend of the research topics investigated.

Microsoft Excel, a tool widely used for compiling, organizing, and visualizing data,
was used to process and analyze the data collected. The extracted data were initially
systematized in electronic spreadsheets for consistent treatment of the information to
guarantee its accuracy. Based on the structural organization of the database, to meet
the objectives of each synthesis devised by the research team, Python v.3.1 was used to
support parameterization and Generative Artificial Intelligence (GAI) to explore graphical
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representations of the information. Multiple interactions were carried out to improve
the resulting graphical summaries, which served as the basis for the preparation of final
infographics built by an illustrator using specialized graphic publishing tools to ensure a
clear and informative visual representation of the study’s findings.

In the temporal and socioeconomic distribution of the studies and the phenolic com-
pounds identified in groundwater, the Global North and South structure [51,52] was
considered, based on the list of countries in the Global South [53]. The heatmap technique
was used for the graphical summaries of contamination sources and their relationship with
groups of phenolic compounds and the distribution of regulated contaminants by country,
with the data initially organized in spreadsheets to standardize and certify the information.
Using IAG to identify the most favorable graphic structure, the data systematized in a
Microsoft Excel spreadsheet was reworked by an illustrator using graphic editing tools. The
intersection between the substances regulated by 40 CFR Parts 116, 302, and 423 [44,46,47]
was established by parameterizing the data in a Microsoft Excel spreadsheet and applying it
to a Venn diagram, which allows visualization of the overlap between the lists of regulated
substances. The graph was developed by an illustrator and validated by the research team
to ensure that all the components were correctly categorized and that they adequately
represented the similarities and divergences between the regulations analyzed.

For the priority compounds that simultaneously presented LD and LQ data, the
research team prepared a scatter plot generated with Python v.3.1 to allow visualiza-
tion of these limits between the analytical techniques employed. A scatter plot was
also drawn up for a comparative analysis of the GC-MS analytical technique with and
without derivatization.

The efficiency of the recovery techniques (%) of priority phenolic compounds, which
simultaneously presented LD and LQ data and which did not use derivatization, was
analyzed using the Sunburst chart to visualize the hierarchy between the methodologies
applied. This chart was made up of three levels of information: (i) the central ring, showing
the extraction techniques used (LPME, SPE, and online SPE); (ii) the middle ring, showing
the analytical techniques used for quantification (LC-MS/MS; GC-MS, HPLC-UV and
LC-UV); and (iii) the outer ring, showing the recovery values (%) for the priority phenolic
compounds analyzed. The graphical summary of the maximum concentrations of priority
phenolic compounds per country was established in a bubble chart adjusted from the data
organized and systematized in Microsoft Excel spreadsheets.

The meta-analyses and summaries of information were complemented by thematic
descriptive narrative analyses.

3. Results and Discussion
3.1. Temporal Evolution, Sources of Contamination and Global Distribution of Groundwater
Contamination by Phenolic Compounds

With 345 studies previously selected in the searches carried out in the two referential
scientific databases (WoS and Scopus), the number of articles that fell within the scope of
this review was relatively low. Only 15.07% (N = 52) were considered eligible; they covered
the years 1984 to 2023 (Figure 2).

Between 1984 and 2000—a period of around 20 years—only eleven studies were
identified in just seven countries. Canada [54], Croatia [55], Slovakia [56], Poland [57], and
Germany [58] have one publication related to each country, and Denmark [59,60], has two
publications; the USA stood out with four studies in this same time frame [61–64].
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The use of chromatographic methods to detect phenolic compounds in groundwater
in different regions of the world before the 2000s suggests that chromatographic methods
were already widely accepted. This result also shows that groundwater contamination was
also a problem of primary concern, for example, in Denmark, where the supply of drinking
water is almost entirely based on the use of groundwater susceptible to contamination
by polar pesticides [59]. In the USA, wastewater represents a major source of pollution
and an important source of groundwater contamination. For example, in Cape Cod, Mas-
sachusetts, drinking water is entirely supplied by groundwater and is especially vulnerable
to wastewater discharge [64].

The advance in the sensitivity and specificity of analytical techniques over the decades
is evident. In older studies evaluating the sites of Southington, Norwich, Watertown,
Danbury, and Sheshire in the USA [61], the identification of phenolic compounds was
based only on GC-MS without derivatization, while studies developed in the late 1990s
already used LC-MS and chemical derivatization to improve the detection of phenols at
trace levels [59,64]. In this same period, leachates from landfills and industries were mapped
as critical sources of contamination by phenolic compounds [54,55,62–64], with studies also
addressing agricultural waste and runoff as a source of contamination [57,59,61].

In the years between 2001 and 2020, significant evidence was found of the expansion of
studies on phenol contamination in groundwater, with 37 studies carried out in 20 countries,
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the majority belonging to the Global North. Spain made the largest contribution, with eight
publications [65–72]. There were three studies in the USA [73–75] and France [76–78] in
the continental area and one study in the French overseas territories of Guadeloupe and
Martinique (Atlantic Ocean), Reunion and Mayotte (Indian Ocean) and French Guiana
(continental area in South America) [79].

With two publications in each country, studies were identified in Germany [80,81],
Italy [82,83] and Portugal [84,85]. They were also found in Cyprus [86], Denmark [87],
Greece [88], Hungary [89], Ireland [90], Switzerland [91], Taiwan [92], South Korea [93],
Poland [94] and Mexico [95]. In the same period, countries in the Global South also assessed
groundwater contamination by phenolic compounds: Brazil [96], Karak, Jordan [97], Henan
province, China [98] and Iran [99].

Between 2021 and 2024, only five studies were identified that met the criteria of this
review, with investigations in Dongying, in the Yellow River estuary, in China [100], in the
Danube River basin [101], in the city of Ibadan [102] and Osun [103] both in Nigeria, where
groundwater was found to be contaminated by multiple organic compounds [102], and in
Monterrey Nuevo León, México [95].

It is interesting to note that no publications from the Global South were identified
until 2005. In addition to this gap, evidence was also found of gaps in the details of the
research site. Of the total number of studies selected (N = 52), 28.85% (N = 15) had an
insufficient location (with superficial references to the site and its environmental context).
This location was considered adequate for 40.4% of the studies (N = 21), which indicated
the sites investigated but without specifying their hydrogeological and environmental
characteristics. Only 19.2% of the studies (N = 10) provided detailed information on the
sites sampled, which would make it possible to support comparative research between
studies or additional complementary analyses on the same sites.

These studies with detailed information evaluated the locations of Zeitz, in Germany [80],
Rosário do Catete in Sergipe, Brazil [104], Guiyang City in Guizhou Province, China [105],
Zagreb in Croatia [55], Catalonia, Barcelona region, in Spain [71], Southington, Norwich,
Watertown, Danbury and Sheshire and Cape Cod in Massachusetts, USA [61,64], Milan in
Italy [83], and Ibadan and Osun, Oyo and Lagos States, in Nigeria [102,103].

In the analysis of keyword co-occurrence (Figure 3), where the color gradient (blue to
yellow) indicates the temporal evolution of searches, topics such as “phenols”, “ground-
water”, and “pesticides” showed connections throughout the period analyzed, suggesting
consolidated research themes.

Concern about pesticides in groundwater, for example, was also identified throughout
the period investigated, since the 1990s. These studies pointed to municipal and indus-
trial sewage and agricultural runoff in Gdansk in Poland [57] and agricultural runoff in
Denmark [59] as sources of contamination. In Denmark as well, water-soluble chlorinated
phenols were reported to be associated, among other sources, with the degradation of
pesticides [87], while in Spain, in the regions of Catalonia, Galicia, and Andalusia, minimal
impact of herbicides, phthalates, alkylphenols, and BPA has been demonstrated in spring
water intended for bottling, suggesting the effectiveness of measures to protect water from
any anthropogenic impact [70].

More recent topics, such as “emerging contaminants”, reflect the growing concern
about emerging pollutants. Thus, state-of-the-art broad-scope target screening was carried
out, with the detection of 33 emerging compounds that qualified as potential pollutants
specific to the Danube River basin [101]. In Milan, Italy, more than 80 emerging contami-
nants were investigated [83]. Endocrine-disrupting compounds, which constitute a broad
group of contaminants of emerging concern, have been studied in the northeastern region
of Emilia-Romagna, also in Italy [82]; in agricultural areas of Spain, close to large cities [65];
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and in the Barcelona region, in Saint Joan Despí [67]. In this same location, possible trends
in the seasonal distribution of estrogens, pesticides, and BPA have been investigated, with
evidence that groundwater pollution is quite persistent and that the rate of degradation in
this environment is very slow [68].
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The keyword co-occurrence network also highlighted recent themes, such as “mass
spectrometry” and “LC-MS/MS”, which represent advances in analytical techniques and
the consequent increase in precision in the detection of phenolic compounds, allowing for
more sensitive and selective analyses. Advanced analytical methods such as UPLC-MS/MS,
for example, were used to assess groundwater contamination in Shengiu County, China,
with detection limits of 0.1 ng/L for the identification of 2,4-dibromophenol (2,4-DBP),
2,4,6-tribromophenol (2,4,6-TBP), 4-bromophenol and 4-bromo-3-methylphenol [98], as
well as the determination of 4-chloro-2-methylpenol (2,4-MCP) in Ireland [90].

Countries from the Global South made a small contribution, with only seven studies
carried out between 2001 and 2020, developed in Brazil [96,104], China [98,105], Jordan [97],
Iran [99] and Nigeria [103]. In the following interval (2021–2023), studies from the Global
South assessed groundwater contamination by phenolic compounds at sites located in
China [100] (Hai-Liang and Tong-Na, 2022) and Nigeria [102,103].

A total of 306 occurrences were counted in the Global North and 45 in the Global South,
considering “occurrences” of all the phenolic compounds analyzed, even if repeated, in the
different studies reviewed. A total of 115 occurrences of maximum detected concentrations
were reported, with 94 in the Global North and 21 in the Global South (Figure 4).

Of the total occurrences in the Global North (N = 94), 48 different phenolic com-
pounds were identified. Of these, 10 are considered priority compounds [47]—2,4,6-
trichlorophenol, 2,4-dimethylphenol, 2,4-dichlorophenol, 2,4-dinitrophenol, 2-methyl-4,6-
dinitrophenol, 2-chlorophenol, 4-chloro-3-methylphenol, 4-nitrophenol, pentachlorophenol
and phenol—and they showed a range of concentrations from 4 ng/L (2,4-dichlorophenol)
to 40,000,000 ng/L (phenol) in Ireland [90] and USA [63], respectively.



Water 2025, 17, 1173 12 of 37

Water 2025, 17, x FOR PEER REVIEW 12 of 39 
 

 

Countries from the Global South made a small contribution, with only seven studies 
carried out between 2001 and 2020, developed in Brazil [96,104], China [98,105], Jordan 
[97], Iran [99] and Nigeria [103]. In the following interval (2021–2023), studies from the 
Global South assessed groundwater contamination by phenolic compounds at sites 
located in China [100] (Hai-Liang and Tong-Na, 2022) and Nigeria [102,103]. 

A total of 306 occurrences were counted in the Global North and 45 in the Global 
South, considering “occurrences” of all the phenolic compounds analyzed, even if 
repeated, in the different studies reviewed. A total of 115 occurrences of maximum 
detected concentrations were reported, with 94 in the Global North and 21 in the Global 
South (Figure 4). 

 

Figure 4. Global distribution of studies between 1984 and 2023 and phenolic compounds reported 
in the investigated groundwater. 

Of the total occurrences in the Global North (N = 94), 48 different phenolic 
compounds were identified. Of these, 10 are considered priority compounds [47]—2,4,6-
trichlorophenol, 2,4-dimethylphenol, 2,4-dichlorophenol, 2,4-dinitrophenol, 2-methyl-4,6-
dinitrophenol, 2-chlorophenol, 4-chloro-3-methylphenol, 4-nitrophenol, 
pentachlorophenol and phenol—and they showed a range of concentrations from 4 ng/L 
(2,4-dichlorophenol) to 40,000,000 ng/L (phenol) in Ireland [90] and USA [63], 
respectively. 

Twenty-one occurrences that were observed in the Global South correspond to five 
different phenolic compounds (2,4,6-trichlorophenol, 2,4-dimethylphenol, 2,4-
dinitrophenol, 2-methyl-4,6-dinitrophenol and phenol) that are considered priority 
compounds (Part 423 40 CFR) [47], with 2,4-dinitrophenol having the highest maximum 
concentration of 1,313,000 ng/L in Nigeria [103]. 

One of the factors affecting water scarcity is water contamination, which mainly 
impacts cities and countries in emerging economies experiencing rapid economic growth 
[3,6,8]. However, in these same regions, the use of advanced techniques for assessing 
groundwater contamination by phenolic compounds is still limited. This gap suggests the 

Figure 4. Global distribution of studies between 1984 and 2023 and phenolic compounds reported in
the investigated groundwater.

Twenty-one occurrences that were observed in the Global South correspond to five dif-
ferent phenolic compounds (2,4,6-trichlorophenol, 2,4-dimethylphenol, 2,4-dinitrophenol,
2-methyl-4,6-dinitrophenol and phenol) that are considered priority compounds (Part
423 40 CFR) [47], with 2,4-dinitrophenol having the highest maximum concentration of
1,313,000 ng/L in Nigeria [103].

One of the factors affecting water scarcity is water contamination, which mainly im-
pacts cities and countries in emerging economies experiencing rapid economic growth [3,6,8].
However, in these same regions, the use of advanced techniques for assessing groundwater
contamination by phenolic compounds is still limited. This gap suggests the need to improve
environmental monitoring in under-represented regions, where the absence of systematic
data can hinder the implementation of effective regulatory policies.

As few phenols are addressed in global water quality guidelines, regulation is a major
challenge to mitigating risks to human health and the environment [14]. For the compounds
classified as priority compounds, 2,4,6-trichlorophenol and pentachlorophenol exceeded
the limit of 1500 ng/L and 30 ng/L, respectively [106], established in section 304 (a) of
the CWA [107]. With quantified concentrations above 30 ng/L, pentachlorophenol was
detected in six investigations [56,79–81,87,89]. Concentrations below the LQ or LD were also
reported [57,62,84,104], as were investigations that did not detect the substance [88,92,101],
and in these studies, the LDs or LQs were greater than 30 ng/L. Only three studies had
quantification results or LDs and LQs below 30 ng/L [64,101,104].

The reported concentration of 2,4-dimethylphenol in Denmark was 2,090,000 ng/L [60].
In two studies, conducted in Denmark [87] and Germany [81] 2,4-dichlorophenol was
reported to be above 300 ng/L, while 2-chlorophenol was detected above 100 ng/L in three
of the seven studies that evaluated it [80,81,89].

The World Health Organization’s Guidelines for Drinking Water Quality [108] and
the Europe Commission’s Phenol—Summary Risk Assessment Report [109] set a limit
concentration for phenol of 1000 ng/L. Among the investigations that analyzed this
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substance [54,55,57,60–63,67,80,81,84,87–89,96,103], five studies reported concentrations lower
than the LD or LQ, although they exceeded the 1000 ng/L concentration [54,67,84,88,96].
Regarding the concentrations detected, 56% of the studies (N = 9) reported values above
1000 ng/L [60–63,80,81,87,89,103].

Although the effects of environmental management in a river basin are related to
how pollution control cooperates in the upstream and downstream regions [110], only one
study has evaluated legacy and emerging contaminants in the Danube River Basin, with
collections from sites in Romania, Croatia, and Hungary [101].

In France, overseas departments (DOM) are a major issue for the implementation
of the EU Groundwater Directive (GDW) due to methodological limitations, knowledge
gaps, and the absence of specific indicators for these environments, as well as the lack of
local analytical laboratories and geographical isolation [79]. To address these difficulties,
analyses were conducted in five French overseas territories, determining the occurrence of
36 organic micropollutants, including pesticides that exceeded the groundwater quality
limit of 100 ng/L. The results indicated the stability of the substances and reinforced the
importance of packaging and transportation conditions for samples collected outside the
laboratory [79]. As similar challenges can affect countries and locations in the Global South,
including a lack of laboratory infrastructure, geographical isolation, and the absence of
specific indicators, the strategies developed have the potential to contribute to overcoming
these limitations.

Groups of phenol compounds, alkylphenols and chlorophenols were identified with
greater diversity and concentration correlated with contamination by industrial and mu-
nicipal effluents, pesticides and fuels (Figure 5). Phenol is an aromatic organic compound
used in chemical skin peels, anesthetics and disinfectants; in lower concentrations, it makes
up formulations for antiseptics, lotions, ointments, paints, polishes, adhesives, lacquers,
varnishes and solvents [111]. Alkylphenols are derivatives of phenols and comprise a wide
range of compounds used as emulsifiers for polymerization, detergents, pesticides and the
processing of wool and metals [112]. The investigations conducted by the 52 studies in this
review suggest that the alkylphenols detected come from a variety of contamination sources
and are strongly associated with industrial discharges and urban effluents, pesticides, fuels
and endocrine disruptors, while the most significant contamination sources for phenols
were industrial effluents and pesticides.

Chlorophenols are a class of chlorinated halogenated phenols, made up of 24 types of
chlorophenols. A total of 12 substances in this group have been reported as hazardous by
40 CFR Part 302 [46]: 2,3,4,6-tetrachlorophenol, 2,3,4-trichlorophenol, 2,3,5-trichlorophenol,
2,3,6-trichlorophenol, 2,4,5-trichlorophenol, 2,4,6-trichlorophenol, 3,4,5-trichlorophenol,
2,4-dichlorophenol, 2,6-dichlorophenol, 2,4-dichlorophenoxyacetic acid, 2-chlorophenol
and pentachlorophenol [113]. These compounds stand out for their variety of contaminants,
with the greatest representation in industrial discharges, pesticides, herbicides, antiseptics,
disinfectants, urban effluents and the degradation of natural substances [113].

The results have also shown a direct link with public health and environmental
protection policies. In France, for example, monitoring of hormones, pharmaceuticals,
pesticides, perfluoroalkyl substances (PFASs), phthalates, and alkylphenols (APs) at the
ultra-trace level was carried out to analyze the potential presence of emerging contaminants
in bottled mineral waters [78]. Among the 330 compounds investigated in 40 bottled waters,
no phthalate, hormone, or pharmaceutical substance was quantified. On the other hand,
19 compounds were quantified in 11 samples at the low ng/L level, 11 of which were
herbicides or their metabolites, 6 PFAS, and 2 APs. The answers obtained suggest that
the natural geological protection of the aquifers exploited has not managed to prevent
the presence of some PFASs, herbicides, and their metabolites in some samples, even at
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levels well below the applicable French regulations [78]. Thus, although benefiting from
long-term protection policies in their watersheds and their natural geological protection,
French bottled spring waters (SPWs) or natural mineral waters (NMWs) are still subject to
deterioration by emerging contaminants [114].
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3.2. Phenolic Compounds Evaluated and Detected by Groundwater Studies

The detection and quantification of phenols and their compounds in groundwater
matrix have evolved with the development of new equipment; these developments have
made it possible to improve analytical techniques and appropriate sample preparation
methods. In Denmark, for example, an extensive study was carried out with 7671 samples
collected from 1115 screens between 1993 and 2001 for the National Groundwater Moni-
toring Program (GRUMO). Phenol and chlorophenol data were obtained using GC with
ECD, FID, or MS detection [87]. These different detection techniques coupled with GC
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are because phenolic compounds have different functional groups, with brominated and
chlorinated phenolic compounds being more suitable for detection via ECD and alkylated
compounds via FID. In addition to being suitable for most phenolic groups, MS detection
is a complementary tool for identifying and quantifying lower concentrations of these
pollutants (Table 1).

In a study from Denmark, the phenolic compounds identified included phe-
nol, methyl-phenols, dimethyl-phenols (2,4-dichlorophenol; 2,6-dichlorophenol) and
pentachlorophenol [87]. Phenol was reported most frequently, in 14.6% of the 159 screens
examined, while methyl- and dimethyl-phenols were detected in less than 1% of the several
hundred screens examined; dichlorophenols showed concentrations below the potability
limit of 0.1 µg/L, and pentachlorophenol was found in 7 of the 1090 screens examined.
Possible sources of contamination include the production of plastics and detergents by the
chemical industry and impurities in pesticides (for chlorophenols). Other sources of pollu-
tion suggested were creosote, a substance widely used to preserve railway sleepers, which
contains cresol and phenol, also used in old gas plant installations, pentachlorophenol (a
component used to impregnate wood between 1956 and 1979), as well as the degradation
of organic matter, which can give rise to some phenols [87].

The GC-FID technique has been used to detect and quantify phenolic compounds in
different environmental contexts [54,60–62,97]. In the USA, in the towns of Southington,
Cheshire, Norwich, Watertown, and Danbury in Connecticut, the contamination of ground-
water by leachate from municipal landfills that received domestic and industrial waste
was analyzed. Phenol and alkylphenols (3-ethylphenol, 4-ethylphenol, 3-methylphenol,
4-methylphenol) were reported, with phenol showing one of the highest concentrations
(1,200,000 ng/L) [61]. In groundwater adjacent to three ferrous smelting landfills in Wis-
consin, also in the USA, phenol was detected above the limit of quantification, with a
significant concentration of 540,000 ng/L, while chlorophenols, nitrophenols, alkylphenols,
nitrocresols, and chlorocresols were detected at very low levels (<LQ), which may indicate
either residual presence or limitations of the analytical methodology [62].

Studies conducted in the Middle East, in the city of Karak, Jordan, evaluated the
absorption of organic compounds in different plant species resulting from the use of
wastewater for irrigation in agriculture. Consequently, the study evaluated irrigation
as a potential source of groundwater contamination, with a total concentration of 1000
to 4000 ng/L being reported for the sum of the phenolic compounds analyzed, with
o-cresol standing out as having the highest reported concentration (780 ng/L) [97]. In
Canada, groundwater located near a tailings pond was also investigated, but the phenolic
compounds evaluated were below the LD of 1000 ng/L [54].

GC-GC-TOFMS was used in California, USA, to examine 22 groundwater samples
collected from five sites impacted by fuel spills [74]. As the technique was applied for
the non-targeted analysis of polar petroleum metabolites, it was possible to detect an
additional 760 compounds, including acids, esters, alcohols, ketones, aldehydes, and phe-
nols, with the determination of 2,4-dimethylphenol, 2,3,5-trimethylphenol, 4-cumylphenol,
4-pentylphenol, 4-tert-amylphenol, 4-tert-butylphenol, 4-nonylphenol). Although phe-
nols were reported, as they were not identified at multiple sites and were present in very
low concentrations (<LOQ), these findings suggest that phenols are not the predominant
metabolites in oil biodegradation environments [74].
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Table 1. Analytical and extraction techniques were used to determine phenolic compounds in real water samples from different locations.

Analytical
Technique

Extraction
Technique Phenolic Group LD Range (ng/L) LQ Range (ng/L)

Detected
Concentration
Range (ng/L)

Pollution Source Country (Authors)

GC-ECD;
GC-FID; GC-MS

-

Chlorophenols

- -

20 to 340

Natural substance
degradation, Fuel, Pesticides Denmark [87]

Alkylphenols 600 to 4200
Alkylphenols
ethoxylates -

Phenols 70 to 5100

GC-FID
TCLP, Purge and

trap, LLE, SPE and
Derivatization

Alkylphenols 1000 to 10,000 2000 to 3000 180 to 2.09 × 107
Creosote

Ferrous foundry
Landfill leaching, Municipal

wastewater, Industrial
wastewater, Pesticides

Treated wastewater

Canada [54], Jordan
[97], USA [61,62],

Denmark [60]

Chlorocresols - 40,000 <LQ
Chlorophenols - 40,000 to 180,000 710 to 1740

Nitrocresols - 80,000 640
Nitrophenol - 60,000 to 140,000 <LQ

Phenols 1000 to 10,000 30,000 11,000 to 1.2 × 106

GC-GC-TOFMS - Alkylphenols - 1 × 106 to 11 × 106 <LOQ Fuel USA [74]

GC-MS

CLSA, direct
injection, extraction
and derivatization,

LLE, LPME Clean up
and derivatization,

MASE, LPME,
OASIS-SPE (offline),

SPE, SPE (online),
SPME, SPME

(online), TD-SBSE,
SPE LLE, SPME

Alkylphenols 1 to 100,000 2 to 10,000 2.2 to 50 × 106
Alcohols, Carboxylic acids,

Chlorination, Endocrine
disrupters (EDCs), Fuel,

Industrial wastewater, Jet
fuel (JP8), Mining, Municipal

wastewater, Natural
substance degradation,

Pesticides, Pharmaceuticals,
Phenolic compounds,

Phenoxy alkanoic acids

Brazil [104], China
[100,105], France [78],

Germany [80,81],
Hungary [89],
Nigeria [102],

Portugal [84], South
Korea [93], Spain

[65,66,70,71], Taiwan
[92], USA [63,64,73],

Poland [94]

Alkylphenols
ethoxylates 3.3 to 86.7 15.6 to 260 -

Biphenols 1.1 to 2.9 4.2 to 10,000 14 to 33
Bisphenols 3 to 1370 1 to 16.2 6 to 6880

Bromophenols 190 570 <LQ
Chlorocresols 74 to 200 220 7000 to 113,910

Chlorophenols 1.4 to 4100 2 to 12,000 2.08 to 216,200
Halogenated Phenols 10 - 17,000

Nitrophenols 2.2 6.6 <LQ
Phenols 0.05 to 100,000 0.167 to 28,000 720 to 40 × 106

GC-NPD/GC-
ECD SPE-LLE

Nitrophenols 10,000 to 30,000 - 15,000 to 88,000
Explosive and Heavy metals Germany [58]Nitrocresols 10,000 to 30,000 - 15,000 to 31,000

HPLC-SPE-NMR-
TOF-MS SPE by 1H NMR Bisphenols - - 12,000 to 13,000 Explosives, Heavy metals Switzerland [91]Nitrophenols - - -

LC-MS SPE, Profexs and
Prospekt, SPE Oasis

Alkylphenols 52.9 to 264.7 - 374.2 to 20,000

Endocrine disrupters
(EDCs), Industrial

wastewater, Pesticides,
Municipal wastewater

Denmark [59], Italy
[82], Spain [67,68],
USA [75], Mexico

[95]

Alkylphenols
ethoxylates - - 2500

Bisphenols 0.61 to 6.3 2,02 5 to 25,000
Chlorocresols 34.9 to 38.5 - -

Chlorophenols 3 to 87.7 - -
Nitrocresols 3 to 7 - -

Phenols 1216.2 - -
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Table 1. Cont.

Analytical
Technique

Extraction
Technique Phenolic Group LD Range (ng/L) LQ Range (ng/L)

Detected
Concentration
Range (ng/L)

Pollution Source Country (Authors)

LC-MS/GC-MS LLE

Alkylphenols - - 31 to 78
Municipal wastewater,
Industrial wastewater,

Croatia [55]
Alkylphenols
ethoxylates - - 10

Phenols - - 120 to 280

LC-MS-MS

SPE, SPE (negative
and positive mode)

SPE (on line) SPE (on
line), SPME (on line)
SPE Oasis (on line
and off line) SPME

Alkylphenols 3.32 to 220 1 to 10 4.9 to 106 Bromophenols, Emerging
contaminants (ECs),

Endocrine disrupters (EDCs),
Industrial wastewater,

Laboratory contamination,
Municipal wastewater,

Organophosphate flame
retardants (OPFRs),

Pesticides, Pharmaceuticals,
Phenoxyacetic acid

herbicides

China [98], Cyprus
[86], France

[76,77,79], Ireland
[90], Italy [83],
Portugal [85],

Romania—Croatia—
Hungary [101]

Alkylphenols
ethoxylates 0.7 to 38.8 2 to 10 2.2 to 211.9

Bisphenols 0.93 to 6.29 1 to 10 6.29 to 7400
Bromocresols 0.1 0.25 -

Bromophenols 0.1 to 2.5 0.25 to 5 1.29 to 15.57
Chlorocresols 0.1 0.2 5 to 1364

Chlorophenols 0.08 to 1.2 0.2 to 4.9 1 to 1461
Nitrophenols 0.06 0.17 -

Phenols 1.17 3.5 -
Phthalene 1.33 4 -

LC-UV

A-SPE;
Extraction and
derivatization;

Molecularly
imprinted polymers
(MIP); LC-Sorption

C18;
LPME SPE (online)

Alkylphenols 10 to 4190 1200 to 11,600 1 to 1230

Municipal wastewater,
Industrial wastewater,

Acid herbicides,
Pesticides,

Chemical waste,
Phenolic compounds

Brazil [96], Spain
[69,72], USA [64],

Greece [88], Poland
[57], Iran [99],
Nigeria [103]

Alkylphenols
ethoxylates 1950 to 7900 - -

Bisphenols - - 22 to 9000
Chlorocresols 100 - -

Chlorophenols 50 to 21,000 70,000 75,000 to 407,000
Nitrocresols 13,000 - -

Nitrophenols 50 to 17,000 58,000 210,000 to 1,313,000
Phenols 400 to 19,000 1400 to 24,000 119,000 to 552,000

Notes: Abbreviations: 1H NMR: Proton Nuclear Magnetic Resonance, A-SPE: Admicellar Solid-Phase Extraction, C18: Octadecyl, CLSA: Closed-Loop Striping Analysis,
DCM: Dichloromethane, ECs: Emerging Contaminants, EDCs: Endocrine-Disrupting Chemicals, GC-ECD: Gas Chromatography with Electron Capture Detector, GC-FID: Gas
Chromatography with Flame Ionization Detector, GC-GC-TOFMS: two-dimensional Gas Chromatography with Time-of-Flight Mass Spectrometry, GC-NPD: Gas Chromatography—
Nitrogen–phosphorus Detector. GC-MS: Gas Chromatography–Mass Spectrometry, HPLC-SPE-NMR-TOF-MS: High-Performance Liquid Chromatography coupled to Solid-Phase
Extraction and Nuclear Magnetic Resonance and Time-of-Flight Mass Spectrometry, JP8: Jet Propulsion, OPFRs: Organophosphate Flame Retardants, LC: Liquid chromatography,
LC-MS/GC-MS: Liquid Chromatography–Mass Spectrometry/Gas Chromatography–Mass Spectrometry, LC-MS-MS: Liquid Chromatography–tandem Mass Spectrometry, LC-UV:
Liquid Chromatography-Ultraviolet, LLE: Liquid–Liquid Extraction, LPME: Liquid-Phase Microextraction, MASE: Microwave-Assisted Solvent, MIP: Molecularly imprinted polymer,
NMR: Nuclear Magnetic Resonance, SPE: Solid-Phase Extraction, SPME: Solid-Phase Microextraction, TCLP: Toxicity Characteristic Leaching Procedure, TD-SBSE: Thermodesorption
System—Stir Bar Sorptive Extraction, USA: United States of America.
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Nineteen studies conducted in twelve different countries have used GC-MS as an
analytical technique using various extraction techniques. Studies were carried out in
Germany [80,81], Brazil [104], China [100,105], South Korea [93], Spain [65,66,70,71],
USA [63,64,73], France [78], Hungary [89], Nigeria [102], Portugal [84], Taiwan [92] and
Poland [94]. In more recent studies, for example, low or non-detectable levels of phenols
have been reported in Nigeria, using acetylation to increase the volatility of phenols in
GC-MS analysis [102], and in China, using silylation, which improves the thermal stability
and spectrometric response of phenolic compounds [100]. On the other hand, the highest
concentrations were determined in domestic and industrial landfills in the United States,
with reported concentrations of 40 to 50 × 106 ng/L by direct injection of the sample into
the GC-MS [63].

In another example, two residential areas in Catalonia (Spain) were investigated in an
episode of drinking water contamination due to a strong sweet and paint/solvent odor in
the water, with reports of nausea associated with its consumption. The organic compound
3-(trifluoromethyl)phenol (CAS number 98-17-9) has been detected at concentrations of
up to 17,000 ng/L in groundwater [71]. Used as a raw material, this compound is an
intermediate in the synthesis of pesticides, medicines, resins, dyes and other products. As
well as causing serious burns to the skin and damage to the eyes, 3-(trifluoromethyl)phenol
is harmful if it is inhaled, ingested, or comes into contact with the skin; it is also harmful to
aquatic life, with long-lasting effects [115].

The HPLC-SPE-NMR-TOF-MS technique is an advanced analytical approach that
combines various instrumental techniques for the separation, purification and structural
identification of chemical compounds. Highly sensitive and specific, it was used in Switzer-
land for a comprehensive non-targeted analysis of contaminated groundwater at a former
munition destruction site [91]. In this same study, a high concentration of PBA was detected,
in the range of 12,000 to 13,000 ng/L, due to this compound being used in the ammunition
to stabilize the propellant charge.

LC-MS is a powerful analytical tool used to separate, identify and quantify chemical
compounds in a variety of complex matrices. In Denmark, its use determined seven acid
herbicides in groundwater, four of which were considered hazardous (2,4-dichlorophenol,
2,4-dichlorophenoxyacetic acid, 2-methyl-4,6-dinitrophenol, and dinoseb); however, all
the compounds evaluated remained below the detection limit, which ranged from
3 to 26 ng/L [59]. In Barcelona, Spain, a concentration of approximately 1600 ng/L of
4-nonylphenol, which is considered an endocrine disruptor, was reported in the ground-
water that serves as the city’s second source of water [67]. Selected endocrine-disrupting
compounds were also analyzed in groundwater from Romagna, northern Italy, with BPA
occurring below the MQL [82]. A study in the USA identified the residential septic system
as a potential contaminant of local groundwater by detecting concentrations of nonylphenol
at levels of 20,000 ng/L [75]. In a groundbreaking study conducted in Mexico, the presence
of BPA was identified in groundwater at concentrations of 25,000 ng/L. The concern that
motivated the study was the reuse of municipal water for irrigation [95].

In Croatia, even though the Sava River is an essential ecological, economic and social
resource, both the watercourse and its entire basin upstream of Zagreb have been under
severe pressure in recent decades. As early as the 1990s, the city was densely occupied
and one of the most industrialized in the region [116]. This process has affected both the
river and the aquifer, which is directly connected to the Sava and which supplies the city,
as part of the domestic and industrial effluent is discharged into the watercourse [55]. In
the groundwater of Zagreb, the compound 4-nonylphenol at a concentration of 78 ng/L,
10 ng/L of monoethoxylated 4-nonylphenol, and 280 ng/L of phenol were identified using
LC-MS/GC-MS techniques [55].
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The LC-UV technique is the most widespread but is less sensitive than LC-MS and LC-
MS/MS. This same technique was used in studies carried out in Poland [57], Spain [69,72],
the USA [64], Brazil [96], Greece [88], Iran [99] and Nigeria [103]. The study conducted in
Nigeria stands out due to the concentration of 1,313,000 ng/L of 2,4-Dinitrophenol found
in groundwater used for public water supply. The concern is exacerbated by the fact that
the region lacks proper water treatment, posing a significant health risk to the population.

On the other hand, in studies using the LC-MS/MS technique [76–79,83,85,86,90,
98,101], LDs were obtained in the range of 0.3 ng/L for 2,4-dichlorophenoxyacetic acid,
0.7 ng/L for 2,4-dichlorophenol, 1.2 ng/L for 2,4,5-trichlorophenol [90], 0.06 ng/L for
2,4-dinitrophenol and 0.13 ng/L for pentachlorophenol [101]. All of these are considered
hazardous by 40 CFR Part 302 [46]. These same compounds have shown maximum
concentrations of up to 418 ng/L for pentachlorophenol, for example [101]. Concentrations
above 1000 ng/L have also been reported for compounds such as 4-chloro-2-methylphenol
and mecocrop in Ireland [90] and BPA in France [79], reaching 7400 ng/L. In other words,
these compounds are present in the environment at concentrations below the LDs that
many techniques achieve.

Several environmental and methodological factors have been shown to exert a sig-
nificant influence on the outcomes of analytical procedures. These factors encompass
conditions related to the collection, storage and handling of samples. The selection of ex-
traction methodology (e.g., LLE, SPE, or SPME), solvents and chromatographic parameters
can also have a significant impact on outcomes. To minimize such variability, researchers
must adhere to strict protocols, including the use of appropriate containers (e.g., amber glass
bottles for organic compounds), maintaining refrigeration until extraction and employing
basic laboratory quality control practices (e.g., using properly decontaminated materials).

Furthermore, adherence to method validation procedures is essential to ensure data
reliability. Such procedures include calibration curves, precision and accuracy testing,
determination of LD and LQ, recovery studies and the use of certified reference standards.
Despite the fact that analytical methods are designed to standardize results, a certain degree
of dependence on operator skill remains, particularly during sample preparation and
extraction steps. Consequently, the implementation of comprehensive training programs
and the execution of reproducibility checks are of paramount importance.

In addition to analytical performance, economic and operational factors constitute cru-
cial considerations in the selection of techniques for the monitoring of phenolic compounds
in groundwater. While methods such as LC-MS/MS and GC-MS/MS offer high sensitivity
and selectivity, they require expensive instrumentation, specialized laboratory infrastruc-
ture and highly trained personnel. These constraints can significantly limit their application
in contexts where resources are limited, particularly in countries of the Global South.

Conversely, less sophisticated configurations, such as standard GC or LC systems,
though less sensitive, are more economically accessible and may be suitable for routine
analyses or preliminary screening, especially in regions with limited analytical infrastruc-
ture. The extant literature illustrates this distribution, with advanced techniques more
commonly associated with institutions and countries that possess greater financial and
technical capacity. Consequently, the selection of analytical methods involves, among other
aspects, a balance between technical rigor and financial or logistical feasibility, an aspect
that is particularly relevant for environmental monitoring programs and evidence-based
public policy planning in under-resourced areas.

3.3. Priority Pollutants and Hazardous Compounds Identified in Contaminated Groundwater

In the 52 studies reviewed, 107 specific phenolic compounds were identified. These
substances were classified based on the regulations set out in Parts 116, 302, and 423 of
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the 40 CFR [44,46,47], to determine the substances of greatest concern, to allow for a more
consistent risk assessment. A total of 27 of the 107 phenolic compounds are classified as
hazardous substances (40 CFR Part 302) [46]. Among these 27 substances, 17 compounds are
also regulated as hazardous under the CWA (40 CFR Part 116) [44], and 11 are additionally
designated priority toxic pollutants (40 CFR Part 423) [47] (Figure 6).
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Figure 6. Phenolic compounds identified in groundwater and their classification under USEPA
regulations.

The identification and classification of phenolic compounds contribute to understand-
ing the danger they pose to groundwater quality. In addition, this classification enables
a more precise assessment of the risks to the environment and the health of the popula-
tion. Evidence of potential and actual risks was found, especially for compounds that are
classified simultaneously in the three regulations analyzed from 40 CFR (Figure 7). The
Supplementary Material details the risks for the 27 compounds identified in the studies
and classified as hazardous substances (Table S4—Supplementary Material).

The compounds 2,4,6-trichlorophenol, 2,4-dinitrophenol, 2-nitrophenol, 4-nitrophenol,
pentachlorophenol, and phenol are regulated as hazardous in three concurrent lists of
the 40 CFR. Part 423 of the CFR [47] sets out the substances that should receive priority
consideration in the development of effluent limitation guidelines. This regulation is in
line with the Clean Water Act (CWA), provided for in Part 304(b) [107], which establishes
criteria and guidelines for the control of pollutants to protect water quality in the USA.
Part 116 designates hazardous substances that may pose an imminent risk to human health
and aquatic life [44], while Part 302 [46] lists the substances that must be monitored in
domestic and industrial effluents and that may affect the quality of the receiving bodies
of water. 2,4,6-trichlorophenol and pentachlorophenol belong to the class of chlorinated
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phenols, are extremely toxic and can cause cancer; these substances are widely used in
pesticide and herbicide formulations, with pentachlorophenol being restricted to certified
consumers [38,117].
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In the USA, 2,4-dinitrophenol was widely used in the 1930s to treat obesity; a few
years later, in 1938, its use was discontinued due to its relationship with several fatalities
and the occurrence of cataracts. It is currently used in herbicide, fungicide and insecticide
formulations [118]. In addition, 2,4-dinitrophenol can be formed by the nitrification of
2-nitrophenol and 4-nitrophenol. Nitrophenols are pollutants with mutagenic potential
and are widely present in the atmosphere. As they are the most abundant compounds in
rainwater, they cause concern due to their phytotoxic activities and ability to penetrate plant
tissues and enter aquatic environments [119]. In industry, nitrophenols are intermediates to
produce dyes, pigments, pharmaceuticals, rubber components, photographic components
and pesticides, including fungicides and wood preservatives [120]. Phenols are widely
used in various personal care products, cleaning products, paints and waxes, among others.



Water 2025, 17, 1173 22 of 37

Even in low concentrations, due to their easy availability in these products, care should be
taken with their exposure [111].

3.4. Performance of Analytical Techniques for the Detection and Quantification of Priority Phenolic
Compounds in Groundwater

In a specific investigation conducted for the priority compounds observed in this
research, studies that simultaneously presented LQ and LD data were selected for analysis
of the sensitivity of the techniques, comparison between methods and their relevance for
monitoring contamination.

The visualization of the LD and LQ for the priority compounds shows significant
differences depending on the analytical technique used (Figure 8). The main graph (right)
covers a wide range of values and demonstrates the separation between the groups of
points, suggesting that the GC-MS and HPLC-UV analytical techniques tend to result in
LD and LQ values that are considerably higher than those observed with other techniques.
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Figure 8. Comparison of the detection limits (LD) and quantification limit (LQ) for four analytical
techniques used in studies on groundwater contamination by priority phenolic compounds: LC-
MS/MS (green), GC-MS (orange), LC-UV (blue) and HPLC-UV (yellow).

The secondary graph (left) highlights the low concentration range, where LC-MS/MS
and GC-MS have their lowest limits, highlighting the sensitivity of these methods compared
to LC-UV and HPLC-UV, which operate in a much higher detection range. In particular,
the LC-MS/MS technique generally shows greater sensitivity, with lower values for both
LD and LQ in this subset of data. As an example, a study conducted with 42 groundwater
samples collected from various locations in Ireland had detection limits between 0.08 and
4.7 ng/L for the 18 analytes evaluated, with all compounds detected below the limits of
0.1 ng/L allowed in EU drinking water legislation [90]. The secondary graph also shows
the distribution of some GC-MS points, suggesting greater variability in detection and
quantification limits. GC-MS reported values ranging from close to zero [64] to the higher
values highlighted in the primary graph (right) [84]. This variability may be the result of
different operating conditions and/or the use of different sample preparation techniques to
be analyzed by GC-MS.

Derivatization is the process of transforming an analyte so that it is detectable in
instrumental analytical methods and, specifically, in GC. The technique makes it possible
to improve aspects of GC by adapting compounds so that they can be analyzed, producing
good resolution, peak symmetry of the compound and detectability because of the interac-
tion between the analyte and the GC detector. The derivatization reagent is the substance
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used to chemically modify a compound to produce a new compound with properties
suitable for GC analysis [121].

Derivatization has been employed as an additional technique to extraction techniques
in studies conducted in Cape Cod in Massachusetts, USA [64], Zeitz, Germany [80], Tiszaug
and Budapest, Hungary [89], Rosário do Catete, Brazil [104], Dongying, China [100],
Ibadan, Nigeria [102], western parts of Slovakia [56] and the northeast region of Poland [94]
(Figure 9).
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on groundwater contamination by phenolic compounds.

The use of GC-MS without derivatization resulted in higher LD and LQ values com-
pared to the use of derivatization, which may suggest a lower capacity of the method
to detect and quantify phenols at low concentrations [73,84,92]. Because of this, greater
dispersion was observed in the values obtained without derivatization compared to studies
with derivatization, which may indicate greater variability in the performance of the tech-
nique for different phenolic compounds. In contrast, reduced LQ and LD values have been
reported with the use of derivatization [64,89], with evidence of an improvement in the
analytical efficiency of the method. This behavior can be explained by the greater volatility
and thermal stability of phenolic derivatives, with reduced interference and increased
detector sensitivity.

The findings reinforce that derivatization in GC-MS is an efficient technique for reduc-
ing detection and quantification limits, making a significant contribution to the analysis
of phenolic compounds in groundwater, especially for monitoring trace levels. Among
the derivatization reagents used are BSTFA (bis(trimethylsilyl)trifluoroacetamide) with
TMCs at different concentrations [64,100,104] and trimethylsilyl-N,N-dimethylcarbamate
(TMSDMC) [89]. Both reagents revealed the technique’s ability to optimize the detection
and quantification of a wide variety of phenols, chlorophenols, alkylphenols, ethoxylates,
and bisphenols.

When evaluating the influence of different derivatization reagents on the determina-
tion of LD and LQ in the analysis of phenolic compounds by GC-MS, it was observed that
the choice of derivatizer directly affects analytical sensitivity (Figure 10).

The reagents examined, BSTFA + 1% TMCS, BSTFA + 10% TMCS and TMSDMC,
showed a positive (and expected) correlation between LD and LQ, since LQ is, by definition,
a higher value than LD.
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phenolic compounds by GC-MS.

BSTFA + 1% TMCS [100] and BSTFA + 10% TMCS [64] showed very similar results,
with close LD and LQ values, especially for lower concentrations of the phenolic groups:
chlorophenols, biphenols, alkylphenols, nitrophenols and bisphenols. This suggests that
varying the percentage of TMCS between 1% and 10% when using BSTFA does not have a
significant impact on the sensitivity of the technique for most of the compounds analyzed.
However, for one of the compounds in the alkylphenol ethoxylates group, the use of
BSTFA + 10% TMCS resulted in a considerably higher LD and LQ [64].

On the other hand, TMSDMC showed values for some compounds from the alkylphe-
nol and phenol groups that were very similar to BSTFA but also had much higher LD and
LQ values, especially for chlorophenol concentrations [89], which indicates a lower analyti-
cal sensitivity when compared to BSTFA-based reagents. The difference in performance is
more pronounced at higher concentrations.

Studies have demonstrated the effectiveness of GC-MS in determining phenolic com-
pounds using, for example, different sample preparation methods. Liquid–liquid extraction
(LLE) [55,58,60,93,100,102], solid-phase extraction (SPE) [58,59,65–70,75,76,78,79,82,83,85,
86,88–91,93,97–99,101,103–105], liquid-phase microextraction (LPME) [92,96] and stir bar
sorptive extraction (SBSE) [80] have been reported. Membrane-assisted solvent extraction
(MASE) [81], solid-phase microextraction (SPME) [77,78,84], closed-loop strip analysis
(CLSA) [71], derivatization [54,62,64,80,89,100,102,104] and other approaches have also
been used.

The GC-MS technique with derivatization has been optimized for the determination
of alkylphenols, alkylphenol ethoxylates and bisphenols [64,100,102,104]. Derivatization
is also convenient for the simultaneous determination of a wide variety of phenols and
chlorophenols [80,89].

These checks not only help to evaluate the performance of different analytical tech-
niques but also help to select the most suitable technique according to the specific needs
of each investigation. In addition, the analysis of data dispersion suggests that the choice
of analytical technique can have a significant impact on the ability to detect and quantify
priority compounds at low concentrations.
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Determining the efficiency of extraction techniques is also a critical factor when
examining phenols in groundwater environmental matrices, as it directly influences the
accuracy and reliability of the results. Thus, the recovery (%) of an analyte reflects the
ability of the extraction method to isolate the compound of interest in the matrix without
significant losses or interferences that could compromise its quantification.

For the studies that reported priority phenolic compounds, which simultaneously
presented LD and LQ data and did not employ derivatization [90,92,96,101,103], differ-
ent extraction approaches combined with different analytical techniques were compared
(Figure 11).
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Figure 11. Efficiency of extraction techniques for priority phenolic compounds: recovery rates across
different analytical methods.

The three concentric rings represent the efficiency of the extraction techniques in the
recovery (%) of priority phenolic compounds. The extraction techniques (inner ring) were
used to isolate the phenolic compounds from the environmental matrix before analysis and
included LPME, SPE and online SPE. Different coupled analytical techniques (middle ring)
were used for the identification and quantification of the extracted compounds (LC-MS/MS;
GC-MS; LC-UV and HPLC-UV), while the recovery efficiency per compound (outer ring)
displays the percentage recovery for each priority phenolic compound, associated with a
given combination of extraction and analysis.

The SPE-LC-MS-MS technique demonstrated high efficiency in the extraction of
2,4-dichlorophenol (99% recovery) [85], while in the SPE (online)-LC-MS/MS technique,
pentachlorophenol and 2,4-dinitrophenol showed lower efficiencies (60%) [101].

The results of the LPME-GC-MS technique showed good efficiency, with recover-
ies of 94.75% for 2,4,6-trichlorophenol, 91.39% for 2,4-dichlorophenol and 101.31% pen-
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tachlorophenol [92]. Although pentachlorophenol showed a recovery of slightly more than
100% [92], as this response can be attributed to small experimental variations or matrix
interferences, further investigation is recommended.

With recoveries that varied significantly between the compounds analyzed, 89.60% for
phenol and 116.20% for 2,4-dimethylphenol [96], the LPME-LC-UV technique also showed
recovery above 100% for 2,4-dimethylphenol [96], which suggests further investigation due
to the possibility of interferents or errors in quantification.

The SPE-HPLC-UV technique showed high efficiency in the recovery of phenol (92.2%)
and good efficiency in the recovery of 2,4-dinitrophenol (86%) and 2,4,6-trichlorophenol (75.2%).

When examining the maximum concentrations of priority compounds identified by
country, phenol was quantified at 40,000,000 ng/L using GC-MS in landfill monitoring in
the USA [63] (Figure 12).
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Maximum concentrations of 35 ng/L were obtained for 2,4-dichlorophenol and
26 ng/L for pentachlorophenol in Cape Cod, Massachusetts, associated with contami-
nation by urban effluents [64].

In Germany, for example, in addition to phenol in high concentration (866,140 ng/L), high
concentrations of 2,4-dimethylphenol (304,010 ng/L), 2,4,6-trichlorophenol (216,200 ng/L),
4-chloro-3-methylphenol (113,910 ng/L), 2-chlorophenol (79,740 ng/L) and pentachlorophenol
(79,500 ng/L) have also been reported [81]. For these results, GC-MS and membrane-assisted
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solvent extraction (MASE) were used, without the need for derivatization or complex sample
preparation for extraction [81] (Figure 12).

As water is key to achieving sustainable development, peace, and prosperity [6], its
integrated management is central to both the governance of the resources worldwide
and the implementation of the 2030 Agenda [122]. Progress towards achieving the SDG
may be severely constrained by the continued decline of nature [123–125], especially
considering that more than half of the 169 SDG targets are dependent on nature for their
achievement [125]. Thus, the depletion of natural resources jeopardizes human well-being
and adds to the list of challenges to be overcome, especially in terms of water scarcity and
its costs both for people and for maintaining the ecosystems that sustain life [4].

In this context, the establishment of regulations, robust indicators and continuous
monitoring of water resources play a fundamental role, especially for groundwater. Despite
their importance for human supply and ecosystems, aquifer systems remain invisible [9,126]
and subject to overexploitation and contamination, particularly by phenolic compounds.

Indications have been found that the adoption of advanced analytical techniques
makes it possible to detect and quantify these contaminants sensitively, contributing to
the formulation of evidence-based public policies for the protection and monitoring of
aquifer systems. However, to advance its implementation, especially in the Global South,
international scientific and technical cooperation can play a strategic role in the sharing
of knowledge. This perspective is fundamental for tackling the cumulative legacy of
Euro-American colonialism, imperialism, and capitalism and the resulting socioeconomic,
political and geographical inequalities [5].

In Nigeria, for example, although groundwater is essential for supplying rural areas
and is vulnerable to several vectors, there have been few studies examining the level of
EDs [102]. In Brazil, the vulnerability of water sources and supply systems to EDs has
highlighted the importance of including these compounds in national controls to guarantee
quality water supply for the population [104].

The expansion of advanced analytical technologies, especially in remote locations, can
also be limited by the short-term stability of substances during transportation, temperature
control from the sampling point to the analytical laboratory and the stability of target
substances under laboratory conditions [79]. These difficulties become even more relevant
in countries, cities and regions where laboratory infrastructure and research investments
are more restricted, especially in locations in the Global South.

4. Limitations of the Study
Twenty-three percent of the studies were not analyzed because they did not specify

the study site, because they dealt with simulated scenarios or synthetic waters or because
they identified phenolic compounds without quantifying them, even using spectrometric
and chromatographic techniques, which may represent a bias in the research results. In
addition, the databases selected for the research, as well as the descriptors used, can carry
some bias, possibly reducing the representativeness of the sample.

Keyword co-occurrence analysis may also be limited by terms that were not attributed
to the authors or were absent from the documents evaluated.

Another possible restriction refers to the heterogeneity in data reporting between
the included studies, which made direct comparison and meta-analysis of the results
difficult, specifically concerning parameters such as LD, LQ, recovery percentage (%) and
derivatization, among others.

As environmental, operational and methodological factors have been demonstrated
to influence analytical results, it can be assumed that the authors of the studies reviewed
took the necessary precautions to ensure the robustness and credibility of their analytical
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procedures. Nevertheless, not all of the articles reviewed explicitly mentioned whether full
validation was carried out or whether standardized protocols, especially for manual steps,
were adopted.

Although priority was given to articles in English, Portuguese and Spanish, which
are languages in which the research team has technical mastery, only 4% (N = 14) of the
total studies retrieved (N = 342) were in other languages. Thus, the possible exclusion of
works from this set is unlikely to introduce significant bias in the sample. Even so, this
limitation could restrict the inclusion of any studies published in other languages, including
those from regions under-represented in the global scientific literature. Similarly, the other
eligibility criteria adopted may also have favored the inclusion of studies predominantly
conducted in the Global North, which would result in a possible socioeconomic bias.

The inconsistent terminology of phenolic compounds (use of synonyms) may have af-
fected the sensitivity of the search. Thus, it is possible that studies were not identified due to
variability in the nomenclature used. Although this review was conducted according to the
PRISMA 2020 guidelines, it was not prospectively registered. However, all methodological
steps were documented to ensure the transparency of the research and its reproducibility.

5. Conclusions
This review covered a broad period of approximately 40 years of research (1984 to

2023), despite the low number of eligible studies. The temporal evolution of the publications
analyzed suggests an increase in concern about groundwater contamination by phenolic
compounds over the years. In addition, the socioeconomic scope of the research has
widened, with countries in both the Global North and South, although scientific production
has been more expressive in the former.

The studies highlighted the diversity of analytical techniques used in the detection
and quantification of phenolic compounds, with differences in their sensitivity, resolution
and suitability for a given class of chemical compounds. Among the methods identified,
LC-MS and LC-MS/MS stood out as the main analytical approaches, with extremely low
detection limits (LD) and quantification limits (LQ) in the ng/L range. GC-MS, in turn,
proved to be competitive when associated with derivatization with BSTFA + TMCs before
analysis. In addition, in terms of sample preparation methods, liquid-phase extraction
(LPE) was the most widely used technique, with satisfactory recovery rates.

The lack of specific regulations for phenolic compounds in aqueous matrices at a
global level, especially in groundwater, reinforces the urgent need for national regulatory
agencies to define maximum permissible limits. In addition, these regulations should
cover a comprehensive number of phenolic compounds, particularly those classified as
hazardous, since concentrations over 1000 ng/L have been reported in several studies,
reaching a maximum concentration of 50 × 106 ng/L.

The main contributors to the presence of these contaminants in the aquifer systems
investigated include domestic and industrial wastewater, as well as pesticides with phenolic
compounds in their formulation. This scenario represents a significant challenge for
achieving SDG 6, which aims to guarantee the availability and sustainable management of
water and sanitation for all. Furthermore, considering the interdependence of the goals set
out in the 2030 Agenda, the implementation of coordinated efforts to achieve them in full is
both desirable and necessary.

From a practical point of view, the implementation of advanced analytical techniques,
especially in countries of the Global South, must be accompanied by strategies that ensure
operational viability and equitable access to these technologies, given the structural, logisti-
cal and financial challenges that can hinder their adoption. Evidence from this research
also highlights the importance of carefully selecting analytical methods for determining
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phenolic compounds in groundwater. Knowledge about the efficiency and limitations
of different techniques can guide the choice of the best approaches for early detection
of contamination.

In addition to the technical evaluation, the identification and quantification of the risk
associated with phenolic compounds, based on the regulations established by reference
agencies, are fundamental for prioritizing areas of intervention, establishing safety limits
and subsidizing strategic decisions in cases of contamination.

In terms of public policy, it is advisable to establish stricter and more harmonious
regulatory standards between different countries, as well as encourage technology transfer
and partnerships, including international ones, to strengthen local capacities for monitoring
and mitigating contamination. The implementation of funding mechanisms aimed at labo-
ratory modernization and the development of national monitoring programs is essential.
Likewise, promoting research and innovation in new analytical techniques and specialized
technical training is indispensable for training highly qualified human resources and for
disseminating good practices in sustainable groundwater management.

Finally, the search for more sensitive analytical methods for detecting phenolic com-
pounds in low concentrations represents a promising area for future research. Technological
and scientific advances in this area could contribute to more accurate monitoring and the
development of innovative remediation techniques for the preservation and recovery of
contaminated aquifers.
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Abbreviations
The following abbreviations are used in this manuscript:

µg/L Microgram per Liter;
1H NMR Proton Nuclear Magnetic Resonance;
2,4,6-TBP 2,4,6-Tribromophenol;
2,4-MCP 4-chloro-2-methylpenol;
APs Alkylphenols;
A-SPE Admicellar Solid-Phase Extraction;
BPA Bisphenol A;
BSTFA Bis(trimethylsilyl)trifluoroacetamide;
C18 Octadecyl;
CAS Chemical Abstracts Service;
CERCLA Comprehensive Environmental Response, Compensation

and Liability Act of 1980;
CFR Code of Federal Regulations (United States);
CG Gas Chromatography;
GC-MS Gas Chromatography;
CLSA Closed-Loop Striping Analysis;
CWA Clean Water Act;
DBP Dibromophenol;
DCM Dichlorometano;
DOM Overseas Departments;
DSDG Division for Sustainable Development Goals;
EC Europe Commission;
ECs Emerging Contaminants;
ECD Electron Capture Detector;
EDs Endocrine Disruptors;
EDCs Endocrine-Disrupting Chemicals;
FID Flame Ionization Detector;
GC Gas Chromatography;
GC-ECD Gas Chromatography with Electron Capture Detector;
GC-FID Gas Chromatography with a Flame Ionization Detector;
GC-GC-TOFMS Two-Dimensional Gas Chromatography with Time-of-Flight

Mass Spectrometry;
GC-NPD Gas Chromatography–Nitrogen–Phosphorus Detector;
GC-MS Gas Chromatography–Mass Spectrometry;
GC-MS/MS Gas Chromatography–Tandem Mass Spectrometry;
GRUMO The National Groundwater-Monitoring Program;
GWD The EU Groundwater Directive;
HPLC High-Performance Liquid Chromatography;
HPLC-MS/MS High-Performance Liquid Chromatography–

Tandem Mass Spectrometry;
HPLC-SPE-NMR-TOF-MS High-Performance Liquid Chromatography coupled to

Solid-Phase Extraction and Nuclear Magnetic Resonance
and Time-of-Flight Mass Spectrometry;

IAG Generative Artificial Intelligence;
ICP-MS Inductively Coupled Plasma Mass Spectrometry;
IPCC Intergovernmental Panel on Climate Change;
JP8 Jet Propulsion;
LC Liquid Chromatography;
LC-MS Liquid chromatography–Mass Spectrometry;
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LC-MS/GC-MS Liquid chromatography–Mass Spectrometry-Gas
Chromatography–Mass Spectrometry;

LC-MS/MS Liquid Chromatography–Tandem Mass Spectrometry;
LC-UV Liquid Chromatography-Ultraviolet;
LD Detection Limit;
LOD Limit of Detection;
LOQ Limit of Quantification;
LQ Quantification Limit;
LLE Liquid–Liquid Extraction;
LME Liquid-Phase Micro Extraction;
LPME Liquid-Phase Micro Extraction;
LPME-GC-MS Liquid-Phase Micro Extraction–Tandem Mass Spectrometry;
LPME-LC-UV Liquid-Phase Micro Extraction-Liquid

Chromatography-Ultraviolet;
MASE Microwave-Assisted Solvent;
MIP Molecularly Imprinted Polymer;
MQL Method Quantification Limit;
MS Mass Spectrometry;
MTBE Methyl Tertiary Butyl Ether;
ng/L Nanogram per Liter;
NIH National Institutes of Health;
NLM National Library of Medicine;
NMR Nuclear Magnetic Resonance;
NMW Natural Mineral Water;
ONU Organização das Nações Unidas;
OPFRs Organophosphate Flame Retardants;
PFASs Perfluoroalkyl Substances;
PICo Population, Interest and Context;
PRISMA Preferred Reporting Items for Systematic Review and

Meta-Analyses;
R Recovery (%);
RQ Reportable Quantity;
SBSE Stir Bar Sorptive Extraction;
SDG Sustainable Development Goal;
SERS Surface Enhanced Raman Spectroscopy;
SLR Systematic Literature Review;
SPE Solid-Phase Extraction;
SPE-LC-MS-MS Solid-Phase Extraction–Liquid Chromatography–Tandem

Mass Spectrometry;
SPE-LC-APCI-MS Solid-Phase Extraction–Liquid Chromatography Atmospheric

Pressure Chemical Ionization–Mass Spectrometry;
SPE (on line)-LC-MS-MS Solid-Phase Extraction (on line)–Liquid Chromatography–

Tandem Mass Spectrometry;
SPME Solid-Phase Microextraction;
SPME-GC-MS Solid-Phase Microextraction with Gas Chromatography–

Mass Spectrometry;
SPW Spring Water
TBP Tribromophenol;
TCLP Toxicity Characteristic Leaching Procedure;
TD-SBSE Thermodesorption System–Stir Bar Sorptive Extraction;
TMCS Trimethylchlorosilane;
TMSDMC Trimethylsilyl-N,N-dimethylcarbamate;
TOF-MS Time-of-Flight Mass Spectrometry;
TRI Toxics Release Inventory;
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UN United Nations;
UPLC Ultra-Performance Liquid Chromatography;
UPLC-MS/MS Ultra-Performance Liquid Chromatography–Tandem

Mass Spectrometry;
UHPLC Ultra-High-Performance Liquid Chromatography;
USA United States of America;
US CFR United States Code of Federal Regulations;
USEPA United States Environmental Protection Agency;
WHO World Health Organization;
WoS Web of Science
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57. Biziuk, M.; Namieśnik, J.; Czerwiński, J.; Gorlo, D.; Makuch, B.; Janicki, W.; Wolska, L. Occurrence and determination of organic
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