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Abstract

Artificial sweeteners have emerged as contaminants of increasing concern due to their
widespread consumption, environmental persistence, and resistance to conventional
wastewater treatment. This review provides an integrated assessment of global research
trends and the environmental behavior of major artificial sweeteners, including sucralose,
acesulfame potassium, saccharin, and aspartame. Bibliometric analysis of SCOPUS-in-
dexed publications reveals rapid growth in research since 2010, with key themes focusing
on environmental occurrence, treatment technologies, and ecotoxicological effects. These
compounds are frequently detected in wastewater effluents, surface waters, groundwater,
and even drinking water systems, driven by their high solubility and limited biodegrada-
bility. Their persistence raises concerns regarding ecological impacts, including potential
alterations to microbial communities and aquatic organisms. In addition, emerging evi-
dence suggests potential human health implications, including gut microbiota disruption,
metabolic effects, and risks associated with chronic low-dose exposure, although these
remain poorly understood. The performance of existing treatment technologies, including
biological processes, adsorption, advanced oxidation, and membrane filtration, is criti-
cally evaluated, highlighting limitations in complete removal and in the formation of
transformation products. Future research should prioritize sustainable treatment strate-
gies, comprehensive risk assessment, and improved monitoring frameworks to better ad-
dress both environmental and human health risks associated with artificial sweeteners.

Keywords: artificial sweeteners; bibliometric analysis; emerging contaminants;
environmental fate; environmental pollution; wastewater
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1. Introduction

Over the past few decades, the global food industry has experienced a significant
shift toward the development and consumption of low-calorie and sugar-reduced prod-
ucts [1]. This trend has largely been driven by increasing public health concerns related to
excessive sugar intake and the rising prevalence of metabolic disorders such as obesity,
diabetes, and cardiovascular diseases [2]. As a result, artificial sweeteners, also referred to
as non-nutritive or high-intensity sweeteners, have been widely adopted as sugar substi-
tutes in a variety of food products, beverages, pharmaceuticals, and personal care formu-
lations [3]. These compounds provide intense sweetness with minimal or zero caloric con-
tribution, allowing manufacturers to maintain desirable taste profiles while reducing
sugar content.

Several artificial sweeteners are currently approved for commercial use worldwide,
including sucralose, saccharin, acesulfame potassium, aspartame, cyclamate, neotame,
advantame, and alitame [4]. These compounds exhibit diverse chemical structures and
sweetness intensities ranging from approximately 30 to more than 37,000 times that of
sucrose [4]. Their extensive use in processed foods, diet beverages, and medical formula-
tions has contributed to a continuous increase in global production and consumption.
Consequently, the widespread use of artificial sweeteners has also raised concerns about
their environmental release and long-term ecological implications [5].

Artificial sweeteners are increasingly recognized as contaminants of emerging con-
cern in environmental systems [6]. After consumption, most artificial sweeteners are
poorly metabolized by the human body and are largely excreted unchanged through
urine and feces [7]. These compounds subsequently enter municipal wastewater streams
and are transported to wastewater treatment plants [8]. However, conventional
wastewater treatment processes are often not specifically designed to remove highly sta-
ble and hydrophilic organic micropollutants such as artificial sweeteners [9]. As a result,
artificial sweeteners pass through treatment systems and are discharged into receiving
water bodies. Numerous monitoring studies have reported their presence in wastewater
effluents [10], surface waters [11], groundwater [12], and even drinking water supplies
[13]. Among them, compounds such as sucralose and acesulfame potassium are fre-
quently detected due to their high stability and resistance to biodegradation [10].

Furthermore, the ecological impacts of artificial sweeteners are not yet fully under-
stood. Although these compounds are generally considered safe for human consumption
at regulated levels [14], growing evidence suggests potential adverse effects of artificial
sweeteners and their by-products on aquatic organisms, including oxidative stress [15],
behavioral changes [5], and alterations in microbial community structure [16]. Chronic
low-dose exposure, which is more representative of environmental conditions, remains
particularly underexplored. In addition, the combined effects of artificial sweeteners with
other micropollutants in aquatic systems may lead to synergistic or cumulative toxicity
[17], further complicating risk assessment.

2. Rationale of This Study

Despite growing scientific interest in artificial sweeteners as environmental pollu-
tants, existing review studies have primarily focused on specific aspects of the topic. Many
reviews emphasize the occurrence of artificial sweeteners in wastewater and surface wa-
ters [17,18], while others concentrate on analytical detection methods [19,20] or the per-
formance of specific removal technologies [21,22]. Although these studies provide valua-
ble insights, they often lack a comprehensive synthesis that integrates research trends,
environmental occurrence, transformation processes, and technological mitigation strate-
gies. Furthermore, relatively few studies have examined the development of scientific
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research on artificial sweeteners from a bibliometric or scientometric perspective. Under-
standing how research activities, collaborations, and thematic priorities have evolved is
essential for identifying knowledge gaps and guiding future investigations. The absence
of such integrated analyses limits the ability to obtain a holistic understanding of the re-
search landscape surrounding artificial sweeteners as environmental contaminants.

Bibliometric and scientometric approaches provide powerful tools for analyzing the
evolution of scientific research fields by examining publication outputs, citation networks,
collaborative relationships, and emerging thematic trends. Integrating bibliometric anal-
ysis with environmental assessment offers a more comprehensive perspective on artificial
sweeteners as environmental contaminants. While bibliometric tools can reveal global re-
search patterns, influential publications, and thematic clusters, environmental synthesis
provides detailed insights into sources, environmental behavior, ecological risks, and
treatment strategies. The combination of these approaches allows for a more robust un-
derstanding of both the scientific progression and the environmental significance of arti-
ficial sweeteners (Figure 1).

This review addresses these limitations by integrating bibliometric and scientometric
analyses with a detailed environmental synthesis. Specifically, this study aims to: (i) ana-
lyze the global evolution of research on artificial sweeteners using bibliometric analysis;
(i) identify key research hotspots, collaboration networks, and thematic trends within the
field; (iii) synthesize current knowledge regarding the sources, environmental occurrence,
and transformation processes of artificial sweeteners; and (iv) evaluate their ecological
implications and existing treatment technologies for their removal from water systems.
By integrating research mapping with environmental synthesis, this review seeks to high-
light current knowledge gaps and propose future research directions to support improved
monitoring, risk assessment, and sustainable management strategies for artificial sweet-
eners in the environment.

This study has several limitations that should be considered when interpreting the
results. First, the bibliometric dataset was derived exclusively from the SCOPUS database,
which may result in incomplete coverage of relevant literature indexed in other databases.
Second, the restriction to English-language publications and the selected time frame may
introduce selection bias. Third, although a systematic screening approach was applied,
the inclusion and exclusion criteria may still influence the representation of research
themes. In addition, this review is based on qualitative synthesis with a limited quantita-
tive meta-analysis, which limits the ability to directly compare removal efficiencies, envi-
ronmental concentrations, or toxicity thresholds across studies. Finally, variability in ex-
perimental conditions among the reviewed studies may affect the generalizability of the
conclusions.
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Figure 1. Schematic illustration of existing research focus areas and the knowledge gaps addressed

by this review.

https://doi.org/10.3390/w18080961



Water 2026, 18, 961 4 of 54

3. Types and Chemical Properties of Artificial Sweeteners

The trend of artificial sweeteners replacing conventional sugar has emerged as a pre-
ventive measure against the global rise in diabetes prevalence. Different types of synthe-
sized sweeteners present unique characteristics, varying in intensity and stability. Figure
2 and Table 1 summarize the discussion of artificial sweeteners available in the market. It
can be divided into three groups based on different building blocks: chlorinated, organic
salts, and dipeptide-based sweeteners.

ARTIFICIAL SWEETENERS

Building blocks

Chlorinated Organic salts Dipeptides
1st generation

Acesulfame
potassium ERp—
Water solubility

General
attributes

i

Sucralose

White granules

2nd generation
Neotame
Cyclamate Advantame

Crystalline

1

1

|

! 1
solids at room L’HI_}L—J_ Sucralose, acesulfame potassium, |
. . !

temperature g alitame, saccharin :
1

1

1

1

1

uow/ moderate H Aspartame, advantame, neotame ’

Figure 2. Classification and physicochemical characteristics of artificial sweeteners relevant to their

environmental behavior.

Table 1. Physicochemical properties and environmental characteristics of major artificial sweeten-

ers.
Molecular Sweet In-
Molecular © e'cu ar we.e €95 ™" Water Solubil- Environmental . .
Sweetener Weight tensity (vs. Su- . . Main Environmental Concern
Formula ity Persistence
(g/mol) crose)

Highly persistent in aquatic
systems; resistant to biodegra-

Highly soluble dation and conventional
Sucralose Ci12H1Cl:Os  397.63 About 600x  (About 280 g/L  Very high
£20 °C) wastewater treatment; poten-
a tial formation of chlorinated
by-products
e
Saccharin  C7HsNOsS 183.18 About 300x  (About1g/mL  Moderate P . 8
. city; persistence in wastewater
in water)
effluents
Acesulfame Highly soluble waIs)’?ez(zfz;feT ?Lzltri?;:%re
CGH4KNOSS  201.25 About 200x  (About 270 g/L High , ’
K at 20 °C) quently detected in surface and

groundwater
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Slightly soluble Rapid hydrolysis into metabo-
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depending on nine, methanol); relatively low
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Neotame Cz20H3:0N20s  378.46 13.000x Slightly soluble =~ Moderate communities and aquatic or-
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Possible persistence and eco-
. Moderate to . .
Advantame C2Hs:N:07  476.52  About 20,000x Slightly soluble hich logical effects due to high po-
& tency and structural stability
Potential alteration of microbial
Alitime CuHsN:OiS 33143 About 2000« T1oderately sol- oy yrate  communities and transfor-
uble mation into intermediate me-
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3.1. Sucralose

Sucralose (Ci2H19Cl30s) is a chlorinated derivative of sucrose that serves as a zero-
calorie artificial sweetener. Characterized by a sweetness intensity about 600 times greater
than that of normal sugar, its structure consists of a disaccharide derivative where chlo-
rine atoms replace hydroxyl groups. It has a molecular weight of 397.63 g/mol and is
formed by the selective chlorination of 1,6-dichloro-1,6-dideoxyfructose and 4-chloro-4-
deoxygalactose units [23]. It is an odorless, white crystalline powder with a melting point
of 115-118 °C and a density of 1.375 g/cm?. It exhibits high water solubility, with a pH of
6-8 in solution forms. Due to its intramolecular hydrogen bonds, it shows excellent stabil-
ity in acidic and aqueous solutions, resists hydrolysis, and maintains sweetness across pH
ranges, with no degradation after years of storage. Sucralose stands out for its heat toler-
ance in cooking compared to others.

The compound’s notable persistence in water, though seemingly an advantage, re-
sults in significant drawbacks. Specifically, its high persistence and low biodegradability
allow it to accumulate in the water system even after undergoing wastewater treatment.
Available evidence raises concerns about the effects of chronic low-dose exposure on mi-
crobial communities and ecosystems, including potential shifts in the microbiota. Chlo-
rinated structures resist natural degradation, including microbial degradation, hydroly-
sis, chlorination, and UV radiation, similar to persistent organic pollutants [24,25]. The
chlorine atom creates chlorohydrin, which is resistant to microbial degradation [26]. Su-
cralose can’t be broken down, and a lot of microorganisms can’t either, since it can’t de-
grade easily. Increasing concentration due to rising consumption and the risk of byprod-
uct degradation have also been highlighted in ongoing research. Another concern is oxi-
dative stress induced by sucralose in organisms, the generation of toxic byproducts (di-
oxin and tetrachlorodibenzofurans). The heating of sucralose in the presence of protein
has been shown to release 3-chlorotyrosine, suggesting that this compound can induce the
chlorination of other biomolecules [15].

The presence of sucralose in breast milk may induce dysbiosis in the developing gut
microbiota of both fetuses and infants throughout the gestational and lactational periods
[24]. A study by Zhai et al. [27] highlighted the toxicological effects of sucralose exposure
on hundreds of genes. Exposure to high concentrations leads to DNA damage and alters
gene expression, with even short-term exposure causing irreversible damage. Disinfection
of sucralose using ultraviolet light (via the advanced oxidation process in water treatment)
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also enhanced its toxicity due to the photolysis of chlorine, which forms hydroxyl radicals
(OH) and reactive chlorine species (RCS) [28].

3.2. Saccharin

The hydrophilic saccharin (C7HsNOsS) was the first artificial sweetener, produced in
1879, with about 300 times the sweetness of sugar [24,29]. It is also a heat-stable, nonreac-
tive compound that persists in treated wastewater due to limited adsorption and degra-
dation under anaerobic conditions. It has a molecular weight of 183.18 g/mol [30] and is
synthesized from o-toluenesulfonamide (a toluene derivative) through a multistep pro-
cess of sulfonation, amidation, oxidation, and cyclization [31].

Upon its moderate persistence in the aquatic environment, its chemical stability orig-
inates from the sulfonamide moiety [29]. Unlike sucralose, which lacks halogens, this sub-
stance is readily biodegradable, with efficiency contingent on dissolved oxygen concen-
trations and the nature of co-pollutant interactions [32]. But the toxicity of its degradation
intermediates, being exposed to solar radiation, which is more ecotoxic than the parent
compound, has raised a concern [29]. Issues with its carcinogenic effects, as well as in-
flammatory bowel disease due to gut bacterial disturbance, have also been in question.

3.3. Acesulfame Potassium

Acesulfame potassium (Ace-K), with the chemical formula CsHsKNOsS, is a white,
odorless crystalline powder approximately 200 times sweeter than sugar, but it does not
stay. It is derived from sulfamic acid and comprises methyl, carbonyl, and sulfoxide
groups [33]. Owing to the variety of functional groups it possesses, it may serve as a ligand
to coordinate with various metal ions. It has a molecular weight of 201.25 g/mol, a density
of 1.81 g/cm, and a decomposition point of 225 °C [34]. It has high chemical stability, pH-
dependent water solubility, and broad thermal resistance. Its chemical structure consists
of a potassium salt and an oxathiazin ring, specifically 6-methyl-1,2,3-oxathiazin-4(3H)-
one-2,2-dioxide. It can withstand both acidic and basic conditions, and it is useful in bev-
erages and processed foods [33].

It is considered beneficial for health because it is not metabolized and is excreted
directly by the body, making it an ideal sweetener for diabetics [33]. But that also means
persistence in the aquatic system, as it accumulates in wastewater, resisting biodegrada-
tion, and thus cannot be completely removed by wastewater treatment [35]. Exposure to
UV radiation can also produce more toxic byproducts and elevate oxidative stress in
aquatic organisms [6]. Some studies mentioned the disadvantages of this substance, which
are genotoxic potential, cancer risk, cardiovascular disease, causing obesity, and also dis-
ruptions of gut microbiota [35,36].

3.4. Aspartame

Manufactured first in 1965, aspartame (C14H1sN20s) is a dipeptide methyl ester com-
posed of aspartic acid and phenylalanine, serving as a zero-calorie artificial sweetener ap-
proximately 200 times sweeter than sucrose. Its structure features an L-aspartyl-L-phenyl-
alanine methyl ester linkage, formed by enzymatic coupling of aspartic acid and phenyl-
methylalanine. It has a molecular weight of 294.30 g/mol and is only slightly soluble in
water, with solubility depending on temperature and pH [37]. It is composed of 57% car-
bon, 6% hydrogen, 10% nitrogen, and 27% oxygen with a density of 1.3 g/cm?3. While it
exhibits partial aqueous solubility, it is significantly less soluble in lipid-based solvents
[30].

Due to its peptide structure, aspartame poses a lower environmental pollution threat
than more persistent sweeteners like acesulfame potassium or sucralose, as it degrades
rapidly via hydrolysis into aspartic acid, phenylalanine, and methanol, which are
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naturally occurring and biodegradable compounds. It exhibits negligible toxicity to
aquatic organisms, as it is well below the toxic threshold [6,38]. Upon digestion, it will be
metabolized by esterase and peptidase enzymes into three metabolites: phenylalanine, as-
partic acid, and methanol [37]. But some concerns had been raised related to neuropsy-
chiatric effects, neurotoxicity, and carcinogenic risk [39].

3.5. Cyclamate

Cyclamates have a sweetness intensity 30 to 50 times that of sucrose and are often
blended with saccharin to mask their bitter aftertaste. It existed as three different com-
pounds: CeHisNOsS for the acid form, CeHi2NNaOsS for sodium cyclamate, and
C12H24CaN206S: for calcium cyclamate. Sodium and calcium salts in solid form were com-
monly used [30]. In its acidic form, it is a strong acid with high water solubility. Its struc-
ture features cyclohexylsulfamic acid, with the salt [40]. Cyclamate is formed by reacting
cyclohexylamine with sulfamic acid or sulfonating agents such as chlorosulfonic acid, fol-
lowed by neutralization with sodium or calcium hydroxide. This process yields the stable
sodium salt via synthesis, distillation, and crystallization steps [41]. It resists hydrolysis,
is stable across a wide pH range, has good heat tolerance, and has a long shelf life in dry
form [42].

The compound is considered to have low toxicity in its native form, but biotransfor-
mation by intestinal bacteria yields cyclohexylamine, which exhibits enhanced toxicity
[41]. Studies also highlighted the need for limitations in use, leading to the adoption of a
safety limit of 50 mg/kg by the World Health Organization in 1967, which was later re-
vised to 11mg/kg as the daily limit [14].

3.6. Alitame

Alitame is a second-generation dipeptide family, with a molecular formula of
C14H2sN30sS, synthesized from L-aspartic acid and D-alanine, with a terminal tetrame-
thylthietanylamine group. Different from the first generation of dipeptide sweeteners that
contain methyl ester, alitame utilizes an amide linkage [43]. It is approximately 2000 times
sweeter than sucrose and about 10 times sweeter than aspartame [7,44]. One of the dis-
tinctive features is resilience: while aspartame degrades under high heat, it remains rela-
tively stable across a wide range of temperatures and pH levels, making it suitable for
baked goods and acidic beverages [30,43]. Characterized as an odorless crystalline solid,
this compound exhibits solubility in aqueous media but not in nonpolar organic solvents.
Although this amino acid derivative is susceptible to acid-catalyzed hydrolysis, it exhibits
greater stability than aspartame under certain conditions [30].

Alitame sits in the middle ground in terms of environmental persistence. With its
amide linkage, it is more stable than aspartame but still more susceptible to microbial
degradation in wastewater treatment plants than chlorinated sweeteners, with its primary
metabolites, such as alanine amide and the thietanyl moiety, more likely to be found in
surface waters than the parent compound itself [43,45]. Regarding microbiota disruption,
alitame has been shown to alter the composition and pathogenicity of intestinal bacteria,
thereby interfering with the normal environment of the gut mucosa in both humans and
animals [7].

3.7. Neotame

Neotame (C20Hz0N205) has a sweet taste but a hint of a licorice aftertaste. As a deriv-
ative and more stable version of aspartame with the addition of the 3,3-dimethylbutyl
group, it is reported to be approximately 7000 to 13,000 times sweeter than sucrose [46].
Structurally characterized as an N-alkylated derivative of aspartame, neotame features a
3,3-dimethylbutyl (neohexyl) substituent on the amine nitrogen. Its molecular weight is
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378.46 g/mol, corresponding to the formula C20Hz0N20s [30]. Unlike aspartame, which
loses sweetness at high temperatures, neotame is remarkably stable under pasteurization
and baking conditions [43]. This odorless white-gray powder is slightly soluble in water
but highly soluble in alcohol [41].

Recent studies have shown that neotame may cause dysbiosis, an imbalance in gut
bacteria. Specifically, it can reduce gut microbiome diversity and potentially damage the
intestinal epithelial lining [7,47]. Studied in aquatic models, it has also been reported to be
linked to minor alterations in cardiovascular performance and heart rate [45].

3.8. Advantame

Advantame, a recent addition to the class of non-nutritive high-intensity sweeteners,
is an N-substituted derivative of aspartame (specifically at the aspartic acid moiety) and
is structurally analogous to neotame. It is synthesized through reductive N-alkylation of
aspartame with vanillin, and possesses a molecular weight of 476.52 g/mol. The addition
of the vanillyl (phenylpropyl) group introduces substantial steric hindrance around the
peptide bond, protecting it from facile cleavage by heat or enzymes, which is a major flaw
in the original aspartame [30]. It has approximately 20,000 times the sweetness intensity
of sucrose and about 100-120 times that of aspartame [46]. This sugar-like taste compound
has a slightly lower sensory profile but a longer-lasting sweetness than sucrose, which is
an effective flavor enhancer [30]. It is slightly soluble in water, but its potency means that
only tiny amounts are needed to achieve desired sweetness levels [45]. This third-genera-
tion sweetener and its acid metabolite possess strong persistence in the environment,
which, upon chronic exposure, leads to cardiovascular alterations in aquatic organisms
[43,45]. As with neotame, recent research suggests that unabsorbed advantame reaching
the colon may influence gut microbiota diversity, though its impact is considered lower
than that of sucralose or saccharin [7].

4. Methodology
4.1. Literature Search Strategy

A systematic literature search was conducted to identify scientific publications on
artificial sweeteners as environmental contaminants, following previous publications
[48,49]. The search was conducted using major academic databases to ensure comprehen-
sive coverage of peer-reviewed literature in environmental science, environmental chem-
istry, and wastewater treatment. In this study, publications were retrieved from the SCO-
PUS database, which is widely recognized for its extensive indexing of high-quality sci-
entific journals.

The search query was constructed using three thematic groups combined with Bool-
ean operators. The first theme captured artificial sweetener terminology and specific com-

% 1A

pounds, including “artificial sweetener*,” “non-nutritive sweetener*,” “high-intensity

% 11 % 1

sweetener®,” “synthetic sweetener®,” “sugar substitute*,” and individual sweeteners such

oo a7 v

as “sucralose,” “saccharin,” “acesulfame,” “acesulfame potassium,” “Ace-K,” “aspar-

i i i

tame,” “cyclamate,” “neotame,” “advantame,” and “alitame.” The second theme repre-

sented the environmental context and included terms such as “environment*,” “aquatic

v i

environment,” “water pollution,” “environmental contamination,” “emerging contami-

nant*,” “micropollutant*,” and “trace organic contaminant®.” The third theme captured
contamination pathways and water matrices using keywords such as “wastewater,”

oo

“wastewater treatment,” “wastewater treatment plant*,” “WWTP,” “surface water,”

“groundwater,” “drinking water,” and “aquatic system*.” These three thematic groups

were combined using Boolean operators to retrieve relevant publications. To capture the
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evolution of research in this field, the literature search covered publications from 1970 to
2026.

Complete search query performed on Sunday, 8 March 2026 with the detail of: TI-
TLE-ABS-KEY ((“artificial sweetener*” OR “non-nutritive sweetener*” OR “high-intensity
sweetener*” OR “synthetic sweetener*” OR “sugar substitute*” OR sucralose OR saccha-
rin OR acesulfame OR “acesulfame potassium” OR “Ace-K” OR aspartame OR cyclamate
OR neotame OR advantame OR alitame) AND (environment* OR “aquatic environment”
OR “water pollution” OR “environmental contamination” OR “emerging contaminant®”
OR micropollutant* OR “trace organic contaminant*”) AND (wastewater OR “wastewater
treatment” OR “wastewater treatment plant*” OR WWTP OR “surface water” OR
groundwater OR “drinking water” OR “aquatic system*”)).

4.2. Screening and Selection of Literature

The retrieved publications underwent a systematic screening and selection process
to ensure relevance to the scope of this review. Initially, all records obtained from the
database search were exported and compiled for further analysis. Duplicate records were
identified and removed before the screening process. The exclusion criteria applied dur-
ing the screening phase were as follows:

(i) Published outside the timeframe of 2016 to 2026;
(if) English is not the language.

Further selection was thoroughly conducted in the eligibility phase, with inclusion
criteria as follows:

(i) Investigated artificial sweeteners in environmental matrices such as wastewater, sur-
face water, groundwater, sediments, or soils;

(i) Addressed environmental occurrence, analytical detection, environmental fate, eco-
logical impacts, or treatment technologies;

(iif) Published as peer-reviewed journal articles;

(iv) Showed environmental relevance with a limited focus on medical, nutritional, or clin-
ical aspects of artificial sweeteners.

The screening procedure followed the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) framework as summarized in Figure 3. The initial
search yielded 649 records (used for bibliographical analysis). After the publication period
and abstract screening, 512 studies remained for further selection. By applying four inclu-
sion criteria, 392 titles were deselected. Finally, 120 publications were included for deeper
discussion.

4.3. Bibliometric and Scientometric Analysis

Bibliometric and scientometric analyses were performed to examine the evolution of
research on artificial sweeteners as environmental contaminants [48,49]. The bibliographic
dataset obtained from the selected database was exported in CSV and RIS formats and
processed for further analysis. Network visualization and mapping of research trends
were conducted using VOSviewer version 1.6.20. This software was used to construct vis-
ualization networks of keyword co-occurrence and co-authorship collaborations. The co-
occurrence analysis of author keywords was performed with a minimum threshold of 20,
thereby identifying major research clusters and thematic hotspots [50].
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Search query from SCOPUS database:
TITLE-ABS-KEY ( ( "artificial sweetener*" OR "non-nutritive sweetener*" OR "high-intensity sweetener*" OR "synthetic
sweetener*" OR "sugar substitute*" OR sucralose OR saccharin OR acesulfame OR "acesulfame potassium" OR "Ace-K"
OR aspartame OR cyclamate OR neotame OR advantame OR alitame ) AND ( environment* OR "aquatic environment"

(n:649) OR "water pollution" OR "environmental contamination" OR "emerging contaminant*" OR micropollutant* OR "trace
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Figure 3. Systematic literature selection framework and integration approach (PRISMA flow dia-

gram).

4.4. Thematic Literature Synthesis

Beyond the bibliometric analysis, a thematic synthesis of the selected literature was
conducted to provide a comprehensive qualitative understanding of artificial sweeteners
as environmental contaminants [51]. The selected studies were systematically analyzed
and categorized based on key research themes, including contamination sources, environ-
mental occurrence, transformation processes, ecological impacts, analytical detection
methods, and treatment technologies. The thematic analysis was conducted through man-
ual grouping, thereby organizing relevant studies into coherent research categories. Par-
ticular attention was given to studies addressing environmental distribution across differ-
ent matrices, the physicochemical factors influencing persistence, and the effectiveness of
various treatment technologies for the removal of artificial sweeteners.

During the preparation of this manuscript/study, the authors used Grammarly and
ChatGPT for the purposes of language refinement. The authors have reviewed and edited
the output and take full responsibility for the content of this publication.

5. Evolution of Research on Artificial Sweeteners in the Environment
5.1. Growth of Publications over Time

The temporal distribution of publications provides important insights into the devel-
opment and maturation of research on artificial sweeteners as environmental contami-
nants. As illustrated in Figure 4, the cumulative number of publications reached 649, re-
flecting a steady expansion of scientific interest in this research field over the past several
decades.

https://doi.org/10.3390/w18080961



Water 2026, 18, 961

11 of 54

80 700
| [ Number of Publications i
70 ® Cumulative Number of Publications ..
- 600 @
] o | i)
60 4 Book chapter 8
2 Conference paper 1.2% Conference review B 500 5
O 1 1.7% B, 0.3%
= ‘ ° I 2
© 50 — Review o
2 6.6% “
= - 400 ©
>
T 40 - ! 3
s &
N - 300 3
o Pz
o 30 X )
E 2
Z L 200 ®
20 - Research S
90.2% s &
. S
10 - - 100 ©
o-—2oar— —2 A ¢ -0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Year

Figure 4. Annual publication trend of studies on artificial sweeteners as environmental contami-
nants from 1970 to 2026.

During the early stage of research, spanning from approximately 1970 to the early
2000s, publication activity remained relatively limited. Only a small number of studies
were published during this period (an average of 1 article per year), primarily focusing
on the chemical properties, safety evaluation, and initial applications of artificial sweeten-
ers in food products. Environmental investigations were still scarce, as the presence of
these compounds in environmental systems had not yet been widely recognized. A no-
ticeable increase in publication output began around 2009, marking the emergence of ar-
tificial sweeteners as contaminants of emerging concern in environmental research. This
shift coincided with improvements in analytical techniques such as liquid chromatog-
raphy coupled with mass spectrometry, which enabled the detection of artificial sweeten-
ers at trace levels in environmental matrices, including wastewater, surface waters, and
groundwater. As a result, researchers began to investigate their environmental occur-
rence, persistence, and potential ecological impacts. The most rapid growth in publica-
tions occurred between 2014 and 2025, during which annual publication counts increased
significantly. This period reflects a substantial expansion of research topics, including en-
vironmental monitoring, wastewater treatment technologies, ecological risk assessment,
and the use of artificial sweeteners as tracers of wastewater contamination. The increasing
availability of advanced analytical methods and the growing recognition of artificial
sweeteners as persistent micropollutants contributed to the accelerated growth of research
activity.

The cumulative publication curve shown in Figure 4 exhibits exponential growth,
indicating that research on artificial sweeteners in environmental systems remains an ac-
tive and expanding field. The continued increase in publication output suggests sustained
scientific interest in understanding the environmental behavior, ecological implications,
and mitigation strategies associated with these compounds.
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In terms of document types, the majority of publications were research articles, ac-
counting for approximately 90.1% of the total dataset, followed by review articles (6.6%).
In contrast, other document types, such as conference papers and book chapters, ac-
counted for only a small fraction of total publications. This distribution indicates that the
field is largely driven by experimental and analytical studies aimed at investigating the
environmental occurrence, fate, and treatment of artificial sweeteners.

While the increasing number of publications reflects growing scientific interest, it
does not necessarily indicate a proportional advancement in understanding environmen-
tal risks. Much of the early research focused on detection and occurrence, whereas studies
addressing long-term ecological impacts and toxicity thresholds remain comparatively
limited. This suggests that research development has been driven more by analytical ad-
vancements than by comprehensive risk assessment (discussed further in Section 7).

5.2. Distribution of Research Fields

The distribution of research fields provides insight into the interdisciplinary nature
of studies related to artificial sweeteners as environmental contaminants [52]. Based on
the classification of publications within the SCOPUS database, research on artificial sweet-
eners spans a wide range of scientific disciplines, reflecting the complex environmental,
chemical, and biological dimensions associated with these compounds (Table 2).

Table 2. Distribution of research fields related to artificial sweeteners as environmental contami-
nants based on SCOPUS subject classifications.

Research Area Number of Publications
Environmental Science 528
Chemistry 148
Engineering 124
Medicine 67
Biochemistry, Genetics and Molecular Biology 61
Chemical Engineering 54
Pharmacology, Toxicology and Pharmaceutics 48
Agricultural and Biological Sciences 45
Energy 18
Earth and Planetary Sciences 17
Social Sciences 17
Immunology and Microbiology 11
Materials Science 11
Multidisciplinary 8
Neuroscience 4
Computer Science 3
Business, Management and Accounting 2
Decision Sciences 2
Physics and Astronomy 2
Veterinary 2
Health Professions 1
Nursing 1
Psychology 1

As shown in Table 2, Environmental Science represents the dominant research field,
accounting for the largest number of publications with 528 documents. This strong repre-
sentation highlights the research community’s primary focus on the environmental occur-
rence, fate, and ecological implications of artificial sweeteners in aquatic systems. Many
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studies within this field investigate the detection of artificial sweeteners in wastewater
treatment plants, surface waters, groundwater, and drinking water systems, as well as
their persistence and environmental transport pathways. The second-largest contribution
comes from Chemistry, with 148 publications, followed by Engineering with 124. The sig-
nificant presence of chemistry-related research reflects the importance of analytical tech-
niques and chemical characterization in detecting artificial sweeteners at trace concentra-
tions in environmental matrices. Meanwhile, engineering studies primarily focus on
wastewater treatment technologies, removal mechanisms, and the development of ad-
vanced treatment processes such as adsorption and advanced oxidation processes for the
degradation of artificial sweeteners. Several other disciplines also contribute to the re-
search landscape, including Medicine (67 publications) and Biochemistry, Genetics, and
Molecular Biology (61 publications). These fields address the potential health implications
and biochemical interactions of artificial sweeteners, particularly regarding metabolism
and biological exposure pathways. Similarly, Pharmacology, Toxicology, and Pharmaceu-
tics (48 publications) contribute to understanding toxicological effects and to environmen-
tal risk assessment.

Additional contributions arise from Agricultural and Biological Sciences (45 publica-
tions), which examine the interactions between artificial sweeteners and biological sys-
tems, including microbial communities and ecosystem processes. Other disciplines, such
as Energy, Earth and Planetary Sciences, and Social Sciences, also contribute fewer publi-
cations, highlighting the growing interdisciplinary interest in artificial sweeteners as part
of broader environmental and sustainability challenges.

Overall, the distribution of research fields demonstrates that studies on artificial
sweeteners extend beyond environmental monitoring and encompass multiple scientific
domains, including chemistry, engineering, toxicology, and biological sciences. This in-
terdisciplinary research landscape reflects the multifaceted nature of artificial sweeteners
as emerging environmental contaminants. It emphasizes the need for integrated ap-
proaches to address their environmental behavior, ecological impacts, and treatment
strategies.

5.3. Key Journals

The analysis of publication sources provides valuable insights into the primary jour-
nals that disseminate research on artificial sweeteners as environmental contaminants
[53]. The distribution of publications across journals (Table 3) also reflects the field’s dis-
ciplinary focus and highlights the platforms where the most influential research is typi-
cally published.

Table 3. Key journals publishing research on artificial sweeteners as environmental contaminants.

Journal Name Number of Publications
Science of the Total Environment 97
Water Research 81
Environmental Science and Technology 41
Chemosphere 30
Environmental Pollution 23
Journal of Hazardous Materials 20
Journal of Chromatography A 14
Environmental Monitoring and Assessment 14
Environmental Science and Pollution Research 11
Environmental Science Processes and Impacts 11
Journal of Environmental Management 10
Water Switzerland 9
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Environmental Toxicology and Chemistry
Analytical and Bioanalytical Chemistry
Marine Pollution Bulletin
Water Science and Technology
Environmental Science Water Research and Technology
Environment International
Ecotoxicology and Environmental Safety
Bioresource Technology
ACS Es and T Water
Water Environment Research
Journal of Hydrology
Journal of Environmental Chemical Engineering
Journal of Contaminant Hydrology
Chemical Engineering Journal
Water Research X
Water Air and Soil Pollution
Plos One
Molecules
Journal of Water Process Engineering
Integrated Environmental Assessment and Management
Huanjing Kexue Environmental Science
Catalysts
Bulletin of Environmental Contamination and Toxicology
Analytical Methods
Analytical Chemistry
Other Journal (with Number of Publications < 3) 146
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As shown in Table 3, Science of the Total Environment is the leading journal in this
research domain, with 97 publications, representing the largest share of articles in the da-
taset. This dominance reflects the journal’s broad scope in environmental science and its
focus on emerging environmental contaminants, environmental monitoring, and pollu-
tion control. Many studies published in this journal investigate the occurrence, distribu-
tion, and environmental implications of artificial sweeteners in aquatic environments. The
second most prominent journal is Water Research, with 81 publications. This journal is
widely recognized as one of the most influential journals in water science and engineering.
The high number of publications in Water Research indicates the strong relevance of arti-
ficial sweeteners to wastewater treatment research, particularly regarding micropollutant
removal, environmental fate, and advanced treatment technologies.

Other highly represented journals include Environmental Science and Technology
(41 publications), Chemosphere (30 publications), and Environmental Pollution (23 pub-
lications). These journals are well-known for publishing research on environmental chem-
istry, contaminant transport, and ecological impacts. Their strong representation in the
dataset reflects the interdisciplinary nature of artificial sweetener research, which encom-
passes environmental chemistry, pollution monitoring, and environmental risk assess-
ment. In addition, several journals focusing on hazardous contaminants and treatment
technologies contribute significantly to the field, including Journal of Hazardous Materi-
als (20 publications) and Journal of Chromatography A (14 publications). These journals
emphasize analytical methodologies and contaminant removal strategies, highlighting
the importance of advanced analytical techniques for detecting artificial sweeteners and
evaluating treatment performance.

Other journals such as Environmental Monitoring and Assessment, Environmental
Science and Pollution Research, and Environmental Science: Processes and Impacts also
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contribute a notable number of publications, indicating continued research interest in en-
vironmental monitoring and contaminant assessment. Furthermore, journals specializing
in ecotoxicology, water management, and environmental engineering, such as Environ-
mental Toxicology and Chemistry, Marine Pollution Bulletin, and Journal of Environmen-
tal Management, demonstrate the broad interdisciplinary engagement in this research
field. In addition, the presence of a large number of journals with fewer than three publi-
cations (146 journals) further illustrates the expanding interest in artificial sweeteners
across diverse scientific disciplines. This wide distribution suggests that artificial sweet-
eners are increasingly being studied within the broader framework of emerging contami-
nants and micropollutants.

6. Global Research Landscape and Collaboration Networks
6.1. Leading Countries

The geographic distribution of publications (Table 4) provides valuable insights into
the global research landscape of artificial sweeteners as environmental contaminants.
Analysis of the dataset reveals that research activity is concentrated in several key coun-
tries, reflecting differences in research capacity, environmental priorities, and technologi-
cal development.

Table 4. Leading countries contributing to research on artificial sweeteners as environmental con-

taminants.
Country Number of Country Number of Country Number of Country Number of
Publications Publications Publications Publications
United States 152 Portugal 9 Croatia 3 El Salvador 1
China 125 Austria 8 Egypt 3 Malaysia 1
Germany 108 Denmark 7 Puerto Rico 3 Moldova 1
Canada 64 Poland 7 South Africa 3 Myanmar 1
Australia 45 Saudi Arabia 7 Thailand 3 Panama 1
Spain 41 Belgium 6 Viet Nam 3 Peru 1
Switzerland 40 Israel 6 Barbados 2 Philippines 1
Italy 28 Pakistan 6 Cameroon 2 Romania 1
France 27 Taiwan 6 Estonia 2 Saint Lucia 1
United Kingdom 26 Finland 5 Ireland 2 Uganda 1
Sweden 23 Hong Kong 5 Kenya 2
India 22 Iran 5 Lebanon 2
Singapore 17 Nigeria 5 Slovakia 2
Brazil 14 Norway 5 Slovenia 2
Japan 14 Argentina 4 Turkey 2
Czech Republic 12 Colombia 4 Bangladesh 1
Mexico 12 New Zealand 4 Chile 1
South Korea 12 Serbia 4 Cyprus 1
Greece 11 Tunisia 4 Democratic Republic 1
Congo
Netherlands 11 Ukraine 4 Ecuador 1

As shown in Table 4, the United States emerges as the most productive country in
this research field, contributing 152 publications. The strong representation of the United
States reflects its well-established research infrastructure and extensive investment in en-
vironmental science and water quality research. Many studies conducted in the United
States focus on the environmental occurrence of artificial sweeteners, wastewater treat-
ment processes, and the use of these compounds as tracers for anthropogenic pollution.

China ranks as the second-most productive country, with 125 publications, followed
by Germany with 108. The rapid growth of research output from China reflects the
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country’s increasing investment in scientific research in environmental monitoring and
pollution control, particularly in response to growing concerns about water quality and
emerging contaminants. The dissemination of scientific information through open access
by research scientists is taking place in developed countries. The most mentioned research
fund also originated from China (National Natural Science Foundation of China), with a
total of 57 mentions. Similarly, Germany has been actively involved in studying the envi-
ronmental fate of artificial sweeteners, particularly in wastewater treatment systems and
surface water monitoring programs.

Other countries contributing significant research outputs include Canada (64 publi-
cations), Australia (45 publications), Spain (41 publications), and Switzerland (40 publica-
tions). These countries have strong research programs in environmental chemistry and
water resource management, which have advanced knowledge of the occurrence, persis-
tence, and removal of artificial sweeteners in aquatic environments. European countries
collectively demonstrate substantial research activity in this field. Countries such as Italy
(28 publications), France (27 publications), the United Kingdom (26 publications), and
Sweden (23 publications) contribute notable numbers of publications. This strong Euro-
pean presence reflects collaborative research networks and long-standing environmental
monitoring programs addressing emerging contaminants in water systems.

Several Asian countries also contribute significantly to the research landscape, in-
cluding India (22 publications), Singapore (17 publications), Japan (14 publications), and
South Korea (12 publications). These countries have increasingly focused on studying ar-
tificial sweeteners as part of broader investigations into micropollutants and wastewater-
derived contaminants. The concentration of research output in developed countries indi-
cates that current knowledge may be geographically biased toward regions with ad-
vanced analytical capabilities. As a result, the global distribution of artificial sweetener
contamination may be underestimated, particularly in rapidly urbanizing regions where
monitoring efforts remain limited.

6.2. International Collaboration Patterns

International collaboration plays a critical role in advancing research on artificial
sweeteners as environmental contaminants. The country co-authorship network illus-
trates the global collaboration structure among countries contributing to this research
field, as seen in the network visualization (Figure 5a). Complementary insights are pro-
vided by the density visualization (Figure 5b), which highlights regions with higher con-
centrations of collaborative research activity, and the overlay visualization (Figure 5c),
which illustrates the temporal development of international collaborations.

As illustrated in the collaboration network (Figure 5a), the United States functions as
the central hub of international cooperation within the research landscape. The United
States maintains extensive research partnerships with numerous countries, including
Canada, Australia, India, Japan, the Netherlands, Belgium, and Singapore. Strong collab-
orative links among these countries indicate the United States” prominent role in facilitat-
ing global research efforts in environmental monitoring, wastewater treatment technolo-
gies, and the assessment of emerging contaminants.

The density visualization (Figure 5b) further confirms this pattern, with the United
States appearing as the most prominent collaboration hotspot within the global research
network. Germany represents another major center of international collaboration, partic-
ularly within the European research community. Germany maintains strong research con-
nections with several European countries, including Switzerland, France, the United
Kingdom, Sweden, the Czech Republic, and Denmark. The density visualization high-
lights Germany as a significant collaboration hub within Europe, reflecting the country’s
active participation in joint research initiatives focused on water quality monitoring,
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environmental chemistry, and micropollutant studies. A strong regional collaboration
cluster is also observed among southern and western European countries, particularly
Spain, Italy, France, and Portugal. These countries form a closely interconnected research
network that frequently collaborates on studies addressing the environmental occurrence
of artificial sweeteners, analytical detection methods, and the environmental fate of mi-
cropollutants in aquatic systems. Switzerland also serves as an important bridging coun-
try within this European network, linking research groups across multiple regions.
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Figure 5. International collaboration network among countries studying artificial sweeteners as en-
vironmental contaminants: (a) co-authorship network visualization, (b) density visualization, and

(c) overlay visualization based on average publication year.

The collaboration network further demonstrates the increasing participation of Asia-
Pacific countries, including India, Japan, Singapore, Taiwan, and Iran, which maintain ac-
tive research partnerships with both European and North American institutions. Simi-
larly, Australia and Canada act as important connecting nodes that facilitate cross-conti-
nental collaboration. The density map highlights Canada and Australia as emerging cen-
ters of collaboration, contributing significantly to international research activities.

The overlay visualization (Figure 5c) provides additional insight into the temporal
evolution of international collaborations. Earlier collaborative relationships are primarily
associated with European countries such as Germany, Switzerland, and the United King-
dom, indicating that early research on artificial sweeteners was largely concentrated in
Europe. In contrast, more recent collaborations, represented by warmer colors in the over-
lay map, show increasing participation from countries such as India, Saudi Arabia, Tai-
wan, Mexico, and Brazil, reflecting the expanding global interest in artificial sweeteners
as emerging environmental contaminants.

6.3. Influential Papers

Among the most influential publications (Table 5), the review by Tran et al. [54], pub-
lished in Water Research, stands out as the most-cited article, with 1472 citations. This
study provides a comprehensive overview of the occurrence and fate of emerging con-
taminants in municipal wastewater treatment plants across different geographical re-
gions. The review has played an important role in synthesizing knowledge on the behav-
ior of various micropollutants, including artificial sweeteners, and has served as a key
reference for subsequent research on wastewater treatment and contaminant removal.
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Table 5. Most influential publications in the field of artificial sweeteners as environmental contaminants based on citation counts.

Type Document Title Authors Journal Year  Citations
Occurrence and fate of emerging contaminants in municipal
Review wastewater treatment plants from different geographical regions-a Tran, N.H., Reinhard, M., Gin, K.Y.-H. ~ Water Research 2018 1472
review [54]
Research EU-wide mor.ﬁtoring survey on emerging polar organic contaminants Loos, R., Carv.alho, R, An.tc')nio, D.C, .. Water Research 2013 1036
in wastewater treatment plant effluents [55] Schwesig, D., Gawlik, B.M.
Review (Open ac- Consolidated vs. new advanced treatment methods for the removal Rizzo, L., Malato, S., Antakyali, D., ... Science of the Total
. . . ) . 2019 699
cess) of contaminants of emerging concern from urban wastewater [56] Silva, A.M.T., Fatta-Kassinos, D. Environment
Health and ecological risk assessment of emerging contaminants
Research (Open ac- (pharmaceuticals, personal care products, and artificial sweeteners) Sharma, B.M., Becanovs, ., Scheringer, Science of the Total
. . . . . . . 2019 473
cess) in surface and groundwater (drinking water) in the Ganges River Ba- M., ... Klanova, J., Nizzetto, L. Environment
sin, India [57]
Evaluation of a full-scale wastewater treatment plant upgraded with
R h - i iological - tA f mi llu- B i ., Beck, B., Boehler, M, ...
esearch (Open ac- ozonation anfi biological post tl.‘eatments batemer.lt 0' micropollu ourg'm, M , Beck oehler, M Water Research 2018 473
cess) tants, formation of transformation products and oxidation by-prod- Siegrist, H., McArdell, C.S.
ucts [58]
iqui f the artificial 1 in th
Ublqultogs occ.urrence o e. artificia svaeetener acesultame 1T1 e Buerge, L], Buser, H-R., Kahle, M.,  Environmental Sci-
Research aquatic environment: An ideal chemical marker of domestic . . 2009 469
) Miiller, M.D., Poiger, T. ence and Technology
wastewater in groundwater [59]
Review Water analysis: Emerging contaminants and current issues [60] Richardson, S.D. Analytical Chemistry 2009 438
Strategies to characterize polar organic contamination in wastewater: Schymanski, E.L., Singer, HL.L", Environmental Sci
Research & . . P . & . " Longrée, P, ... Ripollés Vidal, C., Hol- 2014 368
Exploring the capability of high resolution mass spectrometry [61] lender, | ence and Technology
Analysis and occurrence of seven artificial sweeteners in German Analvtical and Bioan
Research waste water and surface water and in soil aquifer treatment (SAT) Scheurer, M., Brauch, H.-]., Lange, F.T. y ) 2009 354
[62] alytical Chemistry
Review Artificial sweeteners-A recently recognized class of emerging envi- Lange, F.T,, Scheurer, M., Brauch, H.. Analytical and Bioan- 2012 313

ronmental contaminants: A review [63] alytical Chemistry
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Another highly influential study is the large-scale monitoring survey conducted by
Loos et al. [55], also published in Water Research, which has accumulated 1036 citations.
This work presents an EU-wide monitoring program examining emerging polar organic
contaminants in wastewater treatment plant effluents. The study provided valuable base-
line data on the occurrence of multiple contaminants across European wastewater systems
and significantly advanced understanding of the environmental distribution of emerging
pollutants.

Several influential review papers have also shaped the field. The review by Rizzo et
al. [56] in Science of the Total Environment, with 699 citations, examines advanced treat-
ment technologies for removing contaminants of emerging concern from urban
wastewater. This paper has been widely cited due to its comprehensive evaluation of both
conventional and advanced treatment approaches, including advanced oxidation pro-
cesses and hybrid treatment systems.

In addition to methodological and treatment-focused studies, several influential pa-
pers have contributed to understanding the environmental occurrence of artificial sweet-
eners. For example, the study by Buerge et al. [59], published in Environmental Science
and Technology, demonstrated the ubiquitous occurrence of acesulfame in aquatic envi-
ronments and highlighted its potential as a tracer for domestic wastewater contamination
in groundwater systems. With 469 citations, this work is considered a landmark study
that established artificial sweeteners as indicators of anthropogenic pollution.

Analytical method development has also played a significant role in advancing re-
search in this field. The study by Schymanski et al. [61] introduced strategies for charac-
terizing polar organic contaminants in wastewater using high-resolution mass spectrom-
etry. With 368 citations, this research contributed to improving analytical capabilities for
detecting trace organic pollutants, including artificial sweeteners, in environmental sam-
ples.

Another important contribution is the study by Scheurer et al. [62], which investi-
gated the occurrence of artificial sweeteners in wastewater, surface waters, and soil aqui-
fer treatment systems. This work provided early evidence of the environmental persis-
tence of artificial sweeteners and has been widely cited in subsequent environmental mon-
itoring studies. Finally, the review by Lange et al. [63] played an important role in formally
recognizing artificial sweeteners as a new class of emerging environmental contaminants.
This publication helped establish the conceptual framework for studying artificial sweet-
eners as a subset of micropollutants in aquatic environments.

7. Research Hotspots and Emerging Themes
7.1. Keyword Co-Occurrence Analysis

The keyword network (Figure 6) highlights the interdisciplinary nature of artificial
sweetener research, spanning environmental monitoring, contamination pathways, and
wastewater treatment technologies. Three primary thematic clusters were identified from
the analysis, reflecting the main scientific focus areas within the literature.

The first cluster primarily represents research on specific artificial sweetener com-
pounds and their occurrence in environmental matrices. Keywords such as acesulfame,
saccharin, aspartame, cyclamate, and neotame appear prominently within this cluster, in-
dicating that many studies focus on the detection and environmental behavior of individ-
ual sweetener compounds. The presence of terms such as influent, sludge, and wastewater
suggests that these compounds are frequently investigated within wastewater treatment
systems and urban water cycles. This cluster reflects a strong emphasis on compound-
specific monitoring and on identifying artificial sweeteners as emerging environmental
contaminants.
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Figure 6. Keyword co-occurrence network illustrating major research themes in artificial sweeteners

as environmental contaminants.

The second cluster highlights research related to environmental occurrence and con-
tamination pathways. Frequently occurring terms in this cluster include groundwater,
contamination, source, domestic wastewater, septic system, and drinking water. The clus-
tering of these terms indicates that a substantial portion of the literature focuses on tracing
the transport of artificial sweeteners across environmental compartments, particularly
from wastewater into surface water and groundwater. The presence of terms such as ex-
posure and source tracking also suggests growing interest in using artificial sweeteners as
indicators of anthropogenic pollution and wastewater intrusion.

The third cluster represents research on treatment technologies and removal pro-
cesses. This cluster contains keywords such as removal, degradation, treatment, ozona-
tion, advanced oxidation processes, and adsorption. These terms indicate that significant
research efforts have been devoted to developing strategies for removing artificial sweet-
eners from wastewater and drinking water systems. The strong connectivity between
these keywords reflects the increasing importance of advanced treatment technologies in
addressing the persistence of artificial sweeteners in aquatic environments. The promi-
nence of keywords related to occurrence and treatment highlights a strong focus on de-
tection and removal technologies. In contrast, comparatively few studies address toxicity,
transformation products, and long-term ecological effects. This imbalance indicates that
risk-oriented research remains underdeveloped.

7.2. Cluster Identification of Research Themes

The first cluster focuses on the occurrence and monitoring of artificial sweeteners in
environmental systems. This cluster includes keywords associated with contamination
pathways and environmental compartments, including groundwater, drinking water,
septic systems, domestic wastewater, and environmental monitoring. The presence of
these terms indicates that a large portion of the literature focuses on investigating the en-
vironmental distribution of artificial sweeteners and identifying sources of contamination.
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Many studies in this cluster examine the occurrence of these compounds in surface waters,
groundwater, and wastewater treatment plant effluents, highlighting their widespread
presence in aquatic environments. The frequent association of artificial sweeteners with
groundwater and septic systems also suggests that these compounds are increasingly
used as tracers for detecting wastewater intrusion and anthropogenic pollution in hydro-
logical studies.

The second cluster represents research centered on specific artificial sweetener com-
pounds and their environmental behavior. Prominent keywords in this cluster include
acesulfame, saccharin, aspartame, cyclamate, and neotame. These compounds are among
the most widely studied artificial sweeteners due to their extensive consumption and per-
sistence in environmental matrices. Studies within this cluster primarily focus on the de-
tection, quantification, and environmental occurrence of these compounds in wastewater
treatment systems and natural waters. The association of keywords such as influent and
sludge within the same cluster further highlights the importance of wastewater treatment
plants as key entry points for artificial sweeteners into aquatic environments.

The third cluster is associated with treatment technologies and removal processes
aimed at mitigating contamination by artificial sweeteners. This cluster contains key-
words such as removal, degradation, ozonation, adsorption, advanced oxidation pro-
cesses, and wastewater treatment. These terms indicate that considerable research atten-
tion has been directed toward developing effective strategies for removing artificial sweet-
eners from water and wastewater systems. The clustering of these keywords reflects
growing interest in advanced treatment technologies capable of degrading persistent or-
ganic contaminants that conventional wastewater treatment processes do not efficiently
remove. Together, these clusters demonstrate that research on artificial sweeteners as en-
vironmental contaminants is primarily structured around three interconnected themes:
environmental occurrence and contamination pathways, compound-specific monitoring
studies, and treatment technologies for contaminant removal.

7.3. Keyword Density Visualization

The keyword density visualization (Figure 7) provides an overview of the most fre-
quently studied topics within the field of artificial sweeteners as environmental contami-
nants.

As shown in Figure 7, several high-density regions are evident, highlighting the pri-
mary scientific themes that shape research in this area. One of the most prominent
hotspots centers around acesulfame, which appears as a highly concentrated keyword
within the network. The prominence of acesulfame is evident in its widespread detection
in wastewater and environmental waters, as well as its high persistence during
wastewater treatment processes. Closely associated keywords such as influent, sludge,
and sewage indicate that many studies focus on monitoring this compound within
wastewater treatment systems and urban water cycles.

Another major hotspot is associated with groundwater contamination and pollution
sources, where keywords such as contamination and source appear with high density.
This cluster highlights the increasing use of artificial sweeteners as indicators of
wastewater intrusion into groundwater systems. Their persistence and resistance to deg-
radation make them useful tracers for identifying anthropogenic contamination path-
ways.

A third hotspot can be observed around removal, with keywords including treat-
ment, degradation, ozonation, and advanced oxidation processes. The concentration of
these terms reflects the growing research interest in developing effective strategies to re-
move artificial sweeteners and other micropollutants from wastewater and drinking wa-
ter systems.
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Figure 7. Density visualization of research on artificial sweeteners as environmental contaminants.
Areas with warmer colors (yellow) represent keywords with higher frequency and stronger co-oc-

currence relationships.

Additionally, the presence of keywords such as micropollutant, organic micropollu-
tant, and pharmaceuticals and personal care products indicates that artificial sweeteners
are increasingly investigated within the broader context of emerging contaminants in
aquatic environments. This trend suggests a shift toward integrated studies that examine
multiple classes of micropollutants simultaneously.

7.4. Temporal Evolution of Keywords

The overlay visualization of keyword co-occurrence provides insights into the tem-
poral development of research themes in artificial sweetener studies (Figure 8).

As shown in Figure 8, earlier research topics primarily focus on the detection and
environmental monitoring of artificial sweeteners. Keywords such as acesulfame, saccha-
rin, cyclamate, and aspartame appear in darker blue shades, indicating that these com-
pounds have been the focus of environmental studies for longer. These early investiga-
tions were largely concerned with identifying the occurrence of artificial sweeteners in
wastewater effluents and aquatic environments, particularly within wastewater treatment
systems. Intermediate research themes, represented by green-colored keywords, reflect
an expansion of studies into environmental contamination pathways and micropollutant
monitoring. Keywords such as groundwater, contamination, micropollutants, and drink-
ing water illustrate the growing interest in understanding the distribution of artificial
sweeteners across different environmental compartments and their role as indicators of
anthropogenic pollution.

More recent research topics are highlighted in yellow, including degradation, re-
moval, advanced oxidation processes, and carbon-based treatment. These keywords indi-
cate a shift toward developing advanced treatment technologies to mitigate artificial
sweetener contamination in wastewater and drinking water systems. The increasing
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prominence of these topics reflects the growing recognition that conventional wastewater
treatment processes are often insufficient for removing persistent artificial sweeteners.
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Figure 8. Overlay visualization of research on artificial sweeteners as environmental contaminants
based on average publication year. Darker blue tones represent earlier research topics, and yellow

tones indicate more recent research interests.

Additionally, the emergence of newer keywords related to organic micropollutants,
environmental concerns, and treatment processes suggests a broader integration of artifi-
cial sweetener research into the field of emerging contaminants. This shift indicates that
artificial sweeteners are increasingly studied alongside pharmaceuticals and other trace
organic pollutants as part of a complex mixture of contaminants in aquatic environments.

7.5. Emerging Research Frontiers

The keyword co-occurrence network reveals several emerging research frontiers that
reflect the evolving focus of artificial sweetener research in environmental systems. These
frontiers arise from the interaction between three dominant thematic clusters: compound
occurrence and monitoring, environmental contamination pathways, and treatment tech-
nologies for micropollutant removal. Five emerging research trends are elaborated below:

(i) Artificial sweeteners as tracers of wastewater contamination

One notable emerging research direction involves using artificial sweeteners as an-
thropogenic tracers for wastewater intrusion and environmental contamination. Key-
words such as groundwater, septic system, source, contamination, and domestic
wastewater cluster together, indicating that these compounds are increasingly used to
track wastewater-derived pollutants in hydrological systems. Compounds such as acesul-
fame and sucralose, which are highly persistent and poorly removed during wastewater
treatment, have been widely applied as indicators of sewage contamination in groundwa-
ter and surface waters. This application has expanded the role of artificial sweeteners be-
yond environmental contaminants to tools for hydrological tracing and pollution source
identification.

(ii) Advanced treatment technologies for micropollutant removal
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Another major frontier concerns the development of advanced wastewater treatment
technologies to remove persistent artificial sweeteners. The green cluster in the network
highlights keywords such as removal, degradation, treatment, ozonation, advanced oxi-
dation processes (AOPs), adsorption, and carbon-based treatment. These technologies are
being explored to address the limited removal efficiency of conventional wastewater treat-
ment systems. Increasing attention is being given to hybrid treatment approaches that
combine biological treatment with advanced oxidation processes or adsorption materials
to improve the degradation of stable compounds such as acesulfame and saccharin.

(iif) Transformation processes and environmental fate of artificial sweeteners

A third emerging frontier focuses on the environmental fate and transformation
pathways of artificial sweeteners. Keywords such as degradation, process, product, and
wastewater treatment indicate growing interest in understanding how these compounds
transform during treatment or after release into aquatic environments. Research in this
area examines biodegradation, photochemical reactions, and advanced oxidation mecha-
nisms that may lead to the formation of transformation products. Understanding these
processes is essential for evaluating the persistence and long-term environmental behav-
ior of artificial sweeteners.

(iv) Ecotoxicological impacts and exposure pathways

The network also highlights increasing research on ecological and human exposure
risks associated with artificial sweeteners. Keywords such as risk, exposure, metabolite,
and fish suggest that researchers are investigating the potential biological effects of these
compounds in aquatic ecosystems. Although artificial sweeteners are generally consid-
ered safe for human consumption, concerns remain about their long-term ecological im-
pacts, particularly on microbial communities and aquatic organisms exposed to chronic
low concentrations.

(v) Artificial sweeteners within the broader micropollutant framework

Another emerging direction is the integration of artificial sweeteners into broader
studies of micropollutants and emerging contaminants. The presence of terms such as mi-
cropollutant, organic micropollutant, and pharmaceuticals and personal care products in-
dicates that artificial sweeteners are increasingly studied alongside pharmaceuticals and
other trace organic contaminants. This integrated approach reflects a growing recognition
that artificial sweeteners form part of a complex mixture of contaminants in wastewater
and aquatic environments.

7.6. Thematic Evolution of Research Domains

Based on the keyword co-occurrence, density, and overlay visualization analyses, the
research field has progressed through several stages, reflecting the gradual expansion
from compound detection to environmental management and treatment strategies. The
earliest stage of research primarily focused on identifying and quantifying artificial sweet-
eners in environmental systems. Early studies were largely devoted to detecting com-
monly used compounds such as acesulfame, saccharin, aspartame, and cyclamate in
wastewater effluents and surface waters. Improvements in analytical methods, particu-
larly liquid chromatography coupled with mass spectrometry techniques, enabled re-
searchers to quantify artificial sweeteners at trace concentrations in complex environmen-
tal matrices. During this phase, the main objective was to establish the environmental
presence of artificial sweeteners and to recognize them as potential emerging contami-
nants associated with anthropogenic activities.

As research progressed, scientific attention shifted toward understanding the envi-
ronmental distribution and transport pathways of artificial sweeteners. Keywords such as
groundwater, contamination, source, drinking water, and septic system became
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increasingly prominent in the bibliometric network. These studies investigated the migra-
tion of artificial sweeteners from municipal wastewater and domestic discharges into nat-
ural water bodies, including surface waters and groundwater. The persistence and high
water solubility of certain compounds, particularly acesulfame, facilitated their use as in-
dicators of wastewater contamination and anthropogenic pollution in hydrological stud-
ies.

The research domain later expanded to include investigations of the environmental
fate and transformation processes of artificial sweeteners. Studies began to explore degra-
dation mechanisms, transformation products, and the roles of microbial and physico-
chemical processes in determining the environmental persistence of these compounds.
Keywords related to degradation, metabolite formation, and environmental exposure re-
flect the growing interest in understanding how artificial sweeteners behave in
wastewater treatment systems and natural aquatic environments.

More recently, research has focused on treatment technologies and mitigation strat-
egies to reduce the environmental release of artificial sweeteners. The emergence of key-
words such as removal, treatment, ozonation, advanced oxidation processes, and carbon-
based adsorption indicates a strong shift toward developing effective technologies to re-
move persistent micropollutants from wastewater and drinking water systems. These re-
search efforts are driven by the recognition that conventional wastewater treatment plants
often exhibit limited efficiency in removing highly stable artificial sweeteners.

In addition to treatment-oriented research, increasing attention has been directed to-
ward ecological risk assessment and the broader context of micropollutant contamination.
Artificial sweeteners are now frequently studied alongside pharmaceuticals and personal
care products within the broader framework of emerging contaminants. This integrative
approach reflects the growing awareness that artificial sweeteners contribute to the com-
plex mixture of trace organic pollutants present in aquatic environments. This progression
highlights the maturation of research on artificial sweeteners as environmental contami-
nants and underscores the increasing emphasis on developing sustainable strategies to
manage their environmental impacts. Specifically, clusters related to environmental oc-
currence, persistence, tracers, treatment technologies, and knowledge gaps correspond
directly to Sections 8-12, which examine these topics in detail. These bibliometric findings
serve as a framework for synthesizing current knowledge on artificial sweeteners in envi-
ronmental systems.

8. Sources and Environmental Pathways of Artificial Sweeteners

The increasing occurrence of artificial sweeteners in environmental matrices is pri-
marily driven by their extensive use in food products [5], pharmaceuticals [64], and con-
sumer goods [65]. Due to their high chemical stability, water solubility, and resistance to
metabolic transformation, many artificial sweeteners are excreted from the human body
largely unchanged [66]. Consequently, they enter wastewater streams and can be trans-
ported through various environmental pathways. The continuous discharge of these com-
pounds from anthropogenic activities has led to their widespread detection in aquatic en-
vironments [17], sediments [67], and even drinking water systems [68]. Building on the
bibliometric insights presented in Sections 5-7, this section synthesizes current knowledge
on the sources and environmental pathways of artificial sweeteners as summarized in Fig-
ure 9 and discussed further in the following subsections.
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Figure 9. Pathway of artificial sweeteners from human consumption to environmental distribution

through wastewater systems.

8.1. Municipal Wastewater and Domestic Discharge

Municipal wastewater systems represent the primary pathway through which artifi-
cial sweeteners enter the environment [10]. After consumption, most artificial sweeteners
are poorly metabolized and excreted in urine and feces, eventually reaching sewage sys-
tems [3]. Household wastewater generated from food preparation, beverage consump-
tion, and disposal of sweetener-containing products further contributes to their presence
in municipal wastewater streams [8]. Wastewater treatment plants receive these influents
and serve as the main interface between human activities and natural water bodies. How-
ever, conventional wastewater treatment processes are often not specifically designed to
remove highly stable and hydrophilic organic micropollutants such as artificial sweeten-
ers [9]. As a result, compounds such as sucralose and acesulfame potassium frequently
pass through treatment systems and are discharged in treated effluents. This continuous
release from wastewater treatment effluents makes municipal wastewater a dominant
contributor to artificial sweetener contamination in rivers, lakes, and coastal waters [69].
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8.2. Industrial Sources and Pharmaceutical Production

In addition to domestic consumption, industrial activities may also contribute to the
environmental release of artificial sweeteners. Food and beverage manufacturing facilities
that produce diet beverages, sugar-free products, and processed foods often use high-in-
tensity sweeteners in their production processes [17]. Waste streams generated during
manufacturing, equipment cleaning, and product formulation can introduce artificial
sweeteners into industrial effluents.

The pharmaceutical and formulation industries may also serve as secondary sources
of artificial sweeteners [20]. Some artificial sweeteners are used as excipients in medicinal
syrups, chewable tablets, and other pharmaceutical preparations to improve palatability
[70]. Improper disposal of industrial waste streams or insufficient treatment of industrial
effluents may therefore result in the release of these compounds into municipal sewer
systems or nearby water bodies. Although industrial contributions may be smaller com-
pared to domestic wastewater inputs, localized contamination near manufacturing facili-
ties can occur. These sources may lead to elevated concentrations in certain regions, par-
ticularly in areas with intensive food processing or pharmaceutical production activities
[20].

8.3. Agricultural Inputs and Biosolid Application

Agricultural practices represent another indirect pathway through which artificial
sweeteners may enter the environment. Wastewater treatment plants often produce bio-
solids as a by-product of sludge treatment processes. These biosolids are commonly ap-
plied to agricultural land as soil amendments due to their nutrient content [71]. However,
residual organic contaminants present in wastewater sludge, including artificial sweeten-
ers, may be introduced into soils through this practice [5]. Once applied to agricultural
land, these compounds can potentially migrate through soil systems via leaching or sur-
face runoff during rainfall events. In addition, the use of reclaimed wastewater for irriga-
tion in water-scarce regions may also introduce artificial sweeteners into agricultural soils
and surrounding environments [72].

8.4. Transport Across Environmental Media

After their release into wastewater and surface waters, artificial sweeteners can un-
dergo various transport processes that enable them to move among multiple environmen-
tal compartments. Their high water solubility and low sorption potential enable them to
remain primarily in the dissolved phase, facilitating their transport through rivers, lakes,
and groundwater systems [5]. Hydrological processes such as river flow, infiltration, and
groundwater recharge can further distribute these compounds across different environ-
mental matrices [6]. In some cases, artificial sweeteners may also accumulate in sediments
or wastewater sludge [10], depending on their chemical properties and environmental
conditions. Their persistence and mobility, therefore, enable them to move between
aquatic and terrestrial systems, contributing to their widespread environmental presence.

9. Environmental Occurrence and Global Distribution

Artificial sweeteners have been increasingly detected in a wide range of environmen-
tal matrices due to their extensive consumption, chemical stability, and incomplete re-
moval during wastewater treatment processes [67]. Their high water solubility and re-
sistance to biodegradation allow them to persist and spread across aquatic systems, mak-
ing them useful indicators of anthropogenic contamination [10]. Numerous monitoring
studies have reported the occurrence of artificial sweeteners in wastewater effluents [73],
surface waters [67], groundwater [35], and even drinking water systems [74]. In addition
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to aqueous environments, these compounds may also be detected in sludge [75] and sed-
iments [67] due to environmental transport and accumulation processes. Several recent
reports regarding the occurrence of artificial sweeteners in various environmental matri-
ces are tabulated in Table 6.

Table 6. Reported concentration ranges of artificial sweeteners detected in various environmental

matrices across different regions.

Sweetener Matrix * Analytical Method Concentration Range Country Reference
Acesulfame-K Surface water SPE-LC-tQ-MS 74.8-206.9 ng/L China [67]
Acesulfame-K River LC-MS/MS Max 557 ug/L Algeria [76]
Acesulfame-K Groundwater LC/TQ 72.0 to 591.0 ng/L Czech Republic [35]
Acesulfame-K WWTP UPLC-QTOF-MS 500 pg/L China [77]
Acesulfame-K Sediment SPE-LC-tQ-MS 2.88 +0.48 ug/kg China [67]
Acesulfame-K WWTP UHPLC-MS/MS 0.5-5.1 ug/L China [69]

Aspartame WWTP UHPLC-MS/MS 0.2-0.7 ug/L China [69]

Cyclamate Surface water SPE-LC-tQ-MS 373.8 £23.9 ng/L China [67]

Cyclamate Biosolid LC-MS/MS 0.18 ng/g Australia [75]

Cyclamate WWTP UHPLC-MS/MS 0.04-2.6 ug/L China [69]

Cyclamate Sediment SPE-LCQ-MS 1.09 £ 0.25 pg/kg China [67]

Cyclamate Lagoon LC-MS/MS 33.5 ng/L Italy [78]

Saccharin Surface water SPE-LC-tQ-MS 105.4-195.5 ng/L China [67]

Saccharin WWTP UHPLC-MS/MS 0.01-8.6 ug/L China [69]

Saccharin Groundwater LC-MS/MS 674 ng/L Algeria [76]

Saccharin Drinking water LC-MS/MS 50-100 ng/L Poland [74]

Saccharin Sediment SPE-LC-tQ-MS 2.88 +0.48 ug/kg China [67]

Sucralose WWTP influent SPE-GC 1033.4-2626.3 ng/L China [73]

Sucralose WWTP effluent SPE-GC 917.6-2031.2 ng/L China [73]

Sucralose Tap water SPE-GC 177.7-409.7 ng/L China [73]

Sucralose River LC-MS/MS Max 222 ug/L Algeria [76]

Sucralose River LC-MS/MS 27.00 £17.14 ng/L China [79]

Sucralose Sediment SPE-LC-tQ-MS 0.75+0.19 ug/kg China [67]

Sucralose Surface water SPE-LC-tQ-MS 283.2-368.6 ng/L China [67]

Sucralose Biosolid LC-MS/MS 220 ng/g Australia [75]

Sucralose WWTP UHPLC-MS/MS 0.1-22.2 ug/L China [69]

Neotame WWTP UHPLC-MS/MS 0.03-0.04 ug/L China [69]

Note(s): * WWTP: wastewater treatment plant.

9.1. Analytical Methods

Accurate detection and quantification of artificial sweeteners in environmental sam-
ples require highly sensitive analytical techniques due to their typically low environmen-
tal concentrations, often occurring at trace levels ranging from nanograms per liter (ng/L)
to micrograms per liter (ug/L). As summarized in Table 6, most studies employ targeted
analyses using chromatographic techniques coupled with mass spectrometry, particularly
liquid chromatography—tandem mass spectrometry (LC-MS/MS), which has become the
dominant analytical approach for determining artificial sweeteners in environmental ma-
trices [74-76].

Sample preparation methods frequently involve solid-phase extraction (SPE) [73],
which is widely used to concentrate analytes from complex matrices such as wastewater,
surface water, and groundwater. SPE coupled with LC~tandem quadrupole mass spec-
trometry (SPE-LC-tQ-MS) has been widely used to detect compounds such as acesulfame-
K, cyclamate, saccharin, and sucralose in surface water and sediment samples, achieving
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detection limits at the ng/L level [67]. Similarly, SPE followed by gas chromatography
(SPE-GC) has been used to analyze sucralose in wastewater and drinking water systems,
demonstrating its suitability for highly stable compounds [73].

High-performance chromatographic techniques such as ultra-high-performance lig-
uid chromatography (UHPLC) combined with tandem mass spectrometry (UHPLC-
MS/MS) [69] or quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS) [77] pro-
vide enhanced sensitivity and selectivity, allowing simultaneous detection of multiple
known artificial sweeteners in complex environmental samples. These advanced analyti-
cal platforms are particularly useful for monitoring wastewater treatment plants, where
concentrations can vary widely depending on influent composition and treatment pro-
cesses. The application of LC-MS/MS-based techniques also enables the identification of
artificial sweeteners in solid environmental matrices such as sediments and biosolids
[67,75], where concentrations are typically reported in micrograms per kilogram (ug/kg)
or nanograms per gram (ng/g). Additionally, non-targeted analysis using high-resolution
mass spectrometry methods, such as QTOF-MS, is increasingly employed [77]. This ap-
proach is particularly valuable for identifying transformation products formed during en-
vironmental processes and water treatment, as well as detecting previously unreported
contaminants. Despite its advantages, non-targeted analysis presents challenges related
to data complexity, compound identification, and the need for advanced data processing
and spectral libraries [77].

9.2. Wastewater Treatment Plants

Wastewater treatment plants are among the primary hotspots for the occurrence and
release of artificial sweeteners into aquatic environments [69]. Due to their widespread
consumption in food products, beverages, pharmaceuticals, and personal care products,
artificial sweeteners are largely excreted unmetabolized by the human body and subse-
quently enter municipal wastewater systems. As a result, wastewater treatment plant in-
fluents typically contain measurable concentrations of various artificial sweeteners, in-
cluding acesulfame-K, sucralose, saccharin, cyclamate, and aspartame.

Data summarized in Table 6 demonstrate that several artificial sweeteners are fre-
quently detected in wastewater treatment plant influent and effluent streams across dif-
ferent geographical regions. For example, acesulfame-K concentrations of approximately
0.5-5.1 ug/L have been reported in wastewater treatment facilities in China [69], while
sucralose concentrations in wastewater treatment plant influent and effluent have been
reported in the range of 1033.4-2626.3 ng/L and 917.6-2031.2 ng/L, respectively [73]. Sim-
ilarly, cyclamate and saccharin have been detected in wastewater treatment plant effluents
at concentrations ranging from 0.04-2.6 ug/L and 0.01-8.6 pg/L [69]. These findings high-
light the continuous discharge of artificial sweeteners into receiving water bodies due to
their incomplete removal during conventional wastewater treatment processes.

The persistence of certain artificial sweeteners further contributes to their accumula-
tion within wastewater treatment systems. Compounds such as acesulfame-K and su-
cralose exhibit high chemical stability and resistance to microbial degradation, allowing
them to pass through biological treatment processes with limited removal [10]. Conse-
quently, these compounds are frequently detected in treated effluents and are subse-
quently transported into surface waters, groundwater systems, and downstream drinking
water sources. In addition to liquid effluents, artificial sweeteners may also accumulate in
solid residues generated during wastewater treatment. Studies have reported the pres-
ence of compounds such as cyclamate and sucralose in biosolids and sediments at con-
centrations up to 0.18 ng/g and 220 ng/g, respectively [75]. The application of biosolids in
agricultural land, therefore, represents another potential pathway for environmental dis-
semination of these compounds.

https://doi.org/10.3390/w18080961



Water 2026, 18, 961

31 of 54

9.3. Surface Water and Groundwater Contamination

Artificial sweeteners have been increasingly detected in surface water and ground-
water systems worldwide, reflecting their persistence in wastewater effluents and their
ability to migrate through aquatic environments. As summarized in Table 6, compounds
such as acesulfame-K, sucralose, saccharin, and cyclamate have been frequently identified
in rivers, lakes, and groundwater at concentrations typically ranging from nanograms per
liter to several micrograms per liter.

Surface waters are among the primary environmental compartments that receive ar-
tificial sweeteners through the direct discharge of treated wastewater effluents from
WWTPs. For example, acesulfame-K concentrations of 74.8-206.9 ng/L have been reported
in surface waters in China, while cyclamate has been detected at approximately 373.8 +
23.9 ng/L in similar aquatic environments [67]. Saccharin has also been widely reported in
surface waters, with concentrations ranging from 105.4 to 195.5 ng/L [67]. In certain cases,
significantly higher concentrations have been observed in rivers located downstream of
wastewater discharge points. For instance, maximum concentrations of acesulfame-K and
sucralose, reaching 557 pg/L and 222 pg/L, respectively [76], have been reported in Alge-
rian river systems, highlighting the influence of local wastewater inputs and insufficient
treatment capacity.

Beyond surface waters, artificial sweeteners can also infiltrate groundwater systems
through processes such as riverbank filtration [35], infiltration of contaminated surface
water [6], and leakage from septic systems [8]. Their relatively high water solubility and
chemical stability facilitate their transport through soil and aquifer systems. Evidence of
this phenomenon is demonstrated by the detection of acesulfame-K in groundwater in the
Czech Republic at concentrations ranging from 72.0 to 591.0 ng/L [35], and as saccharin in
groundwater samples in Algeria at concentrations up to 674 ng/L [76]. These findings sug-
gest that artificial sweeteners can persist long enough in aquatic systems to migrate into
subsurface environments. The presence of artificial sweeteners in groundwater is of par-
ticular concern because it is an important source of drinking water in many regions. Their
detection in both surface and groundwater systems indicates that artificial sweeteners can
function as effective tracers of wastewater contamination and anthropogenic activity in
aquatic environments [17]. Moreover, their persistence and mobility raise concerns re-
garding their long-term accumulation in freshwater resources and the potential exposure
of aquatic organisms and human populations.

9.4. Presence in Drinking Water Systems

The presence of artificial sweeteners in drinking water systems has attracted growing
scientific attention due to their persistence in aquatic environments and resistance to con-
ventional water treatment processes. As shown in Table 6, several artificial sweeteners
have been detected in finished drinking water and tap water, indicating that these com-
pounds can persist through multiple environmental compartments and treatment barriers
before reaching potable water supplies. Among the artificial sweeteners reported, saccha-
rin and sucralose have been frequently detected in drinking water sources. For example,
saccharin has been identified in drinking water samples in Poland at concentrations rang-
ing from 50 to 100 ng/L [74]. Similarly, sucralose has been detected in tap water in China
at concentrations ranging from 177.7 to 409.7 ng/L [73]. These concentrations are generally
lower than those observed in wastewater and surface water, reflecting partial removal
during drinking water treatment processes. However, their consistent detection indicates
that conventional treatment methods such as coagulation, filtration, and disinfection may
not eliminate these highly stable compounds.

The presence of artificial sweeteners in drinking water is closely linked to upstream
contamination of surface water and groundwater sources [17]. As previously discussed,
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wastewater treatment plants are major emission points for these compounds, and treated
effluents discharged into rivers and lakes may serve as sources of downstream drinking
water abstraction. Furthermore, the infiltration of contaminated surface water into
groundwater systems can introduce artificial sweeteners into aquifers that supply munic-
ipal drinking water facilities. The persistence of compounds such as sucralose and acesul-
fame-K is largely attributed to their high chemical stability, resistance to biodegradation,
and strong polarity, which reduces their removal efficiency during conventional water
treatment processes [5]. Although the concentrations reported in drinking water are typi-
cally in the ng/L range and generally considered to pose low immediate health risks, their
continuous presence raises concerns about long-term exposure and the potential cumula-
tive effects of emerging contaminants [64]. Continued monitoring of artificial sweeteners
in drinking water systems is therefore necessary to better understand their environmental
pathways, evaluate treatment efficiency, and ensure the protection of public health and
water quality.

9.5. Occurrence in Sediments, Sludge, and Soils

In addition to their presence in aquatic environments, artificial sweeteners have also
been detected in solid environmental matrices such as sediments, wastewater sludge, and
biosolids. These matrices can act as secondary reservoirs for contaminants, allowing arti-
ficial sweeteners to persist in the environment and potentially re-enter aquatic systems
through resuspension, leaching, or land application of sludge. As summarized in Table 6,
several studies have reported measurable concentrations of artificial sweeteners in sedi-
ments and biosolids, indicating their capacity to partition into particulate phases despite
their generally high water solubility. Sediment samples collected from surface water bod-
ies have detected compounds such as acesulfame-K, cyclamate, saccharin, and sucralose.
For example, concentrations of acesulfame-K and saccharin in sediments have been re-
ported at approximately 2.88 + 0.48 pg/kg. In comparison, cyclamate and sucralose have
been detected at concentrations of 1.09 + 0.25 pg/kg and 0.75 + 0.19 pg/kg, respectively, in
sediment samples from China [67]. Although these concentrations are relatively low com-
pared to those observed in aqueous environments, their detection confirms that artificial
sweeteners can associate with suspended particles and accumulate in benthic sediments
over time.

Wastewater treatment processes also generate solid residues, including sludge and
biosolids, which may contain adsorbed artificial sweeteners. For instance, cyclamate has
been detected in biosolids at approximately 0.18 ng/g in Australia, while sucralose has
been detected at around 220 ng/g in similar matrices [75]. The accumulation of artificial
sweeteners in biosolids is of particular interest because treated sludge is commonly ap-
plied to agricultural land as a soil amendment. This practice may therefore represent an
additional pathway through which artificial sweeteners are introduced into terrestrial
ecosystems.

9.6. Regional Trends and Environmental Hotspots

Recent studies from the past five years (Table 6) reveal clear regional trends in the
occurrence of artificial sweeteners in environmental systems. A significant proportion of
recent monitoring studies have been conducted in East Asia, particularly in China, where
artificial sweeteners have been widely detected across multiple environmental compart-
ments, including wastewater, surface water, sediments, and drinking water systems. The
frequent detection of compounds such as acesulfame-K, cyclamate, saccharin, and su-
cralose in Chinese environmental matrices reflects both increasing consumption of sugar
substitutes and the expansion of monitoring programs targeting emerging contaminants
in rapidly urbanizing regions.

https://doi.org/10.3390/w18080961



Water 2026, 18, 961

33 of 54

In these regions, wastewater treatment plants act as major emission points, releasing
artificial sweeteners into nearby rivers and surface waters [69]. Subsequent environmental
transport leads to their detection in sediments and groundwater, demonstrating the inter-
connectedness of aquatic compartments. In addition to East Asia, studies from North Af-
rica and Europe also highlight regional hotspots of artificial sweetener contamination. For
example, river systems in Algeria have been reported to have relatively high concentra-
tions of acesulfame-K and sucralose compared with many other regions, suggesting
strong local inputs from untreated or insufficiently treated wastewater [76]. Groundwater
contamination has also been documented in parts of Europe, such as the Czech Republic,
where artificial sweeteners have been detected at measurable concentrations in aquifer
systems influenced by wastewater infiltration [35]. Another notable regional pattern in-
volves the presence of artificial sweeteners in biosolids and sludge in Australia, demon-
strating that wastewater treatment by-products can serve as secondary reservoirs of these
compounds [75].

Globally, recent research indicates that the highest concentrations of artificial sweet-
eners are typically found in wastewater systems, followed by surface waters and ground-
water environments. This pattern reflects municipal wastewater as the primary source of
artificial sweeteners entering natural aquatic systems. As monitoring efforts continue to
expand geographically, emerging hotspots are likely to be identified in regions experienc-
ing rapid population growth, urbanization, and increased consumption of sugar substi-
tutes.

10. Environmental Fate and Transformation Processes

The transformation process and environmental fate are two emerging frontiers in ar-
tificial sweetener research. The environmental fate of artificial sweeteners is largely gov-
erned by their physicochemical properties, environmental conditions, and interactions
with biological and abiotic processes [5]. Once released into environmental systems via
wastewater discharge or other anthropogenic pathways, these compounds may undergo
a variety of transformations, including biodegradation, photodegradation, and other abi-
otic reactions. However, the extent of these processes varies significantly depending on
the chemical structure of individual sweeteners. Some compounds exhibit high environ-
mental persistence due to their resistance to microbial metabolism and chemical degrada-
tion, while others are more readily transformed into intermediate products [66].

10.1. Physicochemical Properties Influencing Persistence

The environmental persistence of artificial sweeteners is strongly influenced by their
physicochemical properties, including molecular structure, polarity, solubility, stability,
and resistance to biological or chemical degradation (Figure 10). These characteristics de-
termine how artificial sweeteners behave in environmental systems, particularly in
aquatic environments where they are frequently detected [66].
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Figure 10. Key physicochemical factors governing the environmental persistence of artificial sweet-

eners.

One of the most important properties influencing persistence is high water solubility.
Most artificial sweeteners are highly polar compounds that readily dissolve in water, al-
lowing them to remain predominantly in the aqueous phase rather than partitioning into
sediments or organic matter [68]. For example, compounds such as acesulfame-K and su-
cralose exhibit very high solubility, which facilitates their transport through wastewater
systems and natural aquatic environments [17,73]. This high solubility also enhances their
mobility in groundwater systems, enabling them to migrate through soils and aquifers
without significant sorption to solid particles.

Another critical factor contributing to the persistence of artificial sweeteners is their
chemical stability and resistance to biodegradation [66]. Many artificial sweeteners have
molecular structures specifically designed to resist metabolic breakdown within the hu-
man body, and these same structural features often make them resistant to microbial deg-
radation in environmental systems [5]. For instance, sucralose contains multiple chlorine
substitutions that strengthen its chemical stability and reduce susceptibility to microbial
attack [3]. Similarly, acesulfame-K contains a stable oxathiazinone dioxide ring structure
that is not readily degraded by common environmental microorganisms [80]. As a result,
these compounds can persist through conventional biological wastewater treatment pro-
cesses with minimal degradation.

The low sorption potential of artificial sweeteners also contributes to their environ-
mental persistence [17]. Many artificial sweeteners have relatively low octanol-water par-
tition coefficients (log Kow), indicating a strong preference for remaining dissolved in wa-
ter rather than binding to organic matter in soils or sediments [10]. This property reduces
the likelihood of removal through adsorption processes during wastewater treatment and
allows these compounds to remain mobile in aquatic systems. Consequently, artificial
sweeteners are often detected in treated wastewater effluents and downstream water bod-
ies [73].

In addition to chemical stability and low sorption potential, resistance to hydrolysis
and photodegradation can further enhance the persistence of certain artificial sweeteners
[5]. For example, sucralose is known to resist hydrolytic breakdown across a wide pH
range [81], while several artificial sweeteners exhibit relatively slow photolytic
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degradation under natural sunlight conditions [5]. These characteristics allow the com-
pounds to remain stable in both surface water and groundwater environments for ex-
tended periods.

The molecular size and structural complexity of artificial sweeteners can also influ-
ence their environmental fate. Compounds with complex ring structures or halogenated
functional groups often exhibit enhanced resistance to chemical transformation processes.
For example, the chlorinated structure of sucralose significantly reduces its susceptibility
to enzymatic cleavage [3], while the sulfonamide group present in saccharin contributes
to its stability in aquatic environments [5]. Furthermore, artificial sweeteners typically ex-
ist as ionized species at environmental pH, thereby increasing their solubility and reduc-
ing their interactions with hydrophobic environmental matrices [82]. The ionic nature of
compounds such as acesulfame-K further enhances their transport in aquatic systems and
contributes to their widespread detection in surface waters and groundwater [66].

10.2. Biodegradation and Microbial Transformation

Biodegradation represents one of the primary mechanisms by which organic contam-
inants are removed from environmental systems. However, the biodegradability of artifi-
cial sweeteners varies considerably depending on their chemical composition and envi-
ronmental conditions. Compounds such as sucralose and acesulfame potassium have
been reported to exhibit limited biodegradability, allowing them to persist in wastewater
effluents and natural water bodies [19]. Their resistance to microbial metabolism is largely
attributed to structural modifications that reduce enzymatic recognition and degradation.
In contrast, sweeteners containing peptide linkages, such as aspartame, are more suscep-
tible to enzymatic hydrolysis, leading to the formation of smaller metabolites that can be
further degraded by microbial communities [39], as reported in previous research [83].
Biodegradation pathways typically involve processes such as hydrolysis, oxidation, and
microbial enzymatic transformation (illustrated in Figure 11).
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Figure 11. Proposed microbial degradation pathway of aspartame, highlighting degradation mech-

anisms and its intermediates.
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Microbial adaptation and the presence of specialized microorganisms may also influ-
ence degradation rates, particularly in wastewater treatment systems where microbial
populations are exposed to continuous contaminant inputs. Conversely, many artificial
sweeteners resist hydrolysis and microbial degradation [19], often passing through
wastewater treatment systems largely unchanged. Partial transformation may occur un-
der advanced treatment conditions, but complete mineralization is rarely achieved [83].
Highly persistent compounds tend to remain dissolved in water and can be transported
over long distances, facilitating their widespread detection in surface water and ground-
water [66]. This persistence-mobility trade-off implies that compounds with low biodeg-
radability are more likely to exhibit high environmental mobility [84], increasing their po-
tential for continuous exposure to aquatic organisms and eventual entry into drinking
water sources [64].

10.3. Photodegradation and Abiotic Processes

In addition to microbial transformation, artificial sweeteners can undergo abiotic
degradation processes in aquatic environments, particularly through photodegradation
and other physicochemical reactions. These processes play an important role in determin-
ing the environmental persistence and transformation of artificial sweeteners in sunlight-
exposed surface waters. Photodegradation occurs when chemical compounds absorb so-
lar radiation, leading to molecular excitation and subsequent bond cleavage or structural
transformation [85]. This process is especially relevant in surface waters such as rivers,
lakes, and reservoirs, where artificial sweeteners may be exposed to ultraviolet (UV) radi-
ation.

Several artificial sweeteners exhibit varying degrees of susceptibility to photolytic
degradation depending on their molecular structure and environmental conditions. Com-
pounds such as acesulfame-K may undergo partial photodegradation under UV irradia-
tion, resulting in intermediate degradation products [19]. Laboratory studies have shown
that UV-based treatment systems, including UV/H202 and UV/persulfate processes, can
effectively degrade these compounds by generating highly reactive radicals, such as hy-
droxyl radicals (¢OH) and sulfate radicals (SOs*-) [21]. These reactive species can attack
aromatic rings, sulfonamide groups, or other functional groups within artificial sweetener
molecules, leading to fragmentation and the formation of smaller, more unstable com-
pounds.

Photodegradation can occur through two primary mechanisms: direct photolysis and
indirect photolysis. In direct photolysis, artificial sweeteners absorb photons, triggering
molecular excitation and bond breakage. However, many artificial sweeteners have lim-
ited absorption in the natural sunlight spectrum, making direct photolysis relatively slow
under environmental conditions. Indirect photolysis, on the other hand, involves the in-
teraction of artificial sweeteners with reactive species generated by sunlight-driven pro-
cesses in water, such as hydroxyl radicals, singlet oxygen, and excited dissolved organic
matter. These reactive intermediates can significantly enhance degradation rates com-
pared to direct photolysis alone.

Abiotic transformation can also occur through hydrolysis, oxidation, and chemical
reactions with environmental oxidants. For example, oxidative reactions may occur in the
presence of oxidizing agents such as ozone, chlorine, or naturally occurring reactive oxy-
gen species in aquatic systems [86]. In engineered water treatment processes, advanced
oxidation processes (AOPs) such as ozonation, UV/H20:, and photocatalysis are com-
monly applied to accelerate these reactions and enhance the degradation of persistent ar-
tificial sweeteners [87].
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10.4. Formation and Toxicity of Transformation Products

During environmental degradation, artificial sweeteners may undergo chemical and
biological transformations that produce intermediate compounds known as transfor-
mation products. These products can be generated through various pathways, including
microbial biodegradation, photodegradation, hydrolysis, and advanced oxidation reac-
tions occurring in natural waters or during water treatment processes. Although the par-
ent compounds of artificial sweeteners are generally designed to be chemically stable and
resistant to metabolic breakdown, environmental conditions can induce structural
changes that produce a variety of transformation intermediates with different physico-
chemical and toxicological characteristics [5].

Several studies have demonstrated that artificial sweeteners such as acesulfame-K,
sucralose, saccharin, and cyclamate may form transformation products during
wastewater treatment and environmental degradation [6,10,88]. For instance, oxidative
processes such as ozonation and UV-based advanced oxidation can degrade these com-
pounds via reactions with hydroxyl radicals (¢ OH) or other reactive oxygen species [86].
These reactions may lead to the cleavage of functional groups, ring opening, or substitu-
tion, producing smaller organic molecules. As previously mentioned in Section 10.2, as-
partame is readily converted through hydrolysis and metabolic processes into com-
pounds such as aspartic acid, phenylalanine, and methanol, as well as oxidation products
including formaldehyde and formic acid [83]. In the case of sucralose, photochemical deg-
radation may generate chlorinated intermediates due to the presence of multiple chlorine
atoms within its molecular structure. These chlorinated by-products may potentially ex-
hibit greater persistence or toxicity than the original compound [73]. Under specific con-
ditions, sucralose can form more polar metabolites such as glucuronide conjugates. Simi-
larly, acesulfame-K can undergo oxidative degradation during ozonation or UV irradia-
tion, producing various intermediate products via opening of the oxathiazinone ring
(such as iso-acesulfame) and smaller inorganic products, including sulfate and amidosul-
fonic acid. Some of these transformation products have been reported to exhibit increased
reactivity or altered toxicity profiles compared with the parent compound [19]. Addition-
ally, saccharin and cyclamate may generate aromatic or sulfonamide-derived intermedi-
ates during degradation processes (including cyclohexylamine and related derivatives)
[41], which can persist in the aquatic environment depending on environmental condi-
tions [66].

The formation of transformation products is particularly relevant during advanced
water treatment processes, where strong oxidizing agents are intentionally applied to de-
grade persistent contaminants [21,86]. Although these treatment technologies can effec-
tively reduce the concentration of parent artificial sweeteners, incomplete mineralization
may result in the accumulation of intermediate compounds. In some cases, these interme-
diates may exhibit distinct biological activity, raising concerns about their potential eco-
logical impacts [6,17]. For instance, previous studies have indicated that transformation
products formed during photolysis or advanced oxidation processes may exhibit higher
toxicity than their parent compounds [6,15,29]. Certain metabolites of artificial sweeten-
ers, such as formaldehyde and formic acid derived from aspartame degradation, are
known to be toxicologically relevant, particularly under conditions of accumulation [6,38].
Cyclamate’s transformation into cyclohexylamine is another concern, as this metabolite
has been associated with toxic effects and variable metabolic conversion among individ-
uals [41]. Beyond direct toxicity, emerging evidence suggests that artificial sweeteners and
their transformation products may influence microbial processes. For example, exposure
to artificial sweeteners has been shown to enhance horizontal gene transfer of antibiotic
resistance genes by increasing cell membrane permeability and promoting transformation
mechanisms in bacteria [89].
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Toxicological studies evaluating the environmental effects of artificial sweetener
transformation products remain relatively limited. Toxicity endpoints such as median le-
thal concentration (LC50) or median effective concentration (EC50) are typically observed
at relatively high concentrations, often in the mg/L range. In contrast, environmental con-
centrations are generally detected at ng/L to low ug/L levels. This discrepancy suggests
that the risk of acute toxicity is likely low under typical environmental conditions. A study
on four artificial sweeteners (sucralose, acesulfame, saccharin, and cyclamate) exceeded
the 100 mg/L LCsolimit set by the OECD guidelines, with Danio rerio showing sensitivity
to sucralose in the pg/L range. At the same time, Oncorhynchus mykiss were unaffected by
concentrations up to 100 mg/L [66]. Environmental risk assessment (ERA) frameworks
emphasize comparing predicted environmental concentrations (PECs) with predicted no-
effect concentrations (PNECs), derived from chronic toxicity endpoints such as NOEC,
and suggest PEC/PNEC ratios below 1 indicate low apparent risk. This conclusion is con-
strained by the lack of chronic toxicity data and environmentally relevant dose-response
studies [66]. Similarly, risk quotient (RQ) analysis indicated that artificial sweeteners pose
negligible acute ecological risk, with values consistently below 0.1 for algae, Daphnia, and
fish [90]. This suggests that, based on conventional acute toxicity thresholds, current en-
vironmental concentrations are unlikely to cause immediate harmful effects on aquatic
organisms. Cumulative risk assessment using mixture risk quotients (MRQs) was also
conducted to evaluate potential mixture effects in complex aquatic systems, yielding val-
ues well below 0.1, reinforcing the conclusion of low acute risk [90]. Nevertheless, this
apparent safety should be interpreted with caution, as it does not account for chronic ex-
posure or sublethal effects and only addresses mixture interactions.

Experimental evidence from bioluminescent bacterial assays further supports the
dose-dependent toxicity of artificial sweeteners and highlights their potential biological
effects at the microbial level. Using genetically modified Escherichia coli strains sensitive
to cytotoxicity, genotoxicity, and membrane damage, distinct toxicity response patterns
exhibited consistent inhibitory effects by sucralose, with minimum luminescent inhibition
concentrations (MLIC) ranging from 1 to 100 mg/L, indicating a strong cytotoxic response
[91]. In contrast, saccharin and aspartame primarily induced luminescent signals, partic-
ularly in genotoxicity-sensitive strains, suggesting potential DNA damage or stress re-
sponse activation at concentrations of approximately 4-10 mg/L [91]. Importantly, results
also demonstrate that artificial sweeteners can trigger measurable biological responses
even at sub-inhibitory concentrations, reflecting changes in gene expression rather than
outright cell mortality [91].

While several studies have suggested potential adverse health effects of artificial
sweeteners, including carcinogenicity and DNA damage, these claims remain inconclu-
sive and require careful interpretation. These findings were often obtained under high-
dose conditions that exceed typical environmental or dietary exposure levels. Subsequent
regulatory evaluations and epidemiological studies have generally not confirmed a con-
sistent association between artificial sweetener consumption and cancer risk in humans.
Similarly, evidence of DNA damage or genotoxic responses, such as those observed in
microbial or in vitro systems, should be interpreted with caution, as these models may not
fully represent the complex biological processes in higher organisms. While acute toxicity
and carcinogenic risks may be limited, findings suggest that there is still uncertainty re-
garding long-term and indirect health impacts. Therefore, a more critical and evidence-
weighted approach is necessary, distinguishing between high-dose experimental out-
comes and environmentally relevant exposure scenarios.
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10.5. Bioaccumulation and Trophic Transfer Potential

The potential for bioaccumulation and trophic transfer is an important consideration
when evaluating the environmental risks associated with artificial sweeteners. Bioaccu-
mulation refers to the ability of a chemical compound to accumulate within the tissues of
living organisms over time, while trophic transfer describes the movement of contami-
nants through food webs from lower to higher trophic levels. In general, the bioaccumu-
lation potential of artificial sweeteners is considered relatively low compared with many
hydrophobic organic pollutants [6,64]. This characteristic is largely attributed to their
physicochemical properties, including high water solubility, low octanol-water partition
coefficients (log Kow), and limited affinity for lipid-rich biological tissues [10].

Most artificial sweeteners, such as acesulfame-K, saccharin, cyclamate, and sucralose,
are highly polar and remain predominantly in the aqueous phase [35] rather than parti-
tioning into biological membranes or fatty tissues. As a result, their tendency to accumu-
late in aquatic organisms is generally limited. Despite the generally low bioaccumulation
potential, several studies have reported detectable concentrations of artificial sweeteners
in aquatic organisms, suggesting that exposure can occur in contaminated environments
[45,92].

10.6. Environmental Half-Life and Persistence vs. Mobility Trade-Off

In the context of artificial sweeteners, environmental half-life provides valuable in-
sight into their long-term behavior in aquatic environments and their potential to accu-
mulate in environmental compartments [17,64]. Artificial sweeteners exhibit varying en-
vironmental half-lives depending on their chemical structures and environmental condi-
tions. Compounds such as sucralose and acesulfame-K are known to exhibit relatively
long environmental half-lives due to their high chemical stability and resistance to micro-
bial degradation [19,24]. The chlorinated structure of sucralose significantly limits enzy-
matic cleavage and microbial metabolism, allowing the compound to persist in natural
waters for extended periods. Similarly, the oxathiazinone dioxide ring present in acesul-
fame-K provides structural stability, reducing susceptibility to biodegradation and chem-
ical transformation. In contrast, other artificial sweeteners such as aspartame and cycla-
mate generally exhibit shorter environmental half-lives due to their greater susceptibility
to hydrolysis and microbial degradation [4,93]. Aspartame, for instance, can rapidly de-
grade through ester hydrolysis and peptide bond cleavage, producing naturally occurring
amino acids and methanol that can be readily metabolized by microorganisms [83].

Environmental persistence is often evaluated using several indicators in addition to
half-life, including removal efficiency in wastewater treatment plants, frequency of envi-
ronmental detection, and mobility in aquatic systems [84]. Artificial sweeteners that ex-
hibit low removal efficiencies during wastewater treatment and high detection frequen-
cies in surface water and groundwater are generally considered more persistent. Another
useful persistence indicator is the pseudo-persistence concept, which refers to the contin-
uous presence of a compound in the environment due to constant input rather than ex-
tremely long intrinsic half-lives [94]. Artificial sweeteners often fall into this category be-
cause their widespread consumption and continuous release through municipal
wastewater create a constant environmental supply. Even if individual compounds de-
grade over time, their steady input maintains detectable concentrations in aquatic sys-
tems.

Importantly, persistence is closely linked to mobility, forming a persistence—mobility
trade-off that governs the environmental behavior of artificial sweeteners [6]. Compounds
with high water solubility and low sorption potential, such as sucralose and acesulfame
potassium, tend to remain in the dissolved phase, enabling rapid transport through
aquatic systems and even into groundwater [35]. This high mobility, combined with
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resistance to biodegradation, enhances their spatial distribution and prolongs environ-
mental exposure. Based on previous discussions, a qualitative comparison of artificial
sweeteners highlights distinct differences in their environmental behavior. In terms of
persistence, the general trend follows sucralose > acesulfame-K > saccharin > cyclamate >
aspartame, whereas mobility is highest for acesulfame-K and sucralose due to their high
polarity and low sorption potential [13,35]. Although acute toxicity remains low across all
compounds, sublethal and mechanistic effects appear more pronounced for saccharin and
aspartame than for sucralose [91]. In contrast, treatability shows the opposite trend: as-
partame is readily removed during biological treatment [83], whereas sucralose and
acesulfame-K exhibit high resistance. These contrasting patterns demonstrate a persis-
tence—toxicity—treatability trade-off, where compounds with low toxicity may still pose
environmental concerns due to long-term exposure and continuous input.

11. Artificial Sweeteners as Anthropogenic Tracers

Artificial sweeteners have increasingly attracted attention not only as environmental
contaminants but also as useful tracers of anthropogenic pollution [95], as indicated by
the bibliometric findings. Due to their widespread consumption, high chemical stability,
and limited natural sources, these compounds provide valuable indicators of human-de-
rived wastewater contamination in environmental systems. Many artificial sweeteners are
excreted largely unchanged after consumption and are resistant to degradation during
wastewater treatment processes [10]. As a result, they can persist in treated effluents and
subsequently enter receiving water bodies. These characteristics make artificial sweeten-
ers particularly suitable for tracking wastewater inputs, identifying contamination path-
ways, and assessing the impact of urban activities on aquatic environments [12].

11.1. Indicators of Wastewater Contamination

Among the various artificial sweeteners, acesulfame-K and sucralose have been
widely reported as reliable indicators of domestic wastewater contamination [96,97].
These compounds are frequently detected in wastewater influent and effluent at relatively
high concentrations and exhibit strong persistence during conventional wastewater treat-
ment processes. Their resistance to microbial degradation and chemical transformation
allows them to remain detectable in downstream aquatic environments, including rivers,
lakes, and groundwater systems influenced by wastewater discharge. As a result, the
presence of these compounds in natural waters often indicates the influence of treated or
untreated wastewater inputs.

One of the key advantages of using artificial sweeteners as wastewater tracers is their
specific association with human consumption and domestic activities [12]. Unlike many
pharmaceuticals or industrial chemicals, artificial sweeteners are primarily derived from
food and beverage products, meaning their presence in environmental waters strongly
reflects anthropogenic wastewater sources. This specificity reduces the likelihood of alter-
native environmental sources and enhances their reliability as markers of domestic sew-
age contamination [97]. Furthermore, artificial sweeteners are often detected alongside
other emerging contaminants, such as pharmaceuticals and personal care products [6].
Because of their relatively conservative behavior in aquatic environments, artificial sweet-
eners can serve as reference compounds for evaluating the transport and dilution of
wastewater-derived contaminants. Their detection alongside other pollutants can there-
fore help researchers better understand contaminant sources, environmental pathways,
and the effectiveness of wastewater treatment processes.
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11.2. Groundwater and Hydrological Tracing

Artificial sweeteners also exhibit high environmental mobility, which allows them to
travel through aquatic systems without significant sorption to sediments or degradation
[35]. Their persistence and mobility enable them to be detected at considerable distances
from their points of discharge. This characteristic is particularly valuable in studies inves-
tigating the transport of wastewater-derived contaminants through river systems or
groundwater aquifers [8]. In groundwater systems, artificial sweeteners can indicate infil-
tration of wastewater from sources such as leaking sewer infrastructure [12], septic system
discharge [8], or riverbank filtration [35]. In hydrological studies, artificial sweeteners can
be used to track water movement and assess the connectivity between surface water and
groundwater systems.

12. Treatment Technologies for Artificial Sweetener Removal
12.1. Limitations of Conventional Wastewater Treatment

Conventional wastewater treatment plants typically rely on primary and secondary
treatment processes such as sedimentation, activated sludge systems, and biological deg-
radation to remove organic pollutants from wastewater [9]. While these processes are ef-
fective at removing biodegradable organic matter and nutrients, they are often less effec-
tive in eliminating highly stable organic micropollutants, such as artificial sweeteners. Ar-
tificial sweeteners are designed to resist metabolic breakdown in the human body, which
also contributes to their resistance to microbial degradation during biological wastewater
treatment [39]. This intrinsic resistance reflects a fundamental mismatch between the de-
sign of biological treatment systems and the physicochemical properties of artificial sweet-
eners, which are often highly polar, chemically stable, and recalcitrant to enzymatic attack.
As a result, compounds such as sucralose and acesulfame potassium frequently persist
throughout treatment processes and are subsequently discharged in treated effluents [10].
In addition, the hydrophilic nature of artificial sweeteners reduces their tendency to ad-
sorb onto sludge particles, limiting their removal during sedimentation or sludge treat-
ment processes [5]. Consequently, conventional treatment processes primarily act as
transfer pathways rather than removal mechanisms, allowing artificial sweeteners to pass
through WWTPs and enter receiving environments with minimal transformation. These
limitations have prompted growing interest in advanced treatment technologies to im-
prove the removal efficiency of artificial sweeteners from wastewater streams. Several
treatment technologies for artificial sweeteners are listed in Table 7 and discussed further
in the following subsections.

Table 7. Removal efficiencies of artificial sweeteners using different water and wastewater treat-

ment technologies.

Removal Effi-
Technology Target Sweetener ciency (%) Technology Reference
Conventional biological . .
Sucralose 15.83 Municipal WWTP activated sludge system [73]
treatment
Conventional biological . .
Aspartame 61.7 Municipal WWTP activated sludge system [69]
treatment
Conventional biological . .
Neotame 49.8 Municipal WWTP activated sludge system [69]
treatment
Conventional biological .. .
Acesulfame-K 25-70.1 Municipal WWTP activated sludge system [10]
treatment
Conventional biological . .
Sucralose 0-10 Municipal WWTP activated sludge system [10]

treatment
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Conventional biological

Acesulfame-K 15.60 £ 6.15 Full-scale WWTP sequencing batch reactor [22]

treatment
Conventional biological )
Sucralose -10.78 +11.07  Full-scale WWTP sequencing batch reactor [22]
treatment
Activated c.is\rbon ad- Sucralose 2048 Lab-scale granulated e'lctlvated carbon adsorp- [98]
sorption tion
o i Y - X
Electrocat.alytlc oxida Aspartame 899 Lab-scale Ti* self-doped TiOz/stainless steel [99]
tion battery system
Electrocatalytic oxida-
tion Aspartame 97.98 Lab-scale BDD/Carbon battery system [100]
El lytic oxida-
ectroca:iaoiflhc oxida Acesulfame-K 94.2 Lab-scale BDD/stainless steel battery system  [101]
Fenton-like oxidation Saccharin 33.58 UV-H0: [21]
Fenton-like oxidation ~ Acesulfame-K 86.7 UV-H0Oq [102]
Fenton-like oxidation ~ Acesulfame-K 80 Photo-Fenton [103]
Ozonation Aspartame 82.06 Os/TCP [104]
Ozonation Acesulfame-K 85 Os [105]
Ozonation Acesulfame-K 52 Os [13]
Ozonation Acesulfame-K 100 Os [106]
Persulfate-catalyzed ox- 1o 2 me 100 Lab-scale PMS+MOF system [11]
idation
Persulfate-catal -
erst at_e ca_ta yzed ox Saccharin 81 Lab-scale PMS+MOF system [11]
idation
Persulfate-catalyzed ox- g parin 100 Lab-scale UV-PDS system [11]
idation
Ph lytic oxida-
otocat;glrflc oxida Saccharin 97 Lab-scale UV/ANA system [107]
Phomcat;g’:“ oxida- ) cesulfame-K 62.7 Lab-scale UV/ZnO system [102]
Ph lytic oxida-
otocat;glrflc oxida Acesulfame-K 90.4 Lab-scale UV/TiO2system [102]
Phot lytic oxida-
otocatalytic oxida Acesulfame-K 42 Lab-scale UV system [102]

tion

As shown in Table 7, conventional biological treatment processes often exhibit lim-
ited effectiveness in removing artificial sweeteners, primarily due to the chemical stability
and recalcitrance of these compounds [108]. Several studies have reported low removal
efficiencies for artificial sweeteners in municipal WWTPs. For instance, sucralose removal
efficiencies ranged from 0-10% in activated sludge systems and even showed negative
values (-10.78 + 11.07%) in sequencing batch reactors [10,22,73]. Such negative removal
efficiencies are particularly important, as they indicate that wastewater treatment pro-
cesses may not only fail to remove artificial sweeteners but can also lead to apparent con-
centration increases due to deconjugation, transformation of precursor compounds, or re-
lease from sludge matrices. Similarly, acesulfame-K demonstrates inconsistent removal
efficiencies in biological treatment systems, ranging from approximately 15.6% to 70.1%
depending on the treatment configuration and operational conditions [10,22]. This varia-
bility highlights the strong dependence of removal performance on operational parame-
ters such as sludge retention time, microbial community composition, and reactor config-
uration, indicating that removal is not only compound-specific but also system-depend-
ent. Although some partial removal has been observed, these values indicate that a sub-
stantial fraction of the compound persists through treatment processes and is subse-
quently discharged into receiving waters. In contrast, certain artificial sweeteners, such as
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aspartame and neotame, exhibit relatively higher removal efficiencies during biological
treatment, with reported values of 61.7% and 49.8%, respectively [69]. This contrast un-
derscores the importance of molecular structure in determining biodegradability: pep-
tide-like or hydrolyzable functional groups enhance microbial degradation, whereas hal-
ogenated or structurally rigid compounds (such as sucralose) resist breakdown.

12.2. Advanced Oxidation Processes

Advanced oxidation processes have emerged as promising techniques for the re-
moval of persistent organic contaminants, including artificial sweeteners [86]. These pro-
cesses rely on the generation of highly reactive oxidizing species, particularly hydroxyl
radicals, which can rapidly degrade organic compounds into smaller molecules or miner-
alize them into carbon dioxide and water. Common advanced oxidation process technol-
ogies include ultraviolet (UV) irradiation [109], ozonation [5], photocatalysis [102], and
combinations of oxidants such as hydrogen peroxide and ozone. Unlike biological pro-
cesses, advanced oxidation processes target chemical structure rather than biodegradabil-
ity, making them particularly effective for recalcitrant compounds such as sucralose and
acesulfame-K. Despite their effectiveness, advanced oxidation processes may also pro-
duce intermediate transformation products during partial degradation, as previously dis-
cussed in Section 10.4. Importantly, incomplete oxidation can lead to the formation of
more reactive or toxic intermediates, highlighting a trade-off between removal efficiency
and by-product safety.

As summarized in Table 7, several advanced oxidation processes have been investi-
gated for the degradation of artificial sweeteners, including electrocatalytic oxidation,
Fenton-like processes, ozonation, persulfate-based oxidation, and photocatalytic oxida-
tion. These technologies generally achieve significantly higher removal efficiencies than
conventional biological treatment methods. However, it is important to note that high re-
moval efficiency does not necessarily equate to complete mineralization, and many stud-
ies report transformation rather than full degradation. Among advanced oxidation pro-
cesses, electrocatalytic systems (such as boron-doped diamond (BDD) electrodes) tend to
achieve higher mineralization efficiency due to their strong oxidation potential. In con-
trast, processes such as UV/H202 or photocatalysis may result in partial degradation de-
pending on operational conditions. Laboratory-scale studies using advanced electrode
materials such as BDD and Ti%* self-doped TiO:2 electrodes have achieved removal efficien-
cies of up to 97.98% for aspartame and 94.2% for acesulfame-K [100,101]. These systems
operate by generating reactive oxidants directly at the electrode surface, enabling rapid
degradation of organic contaminants. The high oxidation potential of BDD electrodes, in
particular, has been shown to enhance the mineralization of persistent micropollutants.
Fenton-like oxidation processes also demonstrate considerable effectiveness. Systems
combining hydrogen peroxide with UV irradiation or iron catalysts can generate hydroxyl
radicals capable of degrading artificial sweeteners. For example, UV/H20: treatment
achieved approximately 86.7% removal of acesulfame-K [102], while photo-Fenton sys-
tems reported removal efficiencies around 80% [103]. However, some compounds, such
as saccharin, may exhibit lower degradation efficiencies under certain conditions, with
removal rates reported at approximately 33.6% in UV/H20: systems [21].

The wide variability in ozonation efficiency (52-100%) further indicates that process
optimization is critical and that treatment performance cannot be generalized across sys-
tems. Ozone (Os) acts as a powerful oxidant that can react directly with organic com-
pounds or generate secondary hydroxyl radicals in aqueous environments. Studies have
reported ozonation removal efficiencies for acesulfame-K ranging from 52% to complete
degradation (100%), depending on operational conditions such as ozone dosage, contact
time, and the presence of catalysts [13,106]. Similarly, ozonation systems combined with
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catalytic materials (e.g., Os/TCP) have achieved removal efficiencies exceeding 82% for
aspartame [104]. Persulfate-based oxidation technologies have also gained attention for
their ability to generate sulfate radicals with high oxidation potentials. Laboratory-scale
studies utilizing peroxymonosulfate (PMS) activated by metal-organic framework (MOF)
catalysts achieved complete degradation of neotame (100%) [11] and high removal rates
of saccharin (81-100%) [11].

Photocatalytic oxidation processes using semiconductor catalysts such as TiO2 and
ZnO have also been explored for the degradation of artificial sweeteners. Under UV irra-
diation, these catalysts generate electron-hole pairs, leading to the formation of hydroxyl
radicals that oxidize organic contaminants. Reported removal efficiencies include 97% for
saccharin using UV/ANA systems [107], 90.4% for acesulfame-K using UV/TiO2 [102], and
62.7% for acesulfame-K using UV/ZnO [102]. Photocatalytic performance can vary de-
pending on catalyst properties, light intensity, and reaction conditions. Despite their ef-
fectiveness, the large-scale implementation of AOPs may be limited by factors such as
operational costs, energy requirements, and the potential formation of transformation by-
products. Therefore, further research is needed to optimize these technologies and evalu-
ate their environmental sustainability for full-scale wastewater treatment applications.

Despite their high efficiency, the large-scale application of AOPs remains constrained
by several factors, including high energy consumption, operational costs, and the need for
chemical inputs [13,106]. In addition, the formation of transformation products and the
lack of comprehensive toxicity evaluation of these by-products pose significant challenges
for environmental safety [6,15,29]. Therefore, while AOPs offer substantial improvements
in removal efficiency, their practical implementation requires careful optimization and
integration with downstream treatment or monitoring strategies.

12.3. Adsorption Technologies

As indicated in Table 7, GAC adsorption systems have demonstrated moderate re-
moval efficiencies for artificial sweeteners, with sucralose showing approximately 20-48%
removal [98]. While this performance represents an improvement over some conventional
biological processes, it remains relatively limited compared to advanced oxidation tech-
nologies. This limited performance reflects the inherent mismatch between the hydro-
philic nature of artificial sweeteners and the typically hydrophobic surface properties of
activated carbon materials. The moderate removal efficiency can be attributed to the phys-
icochemical characteristics of artificial sweeteners, particularly their high polarity and
strong water solubility, which reduce their affinity for adsorption onto hydrophobic car-
bon surfaces, a process strongly influenced by molecular structure and hydrophobicity.
As a result, adsorption processes are more suitable for polishing or supplementary treat-
ment steps than as standalone solutions for artificial sweetener removal.

13. Knowledge Gaps Identified from Research Mapping

The scientometric mapping of artificial sweetener research provides a comprehensive
overview of the dominant research themes and emerging trends within the field. Despite
the growing number of publications and increasing scientific interest, several critical
knowledge gaps remain. These gaps highlight areas where further research is required to
improve the understanding of artificial sweeteners as environmental contaminants and to
support more effective environmental management strategies.

13.1. Limited Studies on Transformation Products

Although numerous studies have investigated the occurrence and persistence of ar-
tificial sweeteners in environmental systems, relatively limited attention has been given
to the formation and behavior of transformation products [21,93,109]. Artificial
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sweeteners can undergo chemical and biological transformations during wastewater
treatment processes or after release into natural aquatic environments. Processes such as
photodegradation, biodegradation, and advanced oxidation may generate intermediate
compounds that differ significantly from the parent molecules in terms of chemical prop-
erties and toxicity. However, the identification and characterization of these transfor-
mation products remain insufficiently explored. Moreover, the environmental stability,
mobility, and potential ecological impacts of these degradation byproducts are still poorly
understood. Future studies should therefore focus on elucidating transformation path-
ways and assessing the environmental risks associated with both parent compounds and
their degradation products.

13.2. Geographic Imbalance in Research

The bibliometric analysis conducted in this study reveals a significant geographic
imbalance in the global research landscape of artificial sweeteners as environmental con-
taminants. As shown in the country productivity and collaboration analyses, the majority
of publications originate from developed regions, particularly North America, Europe,
and parts of East Asia. Countries such as the United States, China, Germany, Canada,
Australia, and Spain dominate scientific output in this field, reflecting their strong re-
search infrastructure, advanced analytical capabilities, and well-established environmen-
tal monitoring programs [67,74,75,77-79]. The concentration of research activity in these
regions is largely attributable to several factors. First, developed countries typically pos-
sess more advanced wastewater treatment systems and environmental monitoring net-
works, which facilitate the detection and study of emerging contaminants such as artificial
sweeteners [17]. Second, access to high-resolution analytical instrumentation, including
LC-MS/MS and high-resolution mass spectrometry, enables researchers in these regions
to conduct detailed environmental investigations [78]. Third, regulatory interest in emerg-
ing contaminants has been more prominent in Europe and North America [64], further
stimulating scientific research in this area.

In contrast, developing regions such as Africa, South America, and parts of Southeast
Asia remain significantly underrepresented in the current literature. Although some stud-
ies have been reported in countries such as Brazil, Mexico, India, and Thailand, the overall
number of publications from these regions remains relatively low compared with those
from Europe and North America. This disparity limits the ability to develop a truly global
understanding of patterns of artificial sweetener contamination.

Another consequence of this geographic imbalance is the limited availability of envi-
ronmental data for tropical and subtropical ecosystems, which may exhibit distinct envi-
ronmental dynamics compared to those in temperate regions [110]. Factors such as higher
temperatures, intense solar radiation, seasonal rainfall patterns, and varying wastewater
management practices can influence the environmental fate, transport, and degradation
of artificial sweeteners. Without adequate data from these regions, global assessments of
artificial sweetener persistence and ecological impacts remain incomplete. Furthermore,
the bibliometric collaboration network indicates that international research collaborations
are often centered around major research hubs in Europe and North America, with limited
participation from institutions in developing countries. Strengthening collaborative re-
search programs and expanding environmental monitoring initiatives in underrepre-
sented regions will therefore be essential for addressing this imbalance.

13.3. Lack of Long-Term Monitoring Studies

Another significant research gap relates to the limited availability of long-term mon-
itoring data [111]. Most existing studies focus on short-term sampling campaigns or site-
specific investigations, which provide only a snapshot of artificial sweetener
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concentrations in environmental systems. Long-term monitoring is necessary to evaluate
temporal trends, seasonal variations, and the potential accumulation of artificial sweeten-
ers in aquatic environments. Continuous monitoring programs would also enable re-
searchers to assess the effectiveness of wastewater treatment technologies and environ-
mental management strategies over extended periods. Establishing long-term datasets is
therefore crucial for improving the understanding of the environmental dynamics of arti-
ficial sweeteners.

13.4. Limited Ecotoxicological Understanding

While artificial sweeteners are widely considered safe for human consumption
within regulated limits, their ecological impacts remain insufficiently studied. Existing
research has primarily focused on environmental occurrence and treatment technologies,
whereas studies addressing ecotoxicological effects are comparatively scarce [64]. Prelim-
inary investigations have suggested that artificial sweeteners may influence microbial
community composition, metabolic processes, and oxidative stress responses in aquatic
organisms [7,16,112]. However, comprehensive assessments of chronic toxicity, bioaccu-
mulation potential, and trophic transfer remain limited. Additionally, the combined ef-
fects of artificial sweeteners with other micropollutants present in aquatic environments
are not yet well understood.

14. Future Research Directions
14.1. Integrated Monitoring Frameworks

Comprehensive monitoring systems are essential for accurately assessing the envi-
ronmental distribution and long-term trends of artificial sweeteners in aquatic and terres-
trial environments. Current monitoring efforts are often fragmented and limited to spe-
cific regions or environmental matrices [35,93,95], which may hinder the ability to obtain
a global understanding of contamination patterns. Future research should aim to establish
integrated monitoring frameworks that combine chemical analysis, environmental mod-
eling, and large-scale data sharing. The monitoring systems should incorporate multiple
environmental compartments, including wastewater, surface water, groundwater, sedi-
ments, and soils, to capture the full environmental cycle of artificial sweeteners. The inte-
gration of advanced analytical techniques with environmental monitoring programs may
also improve detection sensitivity and allow for the identification of transformation prod-
ucts. Furthermore, the development of standardized monitoring protocols would facili-
tate comparison across different regions and contribute to more reliable global assess-
ments of artificial sweetener contamination.

14.2. Multi-Contaminant Interactions in Aquatic Systems

In natural environments, artificial sweeteners rarely occur in isolation and are often
detected alongside other emerging contaminants such as pharmaceuticals, personal care
products, and industrial chemicals. These compounds may interact within aquatic sys-
tems and potentially influence each other’s environmental behavior, toxicity, or degrada-
tion pathways [17]. However, current research has largely focused on the effects of indi-
vidual contaminants rather than their combined interactions. Future studies should inves-
tigate potential synergistic or antagonistic effects arising from mixtures of artificial sweet-
eners and other organic micropollutants. Such interactions may influence microbial com-
munities, aquatic organisms, and ecosystem processes in ways that are not fully captured
by single-compound studies.
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14.3. Nature-Based and Hybrid Treatment Systems

Advancing sustainable and cost-effective treatment technologies represents another
important research priority for addressing artificial sweetener contamination. While con-
ventional wastewater treatment processes have limited effectiveness in removing certain
artificial sweeteners, emerging treatment approaches have demonstrated promising re-
sults. Among these approaches, nature-based treatment systems, such as constructed wet-
lands and other ecological treatment technologies, have gained increasing attention for
their environmental sustainability and lower operational costs [113-115]. Hybrid treat-
ment systems that integrate multiple treatment mechanisms may also enhance removal
efficiency [116-118]. Continued research into optimizing these hybrid systems may con-
tribute to more efficient and sustainable wastewater treatment strategies that address ar-
tificial sweeteners and other emerging contaminants.

14.4. Policy Implications and Regulatory Needs

The growing environmental presence of artificial sweeteners highlights the need for
stronger policy frameworks and regulatory considerations. Currently, most regulatory
guidelines focus primarily on the safety of artificial sweeteners for human consumption,
while their environmental impacts remain less thoroughly addressed [119]. As monitoring
studies continue to reveal their widespread occurrence in aquatic systems, policymakers
may need to consider incorporating artificial sweeteners into environmental monitoring
programs and water quality management strategies. Developing appropriate regulatory
guidelines requires an improved understanding of environmental exposure levels, trans-
formation products, and ecological risks. Collaboration between scientists, regulatory
agencies, and industry stakeholders will therefore be essential to establish effective poli-
cies that balance technological innovation with environmental protection. Strengthening
environmental regulations and monitoring frameworks may ultimately support more sus-
tainable management of artificial sweeteners and other emerging contaminants.

Future efforts should also focus on promoting natural and biodegradable sweetener
alternatives (for example, stevia [4] or fruit extract such as thaumatin [120]), implementing
regulatory and reformulation strategies to reduce reliance on persistent synthetic com-
pounds, and enhancing public awareness through coordinated educational and policy-
driven initiatives to mitigate both health and environmental risks associated with artificial
sweeteners.

15. Conclusions

The rapid global adoption of artificial sweeteners as sugar substitutes has resulted in
their increasing release into the environment, where they are now recognized as a class of
emerging contaminants. This review integrates bibliometric analysis with environmental
assessment to provide a comprehensive overview of the occurrence, environmental fate,
ecological implications, and treatment of artificial sweeteners in aquatic systems. Biblio-
metric results reveal a substantial growth in research output over the past decade, reflect-
ing rising scientific and regulatory interest in the environmental implications of these
compounds. The research landscape is dominated by contributions from North America,
Europe, and East Asia, with strong interdisciplinary involvement from environmental sci-
ence, chemistry, engineering, and toxicology. Keyword co-occurrence and thematic map-
ping indicate that current research is primarily centered on environmental monitoring,
wastewater treatment, transformation processes, and ecotoxicological evaluation.

Evidence from environmental monitoring studies confirms the widespread occur-
rence of artificial sweeteners in wastewater influent and effluent, surface waters, ground-
water, and even drinking water sources. Compounds such as acesulfame-K and sucralose
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are particularly persistent due to their high chemical stability and resistance to biodegra-
dation, making them reliable tracers of domestic wastewater contamination. Their persis-
tence allows them to pass through conventional wastewater treatment processes, result-
ing in continuous environmental discharge and long-range environmental transport.

Transformation processes, including biodegradation, photodegradation, and ad-
vanced oxidation, play important roles in altering the environmental behavior of these
compounds. However, transformation products generated during these processes may
exhibit different toxicity profiles and environmental persistence, which remain insuffi-
ciently characterized. Treatment technologies such as ozonation, advanced oxidation pro-
cesses, activated carbon adsorption, and membrane filtration have shown promising re-
moval efficiencies. However, operational costs and the formation of transformation prod-
ucts remain important challenges.

Despite the growing body of literature, several critical knowledge gaps remain. Cur-
rent research is geographically concentrated in developed regions, while many develop-
ing countries with rapidly increasing consumption of artificial sweeteners remain un-
derrepresented. Long-term environmental monitoring data are limited, and the ecological
impacts of chronic low-level exposure are still poorly understood. In addition, the for-
mation, environmental behavior, and toxicity of transformation products require further
investigation.

Future research should therefore focus on integrated monitoring strategies, im-
proved analytical techniques for identifying transformation products, and the develop-
ment of cost-effective treatment technologies to address these highly persistent com-
pounds. Greater international collaboration and standardized monitoring frameworks
will also be essential for improving global understanding of artificial sweetener pollution.
Overall, addressing these challenges will be critical to improving the management of
emerging contaminants and protecting aquatic ecosystems and public health amid in-
creasing global consumption of artificial sweeteners.
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