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Highlights:

*  Drinking water systems harbour a cocktail of emerging organic contaminants (EOCs)
®  The occurrence, fate and behaviour of EOCs in drinking water systems are discussed
* EOCsin drinking water systems constitute a potential human exposure pathway

¢  Evidence on the human health risks of EOCs is presented and critiqued

¢  Future directions and emerging tools for detection and risk analysis are discussed

Abstract: Emerging organic contaminants (EOCs) of anthropogenic origins are ubiquitous in
environmental compartments, including aquatic systems. Thus, EOCs have attracted considerable
research and public attention due to their potential human and ecological health risks. However,
compared to other aquatic environments such as wastewater systems, comprehensive reviews
focussing on the occurrence and human health risks of EOCs in drinking water systems are still
lacking. Therefore, to address this knowledge gap, the current review posits that drinking water
systems harbour a cocktail of toxic EOCs, which pose public health risks via multiple exposure
routes. In the present review, global evidence is examined to track EOCs along the source-pathway-
receptor-impact-mitigation (SPRIM) continuum. Evidence shows that, various groups of EOCs,
including pharmaceuticals and personal care products, solvents, plasticizers, endocrine disrupting
compounds, gasoline additives, per- and polyfluoroalkyl substances (PFAS), food colourants,
artificial sweeteners, and musks and fragrances, have been detected in drinking water systems. The
anthropogenic sources of EOCs detected in drinking water systems, including wastewater systems
and industrial emissions, are summarized. Further, the behaviour and fate of EOCs in the drinking
water systems, including removal processes are discussed. Once in drinking water systems, human
exposure to EOCs may occur via ingestion of contaminated drinking water and cooked foods, and
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possibly dermal contact and inhalation. The high-risk environments, and risk factors and
behaviours predisposing humans to EOC exposure are discussed. Evidence on the human health
risks of the various EOCs and a critique of the data are presented. Notably, besides inferential data,
quantitative epidemiological evidence directly relating the occurrence of EOCs in drinking water
systems to specific adverse human health outcomes is still scarce. Lastly, future research directions,
including the need for quantitative public health risk assessment, and the application of emerging
detection tools are discussed.

Keywords: human exposure; high-risk environments; human health hazards; personal care
products; pharmaceuticals; per- and polyfluoroalkyl substances; risk factors

1. Introduction

Emerging organic contaminants (EOCs) is a diverse group comprising of various classes,
including pharmaceuticals and personal care products (PPCPs), solvents, plasticizers, endocrine-
disrupting compounds, gasoline additives, food colourants, artificial sweeteners, per- and
polyfluoroalkyl substances (PFAS), and musks and fragrances [1]. EOCs are extensively used in
industrial and household chemicals, personal care products, the food industry, and pharmaceuticals
for animal and human healthcare [2]. Because they potentially pose public health risks, EOCs have
received considerable research and public attention mainly in developed countries and to a relatively
smaller degree, in low-income countries (LICs) [3-6].

To date, a large body of evidence exists on EOCs in various environmental systems, including
soils, aquatic systems, biota, and atmosphere [1,3-7]. However, compared to other aquatic
compartments, studies on aquatic environments, particularly wastewater systems, still dominate the
literature on EOCs. For example, there are several research articles and reviews on the occurrence,
behaviour, and fate of EOCs in wastewater [8-10]. Others have also investigated the ecological risks
posed by EOCs in surface aquatic systems and marine bio-assay organisms [2,11,12].

EOCs in drinking water systems (DWS) have also received some research attention from as early
as the 2000s, and several studies have detected various classes of EOCs in drinking water systems
[3,13-15]. In the context of the present review, drinking water systems include: (1) surface water and
groundwater serving as drinking water sources, (2) drinking water treatment systems, (3) drinking
water storage and distribution systems, (4) untreated or treated water at the point of use, including
tap water, and (5) bottled natural, mineral or treated water. To date, several studies have reported
EOCs in drinking water systems (DWS) in a number of countries [3,13,14]. For instance, 49 different
EOCs and their metabolites were detected in a DWTP at a total concentration in the range of 1600
4200 ng/L was recorded [16]. Tap water analysed in different housing topologies in Malaysia had
bisphenol A of approximately 66.40 ng/L (high-rise housing), sulfamethoxazole, and caffeine [17].
The existence of neonicotinoids in drinking water sources has been reported in Hangzhou China [18].
The identified neonicotinoids include immidacloprid, acetamiprid, and clothianidin with
concentrations of 11.9, 17.6, and 7.6 ngL-! respectively. However, DWTPs have been shown to remove
about 50% of surface water-derived neonicotinoids.

However, compared to data on wastewater systems, the corresponding original studies and
reviews focusing on DWS are still relatively limited. The limited research on EOCs in DWS could be
attributed to the previously held notion that the occurrence and health risks of EOCs in these aquatic
systems could be low relative to that of wastewater systems. Yet drinking water represents one of the
most direct human exposure and intake routes for EOCs. Recent evidence showing that drinking
water systems also harbour diverse classes of emerging contaminants of anthropogenic origins
[3,13,14] points to the need for comprehensive research on the topic.

Despite increasing evidence showing EOCs in DWS, comprehensive reviews on their
occurrence, behaviour, fate and human health risks are still scanty relative to those on wastewater
environments. To address this knowledge gap, the current review posits that drinking water systems
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harbour a cocktail of toxic EOCs, which pose human health risks via multiple exposure routes. In the
present review, global evidence is examined to track EOCs along the source-pathway-receptor-
impact-mitigation (SPRIM) continuum [1,19]. As pointed out in earlier papers, unlike reviews
focusing on a few aspects such as occurrence and fate, the application of the SPRIM continuum
framework enables the identification of well-studied as well as under-studied aspects of EOCs in the
drinking water systems [1]. In this regard, the SPRIM continuum framework provides a
comprehensive review of EOCs in drinking water systems.

This review seeks to: (1) present a summary of the occurrence, sources, behaviour, fate and
removal processes of EOCs in drinking water treatment systems, (2) discuss human exposure routes,
and high-risk settings and factors predisposing humans to EOC in drinking water systems, (3) discuss
and critique the evidence on human health risks of EOCs, and (4) propose future research directions,
including key knowledge gaps. The point sources, occurrences, and distribution of EOCs among
drinking water sources are summarized in Figure 1.
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Figure 1. A depiction of the source-pathway-receptor-impact continuum of emerging organic
contaminants in drinking water systems.

2. Materials and Methods

The current study used a hybrid approach that included quantitative and qualitative
methodologies. Using a Boolean search approach, literature from English language scholarly
databases that include Google Scholar, ScienceDirect, Web of Science, and Scopus was searched and
retrieved. In this case, the Boolean search strategies restricted and extended the search by combining
search strings with search operators and modifiers including NOT, AND, and OR. This particular
method allowed for the retrieval of the majority of literature relevant to the study objectives, although
it may have omitted additional publications published in languages other than English. The
individual articles were then subjected to a preliminary qualitative screening and evaluation based
on the study objectives. Nevertheless, there was limited evidence of contamination of drinking by
emerging contaminants before 2000, therefore subsequent searches were restricted to the period 2000
to 2023.

A brief overview of the Boolean search approach and representative strings of search phrases
applied in this current study are summarized here. Specifically, the search strings included the
following; (i) ‘emerging organic contaminants AND/OR drinking water systems’, (ii) ‘emerging organic
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contaminants AND/OR drinking water’, (iii) ‘emerging organic contaminants AND/OR occurrence in
drinking water’, (iv) emerging organic contaminants AND/OR fate in drinking water’, (v) emerging organic
contaminants AND/OR behaviour in drinking water’, (vi)‘emerging organic contaminants in drinking water
AND/OR human exposure’, (vii) emerging organic contaminants in drinking water AND/OR human
exposure pathway’, and (viii) Emerging organic contaminants AND/OR human health risks’.

Following the preliminary screening and analysis, relevant publications on the occurrence and
public health risks emanating from drinking water-derived emerging organic contaminants were
retained for further examination. The remaining publications were thoroughly reviewed, and the
major findings were summarized in Tables 1 - 5. A completely systematic quantitative review
employing bibliometric and meta-analysis methodologies was beyond the scope of the current.

3. Occurrence of Emerging Organic Contaminants in Drinking Water Systems

EOCs have been reported in several DWS, including groundwater, surface waters, water
treatment systems, and water samples at the point of consumption (e.g., tap water) (Tables 1-3). The
EOCs in DWS originate from many environmental sources, such as wastewater treatment plants
(WWTPs), industrial sources, and on-site sanitation systems such as pit latrines and septic tanks
(Figure 1). Because inputs often exceed the rates of their transformation and removal, EOC
concentrations may persist or pseudo-persist in aquatic environments, including DWS. In this
section, a comprehensive overview of the occurrence and fate of various EOCs in drinking water
systems is given.

The occurrence of EOCs in DWS has been reported globally (Table 1). Whereas a considerable
body of literature exists in developed countries [20,21], there are limited studies in LICs like those in
Africa. However, challenges concerning water scarcity are frequently worse than in more developed
countries. For instance, only a small number of open-access publications exist that describe the
occurrence of EOCs in DWS in Africa, and these publications are only available for seven of the
possible 54 countries in Africa, which is low. The few studies that have been conducted, however,
have shown that there is a serious problem with EOCs in drinking water sources in Africa and other
LICs (Table 1). Among other factors, the lack of highly sensitive and sophisticated analytical
equipment necessary for such studies may be the cause of the limited data on the occurrence of EOCs
in DWS in Africa and other LICs [22]. The equipment is also expensive and requires specialists to
operate and maintain, which is a barrier to their availability in many LICs [23]. Some studies on
emerging contaminants in groundwater sources in Africa were conducted by research groups from
outside Africa. For example, in a study by Sorensen et al. [24], samples from Zambia were freighted
to the UK for analysis by the UK Environment Agency National Laboratory Services.

Another reason for the lack of data representation on EOCs in DWS in LICs could be poor data
management. In general, most African countries lack a national water quality database. Only detailed
periodic surveys of specific water bodies conducted by specialist programs or donor-sponsored
projects provide a reliable source of primary data [25]. The majority of the studies cited in Africa were
reported by individuals or research teams in educational and research institutions. Similar to the
scenario for the occurrence of EOCs in DWS, the dearth of data is much more severe with regard to
ecological and public health risks [26]. Several studies have speculated on the reasons for this, and
they all reflect weak research systems in LICs [4,8,26,27]. In subsequent sections, data on the various
EOCs detected in DWS are presented.

3.1. Pharmaceuticals

When pharmaceutical compounds are released into the environment; they may end up in DWS
(Table 1). Various classes of pharmaceutical compounds detected in DWS; include antibiotics [20; 21],
analgesics [28], psychiatric drugs [29], stimulants [30], antidepressants [31], anticonvulsants, diuretics
[32], and many others. In comparison to other classes of pharmaceutical compounds; several studies
have shown that antibiotics are frequently detected in drinking water systems [20,21,33,34]. For
example; erythromycin; roxithromycin; ciprofloxacin; ofloxacin; sulfadiazine; sulfamethoxazole; and
oxytetracycline were detected in Chinese drinking water sources at frequencies of 20-100% and
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concentrations of <118.60 ng/L [21]. In a another study, ciprofloxacin (8.69 ng/L) and
sulfamethoxazole (0.90 ng/L) were detected in both river water and tap water in Malaysia [34]. A
related study in Hungary detected 19 pharmaceutical compounds in tap water with mean
concentrations exceeding 30 ng L' [35]. With a mean concentration of 8.9 ng L', carbamazepine was
the most frequently detected. Notably, the presence of pharmaceutical compounds in tap water
indicates that the ineffectiveness of the water treatment methods. The removal of pharmaceutical
compounds is important as some are linked to significant toxicological hazards, and pose public
health risks [36]. Therefore, to safeguard public health, the development of innovative water
treatment technologies capable of removing pharmaceutical compounds and other ECs should be a
priority.

The detection of analgesics in DWS almost follows the trend of antibiotics (Table 1). Several
studies reported the presence of analgesics (e.g., ibuprofen, dexamethasone, diclofenac, and
naproxen) in DWS [21,34,37]. Ibuprofen, for instance, was detected in 60% of Colombia's raw water
reservoirs [38]. Most importantly, the drug was still present, albeit at low concentrations (40 ng/L), in
treated water, demonstrating that the EOCs cannot all be removed by the existing conventional
treatment methods. In other studies, ibuprofen was detected in groundwater in Pakistan at a
concentration of 154 ng/L [28], while diclofenac was detected in Germany river water at
concentrations of up to 15 ug/L. Although the concentrations may seem too low to have any
pharmacological effects on humans, chronic exposure could pose potential risks [39]. Moreover,
pharmaceutical compounds may even have adverse effects at low concentrations, because they are
designed to have therapeutic effects even at low concentrations.

Antibiotics, painkillers, stimulants, antidepressants, anti-hypertensives, hormones, and PPCP
metabolites have also been reported in aquatic systems [40,41]. Other antibiotics such as
ciprofloxacin, ampicillin, nalidixic acid, sulfamethoxazole, streptomycin, tetracycline, erythromycin,
chloramphenicol, dihydrostreptomycin, kanamycin, apramycin, and tylosin, have been detected in
DWS [40,42,43]. However, their concentrations in water vary with time and location. For example,
antibiotics in the range of 0.21-25.6 pg/L were detected along the Umgeni River in South Africa [42].
A related study reported the occurrence of antibiotics in surface waters in Fez-Morocco with
amoxicillin, erythromyecin, sulfamethoxazole, tetracycline, ciprofloxacin, oxolinic acid, trimethoprim
having concentrations in the range of 0.0019-4.107 ug/L [44]. Furthermore, higher concentrations
(3.4-18.4 pg/L) were detected in Tunisian groundwater [43], indicating that they can contaminate
drinking water sources. Besides occurring in drinking water sources, antibiotics have been detected
in bottled and sachet water [45], posing threats to human health.

Notably, developed countries reported the majority of the findings, while limited research has
been conducted in low-income countries, including Africa (Table 1). One study in Nigeria revealed
considerable concentrations of amoxicillin, acetaminophen, nicotine, ibuprofen, and codeine in
drinking bottled water, groundwater (wells and boreholes), and surface waters . More significantly,
all the waters contained amoxicillin in the range of 1614, 238 - 358 ng/L. Similarly, ribavirin and
famciclovir, which are antiretroviral drugs, were at 0.042 ng/mL and 0.055 ng/mL, respectively in
South African drinking water [46]. Compared to other African countries, South Africa has a relatively
larger number of studies on EOCs in DWS [46,47]. This may be due to the fact that South Africa is an
upper-middle-income economy, which has research funding resources and relatively advanced
research infrastructure to undertake such studies. The paucity of funding for such studies and the
absence of advanced analytical facilities to detect such contaminants at a large scale may be the reason
for the few investigations on the detection of pharmaceuticals in DWS in most LICs.

Table 1. Pharmaceuticals as emerging organic contaminants in drinking water systems.

Drinki
Country EOCs rinxing Key results and Remarks References
Water System
Antibiotics (trimethoprim, Antibiotics (0.44 -45.40 ng/L),
China  sulfadimidine, sulfadiazine, Groundwater at detection rates from 1.23%- [20]

sulfamethoxazole, 95.06%. Contaminated
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sulfachloropyridazine,

norfloxacin, ciprofloxacin and

enrofloxacin)

groundwater with mixes of

pharmaceuticals can act as
potential drivers of antibiotic

resistance in human beings

Zambia Caffeine

Caffeine was detected in both
shallow wells and borehole
water at concentrations less
than 0.17ng/L. The findings
could not pose any risk but
continuous exposure to the

contaminant even at low
concentrations is a cause for
concern

Groundwater
(shallow wells
and boreholes)

[24]

China Sulfamethoxazole

The highest concentrations of
0.69 ng/L were detected.
Detection frequencies ranged
between 20-100% of sampled
water. Water treatment
methods failed to remove the
EOCs. Long term exposure
through ingestion is a concern
for antibiotic resistance

Tap water [21]

Erythromyecin, roxithromycin,

ciprofloxacin, ofloxacin,
sulfadiazine,
sulfamethoxazole,
oxytetracycline, ibuprofen,
and naproxen.

China

All 9 pharmaceuticals were
detected with frequencies of
20-100% and concentrations of
<LOQ-118.60 ng/L. Long-term
ingestion and exposure to the
compounds raises concerns
about antibiotic resistance.

Drinking water
sources

[48]

Dexamethasone, Primidone,
Malaysia Propranolol, Ciprofloxacin,

Sulfamethoxazole, Diclofenac

Pharmaceuticals were detected
in both river water and tap
water. Dexamethasone
(2.11ng/L), Primidone (2.99
ng/L), Propranolol (0.69 ng/L),
Ciprofloxacin (8.69 ng/L),
Sulfamethoxazole (0.90 ng/L),
and Diclofenac (21.39 ng/L)
detected in tap water.

TaP water and [34]
river water

Amoxicillin, acetaminophen,

nicotine, ibuprofen, and
codeine

Nigeria

Amoxicillin: 238, 358, and 1614
ng/L in groundwater, drinking
water, and surface water.
Detection frequencies for
acetaminophen, codeine,
ibuprofen, and nicotine
exceeded 70%. Chronic

Surface waters,
groundwater
samples (wells

and boreholes) [45]

and drinking to these d
exposure to these dru
bottled water ‘p &
mixtures warrants more
samples

inquiry into the potential
health consequences of such
inadvertent exposure.

doi:10.20944/preprints202306.1160.v1
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The pharmaceuticals present in
influent and effluent, with
concentrations ranging from <
ILOQ-14.2 ug L' and < ILOQ -
2.45 pg L, respectively. The
maximum concentrations
recorded in the effluent water
Ibuprofen, caffeine, Influent water, including river water samples
paracetamol, efavirenz, WWTP effluent were for ibuprofen, (4.14 ug [47]
paraxanthine water L-), caffeine (2.98 ug L),
paraxanthine (1.22 ug L), and
efavirenz (0.58 pg L). These
findings show that the
contaminants were not
completely removed by the
conventional water treatment
methods.
All the pharmaceuticals were
Antibiotics, antipyretics, present in discharged treated
atenolol, bezafibrate, and river water water (river water) with [49]
caffeine concentrations of most drugs
below 10 ug/L.
The compounds were detected
South . treated effluent with average concentrations in
. Naproxen, ibuprofen .
Africa water the treated effluent ranging
from 10.7 - 24.6 pgl.!
Both drugs were found in both
influent water and treated
drinking water. The
influent water, concentrations of ribavirin and
treated famciclovir in influent water [46]
drinking Water were 19.60 ng/mL and 19.00
ng/mL, respectively. In treated
water it was 0.042 ng/mL and
0.055 ng/mL, respectively.
Detection frequencies
exceeded 80%. 4-
acetaminopyrine (48.16 ng/L),
florfenicol (84.56 ng/L),
tap water hydrochlorothiazide (33.13 [32]
ng/L), irbesartan (38.35 ng/L),
primidone (32.85 ng/L,
thiamphenicol (101.54 ng/L),
and valsartan (66.84 ng/L),
Detection frequency: ibuprofen
> carbamazepine > naproxen >
Czech Ibuprofen, carbamazepine diclofenac. Concentrations: 0.5-
§ . " WWTP effluent 20.7 ng/L. Sampling points [37]
naproxen, and diclofenac .
were at public water systems
that serve 50.5% of the Czech
population, and this could

South
Africa

South
Africa

[50]

South Antiretroviral drugs
Africa (ribavirin, famciclovir)

Different pharmaceuticals
(e.g., antibiotics, angiotensin ii
receptor blockers, diuretics,
anticonvulsants)

China

Republic
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pose health risks to over half of
the population.

Germany Diclofenac

Detected in 10 out of 27 water
samples in concentrations of
up to 15 pug/L. The
concentrations are very low
not to cause pharmacological
effects in man but continuous
exposure could have some

river water
samples

potential risks.

[39]

Clofibric acid, Ibuprofen,
Gemfibrocil, Fenoprofen,

Germany
and Sarkosin-N-

(phenylsulfonyl) (SPS) ng/L

pond and river

Indomethacin, Ketoprofen
water samples

At least one of the compounds
was detected in 25 of 27 water
samples in ng/L. The most
frequently detected substance
was SPS. Most are excreted
after oral intake and were
mostly found in rivers with
direct connection to sewage
plants.

[39]

Malaysia Ciprofloxacin and amoxicillin

Ciprofloxacin was found at the
greatest quantity (0.667 ng/L),
whereas amoxicillin was found
at the lowest (0.001 ng/L). The
long exposure through
consumption of such water has

drinking
water

potential risks

[33]

Pharmaceutically active

Hungary compounds (PhACs)

19 PhACs were detected in tap
water samples with a total
mean concentration exceeding
30 ng L only at 5 sites. The
frequently detected PhAC,
carbamazepine (54 % of the
samples) had 8.9 ng L as the
mean concentration. Travel
distance between drinking
water wells decreased the
PhAC concentrations.

tap water

[35]

Pharmaceutically active

Brazil compounds

Trace concentrations detected.
Betamethasone, fluconazole,
and prednisone, were most
frequent, and had the greatest
concentrations. Some PhACs
were linked to significant
toxicological hazards; as a
result, such water
consumption could be harmful
to people's health.

surface and
drinking water
samples

[36]

China Ibuprofen

The highest concentrations of
1.28 ng/L were detected.
Detection frequencies ranged

tap water

[21]
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between 20-100% of sampled
water.

Pakistan Ibuprofen ground water

Detected at 154 ng/L. Domestic
wastewater discharge, hospital
waste, and animal husbandry
have all been identified as
major sources of groundwater
contamination.

[28]

Colombia Ibuprofen water

reservoirs

Ibuprofen was detected in
almost 60% of the reservoir
water samples. The analgesic
was still present in the treated
water from the reservoir but at
low doses (40 ng/L).
Conventional treatment
methods cannot remove all the
EOCs.

[38]

Psychiatric pharmaceuticals

(carbamazepine, diazepam,

oxazepam, lorazepam, and
alprazolam)

River water;

China
treated water

Oxazepam, diazepam,
lorazepam, and carbamazepine
were atng L1 -75.5ng L1 in
river water. Alprazolam
(2.3 ng L), diazepam (0.5-
3.2 ng L), and carbamazepine
(0.8-2.5 ng L) were detected
in treated water.

[29]

Brazil Caffeine

Caffeine concentrations in
drinking water ranged from
1.8 ng L-1t0 2.0 pg L1, while
source water concentrations
were at40ng L-1-19 ug L.

drinking water Since caffeine is a substance

with anthropogenic origins, its
presence in treated water
shows that domestic sewage
was present in the source
water.

[30]

Antidepressants (citalopram,
mianserin, sertraline,
moclobemid and venlafaxine)

Poland
tap water

citalopram (<1.5 ng/L),
moclobemid (<0.3 ng/L),
sertraline (<3.1 ng/L),
mianserin (0.9 ng/L), and
venlafaxine (1.9 ng/L). Their
presence in tap water
demonstrates an insufficient
removal in the drinking water
treatment facility and this
could have long-term
consequences, since
pharmaceutical pollutants can
synergize.

[31]

Pharmaceutical of abuse
(Fluoxetine,
methamphetamine, ketamine)

United
Kingdom

Concentration was between

drinking water 0.14 and 2.81 ng/L. Since the

presence of these

[51]
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pharmaceuticals has an impact
on public health, identifying
them is crucial when
examining water quality.

surface water,  Detected in water samples

, . and with concentrations similar to
Uganda  Various pharmaceuticals . . [52]
groundwater previous documented studies
samples in SA.

Both antibiotics were detected
although at low concentrations
to cause direct harm to human

Ampicillin and hall
Uganda mpret 1r} a‘m' shat ow health. However, chronic [53]
benzylpenicillin groundwater
exposure could lead to a
proliferation of antibiotic
resistance genes.
Fourteen PhACs were
pharmaceutically active ~ groundwater detected. Anti(retro)virals,
Kenya were more prevalent PhACs, [54]
compounds (PhACs) wells . . .
with nevirapine concentrations
<700 ng/L.
Topiramate was detected in
Topiramate, thiabendazole- river water, whilst the other
13C6, p- river water and drugs were found in the river
Zimbabwe hydroxynobenzphetamine- sediment sediment. The concentration of  [55]
2TFA, 4-imadazolidinone, and pharmaceuticals especially in
5-(phenylmrthyl)-2-thioxo sediments was at 0.01 to 0.29
mol/ul.

3.2. Personal Care Products

Several studies have documented the existence of various personal care products in DWS,
particularly in middle or high-income countries (Table 2). For example, triclosan and bisphenol A at
concentrations of 9.74 ng/L and 66.40 ng/L, respectively were detected in tap water in Malaysia [34].
Another study conducted in China detected propylparaben, bisphenol A, and dicyclohexylamine in
tap water with frequencies over 80% and concentrations of 47.50 ng/L, 31.51 ng/L, and 42.33 ng/L,
respectively [32]. In addition to tap water, personal care products have also been reported in other
DWS (Table 1). For instance, benzophenone and methyl paraben were reported in treated water and
in reservoirs for drinking water treatment facilities [38]. However, both pollutants occurred in treated
water at low concentrations (40 ng/L). Similar to other EOCs, data on personal care products in DWS
is extremely scarce in LICs. Nonetheless, the few studies concur with those conducted in developed
countries. For instance, a study in South Africa reported triclosan in treated effluent water. Triclosan
was found with an average concentration of 10.7 to 24.6 gL-1 [50]. More significantly, the outcomes of
the studies on personal care products (Table 1) demonstrate that the pollutants could not be entirely
removed using conventional water treatment techniques commonly used in LICs. The occurrence of
such EOCs in DWS raises concerns about potential human health risks.

Table 2. Personal care products, musks and fragrances, and ultraviolet or sunscreening agents or
blockers/filters detected in drinking water systems.

Drinking Water

Country EOCs System

Key Results and Remarks References.

Personal care products
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Bisphenol A and Triclosan
detected in at least one [30]
sample.

drinking water,

Brazil  Triclosan and bisphenol A
source water

Detected at concentrations
ranging from 15 up to 840 ng
L in surface waters. In tap

water methylparaben was at
drinking water, yP

Brazil Methylparaben 17 ng L. The treatment [56]
surface water .2
significantly reduced the
concentration but still, chronic
exposure to tap water may
have potential risks.
Both compounds detected in
reservoirs for  raw. Both compounds were
‘ Methyl paraben, drinking water  still present in the samples
Colombia treatment although at low [38]
benzophenone . .
plants, treated  concentrations (<40 ng/L) in
water samples treated water. This shows they
persisted after treatment.
The compound was detected
with an average concentration
ing f 10.7 - 24.6 ugl. .
South Triclosan treated effluent "o o6 O™ 0 bug
. The compound was not [50]
Africa water

completely removed during

the wastewater treatment

processes.

Bisphenol A (66.40 ng/L) and

triclosan (9.74ng/L) in tap
drinking water ~ water. These findings show

Malaysia Triclosan and Bisphenol A supply system that the conventional water [34]

(tap water)  treatment methods were not
effective in removing all the

contaminants.
Detection frequencies were
. Propylparaben, bisphenol A, over 80% and concentrations
China dicyclohexylamine, tap water of 47.50 ng/L, 31.51 ng/L, and (321
42.33 ng/L, respectively.
Methylparaben and other groundwater Five PCPs detected.
Kenya Methylparaben was the [54]
PCPs wells )
predominant at <10 pg/L.
Musks and fragrances
bottled water, All the contaminants detected
USA tonalide (AHTN) tap water, in the water samples, AHTN [57]
galaxolide (HHCB) WWTP, surface (490 ng/L) and HHCB (82
water ng/L).
HHCB (1 -20ng L), AHTN
5-1 L.
USA tonalide (AHTN) river water Both Cg)niam(;r?agnts s)howed [58]
galaxolide (HHCB)

weak estrogenic activity in
human cells.
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Serbia The highest concentration of

HHCB drinking water 90 ng/L was found in drinking [59]

All the contaminants were
found to range in
concentration from 0.3— 2.1
ng/L. The EOCs can
bioaccumulate and have eco- [60]

celestolide (ADBI), phantolide

China (AHMI), AHTN, traseolide tap water

(gg(?]’g toxicolo.gical effects on specific
organisms, as well as cause
endocrine disruption in
humans.
HHCB (18.7ng/L) and AHTN
China AHIN, river water  (11.7 ng/L) were found in the [60]
HHCB
water samples.
All chemicals detected in the
range of ng/L—ug/L. Exposure
Cashmeran, ADBI, HHCB, to some of the contaminants is
Portugal Musk Ketone, Musk xylene, drinking water linked to diseases such as [61]
AHMI, AHTN, ATII cancer, cognitive disorders in
children, asthma, amyotrophic
lateral sclerosis, and infertility.
About 60 ng L' (HHCB), 10 ng
Germany HHCB, AHTN, surface water L1 (AHTN) and 20-30 ng L! 62]
HHCB-lactone (HHCB-lactone) were found as
typical riverine concentrations.
tap water, Less than Ing/L of the
France Tonalide (AHTN) water reservoirs, pollutant was detected in the [63]
borehole water water samples.
Ultraviolet (UV) or sunscreening agents or UV blockers/filters
Al UV filters were detected in
UV filters: 2-ethylhexyl 4- all water samples. There were
(dimethylamino) benzoate low detection limits for clean
(OD-PABA), benzophenone-3 waters (0.02 - 8.42 ng/L).
_ (BP3), 2-ethylhexyl 4- tap water, clean Maximum concentrations
Spain . . [64]
methoxycinnamate (EHMC), waters were detected in tap water:
octocrylene (OC), and 3-(4- BP3 (290 ng/L), 4MBC (35
methylbenzylidene) camphor ng/L), OD-PABA (110 ng/L),
(4MBC) EHMC (260 ng/L), and OC
(170 ng/L).
Spain UV filters groundwater 20- 55 ng/L. [65]
The compound was detected
_ UV filter benzophenone-4  surface water, n th? 20__ 200ng L™ range. The
Spain . findings show that the [66]
(BP-4) drinking water )
contaminant was not removed
by conventional methods.
UV filters: octocrylene raw water,

All compounds were detected,
but only BP-3 (18-115 ng L)
and EHMC (55 to 101 ng L)

were quantifiable.

(OC), ethylhexyl salicylate  drinking water
Brazil (ES), (benzophenone-3 (BP-3), (treated and
and ethylhexyl chlorinated
methoxycinnamate (EHMC) water)

[67]
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The compounds were found at
low concentrations,
Groundwater ~ Homosalate (0.05ng/L) and

. Homosalate, (shallow wells Octocrylene (0.04ng/L).
Zambia . [24]
Octocrylene and borehole Chronic exposure to such
water) waters especially through
ingestion might pose potential
health risks.

Table 3. Plasticizers, surfactants, flame retardants, endocrine disrupting chemicals, per- and
polyfluoroalkyl substances, artificial food sweeteners, food colorants or dyes, and gasoline additives

in drinking water systems.

Drinki
Country EOCs rinxing Key Results and Remarks References
Water System
Plasticizers
30 types of plasticizers
detected in drinking water.
Pakistan  Different types of plasticizers drinking water Hence, there is a need for [68]
regular monitoring of water
quality.
Malaysia 4-octylphenol drinking water  0.44 ng/L detected in tap [34]
supply system water.
tap water, The compounds were
. Bis(2-ethylhexyl) adipate and commercial detected and their limits of
Spain . . [69]
phthalate esters mineral water, detection were between 0.006
river water and 0.17 ug I\,

PAEs detected in bottled
bottled water water. The dominant
Mexico Phthalic acid esters pollutant was dibutyl [70]
phthalate at 20.5-82.8 pug L.
0.7<LOD <24 ugL-.
The water was contaminated
with dibutyl-, di-2-
ethylhexyl- and di-n-octyl-
phthalate, with total
. . hthalate concentrations
Phthalates (dlbut,yl_' i-2- bottled water bztween 8.1 and 19.8 ug/L.
Jordan ethylhexyl- and di-n-octyl- . [71]
phthalate) Increasing the storage
temperature of the bottled
water increased the content
of leached phthalates in the
water (total concentration of
23-29.2 ug/L).
The six phthalates at
concentrations between 6.3
and 112.2 ng mL-! were
detected. The highest level
was observed for di-n-butyl [72]
phthalate, followed by
DEHP, DiBP, DMP, DEP and
DiPP. LOD of detection was
in the range between 0.3 and

PET bottled

Saudi Arabia Dialkyl phthalates
water samples
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2.6 ng mL-1. Phthalate
residues leach from PET
bottles into water and
prolonged consumption of
such waters is a public
health concern
Phthalate esters in bottled

water, 0.03< LOD <
0.08 nmol L. Consumption
PET 1
India Phthalate esters wzi)ef:' ed of PET bottle-stored water or  [73]

drinks is a cause for concern
since PEs tends to exhibit
endocrine disruption.
LOD = 0.46 pg/mL and LOQ
=1.52 pg/mL. Bisphenol A
traces detected in plastic-
bottled water with
. concentrations ranging from
plastic-bottled 60-90 pg/mL. In plfstif water
India Bisphenol A water and tanks it was nondetectable- [74]
household .
water tanks 12 pg/mL. Cons.ump’aon c.>f
bottled and storing water in
plastic tanks may have a bad
impact on humans since they
can also interfere with
reproductive systems.

Total plasticizers in the
water. The frequent

bottled water, .
drinkine water detection of these substances
South Africa Total plasticizers & in drinking water calls for [75]
treatment . . .
lants additional research into their
p environmental and public
health impacts.
Plasticizers were found in
the surface water systems
with concentrations of up to
. surface water 6.5 ug L. The pollutant
K Plast 76
enya asticrzers (Lake Victoria) revealed high chronic and [76]
acute risk for toxicity in
crustaceans, and the same
can be true in humans.
1,6-Dioxacyclododecane-7,12-
dione, The contaminants were
Bis (4-chlorophenyl) sulfone, detected in both water
bis(2-ethylhexyl) phthalate, systems at 0.03 - 34 ng/L. The
Zambia Bisphenol A, Cyclohexanone, (f;iﬁzivwvjilrs findings indicate that the [24]
Diisobutyl phthalate , and boreholes) contaminants are capable of
Diethyl phthalate, leaching from the various
Dimethyl phthalate, sources into the ground
N-butyl Benzenesulfonamide, water drinking sources
Triphenyl phosphate,

Surfactants
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NP in water samples. The
water samples X
presence of NP in water
from boreholes, samples might pose
South Africa 4-nonylphenol (NP) shallow wells P SP [77]
ecotoxicological risks to
and surface .
aquatic life as well as
water -
communities.
The LAS concentrations in
river water ranged between
14 and 155 pg 1" and the
levels of their metabolic
intermediates were found
from 1.2 to 14 ug 1. LAS
linear alkylbenzene sulfonate drinkine and levels detected in the
Brazil (LAS) and its metabolite, surface v%raters drinking water ranged [78]
sulfophenyl carboxylates between 1.6 and 3.3 ug 1.
The self-purification capacity
of the water was
demonstrated by the
degradation of LAS in river
water but still it was present
even in drinking water.
alkylbenzenesulfonates (ABS) Concentrations of ABS (1.1-
Philiopines and linear water source 75 and 1-66 ug L) and LAS
PP Avlbomsenostio oo (freshwater  (12-73and 22-102pg L) [79]
Y (LAS) lake) were detected in the
tributaries.
Non-ionic surfactants were
detected in raw waters (0.2 -
wastewater 100 pug L), effluents (0.1 to
treatment 5 ug L1). LASs and AESs
non-ionic surfactants, linear plants found in all waters. Up to
Spain alkylbenzene sulfonates (WWTPs), 32,000 pg L of AESs and [80]
P (LASs) and alkyl drinking-water 3900 pug L' of LASs in
ethoxysulfates (AESs) treatment WWTP feed; up to
plants 114 pg L of AESs and
(DWTPs) 25 ug L1 of LASs in DWTPs.
Thus conventional treatment
processes are inadequate.
Flame retardants
OPFRs were detected at 9.25
water sources. 224.74 ng/L. A reduction in
China Organophosphorus flame DWTPs. ta " concentration was noted in (1]
retardants (OPFRs) wate,r P treated water. Residuals and
the potential risk of OPFRs is
concerning.
Predominant OPFRs
tap water, detected were tris(2-
Korea OPFRs purified water, chlo.roethyl) phosphate, [82]
and bottled tris(2-butoxyethyl)
water phosphate, and tris(2-

chloroethyl) phosphate.
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tap water (85.1 ng/L - 325
ng/L), and triphenyl
phosphate (TPP), tris(2-

China OPFRs tap water butoxyethyl) phosphate [83]
(TBEP), and tris(2-
chloroisopropyl) phosphate
(TCPP) were predominant.
Detected in influent waters
at levels of 0.32-0.03 pg L.
Effici hnologies shoul
Spain OPFRs influent waters icient technologies should [84]
be developed to remove the
compounds during water
treatment.
. Brominated flame retardants . Both BFRs were detected in
South Africa (BFRs) river water Jukskei River water. [85]
FRs were detected with
concentrations of OPFRs
(71.05 ng/L), PBDEs
OPFRs, dechlorane plus (DP), (082 pg/L), NBFRs
. (1.39 pg/L) and DP
Pakistan polybrominated potable water (029 pg/L) in both zones
diphenylethers (PBDEs), and in industrial ) ) [86]
. However, consumers of the
novel brominated flame and rural zones
water were found to be at
retardants (NBFRs) .
low risk of FRs exposure
through potable water
consumption.
Endocrine disrupting chemicals (EDCs)
The drinking water supply
system was observed to
contain testosterone,
progesterone, estrone, 17a-
. Hormones, river water and ethyny'lestra.dlol, and 1,7[3_
Malaysia . . estradiol, with respective [34]
diethylstilbestrol tap water .
concentrations in the tap
water of 2.52ng/L, 0.92 ng/L,
3.42 ng/L, 6.34 ng/L, and
11.68 ng/L.
Detected in concentrations of
0.127 and 0.261 ug/L for
dichlorophenol (DCP), freshwater, DCP. BPA present in all
. bisphenol A (BPA), wastewater and ~ samples at 1.684 /L -
h Af 4
South Africa 17B-oestradiol (E2) treated 1468 pg/L.Eland E2 were L0
octylphenol (OP) effluents detected in most samples at
0.135 pg/L - 1.06 pg/L, and
OP at 1.683 ug/L.
2,4-dinitrophenol, 2- 2—n1tro.p}.1enol (0.0077ppm),
. . shallow 2,4- dinitrophenol (0.0554
L nitrophenol, bisphenol A, 2,4-
Nigeria ichlorophenol, nonylphenol ground water ppm), (871
P , Ony'p ’ sources 2,4-dichlorophenol (0.0111

2,4,6-trichlorophenol

ppm).
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BPA (1.20 - 63.64 ug/L), NP

.. bisphenol A (BPA), 4- surface water  (<0.20 - 2.15 ug/L) and OP
Nigeria nonylphenol (NP), and 4-tert- . [88]
(River) (<0.10 - 0.68 pug/L) were all
octylphenol (OP) L
detected in river water.
nonylphenol, 2-
phenylphenol, 4-tert-
Morocco octylphenol, River water All the EDCs' detected at 2.5 - [89]
4-phenylphenol, estrone, 173- 351 ng/L in all samples
estradiol, triclosan, and
bisphenol A
All the pollutants detected.
The occurrence of the
ALl i
carbamazepine, iodinated compounds especially in tap
. Waste water, water shows that the
USA contrast media, -blockers, . [90]
antibiotics Tap water  traditional water treatment
methods used failed to
completely remove all the
contaminants.
bisphenol A, nonylphenol,
di(2-ethylhexyl) adipate, EDCs detected at
dibutyl phthalate, di(2- municipal distribution point water
South Africa ethylhexyl) phthalate, Jmeip samples with EEq values [91]
.. drinking water .
diisononylphthalate, 17(- ranging from 0.002 -
estradiol, estrone, and 0.114 ng/L.
ethynylestradiol
The compound was detected
influent water, in both influent and effluent
South Africa Estradiol WWTP efﬂuent wat.er (river water). The [47]
water (river maximum concentrations
water) recorded in river water
samples was 2.45 ug L.
Estrogenic activity of the
bottled water samples was
detected at 20 °C and 40 °C.
Equivalents of estradiol
. . . drinking (0.001- 0.003 ng/L) and BPA
h Af henol-A (BPA 1
Sout rica bisphenol-A (BPA), estradio bottled water (0.9 ng/L - 10.06 ng/L) were 521
found. However, the
concentrations of drugs
posed an acceptable risk for
a lifetime of exposure.
roundwater The concentration of the
Mexico  ethylbenzene, 2-chlorophenol & " compounds ranged from [93]
surface water
ng/L to 140 mg/L.
Concentrations in the ng/L
carbamazepine, iodinated range were detected. .
. Exposure to such waters via
contrast media, -blockers, .. .
France o tap water consumption is associated [94]
antibiotics . e
. . with abnormalities in the
diethylstilbestrol

structure and function of
reproductive organs.
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Both compounds detected in
concentration ranging from

0.17-860 ng/L and

ground water, 0.11-10 ng/L. The

compounds can
bioaccumulate and magnify
along the food chain with a

huge impact on top predator

species, including humans.

[95,96]

The EDCs were detected in
concentrations of
nonylphenol (1.2-2.7ng/L),
E1 (15-220ng/L), and E2 (7-
88ng/L). The EDCs cause
feminization in fish in
sewage treatment as they can
mimic estrogenic even to
non-target species. The same
can impact humans.

[97]

Significant amounts of
nonylphenol (8 ng/L),
E1 (0.4 ng/L) and E2 (0.3
ng/L).

An increase in vitellogenin
levels, as well as the number
of eggs produced by
Pimephales promelas was
observed. The same impact
can affect humans through
the ingestion of
contaminated water.

[98]

China  Lindane, heptachlor epoxide surface water,
tap water
. Nonylphenol -
I.Jmted Estrone (E1), and Estradiol municipal
Kingdom wastewater
(E2)
Nonylphenol drinking
Germany Estrone (E1) water,
Estradiol (E2) surface water
oestrogenic and androgenic dam water
Zimbabwe 8 . & (Umguza and
chemicals .
Khami)

the contaminants were
detected in both dam waters
and were expressed as 17[3-
oestradiol equivalent (EEq),
with concentrations as high
as 237 ng I-1.

[99]

endocrine disrupting
Tanzania  estrogens (ethinylestradiol,
estrone and estradiol)

dam and river
water

The presence of estrogens in
the waters was revealed,
with levels ranging from

non-detectable levels to 16.97

ng/L. The detected
concentrations, as reported
in previous literature, were
not significant enough to

cause adverse health effects

to humans.

[100]

Per- and polyfluoroalkyl substances

water source,
China PFAS DWTPs, and

tap water

Concentrations: 13.4 ng/L -
17.6 ng/L. This highlights

that PFAS are present in the

treatment train and effective

[52]
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removal technologies should

be employed.

ground water
aquifer, surface

Sweden

PFAS detected in all water
samples. For example, in
surface water PFAS
concentration reached

PFAS . 15 ng L while ranged [101]
water, drinking
water between 1 ng L' and 8 ng L
’ in drinking water. Water
treatment reduced the
concentration of PFAS.

14 PFAS were detected in
drinking water. For example,
maximum concentrations of

PFAS (e.g., Perfluorohexanoic 268 ng/L for PFHXA, 213
acid (PFHxA), ng/L for PFOA, and 75.7
fl ic aci L for PFHpA
USA pet ‘(llf;‘g);;a‘;g;c 2094 grinking water ngﬁ ot 1 Do [102]
perfluoroheptanoic acid perfluorodecanoic acid, and
(PFHpA)) PFHpA were each detected
in at least one drinking water
sample at concentrations > 20
ng/L.
The contaminants were
. detected in all the water
Perfluorooctanoic acid . .
samples in a concentration
(PFOA), .
Perfluorooctane sulfonic acid groundwater, ranging from 5-174 ng/L.
USA (PFOS) surface water. PFAS can disrupt the female [103,104]
T and tap water  reproductive system by
Perfluorobutanoic aTc1d, .and altering menstrual cydle,
Perfluorononanoic acid .
hormone secretion, and
fertility.
PFAS in the concentration
. Perfluorocarboxylic acids and ranged between 4.10 and
h t t 2,52
China Perfluorosulfonic acids ap watet 17.6 ng/L were detected in [52,52]
the water samples.
Perfluorosulfonic acids, The contammants were
perfluorocarboxylic detected in the range
! .14-89.04 . Singl
. Perfluoro-n-decane sulfonic 0.14-89 O, ng/g. Single or
South Africa acid. perfluoro-n-hentvl surface water mixtures of [105]
P Pty PFAS causes female
sulfonate .
reproductive tract
dysfunction and disease.
fl Jal 1f
per uor(()P;;;gsu onate drinking water =~ PFOA and PFHxS were
Uganda ’ reservoir (Lake detected in the drinking [106]
perfluorooctanoate L .
(PFOA) Victoria). water reservoir
surface water Found at concentrations
Ethiopia PFAS (river, lake) ranging from 0.073- 5.6 ng [107]
’ /L.
erfluoroalkyl carboxylic river water, ta Both contaminants were
Ghana ’ aciid,s ’ water i [108]

found at concentrations
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perfluoroalkane sulphonic between 281 and 398 ng/L in
acids river water and between 197
and 200 ng/L in tap water.

Gasoline additives

All the contaminants were
detected in all the drinking
water samples with
ethyl-tert-butylether (ETBE), surface water, concentration ranging from

Italy,
Bel itjn}: and methyl-tert-butylether ground water, 10 - 100 ng/L. ETBE and 3]
s, (MTBE) and MTBE are recalcitrant to
Luxembourg )
tap water treatment and their exposure
via ingestion is very high,
hence its risks may be also
high.
The pollutant was detected
groundwater, . .
municipal at concentrations ranging
drinkin ‘I/)vater from 0.2 to 20 pg/L. Its
USA MTBE 5 complete removal requires [109]
supplies, . .
. more time, complicated and
private wells, .
. expensive treatment
and reservoirs. .
technologies.
MTBE Groundwater
' MTBE trations bel
Dutch  methyl-tert-amyleter (TAME), and surface 01 co/rlic‘?vr;;:;ce)zscteedow [110]
and ETBE water - HE '

Artificial food sweeteners

drinking water .
& Sucralose detected in

USA Sucralose treatment finished water samples. [111]

plants
Detected in influents of the
Cyclamate, sewage treatment plantsi.e.,
Germany Acesulfame, wastewater 190 pg/L for cyclamate, 40 [112]
saccharin, treatment plant pg/L for acesulfame and
sucralose saccharin, and less than 1

ug/L for sucralose.

Detected in influent and
effluent (12-46 ug/L). The
contaminant was not

surface water, .
removed during treatment.

ground water,

Switzerland Acesulfame and Persistent concentrations in ~ [113]
surface water samples,
tap water .
whilst groundwater
concentrations of up to 4.7
pg/L.
Saccharin and cyclamate
. were present in raw water
. acesulfame, saccharin, surface water, .
Switzerland for treatment but absent in [114]
cyclamate and sucralose. tap water.

tap water. Acesulfame < 0.76
ug L in tap water.

surface water, .
The contaminants were

detected in all water [115]
samples. ACE <7 ug/L and

aspartame, acesulfame
Switzerland (ACE), neohesperidine
dihydrochalcone, saccharin

groundwater,
and drinking
water
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(SAC), neotame, cyclamate SUC <2.4 ug/L were
(CYCQ), and sucralose (SUC) detected in tap water.
All pollutants were detected
Acesulfame, groundwater,
Canada . but acesulfame was pg/L [116]
saccharin
scale.
Food colourants or dyes
Detected in the following
Crystal violet, water concentrations: methyl violet
Poland methyl violet 2 B, reservoirs 2 B (0.0571 ug/L), crystal [117]
rhodamine B violet (0.0122-0.0209 ug/L),
rhodamine B (0.0594 ug/L).
Concentrations: 0.017 -
.004 L. Th
crystal violet, rhodamine B, water 0.00 3,Hg/ ¢
Poland . i contaminants have [117]
and methyl violet reservoirs . . .
carcinogenetic, mutagenic
and teratogenic properties.
treated The dyes were detected in
. industrial ~ concentrations ranging from
C.I. Disperse Blue 373, C.I.
Brazil Disperse Orange 37 and effluent, raw 1.65 - 316ng/L. Water [118]

river water, treatment processes failed to
treated river completely remove the dyes.
water

Disperse Violet 93

3.3. Plasticizers

Numerous studies have reported the presence of plasticizers in DWS, especially bottled water
(Table 3) [70-72,74]. An example is a study in Saudi Arabia, which detected dialkyl phthalates (e.g.,
dimethyl phthalate, diethyl phthalate, diisopropyl phthalate, diisobutyl phthalate, di-n-butyl
phthalate and di-ethylhexyl phthalate) in bottled water, at concentrations in the range of 6.3- 112.2
ng mL-, and dibutyl, di-n-octyl-phthalate, and di-2-ethylhexyl were at a total phthalate concentration
ranging from 8.1 to 19.8 g/L [71,72]. Despite the limited studies, LICs have also reported plasticizers
in bottled water, indicating that this is not just a concern in developed countries. For instance, total
plasticizers were measured and detected in bottled water in South Africa [75]. Interestingly, the
majority of phthalate residues are believed to leach from plastic bottles into drinking water. This is
because leached phthalates were shown to be present in higher concentrations in bottled water with
longer storage times and warmer temperatures than samples with shorter storage times and lower
temperatures [71,72]. Besides plasticizers originating from plastic bottles, evidence also shows that
plasticizers occur in DWS without any connection to plastic bottles or storage containers (Table 3).
For example, in studies not involving bottled water, a variety of plasticizers have been detected in
DWS [34,68,69]. Plasticizer concentrations of up to 6.5 g L' were reported in surface water systems in
Kenya [76]. Additionally, tap water and river water in Spain contained bis(2-ethylhexyl) adipate and
six phthalate esters [69]. Although several studies linked plasticizers to possible human health risks
following chronic exposure via consumption of contaminated water (Table 4), more studies are
needed to determine how they affect human health.

3.4. Surfactants

The presence of various surfactants in DWS has been reported in several studies (Table 3). For
example, in Brazil, linear alkylbenzene sulfonate (LAS) and its degradation by-product sulfophenyl
carboxylates (SPC) were detected in drinking (1.6 - 3.3 pug L) and surface waters (14 and 155 ug L1).
Although the self-purification capacity of river water was demonstrated by the degradation of LAS,
it persisted in drinking water. Another study conducted in Spain reported the presence of LAS, alkyl
ethoxysulfates, and non-ionic surfactants in drinking water and wastewater treatment plants.
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Furthermore, investigations done in LICs found surfactants in DWS. For instance, 4-nonylphenol was
found in shallow wells, surface water, and boreholes in South Africa [77]. Prolonged exposure to such
contaminated water could cause adverse human health effects (Table 4). Further research should,
therefore prioritize developing low-cost water treatment technologies that can eliminate or reduce
such contaminants in DWS to safe concentrations.

3.5. Flame Retardants

Evidence on the occurrence of flame retardants (FRs) in DWS is presented in Table 3. Dechlorane
plus (0.29 pg/L), novel brominated flame retardants (1.39 pg/L), polybrominated diphenylethers (0.82
pg/L), and organophosphate flame retardants (71.05 ng/L) were detected in potable water in Pakistan
[86]. However, the concentrations were reported to be low risk following exposure to FRs through
water consumption. Chronic exposure may, nevertheless, pose potential public health risks. In
another study, organophosphate flame retardant residues were detected in drinking water sources,
drinking water treatment plants, and tap water at concentrations in the range of 9.25 to 224.74 ng/L
[81]. Flame retardants were also reported in drinking water systems in LICs, even though the studies
were sparse compared to developed countries. For instance, polybrominated diphenyl ethers,
polybrominated biphenyls, and brominated flame retardants have all been found in the Jukskei River
water in South Africa [85].

3.6. Endocrine Disrupting Chemicals

Endocrine disrupting chemicals (EDCs) are pervasive in the aquatic environment, and have been
reported in several DWS (Table 3). In Malaysia, drinking water supply systems (e.g., river water and
tap water) were reported to contain testosterone (2.52 ng/L), progesterone (0.92 ng/L), estrone (3.42
ng/L), 17p3-estradiol (6.34 ng/L), and 17a-ethynylestradiol (11.68 ng/L), with higher concentrations in
the tap water [34]. In another study in Mexico, ethylbenzene, 2-chlorophenol, ethylbenzene, 2-
chlorophenol was detected in groundwater and surface water samples [93]. Notably, the occurrence
of EDCs in DWS in LICs (especially in Africa) was comparable to that in developed countries. For
example, several studies reported the occurrence of EDCs in drinking water systems in Africa
[47,87,88,91]. A study conducted in South Africa reported the occurrence of bisphenol A and estradiol
in drinking bottled water by determining the estrogenic activity of water at different temperatures
[21]. The results of the study showed the estrogenic activity of the bottled water samples was at 20 °C
and 40 °C and equivalents of estradiol and bisphenol A were 0.001- 0.003 ng/L and 0.9 ng/L - 10.06
ng/L, respectively. A similar study was conducted in Morocco where 4-phenylphenol, nonylphenol,
4-tert-octylphenol, 2-phenylphenol, triclosan, 17B-estradiol, estrone, and bisphenol A were detected
in river water at concentrations in the range of 2.5 - 351 ng/L [89]. However, the occurrence of the
EDCs especially in tap water and bottled water shows that the treatment methods were not effective
in removing the contaminants. This is suggestive of potential human exposure and associated health
risks (Table 4).

3.7. Gasoline Additives

Surface water, tap water, groundwater, municipal drinking water supplies, private wells, and
reservoirs have been reported to contain gasoline additives (Table 1). The detected gasoline additives
include methyl-tert-butylether (MTBE), ethyl-tert-butylether (ETBE), and methyl-tert-amylether
(TAME), with concentrations in the range of 10 to 100 ng/L in drinking water, and 0.2 to 20 g/L in the
groundwater and surface water (Table 1). Both ETBE and MTBE are difficult to remove during
drinking water treatment. In another study, MTBE concentrations in surface water, tap water, and
ground water were reported to range between 10 and 100 ng/L in Italy, Belgium, and Luxembourg
[3]. Although some gasoline additive compounds such as MTBE are currently thought to be non-toxic
to humans, they are undesirable in principle, and must be removed from drinking water [119]. This
is because studies on animals have reported potential health risks, while some gasoline additives
have known human health effects (Table 2).
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3.8. Per- and Poly-Fluoroalkyl Substances

Per- and polyfluoroalkyl substances (PFAS) are a relativey new group of EOCs which is
frequently detected in DWS (Table 3). For example, in the USA the occurrence of PFAS (e.g.,
perfluorohexanoic acid, perfluorooctanoic acid, and perfluoroheptanoic acid) with concentrations
ranging from 75.7 ng/L to 268 ng/L, was reported in drinking water [102]. PFAS were also reported
in studies conducted in LICs [108], and this shows that the problem is worldwide. Specifically, the
presence of perfluoroalkane sulphonic acids and perfluoroalkyl carboxylic acids in river water and
tap water was reported in Ghana [108]. Furthermore, perfluorohexanesulfonate and
perfluorooctanoate were found in the drinking water reservoir of Lake Victoria in Uganda . However,
compared to other groups of EOCs, data on PFAS in DWS is still limited in both developed countries
and LICs. Given their widespread use in industrial and household products, further research is
needed to determine their occurrence in various DWS.

3.9. Artificial food Sweeteners

Artificial food sweeteners have been found in DWS (Table 3). For example, acesulfame,
aspartame, cyclamate, neotame, neohesperidine dihydrochalcone, saccharin, and sucralose were
found in groundwater, drinking water, and surface water in Switzerland [115]. Notably, acesulfame
and saccharin had concentrations of up to 7 and 2.4 pg/L in tap water, respectively. Other studies
conducted in Switzerland and Canada also reported the presence of artificial food sweeteners in
surface water, groundwater, and tap water [114,116]. Artificial sweeteners are resistant to wastewater
treatment processes, thus, they tend to occur frequently in DWS [120]. However, the potential human
health effects of artificial sweeteners are still unknown [121]. This calls for further research to
understand the public health risks posed by exposure to artificial food sweeteners.

3.10. Food colourants or Dyes

A number of previous studies have reported the contamination of water reservoirs such as lakes,
dams, ponds, and rivers, with food colourants and dyes (Table 1). For example, methyl violet 2 B
(0.0571 pg/L), crystal violet (0.0122-0.0209 pg/L), rhodamine B (0.0594 ug/L) were reported in surface
water [122]. In another study, the concentrations of C.I. Disperse Blue 373, C.I. Disperse Orange 37,
and Disperse Violet 93 in industrial effluent raw water and tap water ranged from 1.65 ng/L to 316
ng/L [118]. Furthermore, a study conducted in Poland detected crystal violet, rhodamine B, and
methyl violet in water reservoirs, with concentrations in the range of 0.017 - 0.0043 ug/L [122].

3.11. Ultraviolet or Sunscreening Agents or UV Blockers

The occurrence of ultraviolet (UV) blockers in DWS is documented in several studies (Table 2).
These contaminants are exceedingly difficult to remove using the existing conventional water
treatment technologies, as shown by their occurrence in drinking water [64,66]. For instance, tap
water and ‘clean waters’ (tap water treated through ion-exchange resins, well water, and mineral
bottled water) were found to be contaminated with 2-ethylhexyl-4-(dimethylamino) benzoate,
benzophenone-3, 3-(4-methylbenzylidene) camphor, 2-ethylhexyl-4-methoxycinnamate, and
octocrylene [50]. In another study, UV filters were detected in raw water and drinking water .
Furthermore, even groundwater and surface water may also contain UV filters. For example, detected
UV filters in groundwater with concentrations ranging from 20 to 55 ng/L [65].

3.12. Musks and Fragrance

The occurrence of musk and fragrances in different DWS is presented in Table 2. Tonalide and
galaxolide were detected in surface water as well as in treated water (bottled water, tap water) in the
USA at concentrations of 0.5 -10ng L and 1 - 20 ng L, respectively [57,58,123]. Similarly, celestolide,
phantolide, traseolide, galaxolide and tonalide were detected in tap water samples in China, with
concentrations in the range of 0.3-2.1 ng/L [60]. Like other EOCs, musks and fragrances are not
completely removed by conventiona drinking water treatment methods. Thus, human exposure to
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musks and fragrances via consumption of contaminated drinking water may lead to range of
potential health risks (Table 4).

3.12. Disinfection by-Products

The disinfection of drinking water during treatment can result in the generation of disinfection-
by-products such as haloacetic acids. These occur widely in DWS that rely on chlorination or
chloramination for the final disinfection of drinking water [124-127]. Disinfection by-products are
carcinogenic, and their occurrence and human health risks could be more pronounced in LICs where
chlorination is commonly used for drinking water disinfection.

Apart from haloacetic acids, the transformation of organic pollutants by disinfection processes
has significantly produced disinfection by-products that have been associated with drinking water
pollution. In one study, disinfectant by-products, C (CsHsCINs) and Y (CsHsCINs) were detected in
significantly high concentrations in Chinese urban tap water. These disinfectant by-products were
derived from the chlorination of metformin-contaminated water [128]. The degradation of emerging
contaminants to form transformation products in drinking water during treatment was reported in
several studies. In one study, benzotriazoles were transformed into benzotriazoles degradation
products (BTTPs) in urban aquifers. The main BTTPs were 4-dimethyl-2H-benzotriazole and 2-
methyl-2H-benzotriazole from the transformation of 1H-benzotriazole and 4-methyl-1H-
benzotriazole (4-MeBT) respectively. The temporary storage of benzotriazoles in sediments with a
reduced hydraulic conductivity is presumably believed to have increased the transformation of
benzotriazoles processes through transformation processes such as tautomerization and methylation
[129]. Because a number of earlier reviews focusing on the topic exist [124-126], a detailed discussion
on disinfection by-products is outside the scope of this review. However, their removal in DWS is
briefly discussed among other EOCs.

4. Behaviour and Fate

The fate of EOCs in drinking water systems is dependent on the chemical and physical
properties of the EOCs, and the aqueous media transporting them [130]. EOCs in DWTPs can
undergo; (1) (bio)accumulation in microorganisms, (2) biodegradation, (3) photodegradation, (4)
chemical degradation and transformation, and (5) physical removal. Most of these fate processes
occur in drinking water treatment plants (DWTPs) based on; (1) physical contaminant removal (e.g.,
precipitation, sedimentation, filtration, and adsorption), (2) chemical transformation/disinfection
(e.g., ozonation, chlorination, and ultraviolet irradiation), and (3) biological treatment (e.g., activated
sludge) [32]. EOCs present several challenges in DWTPs as their removal has been limited in
conventional treatment systems [131]. However, recalcitrant EOCs have been significantly removed
by advanced techniques like membrane filtration, advanced oxidation processes, and biological
processes [132].

Although DWTPs reduce the concentration of EOCs in water, EOCs may persist in drinking
water after treatment. For example, nonylphenol, carbamazepine, perfluorooctanesulfonic, caffeine,
and perfluorooctanoic were detected in treated drinking water at 7.90-53.62 ng/L, <1.20 ng/L, <12.66,
ng/L, 12.47-66.33 ng/L, and <6.27 ng/L, respectively [133]. Thus, the removal of emerging
contaminants in DWTPs is incomplete [134]. EOCs are normally degraded and reduced in DWTPs.
For instance, in a study in Germany, sand filtration, and flocculation, were not efficient in eliminating
carbamezapine, clofribric, and diclofenac [135]. Notably, clofribric was highly stable at considerably
high ozone dosage, and a adsorption by granular activated carbon was low. Overall, the removal of
nonylphenolic compounds along the treatment train was settling, flocculation, and sand filtration
(7%), ozonation (85%), granular activated carbon filtration (73%), and chlorination (43%).
Furthermore, coagulation techniques applied in DW plants through the use of aluminium based
reagents reportedly eliminate about 20% and 75% of the precursors of haloacetic acids [136]. Besides
coagulation, ion exchange has been reported as an efficient haloacetic acid precursor removal, with
50% to 70% removal efficiencies [137]. The removal of EOCs such as haloacetic acids has been
improved by a combination of both coagulation and ion exchange techniques [126]. The use of
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granular activated carbon after chlorination reduces halogenated nitrogenous disinfection by-
products (e.g. haloacetic acids) through adsorption [138]. Overall, UV, reverse osmosis systems
process, and ion-exchange resins have been applied and showed significant removal of PFAS.

Notably, the methods applied in drinking water treatment such as flocculation and coagulation
have shown low efficiency in the removal of PFAS such as perfluorooctanoic acid (PFOA) and
perfluorooctysulfonic acid (PFOS). For example, concentrations in the pg/L range are reduced by
only between 10 and 30% [103]. However, the application of other methods such as filtration in the
presence of granular activated carbon reduced PFOS and PFOA in drinking water by up to 90%
[139,140]. The removal of bisphenol A in the conventional drinking water treatment processes was
reported to be between 76 and 99% (Arnold et al., 2013). Additionally, adsorbents such as poly-coated
magnetic iron oxide nanoparticles are critical in the removal of nonylphenol. Approximately 67%
was removed from drinking water through adsorption involving poly-coated magnetic iron oxide
nanoparticles [141]. Apart from physical techniques such as microfiltration, coagulation and
flocculation, ultrafiltration, sand filtration, and adsorption, the removal of some EOCs may be
facilitated by specific microbial species. Notably, specific microorganisms can biotransform EOCs
such as hormones and pharmaceuticals, and increase their degradation in DWTPs [142,143].

Due to their persistence, EOCs in DWS can (bio)accumulate in microorganisms during storage
and transportation. This is because their biodegradation, photodegradation, and chemical
degradation generally occur at significantly low rates [142]. Reduced degradation implies their
natural removal from drinking water systems is limited [144]. Notably, there is limited research on
the natural (bio)degradation of EOCs, including pharmaceuticals, and hormones. In a few exceptions
where results of such studies are documented, they are limited to laboratory studies, which may not
represent actual DWS. Thus, the implementation of data from these laboratory-based studies could
be problematic due to lack of detailed understanding of removal processes operating in real DWS.

Furthermore, EOCs have been reported to accumulate in sediments during transportation. In
this regard, a previous study detected 1289.8 ng/g tripentyl phosphate in sediments Wu et al. [145].
The concentration of EOCs in drinking water sources such as rivers may decrease through natural
filtration during water transportation to DWTPs. River bank filtration of EOCs may reduce the
abundance of EOCs in the filtrate. Thus, a significant difference between EOCs in bank filtrate (lower
concentration) and water (higher concentration) of the Danube River was reported.

Photodegradation as well as chemical and biological degradation transform specific EOCs into
by-products that can be more toxic than the original EOCs [146]. For instance, incomplete oxidation
of acyclovir leads to the generation of more ecotoxic by-products such as carboxy-acyclovir and N-
(4-carbamoyl-2-imino-5-oxoimidazolidin)-formamido-N-methoxyacetic acid [146]). Although
disinfection of EOCs often results in their removal in drinking water during treatment, it can also
result in the emergence of toxic EOCs such as haloacetic acids [147].

Among the removal techniques for EOCs in DWTPs, transformation through oxidation with
granular activated carbon filters and chlorine dioxide was the most suitable method. Membrane
techniques have been widely investigated. For instance, in an electrodialysis reversal facility system,
about 18 out of 49 compounds were quantifiable indicating removals of approximately 65% to 90%
for the overall DWTP process [148]. Application of techniques such as reverse osmosis reduced the
concentration of bisphenol A by up to 98% in drinking water. Other removal methods include
biodegradation and volatilization [149,150]. Chlorination and de-chlorination of drinking water affect
the fate of the EOCs [151]. Personal care products are likely to be removed through sorption and
transformed into carbon dioxide and water in DWTPs. This may be linked to the fate of these personal
care products in WWTPs where they are metabolised to water and CO:, and removed by sorption on
sludge .

It has been shown that the concentrations of haloacetic acids and other EOCs in DWTPs can be
eliminated by modification of disinfection and hydrolysis techniques, degradation of haloacetic acids
post-formation, and the removing the precursor EOCs before disinfection. Advanced methodssuch
as Os3/H202/UV have resulted in a reduction (70%-90%) of haloacetic acids by up to through oxidation
in the presence of non-selective and highly reactive species generated in the water treatment process
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[136]. A combination of ozonation and reverse osmosis processes removed up to 100% of
meprobamate, estradiol, triclosan, trimethoprim, and naproxen [30]. Consistent with these findings,
98% of bisphenol A was removed in a short period (20 min) when a photo-Fenton process was applied
to drinking water. It has been shown that the efficiency of removal of disinfection by-products can
be enhanced by replacing chlorination with chloramination or through the use of hydrogen peroxide,
UV, potassium permanganate, and ozone [124,152]. Alternatively, chlorination has been coupled
with other techniques such as granular activated carbon filtration (biological active/inactive) to
improve removal of disinfection by-products [138].

Generally, DWTP processes such as chlorination and chloroamination contribute to the
transformation of EOCs. For instance, the hydrolysis of bisphenol diglycidyl ethers and bisphenol A
at pH 7.6 to 9.1 was faster in the presence of free chlorine and was temperature dependent.
Additionally, the hydrolysis process had a half-life ranging from 11 to 4.5 days at temperatures 15 °C
to 25°C at pH 5-9. In one drinking water treatment plant, 76% of bisphenol A was removed through
a processes involving ferric chloride coagulation, sorption with granular activated carbon,
disinfection with sodium hypochlorite, and secondary disinfection [123]. EOCs such as nonylphenol
have been removed (50% to 90%) from drinking water using granular activated carbon [153].
Generally, conventional DWTPs (including ozonation), and electrochemical treatments, have been
reported to remove nonylphenol by 30% and 70%, respectively.

In one study, granular activated, disinfection with chlorine and ultraviolet radiation, ozonation,
and disinfection were applied to drinking water. The removal efficiencies were between 5.3 and 99%
for EOCs including PAHs, personal care products, steroids, and hormones [154]. However, ozonation
was efficient in degrading polar pharmaceuticals such as carbamezapine (>90%), diclofenac (>90%),
and bezafibrate (50%). An investigation on the behaviour of nonylphenolic (acidic and neutral),
nonylphenolic chlorinated, and brominated derivatives in a DWTPin Barcelona, Spain observed that
nonylphenolic compounds were significantly reduced by transformation processes before
chlorination [134,155]. The concentration of short-ethoxychain nonylphenolic compounds and
nonylphenolic compounds was reduced by 25-35%, and up to 90%, respectively, and the elimination
factor for nonylphenolic compounds was 96-99%.

There is inadequate data on the fate and behaviour of EOCs when bio-sand filtration is applied
to treat drinking water. However, there is evidence that sedimentation and bio-sand filtration can
substantially remove EOCs through adsorption [156]. Biosand filtration has significantly reduced
pharmaceuticals including antibiotics in drinking water [157,158]. The efficacy of bio-sand filtration
was demonstrated in laboratory-based experiments, where 4.2% and 92% of sulfamethoxazole and
trimethoprim were removed from water [157,158]. Nevertheless, further research is required under
typical DWTP operating conditions in LICs. Data on water treatment processes that are efficient in
removing EOCs is key in choosing technologies to safeguard public health. Besides, due to the use of
rudimentary water treatment techniques, the removal of EOCs in DWS in LICs still poses significant
challenges. This calls for further research to develop low-cost methods with capacity to remove EOCs
in DWS.

5. Human Exposure Risks

5.1. Risk Factors and Behaviours

The occurrence of EOCs in DWS is a significant concern, as drinking water is a potential route
of human exposure to pollutants [45,159,160]. Although EOCs exist at trace concentrations in
drinking water, they biomagnify up the food chain and bioaccumulate in the human body, and are
thus, highly toxic [160]. Although some studies have reported a low likelihood of EOCs causing any
serious human health risks, there are significant uncertainties in such assessments [161], and there is
growing evidence of increasing threats from such contaminants. Several studies investigated
exposure risks to individual EOCs, but there is no conclusive information on the effects of long-term
and low-level exposure to a cocktail of EOCs and their metabolites on human health [45,160]. The
interactions of these contaminants may have unprecedented toxic effects on human health.
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In some cities and countries (e.g., Windhoek in Namibia, Singapore, Orange County in
California in the USA, Australia), treated wastewater is recycled into drinking water [162,163]. Given
the diversity of EOCs and their incomplete removal in drinking water systems, health concerns have
been raised about recycled drinking water. Thus, strict monitoring for a wide range of EOCs should
conducted regularly to safeguard public health in such settings.

Human exposure to EOCs is through various routes, behaviours, and concentrations that may
vary considerably over space and time [45,159]. Exposure pathways include drinking contaminated
water, ingesting food prepared with contaminated water, and even dermal exposure during daily
activities such as showers, bathing, or cleaning [164]. Groundwater is a valuable source of drinking
water because it is thought to be less contaminated. Many people use groundwater directly for
drinking purposes around the world, with approximately 40% of Americans relying on it [161,165].
However, groundwater is also prone to EOC contamination and could pose a human health threat.
For example, discharges from wastewater treatment systems, landfills, aquacultural practices,
industry, hospitals, and veterinary clinics might contaminate groundwater [40,161,165]. Furthermore,
groundwater is linked to other sources, for example surface water, that are highly prone to pollution.

Antibiotics in water systems are a significant source of concern because they can lead to the
development of antibiotic-resistant bacterial (ARB) strains. A previous study detected extremely high
concentrations of amoxicillin (87-272.150 ng/L) in drinking water systems, which is linked to the
development of ARB, posing a challenge in disease management [45]. In a study, the exposure risks
and hazard quotients (HQ) of antibiotics commonly found in drinking water ranged from 10-9 to 2.5
[166]. Doxycycline had the highest HQ, exceeding the risk threshold (HQ=1). All the other antibiotics
studied had HQs below the risk threshold, indicating a low likelihood of causing health risks. Risks
of pharmaceutical mixtures were higher (HQ ranging from 10-2 to 2.6) than any individual [166].
Despite the increase in HQ values, the hazard index (HI) fell below those that can cause lifetime
health risks. However, the compounds undergo biotransformation within the drinking water system
producing metabolites. Research on the impacts of exposure to these metabolites is scarce, but they
could be more toxic than the parent compounds. Furthermore, most pharmaceuticals persist within
the environment leading to bioconcentration in surface water and groundwater [167].

Personal care products have been detected in drinking water systems. The four main classes of
PCPs are phthalates, parabens, triclosan, and fragrances [168]. These compounds are the main
ingredients in cosmetics and detergents, including toothpaste, soap, shampoo, deodorant, and
mouthwash [40,169]. Most of these chemicals have endocrine-disrupting properties, which
reportedly cause diseases such as diabetes, obesity, autism, neurological disorders, infertility, and
some cancers in humans [168]. In addition, antibacterial compounds such as triclosan and musk
fragrances have been detected in drinking water systems. Although studies have shown that these
compounds occur in trace concentrations in drinking water, they can persist within the environment
[170]. Once ingested, they are attracted to fat and are resistant to removal from the body, resulting in
their accumulation in fatty tissues [168].

Endocrine disrupting chemicals include estrogen, progesterone, androgen, ethinylestradiol,
bisphenol A, bisphenol-A and polychlorinated biphenylphthalate esters (PAEs) [171]. The EDCs, for
example, bisphenol-A and PAEs can simulate hormones within the body of an organism or interfere
with their physiological processes. Thus, they have been associated with infertility, diabetes, obesity,
neurological diseases, and aberrant growth patterns [172]. Besides, the disrupted endocrine system
causes acute to chronic diseases, including immune effects, behavioural changes, reproductive
abnormalities, metabolic syndromes, epigenetic deregulation, and disrupted foetal development and
growth [159]. Phthalates of higher molecular weight, for example, di (2-ethylhexyl) phthalate, di- n-
butyl phthalate, and di-n-octyl phthalate, are mutagenic and can affect the liver, and excretory and
reproductive systems [172].

A study conducted in Jabalpur City, India, detected phthalate esters in surface water, overhead
water, and drinking water at concentrations in the ranges of 3927.89-7553.94 ug/L, 3.02-1527.29 ug/L,
and 1.86-1438.20 ug/L, respectively, during winter [172]. However, EOC concentrations in summer
were significantly higher, implying that human exposure risks may vary with seasons. With regards


https://doi.org/10.20944/preprints202306.1160.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2023 doi:10.20944/preprints202306.1160.v1

28

to human health risk, estimated hazard quotients associated with PAEs and bisphenol A exposures
show that only di (2-ethylhexyl) phthalate (DEHP) has a higher (> 1.0) HQ and HQ-AA irrespective
of the season. Exposure to DEHP is therefore associated with an increased risk for human health.
Other studies, however, reported contrasting results, with two separate studies in Iran reporting HQs
of less than 1 for DEHP [172]. This may suggest that exposure to PAEs and BPA does not result in
adverse human health impacts. Nevertheless, further studies are required to ascertain the risks
associated with these EOCs.

Besides seasonal variation, human exposure risk can also be affected by the life stages and health
circumstances of individuals. A comparison of daily exposure risks to EDCs among adults, infants,
and children revealed that children and infants are more susceptible to EDCs exposure due to the
uptake of more water based on body weight [159]. With regards to bisphenol A, the observed daily
intake in infants (1340 ng/day) was nearly tenfold that for adults (148 ng/day). Adults above 65 years,
pregnant women, and lactating mothers undergo physiological changes that demand higher water
uptake, making them more vulnerable to EDC exposure risks. Human exposures to EDCs, such as
phthalates, can reduce fertility by prematurely activating primordial follicles and altering levels of
sex-steroid hormones [173]. In females, prenatal exposure to EDCs and other chemicals has been
associated with several adverse pregnancy outcomes, including miscarriage, preeclampsia,
intrauterine growth restriction, poor weight gain during fetal development, and preterm delivery,
have been reported [174]. In males, exposure to EDC in early life causes conditions such as
hypospadias, congenital cryptorchidism, poor semen quality, testicular dysgenesis syndrome, and
testicular germ cell cancer.

Human exposure to fluorinated compounds, such as PFAs, PFOAs, and PFOs, through drinking
water causes similar health outcomes to phthalates. These compounds are concerning owing to their
high mobility, persistence, and toxic potential [45]. Concentrations of PFOS ranging from 0.1 to 51
ng/L were detected in potable water in Japan [175], while a study in America detected PFOA
concentrations of 26 and 27 ng/L, and PFOS concentrations of 57 and 63 ng/L in tap water [154]. The
occurrence of these compounds in drinking water is associated with increased tumours, endocrine
disruption, impaired neuro-development, and adverse reproductive outcomes in humans [173].
Evidence from an epidemiological study in Mid-Ohio valley showed that exposure to PFOA through
drinking contaminated water for one year caused ulcerative colitis, testicular and kidney cancers,
thyroid disease, high cholesterol, liver damage, pregnancy-induced hypertension, and decreased
birth weight [176]. Despite studies linking the presence of these compounds to various diseases and
conditions, there are insufficient epidemiological and toxicology studies to fully understand their
human exposure risks.

Studies have shown that DWS are contaminated with various forms of EOCs, and the
contamination levels vary with location and time. Concentrations of EOCs in drinking water systems
depend on factors such as the source of water (groundwater or surface water), properties of the
pollutant (persistence, mobility, accumulative, bio-magnification, etc), location, and seasonality.
Although exposure to EOCs has been linked to adverse effects on human health, the epidemiological
and toxicological data available is inconclusive, and most studies focused on individual
contaminants. Most contaminant levels detected in drinking water systems fall below exposure risk
thresholds. However, exposure to a cocktail of contaminants can adversely affect human health.
Therefore, there is a need for more epidemiological and toxicological research to elucidate the
potential adverse effects of inevitable exposure to EOCs.

5.2. High-risk Environments

To protect human and ecological health, it is important to assess and ascertain high-risk
environments as well as groups most vulnerable to EOCs. The vulnerability of these groups is
dependent on the occurrence and distribution of EOCs in aquatic environments. It is therefore
paramount to relate risk factors to locations that expose groups of people to these contaminants. A
high global mortality rate (>1 per 10°) is attributed to unsafe drinking water, sanitation, and hygiene
(WHO, 2019) with African countries and other low- and middle-income countries having rates of >0.1
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%. This shows the disease burden and mortality due to water contaminants, including EOCs, which
are attributed to several risk factors some [77]. Proximity to human activity, industrial and
agricultural wastewater sources increase the occurrence of EOCs and exposes not only communities
in the vicinity, but also end users of drinking water and aquatic foods [177-179]. Furthermore, the
efficiency of treatment of the wastewater determines concentrations of EOCs and ultimately their
public health risks. Consequently, poorly managed wastewater treatment facilities may release EOCs
into drinking water sources.

Some old municipalities in the USA have combined sewer system outfalls, while other areas
have on-site wastewater systems situated in highly forested areas that are not served by municipal
waste water treatment plants [177]. As such, communities in these areas are exposed to the highest
risk, especially if they lack advanced drinking water treatment systems. Another factor increasing
risk is spacio-temporal fluctuations of EOCs in surface water that result from seasonal hydroclimatic
patterns. Such patterns dilute and mobilize contaminants from diffuse as well as point sources [10].
A few studies confirm that EOCs from wastewater treatment facilities, such as metformin and
sulfamethoxazole, with consistent loading to aquatic systems depict dilution dynamics [180]. This is
because wastewater effluents are moderated throughout high-flow seasons, but may increase during
low-flow or drought periods. Apart from these, pharmaceuticals such as acetaminophen, caffeine,
and sulfamethoxazole, are commonly associated with wastewater treatment plants. These were
found ubiquitous across seasons and in water from all source types, but highest concentrations were
recorded in cold seasons, corresponding to high consumer use and lower environmental attenuation
rates [77].

A previous study on drinking water sources in the Susquehanna River Basin in America showed
that reservoirs had lower EOC occurrences than riverine sources due to higher forested land use and
increased residence times for natural attenuation in reservoir source sites [177]. The results of this
study also revealed that naproxen and ofloxacin posed a high risk in fish Daphnia and algae in riverine
and reservoir sources. In addition, the exposure route determines the severity of the effects of EOCs
since acetaminophen and sulfamethoxazole posed a lower risk (RQ<0.01) through fish consumption
rather than through drinking water. Demographical factors influence the use of pharmaceutical and
personal care products by consumers, thus, impacting release into DWS and the resulting human
exposure risks [177]. Poor agricultural activities are one overlooked factor that increases the risk to
EOCs. Such practices include improper application of manure, biosolids, and pesticides, which may
increase release of EOCs into DWS.

High human exposure to EOCs in DWS correlates with risk severity. Regardless of the exposure
routes, EOCs may have potential additive and synergistic effects on human health from mixtures of
EOCs originating from multiple exposure routes [177,181]. Risks also differ due to the varying
sensitivity of populations, including various age groups, and underlying health conditions [181].
Additionally, EOCs reaching drinking water from agricultural sources (e.g. thiamethoxan) exhibit
accretion responses with elevated concentrations during higher flow conditions as the dominant
transport pathway is surface runoff [182]. Caffeine and acetaminophen are generally removed fairly
well through conventional wastewater treatment. However, they exhibit elevated or sustained
concentration during high-flow events [177]. This suggests that they have other potential sources of
EOCs in shallow lateral flow (e.g., septic tanks leach field), surface runoff from biosolids-embedded
fields, and desorption from streamed sediments, among others.

Hot-spots for EOCs constitute high-risk factors. For example, areas with high concentrations of
drugs excreted or disposed of in domestic sewer systems and landfill leachate, and effluents from
hospitals and runoff from aquaculture and animal husbandry activities [183]. Household waste may
also contribute to EOCs, particularly pharmaceuticals, in wastewater through the disposal of expired
medicines into sinks and drains [184]. The EOCs subsequently contaminate drinking water sources
through inadequate wastewater treatment and sewage leakage into the rivers. For instance, in Japan,
pharmaceuticals such as ibuprofen, carbamazepine, crotamiton, and mefenamic acid and PCP were
detected in rivers, illustrating a positive correlation between river flux and the occurrence of EOCs
[185]. EOCs can contaminate groundwater through sewer and septic leakages [186]. In Taiwan, it was
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observed that concentrations of pharmaceuticals at water sites were highest (37.5%) for hospital
effluents, followed by animal husbandry effluents and pharmaceutical manufacturing facilities,
while minimum concentrations (<1%) were detected in aquaculture effluents [186]. This confirms that
EOCs find their way to drinking water from effluents from diverse avenues. To further demonstrate
this connectivity, data from this study correlated with data on the consumption of pharmaceuticals
in Taiwan, suggesting human contamination as the source.

Pharmaceuticals occurring in municipal effluents, wastewater treatment facilities, and
freshwater fluctuate probably due to natural attenuation from photolysis, biotransformation,
sorption, dispersion, and volatilization or a combination of these [187,188]. Owing to their non-
volatile nature, EOCs persist in drinking water systems because natural attenuation by the various
removal mechanisms is low. Natural attenuation only relies on sorption, biological, chemical, and
photo transformation and dilution [177,188]. Several studies and literature previously focused on the
fate of EOCs in sediments, surface water, wastewater treatment facilities, effluent streams, and
groundwater systems.

A few studies have been conducted to assess emerging organic contaminants and their
associated eco-toxicological effects in LICs. Literature survey shows that most studies have been
carried out in China and developed countries, with only a few or no studies in other parts of the
world [189,190]. Particularly, the research effort in Africa is still very limited, with a few countries
involved in investigations on EOCs. For example, with regards to pharmaceutical compounds and
their derivatives, only five countries, namely South Africa, Kenya, Cote d’Ivoire, Tunisia, Zambia ,
and Zimbabwe, out of 54 have collected data on the occurrence of EOCs in drinking water systems
[24,191]. One study carried out in South Africa detected polychlorinated biphenyls, bisphenol A, and
acetaminophen in 90% of effluent from wastewater treatment facilities at concentrations of up to 200
pg/L [191]. Another study in South African estuaries reported the presence of EOCs including
polychlorinated biphenyls (PCBs) and PFASs in water [192]. The average concentration of pesticides
in water and suspended particles were 0.16 ug/L and 18.6 pg/kg for endosulfan, 0.45 ug/L, and 19.6
ug/kg for chlorpyrifos, and 0.15 pg/L and 34 pg/kg for prothiofos, which exceeded the US EPA
guidelines for drinking water.

Challenges of EOCs are common globally but are exaggerated in Africa by socio-economic
complications that culminate in poor sanitation [191]. Africa’s urban population is expected to reach
2 billion by 2030, exceeding the capacity to supply adequate infrastructure for securing safe drinking
water, waste disposal services, and sanitation. In addition, the population increase in Africa is linked
to the increased production, consumption, and disposal of a wide range of synthetic organic
compounds [24]. This has exacerbated the challenges of wastewater and water management [193].
The installed conventional wastewater treatment facilities cannot remove the emerging
contaminants, as they were not designed for such pollutants and hence their release into the receiving
aquatic environment. For instance, the activated sludge-based technology, and even more advanced
wastewater treatment technologies such as the membrane bioreactor processes, are not able to
remove most of the EOCs in urban wastewaters [191]. A previous study conducted in South Africa
to assess the occurrence and quantity of several EOCs in WWTP effluents confirmed the presence
EOCs in 90% of the samples [191]. Non-steroidal anti-inflammatory drugs such as ibuprofen,
ketoprofen, diclofenac and naproxen have also been detected in African effluents from wastewater
treatment facilities in South Africa, Tunisia and Nigeria at concentrations around 410 pg/L [191].

The majority of groundwater systems in LICs in Africa have dissolution channels and fissures
causing accelerated transport of water [194]. EOCs and naturally occurring hazardous compounds in
soil, also find their way to aquifers due to groundwater recharge rate, aquifer type and depth, and
land use that affects runoff. In Zimbabwe, Cameroon, Nigeria and Guinea, mining activities have
been reported to mobilize EOCs to both ground and surface water [194]. Additionally, karst systems
in LICs of Africa are prone to pollution from unconfined waste, particularly in systems that are in
contact with bedrock outcrops and open water surfaces [194]. Karst aquifers are therefore the most
vulnerable groundwater systems to anthropogenic pollution from EOCs, where half of detected
compounds exceeded concentrations of 100 mg/L [189,194]. Water quality data, as well as
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hydrogeological evidence of management of groundwater resources, are scarce in sub-Saharan
countries despite water quality being a critical challenge. Data obtained in studies in Europe and the
USA cannot be directly applied elsewhere as the karst types differ significantly in age and degree of
karstification as well as the EOCs studied.

Informal settlements are common in LICs due to socio-economic challenges, resulting in poor
sanitation, a scenario well documented in Lusaka Zambia. Furthermore, it is estimated that 70% of
African urban populations are not connected to centralized wastewater treatment systems, hence
untreated or partially treated effluent is released into surface waters or the soil [24]. Communities is
such areas rely on water sources such as wells, rivers, and lagoons. In Lagos Nigeria, EDCs at
concentrations around 2.5 pg/L were detected in lagoons [195]. As a result of the higher density of
contaminant sources, exposure risks are also likely to be significant [24]. In the case of Lusaka, water
and sanitation authorities had difficulties keeping up with sanitation services, and they sought
intervention from investors and non-governmental organizations [194]. This initiative has seen an
improvement through the introduction of community involvement and updating of physical
infrastructure that includes wastewater treatment facilities.

Another challenge facing LICs is lack of appropriate technologies for the detection of the EOCs.
Policy formulation on EOCs depends on the availability of data. However, LICs lag behind in terms
of technologies for data collection. Ultra-sensitive analytical techniques are required for the
quantitation of most EOCs in the aquatic environment [196]. Besides, the skills for data collection and
interpretation could be limited, while the cost of monitoring the EOCs could be prohibitively high.

5.3. Human Exposure Pathways

EOCs are introduced into DWS via a number of point and non-point sources, and the receptors
are including environment, biota, and humans [30]. The environment as a receptor involves water,
soil, and air, while biota includes soil, marine, and aquatic organisms. The former has been
thoroughly investigated, while specific receptors within an organism at the cellular, process, and
system levels as well as in the human body are not well studied [197]. At the organism level, receptors
of EOCs include organs, systems (e.g., respiratory, endocrine, enzyme), biomolecules, biochemical
processes, and specific target cell receptors.

The pathways through which humans are exposed to EOCs in water include primarily drinking,
then inhalation, and dermal pathways. Studies show they pose severe public health risks in
communities that depend on contaminated water sources [178]. PFOA and PFOs are the most
thoroughly studied EOCs that have been detected in, and are associated with, surface water and
drinking water. These have found their way to human organs and tissues, for instance, serum and
breast milk . Other exposure pathways such as dermal absorption and inhalation of volatile EOCs
lightly contribute to human exposure [198]. When inhaled, EOCs enter and irritate the nasal cavity,
air passages, and lungs [199]. They become deposited in the airways or absorbed by the lungs into
the bloodstream. Blood then carries these substances to the rest of the organs.

Dermal exposure to EOCs happens when the contaminants come in contact with the skin, for
instance in the shower or while swimming. Although inhalation is considered the greatest exposure
route for volatile EOCs, the skin can also absorb the contaminant in vapour form. However, there is
inadequate evidence confirming significant correlations between EOCs and a number of health
conditions. A small number of sites have been identified on the human body as suspected targets,
especially the bladder. Colorectal tumours and bladder tumours have been associated with
disinfectant by-products found in drinking water and have been correlated with drinking water
habits [199].

The receptors for PFOAs are the most studied revealing its ligand nature, activating peroxisome
proliferator-activated receptor a (PRAR«x) . PFOAs increase the incidence of hepatocellular adenoma,
and the peroxisomal mass and fatty acid -oxidation, and expansion of the smooth endoplasmic
reticulum. Generally, PFOAs have high bioaccumulation potential, hence their occurrence in human
tissues [200]. In the kidneys and lungs, perfluoro-butanoic acid was the most frequently detected
compound. In the liver and brain, perfluorohexanoic acid showed maximum levels, while the
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concentration of perfluorooctanoic acid was highest in bone (about 20.9 ng/g). Lung tissues had the
highest PFA concentration, while perfluorooctanoic acid and perfluorooctane sulfonic acid were
predominant in the bone and liver, respectively [197]. Due to their polar and hydrophobic nature,
EOCs containing fluorine have an affinity for proteins, and thus, have been detected in breast milk,
human serum, and cord blood [201]. Of all EOCs, halogenated compounds such as polychlorinated
dibenzo-p-dioxins, and dibenzofurans, and PFAs tend to bioaccumulate and so persist, and can be
detected in urine [202]. Some studies, however, suggest that only one-fifth of the total body clearance
is renal, implying the urinary system is not the sole route of elimination of EOCs. The elimination
half-life of PFOA in humans was estimated at 3.5 years, while and that of PFOs was about 4.8 years
[203]. In drinking water, EOCs have a half-life value in the range of 2.3-3.3 years. The difference in
chain lengths of the organic contaminants also determines the accumulation and distribution in
different tissues. A study on Tarragona community members in Spain confirmed a varying
distribution of a wide range of EOCs that include PFOA, PFOS, and PFAs [203]. Evidence has shown
that PFOA is mostly reported high in the liver, breast milk, and blood and less in the thyroid.

Other receptors of EOCs are the homeostatic, metabolic, immune, and hormonal systems. PFCs
affect glucose homeostasis, confirming their residence in the system. High PFNA levels in serum are
associated with hyperglycemia and a higher B-cell activity [204]. A previous study showed an
association between uric acid and PFCs, showing that PFOA serum concentrations are significantly
related to a higher rate of hyperuricemia, a potential risk factor for hypertension and cardiovascular
diseases [205]. Such is evidence of the deposit and persistence of the fluoro- compounds in the urinary
system and serum.

There is overwhelming evidence on the adverse effects of EOCs in the human body. Human
exposure to potential hormonal disruptors and PFCs might decrease fertility [206]. PFOs were
reported to decrease women's capacity to lactate, while perfluoroalkyl acids compromised testicular
function and semen quality in males [207,208]. The prevalence of thyroid diseases such as papillary
carcinoma and follicular carcinoma were shown to be directly linked to the concentration of PFCs in
serum and tissue [209]. PFOs and PFOAs induce the increase of serum thyroxine while decreasing
trilodothyronine uptake in humans. In a study performed on adolescents and children, PFOA was
substantially associated with increased total lipid and low-density lipoprotein cholesterol, while
PFOs were related to elevated total lipid, and lipoprotein cholesterol [210]. There also is evidence that
PFOA and PFOs induce gene modifications during the metabolism of lipids in humans.

The bioaccumulation of EOCs in humans has been extensively studied using model animal.
Suitable model organisms for screening sediment toxicity and assessing bioaccumulation are benthic
fauna such as earthworms. For instance, Lumbriculus variegalusis intensively used in bioaccumulation
studies they can burrow into sediments and tolerate highly contaminated areas [211]. Another worm
species, L. variegalus, degraded and metabolized fipronil in sediments containing extremely high total
organic carbon (39% w/w) spiked with pp’- dichlorodiphenyldichloethylene, dieldrin, fipronil, and
triclosan [211]. The results showed that the concentrations of fipronil in tissue reached a peak after 2
days, and showed a 70% decrease in sediment. Many pharmaceutical compounds contain bioactive
components with chronic effects on non-target biota. A bioconcentration factor of 113 was reported
in goldfish upon exposure to high concentrations of pharmaceuticals and personal care products for
14 days [212]. The chronic effect could lead to gene mutation and a decline in fish populations [213].
Since humans are frequently exposed to a cock-tail of physico-chemically varied compounds rather
than single contaminants, deciphering the severity of health consequences becomes complex.

Rodent models have also been used in studying the potential carcinogenicity of PFOs and
PFOAs. One study demonstrated that EOCs cause pancreatic adenocarcinoma, benign liver
adenomas, and Leydig cell adenomas [213]. In a lifetime feeding study, male rats suffered from
hepatocellular adenomas after being fed on PFOA for 2 years [188]. Besides rodents, aquatic
organisms such as Daphnia and molluscs are commonly used model organisms in EOC articulation
[177,214].

Over 98% of the US population has been reported to have PFAS in serum [215]. Results
suggested an association between exposure to PFOA and kidney cancer, although it remained unclear
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whether PFOA or other PFAS are renal carcinogens or if they influence the risk of renal cell carcinoma
at concentrations observed in the general population. A range of EOCs were detected in a study on
the urine of adolescents were screened to detect and identify new emerging contaminants [216]. The
identified EOCs and their metabolites were recommended as candidate biomarkers of exposure in
future studies. Going forward, more comprehensive studies that use human models are
recommended as they give in-depth statistics that can help curb the effects of emerging organic
contaminants.

6. Human Health Risks

The concentrations of some EOCs might have exceeded the minimal concentration that can pose
human health hazards (Tables 2 and 3). In addition, the concentrations varied with the type of EOC
and season. Several EOCs were detected at low concentrations (Table 2), however, their
recommended limits are still not sufficiently studied and determined. Some antibiotics have been
reported at very low concentrations, indicating a low risk of microbes’ resistance selection and posing
a moderate risk to aquatic biota and humans. However, some compounds might have exceeded their
ecotoxicity concentration limits. Notably, the EOCs may be close to or exceed recommended limits in
drinking water; thus, the risk they pose to public health must be quantified. Some studies also show
that contaminants such as metal cations might interact with pharmaceutical compounds
administered to humans and animals, or released into the environment causing greater public health
risk [217]. For example, a previous study reported an interaction between bisphosphonates and
mineral water containing high concentrations (80 mg/L) of calcium and magnesium reduce the
absorption of risedronate in rats [217]. Consequently, such waters are not recommended when taking
risedronate.

6.1. Evidence of Human Health Risks

Most EOCs have been suggested as environmental risky substances based on their human health
risks. Acute and chronic toxic effects of EOCs on model animals and humans have been demonstrated
in toxicology studies (Table 4).

Table 4. Human health risks of Emerging Organic Contaminants in Humans.

Major Findings and

References
Remarks

Type of EOC Organism Concentrations

1. Pharmaceuticals

Human health risk for
20.06 ug/L-  age groups less than
1281.50 pg/L 12 months was
reported.

sulfonamides humans [218]

Chloramphenicol, ciprofloxacin,
sulfapyridine, doxycycline,
enrofloxacin, florfenicol, humans 0.5-21.4ng/L.  Resistance election. [219]
levofloxacin, metronidazole,
norfloxacin, sulfamethoxazole

estrogen and sulfapyridine Human  0.09 - 304 ng/L -Resistance selection.  [220]
Ciprofloxacin Human -Clpr'oﬂoxacm [221]
resistance.

-A potential cancer

Bromate, perchlorate and chlorate ~ Human [222]

risk.
fluoroquinolones, [3-lactams, concentrations -Accumulations in the
macrolides, phenicols, Human at 0.0064 ng/mL body and detected in =~ [223]

sulfonamides, tetracyclines -0.0089 ng/mL the urine.



https://doi.org/10.20944/preprints202306.1160.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2023 doi:10.20944/preprints202306.1160.v1

34

- The non-
carcinogenic risk of

30 common antibiotics Humans 226.8~498.1ng/L . [224]
different groups of
people was reported.
2. Personal care products
. -Affects the liver and
Cyclic siloxanes . .
. also induces liver cell
D4(octamethylcyclotetrasiloxane) enzvmes

and D5 Humans YIRes. [225]

-Pri
(decamethylcyclopentasiloxane) rimary target organ

for D
(personal care products) or DS exposure by

inhalation is the lung.

5-10mmol/litre Competitive binding

itro Musk 1
Nitro Musk (personal care Humans in surrounding capability to estrogen  [226]

products)

media receptors.
Fragrances (personal care products) Human Facial dermatitis. [227]
Glycol ether (personal care Human Motile sperm f:ount [228]
products) and infertility.
Negative impact on
Glycol ether metabolites (personal Human the [229]
care products) neurodevelopment of
infants and children.
I 11 1
nsect repellents (personal care Human Cause vomiting. [230]
products)
Adverse birth
outcomes decreased
Butyl 1
utylparaben & propylparaben Human gestational age birth ~ [231]
(Personal care products) Parabens .
weight & body length
of neonates.
Methylparaben & propylparaben Human Increases gestational [232]
(personal care products) Parabens age.
3. Plasticizers
lasticizers Humans 13.42- otential cancer risk.  [198]
pa " 26548ng/l. PO onnacd ‘
0.046 and - Carcinogenic risk of
Polyethylene terephthalate bottles 071 pg/L 28 %107, [233]
Bio accumulation in
Plasticizers Humans the blood plasma and  [234]
urine
4. Surfactants
Alkyl sulfates (AS), linear ~Acute toxic effects in
adult vertebrates.
alkylbenzene sulfonates (LAS), Acute oral toxici
alcohol ethoxylates (AE), alkyl ty
adult 1to20mg/L.  to occur at doses of
phenol ethoxylates (APE), alcohol [235]
. vertebrates 650 to > 25,000 mg/kg.
ethoxy sulfates (AES), alpha olefin .
-No evidence for
sulfonates (AOS) and secondary carcinosenic
alkane sulfonates (SAS) & .
mutagenic.
5. Flame retardants
- OPFRs in drinking
85.1ng/L - .
OPFRs humans 325 ng/L, water did not pose a [83]

major health concern
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for adults and
children.
-Rapidly
Polybrominated diphenyl ethers Humans bioa.lccumulating—
(PBDEs) doubling every two to
five years.

[236]

estimated daily
Organophosphate flame retardants humans median: 48.7 OPFRs intake was less [82]
(OPFRs) ng/L than the oral

reference dose values.

- endocrine-
disrupting,
reproductive toxins,
carcinogens,
triphenyl phosphate, tris(1,3- 1.1 ng/mL and neurotoxins
. humans
dichloropropyl) phosphate 1.2ng/mL -Flame retardants
were detected in all
urine samples,
suggesting bio-
accumulation.

[237]

-potential cancer risk
(>1.00E-6), no non-
carcinogenic effects

(<1).

-Total OPEs in
advanced DWTPs
were much lower

than those in
Organophosphate esters (OPEs) humans 5 651?:1:31;; " COHVEEEIIZEE:}Q?Z\]TPS' [32]
conventional DWTPs,
advanced DWTPs
removed approx.
65.6% and 36.5% of
the carcinogenic risk
and non-carcinogenic
risk of OPEs,
respectively.

-The estimated daily
intake (EDI) for all
FRs was higher in
Flame retardants (FRs) humans Upto 71.05 ng/L children than adults. [86]
Both children and
adults were at low
risk (HQ <1)
EDI through drinking
humans water was <9.65 ng/kg  [238]
body weight/day.

Organophosphate flame retardants
(OPERs)

6 Endocrine disrupting chemicals
0.4 to 25.5 -Caused oocyte
ug/L aneuploidy and

Bisphenol A (BPA) human [239]
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reduced production
of oestradiol
decreased ovarian
response including
decreased peak
oestradiol levels,
decreased number of
oocytes retrieved
decreased pregnancy
rates.

-Unexplained
infertility was present
LOD to 65.
BPA human  FOPOE53 090, of the subjects  [240]
ug/L. d .
ecrease in peak
oestradiol.

7. Gasoline additives

-Insulin formed a
molten globule -like
structure. This shows

MTBE promotes

MTBE humans 8 uM MTBE protein oxidation and ~ [241]
the production of
reactive oxygen
species.

8. Per- and Polyfluoroalkyl Substances (PFAS)

Human -No significant
Perfluorooctanoate (PFOA) and (human liver concentrations  alterations in its [242]
perfluorooctane sulfonate (PFOS) HepaRG cell of 40-50 ng/L activity were
line) observed.
9. Artificial food sweeteners
-ASWs in
Artificial sweeteners human 0.5-25ng/L groundwater did not [2]
appear to pose human
a health risk.
-Bio- accumulation
Artificial sweeteners human Upto 21 pug/L  detected in human [243]
waste.
10. Food colourants or dyes
-Irritable and restless
tartrazine human 1-50mg and had sleep [244]
disturbance.
11. Ultraviolet sunscreening agents or UV blockers/filters
-Decline in male birth
weight and decreased
gestational age in
Benzophenone-3 (BP-3) humans, rats humans. [245]
-Decrease in
epididymal sperm

density and a
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prolonged oestrous
cycle for females were
observed in rats.
human breast
o -DNA damage in
epithelial 1uM -5uM s
B h - helial cells. 24
enzophenone-3 cells, BP-3 epithelial cells [246]
-A decrease in
vasorelaxation of
human umbilical
UV-B filter octylmethoxycinnamate 110, and arteries was revealed.
(OMCQ) human Lo Possibility of OMC [247]
50 pumol/L . -
acting as an inductor
of pregnancy
hypertensive
disorders.
-mRNA expression of
cytokines up-
-h 4-
2-hydroxy regulated. UV filters
methoxybenzophenone; 4- )
. may alter the immune
methylbenzylidene camphor; 2- human .
. system functions of [248]
ethylhexyl 4-methoxycinnamate; macrophages
humans and may lead
and butyl-
. to the development of
methoxydibenzoylmethane, .
asthma or allergic
diseases.
Table 5. Human health risks of emerging organic contaminants on animal bioassay species.
Type of EOC Organism Concentrations Major Findings and References
Remarks
Personal care products
Cyclic siloxanes
D4 hylcycl il
(octamethylcyclotetrasiloxane) Diis considered to
and D5 rats . . - [225]
. impair fertility in rats.
(decamethylcyclopentasiloxane)
(personal care products)
dose level of 0.5 . .
Musk ambrette, musk ketone and Rats and - Affects liver tissues.
. mg/kg (11 [249]
musk xylene mice .
ug/cm? of skin)
Flame retardants
-Rapidly
Polybrominated diphenyl ethers mice bloéccumulatmg— [236]
(PBDESs) doubling every two to
five years.
Endocrine disrupting chemicals
Pregnant
Estradiol benzoate Aroclor 1221 ~ Sprague- -Irregular oestrous
k 2
PCBs Dawley 50 pg/kg cycles. [250]
rats
Bisphenol A (BPA) mice 1ug /kg to 10 mg -Number of primordial [251]

/kg follicles in the
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primordial follicle pool
decreases significantly.

-Prostate weight first
increased then

0.02,0.2,and 2.0 decreased with dose
Estradiol and diethylstilbestrol mice ng/g of body . ’ [252]
weight ‘ resulting in an
inverted-U dose-
response.
Gasoline additives
-Cause testicular,
uterine, and kidney
MTBE mice and cancerf as we?l as harm [119]
rats the kidney, immune

system, liver, and
central nervous system.

-The contaminant
caused an increase in
Sprague- Leydig interstitial cell
MTBE Dawley 1000, 250, or 0 tumors of the testes [253]

rats mg/kg b.w and a dose-related
increase in lymphomas
and leukemias in the
female rats.
Per- and Polyfluoroalkyl Substances (PFAS)
-Decrease cytochrome
oxidase activity in liver

ratsand Injection at 100 tissue.
PFOA, PFOS or N-EtFOSE . J -Hepatomegaly as [254]
mice mg/kg .3
indicated by the

increase in liver
weight.

-Trigger inflammatory
1,5,10, and 20 markers e.g, HGF, IFN-

PFOA mice mg/kg body Y, IL-6, TNF-a, and [255]
weight orally  hepatic enzymes ALT
and AST.

-Could not carry their
pregnancy successfully.
1,3,50r 10 -The majority of the

Perfluorononanoic acid (PFNA) Mice mg/kg PFNA-exposed pups [256]
survived a few days
longer after birth.
-Showed increased
exposed orally to femoral periosteal area
Perfluorooctanoic acid (PFOA) Mice 0.3 mg as well as decreased [257]
PFOA/kg/day mineral density of
tibias.

Artificial food sweeteners

maximum Increased body
Artificial sweeteners Mice ﬁ:zll:a(tiglga;y weight; food intake [258]

libitum remained unchanged.
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-Development of

glucose intolerance
through the induction

Artificial sweeteners Mice of compositional and [259]
functional
modifications to
intestinal microbiota.
-Chronic intake of
aspartame sweeteners
(3 mg/kg/day) or significantly impaired
Artificial sweeteners rat saccharin PAL performance, [260]
(3 mg/kg/day) or  lowered neuronal
sucralose count in aspartame and
(1.5 mg/kg/day) increase Brain lipid
peroxides.
Food colourants or dyes
-Significantly
decreased the weight of
the thymus gland, a
an oral dose of significant decrease in
neutrophils and [261]

Amaranth, Sunset Yellow,
Curcumin

Rats  47.157.5 mg/kg

monocytes and a
compensatory increase

in lymphocytes.

-Alter biochemical

Tartrazine and carmoisine,
saccharin

markers in vital organs
e.g. liver and kidney
not only at higher
doses but also at low
doses
-Increased incidences

Rats [262]

Carmoisine,

of adrenal blood/fibrin

cysts or internal

hyperplasia/medial

hypertrophy of the
pancreatic blood

vessels and
reduced body-weight
gain.

100 -1200 mg/kg [263]

Rats body weight

Ultraviolet sunscreening agents or UV blockers/filters

R-loops and DNA

Benzophenone-3

damage were also
detected in mammary
epithelial cells of mice.
BP-3 raised oxidative

1uM -5uM [246]

mice BP-3

Benzophenone-3

stress and induced
apoptosis in the brain,
as well as impaired
spatial memory.

rats [264]

6.1.1. Pharmaceuticals
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Mixtures of pharmaceuticals such as sulfonamides at concentrations ranging from 20.06 ug/L
t01281.50 pg/L are reported to have adverse effects on age groups less than 12 months old [218]. A
study suggested that sulfamethoxazole, sulfapyridine, metronidazole, chloramphenicol,
levofloxacin, norfloxacin, doxycycline, florfenicol, and enrofloxacin ciprofloxacin at the concentration
range of 0.5 - 21.4ng/L can potentially induce antimicrobial resistance [219]. Sulfapyridine and
estrogen pose the same health risk but at lower concentrations (0.09 — 304 ng/L) [219]. Antibiotics
such as macrolides, [3-lactams, tetracyclines, fluoroquinolones, sulfonamides, and phenicols at a very
low concentrations in the range of 6.4 ng/L - 8.9 ng/L have been detected in urine and blood samples
[223]. In fact, a related study suggested that, at a concentration of 226.8-498.1 ng/L, antibiotics pose
non-carcinogenic risk [224]. However, the age of the individual influences the risk in the order:
adults>adolescents>children.

6.1.2. Personal Care Products

The human health risk of personal care products in drinking water has not attracted adequate
research interest. The majority of literature on personal care products is restricted to the
environmental occurrence, and also their general human health risks without specifically linking it
to drinking water (Table 4). Personal care products such as siloxanes [265], nitro musk [249],
fragrances [227,266], Glycol ether, insect repellents , and butylparaben and propylparaben have been
reported to cause the following in humans: (1) cyclic siloxanes affect enzyme activities in human
livers and reproduction in rats [225], (2) at a concentration of 5-10 mmol/L, nitro musk competitively
binds to estrogen receptors in humans [267]. A range of personal care products cause loss of body
weight, reduced fecundity, and loss of liver tissues [228,249], (3) glycol ether affects the reproduction
system and infant development [229,230], and (4) insect repellents and parabens have been reported
to cause health risks in gestation period [268].

6.1.3. Plasticizers

Plasticizers at a concentration of 13.42-265.48 ng/L can potentially cause cancer [198]. A human
risk assessment showed that, exposure of polyethylene terephthalate at a concentration range of 0.046
- 0.71 pg/L to solar radiation carries a carcinogenic risk of 2.8 x 107 [233]. These data suggest that,
prolonged exposure of drinking water in plastic bottles to solar radiation poses potential cancer risks.
Plasticizers in drinking water have been reported to accumulate in human bodies and were detected
in blood plasma and urine (Table 4).

6.1.4. Surfactants

In comparison with other EOCs in drinking water, there are limited data on the human health
risks posed by surfactants (Table 4). The rare exceptions have concentrated on the health risks of
surfactants in model animals. For illustration, the toxicity of linear alkylbenzene sulfonates, alcohol
ethoxylates, alkyl sulfates, alcohol ethoxy sulfates, alkyl phenol ethoxylates, secondary alkane
sulfonates, and alpha-olefin sulfonates was investigated [235]. According to the findings, surfactants
in adult vertebrates have: (1) acute oral toxicity at doses of 650 to > 25,000 mg/kg, and (2) no evidence
for carcinogenic or mutagenic effects. Therefore, more studies are required to understand the human
health risk of surfactants.

6.1.5. Flame Retardants

Compared to other EOCs, the public health risks associated with flame retardants have gained
considerable research attention. Humans are exposed to flame retardants in drinking water at
different levels, typically up to 9.65 ng/kg body weight/day [238]. Several studies, most of which used
model animals, have investigated the human health risks associated with flame retardants to generate
data for inferring human health risks (Table 2). Different types of flame retardants have been reported
to cause human health risks. Examples of flame retardants include organophosphate compounds
[82,83,238] and polybrominated diphenyl ethers [236]. As expected, flame retardants pose different
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human health risks at different concentrations. For example, at a concentration of 85.1 ng/L to
325 ng/L organophosphate flame retardants had no major health risk in both adults or children [83],
while organophosphate esters at a concentration of 13.42-265.48 ng/L carry a potential cancer risk
(>1.00x10%) in humans [32]. Flame retardants such as tris(1,3-dichloropropyl) phosphate and
triphenyl phosphate at a concentration of 1.1 ng/mL and 1.2ng/mL, respectively pose neurotoxic,
carcinogenic, and endocrine-disrupting properties [237]. Exposure to flame retardants through
drinking water can bioaccumulate in the human body [236]. For instance, a study ion the effects of
triphenyl phosphate and tris(1,3-dichloropropyl) phosphate on human health reported that flame
retardants were detected 100% in the urine [237].

6.1.6. Endocrine Disrupting chemicals

Endocrine-disrupting chemicals such as phenols, phthalates, and organochlorines, are widely
used and pose a significant risk to public health. Irregular oestrous cycles have been observed in rats
given oral daily doses of 50 pg/kg estradiol benzoate, Aroclor 1221, and PCBs [250]. In another study,
the quantity of primordial follicles within the primordial follicle pool significantly decreased in mice
exposed to bisphenol A [251]. Bisphenol A at concentrations of 0.4 to 25.5 ug/L were found to cause
oocyte aneuploidy, reduced oestradiol production, decreased peak oestradiol levels, decreased
ovarian response, decreased number of oocytes retrieved, and decreased pregnancy rates in humans
in another study [239]. Additionally, it was found that 29% of the study participants exposed to
concentrations of up to 65.3 g/L were infertile.

6.1.7. Gasoline Additives

The occurrence of gasoline additives in drinking water systems and its exposure to humans has
been associated with various health risks (Table 4). For example, compounds such as MTBE, ETBE,
and TAME were found to occur in DWS with concentrations ranging from 10 to 100 ng/L [110].
However, there are few studies reporting health risks as a result of direct human exposure. Much of
the evidence is through inference to exposure to model animal and test tube experiments. For
instance, several studies showed that MTBE is toxic to animals and may cause cancer, primarily in
rodents [241,269]. MTBE can cause cancers (e.g., kidney, testicular, and uterine) and damage the liver,
central nervous system, and immune system [119]. The same authors associated an increase in
wheezing and asthma symptoms in the winters of 1993-1994 and 1994-1995 to an increase in MTBE
exposure. In a related laboratory study, male Sprague-Dawley rats exposed to MTBE developed more
testicular Leydig interstitial cell tumours, and female rats developed lymphomas and leukaemias at
higher doses [253]. However, because MTBE is quickly excreted through urine, it is not toxic to
humans [270]. Although this study corroborated previous studies that linked the EOCS to the
development of tumours in rats and mice, the tumours were not qualitatively relevant to humans
[271]. Another study found that insulin formed a molten globule-like structure when exposed to 8
puM of MTBE [241]. This indicates that MTBE promotes protein oxidation and the generation of
reactive oxygen species, and may reflect what can occur in the human body upon exposure.

6.1.8. Per- and Polyfluoroalkyl Substances

Numerous studies have proved that PEAS are toxic to multiple organs throughout the body, and
can bioaccumulate in humans and other organisms. For example, PFOA, PFOS, and N-EtFOSE have
been shown to decrease the activity of cytochrome oxidase in liver tissue, and hepatomegaly in rats
and mice [254]. In some studies on mice, perfluorononanoic acid caused failure in pregnancy carriage,
and the majority of the exposed pups survived a few days longer after birth [256]. Exposure of mice
to perfluorooctanoic acid (0.3mg/kg daily) caused an increased femoral periosteal area as well as
decreased mineral density of tibias [257]. There is a possibility that the health hazards identified in
model animals can also affect humans, but more research is required.

6.1.9. Artificial Food Sweeteners
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There is limited data on the human health risks posed by artificial food sweeteners in drinking
water. Only a few exceptions exist [2,243]. Similar to other EOCs in water, artificial food sweeteners
have different human health effects at different concentrations. For example, at maximum acceptable
daily intake, artificial food sweeteners increased the body weight in mice [258]. At a concentration
of 0.5-25ng/L artificial food sweeteners did not pose health risks in humans [2]. Of note, up to 21
pg/L artificial food sweeteners were detected in human waste, showing bioaccumulation [243].
Saccharin (3 mg/kg/day), sucralose (1.5 mg/kg/day), and aspartame (3 mg/kg/day) caused impaired
PAL performance, lower neuronal count in aspartame and increase brain lipid peroxides in the brain
of rats [260]. Further studies directly linking the human health risks of artificial food sweeteners and
drinking water are recommended especially in LICs.

6.1.10. Food Colourants or Dyes

Concerns about the harmful effects of synthetic food colourants and dyes on human health are
increasing. Previous studies have investigated the toxicity of food colourants and dyes to model
animals. For example, Amaranth, Sunset Yellow, and Curcumin at concentrations of 47-157.5 mg/kg
administered daily to rats significantly decreased the weight of the thymus gland, as well as in
neutrophils and monocytes [272]. A separate study on ratsreported that tartrazine, carmoisine, and
saccharin at concentrations of 5.4 - 52.91 ug/L altered biochemical markers in vital organs such as the
liver and kidney even at low doses [262]. Tartrazine has been shown to cause irritability, restlessness,
and sleep disturbance in children at concentrations of 1 - 50 mg [244]. However, data on human health
effects of food colourants and dyes are still limited.

6.1.11. Ultraviolet Sunscreening Agents or UV Blockers/Filters

Ultraviolet blockers/filters are frequently used in personal care products, and human exposure
to these EOCs, primarily through the consumption of contaminated drinking water, may pose
potential health hazards (Table 4). For instance, it has been reported that substances like 2-ethylhexyl-
4-methoxycinnamate, butyl-methoxydibenzoylmethane, 4-methylbenzylidene camphor, and 2-
hydroxy-4-methoxybenzophenone up-regulate the mRNA expression of cytokines [248]. The
immune system may be altered as a result of this activity, which may also contribute to the emergence
of asthma or allergy illnesses. In another study, the thyroid hormone thyroxine (T4) was reported to
compete with several organic UV filters for the capacity to attach to transport proteins such as
transthyretin (TTR). As a result, they have toxic effects that are harmful to human health [273].
Organic UV filters, 2,2'4,4'-tetrahydroxybenzophenone, 2,4-dihydroxybenzophenone, 4,4'-
dihydroxybenzophenone, and 4-hydroxybenzophenone exhibited a high affinity to TTR [273]. A
related study reported that the 4-hydroxyl group of benzophenone-1 and -2 UV-filters can potently
inhibit human, rat, and mouse gonadal 33-hydroxysteroid dehydrogenases, and this would interfere
with potency and progesterone secretion [274]. Octylmethoxycinnamate (OMC), a UV-B filter, altered
the reactivity of the rat aorta, contributing to endothelial dysfunction [275]. Long-term human
exposure to OMC may increase the risk of cardiovascular disease. Furthermore, OMC was found to
reduce vasorelaxation of human umbilical arteries. This can lead to hypertensive disorders during
pregnancy.

6.1.12. Musks and Fragrances

Musk fragrances are aromatic compounds used in the manufacture of personal care and
household products [265,276], and in this review some musk fragrances are discussed under personal
care products (Table 2). Relatively low concentrations of these compounds were detected in drinking
water systems, and so human exposure is mainly via ingestion [276,277]. Although the mean
concentrations of the musk fragrances recorded was relatively low, research is not conclusive on their
impacts on human health risks. The detection of synthetic musk fragrances in tissues of marine
organisms including crustaceans, bivalves, fish, and marine birds, as well as their ability to
accumulate in tissues poses threats to animal health, including humans [276,278]. Studies have
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reported that musk fragrances have adverse effects on organs such as the liver. For example, musk
ketone and musk xylene possess enzyme induction properties that cause changes in liver weight
[249]. Musk ketone and musk xylene have been reported to have carcinogenic properties, but related
studies using rats and mice showed they are nongenotoxic substances which exhibit cogenotoxicity
due to their enzyme-inducing properties [169]. Nitro-musks also exhibit competitive binding
capability to estrogen receptors disrupting reproductive cycles [226]. Apart from human risks, nitro
musk affected the body weight and fecundity of spawning Danio rerio females and increased early
life stage mortality [144,267]. More studies are required to fully understand the effects of musk
fragrances on human health.

6.2. Linking EOCs in Drinking Water to Human health Risks: A Critique and Look Ahead

The human exposure and health risks of EOCs continue to attract public and research interest
globally [1,210]. Despite the widespread occurrence of antibiotics in DWS, there is no conclusive
evidence of human exposure risks. However, a few studies suggest that human health exposure risks
of antibiotics are negligible [45]. Even then, long-term exposure may have adverse health effects.
Generally, the concentrations of antibiotics in DWS is low. Therefore, focusing on concentrations in
water and particular antibiotics could be misleading. Some EOCs persist within organisms and tend
to bioaccumulate due to their poor biodegradability. For example, sulfadoxine and sulfamethoxazole
have poor biodegradability and continue within the environment. Furthermore, drinking
contaminated water can result in the bioaccumulation of pharmaceuticals in tissues [43], raising
concern over cumulative effects on human health.

Although EOCs are a diverse group, a closer examination of the scientific evidence, including
reviews on the human health risks revealed the following generic issues relating to all human health
risks of EOCs:

(1) A dire lack of quantitative evidence based on case-control epidemiological or toxicological
studies establishing the link between the detection of EOCs in DWS, and even other
environmental matrices to specific adverse human health outcomes.

(2) Human dose-response models for EOCs that account for multiple exposure sources and routes,
fate and behaviour in the human body, receptors, and toxicity mechanisms are still lacking.
Moreover, the fate and behaviour of EOCs in human bodies is relatively under-studied [1].

(3) Rather, human exposure and health risks are simply based on inferential evidence, where
detection in drinking water or other media relevant to human exposure is interpreted to
constitute a significant human health hazard.

As pointed out in our earlier reviews, this generic lack of direct evidence applies to all groups of
emerging contaminants, including: (1) emerging organic contaminants as discussed here [279], (2)
emerging biotoxins such as antibiotic resistance genes and antibiotic-resistant bacteria [280,281], (3)
microplastics [282], and emerging inorganic contaminants such as high-technology rare earth
elements [8,283].

Several reasons may account for this lack of quantitative direct evidence on human health risks,
including:

(1) Research on EOCs and their health risks continues to be dominated by environmental scientists,
with limited expertise in conducting case-control epidemiological studies to link EOCs in
environmental matrices, including drinking water, to adverse human health outcomes.

(2) Medical researchers including human epidemiologists and toxicologists with expertise in
conducting case-control epidemiological studies predominantly focus on human morbidity and
mortality associated with pathogens, while paying limited attention to contaminants including
emerging ones. In addition, medical researchers tend to focus on clinical settings, and rarely
track the epidemiological origins of diseases in the environment outside clinical settings.

(3) Research entailing the use of humans as experimental objects also suffers from serious ethical
and safety approval issues [284]. Such stringent conditions may constrain the acquisition of
direct evidence on the human health risks of EOCs.

In light of this, developed countries for instance, those in the European Union (EU) have adopted
the Precautionary Principle as a basis to mitigate potential human health risks of EOCs [285]. In the


https://doi.org/10.20944/preprints202306.1160.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2023 doi:10.20944/preprints202306.1160.v1

44

EU, a maximum individual concentration of EOCs such as pharmaceuticals have been set [286]. Using
Germany as an illustrative example, we briefly explore how EOCs are regulated in developed
countries. In Germany, the risk assessment of parent pharmaceutical compounds and their residues
in drinking water is conducted by the Federal Environmental Agency (UBA). To evaluate the public
health risks of pharmaceuticals in drinking water, UBA specifies detected concentrations under three
categories: (1) health orientation values, (2) guideline values, and (3) intervention values. On the one
hand, in cases where the maximum guideline values and health orientation values are not exceeded,
drinking water is regarded and declared safe for human consumption. On the other hand, if the
values detected in drinking water reach or exceed the intervention values, the drinking water is
classified as unsafe for human consumption. In such cases, the origins or sources of the
pharmaceutical concern should be investigated and their concentration reduced as far as possible to
concentrations below the intervention values.

For EOCs that are known to be non-genotoxic, Germany’s UBA recommends a maximum target
guideline concentration of 0.1 ug/L per individual substance to minimize potential consumer health
risks [286]. For concentrations below and up to this maximum concentration limit, a detailed health
assessment is not necessary, because no human health risk is expected in any of the human age
groups including infants, toddlers, and the elderly. In contrast, in low-income countries, it appears
there have been limited efforts to date to set some guideline limits for drinking water based on the
Precautionary Principle. In this regard, the European Community approach may provide a starting
point for LICs. However, the guideline limits in low-income countries may need to be higher than
those in developed ones due to poor technological development in the former including a lack of
advanced methods for drinking water treatment to achieve very low concentrations of less than 0.1
pg/L.

Given the foregoing, establishing the link between the detection of EOCs in drinking water
systems and other human-relevant environmental matrices, and adverse human health outcomes
constitute the next research frontier on EOCs. Such research should entail the translation of scientific
evidence into the next-generation risk assessment tools to be used as a decision-support tool to
mitigate the human health risks of EOCs.

7. Future Directions and Conclusions

7.1. Future Directions and Perspectives

Compared to other aquatic environments such as wastewater systems, EOCs in drinking water
systems have received relatively limited research attention. The existing literature on EOCs in
drinking water systems is dominated by studies focusing on the occurrence, behaviour, and fate of
EOCs. The bulk of the earlier studies on EOCs in drinking water systems is dominated by work
conducted in developed countries, specifically Europe and North America. Further work is required
to address five key knowledge gaps about EOCs and their human health risks.

(1) Mass loads of EOCs from delivered into drinking water systems from various sources

Data on the sources of EOCs detected in drinking water systems remain largely qualitative.
Hence, limited quantitative data exist on the influence of various sources of EOCs to drinking water
sources. There is a need to quantify mass loads of EOCs contributed from various points and diffuse
sources into the drinking water systems. In addition, the dominant dissemination and transfer
pathways and their relative contribution of EOCs from the source to the drinking water system need
to be determined.

(2) Removal of EOCs in low-cost drinking water treatment systems

Studies investigating the removal of EOCs in aquatic systems tend to focus on advanced
methods commonly used or applicable n high-income settings. In LICs, several low-cost water
treatment approaches such as solar disinfection, boiling, chlorination, bio-sand filtration, and ceramic
filters are widely used and promoted for water treatment. However, the behaviour and fate,


https://doi.org/10.20944/preprints202306.1160.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2023 doi:10.20944/preprints202306.1160.v1

45

including the removal of EOCs in such low-cost drinking water treatment systems are poorly
understood. Therefore, it is unclear what low-cost drinking water treatment methods are most
appropriate for the removal of EOCs in contaminated drinking water. This highlights the need to
investigate the removal of EOCs by various low-cost drinking water treatment methods.

(3) Human exposure and intake of EOCs via drinking water

Potable water from drinking water systems serves multiple purposes including drinking,
cooking, and bathing. Each of these uses may constitute a potential human exposure pathway via
ingestion, dermal intake, and inhalation. Yet evidence on the extent of human exposure to EOCs via
the various possible intake routes is still lacking. In addition, quantitative data on the total daily
intake of EOCs via drinking water is currently unknown. Such information is crucial for
understanding human exposure and health risks. Further work is required to quantify human intake
via individual and combined intake routes.

(4) Human health risks of EOCs in drinking water systems

Current evidence on human health risks of EOCs in drinking water systems remains largely
inferential — the mere occurrence of EOCs in drinking water is construed to constitute human
exposure and health risks. Such inferential evidence does not seem to consider the behaviour and fate
of EOCs in the human body, including possible degradation, and biotransformation. In addition, the
concept of the dose-response relationship is not addressed in such evidence. Thus, systematic human
health risk assessments are based on quantitative tools such as: (1) disability-adjusted life years, and
(2) case-control epidemiological experiments. Such studies should also quantify the human health
burden of individuals and combined EOCs with regard to morbidity and mortality.

Research on human health risks of EOCs should also harness emerging or novel tools. These
emerging tools include big data analytics, genomics, spatial tools (GIS and remote sensing), in silico
computational methods, network analysis, and advanced analytical tools such as hyphenated and 2-
D and 3-D methods. The use of emerging or novel tools in investigating the human and health risks
of EOCs has been discussed in our earlier papers [4,27], hence is beyond the scope of the present
review.

Understanding the health risks and burden of EOCs requires the contribution of medical experts
including toxicologists, and epidemiologists. Yet currently, research on the human health risks of
EOCs is dominated by environmental scientists, with limited contribution from experts in the medical
field. In addition, the ‘human factor’ comprising of knowledge, attitudes, and practices of people at
risk of exposure to EOCs via drinking water requires further investigation [1]. In particular, there is
a need to investigate the level of awareness about EOCs, their health risks, and mitigation among
people in high-risk areas such as informal settlements in LICs.

(5) Comparative human health risks of legacy and emerging organic contaminants

In most LICs EOCs and legacy contaminants often co-occur in drinking water systems. This is
due to high levels of aquatic pollution, and overreliance on unsafe drinking water sources coupled
with poor access to centralized DWS [4]. In this regard, informal settlements such as refugee camps,
squatter camps, and slums could be potential hotspots for human exposure to both legacy and
emerging organic contaminants. However, comparative studies on human exposure and health risks,
including morbidity and mortality are still lacking. Such information is critical for prioritizing the
mitigation of legacy and EOCs to safeguard human health risks.

7.2. Conclusions

The present review investigates the occurrence, behaviour, fate, and human health risks of
emerging organic contaminants in drinking water systems using the source-pathway-receptor-
impact-mitigation continuum concept. Analysis of the evidence revealed the following:
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(1) A diverse range of EOCs belonging to the following classes was detected: pharmaceuticals,
personal care products, solvents, plasticizers, endocrine disrupting compounds, gasoline
additives, food colourants, artificial sweeteners, and musks and fragrances have been detected
in drinking water systems.

(2) The anthropogenic sources of EOCs detected in DWS including wastewater systems and
industrial emissions were summarized, but data on mass loading from the various sources are
currently unavailable

(3) The behaviour and fate of EOCs in drinking water systems including removal processes in
conventional and advanced drinking water systems were discussed. Limited data exist on the
capacity of low-cost point-of-use drinking water treatment systems to remove EOCs, yet such
methods are commonly used in LICs where human exposure and health risks could be high.

(4) Human exposure to EOCs in drinking water systems may occur predominantly via ingestion of
contaminated drinking water, and possibly via cooked foods, possibly dermal contact, and
inhalation (e.g, during bathing). However, limited evidence exists on the relative contribution of
the various human intake routes and intake rates.

(5) The high-risk environments such as informal settlements (squatter camps, refugee camps slums)
in LICs, and risk factors and behaviours predisposing humans to EOC exposure are discussed.

(6) Existing data on the human health risks of the various EOCs are presented and critiqued. Overall,
although EOCs pose potential human health risks, the evidence base remains weak, with the bulk
of it being inferential data. This requires further research to produce quantitative epidemiological
evidence directly relating the occurrence of EOCs in drinking water systems to specific adverse
human health outcomes is still scarce.

To address the various information gaps highlights, future research directions were discussed
under five thematic topics, including the need for quantitative human health risk assessment, and
the application of emerging detection tools are discussed.
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