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A B S T R A C T

Contaminants of emerging concern (CECs) have recently been detected in bottled water and have brought about
discussions on possible risks for human health. However, a systematic review of CECs in bottled water is cur-
rently lacking due to the relatively new introduction and/or detection of these pollutants. Hence, this paper
reviews the existing studies on the presence of six major groups of emerging contaminants including micro-
plastics (MPs), pharmaceuticals and personal care products (PPCPs), bisphenol A (BPA), phthalates, alkylphenols
(APs), and perfluoroalkyl and polyfluoroalkyl substances (PFASs) in bottled water from different countries. Also,
the findings related to CECs’ levels, their possible sources, and their risks are summarized. The gathered data
indicate that MPs within the size range of 1−5 μm are the most predominant and potentially toxic classes of MPs
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in bottled water. In addition, PPCPs, PFASs, APs, and BPA occur in concentration levels of ng/L, while phthalates
occur in the μg/L level in bottled water. The bottle type plays an important role in the contamination level. As
expected, water in plastic bottles with plastic caps is more polluted than in glass bottles. However, other sources
of contamination such as contact materials during cleaning, bottling, and storage are not negligible. Based on the
gathered data in this review, the CEC levels except for MPs (no threshold values) in bottled water of most
countries do not raise a safety concern for the human. However, the occurrence of individual CECs and their
association in bottled water need more accurate data to understand their own/synergistic effects on human
health.

1. Introduction

During the last decades, industries development and population
growth led to the increase of anthropogenic contaminant emissions into
the environment (Starling et al., 2019). Simultaneously, improvement
of analytical techniques allowed the identification of these con-
taminants in various environmental media and foods (Starling et al.,
2019; Wilkinson et al., 2017). Consequently, the presence of con-
taminants of emerging concern (CECs) (a variety of newly identified
anthropogenic-source contaminants) such as microplastics (MPs),
pharmaceuticals and personal care products (PPCPs), bisphenol A
(BPA), phthalates, alkylphenols, and perfluoroalkyl and polyfluoroalkyl
substances (PFASs) in different media and food could be detected and
became a topic of public concern (Starling et al., 2019; Wilkinson et al.,
2017; Gogoi et al., 2018). CECs may be industrial in origin or may
originate from domestic, agricultural, hospital, and laboratory waste-
water (Gogoi et al., 2018). In addition, these chemical compounds, their
metabolites, and transformation products could be released into the
environment from different pathways and both nonpoint (atmospheric
deposition, septic tanks, stormwater discharge, agricultural runoff, and
absorbing wells) and point (industrial, municipal, and hospital waste-
water treatment plants) sources (Starling et al., 2019; Abtahi et al.,
2019). Emerging contaminants are present and have been found in
different environmental compartments such as soil, sediment, food,
surface water, groundwater, and drinking water (Starling et al., 2019;
Gogoi et al., 2018; Dobaradaran et al., 2018; Akhbarizadeh et al., 2019;
Corsolini and Sara, 2017; Petersen, 2016; Eriksson et al., 2013; Hantoro
et al., 2019; Ahrens et al., 2016). The fate of each CEC in the

environment (sorption, dilution, photolysis, hydrolysis, oxidation, bio-
degradation, and complexation) depends on physicochemical proper-
ties as well as the interaction of the contaminant with different matrix
of the environment (Starling et al., 2019).

Over the decades, the bottled water industry has been steadily de-
veloping with a global production of >6000 million gallons per year in
2015 (Luo et al., 2018a). Bottled water, a general name for natural
mineral water, spring water, and treated water (i.e. bottled waters that
are neither spring water nor natural mineral water) has emerged as
popular drinking water in many areas (Guart et al., 2014; Rowell et al.,
2016; Lardy-Fontan et al., 2017). These products are used both directly
(drinking water) and indirectly (preparation of food products) as a part
of human nourishment (Gellrich et al., 2013). In most parts of the
world, bottled water is more appropriate than tap water due to its
safety, taste, purity, quality, and portability (Luo et al., 2018a; Salazar-
Beltrán et al., 2018; Santana et al., 2014). These waters are dis-
tinguished by their treatment, mineral composition, sources and quality
requirements (Lardy-Fontan et al., 2017). In terms of packaging, two
important types of bottles are glass and plastic (Salazar-Beltrán et al.,
2018). Plastic bottles are mainly made of polyethylene terephthalate
(PET), polycarbonate (PC), and high-density polyethylene (HDPE),
while their caps are made of HDPE, low-density polyethylene (LDPE),
and polystyrene (PS) (Guart et al., 2011). Different polymeric materials,
bottle formats, shapes, and colors are used in the different bottling
industries (Guart et al., 2011). Despite various efforts to keep the water
clean and safe, the possibility of contamination during different stages
of production is undeniable (Guart et al., 2014; Al-Saleh et al., 2011).
Migration can occur between water and bottle materials and consumers

Table 1
The abundance and size distribution of MPs in bottled water.

Type of bottles Total number of samples Size distribution Reference

6.5- 100 μm >100 μm

Plastic bottles, brand Aqua 295 374 8 (Mason et al., 2018)
Plastic bottles, brand Aquafina 200 13
Plastic bottles, brand Bisleri 338 9
Plastic bottles, brand Dasani 109 10
Plastic bottles, brand E-Pura 238 10
Plastic bottles, brand Evian 114 14
Plastic bottles, brand Gerolsteiner 1396 15
Glass bottles, brand Gerolsteiner 159 9
Plastic bottles, brand Minalba 63 4
Plastic bottles, brand Nestle Pure Life 912 20
Plastic bottles, brand San Pellegrino 27 2
Plastic bottles, brand Wahaha 90 6

1−5 μm 5-10 μm 10−100 μm
Single-use PET1 bottles 32 2604 45 0 (Oßmann et al., 2018)
Reusable PET bottles 4664 142 83
Glass bottles 4895 969 434

5-10 μm 10-20 μm 20-50 μm 50−100 μm >100 μm
Single-use plastic bottles 38 6 4 3 2 0 (Schymanski et al., 2018)
Reusable plastic bottles 66 34 14 2 1
Glass bottles 26 16 7 4 2
Beverage cartons 4 3 2 1 1

≥ 3 μm
Single-use PET bottles 18 148 (Winkler et al., 2019)

1: Polyethylene terephthalate.
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may be exposed to the different types of chemicals including additives,
processing aids, and un-reacted monomers (Bach et al., 2013).

The presence of different types of pollutants in water has been ex-
tensively studied in recent years. As to date, more than 80 studies exist
that provide different CECs’ concentration data in bottled water.
However, a systematic review of MPs and other emerging contaminants
in bottled water is currently lacking. This review critically examines the
most influential research, encompassing six major groups of emerging
contaminants, with a particular focus on their occurrence, association,
and bio/photochemical transformation in bottled water.

2. Emerging contaminants of interest in bottled water

2.1. Microplastics

Despite the undeniable benefits of polymers in human daily activity
(e.g. food packaging and management, medical devices, electrical and
electronic components, etc.) there is an increasing concern regarding
their possible adverse effects on human health (Zuccarello et al., 2019;
Winkler et al., 2019). Recently, extensive replacement of glass and
metal materials with plastics in food packaging such as bottling of
water and beverages, as well as storage containers has occurred
(Zuccarello et al., 2019). MPs are known as small plastic debris that are
less than 5 mm in size (Koelmans et al., 2019; Mintenig et al., 2019;
Arthur et al., 2009). Chemical toxicity, physical injuries, and microbial
hazards are associated effects with MPs and such effects are likely to be
dose-dependent (Koelmans et al., 2019). However, knowledge of their
real exposure levels, translocation in a living organism, and toxic effects
are currently lacking.

The presence of MPs of all sizes and shapes in various natural en-
vironments (Barboza and Gimenez, 2015; Kafilzadeh, 2015; He et al.,
2018; Dehghani et al., 2017; Dris et al., 2016), terrestrial and aquatic
organisms (Deng et al., 2017; Kolandhasamy et al., 2018; Ribeiro et al.,
2018; Nelms et al., 2018; Ding et al., 2018; Huerta Lwanga et al., 2017),
and some types of beverages and foods (Van Cauwenberghe and
Janssen, 2014; Smith et al., 2018; Liebezeit et al., 2014; Kosuth et al.,
2018; Wiesheu et al., 2016), has been investigated. The results of these
studies and the high consumption of bottled water, raised the question
if pollution of bottled drinking water also occurs?

To date, there are only a few studies that point out the presence of
MPs in bottled water (Zuccarello et al., 2019; Winkler et al., 2019;
Wiesheu et al., 2016; Mason et al., 2018; Oßmann et al., 2018;
Schymanski et al., 2018). Wiesheu et al. (2016) in their study on the
analysis of fibers in beverages, did not report significant differences
between the controls and the sample, and they concluded that the de-
tected MPs were from the background contamination of the laboratory
environment (Wiesheu et al., 2016) The detailed data of these research
is presented in Table 1. The highest numbers of MPs in bottled water
were reported by Oßmann et al. (2018), ranging from 2649 items/L in
single-use plastic bottles to 6292 items/L in glass bottles. It should be
noted that most of the reported MPs by Oßmann et al. (2018) were
within the size range of 1−5 μm, while such small particle sizes were
not reported by Mason et al. (2018) and Schymanski et al. (2018).
Recently, Winkler et al. (2019) investigated the presence of MPs in
bottled water before and after the mechanical stress (Winkler et al.,
2019). They found 148 ± 253 MPs/L in single-use PET bottles before
mechanical stress (the smallest analyzed size was 3 μm). These varia-
tions among published data could be explained by applied techniques
and analytical limitations in different studies. The presence of PET
(Winkler et al., 2019; Oßmann et al., 2018; Schymanski et al., 2018)
and PE (Mason et al., 2018) in bottled water, suggest the possible de-
gradation of packaging material: bottle and/or cap. Winkler et al.
(2019) also analyzed the possibility of MPs released from PET bottle-
necks and HDPE caps into water after 1, 10, and 100 times opening/
closing bottles. Their results demonstrated a considerable increase of
MPs (<5 μm) occurrence on the PET and HDPE materials especially

after 100 times opening and closing the bottles (Winkler et al., 2019).
Hence, frequent use of one single-use PET bottles, increase the chance
of MPs ingestion by humans. As the plastic litter with small size (<1.5
μm) can easily pass through gut epithelial membranes (Oßmann et al.,
2018; Eerkes-Medrano et al., 2019), their presence in bottled water is
very important. Also, the effects of mechanical stress on MPs release
from the inner surface of the PET bottles by squeezing treatment for 1
and 10 min were investigated. Surprisingly, the number of MPs in
bottled water did not increase (Winkler et al., 2019). However, the
presence of MPs was significantly higher in samples from the reusable
(older) bottles (Oßmann et al., 2018; Schymanski et al., 2018). The
high presence of fragments in bottled water and the fact that some of
the particles were from cleaning, production, and refilling processes
(Mason et al., 2018; Mason et al., 2018; Oßmann et al., 2018;
Schymanski et al., 2018), suggest that some of the identified MPs in
bottled water may be coming from the industrial processes. Moreover,
the presence of plastic particles in glass bottles also suggests other
sources of pollutants besides the packaging itself (Oßmann et al., 2018;
Eerkes-Medrano et al., 2019).

Thermo oxidative and thermo mechanical reactions as results of the
oxygen presence and high temperature in PET melt processes could
enhance the migration of plastics additives and components (Guart
et al., 2014). Plastic additives such as BPA, Tris(2, 4-ditert-butylphenyl)
phosphite, and phthalates as well as sorbed contaminants such as heavy
metals and organic pollutants could be also leached from them (Guart
et al., 2014; Oßmann et al., 2018; Rocha-Santos and Duarte, 2015;
Welle and Franz, 2018). There are two possible scenarios to explain the
fate of MPs’ additives in bottled water: 1) they could be leached from
the MP particles into the water during storage (before opening the
bottles), and/or 2) they could be leached after ingestion and absorbed
in the consumer’s body. However, regardless of the mode of action, all
additives present in MPs could reach the human body after water
consumption by using bottled water (Welle and Franz, 2018). Con-
sidering the fact that all plastics contain reactive oxygen species (ROS)
because of their processing history and polymerization, the ingested
MPs can produce oxidative stress in the human body (Winkler et al.,
2019). Unfortunately, the effects of ingested MPs in human body is not
investigated yet. Thus, more researches are needed to determine the
risk of dietary exposure and toxicity of MPs for human.

In the case of nanoplastics (NPs-plastic debris within the size range
from 1 to 100 nm), it should be noted that there is currently no in-
formation on the presence of NPs in foods and beverages (including
bottled water) (Welle and Franz, 2018). However, when considering the
potential sources of plastic particles in bottled water such as cleaning,
production, and filling processes, it is improbable that significant
amounts of NPs will be there (Welle and Franz, 2018). This hypothesis
is supported by the results of Oßmann et al. (2018) study, where the
number of 1–1.5 μm MPs did not show a significant increase when
compared to 1.5−5 μm MPs. However, it should be noted that most
studies of MPs and NPs in bottled water ignored such small size because
analytical methods to detect sub-μm particles based on Raman micro-
scopy have only recently been developed.

2.2. Pharmaceuticals and personal care products

Pharmaceuticals are used to treat or prevent human and animal
diseases, while PCPs are mainly used as substances to improve the
quality of daily life (Ebele et al., 2017). To date, more than 3000 PPCPs
have been used for the medication and enhancement of human as well
as animal living standards (Yang et al., 2017). Possible sources of PPCPs
in the environment are the discharge of hospital wastewater, domestic
sewage, industrial wastewater, livestock breeding, and landfill lea-
chates (Ebele et al., 2017; Yang et al., 2017; Xu et al., 2019; Sharma
et al., 2019). As some of the PPCPs are bio-active even at low con-
centrations, they contain complex chemical structures, and they have
potential to accumulate in organisms’ body, their occurrence in
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drinking water may pose health concerns (Wilkinson et al., 2017;
Sharma et al., 2019; Perret et al., 2006). Despite the low concentration
of PPCPs in drinking water (ng/L), some evidence showed that these
contaminants (especially antibiotics) may pose serious health problems
(Xu et al., 2019; Sharma et al., 2019). Glucocorticoids, sex hormones,
growth hormones, and few non-steroidal pharmaceutical substances are
categorized as endocrine disrupting pharmaceuticals (Ebele et al.,
2017). The details of endocrine disrupting PPCPs and their synergic
toxicity are presented in kinds of literature (Ebele et al., 2017; Cleuvers,
2003; Thorpe et al., 2001).

Data concerning the presence of PPCPs in bottled water are very
rare and to date, only five studies focused on this important topic. This
can be due to 1) very low concentration of PPCPs in bottled water and
the analytical limitation to measure contaminants at ng/L or sub ng/L,
and 2) the absence of defined regulatory limits for PPCPs (Devier et al.,
2013). In the latest study on PPCPs in bottled water, the presence of 20
target PPCPs in 167 commercially bottled water from European coun-
tries was investigated by Lardy-Fontan et al. (2017). Only three PPCPs
(metformin (12 ng/L), salicylic acid (16 ng/L), and gabapentin (10 and
12 ng/L)) were detected above the LOD, whereas all other investigated
PPCPs were not detected. They concluded that low detected levels
(below 20 ng/L) highlighting a negligible risk following the ingestion of
PPCPs via bottled water (Lardy-Fontan et al., 2017). Devier et al.
(2013) carried out a survey of pharmaceutically active compounds in
285 samples from two brands of natural mineral bottled water. Among
97 different pharmaceutical substances only salicylic acid, ketoprofen,
and caffeine were detected (<1 ng/L). However, they concluded that
the presence of these substances was due to the background con-
tamination of the laboratory environment (Devier et al., 2013). Gon-
zález Alonso et al. (2012) performed a survey on the presence of 58
pharmaceutical substances in 10 bottled mineral water from Spain. The
range of nicotine varied from 7 to 15 ng/L in 5 bottles and the con-
centration of other substances were not above the LOQs (González

Alonso et al., 2012). In 2010, Li et al. investigated the presence of tri-
closan (TCS) in 21 bottled water including mineral water and pure
drinking water from China. The concentration of TCS ranged from
0.6–9.7 ng/L, and its daily intake for adults through drinking bottled
water was estimated to be 7 ng/day (Li et al., 2010). The potential
presence of 11 sulfonamides in various Italian bottled water was also
investigated by Perret et al. (2016). The range of detected sulfonamides
in mineral waters was from 9 to 80 ng/L (Perret et al., 2006). Since
sulfonamides (mostly used for veterinary practices) are both water so-
luble and polar, they have a high potential for running off to the surface
waters and/or leaching to groundwaters. Consequently, they can easily
lead to contamination of drinking water (i.e. natural mineral waters)
(Yang et al., 2017). Although PPCPs have been entering the environ-
ment for many years and it is expected that some of them would have a
tendency to be present in groundwater (drinking water) (Ebele et al.,
2017; Sharma et al., 2019), but there is very little knowledge about
their eco-toxicological impacts on human (Gogoi et al., 2018). The
major concern about the toxicity of PPCPs is that they were mostly
designed to maximize their biological activity at low doses and also
they could be pharmacologically active in non-target organisms (Ebele
et al., 2017). In addition, the synergistic interaction of complex mixture
of PPCPs (even at low concentration) can exert considerable ecotoxicity
(Ebele et al., 2017; Cleuvers, 2003). Hence, the chronic toxicity caused
by PPCPs (single and mixture) could not be ignored and more accurate
investigations are required to check the long-term toxicity of these
compounds.

2.3. Bisphenol A and phthalates

Bisphenol A (BPA; 2,2-bis(4-hydroxyphenyl)propane) and phtha-
lates (esters of phthalic acid-C6H4(CO2H2)2) are currently applied in
epoxy resins, polycarbonates, thermal paper, flame retardants, and
polyacrylates (Starling et al., 2019; Abtahi et al., 2019; Salazar-Beltrán

Table 2
The level of bisphenol A (BPA) in bottled water.

Type of bottles Total number of samples Concentration (ng/L) Reference

Not mentioned Not mentioned 50 – 90 (Zhou et al., 2019a)
PET1 bottles (natural water) 16 0.08- 6.74 (Chailurkit et al., 2017)
PE bottles (natural water) 1 20.7
Polypropylene bottles (natural water) 4 <LOD2

PET bottles (mineral water) 6 3.04–27.3
Plastic bottles 2 <LOD (Sakhi et al., 2014)
PET bottles 25 < LOD (Colin et al., 2014)
New PC3 bottles 13 250 – 4210
Used PC bottles 14 70 – 1660
PC bottles 22 50- 1370 (Dhaini and Nassif, 2014)
PET bottles at 4 ℃ 16 0.26 – 18.7 (Fan et al., 2014)
PET bottles at 25 ℃ 16 0.62 – 22.6
PET bottles at 70 ℃ 16 2.89 – 38.9
PET bottles 5 <0.73 – 1.13 (Maggioni et al., 2013)
PET bottles stored indoor 7 3.13 – 5.13 (Elobeid et al., 2012)
PET bottles stored outdoor 7 6.20 – 8.80
PET bottles at 25 ℃ 9 3.3 ± 2.6 (Santhi et al., 2012)
PET bottles at 50 ℃ 9 11.3 ± 5.3
PET bottles 131 31 – 203 (Bono-Blay et al., 2012)
PET bottles 10 <LOD (Guart et al., 2011)
HDPE4 bottles 7 <LOD
PC bottles 10 1600 – 4440
Plastic bottles 21 17.6 – 285 (Li et al., 2010)
Glass bottles 10 <LOD (Cao and Corriveau, 2008)
Metal bottles 1 <LOD
HDPE bottles 2 <LOD
PET bottles 38 <LOD
PC bottles 5 670 – 8800
New PC bottles 3 0.08-1.33 (Le et al., 2008)
Used PC bottles 3 0.21-0.93
New HDPE 3 0.01-0.19

1: Polyethylene terephthalate; 2: limit of detection; 3: Polycarbonate; 4: High-density polyethylene.

R. Akhbarizadeh, et al. Journal of Hazardous Materials 392 (2020) 122271

4



et al., 2018; Zhou et al., 2019a; Colin et al., 2014; Sakhi et al., 2014).
Due to the increasing popularity of plastic products and their light-
weight and durability, the annual BPA production has reached more
than 8 million metric tons in 2016 (Moreman et al., 2017; Almeida
et al., 2018). In addition, it has been forecasted that the global con-
sumption of phthalate plasticizers increases at the rate of 1.3 % per year
during 2017–2022 (Luo et al., 2018a). It should be noted that BPA and
phthalates are not chemically but only physically bound to the products
and can easily and widely leach, migrate and/ or evaporate from
packages to foods and air (Salazar-Beltrán et al., 2018; Sakhi et al.,
2014; Prokůpková et al., 2002). Hence, food and drinking packaging
could be considered as important sources of BPA and phthalates in food
and beverages (Le et al., 2008; Serôdio and Nogueira, 2006; Biles et al.,
1997). BPA and eight phthalates including diethyl phthalate (DEP), di-
n-propyl phthalate (DPrP), dibutyl phthalate (DBP), benzyl butyl
phthalate (BBP), bis-(2-ethylhexyl) phthalate (DEHP), dicyclohexyl
phthalate (DCHP), dipentyl phthalate (DPP), dihexyl phthalate (DHXP)
are known as an endocrine disrupting compound (EDC) that is known to
interact and/or affect the thyroid receptors, male fertility, hemostasis of
hormones, cancer progression, glucocorticoid receptors, and the car-
diovascular system (Colin et al., 2014; Sakhi et al., 2014; Dreolin et al.,
2019; Ehrlich et al., 2014; Welshons et al., 2006; Jeddi et al., 2015a).
The tolerable daily intake (TDI) of BPA, DBP, BBP, and DEHP are 4, 10,
500, and 50 μg/kg-bw, respectively (Sakhi et al., 2014; EFSA, 2015;
EFSA, 2005a; EFSA, 2005b; EFSA, 2005c). The BPA exposure via bot-
tled water consumption has been estimated at 0.17 μg/day (Hernandez-
Hernandez et al., 2019). Moreover, the guidelines of the World Health
Organization (WHO) and the US Food and Drug Administration (US
FDA) for DEHP in drinking water are 8 and 6 μg/L, respectively (Abtahi
et al., 2019; Luo et al., 2018a; Zaki and Shoeib, 2018).

Till now, the presence of BPA and phthalates in bottled water has
been investigated in some studies. Among them, the results of those
studies that detected BPA and phthalates are presented in Tables 2 and
3.

In the case of BPA, the results of these studies confirmed that BPA
can leach from PC containers under normal use conditions (Colin et al.,
2014; Dhaini and Nassif, 2014; Le et al., 2008; Cao and Corriveau,
2008; Wagner and Oehlmann, 2009). Those findings might be ex-
plained by polymer degradation during transportation, storage, and
recycling activities (Dhaini and Nassif, 2014). Interestingly, Colin et al.
(2014) have reported that recently manufactured PC bottles had higher
levels of BPA than older bottles. They suggested that the trend might
have occurred as a result of faster migration of free BPA during the first
year rather than next years. Furthermore, Le et al. (2008) have reported
that BPA migration from PC bottles significantly increases (up to 55-
fold) with temperature (100 ℃). This is caused by hydrolysis of car-
bonate linkage and can be avoided by sterilization below 80 ℃
(Vilarinho et al., 2019). Even though PET containers, especially those
labeled as “BPA-free”, were not expected to release BPA, the results of
some studies revealed that BPA could be present in all types of bottled
water (Dreolin et al., 2019; Chailurkit et al., 2017; Maggioni et al.,
2013; Fan et al., 2014). According to these studies, the source of de-
tected BPA in PET bottled water could also be related to pollution of
water prior to bottling, bottle closures, and use of recycled bottles
(Chailurkit et al., 2017; Fan et al., 2014; Russo et al., 2019). Moreover,
Fan et al. (2014) and Santhi et al. (2012) have reported that high
temperature (70 ℃ and 50 ℃, respectively) induced BPA release from
PET bottles. The increase in BPA concentration of bottled water after
storage at high temperature suggests chemical reactions in the packa-
ging materials (Santhi et al., 2012). In summary, most of the primary
materials that are used to make plastic bottles would not be expected to
comprise BPA, but cross contamination (background contamination) of
BPA during the manufacture of virgin PET and also during the recycling
process may be related to the water pollution (Colin et al., 2014;
Dreolin et al., 2019). However, it should not be possible to assume it as
a consistent source of contamination (Dreolin et al., 2019). In addition,

Table 3
The level of phthalates in bottled water.

Type of bottles Total
number
of
samples

Compounds Concentration
(μg/L)

Reference

PET1 bottles 45 DEHP Mean level of
total phthalates:
0.96 ± 0.1.06

(Abtahi et al.,
2019)BBP

DBP
DEP
DMP
DnOP3

PET bottles 60 DMP 0.010-0.41 (Li et al., 2019)
DEP 0.011-0.071
DBP 0.021-0.51
BBP 0.019-0.032
DEHP 0.013-0.021
DnOP 0.015-0.039
DiBP 0.049-0.40
DPrP 0.011-0.016
DHXP 0.017-0.022
DCHP 0.013-0.019
DPP 0.015-0.021
BMPP4 0.012-0.020
DBEP5 0.021-0.027
DPHP6 0.026-0.031
DBzP 0.031-0.048
DNP 0.019-0.027

PET bottles 12 DBP <LOD9 – 0.171 (Zaki and
Shoeib, 2018)DEHP <LOD – 0.298

PET, PC2 and
glass bottles

12 DnBP <0.026 – 0.16 (Szendi et al.,
2017)DBP <0.005 – 0.2

DEHP <0.29 – 11.72
PET bottles 10 DBP 14.5–25.6 (Salazar-Beltran

et al., 2017)DMP7 4.1–50.6
PET bottles 30 DBP Mean: 0.198 (Selvaraj et al.,

2016)DEP Mean:0.098
DnOP Mean:0.039
DMP Mean: 0.006
BBP Mean: 0.005
DEHP Mean: 1.470

PET bottles 12 DBP Mean: 0.135 (Jeddi et al.,
2015b; Jeddi
et al., 2016)

DEHP Mean: 0.217

PET bottles 12 DEP Mean: 0.231 (Jeddi et al.,
2015a)

PET bottles 3 DBP 0.063 – 0.068 (Otero et al.,
2015)DEHP 1.196 – 1.685

Plastic bottles 2 DEP 0.037 (Sakhi et al.,
2014)DiBP8 0.079

DnBP 0.34
DEHP 0.17

Plastic and glass
bottles

6 DiBP 0.06 – 6.5 (Santana et al.,
2014)DEHP 0.02 – 0.18

DnBP 0.1 – 1.89
PET and glass

bottles
224 DEP 1.02–20.5 (Guart et al.,

2014)DEHP <LOD-1.52
DMP <LOD- 0.022
BBP 0.619- 1.28

PET bottles 3 DiBP <0.003- 0.2 (Keresztes et al.,
2013)DBP <0.066 – 0.8

BBP <0.06 – 0.1
DEHP <0.16 – 1.7

PET and PC
bottles

18 DBP 0.33- 4.64 (Mousa et al.,
2013)BBP 0.08–52.35

DEHP 3.86-15.2
PET bottles 131 DEP 1.115 (Bono-Blay

et al., 2012)
PET and PC

bottles
6 DEHP Median: 0.35 (Amiridou and

Voutsa, 2011)DBP Median: 0.044
DEP Median: 0.033

PET bottles 10 DMP <LOD- 2.996 (Al-Saleh et al.,
2011)DEP <LOD-1.778

BBP 1.194- 8.227
DEHP <LOD- 1.254

PET and glass
bottles

26 DEHP <LOD- 0.2 (Leivadara
et al., 2008)

(continued on next page)
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the sun’s ultraviolet radiation and heat could cause chemical reactions
in plastic bottles to be released chemicals with estrogenic activities (i.e.
BPA) into the water of the bottles (Rowell et al., 2016; Chailurkit et al.,
2017). Hence, care should be taken into account to avoid accidental
exposure of the plastic bottles to direct sun radiation and heat during
transportation and storage (Cao and Corriveau, 2008). However, more
accurate research is needed to determine the parameter(s) that increase
the BPA release in bottled water and also the exact health effects of the
released BPA for humans. In the case of phthalates, in order to avoid
misunderstanding, the data of two works from Thailand (Prapatpong
and Kanchanamayoon, 2010; Kanchanamayoon et al., 2012) are not
reported in Table 3 since the applied method had extremely high LODs
of 25−50 mg/L, thus positive findings could not be expected. As pre-
sented in Table 3, the level of DEHP in some bottled water samples from
Saudi Arabia (15.2 μg/L), Hungary (11.29 μg/L) and Czech Republic
(9.8 μg/L) was higher than recommended values by WHO and FAD (8
and 6 μg/L). Szendi et al. (2017) reported that there were no significant
differences between phthalate concentrations in different bottle types
(PET and glass). However, other studies found that the concentration of
phthalates in various types of bottles (i.e. PET, PC, and glass) are very
different. For instance, Montuori et al. (2008) reported that the con-
centration of phthalates in water from PET bottles was 18 times higher
than from glass bottles. In contrast, Santana et al. (2014) reported that
the concentrations of DiBP and DnBP in glass bottles were higher than
in PET bottles. For PET containers, the migration of phthalates from
PET bottles and plastic caps could be the main source of phthalates in
bottled water (Luo et al., 2018a; Li et al., 2019). While for glass bottles,
migration of phthalates from metal caps that were sealed with polyvinyl
chloride (PVC) inserts could be considered as the origin of con-
taminants (Santana et al., 2014). Besides the material of packaging, the
detectable phthalates in bottled water may also originate from source
water, production process, recycled bottles, and laboratory background
contamination (Luo et al., 2018a; Devier et al., 2013; Szendi et al.,
2017; Keresztes et al., 2013). Thus, the phthalates in bottled water do
not necessarily mean that these compounds are present in packaging
material (Bach et al., 2012). In conclusion, the exact sources of
phthalates found in bottled water have not clearly established and
should be investigated in the future.

In some previous studies, the effects of sunlight radiation,

temperature, storage time, bottle size, and pH of water, on the possible
migration of phthalates into the water of plastic bottles were also in-
vestigated. Jeddi et al. (2015) investigated the effects of sunlight ex-
posure and storage duration, and reported that the concentration of
DEHP level increased from 0.35 to 0.80 μg/L after 45 days sun exposure
(Jeddi et al., 2015b). Similarly, Zaki and Shoeib (2018), reported that
the levels of DiBP and DEHP were significantly increased after 1, 2, and
4 months of outdoor storage with direct sunlight exposure. Moreover, it
seems that high temperature increases the migration of phthalates to
water (Jeddi et al., 2015a; Zaki and Shoeib, 2018; Keresztes et al.,
2013; Jeddi et al., 2016; Pourzamani et al., 2016; Zaater et al., 2013;
Salazar-Beltran et al., 2017; Mousa et al., 2013). On the other hand,
some researchers reported that the concentration of phthalate in the
water of plastic bottles was significantly decreased under sunlight ra-
diation (Luo et al., 2018a; Al-Saleh et al., 2011; Leivadara et al., 2008).
The possible reason for this phenomenon (degradation of phthalates in
water) is photolysis (Luo et al., 2018a; Peterson and Staples, 2003). In
addition, some studies reported that the sunlight radiation, storage time
and storage temperature did not affect the phthalates levels of bottled
water (Guart et al., 2011; Bach et al., 2013; Devier et al., 2013;
Amiridou and Voutsa, 2011). In the case of pH, most of the results in-
dicated that higher pH leads to more pronounced phthalates migration
from plastic bottles to water (Keresztes et al., 2013; Montuori et al.,
2008; Rastkari et al., 2017). On the contrary, some studies reported that
the acidic condition elevated the phthalates leaching from bottles
(Martine et al., 2013; Bošnir et al., 2007). Based on the results, the
migration of phthalates from plastic bottles to water is affected by the
combined effects of various factors (Luo et al., 2018a). It should be
noted that many studies had been attended in a short period of time
(one or two months), but the quality warranty of most bottled water is
at least one year. In this regard, Luo et al. (2018) provided some models
to describe the possible migration of phthalates from bottles into water
during long-time storage and different temperatures. Their results
showed that the quality of water may change during the long-time
storage and high temperature. In summary, there is still some dis-
agreement regarding the effects of storage duration, pH, temperature,
and sunlight exposure. Hence, further studies are needed to make these
disagreements clear. It should be noted that recent toxicological studies
have shown that DBP has estrogenic effects, DPrP has reproductive
toxicity and decreased sperm concentration, DHXP caused testicular
atrophy, and DEHP has estrogenic and carcinogenic effects (Luo et al.,
2018a; Li et al., 2019). In addition, it is exhibited that the mixture of
phthalates enhanced estrogenic activity (Luo et al., 2018a). Hence,
considering the huge annual consumption of bottled water globally,
human exposure to phthalates should be paid more attention in future
studies.

2.4. Alkylphenols

Alkylphenols (APs) are a large family of organic compounds that are
formed by a substituted phenolic ring and an alkyl chain (Valcarcel
et al., 2018; Salgueiro-Gonzalez et al., 2017). Octylphenols (OPs) and
nonylphenols (NPs) are the most common groups of APs and are widely
used in a broad range of applications including pulp and paper pro-
duction, pesticides, latex paints, detergents, industrial and household
cleaners, plastics, oil industries, and flotation agents (Valcarcel et al.,
2018; Salgueiro-Gonzalez et al., 2017; Acir and Guenther, 2018; Luo
et al., 2018b). It is expected that APs’ consumption is raised in the
growing Asian markets (Chiu et al., 2010). OPs are already considered
as priority substances and NPs are listed as priority hazardous sub-
stances in the Water Framework Directive of the European Union
(Amiridou and Voutsa, 2011; Valcarcel et al., 2018; Acir and Guenther,
2018). In other words, both OP and NP, and their metabolites are well
known endocrine disruptor (Luo et al., 2018b; Zhou et al., 2017). In a
competitive manner, NPs can interact with the female hormonal system
by binding to the estrogen receptor and displacing 17β-estradiol (Acir

Table 3 (continued)

Type of bottles Total
number
of
samples

Compounds Concentration
(μg/L)

Reference

PET bottles 11 DEP 0.054-0.100 (Cao, 2008)
DiBP 0.161-0.481
DBP 0.092-1.717
DEHP 0.052-0.338

PET and glass
bottles

142 DMP <LOD-0.65 (Montuori et al.,
2008)DEP <LOD-0.8

DiBP 0.02-0.92
DBP 0.02- 0.98
DEHP <LOD-0.17

Not mentioned 3 DEP Mean: 0.24 ±
0.02

(Regueiro et al.,
2008)

Not mentioned 1 DEP 2.8 (Xu et al., 2007)
DnBP 4.6

Not mentioned 1 DEP 0.04 (Serôdio and
Nogueira, 2006)DBP 0.35

BBP 0.02
DEHP 0.17

Glass and PET
bottles

2 DnBP 0.18-0.20 (Prokůpková
et al., 2002)BBP <LOD-0.002

DEHP 2.88-9.78

1: Polyethylene terephthalate; 2: Polycarbonate; 3: Di-n-octyl phthalate; 4: Bis-
methylphenyl phthalate; 5: Bis(2-butoxyethyl) phthalate; 6: Di-(2-propylheptyl)
phthalate; 7: Dimethyl phthalate; 8: Di-iso-butyl phthalate; 9: limit of detection.
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and Guenther, 2018). The guidelines of the European Union for OP and
NP in surface water are 100 and 300 ng/L, respectively (E.C. EC, 2015).
In addition, the specified TDI value of 5 μg/kg-bw have been suggested
for OP and NP (Danish, 2016).

Ingestion is the main exposure pathway for human exposure to APs
and their metabolites (Acir and Guenther, 2018; Vidal et al., 2016).
Consumption of water from contaminated surface water, mineral water,
and groundwater and/or ingestion of polluted food from land that is
irrigated with contaminated water can seriously endanger humans and
wildlife (Acir and Guenther, 2018).

Several scientific studies investigated the presence of APs, and their
metabolites in bottled water. Among them, the results of those studies
that detected APs are presented in Table 4. In one of the latest studies,
the presence of 8 types of APs were investigated in 40 bottled water
samples from France, and only 2 parent compounds (OP and NP) were
quantified in 2 different samples (Le Coadou et al., 2017). In another
study, the mean levels of OP and NP in the bottled water from Spain
were 18.5 and 177 ng/L, respectively (Fabregat-Cabello et al., 2016).
While the levels of OP and NP in Argentinian bottled water were below
1 ng/L (Vidal et al., 2016). In another study, Colin et al. (2014) didn’t
detect APs in 25 PET bottled water, while they reported the 4-tert-bu-
tylphenol (4-terBP) in PC bottled water samples in the range of 44–247
ng/L. Li et al. (2010) also determined the level of NP in Chinese bottled
water and found it in the range of 108–298 ng/L. The diversity of used
methodologies and achieved LOQ is an important reason for the in-
consistent results of different studies (Le Coadou et al., 2017). More-
over, the antioxidants in laboratory equipment and materials should
also be considered as an undesirable source of detected APs in some
analysis (Bach et al., 2012).

The effects of bottle type, cap’s material, pH, and storage time of
bottled water, on the possible migration of APs into the water were
investigated in a study by Guart et al. (2014). Their results showed that
the glass bottles with metallic crown caps and PC bottles with LDPE
caps caused more migration rate of APs into water. The lower pH and
higher storage time also increased the APs’ level in the studied bottled
water (Guart et al., 2014). In addition, the concentrations of OP and NP
in various bottled water with different polymer materials were in-
vestigated by Loyo-Rosales et al. (2004). Their results showed that
bottled water in PVC and HDPE containers had more OP(12 ng/L) and
NP (300 ng/L), respectively (Loyo-Rosales et al., 2004). Since the APs’

application in PET bottles and cleaner agents of bottling line was
banned according to REACH regulation (Bergkamp, 2013), the PET
bottles and bottling line could not be considered as possible sources of
APs in European bottled water. However, other bottle types (i.e. PC,
HDPE, and PVC containers), water contamination prior to bottling, and
bottle caps could be considered as potential sources of APs in bottled
water (Colin et al., 2014; Le Coadou et al., 2017; Loyo-Rosales et al.,
2004; Pernica et al., 2015). Releasing APs from bottles during the
washing process, bottling, transportation, and storage may vary de-
pending on the technology as well as regulations in various countries
(Pernica et al., 2015). In addition, according to Pernica et al. (2015)
and Devier et al. (2013), the common samples’ contamination during
the analysis from laboratory air, solvent and chemicals, and septa vials
could also be affected the level of APs in analyzed bottled water. Hence,
more research is needed to determine the accurate level and possible
sources of APs in bottled water in order to estimate the risks of bottled
water for humans.

2.5. Perfluoroalkyl and polyfluoroalkyl substances

Per and polyfluoroalkyl substances (PFASs) are a large group of
persistent synthetic contaminants (Dauchy, 2019; Zhou et al., 2019b).
PFASs are a group of highly fluorinated aliphatic substances that are
linked to a functional group with or without CeH bond (Papadopoulou
et al., 2017; Zafeiraki et al., 2015). Some perfluoroalkyl acids widely
used in water/grease-proof food packaging materials (e.g. poly-
fluoroalkyl phosphate esters and fluorotelomer alcohols) can easily
migrate to food (Papadopoulou et al., 2017). The water solubility, re-
sistance to degradation, resistance to heat, bioaccumulation potential,
and biomagnification ability, make PFASs a global problem (Kabore
et al., 2018; Ingelido et al., 2018; Llorca et al., 2012).

Human exposure to PFASs can occur via ingestion, inhalation, and
dermal contact (Dauchy, 2019). However, recent studies demonstrated
that dietary exposure is the main exposure pathway for PFASs (Zhou
et al., 2019b; Ingelido et al., 2018; Thompson et al., 2011). Epide-
miological and toxicological studies found that PFASs may adversely
affect developmental, immune, and endocrine functions (Papadopoulou
et al., 2017; Ballesteros et al., 2017; Heo et al., 2014). In 2016, the US
EPA established a lifetime health advisory level at 70 ng/L in drinking
water for sum of PFOS and PFOA (Dauchy, 2019). In addition, the

Table 4
The level of alkylphenols (octylphenol (OP), nonylphenol (NP), and 4-tert-butylphenol (4-terBP)) in bottled water.

Type of bottles Total number of samples Compounds Concentration (ng/L) Reference

PET1 and glass bottles 40 NP <LOD6-30.1 (Le Coadou et al., 2017)
OP <LOD-2.2

PET bottles 5 NP 0.14-0.16 (Vidal et al., 2016)
OP 0.44-0.51

PET bottles 4 NP Mean: 177 ± 3 (Fabregat-Cabello et al., 2016)
OP Mean: 18.5 ± 1.9

PET bottles 6 OP 1.3 (Pernica et al., 2015)
New PC2 bottles 13 4-terBP 44-247 (Colin et al., 2014)
Glass bottles with metallic crown 85 OP 4-3160 (Guart et al., 2014)

NP 61-430
Glass bottles with metallic screw-cap 20 OP 3-5

NP 64
PC bottles with LDPE3 cap 20 OP 4-37

NP 573
PET bottles with HDPE4 cap 224 OP 2-11

NP 62-538
PET bottles 131 OP 2- 3 (Bono-Blay et al., 2012)

NP 58
PET and PC bottles 6 NP Median: 7.9 (Amiridou and Voutsa, 2011)
Plastic bottles 21 NP 108-298 (Li et al., 2010)
HDPE bottles 6 NP Mean: 180 ± 53 (Loyo-Rosales et al., 2004)
HDPE bottles 6 OP Mean: 12 ± 2.8
PVC5 bottles 12 NP Mean 300 ± 44

1: Polyethylene terephthalate; 2: Polycarbonate; 3: l = Low-density polyethylene; 4: High-density polyethylene; 5: Polyvinyl chloride; 6: Limit of detection.
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European food safety authority (EFSA) in 2008 established TDI values
of PFOA and PFOS as 1500 and 150 ng/kg-day, respectively (E.F.S.A.,
2008). It should be noted that all these values are calculated using the
acute exposure scenario while for drinking water long-term exposure
may be more accurate (Llorca et al., 2012; Schwanz et al., 2016). In
addition, the focus on a few individual seems inadequate and the total
of different PFASs should also be considered (Llorca et al., 2012).

According to reported data by some researchers, the level of PFASs
in bottled water is much lower than in tap water or surface water

(Gellrich et al., 2013; Zhou et al., 2019b; Heo et al., 2014; Schwanz
et al., 2016; Ericson et al., 2008; Flores et al., 2013). However, Ku-
nacheva et al. (2010) reported that the levels of PFASs in bottled water
from Thailand were higher than those in tap water. The higher level of
contaminants in bottled water supports the high influence of bottled
materials in water (Schwanz et al., 2016). Results of studies that de-
tected PFASs are presented in Table 5. In one of the latest studies, the
presence of PFASs in 38 bottled water from different countries in-
cluding Ivory Coast, China, Canada, Mexico, and Burkina Faso were

Table 5
The level of perfluoroalkyl and polyfluoroalkyl substances in bottled water.

Type of bottles Total number of samples Compounds Concentration (ng/L) Reference

Not mentioned 38 PFBA Mean: 0.20 (Kabore et al., 2018)
PFDoDA1 Mean: 0.10
ƩPFCAs Mean: 0.62
PFBS Mean: 0.10
PFHxS2 Mean: 0.10
ƩPFSAs Mean: 0.50
6:2FTSA3 Mean: 0.20
Ʃ29PFAS Mean: 1.10

PET12 and glass bottles 40 PFBA <LOD13-1.1 (Le Coadou et al., 2017)
PFBS <LOD-1.4
PFHpA <LOD-1.4
PFHxS <LOD-2.5
PFOA <LOD-9.5
PFOS <LOD-3.7
Ʃ10PFAS Mean: 6.7

PET bottles 38 PFBS <LOD- 23.82 (Schwanz et al., 2016)
PFHxA4 <LOD- 58.21
PFHxS <LOD- 6.73
PFHpA <LOD- 41.58
PFOA <LOD- 45.62
PFOS <LOD- 140.48
PFNA5 <LOD- 46.75
PFUnDA <LOD- 7.71
PFDA <LOD- 24.99
PFDS6 <LOD- 22.83
PFDoDA7 <LOD – 41.83
FOSA8 <LOD- 8.68
PFTeDA9 <LOD- 29.03
PFHxDA10 <LOD- 23.17
PFODA11 <LOD-25.19
Ʃ15PFAS 0.95-124.29

Not mentioned 10 Ʃ11PFAS < 0.6 (Zafeiraki et al., 2015)
Not mentioned 8 PFBA Mean: 0.039 (Heo et al., 2014)

PFPeA Mean: 0.084
PFOA Mean: 0.158
PFNA Mean: 0.040
PFDA Mean: 0.014
PFUnDA Mean: 0.082
PFOS Mean: 0.064
Ʃ7PFAS Mean: 0.480

Not mentioned 119 PFBS Median: 2.6 (Gellrich et al., 2013)
PFHxS Median: 1.4
PFOS Median: 1.5
PFPeA Median: 1.7
PFOA Median: 1.6
PFNA Median: 3.0
Ʃ10PFAS <1-25

Plastic bottles 6 PFHxA 0.17-0.23 (Llorca et al., 2012)
PFHpA 0.23-17
PFOS 0.04-1

Not Mentioned 2 Ʃ6PFAS 0.75-1.45 (Thompson et al., 2011)
PET bottles 20 PFPA Mean: 0.28 ± 0.34 (Kunacheva et al., 2010)

PFHxA Mean: 0.34 ± 0.30
PFHpA Mean: 0.25 ± 0.18
PFOA Mean: 10.55 ± 9.58
PFOS Mean: 0.22 ± 0.37

PET bottles 4 PFHpA <LOD-0.40 (Ericson et al., 2008)
PFOA <LOD-0.67
PFNA <LOD-0.20

1: Perfluorododecanoic acid; 2: Perfluorohexane sulfonate; 3: 6:2 fluorotelomer sulfonate; 4: Perfluorohexanoic acid; 5: Perfluorononanoic acid; 6:
Perfluorodecane sulfonic acid; 7: Perfluorododecanoic acid; 8: Perfluorooctyl sulfonamide; 9: Perfluorotetradecanoic acid; 10: perfluorohexadecanoic; 11:
perfluorooctadecanoic; 12: Polyethylene terephthalate; 13: limit of detection.
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investigated by Kaboré et al. (2018) and perflurohexanoic acid (PFBA)
was the predominant PFAS compound which was found in 45 % of the
studied samples. In 2016, Schwanz et al. (2016) analyzed 16 PFASs in
38 bottled water from 3 countries (19 samples from France, 10 samples
from Spain, and 9 samples from Brazil) and they found that per-
fluoroheptanoic acid (PFHpA) was the most abundant compound in
Brazilian bottled water with 67 % frequency. Hao et al. (2014) in-
vestigated 8 bottled water from Korea. Among 7 detected compounds in
Korean bottled water, the dominant ones were perfluoroundecanoic
acid-PFUnDA (50 %), PFOA (37.5 %), PFOS (25 %), and per-
fluorodecanoic acid-PFDA (25 %). PFOA was detected at the highest
mean levels (0.158 ng/L) of all the detected PFASs. The presence of
PFASs in 119 bottled water samples from different European countries
(Germany, Switzerland, Czech Republic, France, and Italy) were mea-
sured by Gellrich et al. (2013). According to their results, the most
prevalent compounds were perfluoropentanoic acid-PFPeA (28 %) and
PFOA (26 %) followed by perfluorobutane sulfonate-PFBS (16 %) and
PFOS (9%). The discrepancies in different studies could potentially be
due to the different contamination levels in various areas, different
analytical methodology, procedsural blanks, and probable contamina-
tion during analysis (Le Coadou et al., 2017; Zhou et al., 2019b).
Schwanz et al. (2016) hypothesized that ink from labels and some do-
pants which are used in polymer production could be also the sources of
PFASs in bottled water. While Llorca et al. (2012) believed that the
origin of PFASs is the plastic of bottles. Thus, the plastic of the bottles
could be considered as an important source of PFASs in bottled water
(Llorca et al., 2012; Schwanz et al., 2016). However, other sources of
contamination such as pollution of water prior to bottling, bottle clo-
sures, and contamination of contact materials during bottling, handling,
and storage are not negligible (Llorca et al., 2012; Schwanz et al.,
2016). Unfortunately, the toxicological data and standards for most of
PFASs are still rare, their exact effects on human health remain un-
known (Gellrich et al., 2013). Thus, more research is needed to de-
termine the accurate sources of PFASs in bottled water and their tox-
icological effects in order to estimate the risks of bottled water for
humans.

2.6. Risk assessment

In order to investigate the potential risks of CECs in drinking water
via bottled water, the consumption rate was assumed to be 2 L/day for a
60 kg adult (WHO, 2008). In addition, the worst-case scenario (the
maximum level of each compound) was employed. The estimated daily
intake (EDI) of CECs via bottled water consumption can be calculated
by using the following equation:

EDI C IR
BW

= ×

Where C is the concentration of target compounds (ng/L, μg/L, items/
L), IR is daily consumption rate of bottled water (L/day), and BW is
body weight (Luo et al., 2018a; Jeddi et al., 2016).

Table 6 represents the calculated EDI of CECs from bottled water
and comparison with TDI (if applicable). Under these conditions, the
CEC levels except for MPs (no threshold values) in bottled water of most
countries, do not raise a safety concern for the human because their
calculated EDI values were well below the TDI. However, it should be
noted that other beverages drinking, food ingestion, and inhalation are
other potentially significant routes of CECs exposure (Eerkes-Medrano
et al., 2019; Welle and Franz, 2018; Li et al., 2010; Colin et al., 2014;
Schwanz et al., 2016). Due to the known differences in health-based
levels for humans, more research is needed to determine the risk of
dietary exposure and toxicity of CECs for humans.

3. Conclusions and outlook

The presence of emerging contaminants in bottled water represent

leakages of man-made contaminants from technical cycles into biolo-
gical cycles. However, analytical improvement is needed to detect the
lower level of different types of contaminants in bottled water in order
to investigate the possible risks for human health. Based on the ob-
tained results from this review, the bottle types, caps’ material, and pH

Table 6
Daily intake of contaminants of emerging concern (CEC) through the bottled
water consumption.

Compound TDI1 (μg/kg-
bw/day)
(reference)

Concentration (unit)
(reference)

EDI2 of CECs

MPs in plastic bottles – 2649 (items/L)
(Oßmann et al.,
2018)

≈ 85
(items/kg-
bw/day)

MPs in glass bottles 6292 (items/L)
(Oßmann et al.,
2018)

≈ 220
(items/kg-
bw/day)

Salicylic acid bottled
water

8.3
(Khan and
Nicell, 2015)

16 (ng/L)
(Lardy-Fontan et al.,
2017)

0.5 (ng/kg-
bw//day)

Metformin in bottled
water

79.4
(Schwab et al.,
2005)

12 (ng/L)
(Lardy-Fontan et al.,
2017)

0.4 (ng/kg-
bw/day)

Gabapentin in bottled
water

1.7
(Khan and
Nicell, 2015)

12 (ng/L)
(Lardy-Fontan et al.,
2017)

0.4 (ng/kg-
bw/day)

Nicotine in bottled water 8
(EFSA, 2009)

15 (ng/L)
(González Alonso
et al., 2012)

0.5 (ng/kg-
bw/day)

Triclosan in plastic
bottles

0.05
(Li et al., 2010)

9.7 (ng/L)
(Li et al., 2010)

≈ 0.3 (ng/
kg-bw/day)

Sulfamethoxazole in
bottled water

10
(Khan and
Nicell, 2015)

80 (ng/L)
(Perret et al., 2006)

≈ 3 (ng/kg-
bw/day)

BPA in PC3 bottles 4
(EFSA, 2015)

8800 (ng/L)
(Cao and Corriveau,
2008)

≈ 0.3 (μg/
kg-bw/day)

BPA in PET4 bottles 203 (ng/L)
(Bono-Blay et al.,
2012)

≈ 0.007
(μg/kg-bw/
day)

OPs in plastic bottles 5
(Danish, 2016)

37 (ng/L)
(Guart et al., 2014)

≈ 1.5 (ng/
kg-bw/day)

OPs in glass bottles 3160 (ng/L)
(Guart et al., 2014)

≈ 100 (ng/
kg-bw/day)

NPs in plastic bottles 5
(Danish, 2016)

538 (ng/L)
(Guart et al., 2014)

≈ 20 (ng/
kg-bw/day)

NPs in glass bottles 430 (ng/L)
(Guart et al., 2014)

≈ 15 (ng/
kg-bw/day)

DEHP in plastic bottles 50
(EFSA, 2005c)

15.2 (μg/L)
(Mousa et al., 2013)

≈ 0.5 (μg/
kg-bw/day)

DEHP in glass bottles 9.87 (μg/L)
(Prokůpková et al.,
2002)

≈ 0.3 (μg/
kg-bw/day)

DNP in plastic bottles 150
(Sakhi et al.,
2014)

27 (ng/L)
(Li et al., 2019)

≈ 1 (ng/kg-
bw/day)

DEP in plastic bottles 500
(Sakhi et al.,
2014)

20.5 (μg/L)
(Guart et al., 2014)

≈ 0.7 (μg/
kg-bw/day)

DEP in glass bottles 9.34 (μg/L)
(Guart et al., 2014)

≈ 0.3 (μg/
kg-bw/day)

DBP in plastic bottles 10
(EFSA, 2005a)

25.6 (μg/L)
(Salazar-Beltran
et al., 2017)

≈ 0.9 (μg/
kg-bw/day)

BBP in plastic bottles 500
(EFSA, 2005b)

52.35 (μg/L)
(Mousa et al., 2013)

≈ 1.7 (μg/
kg-bw/day)

BBP in glass bottles 0.8 (μg/L)
(Guart et al., 2014)

≈ 0.03 (μg/
kg-bw/day)

PFOA in plastic bottles 1.5
(E.F.S.A.,
2008)

10.55 (ng/L)
(Kunacheva et al.,
2010)

≈ 0.35 (ng/
kg-bw/day)

PFOS in plastic bottles 0.15
(E.F.S.A.,
2008)

1 (ng/L)
(Llorca et al., 2012)

≈ 0.03 (ng/
kg-bw/day)

1: Tolerable daily intake; 2: Estimated daily intake; 3: Polycarbonate; 4:
Polyethylene terephthalate.
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of water play an undeniable role in the migration of CECs into the
water. Hence, the container's type (both bottles and caps) should be
improved by bottling industries in order to limit the migration of CECs
to their products. In addition, the knowledge about the combined ef-
fects of emerging contaminants in the human body is still lacking.
Hazard and exposure assessment of MPs and other emerging con-
taminants in bottled water need to be improved before the full risks to
human health can be assessed and understood. Therefore, the devel-
opment of analytical methods and new protocols for toxicological tests
and risk assessment in humans seems necessary. Considering the fact
that characterization of the significance and types of CECs’ threat re-
quire an understanding of their toxicokinetic and toxicodynamic
models, more accurate and exhaustive research is suggested to fill gaps
in the association and toxicity of individual CECs in bottled water.
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