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ABSTRACT

The study assesses the health risk for the recipients of the selected collective water supply system
in terms of consuming water containing organic xenobiotics such as: benzo[a]pyrene, polycyclic
aromatic hydrocarbons, benzene, acrylamide, epichlorohydrin, vinyl chloride and 1,2-dichlo-
roethane, which, due to their toxic, mutagenic and carcinogenic effects, pose a potential threat to
human life and health. The results of water quality monitoring studies from 2012-2019 (a total of
116 concentration values were analysed form 18 water samples) conducted on treated water from
the Water Treatment Plant (WTP) in southern Poland (EU), supplying water to about 100,000 inhab-
itants were compared with normative limits stemming from EU regulations and the US EPA and
WHO recommendations. Non-carcinogenic health risk (HI) was assessed separately for adults and
children under 6 years of age. In addition, carcinogenicity risk (CR) assessments were performed
and safe local levels of these substances in water were estimated. The obtained values of the param-
eters analysed were significantly lower than the maximum allowable concentrations. The calculated
HI indexes for adults were higher than those for children. The estimated carcinogenic risk was
approximately 27% of the allowable risk level. It was shown that the determined concentrations
of xenobiotics present in the water analysed are safe for the health of recipients who have used
the water supply system for many years.

Keywords: Drinking water; Carcinogenic and non-carcinogenic health risk; Benzene; PAH;
benzo[a]pyrene; Acrylamide; Epichlorohydrin; Vinyl chloride; 1,2-dichloroethane

1. Introduction

Right2Water — a citizens’ initiative states, just like the
Water Framework Directive [1], that drinking water is a
public good and extensive measures should be taken so that
everyone has access to it [2]. Despite the work and actions
taken to ensure one of the basic aspects of the safe existence
of societies, millions of people in the world (especially in
marginalised areas) still struggle with the lack of access
to potable water. According to the forecasts of the United
Nations and UNESCO, with the current, increasing rate
of water consumption, the deficit of drinking water will
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affect as many as 1/3 of the humanity by 2025. This prob-
lem is exacerbated not only by the shrinking groundwater
and surface water resources but also, and perhaps above
all, by the progressive contamination safety of the existing
water resources which can be used for human consumption.
Health safety resulting from consuming water that meets
quality requirements plays an enormous role in people’s
lives. The collective water supply systems give residents
much greater certainty in terms of the quality of the food
product used, that is water, compared to uncontrolled indi-
vidual water intakes, such as house wells [3]. This is due to
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the fact that water in water supply networks is subject to
constant quality control.

The constantly controlled technological processes of
water treatment and distribution undoubtedly contribute to
the increase in the level of health safety of water recipients.

Human activity leads to the production of anthro-
pogenic water pollutants, some of which are toxic to the
human body [4-6]. Any chemical substance that is not a
natural building block of the body is known as a xenobiotic.
These can be organic and inorganic substances. Most of the
organic xenobiotics are toxic, also carcinogenic, to humans
[7]. The main routes of human exposure and absorption of
xenobiotics are the oral route, that is absorption through
the gastrointestinal tract by ingesting food, water, other
liquids, or medication; inhalation, when xenobiotics enter
the lungs from the air in the process of breathing (vapours
of pollutants, for example paint) and the dermal route
(absorption through the skin, for example with cosmetics).

Due to the significant impact of xenobiotics on the
human body, a group of seven organic compounds was
selected for this study, that is benzo[a]pyrene, polycyclic
aromatic hydrocarbons (PAHs), benzene, acrylamide, epi-
chlorohydrin, vinyl chloride and 1,2-dichloroethane. The
content of these compounds was determined in samples
of water from collective water supply systems. The paper
assesses the safety of water in terms of the presence of
selected chemical compounds, both in the context of non-car-
cinogenic and carcinogenic risk, and attempts to estimate
the safe local concentration levels for these substances.

Pursuant to the Polish regulations in force, the require-
ments for the suitability of water for consumption are
specified in the Regulation of the Minister of Health [8].
According to this legal act xenobiotics mentioned in the
article undergo quality tests in treated water at least once
a year (group B) and their parametric values are esti-
mated at concentrations below which there is a low risk
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to human health. A similar approach in this regard is pre-
sented by the US Environmental Protection Agency (US
EPA) [9,10]. According to its guidelines, the maximum
concentration of chemical (MAC) substances in drinking
water is defined as the concentration below which there
is a low risk of negative toxic effects on the body, with
average daily water consumption (different for adults and
children). These levels are determined with regard to car-
cinogenic and non-carcinogenic effects of substances and
are based on the so-called reference doses (RfD). In this
study, the risk of negative health effects was assessed using
the exposure assessment procedure indicated by US EPA.

1.1. Chemical properties and sources of xenobiotics
in domestic water

The xenobiotics selected for the study are regarded
as highly toxic, mutagenic, teratogenic, and carcinogenic
to human health. In accordance with the US EPA toxicity
classification [10,11], benzene and vinyl chloride are clas-
sified in group 1 — human carcinogens; benzo[a]pyrene,
1,2-dichloroethane and epichlorohydrin in group 2B -
possibly carcinogens (proven carcinogenic effect in ani-
mals, but there is insufficient evidence of carcinogenicity
in humans), while acrylamide is identified as probably
carcinogenic to humans. According to the IRAC [12,13]
carcinogenicity classification, benzene belongs to group
1, that is substances carcinogenic to humans. The poten-
tial health effects that may occur as a result of exposure
to the indicated substances are presented in Table 1.

Benzo[a]pyrene (C,H,,) belongs to PAHs, which are
benzene homologues (Fig. 1a). Benzene (C.H,) is an exam-
ple of monochromatic hydrocarbons (Fig. 1b), whose
primary source in the environment is the combustion of
organic materials (including automotive fuels), coking
processes, as well as tobacco smoke. The main sources of
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Fig. 1. Structural formulas of xenobiotics: (a) benzo(a)pyrene, (b) benzene, (c) acrylamide, (d) epichlorohydrin, (e) vinyl chloride, and

(f) 1,2-dichloroethane.
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Table 1

Potential health effects that may arise from exposure to selected xenobiotics

Benzene and benzo(a)pyrene Acrylamide

Epichlorohydrin

Vinyl chloride

1,2 dichloroethane

Damage to the central Hallucinations,

nervous system as a heparotoxicity, fatigue,

result of acute exposure weakness, effects on

(exposure to 65 g/m> may the central nervous

cause death). system (mainly in the

case of grouting) [22]

Extensive hemorrhages Damage to the nervous
system and weakening
of the work of the

limbs [53]

Toxic effect on the
haematopoietic system
at long-term exposure
above 162 mg/m®

Exposure to concentrations
of 325 mg/m®
Can lead to leukemia [16,52]

Acute allergic

reactions when
exposed to the skin

Local allergic reactions

(irritation of

the eyes, throat,
vomiting) as a
result of short-term
exposure to vapors

Damage to the liver

and kidneys as a
result of long-term
exposure [23]

Narcotic

Symptoms so-called
“Vinyl chloride
disease”
(headache,
dizziness, vision
problems)

Acroosteolysis
(scleroderma of
the connective
tissue of the
fingers)

Circulatory disorders

Enlargement of the

Circulatory and
respiratory
failure in release
or limiting
performance

Nausea, pain in
taste

Inflammation
dysfunction and
neurological
disorders

Electrocution

Heart defects [17]

liver and spleen
(carcinomas,
hepatic
angiosarcomas,
brain tumors)
[24,54]

benzo[a]pyrene and benzene entering surface and ground-
water are the so—called low emissions from the combustion
of fossil fuels, especially during the heating season, and
air emissions from road transport [14] and from petroleum
pollutant infiltration [15-17]. Petroleum-derived com-
pounds show the ability to accumulate in aquatic organ-
isms, and thus pose a threat to humans [18]. Acrylamide
(acrylic amide, C;H,NO, Fig. 1c) in household conditions
is formed mainly as a result of the thermal processing of
food, especially potato products [19,20]. This compound is
widely used in industry as a polymer, for example, for the
production of plastics and dyes. Due to its high mobility
and solubility in water, the compound has a high ability
to pollute surface and groundwater [21]. According to
WHO data [22], the main source of acrylamide contam-
ination of drinking water is the use of polyacrylamide
flocculants in technological processes, which may contain
monomers of this xenobiotic. Theoretically, a source of
epichlorohydrin (C,H,CIO, Fig. 1d) in potable water may
be the migration of this compound following the use of
chemicals containing epichlorohydrin residues in floccu-
lation processes, and its leaching from water distribution
pipes (resin, epoxy coatings of pipes) [23]. Vinyl chloride
(C,H,CI, Fig. le) is relatively rarely detected in surface
waters due to its high evaporation capacity (volatility)
[24]. The main route of exposure is the inhalation of air

containing this compound [25]. As reported by the WHO
[26], 1,2-dichloroethane (C,H,Cl, Fig. 1f), which is the last
of the xenobiotics analysed, is mostly present in drinking
water in concentrations much lower than the amounts
considered hazardous to human health.

All of the xenobiotics studied are included in the US
EPA [10] and WHO [26] classifications as substances with
a significant impact on human health through the con-
sumption of drinking water. According to the Polish reg-
ulations, which reflect EU requirements, the assessment of
water suitability for consumption in terms of PAH content
includes testing for the content of both benzo[a]pyrene
and the sum of four PAHs (benzo[b]fluoranthene, benzo[k]
fluoranthene, benzo[ghi]perylene and indeno[1,2,3-cd]
pyrene), while both US EPA [9,10] and WHO [26] guide-
lines provide only the content of benzo[a]pyrene in drink-
ing water as a qualitative criterion, which has already
been pointed out by Witkowski and Slésarczyk [27].

2. Materials and methods

The subject of the analysis was the results of water
quality monitoring studies from 2012 to 2019 conducted
on treated water from the Water Treatment Plant (WTP)
in Swiniarsko and WTP in Stary Sacz, located in southern
Poland (EU), supplying water to about 100,000 inhabitants
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in six municipalities in Matopolskie Voivodeship. The tests
were performed in an accredited laboratory based on the
following, respective standards:

® benzola]pyrene and PAHs: KJ-I-5.4-97 based on the
PN-EN ISO 17993:2005 standard [28] and in accordance
with the KJ-1-5.4-13C test procedure,

® benzene: based on the K]J-I-5.4-155 method following the
PN-EN ISO 15680:2008 standard [29] and in accordance
with the PN-EN ISO 11423-1:2002 standard [30],

e epichlorohydrin: in accordance with PN-EN 14207:2005
[31],

e acrylamide: based on KJ-1.5.4-94 and EPA Method 8032A
[32], and in accordance with KJ-1.5.4-14C,

e 1,2-dichloroethane based on the KJ-I-5.4-155 method
following the [29] and PN-EN ISO 10301: 2002 [33]
standards,

e vinyl chloride: based on the KJ-I-5.4-155 method
following the [29] and [32] standards.

In addition, the independent sampling and determina-
tion of the parameters analysed were carried out in 2019
in another accredited laboratory for water and wastewa-
ter testing in Krakow. For this series of tests, PAH values
were determined based on the accredited test procedure
WES 496 (ed. 9 of 3 September 2018). According to this
method, the concentration of PAHs is the sum of ben-
zo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
dibenzo[g,h,i]perylene, benzo[gh,i]perylene and indeno
[1,2,3-c,d]pyrene levels. The method used was the deter-
mination of the multi-ring aromatic systems using a gas
chromatograph coupled to a mass spectrometer (GS-MS).
The sample preparation was a standard phase extraction
with n-hexane, the organic fractions are dried with anhy-
drous sodium sulfate. The remaining sodium sulfate with
the addition of 5 mL of hexane is combined into the previ-
ously obtained extract and then concentrated at 40°C to a
volume of about 1 mL. Then the volume thus obtained is
filtered through a column of 2 g of silica gel (previously
activated and conditioned). The obtained fractions of ali-
phatic and monoaromatic hydrocarbons are eluted with
12 mL of n-hexane. The extracted PAHs are then eluted
from the bed with 18 mL of dichloromethane. Thus the
collected eluate is sequentially concentrated and analyzed
with the standard (PAH InjStd) in GC-MS in Rtx-5ms col-
umns (30 m x 0.25 mm x 0.25 pm) using helium as a carrier
gas with a constant flow of 1.6581 mL/min at 300°C.

The concentration of chlorobenzenes was determined in
accordance with PN-EN ISO 6468:2002 [29]. Due to the fact
that the test results pertained to treated water directed to
the water supply network by both WTPs, the total number
of samples analysed comprised water collected at both WTPs
and was treated as one set, that is no separate risk assess-
ments were performed for each of the WTPs. The samples
were collected in the years 2012-2019, on an annual basis
(samples were taken once a year in April in WTPs after treat-
ment processes (samples of water directed to the water sup-
ply network supplying residents with water for residential
purposes). In 2019, there were two samplings (in April and
June). A total of 18 water samples were taken directly from
the WTPs. A total of 116 concentration values were analysed,

of which 18 for (1) benzo[a]pyrene and (2) PAH, and 16 for
(3) benzene, (4) acrylamide, (5) epichlorohydrin, (6) vinyl
chloride and (7) 1,2-dichloroethane each (these parameters
were not tested twice in 2019).

As part of the research, the safety of the water supplied in
the collective water supply systems was assessed in terms of
the presence of selected xenobiotics, taking into account the
non-carcinogenic (HI) and carcinogenic (CR) risk. An expo-
sure scenario was adopted in which most of the water entered
the body through the ingestion of water, hot and cold drinks,
and food. This scenario has the largest share in the level
of health risk and served as the basis for further analyses.

The HI health risk associated with contaminated water
ingestion was calculated according to Eq. (1) [34]:

CI
HI= @[—] 1)

where HI is the chemical substance exposure index for a
given route of exposure (-); Cl is the dose of a given chem-
ical substance taken by the oral route (mg/kg d); RfD is
the reference dose of a given chemical substance [mg/kg d].
The doses absorbed by the body (CI) as a result of
water consumption were determined using Eq. (2) [34,35]:

CW-EFED'IR
Cl=—— T [mg/kg/d] 2)
where CI is the dose of a given chemical substance taken
by the oral route (mg/kg/d); CW is the substance concentra-
tion in water (mg/dm?®); EF is the exposure frequency (d/y),
EF = 350 was assumed [35]; ED is the exposure duration (y),
the analyses were based on a residential scenario according
to which the exposure duration assumed was ED = 26 for
adults and 6 for children [36]; IR is the daily water intake
rate (dm®d), the adopted IR, was 2.5 dm’ for adults and
0.78 dm? for children in accordance with US EPA [36]; BW is
the body weight (kg), the assumed BW was 80 kg for adults
and 15 kg for children [36]; AT is the exposure averaging
time (d), AT = 25,550 for children and adults, the average
exposure time of 70 y was assumed due to the potentially
carcinogenic chemicals analysed.

The reference doses (RfD) adopted were obtained from
the Integrated Risk Information System (IRIS) base, except for
the RfD values for epichlorohydrin and 1,2-dichloroethane,
which were taken from the Risk Assessment Information
System (RAIS) [37].

The carcinogenic risk index (CR) for the oral route of
exposure was calculated using Eq. (3) [34]:

CR = CDIxSF| - ©)

where CR is the carcinogenic risk resulting from exposure
to a given carcinogen through a given exposure route (-);
CDI is the dose of carcinogenic substance taken by a given
route of exposure, averaged for 70 y of human life (mg/
kg d); SF is the slope factor appropriate for a given route of
exposure, denoting the upper limit of the probability of neo-
plastic disease occurrence as a result of exposure to a given
factor [34] (mg/kg d), SF values were taken from RAIS.
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A safe, local level of substance concentration in water
(RBRL) was estimated using Eq. (4) [10]:

TR

RBRL = CW x - [—]
Calculated risk (HI or CR)

*)

where RBRL is the (site-specific risk-based remedial safe)
safe, local concentration of a pollutant in water for oral
exposure (mg/dm’); CW is the pollutant concentration in
water (mg/dm?); TR is the target risk (carcinogenic or non-
carcinogenic), HI =1 and CR = 10"° were assumed; Calculated
Risk (HI or CR) is the calculated for a given pollutant.

The adjustment of the local levels of the pollutants was
calculated using Eq. (5) [38]:

ARBRL = @[—] ®)
n

where ARBRL is the (adjusted risk-based remedial level)
adjusted safe local concentration of a given pollutant in
water for oral exposure (mg/dm?®); RBRL is the safe local
concentration of a given pollutant in water for oral exposure
(mg/dm?); n is the number of non-carcinogenic substances
causing critical effects in the same target organ/system (-); n=6.

3. Results

3.1. Water quality assessment in terms of the
content of selected xenobiotics

The obtained values of the parameters studied were
very low, close to the limit of quantification, for both WTPs
in all years analysed (Table 2). The worst possible scenario

Table 2

was selected for further considerations and algorithm cal-
culations [Egs. (1)-(5)], assuming that the concentration of
xenobiotics whose levels were below the limit of quanti-
fication was an order of magnitude lower than the lowest
limit of quantification (LOQ). The laboratory tests carried
out have shown that for each of the parameters the obtained
concentration values are below the limit of quantification
(LOQ). This means that the applied test procedure (device),
although very precise, allowed the detection of a given
parameter in water, without giving any information about
its exact content. Due to the fact that the aim of the research
work was to assess the health risk of water recipients, it was
decided to adopt the most unfavorable variant, that is the
concentration of the substance by an order of magnitude
lower than its lower limit of quantification (e.g., LOQ of
<0.007 pg/dm?, the concentration of 0.0069 pg/dm?), thus
assuming the measurable concentration value applicable in
the calculations.

First, the test results obtained were compared with the
values of the maximum allowable concentrations (MAC)
for drinking water specified in (a) the Regulation of the
Minister of Health [8], (b) US EPA guidelines [10], and
(c) WHO recommendations [26,39]. The WHO limits are
guideline values for substances that have an impact on
health. When comparing the allowable concentrations of
the analysed xenobiotics, recommended by the US EPA
[10], which are (values in pg/dm?): 0.2 for benzo[a]pyrene,
5.0 for benzene and 1,2-dichloroethane, and 2.0 for vinyl
chloride, with the requirements set in the Polish regula-
tion concerning the quality of drinking water, amounting
to 0.01, 1.0, 0.5 and 3.0, respectively (values in pg/dm?), it
can be noted that the Polish requirements are very strict in
relation to the US EPA regulations. The US EPA guidelines
[10] define the limit values indicated above as achievable

Basic statistics and maximum acceptable concentration (MAC) of selected xenobiotics in water

Parameter n LOQ Max Av. MAC
RMH US EPA WHO
(ug/dm?)

Bezno(a)pyrene 18 7x10°%+5x10° 6.90 x 107 5.96 x 10°® 0.01 0.2 0.7
Sum of PAHs 18 4x102%2+3x%x103 3.90 x 1072 2.62 x 1072 0.1 —* -
Benzene 16 4x101+5x%x10" 4,99 x 10 4.99 x 10! 1 5 10
Acrylamide 16 7.5+107? 7.50 x 1072 7.49 x 1072 0.1 e 0.5
Epichlorohydrin 16 6x107%+75x107 7.49 x 10 6.55 x 10 0.1 R 0.3
Vinyl chloride 16 1.5x10"+2x 10" 1.99 x 107! 1.93 x 107! 0.5 2 0.4
1,2-Dichloroethane 16 1.0+0.8 9.99 x 107! 8.49 x 107! 3 5 50

n — A total of water samples collected in the years 2012-2019;
LOQ - Limit of quantification;

Max. — Maximum value measured in the period 2012-2019;
Av. — Average value calculated for the period 2012-2019;

MAC - Maximum acceptable concentration, according to: RMH — Regulations of the Minister of Health (2017),

US EPA (2012, 2018), WHO (2017);

*US EPA (2018) and WHO (2017) guidelines do not refer to limit values for the sum of PAHs;

**according to US EPA (2018) in the case of acrylamide in drinking water, the combination of dose and monomer level must not exceed the
equivalent of a polyacrylamide polymer containing 0.05% monomer in 1 mg/dm3;

***according to US EPA (2018) in the case of epichlorohydrin, the combination of dose and monomer level must not exceed the equivalent of
an epichlorohydrin-based polymer containing 0.01% monomer at a dose of 20 mg/dm?®.



6 E. Wysowska, A. Kiciriska / Desalination and Water Treatment 234 (2021) 1-14

using the best available technology (BAT), considering the
cost of achieving BAT reductions an enforceable standard
as well. In terms of the recommendations indicated for
acrylamide and epichlorohydrin, the US EPA [10] specifies
them for the dose equivalent of polyacrylamide monomer
containing 0.05% monomer dosed at 1 mg/dm?® and epi-
chlorohydrin-based polymer containing 0.01% monomer
at 20 mg/dm?, respectively. It should be emphasised that
for all parameters studied, the allowable values provided
in the US EPA and WHO guidelines are higher than those
set in the Polish regulations, except for vinyl chloride.
The maximum permissible (according to the Polish regu-
lations [8]) and recommended (according to the US EPA,
WHO) levels of contamination are indicated in Table 1.
These data indicate that the legal requirements in Poland
in this respect are much more stringent than indicated
by global guidelines. The requirements of the national
Polish regulations were as follows: from 1% of the WHO
guidelines to 5% of the EPA guidelines for pyrene, from
10% of the WHO guidelines to 20% of the EPA for ben-
zene, from 6% according to the maximum values given
by the WHO to 60% EPA for 1,2 dichloroethane and 20%
and 33% of the maximum values for acrylamide and
epichlorohydrin (no EPA guidance for these parameters).

In the present study, the average and maximum indi-
vidual values of all parameters did not exceed the allowable
values set in the Polish regulations [8], and US EPA [10] and
WHO recommendations [26,39] (Fig. 2). Nevertheless, health
concerns resulting from their accumulation in the medium
supplied to the body (water) cannot be excluded.

With regard to the requirements of the Minister of
Health [8], the highest share of maximum values was
recorded for acrylamide and epichlorohydrin (it was about
75% of the MAC), while the lowest was for 1,2-dichlo-
roethane (about 33% of the MAC). The obtained results
of xenobiotic concentrations were compared with the
acceptable levels recommended by the US EPA [10]. The
recorded average values calculated for the 5-years period
in relation to the American requirements [10] ranged from
3% of the MAC for benzo[a]pyrene to 17% of the MAC for
1,2-dichloroethane. The maximum concentrations of these
parameters did not exceed 20% of the MAC (from 3.5% of
the MAC calculated for benzo[a]pyrene, through 10% of the
MAC calculated for benzene and vinyl chloride, up to 20%
of the MAC calculated for 1,2-dichloroethane). In the con-
text of the WHO recommendations [24], the highest share
of the seven substances in the MAC, both in terms of the
average and maximum concentrations, was found for vinyl
chloride (48% and 50%, respectively) and for epichlorohy-
drin (22% and 25%). The lowest share was found for ben-
zola]pyrene (1% MAC was obtained for both the average
and maximum values).

3.2. Assessment of non-carcinogenic risk related to the presence of
selected xenobiotics in drinking water

According to the guidelines of the Minister of Health
[8], PAH monitoring includes the sum of the concentra-
tions of four compounds, while according to the US EPA,
reference doses (RfD) are determined for all substances
belonging to the PAH group. Therefore, PAHs were not

included in the risk assessment. The non-carcinogenic risk
assessment for oral exposure was performed separately
for adults and children. Due to the number of samples
(n = 18), in accordance with the US EPA [34] recommen-
dations, the maximum values and average estimates were
used to estimate the level of health risk, thus assuming a
high-risk scenario [40].

3.2.1. Assessment of adults’ exposure arising
from water consumption

Doses absorbed as a result of water intake were calcu-
lated for each of the chemicals analysed (Table 3). For adults,
the maximum CI doses of a chemical absorbed by the oral
route ranged from 7.68 x 10® to 1.11 x 10° mg/kg/d, while
the average values ranged from 6.64 x 10 to 9.45 x 10°mg/
kg/d. For both parameters, extreme values were obtained
for benzo[a]pyrene (lowest) and for 1,2-dichloroethane
(highest), which is reflected in the concentrations of these
substances determined in water.

The maximum exposure index values (HI) for the
substances analysed descended in the following order:
1,2-dichloroethane (1.85 x 10°) > benzene (1.39 x 107®) > vinyl
chloride (7.38 x 10™) > acrylamide (4.17 x 10™*) > benzo[a]
pyrene (2.56 x 10) > epichlorohydrin (1.39 x 10™). The same
order was observed for the average HI values: 1,2-dichlo-
roethane (1.57 x 107%) > benzene (1.39 x 107 > vinyl chlo-
ride (7.15 x 10*) > acrylamide (4.17 x 10*) > benzo[a]pyrene
(2.21 x 10™*) > epichlorohydrin (1.22 x 10*). For acrylamide,
both the maximum and average values of HI were iden-
tical, which is reflected in the same maximum and aver-
age concentrations of this compound in the water tested
and in the size of doses absorbed by the oral route. None
of the substances exceeded the allowable non-carcino-
genic risk limit HI = 1. The total maximum HI for the
xenobiotics administered via the oral route for adults was
4.79 x 107, which is 0.48% of the acceptable risk value. On
the other hand, the total average HI level was 4.44 x 1073,
which corresponds to 0.44% HI, . The share of the max-
imum risk for individual parameters in relation to the
allowable level ranged from 0.19% to 0.01% HI (Fig. 3).

3.2.2. Assessment of children’s exposure
arising from water consumption

As was the case with adults, doses of the substances
absorbed by the oral route were calculated for children.
The maximum CI values of the xenobiotics ranged from
2.95x10* mg/kg/d for benzo[a]pyrene (with an average dose
of 2.55 x 10® mg/kg/d) to 4.27 x 10° mg/kg/d for 1,2-dichlo-
roethane (for an average dose of 3.63 x 10 mg/kg/d). Both
average and maximum extreme values were obtained for
benzo(a)pyrene (lowest) and for 1,2-dichloroethane (high-
est), which was also the case with adults. The maximum
children’s exposure to the consumption of water containing
the xenobiotics tested did not exceed the allowable value.
The total exposure to selected xenobiotics for children was
1.83 x 10 (maximum exposure level) and 1.70 x 107 (aver-
age exposure level), which is 0.18% and 0.17% of the accept-
able HI value, respectively. The order of the maximum HI
risk values calculated for children for individual parameters
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Table 3
Values of the doses taken and the index of exposure of adults orally for selected xenobiotics contained in drinking water
Xenobiotic RfD Max. Av.
(mg/kg/d)  cw (mg/dm?) Cl(mg/keg/d) HI CW (mg/dm?) Cl (mg/kg/d) HI
Benzo(a)pyrene 3x 10 6.9 x10° 7.68 x10® 2.56 x 10 5.96 x 10°® 6.64 x10® 221 x10*
Benzene 4x103* 4.99 x 10 5.55 x 107 1.39 x 107 4.99 x 10 5.55 x 107 1.39 x 107
Acryloamide 2x103* 7.49 x 10°° 8.34 x 107 4.17 x10™* 7.49 x 107 8.34 x 107 4.17 x10*
Epichlorohydrin 6 x 1075** 7.49 x 10°° 8.34 x 107 1.39 x 10 6.55 x 107° 7.29 x 107 1.22 x10™*
Vinyl chloride 3x10°% 1.99 x 10 221 x10%° 7.38 x 10 1.93 x 10 2.15x10° 7.15 x10*
1,2-Dichloroethane 6 x 1073** 9.99 x 10* 1.11 x 10 1.85x 107 8.49 x 10™* 9.45 x 107® 1.57 x 107
SHI: 4.79 x 107 444 %107
RfD — Reference dose of the chemical (mg/kg/d);
CW - Substance concentration in water (mg/dm?);
CI - Dose of the chemical substance taken by the oral route (mg/kg/d);
HI - Exposure index of the chemical for a given route of exposure;
*according to US EPA (IRIS, 2020);
**according to US EPA (RAIS, 2020).
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Fig. 3. The share of risk for the analyzed substances is in the acceptable level of non-carcinogenic risk for adults.

was as follows: 1,2-dichloroethane (7.12 x 10*) > benzene
(5.33 x 10™*) > vinyl chloride (2.84 x 10 > acrylamide
(1.60 x 10*) > benzo[a]pyrene (9.83 x 107) > epichloro-
hydrin (5.34 x 107°). The order obtained for the average
exposure level was the same (Table 4).

In children, just like in the case of adults, the highest
share in the acceptable risk level was recorded for 1,2-dichlo-
roethane (0.071% HI .0 while the lowest for epichlo-
rohydrin (merely 0.005% HIL .. (Fig. 4).

When comparing the HI values of the indicated age
groups, the exposure value for children was approximately
38% of the calculated risk for adults. The significantly lower
level of non-carcinogenic risk for children compared to
adults is most likely due to the differences in the amount
of daily water consumption (adults approx. 2.5 dm?d,
children approx. 0.78 dm?®d), different body weight and
exposure duration taken into account in the calculations
under the adopted residential scenario. These factors have

already been pointed out by, among others, Kicinska and
Wysowska [41] in the risk analysis for selected metals in
water from various types of intakes.

The exposure sequence of individual xenobiotics (HQ) in
their maximum HI for both adults and children was identi-
cal. The maximum share of individual HQs in the total HI
was found for: 1,2-dichloroethane (almost 39%), benzene
(approx. 29%), and vinyl chloride (15%). The HQ for acryl-
amide was approx. 9%, for benzo[a]pyrene approx. 5%, and
for epichlorohydrin approx. 3% of the HI was calculated
for both adults and children (Fig. 5).

3.3. Assessment of non-carcinogenic risk related to the
presence of selected xenobiotics in drinking water

The estimation of the maximum carcinogenic expo-
sure as a result of consuming water with given amounts of
the xenobiotics analysed is presented in Table 5. The value
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Table 4

Values of the doses taken and the index of exposure of children orally for selected xenobiotics contained in drinking water

Xenobiotic RfD (mg/kg/d) Max. Av.
CW (mg/dm®) Cl (mg/kg/d) HI CW (mg/dm® Cl (mg/kg/d) HI
Benzo(a)pyrene 3x10% 6.9 x10° 295 x10® 9.83x10° 596x10° 255 x10® 8.49 x 10°°
Benzene 4 x10°%* 499 x 10 2.13x10°® 533x10* 4.99x10* 2.13x10° 5.33 x 10™*
Acryloamide 2 x107%* 7.49 x 107 3.20x 107 1.60x10* 749 x10° 3.20 x 107 1.60 x 10
Epichlorohydrin 6 x 1075 7.49 x 107 3.20x 107 534x10° 6.55x107° 2.80 x 107 4.67 x107°
Vinyl chloride 3x10°%* 1.99 x 10 8.51 x 107 2.84x10* 193x10* 8.24 x 107 2.75x10*
1,2-Dichloroethane 6 x 103** 9.99 x 10™* 4.27 x10°® 712x10* 849 x10* 3.63 x10° 6.05 x 10™*
SHI: 1.83x 107 1.70 x 107
RfD — Reference dose of the chemical (mg/kg/d);
CW — Substance concentration in water (mg/dm®);
CI - Dose of the chemical substance taken by the oral route (mg/kg/d);
HI - Exposure index of the chemical for a given route of exposure;
*according to US EPA (IRIS, 2020);
**according to US EPA (RAIS, 2020).
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Fig. 4. The share of risk for the analyzed substances is in the acceptable level of non-carcinogenic risk for children.

of the highest level of carcinogenic risk (CR__) for the
parameters testes was 2.69 x 107 and did not exceed the
value of CR = 10% which is, according to the literature on
the subject [9], the limit value of the acceptable risk level.
The estimated CR__ was 26.89% of the acceptable risk
level. According to the US EPA [10] recommendations, the
acceptable level is CR = 10", but the study uses a more con-
servative calculation variant.

The largest share in the calculated CR__ was demon-
strated for vinyl chloride (approx. 60%), 1,2-dichloroethane
(38%), and benzene (11%). The share of remaining param-
eters in the total CR__ ranged from 3% (benzo[a]pyrene,
epichlorohydrin) to 0.2% (acrylamide).

3.4. Estimation of the safe concentration
levels of selected xenobiotics

On the basis of the calculated non-carcinogenic risk (for
adults and children) and carcinogenic risk, the acceptable

and safe concentration levels (RBRL) of selected xenobi-
otic substances in water were estimated for oral exposure.
Following the risk prevention principle, the least favourable
results of the health risk calculated, obtained for the high-
est recorded concentrations of the tested substances, were
adopted for the calculations.

In the case of the maximum oral exposure of adults,
RBRL values in terms of non-carcinogenic risk were (data in
mg/dm?): 2.7 x 107 for benzo[a]pyrene, 1.8 x 107! for acryl-
amide, 2.7 x 107! for vinyl chloride, 3.59 x 10 for benzene,
and 5.39 x 107 for 1,2-dichloroethane and epichlorohydrin
(Fig. 6).

For children, these were (data in mg/dm?®): 7 x 107 for
benzo[a]pyrene, 4.68 x 107 for acrylamide, 7 x 107 for vinyl
chloride, 9.36 x 10! for benzene, and 1.4 for 1,2-dichlo-
roethane and epichlorohydrin (Fig. 7).

Considering the carcinogenic risk, the safe level was
2.17 x 10" mg/dm?® (Fig. 8), which is 31% of the maximum
concentrations determined in the water tested. The highest
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Fig. 5. Shares of the maximum HQ of individual xenobiotics in the total HI.
Table 5
Carcinogenic risk (CR) index for selected xenobiotics
Xenobiotic SF (mg/kg/d) Max concentration (mg/dm?) CDI__ (mg/kg/d) CRyax
Benzo(a)pyrene 1.00 x 107* 6.9x10 7.68 x 107 7.68 x 107
Benzene 5.50 x 10-%* 6.9 x 107 5.55 x 107 3.05x10°®
Acryloamide 5.50 x 10~** 6.9 x 107 8.43 x 107 4.17 x 10710
Epichlorohydrin 9.90 x 10-** 6.9 x 10 8.34 x 107 8.25 %10
Vinyl chloride 7.20 x 107* 6.9 x10 2.21x10° 1.59 x 107
1,2-Dichloroethane 9.10 x 1073 6.9 x10° 1.11 x 10 1.01 x 107
ZCR_ : 2.69 x 107
SF - Slope factor appropriate for a oral exposure;
CDI - Dose of a carcinogenic substance taken by a given route of exposure;
*according to US EPA (IRIS, 2020);
**according to US RAIS (2020).
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6.00E-01 0.20%
2 0.18%
% 0.16%
4.00E-01 % 0.14%
/ 0.12%
% 0.10%
% 0.08%
2.00E-01 / 0.06%
% 0.04%
/ 0.02%
6.90E-07 77 0.00%
o o [} < [} o
g g £ 3 5 k:
£ 5 3 5 £ S
z 3 S z s
RBRL max 4= share of max concentration in the permissible value [%]

Fig. 6. Share of the maximum annual concentrations of the substance in the determined safe concentration level (RBRL) for the
maximum non-carcinogenic exposure (HI) for adults (oral exposure).
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Fig. 8. Share of annual maximum concentrations of substances in the determined safe concentration level (RBRL) for the

maximum carcinogenic exposure (CR) (oral exposure).

share in relation to RBRL was found for vinyl chloride (16%),
while the lowest for acrylamide (0.04%) and benzo[a]
pyrene (0.77%).

The total safe local concentrations of the xenobiotics
analysed should not exceed the value of RBRL = 1.91 mg/
dm? for adults, and 4.98 mg/dm? for children, while accord-
ing to the requirements of the Minister of Health [8], the
total MAC for the substances tested is 4.81 x 10 mg/dm?,
which is a much lower value. However, it should be noted
that the limit values set for drinking water in the Polish
regulations refer to the concentration of the substance at
a given moment, while the values of the calculated risk
(HI, CR) and RBRL refer to the concentrations of the sub-
stance based on many years of exposure. Due to the fact
that the calculated RBRL significantly differed from the
Polish guidelines [8], the obtained results were adjusted.
The worst variant was adopted, in which all the substances
had a toxic effect on the same human organ or internal sys-
tem. The adjusted safe local concentration of the substance
(ABRBL) amounted to 0.32 mg/dm? for adults, and 0.83 mg/
dm? for children. In the case of an additional tightening of
the criteria, the obtained levels of xenobiotic concentrations

were significantly below the upper limits. The total aver-
age concentrations of the xenobiotics tested in the years
2012-2019 were approx. 0.20% of ABRBL for children, and
0.53% for adults. The total maximum concentrations were
0.22% of ABRBL for children and approx. 0.58% for adults.

4. Discussion

The results of the study were compared with find-
ings reported by other researchers. Water pollution by oil
derivatives and its potential effects on health were stud-
ied by several research teams, including Zhang et al. [42],
Tongo et al. [43], and Yu et al. [44]. A study by Zhang et
al. [42] analysed 16 different PAHs in drinking water from
selected cities in China. The average sum of the concen-
trations of the substances tested was 56.25 x 10! ng/dm?.
The authors showed that the use of water from water
supply systems is characterized by a lower exposure to
PAH contamination. A similar study was conducted by
Song et al. [45]. The authors analysed samples of water
and sediments from three water treatment plants in
Guangzhou (China). The calculated exposure based on
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the US EPA guidelines, both total (HI) and separate for
each of the PAHs (HQ), did not exceed the acceptable
level (HI = 1). The carcinogenic exposure assessment also
showed a negligible level of risk. An analysis of carcino-
genic risk resulting from dermal contact and consumption
of water contaminated with PAHs was performed by
Karyab et al. [46]. The calculated carcinogenic exposure
exceeded the limit proposed by the WHO, and the authors
paid special attention to exposure resulting from dermal
contact with contaminated water. The greatest risk of
cancer was found in children aged over 16 (almost 93%).
The problem of benzene in food products was discussed
by Heshmati et al. [47]. These authors assessed health
risk for this parameter in selected food samples from
the Iranian market. Recently, the contamination of water
with benzene in Texas (USA) was also investigated by
McMahon et al. [48], who found that the concentration
of this parameter was below 0.15 pg/dm? The content of
acrylamide in drinking water was analysed, among others,
by Canbay and Dogantiirk [49]. Their study assessed the
content of this compound in potable water using the solid
phase extraction (SPE) method. The recorded concentra-
tions of acrylamide were below 8.5 x 107 ug/dm?® (with a
LOQ of 1.32 x 10 pg/dm?). Studies assessing health risk
resulting from the consumption of acrylamide are mainly
focused on the content of this compound in fried and pro-
cessed food. Hence, the authors of the present paper did
not compare the obtained exposure results to other scien-
tific works. Analyzes of the content of 1,2-dichloroethane
and vinyl chloride in water were carried out, among others,
by Walaszek et al. [50] and Kuo et al. [51]. Analyzes from
the wells supplying the inhabitants of Lev (France) [50]
showed the maximum concentrations recorded for vinyl
chloride and cis-1,2-dichloroethane at 1.2 x 10 ug/dm?
and 155 x 107! pg/dm?. Thus, the average results for vinyl
chloride obtained in the present study were very similar to
the concentrations recorded in France. It should be noted,
however, that the results of the research described in this
paper concern water directed to the water supply system,
while the research in Lyon was conducted on raw water
from piezometers.

5. Conclusions

Qualitative assessment in the context of health risk cre-
ates opportunities to determine the potential long-term
impact of consuming treated water on the health of its
recipients and to determine local achievable safe risk levels.
Based on the analyses, it was found that:

* The long-term maximum and average concentrations
of the xenobiotics analysed in water did not exceed the
limit values set in the Polish regulations, and the WHO
and US EPA guidelines.

e Comparing the recommended maximum contents of the
xenobiotics analysed, it was noted that the Polish (EU)
requirements are much more stringent compared to the
US EPA and WHO recommendations, except for those
pertaining to vinyl chloride levels in drinking water.

® The calculated maximum non-carcinogenic risk asso-
ciated with drinking water for adults was 4.79 x 107,

corresponding to 0.48% of the acceptable risk value,
and 1.83 x 107 for children which is 0.18% HI___ .

® The level of non-carcinogenic exposure for children was
significantly lower than for adults and amounted to
approx. 38% of that for adults.

e The calculated maximum potential carcinogenic risk
was estimated at the level of 2.69 x 107 and constituted
26.89% of the acceptable risk level.

® The largest share in the calculated non-carcinogenic risk
for both adults and children was found for 1,2-dichlo-
roethane. This parameter also showed a significant share
in the calculated carcinogenic risk (approximately 30%).

® The highest level of carcinogenic exposure was reported
for vinyl chloride (about 60%), and the lowest for acryl-
amide (0.2%).

e The determined RBRL for selected xenobiotics in water,
did not exceed the actual concentrations recorded, even
when the cumulative effect of the substances on the
same organs of the human body was taken into account
— the recorded total maximum concentrations of the
xenobiotics constituted 0.22% of ARBRL for children and
about 0.58% for adults.

In light of new emerging challenges for the external envi-
ronment and new health threats, this subject requires more
in-depth research. The obtained results confirmed that the
technological processes used to ensure the safety of water
provided to consumers are effective. The authors emphasise
the need to continue research in order to address the issue of
inhalation and dermal risks, as well as to extend the analysis
to include further parameters that may affect human health.
It is underlined that scientific research in the field of drinking
water safety is still insufficient and requires constant updating.
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