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ABSTRACT

The following paper assesses the health safety related to contact with toxic or carcinogenic
volatile organic compounds (VOC) inhaled from water delivered through the public distribu-
tion system. The study involves the calculations of hazard indexes related to everyday use of
water from the water distribution system by children and for adults. The materials comprise the
results of analyses of processed water conducted in the years 2012-2019. The analyses involved
determining the contents of benzo(a)pyrene, benzene, acrylamide, epichlorohydrin, vinyl
chloride and the chlorinated volatile compound - 1,2-dichloroethane (for a total of 98 deter-
minations). The study was conducted on a water supply system operating in accordance with
the regulations in force at the time of the study. The obtained results of determinations for all
VOCs were significantly lower than the permissible concentrations in water, close to the limit
of quantitation (LOQ = from 10 to 10-). The results obtained allowed for calculating the maxi-
mum non-carcinogenic hazard index for the inhalation exposure (HI, , ) to the xenobiotics studied
which amounted to 3.03E-03 in children and 2.86E-02 in adults which is equal to 0.3% and 2.9% of
the permissible exposure level respectively (HI ). The carcinogenic risk index for the inhalation
exposure (CR_, ) to benzo(a)pyrene and benzene through contact with tap water amounted to
1.57E-09 which is equal to 0.16% of the permissible value (CRperm). It was found that adults are at a
greater risk of being affected by VOCs than children because of greater inhalation rate and longer
exposure duration. The research demonstrated that under the conditions analysed, potable water
containing the VOCs studied did not pose any risk to humans.

Keywords: Inhalation; Organic compounds; Potable water; Risk index (carcinogenic and
non-carcinogenic); Safety of water intake and distribution systems

1. Introduction

Potable water contains dissolved organic and inorganic
substances. The majority of those substances are natural
and have a positive impact on water quality. However, some
of them are unwanted and their presence is often the result
of anthropogenic activity and the release of pollutants to
the environment. The xenobiotic substances studied known
as volatile organic compounds (VOC) include: benzo(a)
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pyrene, benzene, acrylamide, epichlorohydrin, vinyl chlo-
ride and the chlorinated volatile compound: 1,2-dichlo-
roethane [1-3]. The selected VOCs have potentially toxic,
mutagenic and carcinogenic effects. In accordance with
the US EPA [4] classification, benzene and vinyl chloride
belong to H group - carcinogenic to humans; benzo(a)
pyrene, 1,2-dichloroethane and epichlorohydrin belong to
B2 group - probable human carcinogens (with sufficient

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.



E. Wysowska, A. Kiciniska / Desalination and Water Treatment 270 (2022) 206-216 207

evidence in animals and inadequate or no evidence in
humans) and acrylamide is considered likely to be car-
cinogenic to humans (L group). In accordance with IARC
[5] classification, benzene belongs to group 1 — substances
carcinogenic to humans. Additionally, all of the xenobiotics
analysed are found in US EPA [4] and WHO [6] classifica-
tions and are considered substances that have a consider-
able impact on human health due to the consumption of
potable water.

The VOCs analysed can originate from various anthro-
pogenic sources, for example, the burning of fuels used
for cooking or household heating [7], propellants used in
the production and consumption of some food products,
cleaning agents and cosmetics, production of glues, cleaning
solvents, fabrics, floor linings, dyes or pesticides [8], sewage
[9], spills or fires of oil and oil-based products, for exam-
ple, gasoline spills or leaks from vehicle fuel tanks [10,11],
and from the emission of vehicle exhaust gases into the
atmosphere. These compounds can accumulate in aquatic
organisms, which results in an increased environmental
risk in water ecosystems and other ecosystems [12,13]. The
substances contained in water can enter living organisms
via two routes: by ingestion and by inhalation [14,15].

Taking into consideration the importance of health
safety related to the presence of toxic or carcinogenic vol-
atile organic compounds (VOC) in water supplied through
the water distribution system, the aim of the following study
is to:

e calculate the hazard indexes (carcinogenic and
non-carcinogenic) caused by inhalation of selected VOCs
for water consumers (children and adults);

* estimate the cumulative health risk for selected organic
xenobiotics in the case of ingestion and inhalation.

2. Materials and methods

Two water treatment plants (WTP) were selected for
this study: (1) Stary Sacz water treatment plant (WTPss)
and (2) Swiniarsko water treatment plant (WTPs). Both
facilities are located in southern Poland (Matopolska
Province, EU) and supply about 100 thousand inhabitants
with household water [16]. The water treatment plants use
the following treatment processes: coagulation combined
with sedimentation in vertical sedimentation tanks, fil-
tration in high-rate anthracite-quartz filters with contact
coagulation, aeration using ozone and final disinfection
using UV light and chlorine gas. WTPss also uses filtration
with activated carbon bed filters. The treatment process
used at WIPss and WTPs allows for effective removal of
physical and chemical pollutants, including organic com-
pounds, from water [16].

The materials comprise the results of analyses of pro-
cessed water supplied directly to the public water distri-
bution system from both water treatment plants, for which
the contents of benzo(a)pyrene, benzene, acrylamide, epi-
chlorohydrin, vinyl chloride and the chlorinated volatile
compound - 1,2-dichloroethane were determined. Water
samples (1 = 18) were collected in the years 2012-2019 in
an annual cycle, but in 2019 samples were collected twice.
There was a total of 98 determinations including;:

¢ 18 determinations of benzo(a)pyrene,
* 16 determinations each of benzene, acrylamide, epichlo-
rohydrin, vinyl chloride and 1,2-dichloroethane.

The determinations of the substances analysed were
performed at an accredited laboratory in Pszczyna (Poland,
EU, accreditation no. AB 1232).

Table 1 presents the standards and methods used in
laboratory analyses.

Water quality assessment based on the content of the
listed substances as well as their chemical and metabolic
properties were presented in a previous study [23] and
will not be repeated in the study herein. The results of all
VOC determinations were very low, close to the method’s
limit of quantitation (LOQ = from 10~ to 10-), and did not
exceed permissible values. To clarify the results, a figure
listing the concentrations of VOCs and their permissible
values, as published earlier in Wysowska and Kicinska,
2021 [23], is provided below (Fig. 1). The aforementioned
study assessed the exposure of water consumers to the
substances studied through ingestion by direct consump-
tion of water, the preparation of hot and cold drinks and
the preparation of meals. The following article focuses
on exposure through inhalation in which the dose of sub-
stance enters the body by inhaling the fumes of substances
released from water. The inhalation risk was estimated
based on a residential scenario, taking into consideration
potential chronic exposure.

When calculating exposure to substances delivered with
water to households through inhalation the authors used
the methodology recommended by US EPA [24] for chronic
exposure to hazards (the so called residential scenario). The
detailed assessment of health risk related to the ingestion of
substances in water for this scenario has been provided in
Kicinska and Wysowska [25]. However, it is worth noting
that the selected approach is recommended mostly to the
assessment of ground water polluted with petroleum prod-
ucts. Hydrogeological structure is particularly important
for forming a natural barrier for infiltration of pollutants
from the vadose zone to aquiferous strata [26,27]. The facil-
ities studied (WTPss and WTPs) are supplied with water
mostly from surface intakes on the Dunajec River (46%),
while ground water supplied from wells has infiltration
water properties [28]. Surface water from the river supplies
the aquifer through natural or forced circulation in a sys-
tem of basins and a watering ditch.

Non-carcinogenic hazard index related to the inhala-
tion of VOC in water (HI, ) was calculated using Eqs. (1)
and (2) [24]:

HIinhal = HQinhal1 + HQinhal2 + HQinhalﬂ (1)

where HI —total hazard index for exposure through inha-

lation (-); HQ,, , - hazard quotient for each chemical
1, 2, n

substance, for expoéﬁre through inhalation (-).
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Fig. 1. Average concentrations (av.) in water: (a) benzo(a)pyrene, (b) polycyclic aromatic hydrocarbons, (c) benzene, (d) acryl-
amide, (e) epichlorohydrin, (f) vinyl chloride, and (g) 1,2-dichloroethane in 2012-2019. Maximum allowable concentrations (MAC)
according to: *Minister of Health (Regulation 2017); **US EPA Guidelines (2012); ***US EPA Guidelines (2018); **WHO (2017);
CW - concentration in water. Source: [23].
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Table 1
Research standards for analysed VOC

vVOC Research standard

Benzo(a)pyrene KJ-I1-5.4-97 method based on the PN-EN ISO 17993:2005 [17] standard and following the KJ-/I-5.4-13C
research procedure

Benzene KJ-1-5.4-155 method based on the standards PN-EN ISO 15680:2008 [18] and PN-EN ISO 11423-1:2002 [19]

Acrylamide KJ-1.5.4-94 method based on the EPA Method 8032A 1996 and in accordance with KJ-1.5.4-14C [20]

Epichlorohydrin PN-EN 14207:2005 standard [21]

Vinyl chloride KJ-1-5.4-155 method based on the standards PN-EN ISO 15680:2008 [18] and PN-EN ISO 11423-1:2002 [19]

1,2-Dichloroethane

KJ-1-5.4-155 method based on the standards PN-EN ISO 15680:2008 and PN-EN ISO 10301:2002 [22]

where HQ, , | —hazard quotient for each chemical substance,
for exposure through inhalation (-); PI — pulmonary intake
of volatile substance inhaled in the form of fumes released
from water (mg/kg/d); RfD — reference dose of a chemical
substance taken in through inhalation (mg/kg/d).

The pulmonary intake (PI) of substances taken in
through the inhalation of fumes released from water was
calculated using Eq. (3) [29]:

_ CWxEFxEDxCE, xIR, xK
- AT x BW

PI

[ mg/kg/day | 3)

where PI — pulmonary intake of volatile substance inhaled
in the form of fumes released from water (mg/kg/d);
CW - concentration of contaminant in water (mg/dm®);
EF - exposure frequency (d/y) ([30]; modified).

The inhalation exposure to fumes released from water
in residential conditions is incidental (during a shower, a
hot bath, morning or evening hygiene routine) throughout
the day, not chronic as in the case of ingestion. For this rea-
son the authors selected the following average exposure
duration:

* adults: 30 min during the day (hygiene routine: 10 min in
the morning (shower), 20 min in the evening) for a total
of: EF in adults: 1/24 x 365 =15.21 (d/y),

¢ children: 30 min during the day (30 min bath in the
evening), for a total of: EF in children: 0.5/24 x 365 =
7.60 (d/y);

ED - exposure duration (y) — a residential scenario was
used in the analysis with the exposure duration of: ED = 26
in the case of adults and ED = 6 in the case of children [31];
CF, — conversion factor (1,000 dm*/m?); IR, — inhalation rate
(m?/d), 10 in children [32] and 20 in adults [30]; K — volatil-
ization factor (), K =0.0005, based on the average volume of
water used in a household amounting to 720 dm®d, house
volume of 150 m?, air exchange rate of 0.25 m*h, and the vol-
atilization of 50% of the volatile substance contained in water
[33,29]; AT - averaging time (d), AT = 25 550 for children
and adults in the case of carcinogenic substances [5]. The
substances studied are classified either as carcinogenic or as
possibly carcinogenic; BW — body weight (kg), BW = 80 kg
in the case of adults and 15 kg in the case of children [31].

The use of Eq. (3) for the calculation of non-carcino-
genic hazard index is the implication of the Andelman

model [33]. It assumes that all volatile substances are
subject to equal volatilization. Also, the model does not
assume the changes in concentrations during the exposure,
for example, during a shower or a hot bath (diffusivity
of water vapour) or the use of cold water, for example, a
cold shower. However, it was chosen by the authors in an
attempt to estimate the maximum hazard index (HI _ ). The
authors are fully aware that considering the semi-volatile
characteristics of some xenobiotics the assumptions used in
calculations can cause a tendency for overestimation of risk.
The analyses ware conducted for operational water treat-
ment plants supplying a public water distribution system
with a total length of about 900 km and providing water to
over 100,000 consumers. The applied inhalation exposure
model can also be used to estimate the dose of substance
taken in from the air as a result of using water for house-
hold purposes. Even though the more complex models of
exposure suggested by other researchers use complicated
algorithms to calculate the change of substance concen-
tration over time [34,35], they in fact also use average val-
ues of concentrations for calculating exposure.

Eq. (4) was used to calculate reference doses (RfD) for
inhalation exposure using reference concentrations (RfC)
of substances [36]:

_ RECxIR,
T BW

RfD [ mg/kg/day | 4)

where RfC — reference concentration of substance (mg/m?),
the total chronic inhalation exposure which should not
result in any detrimental health effects as adopted by US
DoE: RAIS [37]; IR, and BW —as in Eq. (3).

Eq. (4) that is usually used to establish RfD for petro-
leum products [36] was applied by the authors to also
calculate RfD for other organic xenobiotics. It is worth
noting that the available databases containing information
on toxicity [37,38] for the inhalation exposure route are
based on RfC values, while RfD values for the inhalation of
fumes released from water containing the hazardous sub-
stances are required to assess the risk level. The authors’
observations indicate that the model applied to calcula-
tions generates very restrictive RfD values, which may
result in overestimating the HI, value.

The carcinogenic hazard index (CR,, ) related to the
inhalation of VOCs studied was calculated using Eq. (5) [24]:
CR,,. =PIxSF (-) (5)

inhal
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where CR, =~ - carcinogenic hazard index related to
the exposure to a given carcinogen (-); PI — pulmonary
intake of a given carcinogenic substance through inha-
lation, average value for 70 y of life of an aggregate resi-
dent (a person potentially at risk of experiencing the car-
cinogenic effects of a given substance in their childhood
and adult life) (mg/kg/d); SF — slope factor for inhalation
exposure (so called carcinogenic substance strength coeffi-
cient) denoting an upper-bound probability of an individ-
ual developing cancer as a result of exposure to a particular
substance [24] (mg/kg/d)™, SF values were taken from US
EPA: IRIS Chemicals [38].

The carcinogenic hazard index was calculated for ben-
zo(a)pyrene and benzene only. In the case of other xenobi-
otics carcinogenicity and toxicity data do not refer to the
slope factor (SF) value for inhalation.

The cumulative total risk index (HI and CR) calculated
for the analysed xenobiotics found in water was estimated
for two exposure scenarios: ingestion (I) and inhalation (II)
following the risk additivity principle [using Egs. (6) and (7)]:

Total HI = ) HI, (6)

i=1

Total CR =) CR, )

i=1

where: HI,/CR, —non-carcinogenic (HL ,  and HI_)/carcino-
genic (CR,  and CR ) risk index for one of the exposure
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Fig. 2. Share of the calculated HQ of a given xenobiotic in the total risk level (HL

and adults.

1) (2) (3)

routes; n — quantity of substances taken into consideration
during risk evaluation.

An assumption was made that the xenobiotics anal-
ysed enter the human body unintentionally throughout the
entire period of normal functioning within a household,
both through ingestion (I) and inhalation (II).

Based on the results of the study herein and the stud-
ies published previously [23] the cumulative total hazard
index for consumers of water from the public distribution
system was calculated for 2 exposure scenarios — ingestion
and inhalation. The worst-case scenario was used for cal-
culations [Egs. (1)-(7)] and analyses. It was assumed that
the concentrations of the xenobiotics analysed were only
an order of magnitude lower than the limit of quantitation.

The results obtained were compared with accept-
able non-carcinogenic risk index (HI ) and acceptable
carcinogenic risk index (CR,..) of HI .=landCR_ = E-~.

3. Results
3.1. Non-carcinogenic risk index — inhalation exposure route

The non-carcinogenic risk index (HI) calculated for
adults exposed to organic xenobiotics contained in water
through inhalation was 2.47E-02 (for average calculated
concentration n = 18) and 2.86E-02 (for maximum values).
This amounts to 2.47% and 2.86% of the permitted HI
value respectively (HIperm) (Table 2). The results of HI cal-
culations for children are 2.86E-03 (for average CW values)
and 3.30E-03 (for maximum concentration of substances

s ]

(4) (5) (6)
VoC
children

) for the inhalation route of exposure of children

inhal:
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Table 2
Reference doses and risk quotients for the exposure of adults to selected volatile xenobiotics (VOC) contained in water through
inhalation

voC RfC RfD* MAX value Average value

(mg/m?)  (mg/kg/d)
CW (mg/dm?®) PI(mg/kg/d) HQ,, () CW (mg/dm’) PI(mg/kg/d) HQ,,  (-)

Benzo(a)pyrene 2.00E-06 5.00E-07  6.90E-06 1.33E-08 2.67E-02  5.96E-06 1.15E-08 2.31E-02
Benzene 3.00E-02 7.50E-03 4.99E-04 9.65E-07 1.29E-04  4.99E-04 9.65E-07 1.29E-04
Acrylamide 6.00E-03 1.50E-03  7.49E-05 1.45E-07 9.66E-05  7.49E-05 1.45E-07 9.66E-05
Epichlorohydrin 1.00E-03 2.50E-04  7.49E-05 1.45E-07 5.80E-04  6.55E-05 1.27E-07 5.07E-04
Vinyl chloride 8.00E-02 2.00E-02  1.99E-04 3.85E-07 1.92E-05  1.93E-04 3.73E-07 1.87E-05
1,2-Dichloroethane 7.00E-03 1.75E-03  9.99E-04 1.93E-06 1.10E-03  8.49E-04 1.64E-06 9.39E-04
HI 2.86E-02 2.47E-02

inhal

"According to US DoE, RAIS: Risk Assessment Information System, http://rais.ornl.gov [37];

"Calculated using formula no. 4;
CW - concentration of substance in water.

analysed). This amounts to 0.29% and 0.33% of the HI level
considered safe respectively (Table 3). The comparison of
calculated HI values demonstrates that the hazard index
in adults exposed to VOC released from water is 88.46%
higher than in the case of children (Table 2). The consid-
erably higher HI value in adults stems mostly from longer
potential exposure duration (ED) in the residential scenario
and the daily inhalation rate (IR,) being twice as high in
adults.

When analysing the percentage share of individ-
ual xenobiotics in the total HI it was found that benzo(a)
pyrene has the biggest share in the maximum inhalation
exposure in the case of adults and children alike, amount-
ing to 93.26% respectively (Fig. 2). The toxicity of this sub-
stance is further confirmed by the most restrictive RfC
and RfD values of 2.00E-06 mg/m?® and 5.00E-07 mg/kg/d
respectively (Table 2 and 4). The non-carcinogenic risk
index for inhalation exposure (HI, , ) to any of the xenobi-
otics studied, as well as the total non-carcinogenic hazard
index, did not exceed the permissible value HL,,, =1)in
children and in adults, which is a satisfactory result.

3.2. Carcinogenic risk index — inhalation exposure route

The calculated carcinogenic risk index (CR) related to
the inhalation of fumes of benzo(a)pyrene and benzene

Table 3

released from water amounted to 1.74E-10 and 1.40E-09
respectively (Table 5). The total CR value for the xenobiotics
analysed was 1.57E-09 which is equal to 0.16% of the per-
missible exposure level at 10E-06. Benzene had a consider-
able share in the total CR (89%), but it amounted only to
0.14% of CRperm for an aggregate resident.

3.3. Cumulative total non-carcinogenic risk index —
inhalation and ingestion exposure routes

The substances studied are classified as carcino-
genic (benzene, vinyl chloride) and possibly carcino-
genic (benzo(a)pyrene, 1,2-dichloroethane, acrylamide,
epichlorohydrin) [4,5]. As mentioned before, the main
routes of exposure to xenobiotics are ingestion and inha-
lation (through breathing atmospheric air into the lungs).
Therefore, following the rule of additivity, the next step
involved the estimation of the cumulative total risk index
(HI) for each of the substances studied for both exposure
routes — ingestion and inhalation (Table 6). When consider-
ing the two potential scenarios of exposure to the xenobiot-
ics analysed it was demonstrated that the cumulative total
HI was 5.14E-03 for children and 3.34E-02 for adults which
amounts to 0.51% and 3.34% of HI___.

The non-carcinogenic risk index for inhalation expo-
sure did not exceed the permissible value. However,

Reference doses and risk quotients for the exposure of children to selected volatile xenobiotics contained in water through inhalation

vVOC RfCD RfD? MAX value Average value

(mg/m’)  (mg/kg/d) CW (mg/dm’) Pl(mg/kg/d) HQ,, () CW (mg/dm’) Pl(mg/kg/d) HQ,, ()
Benzo(a)pyrene 2.00E-06 1.33E-06  6.90E-06 4.11E-09 3.08E-03  5.96E-06 3.55E-09 2.66E-03
Benzene 3.00E-02 2.00E-02  4.99E-04 2.97E-07 1.49E-05  4.99E-04 2.97E-07 1.49E-05
Acrylamide 6.00E-03 4.00E-03  7.49E-05 4.46E-08 1.11E-05  7.49E-05 4.46E-08 1.11E-05
Epichlorohydrin 1.00E-03 6.67E-04  7.49E-05 4.46E-08 6.69E-05  6.55E-05 3.90E-08 5.85E-05
Vinyl chloride 8.00E-02 5.33E-02  1.99E-04 1.18E-07 2.22E-06  1.93E-04 1.15E-07 2.15E-06
1,2-Dichloroethane 7.00E-03 4.67E-03  9.99E-04 5.95E-07 1.27E-04  8.49E-04 5.05E-07 1.08E-04
HL 3.30E-03 2.86E-03

Key: See Table 2.



212

70%
60%
50%
40%
30%

20%

[]

share of HQoral and HQinhal in total HI [%]

E. Wysowska, A. Kiciriska / Desalination and Water Treatment 270 (2022) 206-216

a)

L

0%
(1) (2) (3) (4) (5) (6)
vocC
B MAXHQoral B MAX HQ inhal
£ g0y
T
] 80%
3
2 70%
£ )
_Tc“ 60%
o
5] 50%
I
] 40%
©
] 30%
S
g 20%
I
G 10%
% 0% | — — — ‘
=y
i (1 () 3) @) (5) (6)
VvoC
B MAX HQoral B MAXHQinhal

Fig. 3. Share of the calculated HQ__ and HQ,

when comparing the obtained HI to exposure values
calculated for ingestion [23] it was found that there are
differences between the inhalation and ingestion route.
The highest share of hazard index (calculated for maxi-
mum VOC concentrations) in the case of ingestion expo-
sure amounted to 36% and 14% (in children and in adults
respectively), while in the case of inhalation exposure the
share amounted to 64% and 86% respectively. These val-
ues amounted to several percent of the permissible level
(HI __). The main factor responsible for the differences
is the permissible dose applicable to a given exposure
route which affects the HI value (Table 4).

The cumulative total risk index was influenced by the
inhalation exposure risk index, especially the risk index
related to the inhalation of benzo(a)pyrene (81%). When
it comes to other xenobiotics (benzene, vinyl chloride,
1,2-dichloroethane, acrylamide), with the exception of
epichlorohydrin, a reverse tendency was found. The risk
index was lower in the case of inhalation than in the case of
ingestion both in children and in adults (Fig. 3).

When comparing HI values for the selected exposure
scenarios a similar relation between the age groups studied
was found. The non-carcinogenic risk index was consider-
ably lower in the case of children for both exposure routes
(HI__, in children amounted to about 38% of HI__, in adults
and HI ,  in children amounted to about 12% of HI_,  in
adults). The main factors that influence this relation are
exposure duration, that is, the age of the group analysed,

1 Of @ given xenobiotic in the total risk level (HI) of children (a) and adults (b).

Table 4
Reference doses of selected volatile xenobiotics contained in wa-
ter taken in through inhalation (RfD, , ) and ingestion (RfD__)

VOC RfDinhala RfDoralh
(mg/kg/d)
Adults Children Adults and
children

Benzo(a)pyrene 5.00E-07  1.33E-06 3.00E-04*
Benzene 7.50E-03  2.00E-02 4.00E-03*
Acrylamide 1.50E-03  4.00E-03 2.00E-03*
Epichlorohydrin 2.50E-04 6.67E-04 6.00E-03**
Vinyl chloride 2.00E-02 5.33E-02 3.00E-03*
1,2-Dichloroethane 1.75E-03  4.67E-03 6.00E-03**

RfD, , , — references dose taken by inhalation;

'RfD__, - references dose taken by ingestion [23].

Data sources:

*US EPA: IRIS Chemicals, https://comptox.epa.gov [38];

**US DoE: RAIS: Risk Assessment Information System, http://rais.

ornl.gov [37].

body weight and quantity of substance absorbed (related
to water intake and inhalation rate), which are higher
in adults than in children. Another observation made
by the authors is that in the case of ingestion exposure,
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1,2-dichloroethane has the highest share in the risk index
in adults and in children, while benzo(a)pyrene has the
highest share in the case of inhalation exposure. This con-
firms the impact of using different (more or less restrictive)
permissible doses of substances on the risk index calcu-
lated for different substances. Although the RfD value for
1,2-dichloroethane is identical to that of epichlorohydrin
(for the ingestion exposure route), the concentration of
the former in water was higher. This resulted in its greater
share in HI | (Table 6; [23]).

oral

3.4. Cumulative total carcinogenic risk index — inhalation and
ingestion exposure routes

The cumulative total carcinogenic risk index for the
inhalation and ingestion route is presented in Table 7.
The total CR__ was 3.08E-07 and amounted to 30.8% of
the permissible value (10E-06). When comparing exposure
routes, ingestion (CR__) had a greater influence on CR__
as it amounted to 3.07E-07. However, it is worth noting
that in the case of inhalation, only benzo(a)pyrene and
benzene were taken into consideration, while in the case of
ingestion all the xenobiotics studied were analysed.

The substances that contributed the greatest amount
of the cumulative total CR were the ingested 1,2-dichlo-
roethane (32% of CR_ ) and the total of the ingested and

max
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inhaled benzene (10% of CR__). CR_ calculated for ben-
zene had the biggest share (96%) in the CR__ value cal-
culated for benzene. The share of benzo(a)pyrene in the
carcinogenic risk index was only 2.5%, while in the case of
non-carcinogenic risk index the share of this substance was
62% in children and 81% in adults. The values of both risk
indexes obtained (CR, HI) amounted to just a few percent
of the permissible values. This is a satisfactory result that
confirms the safety of using water with the specified VOC.

4. Conclusions

Prudency requires having a complete knowledge of max-
imum potential risk levels that may affect water consumers
even if the risk is overestimated.

* The value of estimated non-carcinogenic risk index
(HI,,.) related to the inhalation of fumes released from
water by children amounted to 0.3% of the permissible
HI value (HIPerm), while in adults this value was higher
and amounted to 2.9% of the permissible HI value.

* Adults are at a greater risk related to VOCs. In the case
of inhalation, the higher value in adults stems mostly
from longer exposure duration (ED) and the daily inha-
lation rate (IR) being twice as high in adults than in
children.

Carcinogenic hazard index (CR) for inhalation of selected volatile xenobiotics contained in water

vOC SF MAX value
(mg/kg/d) CW (mg/dm) Pl (mg/kg/d) CR()

Benzo(a)pyrene 1.30E-02* 6.90E-06 1.33E-08 1.74E-10
Benzene 1.45E-03* 4.99E-04 9.65E-07 1.40E-09
Acrylamide - 7.49E-05 1.45E-07 -
Epichlorohydrin - 7.49E-05 1.45E-07 -

Vinyl chloride - 1.99E-04 3.85E-07 -
1,2-Dichloroethane - 9.99E-04 1.93E-06 -

Total CR 1.57E-09

*According to: US EPA IRIS Chemicals, https://comptox.epa.gov [38];
- Not calculated.

Table 6

Total non-carcinogenic hazard index (HI) for the exposure of adults and children to selected volatile xenobiotics contained in water

through inhalation (HQ,, ) and ingestion (HQ_ )
vocC MAXHQ_, MAXHQ,, MAX HI for VOC

Adults Children Adults Children Adults Children

Benzo(a)pyrene 2.56E-04 9.83E-05 2.67E-02 3.08E-03 2.70E-02 3.18E-03
Benzene 1.39E-03 5.33E-04 1.29E-04 1.49E-05 1.52E-03 5.48E-04
Acrylamide 4.17E-04 1.60E-04 9.66E-05 1.11E-05 5.14E-04 1.71E-04
Epichlorohydrin 1.39E-04 5.34E-05 5.80E-04 6.69E-05 7.19E-04 1.20E-04
Vinyl chloride 7.38E-04 2.84E-04 1.92E-05 2.22E-06 7.57E-04 2.86E-04
1,2-Dichloroethane 1.85E-03 7.12E-04 1.10E-03 1.27E-04 2.95E-03 8.39E-04
HI for exposure route 4.79E-03 1.84E-03 2.86E-02 3.30E-03 3.34E-02 5.14E-03
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Table 7

Total carcinogenic hazard index (CR) for the exposure to selected volatile xenobiotics contained in water through inhalation (CR._ )

and ingestion (CR )

inhal:

VOC MAXCR__, MAXCR,, , MAX CR for VOC
Benzo(a)pyrene 7.68E-09 1.74E-10 7.85E-09
Benzene 3.05E-08 1.40E-09 3.19E-08
Acrylamide 4.17E-10 - 4.17E-10
Epichlorohydrin 8.25E-09 - 8.25E-09
Vinyl chloride 1.59E-07 - 1.59E-07
1,2-Dichloroethane 1.01E-07 - 1.01E-07
CR for exposure route 3.07E-07 1.57E-09 3.08E-07

* Benzo(a)pyrene (93%) in adults and in children had the
highest percentage share in inhalation exposure (HI_, ).

® By comparing the cumulative total non-carcinogenic risk
index (HI) for ingestion (HI _ ) and for inhalation (HI, )
it was demonstrated that the risk for inhalation was
higher than for ingestion in the case of benzo(a)pyrene
and epichlorohydrin, while in the case of benzene, vinyl
chloride, 1,2-dichloroethane and acrylamide the hazard
index for ingestion was higher than for inhalation.

e The cumulative total risk index (HI) was influenced
mostly by the inhalation exposure hazard index (64%-—
86%), especially that related to the inhalation of benzo(a)
pyrene (81% for adults and 62% for children).

e The carcinogenic risk index for inhalation exposure

(CR,,.) to benzo(a)pyrene and benzene amounted to
1.57E-09 which is 0.16% of the permissible level (CR,...)

* The substances that contributed the greatest amount of
the total CR were 1,2-dichloroethane taken in through
ingestion (32% CR__) and benzene taken in through

ingestion and inhalation (10% CR__ ).

e In the case of both carcinogenic (CR) and non-carcino-
genic (HI) risk indexes, the obtained values amounted to
only a few percent of the permissible values applicable
to potable water. This is a very satisfactory result, con-
firming the safety of using water supplied by water pro-

viders operating advanced treatment processes.
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