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• An integrated risk assessment for mul-
tiple exposures to contaminants was 
created. 

• Contaminants exposure comparison be-
tween drinking water and crop food was 
performed. 

• Health risk due to NP is not negligible, 
but BPA risk is significantly higher. 

• Crops’ food intake is the main alkyl-
phenols exposure source compared to 
tap water. 

• Analytical and data gaps exist on CECs 
monitoring in interconnected 
compartments.  
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A B S T R A C T   

The increasing overexploitation and pollution of freshater resources are potential threats for public health, 
causing cross-contamination among the interconnected environmental compartments (freshwater, soil, crops). In 
particular, contaminants of emerging concern (CECs) originating from anthropic activities are not completely 
removed by wastewater treatments plants. This leads to their presence in drinking water (DW) sources, soil and 
crops intended for human consumption due to discharges of treated wastewater in surface waters and direct 
wastewater reuse practices. Currently, health risk assessments are limited to single exposure sources without 
considering the multiple exposure routes to which humans are subjected. For instance, among CECs, bisphenol A 
(BPA) and nonylphenol (NP), respectively, adversely affect immune and renal systems and have been frequently 
detected in DW and food, their major exposure sources for humans. Here, an integrated procedure is proposed to 
quantitatively assess health risk from CECs due to multiple exposure from the consumption of both DW and food, 
considering the relevant inter-connected environmental compartments. This procedure was applied to BPA and 
NP to calculate their probabilistic Benchmark Quotient (BQ), showing its potential in quantitatively apportioning 
the risk between contaminants and exposure sources, and its use as a decision support tool for prioritizing 
mitigation measures. Our results indicate that, even though the human health risk due to NP is not negligible, the 
estimated risk due to BPA is significantly higher, and the consumption of food from edible crops determines a 
higher risk compared to tap water. Hence, BPA is undoubtedly a contaminant to be prioritized, especially 
through mitigation actions aimed at its prevention and removal from food.  
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1. Introduction 

The unprecedented scarcity of clean freshwater that many world 
regions are experiencing due to growing population, increasing urban-
ization and food demand, is enhanced by climate change and is 
becoming a major issue for present and future generations (Kummu 
et al., 2016). Besides quantity issues, also there’s growing concern 
regarding water quality. Indeed, the increasing level of water pollution 
in groundwater (GW) and surface water (SW) and the potential 
cross-contamination among environmental compartments (water, soil, 
crops) amplify human health risk (IPCC, 2022). In particular, great 
attention should be paid to contaminants of emerging concern (CECs), 
which have already been detected worldwide in SW, GW, and soils 
(Rashtian et al., 2019). 

In fact, CECs of anthropic origin, which are not completely removed 
by wastewater treatment plants (WWTPs), can end up in the recipient 
SW or GW, both used as drinking water (DW) sources, potentially per-
sisting and exceeding acceptable levels (Gogoi et al., 2018). Further-
more, when freshwater water and reclaimed wastewater (WW) are 
directly or indirectly used for irrigation, CECs can be directly uptaken in 
crops intended for human consumption or accumulate in soil and 
translocate into crops over time (Careghini et al., 2015). 

Among CECs, alkylphenols, specifically bisphenol A (BPA) and 
nonylphenol (NP), critical for immune and renal systems, respectively, 
are frequently detected in several environmental compartments (de 
Bruin et al., 2019; Torres-García et al., 2022). Regarding these two 
compounds, additional contaminations of DW and food from edible 
crops (hereinafter referred to as food) may derive from materials in 
contact with them, as (i) lining resins in the DW distribution network 
from DW treatment plants (DWTPs) to taps (Cantoni et al., 2021a), (ii) 
plastic bottles in bottled water (Hahladakis et al., 2022), and (iii) food 
packaging (Muncke, 2021). Hence, considering the multiple exposure 
routes for humans and the related adverse effects of BPA and NP, the 
contributions of DW and food should be considered in an integrated 
framework, rather than focusing only on stand-alone compartments. 

The implementation of risk-based approaches aimed at the preven-
tive control of health risk is strongly suggested by recent regulations 
(European Commission, 2020; WHO, 2017). However, although CECs 
are frequently detected in many environmental compartments, only few 
studies attempted to evaluate the occurrence and the human health risk 
related to CECs starting from the different sources, analyzing their fate 
through the various interconnected water (SW, GW, DW and WW) and 
solid (biosolids, soil and food) matrices. Typically, this is done in critical 
reviews aiming at quantifying CEC concentrations in different com-
partments, as Careghini et al. (2015) and Torres-García et al. (2022), 

which highlighted that these contaminants occur with high variability 
and with a relevant percentage of censored data, namely data lower than 
the analytical limit of quantification (LOQ). Other studies assessed the 
health risk limited to a single source of exposure related to a specific 
compartment. For example, Penserini et al. (2022) applied the Quanti-
tative Chemical Risk Assessment (QCRA) procedure developed by Can-
toni et al. (2021b) to quantitatively estimate the risk generated by 
alkylphenols exposure due to only DW consumption (both for tap and 
bottled water), while Delli Compagni et al. (2020) and Revitt et al. 
(2021) focused risk assessment from CECs on the consumption of food 
from crops irrigated with reclaimed WW. However, to the best of the 
authors’ knowledge, there are no research studies evaluating and 
comprehensively comparing multiple exposures to CECs estimating the 
relative impact of each exposure source. Moreover, a fully stochastic 
approach for the risk assessment would be highly beneficial, since it 
would enable to consider the uncertainties that are inevitably associated 
to both the measurement of CEC concentrations and their toxicological 
characterization (Cantoni et al., 2021b). 

The present work proposes an integrated procedure to quantitatively 
assess the chemical risk due to CECs from the consumption of both DW 
and food, considering multiple exposure deriving from the inter-
connected environmental compartments involved in DW and food pro-
duction as described above. The procedure accounts for the 
uncertainties related to the variability of contaminant concentration 
values and percentage of censored data. Among CECs, BPA and NP were 
considered as reference CECs as they are in the list of compounds 
included in the revision of the European Drinking Water Directive 
(European Commission, 2018) and in the watch list of substances of 
concern for water intended for human consumption (European Com-
mission, 2022), respectively. For these two compounds, a high number 
of concentration data in the different environmental compartments are 
available, providing robustness to the described procedure and results. 

2. Materials and methods 

2.1. System boundaries definition and data collection 

The relevant and interconnected environmental compartments 
regulating the fate of BPA and NP from sources to consumers were 
identified, namely: GW, SW, treated drinking water (TDW), consumed 
tap water, consumed bottled water, untreated wastewater (UWW), 
treated wastewater (TWW), biosolids, agricultural soil and food, either 
as cereals or as fruit and vegetables. In Fig. 1a, the conceptual scheme of 
the studied system is shown, highlighting the variety of connections 
among the different environmental compartments. 

List of abbreviations 

BPA Bisphenol A 
BQ Benchmark Quotient 
CEXP Exposure Concentration 
CECs Contaminants of Emergin Concern 
CER Cereals 
CSO Combined Sewer Overflow 
DoseEXP Exposure Dose 
DW Drinking Water 
DWTP Drinking Water Treatment Plant 
EFSA European Food Safety Authority 
FV Fruits and Vegetables 
GW Groundwater 
HBGV Health-Based Guidance Value 
IR Intake Rate 
LOQ Limit Of Quantification 

LOQLIM Maximum risk-based LOQ 
MLELC Maximum Likelihood Estimation method for Left-Censored 

data 
NP Nonylphenol 
P Allocation factor 
P(BQ > 1) Probability of BQ higher than 1.0 
P(BQ > 0.1) Probability of BQ higher than 0.1 
PET Polyethylene 
QCRA Quantitative Chemical Risk Assessment 
RfD Reference Dose 
SW Surface Water 
TAP Tap Water 
TDW Treated Drinking Water 
TWW Treated Wastewater 
UWW Untreated Wastewater 
WW Wastewater 
WWTP Wastewater Treatment Plant  
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For BPA and NP, maximum concentration data and LOQ values 
associated with the corresponding analytical methods were collected 
from literature studies referred to environmental compartments above 
listed, regardless of their geographical origin. Only studies reporting 
results collected under representative conditions (i.e., field monitoring, 
realistic case studies) were considered. For GW, SW and agricultural 

soils, data reported in studies addressing sites located in proximity of 
industrial effluents or significant sources of contamination were not 
considered. For UWW, TWW and biosolids, only data related to urban 
WWTPs were considered. For bottled water, only data related to PET 
(polyethylene) bottles, analyzed right after their purchase (i.e., without 
home storage effects) were used. Finally, for cereals, fruit and 

Fig. 1. A) Conceptual scheme of the studied system, indicating all the considered environmental compartments (in green), including the studied exposure sources (in 
red), together with their connections (in black). b) Boxplots of concentrations of BPA and NP in the different compartments. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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vegetables, only concentrations measured in unpacked raw products, 
directly collected from crops or local markets, were considered. 

For each environmental compartment, the number of available 
studies and data, the statistical summary data and the percentage of data 
below the LOQ are reported in Table 1, while more detailed information 
about the studies are reported in Table S1. A total of 184 papers have 
been consulted, and 144 have been used for the work presented here, 
resulting, in 507 and 307 concentration values for BPA and NP, 
respectively (Table 1, column “# available data”). 

2.2. Quantitative Chemical Risk Assessment modelling 

The model for the QCRA proposed by Penserini et al. (2022) was 
applied to evaluate multiple exposure to the two contaminants from the 
consumption of both DW and food. 

The investigated exposure route was oral ingestion, thus, only tap 
water and food, specifically cereals, fruit and vegetables, were consid-
ered as the exposure sources for risk assessment. Consumed bottled 
water was excluded from risk assessment to be aligned to food evalua-
tions, for which only products that have not been in contact with 
packaging materials were considered. Actually, BPA and NP migration 
within the consumed products due to the release from packaging ma-
terials was beyond the scope of this study. The choice of excluding from 
the analysis the contribution of water and food packaging is due to 
limitations in the currently available data about CECs migration from 
packaging materials to food and water. Firstly, the number of data is low 
and the diverse experimental conditions (e.g. packaging material, con-
tact surface area, food nature, processing procedures, storage tempera-
ture and duration, packaging overuse or recycling, etc.) are hard to be 
compared, making it difficult to generalize any migration pattern to be 
used in risk assessment. In addition, it is impossible to address inde-
pendently and in a robust way the contributions of both the environ-
mental sources and packaging, since most of the studies addressing CECs 
presence in food aims at evaluating the general dietary exposure, 
neglecting the food life history. 

The QCRA was articulated in three steps: (i) in the exposure 

assessment, the contaminant’s dose (DoseEXP) to which the consumer is 
exposed was determined starting from exposure concentrations (CEXP) 
and actual intake rates (IR) of DW and food; (ii) in the hazard assess-
ment, dose-response data from toxicological studies are used to estimate 
the Health-Based Guidance Value (HBGV), and (iii) in risk character-
ization, results from previous steps were combined to estimate the 
Benchmark Quotient (BQ) distributions, including uncertainty analysis. 

2.2.1. Exposure assessment 
Data collected from literature were used to estimate, for both con-

taminants, the statistical distributions of concentrations in tap water 
(CEXP,TAP), cereals (CEXP,CER), and fruit and vegetables (CEXP,FV), ac-
cording to the procedure explained in detail in section S1.1. Since a 
notable set of concentration data was lower than the LOQ (Table 1), the 
Maximum Likelihood Estimation method for left-censored data (MLELC), 
explained in Cantoni et al. (2020), was applied to fit statistical distri-
butions to include censored data in the CEXP estimation and not losing 
the information hidden in them. Then, 1000 values were sampled 
independently from each CEXP statistical distribution (6 in total: 3 
exposure sources for 2 contaminants). To account for censored data, 
boxplots of the investigated contaminant concentrations in the different 
matrices were plotted through the cenboxplot function from the NADA 
v1.6–1.1 package (Helsel, 2012) in R v4.1 (R Core Team, 2022). 

For tap water, the statistical distribution for daily water consumption 
obtained by Penserini et al. (2022), based on real water consumption 
data from studies worldwide, were used. For cereals and fruit and veg-
etables, the European Food Safety Authority (EFSA) Comprehensive 
European Food Consumption Database (EFSA, 2011) was used to collect 
real food consumption data, from which the related statistical distri-
butions were obtained as explained in section S1.1. Only data related to 
unprocessed cereals, fruit and vegetables were considered. For both 
water and food consumption, only data referred to adults were 
accounted for. Then, daily water and food consumptions were converted 
into IR (L kg− 1 day− 1 for water, g kg− 1 day− 1 for food) by dividing them 
by the average body weight, assumed constant and equal to 60 kg for 
adults (WHO, 2017). 

Table 1 
Summary of the CEXP collected from literature for BPA and NP for each compartment, reporting: number of available studies and data, concentration range, mean, 
standard deviation, and percentage of data below the LOQ.  

Compartment Contaminant # available data # available studies Range Mean Standard 
deviation 

Data below LOQ [%] Unit 

Groundwater BPA 10 9 0.01–2.30 1.04 1.17 0.00 μg L− 1 

NP 8 8 0.02–3.85 0.81 1.26 0.00 μg L− 1 

Surface water BPA 95 55 0.0055–46.70 2.27 7.42 4.21 μg L− 1 

NP 37 13 0.0012–2.55 0.54 0.62 8.11 μg L− 1 

Treated drinking water BPA 37 12 0.0005–3.57 0.19 0.67 24.32 μg L− 1 

NP 34 11 <0.0001–1.10 0.20 0.22 32.35 μg L− 1 

Consumed tap water BPA 88 27 <0.0001–3.61 0.20 0.59 40.91 μg L− 1 

NP 95 17 <0.0001–6.19 0.53 1.04 40.00 μg L− 1 

Consumed bottled water 
BPA 54 13 <0.00001–1.18 0.10 0.21 22.22 μg L− 1 

NP 42 11 <0.006–0.54 0.18 0.13 19.05 μg L− 1 

Untreated wastewater 
BPA 32 14 <0.005–29.74 2.79 5.85 12.50 μg L− 1 

NP 7 5 0.0176–14.18 5.95 5.74 0.00 μg L− 1 

Treated wastewater 
BPA 31 14 0.0104–9.40 0.93 1.81 0.00 μg L− 1 

NP 10 7 0.0006–4.20 1.29 1.45 0.00 μg L− 1 

Biosolids 
BPA 21 7 63.60–236,000 14,925 52,769 4.76 μg kg− 1 

NP 6 3 2000–1,359,000 547,533 599,225 0.00 μg kg− 1 

Agricultural soil 
BPA 55 16 <0.0042–167.90 21.48 43.74 7.27 μg kg− 1 

NP 8 5 4.43–542.00 127.78 195.84 0.00 μg kg− 1 

Food - Cereals 
BPA 22 5 1.60–1740 176.11 376.83 0.00 μg kg− 1 

NP 18 2 <0.06–440 86.50 165.37 55.56 μg kg− 1 

Food – Fruits and vegetables 
BPA 62 11 <0.0009–1188 48.53 183.43 27.42 μg kg− 1 

NP 42 5 <0.0007–700.00 23.90 119.49 23.53 μg kg− 1  
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Once the 1000 CEXP values were sampled for each exposure source 
and contaminant, they were multiplied by the 1000 values of IR sampled 
from the statistical distribution of the corresponding source, to derive 
1000 values of DoseEXP [μg kg− 1day− 1], as: 

DoseEXP,i,j =CEXP,i,j × IRj (1)  

where i is the contaminant and j the exposure source. 

2.2.2. Hazard assessment 
The contaminant adverse effect doses on the critical endpoint were 

determined by defining a HBGV, which is the contaminant dose that 
does not result in the exceedance of the tolerable exposure over the 
consumer lifetime (WHO, 2006). HBGV [μg kg− 1 day− 1] was calculated 
as (Baken et al., 2018): 

HBGV=RfD × P (2)  

where RfD [μg kg− 1 day− 1] is the reference dose and P [%] is the allo-
cation factor that is the percentage of risk maximally associated to oral 
ingestion compared to the overall exposure routes, considered as con-
stant and equal to 20% (Baken et al., 2018). 

For the RfD estimation, toxicological data were collected from the 
latest toxicological scientific opinions available. For BPA, a draft sci-
entific opinion published by the EFSA (2021) was used where BPA’s 
critical endpoint was re-evaluated. Conversely from EFSA (2015), the 
decreased kidney weight was identified as the critical endpoint for BPA, 
with a RfD equal to 4 μg kg− 1 day− 1, EFSA (2021) reported a RfD of 0.04 
ng kg− 1 day− 1, determined by identifying the immune system as the 
critical endpoint (Luo et al., 2016). For NP, kidney (decrease in weight) 
was still identified as the critical endpoint, thus the RfD equal to 1.33 μg 
kg− 1 day− 1 was applied (Penserini et al., 2022). 

2.2.3. Risk characterization 
BQ values were computed for each contaminant i and each exposure 

source j as: 

BQi,j =
DoseEXP,i,j

HBGVi
(3) 

A Monte Carlo simulation method was applied, which allowed for 
the propagation of the uncertainties related to the estimated distribu-
tions of CEXP and IR (resulting in the 1000 DoseEXP data points) into 1000 
BQ values (Cantoni et al., 2021b), for the 6 combinations of contami-
nants and exposure routes (section S1.1). The obtained values were used 
to estimate the BQ statistical distributions, then employed to extrapolate 
the probability of BQ higher than a threshold value, namely BQ equal or 
larger than: (i) 1 (P(BQ > 1)), and (ii) 0.1 (P(BQ > 0.1)). P(BQ > 1) and P 
(BQ > 0.1) express the percentage of the total area underlying the BQ 
probability density curve that is above the BQ value of 1.0 and 0.1, 
respectively. 

2.3. Determination of the maximum risk-based LOQs 

According to all the steps included in the QCRA procedure, the 
maximum risk-based LOQs were calculated. Risk-based LOQ represents 
the LOQ that the analytical methods applied for BPA and NP monitoring 
should not exceed to guarantee the measurement of concentrations low 
enough to comply with the HBGVs. Hence, the maximum risk-based 
LOQ (LOQLIM) was defined as the minimum requirement to estimate 
the risk, meaning a BQ equal to 1, targeted as the limit value to identify a 
potential concern for human health (Baken et al., 2018). It was derived 
from Eqs. (2) and (3) as: 

LOQLIM,i,j =
HBGVi

IRj
(4)  

For each exposure route and contaminant, two different values of 

LOQLIM,i,j were calculated: (i) a constant value, assuming a constant IRj, 
and (ii) the distribution based on the distribution of actual IRs (para-
graph 2.2.2.2). For DW, the constant IRj value was 0.033 L kg− 1 day− 1, 
corresponding to the default precautionary value used in risk assessment 
(obtained by dividing 2 L inhab− 1 day− 1 by the body weight, 60 kg 
inhab− 1) (WHO, 2017), while the distribution of actual IRs was taken 
from Penserini et al. (2022). For cereals and fruit and vegetables, the 
constant IRj were obtained as the average values of the consumption 
data collected from EFSA (2011), respectively 0.549 g kg− 1 day− 1 and 
0.852 g kg− 1 day− 1, while the same groups of data from the same 
datasets were used for the estimation of the realistic consumption IRj 
distributions. 

3. Results and discussion 

3.1. Compartments’ concentrations 

The conceptual scheme in Fig. 1a supports the comprehension of the 
chart in Fig. 1b, where the boxplots of the concentration data collected 
from literature are reported, for each environmental compartment and 
contaminant. It must be reminded that concentrations are not directly 
correlated from one compartment to another, since they come from in-
dependent studies considering different geographical regions and, in 
most cases, one single compartment at a time. The mean value and the 
range values of the collected compartment-specific concentrations of 
BPA and NP are reported in Table 1. 

As for BPA (507 values from 127 articles) and NP (307 values from 
59 articles), a high variability characterizes most of the compartments, 
with concentrations ranging from 10− 5 to 101 μgBPA L− 1 in water 
matrices and 10− 4 to 105 μgBPA kg− 1 in solid matrices, and from 10− 4 to 
101 μgNP L− 1 in water matrices and 10− 4 to 106 μgNP kg− 1 in solid 
matrices. This marked variability is also found inside the single 
compartment, where the concentration ranges are notably different 
from one to the other; for instance, in GW, a difference of 2 orders of 
magnitude in the range of both contaminants is found, while the dif-
ference is of 7 and 6 orders of magnitude respectively for BPA and NP in 
fruits and vegetables. The higher variability lies in the solid matrices, 
which are also the compartments with a lower number of available ar-
ticles (Table 1). 

Even though a significant comparison among the concentration 
values from different compartments is confounded by the concentration 
variability in each compartment, the data suggests that BPA and NP 
concentrations decrease after water treatments, i.e. from GW and SW to 
the three categories of DW, and from UWW to TWW, while they slightly 
rise from consumed DW to UWW. On the other side, biosolids is the 
compartment with the highest concentrations, especially for NP, while 
the two contaminants show different behavior in the other solid 
matrices: cereals display higher BPA concentration compared to both 
soil and fruits and vegetables, while NP concentrations are the lowest in 
cereals. Besides specific conditions of the studies reported in literature, 
this difference might be due to (i) the type of irrigation used to water the 
different crops (Lu et al., 2015), (ii) the variability in the physiological 
characteristics in plant species (Christou et al., 2019), and (iii) the 
different chemical-physical properties of the two contaminants, i.e. 
lipophilicity and biodegradability, which affect the fate in soil and the 
uptake and translocation of contaminants into plants (Bagheri et al., 
2021). 

3.2. Comparison between the reported LOQs and the risk-based LOQs 

Since consumed tap water and food are the most sensitive com-
partments for human health risk assessment, it is crucial to accurately 
measure BPA and NP concentrations in these compartments, indepen-
dently from the risk assessment framework used. Table 1 shows that BPA 
and NP monitoring studies are characterized by high percentages of 
censored data, especially for consumed tap water and food. However, 
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concentration data below LOQ do not necessarily imply the lack of risk 
for human health. In fact, to properly evaluate whether the exposure to a 
certain contaminant poses a risk for human health, the analytical 
methods applied to measure the exposure concentrations should be 
characterized by a LOQ low enough to ensure at least the quantification 
of the HBGV, and so to ensure at least a BQ equal to 1. 

The LOQLIM estimated through Eq. (4) for each contaminant and 
exposure route is shown in Fig. 2 both as a constant value, assuming a 
constant IR for water and food consumption, and as a distribution, 
considering the actual consumption rates as IR distributions (Paragraph 
2.2.1). For BPA, the constant LOQLIM for tap water, cereals, and fruits 
and vegetables are 2.4 × 10− 4 μg L− 1, 1.5 × 10− 2 μg kg− 1 and 1 × 10− 2 

μg kg− 1, respectively, while for NP, they are 4 μg L− 1, 240 μg kg− 1 and 
155 μg kg− 1, respectively. 

In Fig. 2, the LOQ values reported in the 65 studies monitoring BPA 
and NP in tap water, cereals, fruits and vegetables are compared to the 
LOQLIM to evaluate whether the analytical methods applied in the 
available literature are capable to properly evaluate the presence of 
human health risk. 

Firstly, the LOQ values found in the literature for both BPA and NP 
cover a wide range of values. Tap water is the exposure route with the 
wider range of LOQs (10− 5– 8 μg L− 1 for BPA and 10− 5–0.2 μg L− 1 for 
NP), while LOQ values for cereals have the smallest range (10− 2– 0.5 μg 
kg− 1 for BPA and 10− 2 -0.2 μg kg− 1 for NP). Such LOQ values are low 
enough for NP in all the exposure routes to discriminate whether the 
exposure concentration is below or above the HBGV. As for BPA, several 
studies adopted analytical methods with a LOQ higher than the LOQLIM. 
Specifically, the percentage of BPA studies in which the LOQLIM is 
exceeded for water, cereals, fruits and vegetables are 82.8%, 100% and 
91.7%, respectively. Such high percentages of studies not complying 
with the LOQLIM values for BPA are due to the RfD identified by EFSA 
(2021) for BPA effects on the immune system, which is 5 orders of 
magnitude lower compared to the previous RfD of 2015 for kidney as the 
endpoint. Clearly, this RfD reduction needs to be followed by analytical 
methods for BPA measurements in both tap water and food to lower the 
LOQs. 

3.3. Human health risk apportionment between drinking water and food 

Although BPA concentrations are often measured as lower than 
LOQs, the adopted analytical methods do not guarantee that the 
censored concentrations are lower than the required values for 
compliance with the HBGV, increasing the uncertainties in the risk 
estimation. Therefore, not to lose significant information about the 
actual concentrations of the contaminants in the various environmental 
compartments, left-censored data should be included into the fitted CEXP 
statistical distributions. Feeding these distributions as inputs to the 
QCRA procedure for the probabilistic quantification of the human health 
risk, it is possible to account for the high variability associated to CEXP, 
properly considered within the uncertainty analysis. 

The results of the risk characterization are reported in Fig. 3a, where 
the obtained BQ distributions for each analyzed exposure source and 
contaminant are reported as violin plots, together with four horizontal 
lines corresponding to BQ threshold values equal to 0.1, 0.2, 0.6 and 1: 
the first three values can be used as quantitative early-warning health 
risk values, while the threshold equal to 1 identifies the presence of a 
risk (Baken et al., 2018). 

Considering the BQ values for BPA, the BQ distribution of all sources 
are located almost completely above the threshold of 1, with a P(BQ > 1) 
of 65%, 99.9% and 74.6% respectively for tap water, cereals and fruits 
and vegetables. This clearly indicates the presence of a potential human 
health concern from BPA due to the consumption over a lifetime period 
of either DW or food. An opposite situation is determined for NP, where 
P(BQ > 1) are equal to 0.6%, 0.4% and 1.0% for tap water, cereals, and 
fruits and vegetables, showing a significant lower likelihood for human 
health risk compared to BPA. However, being the main fraction of the 
BQ estimated distributions for NP located below 1, it is worth evaluating 
the estimated P(BQ > 0.1), which indicates the probability for the 
consumer to ingest products which need further investigation to un-
derstand if a toxic effect could be displayed (Schriks et al., 2010). The 
estimated P(BQ > 0.1) values for NP are equal to 5.6% for tap water, 
4.3% for cereals and 8.0% for fruits and vegetables, pointing out a not 
negligible probability for a potential human health concern, suggesting 
thus the need for further investigations (i.e. monitoring campaigns, 

Fig. 2. Comparison of the LOQs reported in literature with the maximum risk-based LOQLIM, in case of constant IR or a distribution, for each contaminant and 
exposure source. 
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toxicological studies or specific risk assessment). 
Exposure routes responsible for the highest contribution to the 

overall risk require interventions’ prioritization aimed at risk reduction. 
To identify the relative importance of each exposure route, their 
contribution to the overall risk was estimated as a percentage distribu-
tion to determine the risk apportionment (Fig. 3b). For BPA, cereals’ 
contribution is much higher than the other sources, followed by fruits 
and vegetables and tap water, with average contributions equal to 
77.6%, 15.8% and 6.6%, respectively. For NP the situation is quite 
balanced, with risk from food consumption (37.6% for cereals and 
35.5% for fruits and vegetables), slightly higher than for tap water 
(26.9%). This reflects the values of concentrations of the sources 
(Fig. 1b), where BPA is significantly more present in cereals rather than 
in fruits and vegetables, while NP is equally spread. 

It can be concluded that both tap water and food consumption 
exposure routes are critical for human health risk due to these two 
contaminants. Although the risk due to NP is not negligible, the human 
health concern due to BPA is significantly higher. On the other side, 
cereals and fruits and vegetables consumption determines a higher risk 
compared to tap water. Therefore, in a perspective of identifying the 
most effective interventions for risk reduction, BPA is undoubtedly a 
contaminant to be prioritized, especially through measures addressing 
its prevention and removal from food. 

3.4. Considerations on risk reduction interventions and further sources of 
risk 

As human health risk from anthropogenic contaminants derives from 
multiple sources, risk assessments need to embrace the complexity of the 
possible exposure routes, sketched in Fig. 1a, and priority mitigation 
actions should be ranked based on their contribution in risk reduction. 
Given the risk contributions highlighted for BPA and NP in Fig. 3, in-
terventions on tap water would only provide a limited effect on the 
overall risk reduction. On the contrary, interventions on food would 
prove as more effective, as both cereals and fruits and vegetables shown 
the highest risk contributions, especially for BPA. Choosing the 

alternatives that maximize the overall expected risk reduction could be a 
criterion to rank interventions. In light of this, interventions should be 
preferred either if they provide high efficiency on a single compartment, 
for example dedicated treatment steps during DW treatment, e.g. 
adsorption on activated carbon (Westerhoff et al., 2005), or if they 
follow a more preventive approach that affects multiple compartments, 
even though providing lower single reduction efficiencies. Examples of 
this latter approach consist in strategies targeted at curbing entrance of 
potentially harmful contaminants in the environment, such as imposing 
bans on harmful contaminants or certain products (European Commis-
sion, 2016), or enhancing wastewater and sludge treatment (Guerra 
et al., 2015). 

To evaluate the effectiveness and the feasibility of different in-
terventions applied to the compartments included in Fig. 1a to reduce 
the overall health risk, it is necessary to: (i) conceptualize the cause- 
effect links among the different compartments, and (ii) collect data on 
fate of BPA and NP in the different compartments up to the exposure 
sources. This was performed through the scheme in Fig. 4, where all the 
compartments and the two exposure sources (DW and food) are reported 
as squared nodes, while the cause-effect links among them are reported 
with arrows labeled with the nature of the link affecting CEC’s fate. To 
draw the figure, the studies reported in Fig. 1 and Table 1 were 
considered. The color of each node is a function of the number of studies 
monitoring the corresponding compartment, while each link represents 
the studies simultaneously monitoring the two compartments connected 
by the arrow. Since the focus of risk assessment are the two exposure 
sources DW and food, only the arrows directly connecting a compart-
ment to the DW or food nodes were highlighted and colored with the 
same chromatic scale used for the nodes. For all the other links con-
necting different compartments black arrows were reported, dis-
tinguishing links for which no studies were found from links for which at 
least one study was found. 

As indicated by the color of the links in Fig. 4, only limited knowl-
edge is available on the transfer of both BPA and NP to tap water and 
food, with only 16 out of 42 studies investigating the origin of these 
contaminants in tap water, and only 6 out of 23 studies investigating the 
matrices that might have contributed to the accumulation of these 
contaminants in cereals, fruits and vegetables in real-world conditions. 
Moreover, no studies were found simultaneously monitoring BPA and 
NP in food and GW or TWW. Given the complex network of connections 
among all relevant environmental compartments, such lack of knowl-
edge is detrimental, as it not only prevents the identification of the most 
relevant contamination pathways, but also restrains the potential to 
model the effect of alternative interventions. This limits the information 
available for intervention’s prioritization. Thus, it is important to use the 
integrated procedure we proposed for risk assessment, to support the 
prioritization of future monitoring programs that are still needed to fill 
the knowledge gaps and collect useful data, when aiming at (i) better 
describe the fate of CECs in the whole system, (ii) assess the human 
health risk, and (iii) predict the effectiveness of the interventions in 
reducing such risk. 

Finally, other factors such as food packaging (including water bot-
tles) should be considered within the risk-based approach. In fact, most 
food packaging materials and processing equipment are made of plastics 
(i.e., polycarbonate, polyvinylchloride, polypropylene, polystyrene) or 
contain polymeric layers that are put in direct contact with food (i.e., 
epoxyphenolic resins coating metallic surfaces of food cans, caps of glass 
jars, paperboard lacquers) and contain several chemicals, including BPA 
and NP, which can migrate into food or water (Vilarinho et al., 2019). As 
an example, EFSA referred of an average BPA concentration in packaged 
foodstuff in Europe of about 10-fold higher than in unpackaged food 
(EFSA, 2015). Kawamura et al. observed a migration of NP from plastic 
wrap films into vegetables and fruit up to 2.9%–6.4% of the film content, 
corresponding to an NP intake rate of about 0.7 μg kg− 1 day− 1 (Kawa-
mura et al., 2017). 

Fig. 3. Estimated (a) BQ distributions for each risk source, with the (b) related 
contribution to the overall risk. Dashed lines indicate BQ values equal to the 
thresholds of 0.1, 0.2, 0.6, 1. 
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4. Conclusions 

Integrated quantitative risk assessment of CECs in a complex system 
including relevant interconnected compartments (groundwater, surface 
water, treated drinking water, consumed tap water, untreated waste-
water, treated wastewater, biosolids, agricultural soil and unpacked 
fresh food, either as cereals or as fruit and vegetables) has proved to be 
an effective tool. Concerning the selected reference contaminants, 
namely BPA and NP, we remark the possibility of.  

• identifying the proper LOQ of the analytical methods in order not to 
under- or over-estimate the risk due to improper use of data below 
the LOQ; 

• identifying the main sources of human health risk and the appor-
tionment of the different contributions; in the specific case, although 
the risk due to NP was not negligible, the calculated risk for human 
health due to BPA was significantly higher, and cereals and fruits and 
vegetables consumption determined a higher risk compared to tap 
water;  

• exploring intervention strategies to be adopted to reduce the overall 
risk due to the exposure to the mixture of contaminants via multiple 
pathways; 

In addition, the developed procedure might be useful in suggesting 
research directions to fill knowledge gaps in BPA and NP concentrations 
(and in general of CECs concentrations) in the different compartments. 
In fact, those concentrations are affected by very high variability 

resulting in high uncertainty in the estimated risk. Thus, the developed 
procedure might provide indications for future monitoring campaigns to 
better evaluate the CECs fate in different compartments simultaneously. 

From this work, it emerges that more research efforts are needed in 
the field of assessing the impact of packaging materials on DW and food 
contamination, not accounted for in this paper, and to identify poten-
tially dangerous by-products generated in the environment, which 
might cause different or additional risks. Moreover, it will be beneficial 
to systematically extend this developed procedure to other CECs to 
support the prioritization in wastewater treatments and also the iden-
tification of the more effective mitigation measures to prevent 
contamination of water and food intended for human consumption. 
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