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Abstract

The use of reclaimed water for irrigation is an option that is becoming increasingly
widespread to alleviate water scarcity and to cope with drought. However, reclaimed
water, if used for irrigation, may introduce Contaminants of Emerging Concern (CECs)
into the agroecosystems, which may be taken up by the crops and subsequently enter
the food chain. The number of CECs is steadily increasing due to their continuous
introduction on the market for different uses. There is an urgent need to draw up a short
list of potential high priority CECs, which are substances that could be taken up by plants
and accumulated in food produce, and/or that could have negative effects on human
health and the environment. This review presents and discusses the approaches
developed to prioritize CECs when reclaimed water is (re-)uscd for irrigation. They are
divided into quantitative methodologies, which estimate the risk for environmental
compartments (soil and water), predators and humans t \rou jh equations, and qualitative
methodologies, which are instead conceptual framew rks or procedures based on the
simultaneous combination of data/information/prc.~tice s with the judgment of experts.
Three antibiotics (erythromycin, sulfamethoxaz~le and ciprofloxacin), one estrogen (17-a
ethinylestradiol) and one analgesic (ibupro®ai.: were found on at least two priority lists,
although comparison among studies 1s st difficult. The review remarks that it is
advisable to harmonize the different me..raodologies in order to identify the priority CECs
to include in monitoring programs in 1 >claimed water reuse projects and to ensure a high

level of protection for humans and .he environment.

Keywords: contaminants o: ernerging concern; irrigation; prioritization; qualitative and

guantitative approach:s, “eclaimed water; reuse.



1 Introduction

Contaminants of emerging concern (CECs) comprise a vast array of pollutants as
chemicals or microorganisms that pose a potential, perceived or real risk to the
environment and/or human health (UNEP, 2017). The list of CECs may change due to
the development of novel analytical techniques, leading to the detection of chemicals or
microorganisms that occur at very low concentrations in water, the production of new
synthetic industrial compounds and the awareness of the negative impacts of known
compounds on the environment and human health. Examples of CECs are
pharmaceuticals and personal care products, hormones, metals, perfluorinated
compounds or their derivatives, antibiotic resistant bac. ria (ARB) and antibiotic
resistance genes (ARGSs) (Jeong et al., 2023; Pastorino ard ¢'nebreda, 2021; Sousa et
al., 2018). Some CECs are consumed by humars, ona, after they have been
metabolized, they are excreted in urine and/or feces :'s u..changed compounds, or their
metabolites, and are released into the municipal sev.age network. Similarly, industrial
effluents with CECs may be discharged into the ~ew~r and conveyed to the municipal
wastewater treatment plants (WWTPs). ThesF flants have been designed to remove
easily-degradable organic compounds e~cu *ing at high concentrations (mg L) and not
to remove CECs which are mostly .~ur.d at trace concentrations (ng L* to ug L?).
Consequently, CECs are reported .~ be frequently detected in the treated effluent (Sousa
et al., 2018; Verlicchi et al., 2012. :2nly in a few countries, (among them, Switzerland),
end-of-pipe treatments (ozora.~n and sorption onto activated carbon) have been
adopted to guarantee the re.nov °l of a selection of common CECs found in wastewater
(Micropoll strategy https://n..~rupoll.ch/en/fag/swiss-micropollutant-strategy/). In others,
such as the Netherlans, “nnand, Germany, Sweden, and Denmark studies were carried
out to evaluate v th.2ats able to remove a selection of micropollutants from a
secondary effluent a< ' vell as their investments and operational costs (EurEau, 2019). At
EU level, the proposal currently under discussion for a Directive concerning urban
wastewater treatment mentions the need for a quaternary treatment (ozonation and/or
filtering with activated carbon or advanced techniques like nhano-filtration membranes) to
reduce the content of organic micropollutants (EC COM 541 final, 2022; EC SWD 541
final, 2022), which is supported by recent findings (Pistocchi et al., 2022).

With regard to small wastewater treatment plants in rural areas whose final effluent is
released in a river characterized by a low dilution factor, nature-based solutions (NBSs)
represent alternative and valid polishing options (Venditti et al., 2022) as they are able

to remove a wide spectrum of micropollutants (Verlicchi et al., 2013; Verlicchi and



Zambello, 2014). NBSs are the subject of many ongoing projects aiming at identifying
the optimal operational conditions in removing CECs, including ARB and ARGs (among
them HYDROUSA, https://www.hydrousa.org/about-the-project/, and NATURE,

https://www.natureproject.eu/).

In the case of appropriate polishing treatments, the final effluent might be adequate for
agricultural irrigation. Its reuse could overcome the difficulties caused by (fresh) water
scarcity and drought events, which are consequences of climate change. The reuse
practice is in agreement with the European Union (EU) Water Framework Directive (EU
Directive 2000/60/EC) and, above all, the recent European minimum requirements for
water reuse (EU Regulation 2020/741). It is aligned witl, some of the Sustainable
Development Goals (SDG 2 and 6) included in the 27,3L Agenda for Sustainable
Development (United Nations A/RES/70/1, 2015) and i EJ communication ‘Closing
the loop — An EU action plan for the Circular Econom 7 (=T COM 614 final, 2015).

It is necessary to guarantee the high quality of the rclaimed water as irrigated crops
might bioaccumulate residual contaminants, included CECs, in their tissues and
contribute to their introduction into the food « ha... (Christou et al., 2017a; Shi et al., 2022).
This is clearly remarked in the One He.lth \pproach which recognizes that human health

is directly connected with animals, plants ~nd the environment (Prata, 2022).

Due to the large number of CECs< o-.c..ring in water, it is not feasible to monitor them all,
therefore, a short list would be: au ‘isable to identify priority substances that may cause
a significant risk to or via i’ aquatic environment. Some authors have proposed the
estimation of the risk quctient (RQ) to evaluate the level of risk regarding specific targets.
The RQ is based on the =2valuation of the ratio between the maximum environmental
concentration (MEC) ond the lowest predicted no-effect concentrations (PNEC) (EC and
European Chemicals Bureau, 2003), and some authors have also proposed another
additional RQ calculated as the 95" percentile of all MEC values (MECgs) (Slobodnik et
al., 2012; Tousova et al., 2017; von der Ohe et al., 2011).

Within this framework, the current paper presents and discusses the available
approaches for the prioritization of CECs in reclaimed water that is reused for irrigation
(other water reuse has been excluded). A systematic review is developed regarding the
(few) quantitative and qualitative methodologies found in the literature. It finally remarks
on the main areas where there is a lack of knowledge and where future research efforts
should be made. This will help collect any missing data to confirm currently-identified

CECs or add new ones. It will also be useful to harmonize the methodologies by



combining the different issues addressed in the overviewed approaches. Monitoring
programs including CECs when reclaimed water is reused will ensure a higher level of

protection not only for the environment, but also for animals and human health.
2 Framework of the review

Data collection was focused on existing methodologies that describe how to define a
priority list of CECs in reclaimed water in the context of its reuse for irrigation. A literature
search of papers published in international journals was developed using the publication
database Scopus (www.scopus.com), without setting any limitations regarding time
interval since this topic has been covered only recently In fact, most of the past
proposals of prioritization referred to cases of groundwater r2~hc.-ge or the safeguarding
of surface water bodies, when treated effluents are relea.~d (among them Guo et al.
(2021) and Kéck-Schulmeyer et al. (2021)). The comrb, atiuns of the applied keywords
were: “reclaimed water reuse irrigation” AND “CZC” OR “micropollutants” OR
“‘contaminants of emerging concern”); and “rec'zimed water prioritization” AND
“contaminants of emerging concern”. Among *i.. almost 100 studies found, only 6 focus
on the proposal to develop methodologies for Luuding a priority list of CECs in reclaimed
water used for irrigation in agriculture (Dell Cornpagni et al., 2020; Fu et al., 2019; Mufioz
et al., 2009; Revitt et al., 2021; Verlicchi >t al., 2023) or in urban green spaces (Lyu et
al., 2019). If the methodologies ar. equation-based procedures, they are defined
guantitative; if they present a ccnc2ptual framework and/or consist of score-based
procedures they are con.'dered qualitative. In overviewing the quantitative
methodologies (section 3), tho current study first presents the variables characterizing
each CEC, each methodalugy is based on, and the equations adopted for their
estimation (sectior 3..)\. It .hen presents how they measure the CEC risk that is the effect
of the CEC on the env'ronment (soil and/or water) and/or on the organisms (terrestrial
predators and/or humans (section 3.2) and how they select the priority CECs (section
3.3). Each methodology develops starting from a group of CECs preselected with
reference to some relevant case studies (Table 1). On the basis of specific criteria, it
ranks the preselected CECs (in descending order) and defines the thresholds to identify
the priority ones. The final lists obtained by the different methodologies are then

compared in order to identify the common CECs.

Section 4 presents and discusses the qualitative approaches and in particular it
highlights the rationale behind their development and outlines the main steps leading to

the selection of the priority CECs.



A final analysis is carried out on the main strengths and weaknesses of all the overviewed
methodologies (section 5) in order to highlight the main fields requiring further research

efforts (Section 6).

3 Quantitative methodologies

Three quantitative methodologies have been proposed to prioritize the CECs to monitor
in projects of the reuse of reclaimed water for irrigation: Mufioz et al. (2009), Lyu et al.
(2019) and Delli Compagni et al. (2020). In the following, they are divided into two steps:
the first concerns the selection of the variables charactern.zing each CEC and the
equations for its estimation; the second consists of the dc velc pment of a procedure or
an aggregation function accounting for the selected v riab’ 2s aiming at measuring the
effect of the CEC on the environment (soil and/o. water ecosystems) and on the
organisms (terrestrial predators and/or humans), . 2pre senting the CEC risk. The lists of
priority CECs found in the three cases include sut,stances with the highest risk, or those

of great concern with reference to one or ma, = of the selected variables.

3.1 Variables and equations for v."<ir estimation

The variables which characte:ze each approach are summarized in Figure 1 and their
description and analysis are |.-ovided in the following subsections, including the auxiliary

equations and correlatior.~ us eful for their estimation.

Figure 1.

3.1.1 Muioz et al., 2009

Specifically, Mufioz et al. (2009) proposed a methodology to prioritize CECs in the case
of a direct reuse in agriculture. It considers the effects reclaimed water exposure has on
soil organisms as well as the poisoning of terrestrial predators which consume the
irrigated crop. Their methodology is based on the Technical Guidance Document on Risk

Assessment at a local level (EC and European Chemicals Bureau, 2003). It starts with



the estimation of the CEC concentration in the soil due to the application of treated

wastewater (TWW) by means of eq. 1:

Diyr Dirr - m-
PECso11 = x k€ 365k 1)
where PECsoi is the predicted CEC concentration in the soil at the beginning of year m
(mg kguwwi* with the pedex wwt meaning wet weight), assuming a null initial concentration
of the CEC and continuous irrigation; Dir the TWW daily flux to the soil through irrigation
(mg kgwwt d1), estimated by eq. 2; and k the CEC-specific first-order rate constant for

removal from topsoil (d?), calculated according to eq. 3.

. — CtwwAPPLwater 2)
YT DEPTHgoi"RHOs0i

In eg. 2, Crww is the concentration of the CEC in tre T\WW (mg L); APPLuyater the
wastewater irrigation rate (L m2 d1); DEPTHsai the m..7ing depth of soil (m); and RHOsoi
the bulk density of (wet) soil (1,700 Kgww m3).

k = kyotat + Kieach + Kbiog,y ©

According to eq. 3, the CEC removal 1 >te constant k depends on three main processes:
volatilization, leaching and soil L:~degradation, respectively estimated by the CEC
pseudo-first order rate constant for -, ~Atilization kyear (d2) (9. 4), for leaching to deeper
soil layers Kieach (d1) (€q. 5), ar.u “n viodegradation in soil kpio soil (d1). This last term is a
function of the CEC half-I*2 i, soil (tu2si) found in online databases, such as the
Hazardous Substances Data Bank (HSDB) integrated into PubChem
(https://pubchem.ncbi .m.> min.gov/) and the FOOTPRINT pesticide-properties database
(http://sitem.herts.ac "\k/ueru/ppdb/en/), or in the literature, or is estimated using the
Estimation Programe nterface Suite (EPI Suite) developed by EPA’s and Syracuse
Research  Corp  (https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-

program-interface).

1 ( 1 1
= + ) Ksott-water - DEPTHyy, 4
kyolat kaslairKair-water kaslsoil—air Kair-water tkaslsoil-water soil-water soil ( )
k _ Finfsoir'RAINyqgte (5)
leach = -DEPTH g
soil-water soil

In egs. 4 and 5, kasla: is the partial mass transfer coefficient at the air-side of the air-soil
interface (120 m d); kaslsaiar the partial mass transfer coefficient at soil air-side of the

air-soil interface (0.48 m d); kaslsdi.water the partial mass transfer coefficient at soil water-



side of the air-soil interface (4.8x10° m d%); Kar-water the air-water equilibrium distribution
constant (m3 m=3) expressed by Henry's Law (eq. 6); Ksdi-water the soil-water partition
coefficient (m® m3) derived from eq. 7; Finfsq the fraction of rainwater that infiltrates into

soil; and RAINe (M d?) the precipitation rate, assumed equal to 700 mm year?.

H
Kair-water = R T (6)

where H is Henry’s law constant (Pa m® mol); R the universal gas constant (8.314 Pa

m3 moltK?) and T the temperature at the air-water interface (285 K).

— i . i .70l
Ksoil—water - Falrsoil Kair—water + Fwatersoil + FSOlldsoil 100 RHOsolid (7)

where Fairsqi is the air fraction in soil (0.2 m3 m); Fwat :rssi ‘he water fraction in soil (0.2
m3 m3); Fsolidsoi the solids fraction in soil (0.6 m3 m3), RHOs.ia the density of solid phase
(2,500 kg m=3); and Kgsoi the solid-water partition ¢ ~efhi sient for soil (L kg) which can be

obtained by eq. 8.
Kd,soil = Ko 'foc,soil (8)

where Kq is the organic carbon-w ~ter par.ition coefficient of CEC (L kg?) evaluated by
means of the EPI Suite or by expe.n ~en.al investigations and foc soil the fraction of organic
carbon in soil (0.02 kg kg?).

The proposed method then ~waluates for each CEC the concentration in soil organisms

(the earthworms, repres~ntin ; the predators’ food) by means of eq. 9:

PEC _ :Fafh'/orm'Cporewater+PECsoil'Fgut'CONVsoil (9)
oral,predator 1+Fgut'C0NVsoil

where PECoapredator is the CEC concentration in the earthworms’ tissue and the CEC
concentration on the soil present in the earthworms’ gut (mg kguwwt?); BCFearthworm the
bioconcentration factor for the earthworms’ tissue on a wet weight basis estimated by
eq. 10, (Jager, 1998) (L kguwt); Cporewater the CEC concentration in soil pore-water
calculated by eq. 11 (mg LY); Fqu the fraction of gut loading in earthworms (0.1 Kgawt
kgwwt* with the pedex dwt meaning dry weight); and CONVsi a conversion factor for soil

concentration wet-dry weight soil (kguwt kKgawt2) defined by eq. 11.

_0.8440.012-Kyy,
BCFearthworm -

(10)

RHOceqrthworm



where Ko is the CEC octanol-water partition coefficient and RHOearthworm the earthworm
density (1 kguwwt L ™).

PECs0il'RHO0i
Cporewater = sol sotl (11)

Ksoil-water1000

RHOsoi1
Fsolidgyii'RHOgpi1d

CONVgpi = (12)

According to Mufioz et al. (2009), if toxicity data (EC50, LC50 or NOEC) are available
for soil organisms (a producer, a consumer and/or a decomposer), PNECsoi (Mg kg™)
results from the experimental value TOXsqi divided by an ~ssessment factor (AFsai),

which is defined according to Table S1.

TOXsoi
PNEC; = AFSO”I (13)

Otherwise, if toxicity data are not available, PNEC .o .~ calculated from PNECater, USINg
the equilibrium partitioning method according to the £ 'ropean Chemicals Bureau, (2003)
(eq. 14):

Ksoil-water ’
PNEC,,; = ﬁ - PNEC,yg¢er - 1004 (14)

PNECwater (Mg L) is derived from .~ Ierature or, according to the European Chemicals
Bureau, (2003), is the result of ~gqu.dc toxicity data (L(E)C50 or NOEC) divided by the
same AF used for the soil compartment (Table S1). The toxicity data for fish, daphnia,
and algae are found in u.= .terature or are estimated using the ECOSAR model
(https://lwww.epa.gov/t=2a-_ .reening-tools/ecological-structure-activity-relationships-

ecosar-predictive-.,. 2o

PNECoa (kg Kgmwoal) derives from toxicity studies referring to the dietary and oral
exposure of higher members of the food chain which ingest organisms from lower trophic
levels containing accumulated CEC in their tissues (secondary poisoning). It is evaluated
by eq. 15, where TOXora (Kg Kgiod?) is the available toxicity data for birds (LC50bird,
NOEChiq) or mammals (NOECmammatfood,chr) and AFqra is reported in Table S2. Results
from long-term studies are preferred to predict the secondary poisoning effects on bird

and mammal populations, using NOECs for mortality, reproduction, or growth.

PNEC,,q = ——22 (15)



3.1.2 Lyuetal, 2019

Lyu et al. (2019) developed a methodology which is based on the effects of the reuse of
reclaimed water on soil and groundwater organisms, as well as humans due to the
aerosolization of CECs into the air during sprinkler irrigation. Their proposal refers to the
irrigation of urban green spaces, but it could also be extended to the agriculture irrigation.
The HYDRUS-1D model (éimt‘.’mek et al, 2016) was used to evaluate CEC
concentrations in soil (PECsoi) and groundwater (PECgroundwater), and the period of
simulation was set to 10 years to guarantee stationary conditions in the solute transport
in soil. The parameters required by the model are initial and boundary conditions (10-15
mm h! of irrigation rates), soil hydraulic properties (bulk der.~ty and saturated hydraulic
conductivity), solute transport parameters (half-life ti2, Herny's 1aw constant H, organic
carbon-water distribution coefficients Kq), and root dist*~uaoun (depending on the turf
grasses development). Additionally, the total amount uf C=Zs emitted into the air (Q, ug)

over 10 years (3650 days) of irrigation with reclairr.eu "vater is estimated by eq. 16.

Q=Q:+Q, (16)

where Q: (ug) is the emission of eac' C):C mto the air by aerosolization of reclaimed
water due to sprinkler irrigation (eq. .7) and Q: (ug) the emission of CECs by

volatilization.
Q= ?16=510 QA,n = 2}9’11510 CTWV» 2yt Ag (17)

where Qan is the amour.* of \.EC emitted into the air by reclaimed water aerosolization
on the n-th day (ua d*); C ww,» the CEC concentration in treated wastewater (reclaimed
water) on the n-th da, (ug L™); g the sprinkling flow rate on the n-th day (L d?); A, the
atomization efficiency factor of reclaimed water on the n-th day given by eq. 18; and n

the days in the 10 years of observation.

10g10A, = 0.031 - T, + 0.000096 - u,, - W, — 3.1 (18)

where T, is the temperature on the n-th day (°C); unthe wind speed on the n-th day (m
s1); and W, the light intensity on the n-th day (W m).

The model was validated by means of measured CEC concentrations; a statistical

analysis showed that the predictions of the models could be accepted.



To estimate the PNEC in soil for CECs (ug kg?), the methodology by Lyu et al. (2019)
followed the equilibrium partition method (eq. 14) considering only the solid fraction (eq.
19).

PNECg,;; = Kd,soil *PNECy,qter (19)

Kasoil (L kg?) is obtained by eq. 8 where Ko is evaluated by the EPI Suite and foc soil iS
assumed equal to 0.713 %, 0.568 %, 0.478 %, and 0.278 % for the 0—-20, 20-40, 40-60,
and 60—300 cm layers of the soil profile, respectively, according to Wang et al. (2013).

PNECuaer (ug L?) is calculated, according to the European Medicines Agency guideline
(EMEA, 2006), by an assessment factor equal to 1000 applied .~ the lowest L(E)C50 (for
fish, daphnia and algae) found in the literature or estimate v t'ie ECOSAR model.

3.1.3 Delli Compagni et al. 2020

Delli Compagni et al. (2020) proposed a me:i~odology consisting of a model able to
evaluate the environmental and human he alu. *’sks of reclaimed water directly reused
for the irrigation of different crops and to ank the CECs. The model considers that the
TWW is released into a dedicated ope™ channel which conveys it to the crops for
irrigation. The channel only contan.> the TWW and is modelled by means of the
IUWS_MP library (Vezzaro et al., 2 )14) as a sequence of segments each corresponding
to a continuous stirred reactcr taik consisting of two compartments (bulk water and
sediments) where CECs are . 'bjected to biotic and abiotic processes as well as sorption

to particles and colloids.

The CEC behavio® ™ s~il and plants is simulated by a coupled soil-plant model (CSPM)
which includes a first i odel that simulates the movement of the water and the dissolved
CECs through the soil and a four-compartment model which simulates CEC uptake and
translocation through xylem and phloem flows in plant tissues (roots, stem, leaves and
fruits) (Trapp, 2009, 2004; Trapp and Horobin, 2005).

The methodology proposed by Delli Compagni et al. (2020) takes into consideration: the
sorption of ionized monovalent acidic and basic CECs, variable environmental conditions
(namely sunlight intensity, air temperature, wind speed, pH and temperature in the water
and soil), a dynamic pattern of irrigation mode (i.e. the flow rate for irrigating the crops

varies over the day) and crop rotation in the same field within the same year.

Long-term simulations (> 1 year) were performed to obtain: the PEC of CECs at the end

of the surface water channel (PECsurface water chamel, Ng L), the PEC of CECs in each of



the different parts of the plant (roots, stem, leaves and fruits, pg kgaw?) leading to the
corresponding bioconcentration factor related to the different crops BCFerop (Jawt Jawt'2)
and the CEC mass leached into the groundwater (mg m2 season™). The proposal by
Delli Compagni et al. (2020) also includes a Monte-Carlo based uncertainty analysis to
study the uncertainty propagation on the predicted concentration of each CEC in the
surface water channel, and on the CSPM model predictions. High uncertainties were
shown for weakly acidic CECs, possibly due to degradation in soil and the pH variations

inside the plants.

Regarding the ecotoxicological parameters, the PNECuaer (ng L) for each CEC was
obtained from literature data. With regard to human health associated with the dietary
intake of crops irrigated with reclaimed water, two differer. cnp,oaches were followed.
The first is based on the CEC concentration in the fresh e, of the edible part Cq and
on the threshold of toxicological concern (TTC); the secnrd is based on the estimated
daily intake (EDI) and the admissible daily intake (oM.

Ciw (Ug kgawt'®) is an output of the CSPM model; T7C (.3 kgow* d?) is defined as the level
of daily oral exposure to a chemical over a l..tin.e considered to be of no appreciable
risk to human health (American Chemi..:» C~uncil, 2020). In the absence of chemical-
specific toxicity data, and a low chemic~" concentration, a TTC value can be used as a
surrogate to carry on risk evaluaions and risk-based decision making. For these
reasons, TTC may be adopted wk.e : edible crops are irrigated with reclaimed water
containing low concentrations ot CECs that have not been widely investigated. The TTC
values and compound class:icatun were determined using the Cramer classes decision
tree implemented in Tortree coftware (Patlewicz et al., 2008). In this way, compounds
are classified as havi'ig y *notoxic potential, or as one of the three structural classes (,

II, and Ill) reported i Tanle S3.

Regarding the second approach, ADI (ug kgww?* d) is evaluated by means of eq. 20.

ADI = NO4EL (20)
SF

where NOAEL (ug kgow* d?) is the highest CEC concentration at which no adverse effect
occurs (called no adverse effect level) and SF is a safety factor considering different
contributions: (i) interspecies differences; (ii) intra-species differences, (iii) severity of the
adverse effect and (iv) quantity and quality of the scientific data. It may vary in the range
10-10,000. Quite often the value of 100 is used by regulatory bodies, resulting from the

following assumptions: 10 accounts for uncertainties in inter-species extrapolation, 10



for uncertainties in intraspecies variability, and 1 for the consistent quantity and good
quality of available data. The resulting SF is given by their product (SF = 10x10x1).
Guidelines for the selection of the SF can be found in enHealth (2012).

In the case of pharmaceuticals with no NOAEL available, ADI is assessed assuming the
lowest pharmaceutical daily dose divided by body weight (70 kg) and an appropriate SF
(equal to 1000 according to Prosser and Sibley (2015) and Christou et al., (2017b)). Delli
Compagni et al. (2020) assume the ADI values proposed by Prosser and Sibley (2015),
Malchi et al. (2015), EFSA (2008), Environment Protection and Heritage Council of
Australia (2008) and EMEA (1999).

The EDI values (ug kgow* d') are assessed by means of €, 21 proposed by Prosser
and Sibley (2015):

EDI = <Lw person (21)
BWperson

where BW erson is the body weight, equal to 70 k¢ ror <1 adult, 12 kg for a toddler and 5
kg for an infant (EFSA, 2012), and DIRperson (¢ + + d ) the crop daily intake rate per person
(variable for infant, toddler and adult 2:..' provided by the national data base, such as
National Cancer Institute (2014)).

3.2 Risk assessment for the e., ‘ircament, human health and other organisms

The priority lists of CECs were Jefined on the basis of specific target criteria which may
refer to soil and (surface ai.1 y.ound) water, terrestrial predators or human (health), and
which vary in the differe~t 1,2~ thodologies. Figure 2 summarizes the different approaches
and reports the di"’=re °t *arget criteria. It emerges that for ecosystem j (soil or water),
RQ is the common apr oach and is calculated for each CEC i according to eq. 22 as the

ratio between its PEC and the corresponding PNEC in the specific ecosystem j.

PEC; j
PNEC; ;

RQ;; = (22)

Regarding the risk for human health or other organisms, the methodologies propose
different approaches that are discussed below.

Figure 2.



3.2.1 Muioz et al., 2009

Specifically, Mufioz et al. (2009) evaluate RQ in soil and in predators’ food to assess the
effects of CEC exposure to soil organisms and, in particular, to earthworms when reusing
reclaimed water for irrigation. The risk characterization ratio for the soil compartment is
PECso/PNECsi, whereas that for the predators’ food is PECraipredato/ PNECora. All Of

these variables have already been discussed.
3.2.2 Lyuetal., 2019

Lyu et al. (2019) evaluate the environmental risk of each CEC for the different
compartments j = 1,2,3 (1 = soil, 2 = groundwater, 3 = air) ar cording to the related effect
values E; calculated on the basis of CEC concentration =nu toxicity, or CEC total
emission. In particular, Esq corresponds to the RQ in w2 30il (= PECsui/PNECsqi),
Egrounawater t0 the RQ in groundwater (= PEC groundwater/ PNL Cw- ). Finally, Eair, representing
human risk, was set equal to the total CEC emissiz~ (Q), defined by eq. 16. Following
the procedure outlined by Li et al. (2019), Lyu et al. {2019) assign a score to each of the
three effect values by means of a utility funcue n S. With regard to the CEC i and the
compartment j, the score S;j is equal to 0 if the Zj; is < 1, otherwise S;; is defined by eq.
23:

_ logE; j—min(logEj ;)
Sij =

(23)

max(logE;j)-min(logE; ;)

where E;j is the effect value fo, CEC i in the compartment j regarding the whole model
prediction period. The mini~ui,> and maximum of log E; refer to the data set collection of
effect values based or the "cC values provided by the HYDRUS-1D model applied for
the selected peric.' 0, 10 years (as reported in section 3.1). Finally, Lyu et al. (2019)
aggregate the three sc/res for each CEC i into an overall score (S overar) according to eq.
24:

Si,overall = 23"=1Si,j 'Wi,j (24)

where Wi; is the weight for the score S;; referring to CEC i and compartment j which was

assumed equal to 1/3 for the three compartments as in Li et al. (2019).



3.2.3 Delli Compagni et al.,2020

Delli Compagni et al. (2020) propose the ratio PECsurtace water channel/PNECwater to evaluate
RQ in surface water for each CEC and two different approaches to assess the human
health risk associated with dietary intake. The first approach was based on TTC defined
for each CEC making it possible to evaluate the corresponding maximum admittable
daily amount of edible crop Mcrop (€q. 25), expressed in kg d, an individual can ingest in

their lifetime without having adverse effect due to that CEC.

TTC - BWperson

Mcrop = (25)

Crw

For each CEC, the Mo Value has to be compared with th: ty,ical daily consumption of
the crop by individuals of different ages (thus weight) *o ™u out if the amount usually

consumed is greater or less than the maximum admit ab.. quantity.

The second approach is based on the hazard quc:'ent 'HQ) that is the ratio between the
amount of CEC ingested daily and the daily amount a person can ingest in their lifetime
without causing an adverse health effect (eq. “6)

_ EDI
HQ = DI (26)

The proposal also attempts to ev ill.a . the risk of the cocktail of CECs, contained in the

different crops daily ingested. Jy \~eans of the hazard index (HI) defined by eq. 27:
HI = 37, X7 HQuq 27)

where p is the nur.iw.~r o CECs in the cocktail and r is the number of crops daily ingested

and q is the crop type.

This equation is a simplification of the model described in Evans et al. (2015) which is
based on international estimated daily intakes (IEDIs) calculated on weight per person.
IEDIs are defined in the Global Environment Monitoring System-Food contamination and
assessment programme (GEMS/Food Database
https://extranet.who.int/gemsfood/?DisplayFormat=1) for 13 cluster diets which are sets

of countries grouped together on the basis of similar food consumption patterns.

Delli Compagni et al. (2020) assess the human risks by the two different approaches
assuming for the Cy, for each CEC the median concentration and the 97.5th percentile

in the studied crops (rice and wheat).



3.3 Lists of priority CECs according to the different methodologies

The methodologies described above were applied to prioritize CECs in TWW starting
from a preselection of CECs which varied from case to case. Preselected compounds
and their mean concentrations are reported in Table 1. Regarding Mufioz et al. (2009)
two municipal WWTPs were considered: one located in Alcala de Henares, central
Spain, and the other in El Ejido, south-eastern Spain, (both based on activated sludge
process). The 27 CECs were selected from more than 100 CECs monitored in a large
quantity of Spanish (secondary) effluent within the framework of the project TRAGUA
(www.consolider-tragua.com). The selection was performed on the basis of the
occurrence and the impact on aquatic and terrestrial compar.ments and human health
as described in Mufioz et al. (2008).

As per Lyu et al. (2019) the starting list contains 67 C=C+, detected in the secondary
effluent of several municipal WWTPs in Beijing (C-a, mainly based on conventional
activated sludge processes. Their concentrations a: ~ f,om previous investigations found
in the literature by Lyu et al. (2019).

Finally, Delli Compagni et al. (2020) refer w. 13 CECs selected based on their chemical
and toxicological properties investig..*ec from 80 CECs by (Castiglioni et al., 2018a,
2018b) in the secondary effluent ¢* three municipal WWTPs in Milan (northern ltaly) (2

conventional activated sludge sys.« s and 1 biofilter).

The mean values refer to “4-1, (time or flow proportional) composite samples of
secondary effluent in the (tudies conducted in Spain and ltaly, whereas in those
performed in China, the me«. values may refer to composite or grab samples. More
details about the chi rac.zristics of the investigated WWTPs, their influent type, the
corresponding water ~ampling frequency and mode as well as the monitoring periods

are reported in Table 34.

Table 1

The different proposals set thresholds for identifying the most critical CECs
corresponding to those of priority (concern) which led to the lists reported in Figure 3.
Here CECs are ranked in descending order on the basis of their estimated risk for the
corresponding environmental compartments, humans or animals (reported at the bottom

of the figure).



Figure 3.

3.3.1 Muiioz et al., 2009

Specifically, according to Mufioz et al. (2009), priority CECs for soil should be those with
a RQsoi > 1. Due to uncertainties related to a lack of experimental data for substance
properties (e.g. soil-biodegradation rates or derivation of PNEC values in soil from
structure-activity relationships for aquatic organisms), the authors lower the risk
threshold from 1 to 0.1. The resulting lists contain 10 CECs fnr case study A (Alcala de
Henares WWTP) and 9 for case study B (El Ejido WWTP) v.**h cight CECs in common
but ranked in a different order. The substances present -y i case study A are Ni and
Hg, and the one only present in case study B is ibuprcfe.> F.egarding the RQ for the oral
predator, CECs are of priority if their RQora predator ~ «~ a1.d this identifies only diclofenac
for the two cases which was already included in . ‘e lists regarding soil risk. These
findings highlight that the priority compound:, @ad their ranking are site-specific and in
the absence of national guidelines or rec:"mmiendations, an accurate analysis of the
peculiarities of the study area is of relr var ¢ importance to identify the CECs to include in

the list and in monitoring programs
3.3.2 Lyuetal., 2019

Lyu et al. (2019) divided CEC< imu three groups based on their S;overan SCOre: group |
being Siovera = 0.1, corresnoi.ding to CECs of high priority; group Il with 0.03< S; overai<
0.1 characterized by a n.ndrrate priority; and group Il with Sioveran< 0.03, with a low

priority. The first grou," coritains 17 CECs.

3.3.3 Delli Compagni et al., 2020

Delli Compagni et al. (2020) proposed an alert threshold of high risk for RQsurface water channel
=1 and another one of medium risk for 0.1 < RQ surface water channel < 1. The CECs placed in
the medium risk region are sulfamethoxazole, ibuprofen and estrone and those
exceeding the high-risk threshold are clarithromycin, 17—a estradiol, 17-p estradiol, and

triclosan.

With regard to the human risks, according to the TTC approach, it was found that the
daily amount of edible crop (Mcop) Of the two studied species, rice and wheat, required

to exceed the corresponding TTCs showed unrealistic values (> 2 kg/day per person) for



all CECs, with the only exception being sulfamethoxazole. For this CEC, M, for rice
resulted equal to 10 g/day for infants and 50 g/day for adults, which might imply potential
genotoxic effects from ingestion.

As to HQ, Delli Compagni et al. (2020) set a threshold at 0.1 to guarantee a higher level
of prudence in human protection (Christou et al., 2017b; Prosser and Sibley, 2015). The
CECs with an HQ exceeding the threshold are of concern. The results indicated a
negligible risk for all the CECs, although an HQ (infants) of 0.3 was found for 17-a
ethinylestradiol. A comparison with the TTC could not be done, since this latter approach

is not valid for classes of compounds such as estrones (Kroes et al., 2004).

The threshold for HI was set at 1. The HI values were below L, ~howing no potential risk

for human health for the investigated CECs.

3.3.4 Comparison

The priority lists resulting from the discussed mr.thouologies (Figure 3) include CECs
which differ in number and type. This is not o1 b di e to the different approaches, but also
to the fact that each methodology is =;-0nucd to a preselection of CECs detected in
different study areas (Table 1), cov>ring very different classes of substances. A
comparison of the preselected C-Cs shows that there are only three in common:
carbamazepine, diclofenac and s..'~methoxazole. Of these, only sulfamethoxazole
appears in the priority lists of (e four study areas (Figure 3). In all the priority lists, at
least one antibiotic is at the -op \/irst three positions) of the ranking, confirming the high
level of concern of this cla. s of pharmaceuticals for soil, water, and humans, also
regarding the conseguent antibiotic resistance in the environment. In particular,
erythromycin appeai. in wne first position of the priority lists referring to two case studies
that evaluate the risk of reclaimed water in the soil ecosystem (Mufioz et al., 2009) and

it also appears in the nineth position of the priority list proposed by Lyu et al., (2019).

The estrogen 17a-ethinylestradiol is in the second position of the priority list by Lyu et al.
(2019), and is in the priority lists proposed by Delli Compagni et al. (2020) to evaluate

the risk for the water ecosystem and human health.

Finally, the complete list by Lyu et al. (2019) is longer than the other lists (17 CECs of
different classes) as it derives from a wider array of CECs detected in the study area

(Beijing).



4  Qualitative approaches

Qualitative approaches consist of conceptual frameworks able to establish a priority list
among CECs in the case of a direct reuse of reclaimed water for agriculture needs. Three
different proposals have been found in the literature: Fu et al. (2019), Revitt et al. (2021)

and Verlicchi et al. (2023) and are presented and discussed herein.

41 Fuetal. 2019

Fu et al., (2019) outlined a tiered framework, which intends to estimate CEC mass flow
which enters the soil by TWW and biosolids, and moves to the edible parts of the crops
(Figure 4). It consists of 4 priority/alert levels (1 being the .'ahest and 4 the lowest)
defined by: CEC mass flow into soil due to irrigation with vecl: imed water and biosolid
application (level 4); CEC availability in soil (level 3); C=C .:.ccumulation in (non-edible)

roots (level 2) and CEC accumulation in edible organ. (level 1).

Figure 4.

Their approach starts with the developi.ent of a database of occurrence of CECs in
TWW (Ctww) and in biosolids (out o1 *he scope of this review) which will be spread on
the soil and the estimation of .rh2ir mass flow rate associated with the amount of
reclaimed water reused for agricunure needs. Then, it evaluates CEC persistence and
sorption in soil through their 1,>1f-life in soil, ti/2,s0i, and the solid-water partition coefficient

for solil, Kqsoil, Using expe, mental data, and descriptor-based and deep learning models.

After that, the pror ¢ ~a ~ralyses the accumulation of these CECs in roots by quantitative
structure—activity relationship-based (QSAR) models and/or deep learning models and
identifies those compounds that can most enter into plant roots and translocate within
plants. It then determines the metabolism rates and metabolites for CECs with a relevant
uptake and translocation in edible roots, leaves and/or fruits. Finally, the proposal
concludes with an estimation of the human exposure to the CECs and their metabolites
characterized by a high risk as they are accumulated in edible parts. This prioritization
scheme is at a conceptual stage and refinements are necessary also following the
suggestions the authors provide. Despite this, it is useful for focusing on the main steps
to follow to identify a short list of CECs to monitor for the assessment of the risk for

human health.

4.2 Revitt et al. 2021



Revitt et al. (2021) developed another conceptual framework which combines data and
(where unavailable) experts’ judgment to support a qualitative evaluation of the risk due
to the presence of CECs in the TWW used for agricultural needs. The framework is
applied up to the “soil” receiving the TWW. The soil may act as CECs sink or source,
depending on whether the CECs are retained (due to adsorption), react and form
transformation products, become bioavailable for uptake by the plants, leachate toward
groundwater or transfer to surface water via runoff. The risk is the CEC occurrence in

the soil in a bioavailable form.

This approach considers the soil as the target receptor in the absence of CEC dose-
response models and not widely understood cumulative exy osures. Figure 5 provides a
schematic diagram of their proposal. The authors de.~loped a qualitative risk
assessment with scores allocated between 1 and 4 to esu™ute the likelihood of CEC
occurrence and the magnitude of its impact. In particv'a. a score of 1 indicates the least

likelihood/impact and a score of 4 corresponds to t*.c highest likelihood/impact.

Figure 5.

The likelihood of occurrence ard u.2 magnitude of impact depend on different key

variables which may be listed n u.®erent forms (scenarios) as reported in Table 2.

On the one hand, the likelihoc 1 of occurrence refers to the frequency of occurrence of a
CEC in the TWW and J~pr:nds on: the source of wastewater, level of wastewater
treatment, effect of 1'WW storage and distribution prior to its use, and soil irrigation
technique. These key variables were selected based on the literature data and the
experts’ judgment provided by the NEREUS COST Action ESI 403 network

(http://www.nereus-cost.eu).

On the other hand, the magnitude of impact focuses on the bioavailability of CECs in the
soil if TWW is used for irrigation and depends on the CEC concentration in the TWW,
CEC bioavailability/bioaccessibility in soil, and availability due to the addition of

biosolids/manure to soil and ploughing.

Table 2 reports the assigned score for the different scenarios of each key variable
(Individual Scores). It emerges that for some sources of wastewater and wastewater

treatment, different scores may be assigned depending on the related contributions to



the wastewater (e.g. in the case of residential, hospital and industrial wastewater) and

the removal capacity of the adopted technologies regarding the CEC under analysis.

The Discrete Score for the likelihood of occurrence and the magnitude of impact of a
CEC reaching the soil is calculated by multiplying the Individual Scores assigned to each
key variable. This step leads to a value (between 1-64) for the likelihood of occurrence

and for the magnitude of impacts for each CEC.
The following phase consists of rescaling the obtained Discrete Scores into the
corresponding Integrated Scores (variable between 1 and 4) according to the rules

reported in Table 3.

Table 2.

Table 3

Then, the Overall Risk Score asses-ment of a CEC is calculated by multiplying the two
Integrated Scores just obtained. A_.~rding to Revitt et al. (2021) (Overall Risk Score
interpretation):

e an Overall Risk Scc:= frum 12 to 16 corresponds to the case of a CEC with a
high probability of oc .urrence and bioavailability in the soil thus, resulting in a
probable upta'.e;

e ifitis in the icnge 9-11, this means it is probable that the CEC occurs and is
bioavailable in the soil;

e when it is between 5 and 8 it means there is a limited possibility (unlikely) that
the CEC occurs and is bioavailable in the soil;

¢ finally, when the Overall Risk Score is in the range 1-4 the CEC is present and

bioavailable in the soil only in very rare instances.

According to this approach, the CECs with the highest Overall Risk Score are candidates
to include in the priority list. The authors conclude that this must be considered a dynamic
list as changes may occur due to the introduction of new products on the market, and
the outcomes of chemical screening programs such as that of the European Chemical

Agency identifying the "substances of very high concern" which has recently been



updated (ECHA 2023 https://echa.europa.eu/es/-/echa-adds-nine-hazardous-

chemicals-to-candidate-list).

4.3 Verlicchi et al., 2023

A third methodology was published very recently (Verlicchi et al., 2023): it was developed
to support CEC monitoring program planning in a project of reclaimed water reuse for
irrigation (SERPIC, https://www.serpic-project.eu/). It aims to identify a short list of
relevant indicator CECs for the evaluation of their removal capacity by an additional
polishing treatment, for the assessment of the risk for soil and crops, as well as for
(surface and ground)water compartment, due to runoff and p. colation. For the first time,
in addition to organic CECs, it accounts for microbial CEC s, which are ARB and ARGSs.
Figure 6 shows the main issues related to this methodciu V. With reference to the area
interested in the practice of reclaimed water reuse, it « tai.c with the creation of a dataset
of organic CECs present in the municipal seccnacry effluent (from a conventional

activated sludge, CAS, system). Each of them is cha. ~cterized by:

e Occurrence (O) in terms of the rany '+ ci measured concentrations (from the
literature and/or on site-investicauons ‘1 the area of study);

e Persistence (P) defined as the re. istance to be removed in municipal wastewater
treatment plants (mainly bas>d on CAS process). It is related to the observed
range of removal efficien.ies achieved in secondary treatments (from the
literature and/or on sit=-inv >stigations in the area of study);

e Bioaccumulation (R) ..» aquatic organism tissues expressed as Log Ko (from the
literature, o:.'ine database (PubChem or ChemSpider
http://www.chcmsy ider.com/) and/or cheminformatics software (EPI Suite or
Chemaxon hty.s://chemaxon.com/));

e Toxicity (T) to aquatic life expressed in terms of PNECwaer (from the literature,
experimental investigations or online databases Ilike NORMAN
https://www.norman-network.com/nds/ecotox/), chronic values should be

preferred (EC and European Chemicals Bureau, 2003).

For this reason, the methodology is called OPBT. Then a score (Si;) is assigned to each
i-th CEC for the four criteria z, according to the thresholds reported in Table 4 which,
regarding P, B and T, were in accordance with Daouk et al. (2015) and, regarding O,
were set by the authors. The maximum value of concentrations and the average value

of removal efficiency was assumed for each CEC.



Figure 6.

Table 4

Once the four criteria z are scored for each i-th CEC included in the dataset, and
assuming the same weight (equal to 1) for each criterion, the final OPBT score (Stinal,i) IS

obtained as the sum of the 4 assigned scores S;; (eq. 28).
Sfinal,i = Zg=1si,z (28)

The CECs are ranked according to the descending orde: of the final OPBT score:
compounds with the highest Siina,i are the potential candid ate. to be selected. The final
list is also defined on the basis of recommendations b n..=rnational organizations and

networks, and availability of analytical techniques.

Regarding microbial CECs, the first step consiste of ¢ literature screening focusing on
the ARB and ARGs present in secondary efflLent w1 worldwide investigations. The

selection is based on the criteria reported ir + 7 1u'e 6.

The methodology was applied in the are¢ of study including Spain, Portugal, Italy and
South Africa. Regarding organic CECs, 342 compounds belonging to 39 different classes
were preselected and it was decid=d . at the final list had to include 25 substances. As
to microbial CECs, starting from ’2 ARB and 126 ARGs, 2 ARB and 3 ARGs were
identified. The full list is reponc i in Table 5 with the CECs reported in alphabetical order.

Table 5

Verlicchi et al. (2023 ilso proposed sub-lists of organic CECs (Table 5), starting from
the whole list, for the assessment of the risk for soil, (surface and ground) water and

crops. In particular:

e regarding the solil, they evaluated the PNECsqi by means of eq. 19 for each of the
25 CECs and considered CECs with a value higher than 100 ng/kg as those of
priority;

e regarding the water, they considered compounds with a PNECater > 100 ng/L as
CECs of priority;

e regarding the crops (potatoes and carrots in the SERPIC project), they
considered the observed fate of CECs in the plants in terms of accumulation in

the roots and translocation aboveground, based on the literature, and the



expected fate depending on CEC charge and octanol-water distribution
coefficient Dow (accounting for Kew and pKa) according to (Bigott et al., 2020;
Bueno et al., 2022; Keerthanan et al., 2021). The selected CECs are those found

in the roots, characterized by a different charge.

A comparison with the priority lists from quantitative methodologies shows that
ciprofloxacin, erythromycin and ibuprofen are common CECs for soil risk assessment,

and sulfamethoxazole for human risk measured by accumulation in the crop.

5 Strengths, weaknesses and applications of the different methodologies

Table 6 summarizes the main strengths and weakn:sses of the overviewed

methodologies as well as the main uncertainties they are af~ci 1 by.

Table 6.

The three quantitative approaches had a gr:e. impact on the scientific community as
remarked by their number of citations (accc. 1ing to Scopus, on July 2023, 131 for Mufioz
et al. (2009); 20 for Lyu et al. (2019) 'nd 51 for Delli Compagni et al. (2020)). Only the
approaches or the CEC selectionc defineu by Muiioz et al. (2009) and Delli Compagni
et al. (2020) were adopted in othe: . veJtigations: this is the case of Jesse and Davidson
(2019) for Mufioz et al. (2009) ..~d =7 Narain-Ford et al. (2020) for Delli Compagni et al.
(2020).

Regarding the qualitativve ap.proaches, Fu et al. (2019) was cited 89 times and the
methodology adoptec in 2 investigations (Ben Mordechay et al., 2022a, 2022b, 2021)
Revitt et al. (2021) w>s cited 8 times and the approach adopted once (Beretsou et al.,
2022) and finally the recently published Verlicchi et al. (2023) has not been yet

mentioned.

6 Final remarks, conclusions and future needs for research

Most of the methodologies available in the literature to prioritize CECs focused on the
assessment of the potential risk to the aquatic environment as reclaimed water has been
used more often for groundwater recharge or directly released into surface water. Then,
the number of studies aiming to propose methodologies to prioritize CECs in reclaimed
water intended for agriculture irrigation is currently limited, despite recent European

legislation promoting the reuse of reclaimed water (EU Regulation 2020/741) and the



draft of the Water Framework Directive (EC COM 541 final, 2022) accounting for CECs
in the final effluent. Otherwise, it is difficult to compare prioritized CECs among studies
in order to reach a more solid conclusion mainly due to the lack of protocols to monitor
representative CECs (generally selected on the basis of the available analytical
techniques) and different procedures to estimate the risk. It emerged from the current
review that antibiotics are the most relevant compounds for their potential adverse effects
to the environment in the case of reuse of reclaimed water for irrigation and this finding
underline the need to better investigate on ARB and ARGs in the reused effluent.
Considering EU Directives, SDGs and circular economy principles, it is extremely
important to find a holistic approach which would help ensure a high level of protection
of environment, animal and human health when reclaimed wa.>r is used for agricultural
purposes. There is an urgent need to establish a short list of p iority CECs in reclaimed
water since the number of CECs is continuously grov'ing, with more than 204 million
chemicals registered in the Chemical Abstract Service (GAS;
https://www.cas.org/about/cas-content) and apg oxiriately 4,000 new ones being
registered every day (Carrizo et al., 2022; Kretiz.nger et al., 2020). Based on the main
gaps of knowledge identified, a list of recommuc 1d-4tions is provided for the focus of future

research:

¢ Monitoring investigations on the polished effluent should include not only
pharmaceuticals, but also ~*he, <lasses of CECs, less investigated.

e Occurrence studies perfarn 4 in reclaimed water for the direct reuse should be
homogenized to moriw* the same CECs, their metabolites and transformation
products, and variahiln, over the irrigation season. The analysis should include
CEC biotic and av~%c transformation products, once in the soil. Additionally,
analytical r -otc ~ol, for monitoring investigations should also consider ARB and
ARGs.

e Frequency of occurrence in the reclaimed water should also be included among
the selection criteria to focus on the CECs most frequently present or expected
to be present.

e Persistence studies should relate to CECs resistant to removal in common
WWTP (quite often CAS systems) in order to evaluate the most adequate
polishing treatment of effluents directly reused in agriculture.

e Bioaccumulation studies in the adipose tissues of aquatic organisms or terrestrial
predators would be of great importance.

e Toxicological studies, related to the potential risks of CECs to soil and water

ecosystems, terrestrial predators, and human health should involve more CECs,



including transformation products, ARB, and ARGs and different trophic levels.
Likewise, toxicity data should account for the mixture of CECs and better
investigate their potential synergistic, additive or antagonistic effects. Research
efforts should fill the lack of dose response models (in human health risk
assessment) and better understanding cumulative exposures.

In-field investigations of the fate of CECs in the soil (sorption, soil/water partition,
degradation) and in (different) crops (uptake, translocation, bioaccumulation and
in-plant metabolism) are necessary to evaluate the potential risks to the
environment and human health concerning reclaimed water used for agriculture.
They should include real data on soil properties, climate conditions, target plant
species, irrigation systems and cultivation practices. "areover, studies should
also monitor the effects of long-term water reuse ir the same area.

Uptake rates by crops should also be investiga ed 1)r instance in terms of CEC
bioconcentration factor (defined as the ratio be “veen CEC concentration in root
or leaf or fruit and its concentration in the y.2wiag medium).

Other efforts should lead to the develorent of models able to predict spatial and
temporal variations of CEC occur/e,.~= in TWW on the basis of the main
influencing factors; CEC fate ¢.ice in w1e soil and in the crops, also considering
the effects of CEC mixtures. In au tition, rapid screening tools, such as the use of
plant cell cultures, could be e.‘nloited to evaluate plant uptake and metabolism
potentials to exclude low fricnty CECs, thus narrowing the list of high-priority
CECs as clearly rema. ‘ed i1 Shi et al. (2022).

Long-term monitoring “or soil and crop matrices should be carried out in order to
evaluate the effec.~ ot prolonged reclaimed water reuse practice in the same field
on CEC arcunuletion in soil and crops, degradation/persistence in soil, and
potential impacts on soil and (ground and surface) water, crops and human
health. This would provide valuable insights into the environmental sustainability
and long-term implications of reclaimed water irrigation practices.

Finally, ongoing and future studies should provide details on the accuracy of the
measured data with regard to sampling frequency and mode and chemical
analysis. They should also carry out an uncertainty analysis related to the
predicted parameters and/or variables and a sensitivity analysis in order to
guantify and compare the influence on the predicted values of a variation of each

of the factors included in the adopted model.



CRediT author statement

Conceptualization PV; Data curation EL, VG; Methodology PV, VG, EL; Supervision PV,
Visualization EL, VG; Writing — original draft PV, VG, EL; Writing — review & editing PV,
VG, EL

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.
Acknowledgments

The authors would like to thank the EU and Bundesm.~isterium fur Bildung und
Forschung, Germany, Ministero dellUniversita e della Rice.rc.. ltaly, Agencia Estatal de
Investigacion, Spain, Fundacdo para a Ciéncia e @ .~ciologia, Portugal, Norges
forskningsrad, Norway, Water Research Commissic., cdth Africa for funding, in the
frame of the collaborative international consortiutn <<RPIC financed under the ERA-
NET AquaticPollutants Joint Transnational Call (A N° 869178). This ERA-NET is an
integral part of the activities developed ) the Water, Oceans and AMR Joint

Programming Initiatives.

E. Lacasa would like to thank the Vicerr.- torado de Profesorado y Desarrollo Profesional
(University of Castilla-La Mancha (L "LM), Spain) for funding her research placement at
the University of Ferrara (Italy) (L C.i : resolution date: 19/05/2022).

References

American Chemistry C2unzd, 2020. Threshold of Toxicological Concern (TTC) Q&A
Document MM Document]. URL https://www.americanchemistry.com/better-
policy-regulation/r 2.search/long-range-research-initiative-Iri/resources/threshold-of-

toxicological-concern-ttc-g-a-document (accessed 2.22.23).

Ben Mordechay, E., Mordehay, V., Tarchitzky, J., Chefetz, B., 2022a. Fate of
contaminants of emerging concern in the reclaimed wastewater-soil-plant
continuum. Science of The Total Environment 822, 153574.
https://doi.org/10.1016/j.scitotenv.2022.153574

Ben Mordechay, E., Mordehay, V., Tarchitzky, J., Chefetz, B., 2021. Pharmaceuticals in
edible crops irrigated with reclaimed wastewater: Evidence from a large survey in
Israel. J Hazard Mater 416, 126184. https://doi.org/10.1016/j.jhazmat.2021.126184



Ben Mordechay, E., Sinai, T., Berman, T., Dichtiar, R., Keinan-Boker, L., Tarchitzky, J.,
Maor, Y., Mordehay, V., Manor, O., Chefetz, B., 2022b. Wastewater-derived organic
contaminants in fresh produce: Dietary exposure and human health concerns.
Water Res 223, 118986. https://doi.org/10.1016/j.watres.2022.118986

Beretsou, V.G., Nika, M.C., Manoli, K., Michael, C., Sui, Q., Lundy, L., Revitt, D.M.,
Thomaidis, N.S., Fatta-Kassinos, D., 2022. Multiclass target analysis of
contaminants of emerging concern including transformation products, soll
bioavailability assessment and retrospective screening as tools to evaluate risks
associated with reclaimed water reuse. Science of the Total Environment 852.
https://doi.org/10.1016/j.scitotenv.2022.158391

Bigott, Y., Khalaf, D.M., Schroder, P., Schréder, P.M., Cruize. o, C., 2020. Uptake and
Translocation of Pharmaceuticals in Plants: Pririci,les and Data Analysis, in:
Handbook of Environmental Chennotry. pp. 103-140.
https://doi.org/10.1007/698 2020 622

Bueno, M.J.M., Valverde, M.G., Gébmez-Ramos, M.ni., Andujar, J.A.S., Barceld, D.,
Fernandez-Alba, A.R., 2022. Fate, mo.':lirg, and human health risk of organic
contaminants present in tomato r.a.ts .rigated with reclaimed water under real-
world field conditions. Scie'ce of the Total Environment 806.
https://doi.org/10.1016/j.scitote, *.2021.150909

Carrizo, J.C., Vo Duy, S., Munoz, (.. Marconi, G., Amé, M.V., Sauvé, S., 2022. Suspect
screening of pharmarce ‘ticass, illicit drugs, pesticides, and other emerging
contaminants in Argcnts @an Piaractus mesopotamicus, a fish species used for
local consumptio.™ and export. Chemosphere 309, 136769.
https://doi.ore /16 103 3/j.chemosphere.2022.136769

Castiglioni, S., Davo'i £., Riva, F., Palmiotto, M., Camporini, P., Manenti, A., Zuccato,
E., 2018a. Mass balance of emerging contaminants in the water cycle of a highly
urbanized and industrialized area of Italy. Water Res 131, 287-298.
https://doi.org/10.1016/j.watres.2017.12.047

Castiglioni, S., Davoli, E., Riva, F., Palmiotto, M., Camporini, P., Manenti, A., Zuccato,
E., 2018b. Data on occurrence and fate of emerging contaminants in a urbanised
area. Data Brief 17, 533-543. https://doi.org/10.1016/j.dib.2018.01.029

Christou, A., Aglera, A., Bayona, J.M., Cytryn, E., Fotopoulos, V., Lambropoulou, D.,
Manaia, C.M., Michael, C., Revitt, M., Schroder, P., Fatta-Kassinos, D., 2017a. The
potential implications of reclaimed wastewater reuse for irrigation on the agricultural

environment: The knowns and unknowns of the fate of antibiotics and antibiotic



resistant bacteria and resistance genes — A review. Water Res 123, 448-467.
https://doi.org/10.1016/j.watres.2017.07.004

Christou, A., Karaolia, P., Hapeshi, E., Michael, C., Fatta-Kassinos, D., 2017b. Long-
term wastewater irrigation of vegetables in real agricultural systems: Concentration
of pharmaceuticals in soil, uptake and bioaccumulation in tomato fruits and human
health risk assessment. Water Res 109, 24-34.
https://doi.org/10.1016/j.watres.2016.11.033

Daouk, S., Chévre, N., Vernaz, N., Bonnabry, P., Dayer, P., Daali, Y., Fleury-Souverain,
S., 2015. Prioritization methodology for the monitoring of active pharmaceutical
ingredients in hospital effluents. J Environ | -anage 160, 324-332.
https://doi.org/10.1016/].jenvman.2015.06.037

Delli Compagni, R., Gabrielli, M., Polesel, F., Turoa, ,\., Trapp, S., Vezzaro, L.,
Antonelli, M., 2020. Risk assessment of contan..nants of emerging concern in the
context of wastewater reuse for irrigation. An integrated modelling approach.
Chemosphere 242, 125185. https://doi.orn/10.10.6/j.chemosphere.2019.125185

EC COM 541 final, 2022. Proposal for a dir2cu. - of the European Parliament and of the
Council concerning urban westevsater treatment [WWW Document]. URL
https://environment.ec.europa.eu/pu.lications/proposal-revised-urban-wastewater-

treatment-directive_en (accesseu 2.22.23).

EC COM 614 final, 2015. C.mn.unication from the commission to the european
parliament, the counci, t.~ european economic and social committee and the
committee of the regi.ns. Closing the loop -An EU action plan for the Circular
Economy NV W Document]. URL https://eur-
lex.europa.ews ~suice.html?uri=cellar:8a8ef5e8-99a0-11e5-b3b7-
0laa75ed71a1.n".12.02/DOC_1&format=PDF (accessed 2.22.23).

EC and European Chemicals Bureau, 2003. Technical Guidance Document on Risk
Assessment Part I [wWww Document]. URL
https://echa.europa.eu/documents/10162/987906/tgdpart2_2ed_en.pdf/138b7b71-
a069-428e-9036-62f4300b752f (accessed 2.22.23).

EC SWD 541 final, 2022. Commission Staff Working Document Impact Assessment
Accompanying the document Proposal for a Directive of the European Parliament
and of the Council concerning urban wastewater treatment [WWW Document]. URL
https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:52022SC0541&from=EN (accessed 2.22.23).



EFSA, 2012. Guidance on selected default values to be used by the EFSA Scientific
Committee, Scientific Panels and Units in the absence of actual measured data.
EFSA Journal 10. https://doi.org/10.2903/j.efsa.2012.2579

EFSA, 2008. Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and their
salts Scientific Opinion of the Panel on Contaminants in the Food chain. EFSA
Journal 653, 1-131. https://doi.org/10.2903/j.efsa.2008.653

EMEA, 2006. Guideline on the environmental risk assessment of medicinal products for
human use www Document]. URL
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-
environmental-risk-assessment-medicinal-products-hui,” an-use-first-

version_en.pdf (accessed 2.22.23).

EMEA, 1999. Committee for Veterinary Medicinal Prhducts Furosemide — Summary
Report [wWww Document]. 1< ~hnical Report. URL
https://www.ema.europa.eu/en/documents/n. '-re) ort/furosemide-summary-report-

committee-veterinary-medicinal-products er..pdf accessed 2.22.23).

enHealth, 2012. Environmental Health P.sk .".ssessment—Guidelines for assessing
human health risks from envirrnm :ntar hazards [WWW Document]. enHealth
guidance. URL
https://www.health.gov.au/sites/u >fault/files/documents/2022/07/enhealth-
guidance-guidelines-for-asse: si'ig-human-health-risks-from-environmental-

hazards.pdf (accessed 2.22.23).

Environment Protection andu Heritage Council of Australia, 2008. Australian guidelines
for water recyc’..2: managing health and environmental risks (phase 2):
augmentatio:: of u.m.king water supplies [WWW Document]. Technical Report 22.
URL https://www *vaterquality.gov.au/sites/default/files/documents/water-recycling-

guidelines-augmentation-drinking-22.pdf (accessed 2.22.23).

EU Directive, 2000. Directive 2000/60/EC of the European Parliament and of the Council
of 23 October 2000 establishing a framework for Community action in the field of
water policy [WWW Documentl. OJ L 327. URL https://eur-
lex.europa.eu/resource.html?uri=cellar:5c835afb-2ec6-4577-bdf8-
756d3d694eeb.0004.02/DOC_1&format=PDF (accessed 2.22.23).

EU Regulation, 2020. Regulation (EU) 2020/741 of the European Parliament and of the
Council of 25 May 2020 on minimum requirements for water reuse [WWW

Document]. Official Journal of the European Union. URL https://eur-



lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32020R0741&from=EN
(accessed 2.22.23).

EurEau, 2019. Briefing note. Treating micropollutants at waste water treatment plants.
Experiences and developments from European countries [WWW Document]. URL
https://www.eureau.org/resources/briefing-notes/3826-briefing-note-on-treating-

micropollutants-at-the-wwtp/file (accessed 7.14.23).

Evans, R.M., Scholze, M., Kortenkamp, A., 2015. Examining the feasibility of mixture risk
assessment: A case study using a tiered approach with data of 67 pesticides from
the Joint FAO/WHO Meeting on Pesticide Residues (JMPR). Food and Chemical
Toxicology 84, 260—-269. https://doi.org/10.1016/j.fct.20" 5.08.015

Fu, Q., Malchi, T., Carter, L.J., Li, H., Gan, J., Chefetz, E , 21 19. Pharmaceutical and
Personal Care Products: From Wastewater Tree tme.nt into Agro-Food Systems.
Environ Sci Technol 53, 14083-14090. https://ac’ org/10.1021/acs.est.9b06206

Guo, Q., Wei, D., Wang, F., Chen, M., Du, Y. 2021. A novel risk score-based
prioritization method for pollutants in .c:laimed water. Science of The Total
Environment 795, 148833. https://doi «rg,25.1016/].scitotenv.2021.148833

Jager, T., 1998. Mechanistic apprc~ck for estimating bioconcentration of organic
chemicals in earthworms (cinochaeta). Environ Toxicol Chem 17, 2080—2090.
https://doi.org/10.1002/etc.5%. 111026

Jeong, Y., Gong, G, Lee, H.-J., 2=0ng, J., Hong, S.W., Lee, C., 2023. Transformation
of microplastics by oxiuative water and wastewater treatment processes: A critical
review. J Hazard Mater 443, 130313.
https://doi.org/1C.10.5/j.jhazmat.2022.130313

Jesse, S.D., Davidsu1, P.C., 2019. Treatment of Post-Hydrothermal Liquefaction
Wastewater (PHWW) for Heavy Metals, Nutrients, and Indicator Pathogens. Water
(Basel) 11, 854. https://doi.org/10.3390/w11040854

Keerthanan, S., Jayasinghe, C., Biswas, J.K., Vithanage, M., 2021. Pharmaceutical and
Personal Care Products (PPCPs) in the environment: Plant uptake, translocation,
bioaccumulation, and human health risks. Crit Rev Environ Sci Technol 51, 1221—
1258. https://doi.org/10.1080/10643389.2020.1753634

Kdck-Schulmeyer, M., Ginebreda, A., Petrovic, M., Giulivo, M., Aznar-Alemany, 0.,
Eljarrat, E., Valle-Sistac, J., Molins-Delgado, D., Diaz-Cruz, M.S., Monllor-Alcaraz,
L.S., Guillem-Argiles, N., Martinez, E., Miren, L. de A., Llorca, M., Farré, M., Pefa,
J.M., Mandaric, L., Pérez, S., Majone, B., Bellin, A., Kalogianni, E., Skoulikidis, N.T.,



Milaci¢, R., Barceld, D., 2021. Priority and emerging organic microcontaminants in
three Mediterranean river basins: Occurrence, spatial distribution, and identification
of river basin specific pollutants. Science of the Total Environment 754.
https://doi.org/10.1016/j.scitotenv.2020.142344

Kreuzinger, N., Murphy, D., Greene, E., 2020. Continuous increase of CECs in the
anthroposphere as a stressor for water resources - Stakeholder Brief [WWW
Document]. Water Joint Programming Initiative Knowledge Hub on Contaminants
of Emerging Concern. URL http://www.waterjpi.eu/implementation/thematic-
activities/water-jpi-knowledge-hub-1/jpi-khcec_january_2020_stakeholderbrief.pdf
(accessed 2.22.23).

Kroes, R., Renwick, A.G., Cheeseman, M., Kleiner, J., "Mai.1elsdorf, ., Piersma, A.,
Schilter, B., Schlatter, J., van Schothorst, F., Yuco J.G., Wirtzen, G., 2004.
Structure-based thresholds of toxicological conc+rn \7 C): guidance for application
to substances present at low levels in the diet. Fhod and Chemical Toxicology 42,
65—83. https://doi.org/10.1016/j.fct.2003.08.0J6

Li, Y., Zhang, L., Liu, X., Ding, J., 2019. Ra " 10 and prioritizing pharmaceuticals in the
aquatic environment of China. Sr.e, ce »f The Total Environment 658, 333-342.
https://doi.org/10.1016/j.scitotenv.."118.12.048

Lyu, S., Chen, W., Qian, J., Wen X., Xu, J., 2019. Prioritizing environmental risks of
pharmaceuticals and person: | r.are products in reclaimed water on urban green
space in Beijing. Scence of The Total Environment 697, 133850.
https://doi.org/10.1013/j._~itotenv.2019.133850

Malchi, T., Maor, Y., Ci.~tew, B., 2015. Comments on “Human health risk assessment
of pharmace.u-~ai. 2nd personal care products in plant tissue due to biosolids and
manure amer Jments, and wastewater irrigation.” Environ Int.
https://doi.org/10.1016/j.envint.2015.03.014

Mufioz, I., Gomez-Ramos, M.J., Aglera, A., Fernandez-Alba, A.R., Garcia-Reyes, J.F.,
Molina-Diaz, A., 2009. Chemical evaluation of contaminants in wastewater effluents
and the environmental risk of reusing effluents in agriculture. TrAC Trends in
Analytical Chemistry 28, 676—694. https://doi.org/10.1016/j.trac.2009.03.007

Mufioz, I., José Gomez, M., Molina-Diaz, A., Huijbregts, M.A.J., Fernandez-Alba, A.R.,
Garcia-Calvo, E., 2008. Ranking potential impacts of priority and emerging
pollutants in urban wastewater through life cycle impact assessment. Chemosphere
74, 37-44. https://doi.org/10.1016/j.chemosphere.2008.09.029



Narain-Ford, D.M., Bartholomeus, R.P., Dekker, S.C., van Wezel, A.P., 2020. Natural
Purification Through Soils: Risks and Opportunities of Sewage Effluent Reuse in
Sub-surface Irrigation, in: Reviews of Environmental Contamination and Toxicology.
Springer, pp. 85-117. https://doi.org/10.1007/398_2020_49

National Cancer Institute, 2014. Usual Dietary Intakes: Food Intakes, U.S. Population,
2007-10 [WWW Document]. Epidemiology and Genomics Research Program
website. URL https://epi.grants.cancer.gov/diet/usualintakes/national-data-usual-
dietary-intakes-2007-to-2010.pdf (accessed 2.22.23).

Pastorino, P., Ginebreda, A., 2021. Contaminants of Emerging Concern (CECs):
Occurrence and Fate in Aquatic Ecosystems. Int J Env’son Res Public Health 18,
13401. https://doi.org/10.3390/ijerph182413401

Patlewicz, G., Jeliazkova, N., Safford, R.J., Worth A. ., Aleksiev, B., 2008. An
evaluation of the implementation of the Cramer c.>ssification scheme in the Toxtree
software. SAR QSAR Envircn Res 19, 495-524,
https://doi.org/10.1080/10629360802083R71

Pistocchi, A., Alygizakis, N.A., Brack, W., Rixa.., A., Cousins, I.T., Drewes, J.E., Finckh,
S., Gallé, T., Launay, M.A., McL#.chli n, M.S., Petrovic, M., Schulze, T., Slobodnik,
J., Ternes, T., van Wezel, A., Ven.~chi, P., Whalley, C., 2022. European scale
assessment of the potential of o.~nation and activated carbon treatment to reduce
micropollutant emissions with wastewater. Science of The Total Environment 848,
157124. https://doi.org/1.C 1016/j.scitotenv.2022.157124

Prata, J.C., 2022. A One r.~anh perspective on water contaminants. Water Emerging
Contaminants & Mcoopiastics 1, 15. https://doi.org/10.20517/wecn.2022.14

Prosser, R.S., Sibley, 2.K., 2015. Human health risk assessment of pharmaceuticals and
personal care products in plant tissue due to biosolids and manure amendments,
and wastewater irrigation. Environ Int 75, 223-233.
https://doi.org/10.1016/j.envint.2014.11.020

Revitt, D.M., Lundy, L., Fatta-Kassinos, D., 2021. Development of a qualitative approach
to assessing risks associated with the use of treated wastewater in agricultural
irrigation. J Hazard Mater 406, 124286.
https://doi.org/10.1016/j.jhazmat.2020.124286

Shi, Q., Xiong, Y., Kaur, P., Sy, N.D., Gan, J., 2022. Contaminants of emerging concerns
in recycled water: Fate and risks in agroecosystems. Science of The Total
Environment 814, 152527. https://doi.org/10.1016/j.scitotenv.2021.152527



Simlnek, J., Genuchten, M.Th., Sejna, M., 2016. Recent Developments and
Applications of the HYDRUS Computer Software Packages. Vadose Zone Journal
15, 1-25. https://doi.org/10.2136/vzj2016.04.0033

Slobodnik, J., Mrafkova, L., Carere, M., Ferrara, F., Pennelli, B., Schidrmann, G., von
der Ohe, P.C., 2012. Identification of river basin specific pollutants and derivation
of environmental quality standards: A case study in the Slovak Republic. TrAC
Trends in Analytical Chemistry 41, 133-145.
https://doi.org/10.1016/j.trac.2012.08.008

Sousa, J.C.G., Ribeiro, A.R., Barbosa, M.O., Pereira, M.F.R., Silva, AM.T., 2018. A
review on environmental monitoring of water organic -ollutants identified by EU
guidelines. J Hazard Mater 344, 146-162.
https://doi.org/10.1016/j.jhazmat.2017.09.058

Tousova, Z., Oswald, P., Slobodnik, J., Blaha, L., Mu~. M., Hu, M., Brack, W., Krauss,
M., di Paolo, C., Tarcai, Z., Seiler, T.-B., Yol :rt, H., Koprivica, S., Ahel, M.,
Schollée, J.E., Hollender, J., Suter, M.J.-F., didasi, A.O., Schirmer, K., Sonavane,
M., Ait-Aissa, S., Creusot, N., Brion, F., ~rrment, J., Almeida, A.C., Thomas, K.,
Tollefsen, K.E., Tufi, S., Ouyang A LJonards, P., Lamoree, M., Torrens, V.O.,
Kolkman, A., Schriks, M., Spirhanz. va, P., Tindall, A., Schulze, T., 2017. European
demonstration program on u.~ effect-based and chemical identification and
monitoring of organic pollute n’s .« European surface waters. Science of The Total
Environment 601-602, 1149- 1868. https://doi.org/10.1016/j.scitotenv.2017.06.032

Trapp, S., 2009. Bioaccumu.~tion of Polar and lonizable Compounds in Plants, in:
Devillers, J. (Ed.). C~c.oxicology Modeling. Emerging Topics in Ecotoxicology.
Springer, Boston, MA, pp. 299-353. https://doi.org/10.1007/978-1-4419-0197-2_11

Trapp, S., 2004. Pler. uptake and transport models for neutral and ionic chemicals.
Environmental Science and Pollution Research 11, 33-39.
https://doi.org/10.1065/espr2003.08.169

Trapp, S., Horobin, R.W., 2005. A predictive model for the selective accumulation of
chemicals in tumor cells. European Biophysics Journal 34, 959-966.
https://doi.org/10.1007/s00249-005-0472-1

UNEP, 2017. Frontiers 2017 - Emerging Issues Of Environmental Concern. United
Nations Environment Programme, Nairobi. [WWW Document]. URL
https://www.unep.org/resources/frontiers-2017-emerging-issues-environmental-

concern (accessed 2.22.23).



United Nations A/RES/70/1, 2015. Resolution adopted by the General Assembly on 25
September 2015. Transforming our world: the 2030 Agenda for Sustainable
Development www Document]. URL https://documents-dds-
ny.un.org/doc/lUNDOC/GEN/N15/291/89/PDF/N1529189.pdf?OpenElement
(accessed 2.22.23).

Venditti, S., Kiesch, A., Brunhoferova, H., Schlienz, M., Knerr, H., Dittmer, U., Hansen,
J., 2022. Assessing the impact of micropollutant mitigation measures using vertical
flow constructed wetlands for municipal wastewater catchments in the greater
region: a reference case for rural areas. Water Science and Technology 86, 128—
141. https://doi.org/10.2166/wst.2022.191

Verlicchi, P., al Aukidy, M., Zambello, E., 2012. Occ.un >nce of pharmaceutical
compounds in urban wastewater: Removal, mass 'ua and environmental risk after
a secondary treatment—A review. Science of Th«* Tuwal Environment 429, 123-155.
https://doi.org/10.1016/j.scitotenv.2012.04.023

Verlicchi, P., Galletti, A., Petrovic, M., Barcel6. I., Al Aukidy, M., Zambello, E., 2013.
Removal of selected pharmaceuticals 1.-/m domestic wastewater in an activated
sludge system followed by a hor’.utar subsurface flow bed — Analysis of their
respective contributions. Science “f The Total Environment 454-455, 411-425.
https://doi.org/10.1016/j.scitote, *.2013.03.044

Verlicchi, P., Grillini, V., Lacasa. E. A cher, E., Krzeminski, P., Gomes, A.l., Vilar, V.J.P.,
Rodrigo, M.A., Gabler, .1., Schafer, L., 2023. Selection of indicator contaminants of
emerging concern whei. reusing reclaimed water for irrigation — A proposed
methodology. Scienc2 of  The  Total Environment 873, 162359.
https://doi.ore /16 107 3/j.scitotenv.2023.162359

Verlicchi, P., Zambe!l~, E., 2014. How efficient are constructed wetlands in removing
pharmaceuticals from untreated and treated urban wastewaters? A review. Science
of The Total Environment 470-471, 1281-1306.
https://doi.org/10.1016/j.scitotenv.2013.10.085

Vezzaro, L., Benedetti, L., Gevaert, V., de Keyser, W., Verdonck, F., de Baets, B.,
Nopens, ., Cloutier, F., Vanrolleghem, P.A., Mikkelsen, P.S., 2014. A model library
for dynamic transport and fate of micropollutants in integrated urban wastewater
and stormwater systems. Environmental Modelling & Software 53, 98-111.
https://doi.org/10.1016/j.envsoft.2013.11.010

von der Ohe, P.C., Dulio, V., Slobodnik, J., de Deckere, E., Kiihne, R., Ebert, R.-U.,
Ginebreda, A., de Cooman, W., Schitrmann, G., Brack, W., 2011. A new risk



assessment approach for the prioritization of 500 classical and emerging organic
microcontaminants as potential river basin specific pollutants under the European
Water Framework Directive. Science of The Total Environment 409, 2064—2077.
https://doi.org/10.1016/j.scitotenv.2011.01.054

Wang, M., Peng, C., Chen, W., Markert, B., 2013. Ecological risks of polycyclic musk in
soils irrigated with reclaimed municipal wastewater. Ecotoxicol Environ Saf 97, 242—
247. https://doi.org/10.1016/j.ecoenv.2013.07.032

FIGURES - CAPTIONS

Figure 1. Overview of the variables selected for the uific:znt compartments (water and
soil) and targets (humans and terrestrial animals) .~ \ne quantitative methodologies
under review for the prioritization of CECs when rncio'med water is reused for irrigation
(Mufioz et al., 2009; Lyu et al., 2019; Delli Corap achiet al., 2020). Legend: PEC = Predicted
Environmental Concentration; PNEC = Predict. 1 No-Effect Concentration; Q = total emission in

air; Crw = concentration in the edible part  th': crop; TTC = Threshold of Toxicological Concern;

EDI = Estimated Daily Intake; ADI = Admissiu. > Daily Intake.

Figure 2. Overview of the c.'teria assumed in the different methodologies for CEC
prioritization in reclaimed 'vawcr used for irrigation (Mufioz et al., 2009; Lyu et al., 2019;
Delli Compagni et al., 20.M. _egend: RQ = Risk Quotient; E = effect value; Q = total emission
in air; Mcrop = maximun adrittable daily amount of edible crop; HQ = Hazard Quotient; HI =

Hazard Index

Figure 3. Priority lists of CECs established in each case study, using the three
guantitative methodologies (Mufioz et al., 2009; Lyu et al., 2019; Delli Compagni et al.,
2020) to prioritize CECs in reclaimed water used for irrigation. The CECs are ranked in

descending order according to the specific criteria.



Figure 4. Conceptual framework for the prioritization of CECs in reclaimed water used
for irrigation in agriculture showing the different priority levels. Adapted from Fu et al.
(2019). Legend: Crww concentration in treated wastewater, Csoil concentration in soil, Cporewater
water concentration in soil pores, Ka.soil Solid-water partition coefficient, Kq,root SOlid-water partition

for the root, kroot uptake into the root, kians translocation into the plant, and kmet in-plant metabolism.

Figure 5. Framework of the procedure suggested by Revitt et al. (2021) for CEC

prioritization in the context of the reuse of reclaimed water.

Figure 6. Framework of the methodology developed by Verlicohi et al. (2023) to identify
the priority organic and microbial CECs for the evaluaticn o the polishing treatment

performance, the risk for soil and water and the accum ilati n in the crop.



TABLES

Table 1. Preselected CECs in the WWTP effluents in the different case studies.

r

<

Case A: Case B: El Beijing Milan
Alcala Ejido
) (China) (Italy)
de Henares (Spain)
(Spain)
Mufoz et al., Mufoz .+ al, Lyu et al., Castiglioni
etal,
2009 200, 2019
2018a,b
CECs Class \'‘2ar concentrations, ng L?
17a-estradiol Hormone - - 18.25 -
17a-ethinylestradiol Hormone - - 38.53 -
170-
Hormone - - 0.07 -
hydroxyprogesterone
17B-estradiol Hormone - - 10.22 -
19-nor-4-androstene-
) Hormone - - 0.09 -
3,17-diol
2,3,7,8-tetrachloro-
dibenzo-p-dioxin Dic «in 0.55 0.5 - -
(2,3,7,8-TCDD)
21 a-
Hormone - - 0.73 -
hydroxyprogesterone
4-n-nonylphenol Surfactant - - 150.56 -
4-tert-Octylphenol Surfactant - - 51.3 -
6a-methyl-
Hormone - - 0.93 -
hydroxyprogesterone
Androstenedione Hormone - - 7.59 -




Androsterone Hormone - - 0.61 -
Atenolol Beta-blocker 4,800 15,000 - -
Benzophenone-3 UV-filter 84 79 - -
Benzyl butyl phthalate | Plasticizer - - 390 -
Bezafibrate Lipid regulator - - 15.27 -
Ei';st(hze;:::aylhexyl) Plasticizer - - 2490.65 -
Bisphenol A Plasticizer - - 34.01 -
Caffeine Stimulant 880 F R0o 160.65 -
Carbamazepine Psychiatric drug 110 Q go 139.85 245
Cd Heavy metal 22 “; 140 - -
Chloramphenicol Antibiotic - / - 12.3 -
Ciprofloxacin Antibiotic T,OOO 710 17.64 -
Citalopram Psychiatric drug - - 3.67 -
Clarithromycin Antibiotic ( - - - 465
Clofibric acid

Lipid re_tlaccr - - 59.71 -
(clofibrate metabolite)
Clozapine Ps;ﬂutric drug - - 20.67 -
Cortisol hurmone - - 0.73 -
Cortisone Hormone - - 0.26 -
Dexamethasone Anti-inflammatory - - 0.01 -
Dibutyl phthalate Plasticizer - - 6559.73 -
Diclofenac Anti-inflammatory 360 1,700 227.86 469
Diethyl phthalate Plasticizer - - 606.44 -
Difloxacin Antibiotic - - 0.2 -




Dimethyl phthalate Plasticizer - - 833.58 -
Dioctyl phthalate Plasticizer - - 788.89 -
Diuron Pesticide 43 450 - -
Enrofloxacin Antibiotic - - 0.55 -
Erythromycin Antibiotic 890 570 268.48 -
Estriol Hormone - - 13.47 -
Estrone Hormone - - 26.88 5.6
Fenofibric acid
(fenofibrate Lipid regulator 4,700 i, M0u - -
metabolite)
Fleroxacin Antibiotic - ( ) - 8.86 -
Fluoxetine Psychiatric drug 27) 77 - -
Furosemide Diuretic - - - 554
Galaxolide Synthetic musk .,800 8,300 827 -
-
Gemfibrozil Lipid regulator | 1,000 6,800 65.3 -
Hexachlorobenzene Pesticide \ 140 10 - -
Hg Heax s mg“! 390 n.d. - -
Hydrochlorothiazide Dld_etif, 1,800 3,000 - -
Ibuprofen Auiti-inflammatory 540 4,700 - 59.8
Indomethacine Anti-inflammatory - - 49.4 -
Josamycin Antibiotic - - 0.81 -
Ketoprofen Anti-inflammatory - - 76.83 -
Lindane Pesticide 2.1 8.3 - -
Lomefloxacin Antibiotic - - 25.11 -
Medroxyprogesterone Hormone ) ) 0.33 )
acetate




Mefenamic acid Anti-inflammatory - - 23.95 -
Megestrol acetate Hormone - - 0.19 -
Metoprolol Beta-blocker - - 149.43 -
N,N-diethyl-meta- .
. Pesticide - - 422.12 -
toluamide (DEET)
N-acetyl-4-amino-
antipyrine (4-AAA) | Anti-inflammatory 4,200 12,000 - -
(dipyrone metabolite)
Nalidixic acid Antibiotic - - 65 -
Ni Heavy Metal 21,000 0 - -
Norfloxacin Antibiotic - - 87.12 -
Ofloxacin Antibiotic - - 568.9 -
Paracetamol Anti-inflammatory - - - 22.6
Pb Heavy metal 390 1,700 - -
Pentabromodiphenyl Polybromodipheny
0.25 n.d. - -
ether ether
Perfluorooctane
PFOS - - - 6.9
sulfonate
Perfluorooctanoic acid | P."OA - - - 12.2
Prednisolone F'-/mone - - 0.48 -
Prednisone Hormone - - 0.01 -
Progesterone Hormone - - 14 -
Propranolol Beta-blocker - - 4.85 -
Roxithromycin Antibiotic - - 149.78 -
Spiramycin Antibiotic - - 5.47 -
Sulfadiazine Antibiotic - - 227.53 -




Sulfamerazine Antibiotic - - 18.37 -
Sulfamethazine Antibiotic - - 4.96 -
Sulfamethoxazole Antibiotic 180 550 719.49 74.7
Sulfapyridine Antibiotic - - 202.31 -
Sulpiride Psychiatric drug - - 107.13 -
Testosterone Hormone - - 0.79 -
Tetrabromodiphenyl | Polybromodiphenyl
1.2 0.2 - -
ether ether
Tonalid Synthetic musk 290 9 109.17 -
Triclosan Antiseptic 340 310 - 240
) ] Anti-Parkinson

Trihexyphenidyl - - 0.27 -

drug
Trimethoprim Antibiotic - - 313.31 -
Tylosin tartrate Antibiotic - - 1.11 -

-

Number of selected CECs 27 27 67 13

“- = CEC not included in the £-lectiLn of the case study; n.d. = not detected.
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Table 2. Individual scores for the different scenarios of each key variable defining the likelihood of occurrence and the magnitude of impact according
to Revitt et al. (2021).

Magnitude of impact

Key variables

Score CECs " | CECs Addition  of
meaning | treated bioavailability/ biosolids/
wastév ‘aw: | pjpaccessibility in | manure to soil
’ LY soil and ploughing
Q” N\
= Tertiary
(low formation of
transformation
products)
|
= Tertiary
Rare (transformation . F -ocess . Biosolids/
(ack . products Lecdown = Drip Very low - Limited movement | composted
ac [0}
. formation) . . S i
evidence but | © RUral (CEC degradation | " Sub- | (not available | * < 100 » Limited availability | @nimal manure
not = Secondary into non-toxic | Surface for uptake) for uptake application + no
impossible) (membrane daughter products) ploughing
bioreactors)
= Secondary
(filter
beds/activated
sludge)




= Tertiary

(transformation
products
formation) * No process . Biosolids/
Unlikel = Surface Low .
y N - Secondary breakdown > 100 Ready movement composted
* Municipal kel to b "= .
(uncommon o (membrane (or CEC | = Spray/ (uniikely to be - Limited availability | @nimal manure
but known to | (residential sources) . degradation into available for | < 1,000 licati
bioreactors) : sprinkler for uptake application +
occur) toxic daughter uptake) loughi
ougnin
= Secondary products) PIOHININg
(filter
beds/activated
sludge) |
. = Secondar
* Municipal 4
(residential ) (membrane Medium . Animal
. residential sources ol imi
Possible bioreactors) . >1.000 Limited movement | manure
= Municipal ma be ’ I icati
(may  occur P = Secondary ¢ Tbl o | <10.000 « Ready availability | @Pplication  +
available for | <10, .
sometimes) | (industrial/hospital , for uptake ploughing or no
ith on-site (filter uptake) | h
sources wi -
beds/activated ploughing
treatment)
sludge)
= Municipal
residential sources) | = S d = No biosolids/
Likely ( ) econdary High = Ready movement
Municipal (fitter 10.000 animal - manure
" . > . .
expected to available for ’ = Ready availability —
(©xp beds/activated ¢ application +
occur) (industrial/hospital uptake) for uptake i
sludge) ploughing

sources with on-site

treatment)
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= Municipal

(industrial/hospital
sources without on-
site treatment)




Table 3. Rules for rescaling the Discrete Score to the Integrated Score for the likelihood of
occurrence and the magnitude of impact according to Revitt et al. (2021).

Discrete Score | Integrated Score
1-6 1
7-16 2
17-36 3
37-64 4

Table 4. Score assigned to the four criteria of the OPBT me hoc ology according to Verlicchi et al.
(2023).

S Occurr_ence (@] Persistence P Bnac: umulation B Toxicity T
| Concentration ¢ (ng/L) Removal R (%) _Log Kow PNECwater (1g/L)
1 c<50 R >80 ; Log Kaw <1 PNECwater > 100
2 50 <c <100 60<R<80  [71<LlogKow<2 10 < PNECuwater < 100
3 100 < c <500 40<R<=<6" 2<Log Kow<3 1 < PNECwater £ 10
4 500 < ¢ < 1000 20<R<«0  |3<LogKow<45 0.1 < PNECwater < 1
c 21000 R <20 Log Kow 2 4.5 PNECwater < 0.1
5 No value available No valu. available | No value available No value available

Table 5. List of selected organic anu microbial CECs for the reuse project by Verlicchi et al. (2023).

Sub-selected lists of CECs

Selected CECs for the ev.!"ta..un of

po”shing treatment pveorr lance SO|| riSk ACCUmUIation in Water riSk
assessment crops assessment
Amoxicillin Amoxicillin Amoxicillin
Azithromycin Azithromycin Azithromycin

Bezafibrate

Bisoprolol

Bisphenol A Bisphenol A

Carbamazepine

Carbamazepine 10,11 epoxide (metabolite)

Ciprofloxacin Ciprofloxacin Ciprofloxacin
Clarithromycin Clarithromycin

Diclofenac Diclofenac
Erythromycin Erythromycin Erythromycin

Furosemide

Gemfibrozil Gemfibrozil




Ibuprofen Ibuprofen Ibuprofen
lopromide lopromide

Irbesartan

Nonylphenol Nonylphenol

Oxazepam

Perfluorooctane sulfonic acid (PFOS) PFOS PFOS PFOS

Sulfamethoxazole

Sulfamethoxazole

Tetracycline

Tetracycline

Tetracycline

Tramadol

Trimethoprim

Valsartan

Venlafaxine

Escherichia coli

Fecal coliforms

16S rRNA

sull

sul2




Table 6. Strengths and weaknesses of the different methodologies.

Methodology

Strengths

Weaknesses

area irrigation

(related to the amount of CECs in the
air).

3. The model assigns the same weight
to the score of the three effect values
(referring to soil, groundwater, and
air). Itis possible to change the weight
if the contributions have a different
relevance.

4. The study carried out an uncertainty
analysis.

Munoz et | 1. The methodology is easy to apply, | 1. PECs for soil and for oral
once the values of the different | predator are estimated
al.,2009 variables are known. according to the equations
2. Regarding the environmental risk | Suggested by EC  and
assessment, the methodology takes | EUropean Chemicals
- into account the simplified soil-food | BUreau  (2003)  which
Alm: chain provided by the oral predators | Contain many  variables.
agricultural and the earthworms. In earthworms, | S0me of them could be
o which represent the food for the | difficult to estimate and
irrigation predators, CECs may accumulate in Ilt?rature values could be
the tissues or may be in the gut due to | &.“Pted. The —uncertainty
the ingested soil where CECs may be | 2fet™ng  the  selected
present. valp 3s depends on the
v.iable and the source
L -oviding its value.
2. Human health risk is not
considered.
3. CEC toxicity data, half-life
in soil, Koc may be obtained
from experimental
investigations and/or model
estimations. Uncertainties
affecting the corresponding
values depend on the
source and may be very
different.
4. The methodology does
not account for the CECs
which may accumulate in
the crops.
Lyu et al., |1 The nrcposed methodology takes | 1. It is not clear how the
into co: siderations the effects of the | amount of CECs into air due
2019 ~=C2 ~ceurring in the water, soil, and | to  volatilization (Q2) is
air. evaluated.
2. the risk posed by the CECs is | 2. The methodology is
- evaluated with respect to the | appliedto the case of China.
AIm:  green | environment and the human health | It should be difficult to apply

it to other areas as many
data are requested and they
are not easy to find.

3. Toxicity data for human
health were not included in
this study due to the paucity
of CECs intake by dermal
contact, hand-to-mouth
transfer, and breathing.

4. The uncertainty analysis
points out that the values of
CEC properties obtained by
EPI Suite and toxicity data
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obtained by ECOSAR
increase the uncertainty of
the results.

5. If the same methodology
is applied for the CECs
selection in the case of the
reuse in agriculture, it does
not account for the CECs
which may accumulate in
the crops.

Delli 1. The fate of the CECs in the soil is | 1. TWW are released into a
_ well modelled, as well as the | dedicated open-air channel
Compagni et | translocation in the plant tissues. and conveyed to the
al., 2020 2. The risk assessment for the human | ifigation field. In the case of
health is evaluated following two | " e€vent, the channel
approaches: TTC from one side and | Shou: receive land runoff
EDI/ADI from the other side. By | 20 ts quality may change.
Aim: means of TTC, it is possible to asses. | 2. 1he CEC selection should
_ the risk for not well investigated CECs ‘ ke different in the case of a
agricultural 3. The methodology can assess u.~» | TWW conveyed to the field
irrigation risk due to the CEC cocktail cor aincd | {0 irrigate by ~a  pipe
in the crops daily ingested. (Undﬂgfour};d) '”Sre"’(‘jd of a{n
4, The_ model includes an u..ferte}inty g%i?eanl{ ¢ anrt])(ieotic/:lgiotig
analysis of the CEC con~znt ations processes occurring on the
and transformation rces in the way to the field.
channel and a sencitiv ty cnalysis in o
order to evaluate v.:hish parameters | 3: The channel is divided
mostly affect the results. into segments depicted as
continuous  stirred  tank
reactors. This simplification
does not take into account
the real and complex
scenario.
4. CEC concentrations in
soil and crops depend on
many parameters,
according to the uncertainty
and sensitivity analysis
carried out by the study. Not
always these parameters
may be obtained from in situ
investigations, and they
instead come from
literature, thus contributing
in the uncertainties of the
results.
Fuetal., 2019 | 1. The study includes an in-depth | 1. It is still at a conceptual

description of the main steps to focus
on the identification of priority CECs
and in the missing information to
develop them.

2. The model suggests accounting for
CEC metabolites/transformation
products during the degradation
process once the CECs reach the soil

stage and does not provide
the resulting short list of
CECs for a specific study
area.

2. The selection is based on
the CEC bioaccumulation
potential in crops and does
not account for the
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Aim: with the irrigation water and once in | environmental risk
. the crops. (regarding the soil and the
agricultural
o 3. It proposes a procedure to assess | Water ecosystems).
Irrigation the human risks due to the ingested
edible parts of the crops.
Revitt et al., | 1. It underlines that the list of priority | 1. The methodology is still at
CECs must be considered a dynamic | a conceptual stage, and the
2021 list, to be updated over time and | authors do not provide a
space. short list of CECs referring
2. It accounts for potential CEC | !0 @ specific case study.
- transformation products during the | 2. The definition of the
Alm: tertiary treatment, the treated effluent | priority list will be the result
agricultural storage and the distribution system. of the combination of data
L and expert’s judgement and
Irrgation th.< it might change
z.ooniing to the expert's
apin ons.
<« The methodology does
v,0t investigate the types of
transformation products, but
it limits the analysis to a
gualitative step, by
assigning a different score
in the case they are
expected to be present or
not.
4. The methodology limits
the attention to the
bioavailability of CECs in the
soil and does not account
for soil and water risk.
5. Moreover it does not
evaluate the CEC
bioaccumulation in crops
and thus the consequent
human risks due to crop
ingestion.
Verlicchi et | 1. It includes ARB and ARGs and | 1. It does not consider the
metabolites products among the | human risk assessment, but
al., 2023 priority CECs. only the (potential) CEC
2. The occurrence of the CEC is | @ccumulation in the crops.
related to the (maximum) measured | 2. The methodology does
- concentrations (composite samples) | not consider the frequency
Alm: and not on the predicted | of occurrence in the study
agricultural concentrations in the study area. area to discriminate among
imigation 3. The model assigns the same weight | e potential CECs.

to the score of the four categories
(occurrence, persistence,
bioaccumulation and toxicity). It is
possible to change the weight if the
contributions have a different
relevance.

3. The CEC environmental
risk (for soil or water
ecosystems) is associated
to the CEC toxicity (PNEC in
soil or water) and not to the
corresponding CEC RQ that
is the ratio between the
environmental
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concentration (in soil or
water) and the PNEC (in soil
or water) of a compound.
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Effluent

adequate
WWTP /\/\/\ for reuse
e ilim purposes

Direct reuse for irrigation )

Need to draw up a short list of CECs @
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Highlights

Representative CECs in the case of reclaimed water reuse projects for irrigation
Overview of available approaches for selecting CECs in reuse projects for irrigation
Comparison among the variables and correlations in the quantitative approaches
Comparison of the logical frameworks in the overviewed qualitative methodologies

Antibiotics are the CECs common in all the final lists.
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