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Table 5
Relevant studies used to derive QSs for the different protection objectives. fw = freshwater; sw = saltwater (marine, coastal and transitional waters).

Relevant study for derivation AF QSbiota BCF BMF QSwater Reference

PFOA
MAC-EQS HC5 of the LC(E)50 SSD

function: 22.2 mg L−1
5 (fw) 2220 �g L−1 (fw)

50 (sw) 450 �g L−1 (sw)
AA-QS mesocosm study on Pimephales

promelas (39d); NOEC:
0.3 mg L−1

10 (fw) 30 �g L−1 (fw) [11]

100 (sw) 3 �g L−1 (sw)
QSbiota,secpois LOAEL (mice):

0.01 mg kg−1
bwd−1

90 0.9 �g kg−1
fw,biotaww 9.4 L kg−1 BMF1: 1 0.1 �g L−1 (QSfw,biota,secpois) [24–26]

bw/DFI: 8.3 kgbw d kg−1 0.18 �g kg−1
sw,biotaww BMF2: 5 0.02 �g L−1 (QSsw,biota,secpois)

NOEC: 0.083 mg kg−1

QSbiota,hh BMDL10 (rats and mice):
0.3 mg kg−1

bwd−1
200 91 �g kg−1

biotaww 9.4 L kg−1 BMF1: 1 9.7 �g L−1 (QSfw,biota,hh) [22,37]

TDI: 1.5 �g kg−1
bw d−1 BMF2: 5 1.9 �g L−1 (QSsw,biota,hh)

PFBA
MAC-EQS Brachionus calyciflorus 24 h 100 (fw) 1100 �g L−1 (fw) [8]

LC50: 110 mg L−1 1000 (sw) 110 �g L−1 (sw)
AA-QS Brachionus calyciflorus 24 h 1000 (fw) 110 �g L−1 (fw) [8]

LC50: 110 mg L−1 10000 (sw) 11 �g L−1 (sw)
QSbiota,secpois NOAEL(rat): 6 mg kg−1

bwd−1 300 200a �g kg−1
biotaww [32]

bw/DFI: 10 kgbw d kg−1

NOEC: 60 mg kg−1

PFPeA
MAC-EQS Pimephales promelas 96 h 10 (fw) 3180 �g L−1 (fw) [9]

LC50: 31.8 mg L−1 100 (sw) 318 �g L−1 (sw)
AA-QS Pimephales promelas 96 h 1000 (fw) 32 �g L−1 (fw) [9]

LC50: 31.8 mg L−1 10000 (sw) 3.2 �g L−1 (sw)
PFHxA
QSbiota,secpois NOAEL(rat): 20 mg kg−1

bwd−1 90 4444a �g kg−1
biotaww [33]

bw/DFI: 20 kgbw d kg−1

NOEC: 400 mg kg−1

PFBS
MAC-EQS Mysidopsis bahia 96 h 100 (fw) 3720 �g L−1 (fw) [10]

EC50: 372 mg L−1 1000 (sw) 372 �g L−1 (sw)
AA-QS Mysidopsis bahia 96 h 1000 (fw) 372 �g L−1 (fw) [10]

EC50: 372 mg L−1 10000 (sw) 37 �g L−1 (sw)
QSbiota,secpois NOAEL(rat): 60 mg kg−1

bw d−1 90 13333a �g kg−1
biotaww [34]

bw/DFI: 20 kgbw d kg−1

NOEC: 1200 mg kg−1

a just as Quality Criteria (QC).
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data of saltwater aquatic organisms are available, therefore the
hazard assessment is based on the freshwater toxicological data.
Although chronic data are available for a number of species, the
range of taxonomic groups covered is insufficient to enable the use
of SSD, and the assessment factor approach is therefore used to
derive the AA-QS.

The most sensitive species in acute tests (the marine fish Psetta
maxima) has not an L(E)C50 value lower than the lowest long term
value (e.g. EC10 or NOEC) and long-term toxicity data for species
from three trophic levels of the base set (algae, crustacean and fish)
are available. In such a case an assessment factor of 10 is applied to
the lowest long-term concentration (TGD-EQS).

The lowest chronic toxicological value, from the long-term tox-
icity dataset, has been reported for a mesocosm study on fish
Pimephales promelas (39d NOEC 0.3 mg L−1) [11]. When there is
only a single model ecosystem study, as in this case, an assess-
ment factor of 5 is recommended (TGD-EQS). Moreover as effects
are seen on male plasma concentrations, and it is uncertain which
might be the effect on population, a AF of 2 was further applied.
Applying the resulting AF of 10 to the NOEC of 0.3 mg L−1, an AA-
QS for the freshwater environment of 0.030 mg L−1 is obtained
(Table 5).

According to TGD-EQS, no additional chronic toxicological data
for saltwater aquatic organisms are available and therefore the
QSsw,eco can be derived by using the freshwater toxicological
data with an extra assessment factor of 10 (TGD-EQS), obtain-
ing an AA-QS for the saltwater environment of 0.003 mg L−1

(Table 5).

3.2.4. AA-QSwater, eco for SC-PFAA
When only short-term toxicity data are available for at least

algae, invertebrates and fish, as in the case of PFBA and PFPeA, an
assessment factor of 1000 is applied to the lowest L(E)C50 value of
the relevant data (TGD-EQS). The relevant L(E)C50 values are the
same as those used to derive MAC-QS (Table 2) and the application
of a AF = 1000 results in the following AA-QSfw,eco: 0.11 mg L−1 for
PFBA and 0.32 mg L−1 for PFPeA in freshwater (Table 5). Because
insufficient data are available for additional marine taxonomic
groups, an additional factor of 10 is applied, giving an AA-QSsw,eco of
0.011 mg L−1 for PFBA, of 0.032 mg L−1 for PFPeA and 0.14 mg L−1 for
PFHxA in saltwater environments (Table 5). For PFHxA insufficient
data cannot support a robust standard derivation.

In the case of PFBS, one chronic toxicity value is available in
a study on reproduction of the freshwater invertebrate Daphnia
magna [10] (Table 4). However the algal growth inhibition test of
the acute base set (Table 3) is, in principle, a multigeneration test
and the NOEC from this test may be used as an additional NOEC
to support long term NOECs of species of a further trophic level
(TGD-EQS). Including the NOEC for the study on algae inhibition,
the log-term toxicity dataset for PFBS comprises two taxonomic
groups (algae and crustacean) and the lowest reliable chronic tox-
icity study from the available dataset for PFBS is a reproduction
study on the freshwater invertebrate Daphnia magna (21d NOEC
502 mg L−1) [10]. But this NOEC is higher than the lowest acute
effect concentration (96 h EC50 372 mg L−1 for Mysidopsis bahia)
[10]. In such cases the QS might be derived by using an assess-
ment factor of 100 to the lowest L(E)C50 of the short-term tests: the
derived AA-QSwater,eco would result equal to the calculated MAC-
QSwater,eco, so an AF of 1000 is preferred (TGD-EQS). By applying the
latter AF to EC50 of 372 mg L−1 for Mysidopsis bahia, an AA-QS for
the freshwater environment of 0.372 mg L−1 is derived (Table 5).
No long-term toxicity data is available for additional marine tax-
onomic group and therefore an additional factor of 10 is applied,
giving an AA-QSsw,eco of 0.037 mg L−1 (Table 5).

3.3. Derivation of QS to protect benthic (sediment dwelling)
species

According to TGD-EQS, the general criteria for triggering the
development of a QSsediment include log Koc and log Kow proper-
ties, toxicity to benthic organisms and evidence of accumulation in
sediment.

As many perfluorocarboxylic acids are hydrophobic and
lipophobic at the same time, they tend to form three immiscible
layers when they are added to an octanol-water system. Thus, it
is impossible to directly determine their Kow values using ‘regular’
methods that are common for organic chemicals[12]. Experimental
Kow and Koc data for perfluorocarboxylic acids are therefore scarce
[13] and values should have to be calculated by models, even if
none of them (e.g., EPISuite) have training sets that include this
class of substances. Furthermore, the concept of Kow for PFAA has
essentially no meaning or use in an environmental context since in
the range of relevant environmental pH values most of the PFAAs
will exist as the dissociated anion and not the neutral form of the
substance.

No data on the toxicity of any PFAA on sediment dwelling organ-
isms are available and therefore it is not possible to determine
whether any PFAA has a toxic impact on benthic organisms.

The final criterion relates to evidence of accumulation in sed-
iments. Ksed-water values of all compounds of interest are lower
than those measured for legacy POPs such as chlorinated pesticides
and are very variable depending on the sediment characteristics
(SM1–SM5). Also concentrations data on sediment are very vari-
able depending on the environment, the sediment characteristics
and the site-specific pollutant pressures.

3.3.1. QSsediment PFOA
Experimental Kow data for PFOA are reported in [13]. Log Kows

for PFOA, ranging from 4.30 to 6.30 [7,14,15], fulfil the criteria for
triggering a QSsediment according to TGD-EQS. Reported log Koc val-
ues range from 1.9 to 4. The upper limit value, which overcomes the
threshold of 3 recommended by the TGD-EQS, has been obtained
in a bank filtration experiment with a sandy sediment which is not
really representative of the river bed sediment. Nevertheless the
use of log Koc as the key parameter of the adsorption mechanism
could not be valid for this substance: in fact the sorption of PFOA at
near neutral pH is controlled by the electrostatic sorption on ferric
oxide minerals, and not by the sorption to organic carbon [16].

From PFOA dossier (SM1), maximum concentration (7 ng g−1

dw) in European freshwater sediments was measured downstream
a fluoropolymer plant. Transitional sediments reached 48 ng g−1

dw in some estuarial zones, but freshwater and coastal sediments
were generally <1 ng g−1 dw. From these data we can conclude
that the accumulation of PFOA in sediment is limited. Neverthe-
less, based on the above it is felt that insufficient information is
available to support a decision to derive a QSsediment for PFOA.

3.3.2. QSsediment SC-PFAA
The criteria for triggering a QSsediment (log Kow >3) is only par-

tially fulfilled for the SC-PFAA under study. Experimental and
modelled log Kows are variable and range from −0.52 to 2.82 for
PFBA, from 0.09 to 3.43 for PFPeA, from 0.70 to 4.37 for PFHxA and
from 2.41 to 3.90 for PFBS [7,14,15]. Log Kocs, calculated by EPISuite,
are 1.8 for PFBA, 2.4 for PFPeA, 3.1 for PFHxA, and 2.3 for PFBS,
while experimental log Kocs are generally <3, a part from some out
of range values derived in a single field experiment [17]. Limited
accumulation has been measured in freshwater and coastal sed-
iments (0.1-61.2 ng g−1 dw for PFBA, <1 ng g−1 dw for PFPeA and
PFHxA and <1 to 3.5 ng g−1 dw), except in a very impacted Chi-
nese lake [18]. Field measured Ksed-water values are too variable
(0.004–214 for PFBA, 0.04–251 for PFPeA, 0.66–316 for PFHxA and
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0.07–759 for PFBS), depending on the sediment characteristics, to
infer a definitive conclusion on those compounds.

Based on the above data we can conclude that for PFBA, PFPeA
and PFBS there is no need for a QSsediment, while for PFHxA the
need for a QSsediment is uncertain but insufficient data are anyway
available to derive such a threshold.

3.4. Derivation of QS for secondary poisoning (QSbiota,secpois)

The derivation of a biota standard for the protection of predators
from secondary poisoning is triggered by the possibility of accu-
mulation in the food chain in conjunction with hazard properties
of the chemical of interest. A biomagnification factor (BMF) >1 or
a bioconcentration factor (BCF) ≥100 L kg−1 is used as indicators
of the bioaccumulation potential (TGD-EQS). However, these crite-
ria apply to lipophilic, hydrophobic substances. But perfluorinated
compounds do not actually behave as lipophilic compounds that
accumulate in fat tissues and this approach should be considered
precautionary.

According to TGD-EQS the biota-based QS for secondary poi-
soning is calculated separately for the freshwater and saltwater
environment. The QSbiota,secpois,fw is derived using the lowest
toxicity value for birds or mammals (TOXoral = NOEC) with the
appropriate assessment factor, while for the QSbiota,secpois,sw the
toxicity value should also be divided by the appropriate biomag-
nification factor (BMF2) to account for an additional trophic level.
In some cases, such as e.g. to compare it with other water column
standards, select the overall EQS, or fit in with national monitor-
ing regimes that use only water sampling, it can be important to
convert the biota standard (�g·kg−1

diet) into a water column con-
centration standard by the application of the appropriate BCF and
BMF1 (TGD-EQS).

3.4.1. QSbiota,secpois PFOA
Few BCF values are available for PFOA; they have been estimated

both for specific fish organs/tissues, such as e.g. blood, liver, and for
the whole organism in the case of fish and bivalves. BCFs for whole
organisms are <10 L kg−1. Indeed the highest BCF for whole fish
(9.4 L kg−1

ww) was calculated for common carp (Cyprinus carpio L.)
exposed to PFOA in a bioconcentration test according to OECD test
guideline 305 in a flow-through fish test [19]. Additionally BMF <1
were reported for PFOA in freshwater fish in laboratory and field
biomagnification studies and few and highly variable BMF values
were calculated for fish predators in seawater food web (0.6, 7.2
and 31) (SM1). Therefore the numeric criterion as suggested for
derivation of a QSbiota,secpois is not fulfilled for PFOA. However, PFOA
concentrations are generally high in target tissues such as blood or
liver (e.g. up to 870 �g L−1 in turtle serum and 84.63 ng g−1 in eel
liver). Due to its notable water solubility, PFOA is probably quickly
excreted via gill permeation and indeed field studies showed that
air-breathing organisms are more likely to biomagnify PFOA than
the water breathing organisms [20]. Based on the above consider-
ations PFOA has been classified bioaccumulative under REACH by
unanimous agreement between EU Member States in July 2013 [21]
and, consequently, a secondary poisoning assessment for PFOA was
carried out.

The available toxicity data for PFOA were collated and reviewed
by a number of organizations, such as Organisation for European
Economic Co-operation (OECD) [11], European Food Safety Author-
ity (EFSA) [22] and Environment Canada [23]. Toxicological studies
with PFOA include subchronic, developmental/reproductive, and
chronic toxicity/carcinogenicity tests in several animal species, in
both sexes. Mammalian and avian toxicity studies are reported in
Material Table SM9 (references in SM10). Both LOAEL and NOAEL
values are tabulated. Three studies in mice showed the highest sen-
sitivity for PFOA, all reporting LOAEL values of 0.01 mg kgbw

−1 d−1

[24,25]. Hines et al. [24] administered APFO to CD-1 mice for 17 d
of pregnancy. The lowest exposure level (0.01 mg kgbw

−1 d−1) sig-
nificantly increased body weight and serum insulin and leptin in
mid-life after developmental exposure. To investigate the low-dose
effects of PFOA on offspring, timed-pregnant CD-1 mice were gav-
age dosed with APFO for half of gestation [25]. At postnatal d 21 the
lowest dose at which mammary gland developmental abnormali-
ties were visible in the pups was 0.01 mg kgbw

−1 d−1. Absolute and
relative uterine weights were significantly increased in female off-
spring of CD-1 dams gavage dosed with 0.01 mg APFO kgbw

−1 d−1

from postnatal d 18 to 20 [26].
The LOAEL of 0.01 mg kgbw

−1 d−1 is therefore used as the basis
for the derivation of the QSbiota,secpois for PFOA. It is converted, using
the conversion factor (bw/DFI) of 8.3 kgbw d kg−1 taken from the
REACH guidance and included in the TGD-EQS [1], to a no observed
effect concentration (NOEC) of 0.083 mg kg−1. Because the selected
NOEC value was reported in developmental studies a value of 90 is
selected as appropriate assessment factors (AForal) for the extrap-
olation of mammalian toxicity data into QSbiota,secpois (TGD-EQS).

All available BMFs, collected in wide reviews on PFOA [20],
[27,28], are below 1 (0.02–0.63) both in laboratory and field
biomagnification studies. However, there are evidences that bioac-
cumulation in field can occur both in freshwater fish and in
organisms at lower trophic levels (BAF ranging from 0.9 to
1585 L kg−1; median 14.0 L kg−1, SM1), suggesting that also the diet
contributes to the PFOA accumulation in organisms. Therefore an
upper limit value of 1 for BMF1 is chosen.

Few and highly variable BMFs were calculated for fish predators
in seawater food web (0.6, 7.2 and 31). However clear biomagnifi-
cation of PFOA was shown for bottlenose dolphins and polar bears
([20] and references herein). Because of the uncertainties associ-
ated with the data available in relation to BMF2 and the frequent
detection of PFOA in top predators of seawater food web, a value of
5 is proposed for BMF2.

Concluding, to derive QS based on secondary poisoning of preda-
tors in freshwater or saltwater compartments, a TOXoral value of
0.083 mg kg−1, an AForal value of 90 and a BMF2 value of 5 are
used according to TGD-EQS (Eqs. 1 and 2 of SM10). The obtained
QSbiota,secpois are 0.9 and 0.18 �g kg−1

biotaww for fresh- and salt-
water respectively (Table 5). These biota standards are converted
into an equivalent water concentration using the highest BCF
(9.4 L kg−1

ww) found in literature and a BMF1 of 1 according to TGD-
EQS (Eqs. 3 and 4 of SM10). This gives a QSfw,secpois of 0.1 �g L−1 and
a QSsw,secpois of 0.02 �g L−1 (Table 5).

3.4.2. QSbiota,secpois SC-PFAA
The BCF modelled for all examined SC-PFAAs are <10 L kg−1

(3.162 L kg−1; BCFWIN v2.17, EPI Suite) and the few field BAF values
are, generally, <10 L kg−1 (SM2–SM5).

No BCF, BMF1 and BMF2 from laboratory and field studies are
available for PFBA. In the case of PFPeA the BCF calculated in a labo-
ratory study with rainbow trout [29] is insignificant and the single
BMF value extrapolated with the same species is <0.1 [30]. Concen-
trations in biota are generally low, ranging from <LOQ to less than
10 ng g−1

ww. Maximum concentrations of 7.62 ng g−1
ww for PFBA

and 9.69 ng g−1
ww for PFPeA were measured in duckweed and in

freshwater fish respectively [17,18].
Also for PFHxA and PFBS the BCF calculated in laboratory stud-

ies (rainbow trout for PFHxA [29] and Bluegill sunfish [10]) are
<1 L kg−1 and the BMFs calculated for PFHxA and PFBS for rain-
bow trout are «1 [29]. Furthermore monitoring data evidence that
occurrence of PFBS and PFHxA in biota is limited with concentra-
tions generally <LOQ and maximum concentrations of 10.8 and
31.4 ng g−1 ww respectively [18,31]. Nevertheless the few bioaccu-
mulation data available are highly variable with BAF values ranging
from 5.0 to 9 L kg−1,120 L kg−1 measured in freshwater snails for
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PFHxA [31] and from 0.3 to 1736 L kg−1 in a freshwater fish for PFBS
[17].

Based on the above evidences, PFBA and PFPeA can be consid-
ered not bioaccumulable or biomagnificable in the aquatic food
web, whereas there is still uncertainty on the bioaccumulation and
biomagnification characteristics of PFHxA and PFBS which requires
further monitoring data. As a result the requirements to derive
QSbiota,secpois are not met for these compounds.

Few toxicity studies on mammalian diet and oral exposure are
reported for PFBA, PFHxA and PFBS while only one toxicity study for
PFPeA has been retrieved (Tables SM9, with references in SM10).
Though the number of studies is anyway insufficient to derive a
reliable QSbiota,secpois, we used the lowest NOAEL/LOAEL available to
derive Quality Criteria (QC) for freshwater compartment for PFBA,
PFHxA and PFBS in order to derive information on the hazard for
top predators.

Oral toxicity studies in male rats with ammonium perflu-
orobutanoate (NH4 + PFBA) showed effects in males such as
increased liver weight, slight to minimal hepatocellular hyper-
trophy; decreased serum total cholesterol; and reduced serum
thyroxin with no change in serum thyrotropin [32]. NOAELs
were 6 mg kgbw

−1 d−1 for male both in the 28-d and in the
90-d study. This lowest reported NOAEL is converted to an
NOECoral using an bw/DFI of 10 kgbw d kg−1 (TGD-EQS). For this
short-term test an AForal of 300 has been applied (TGD-EQS)
resulting in a QCbiota,secpois,fw for PFBA of 200 �g kg−1

biotaww
(Table 5).

The lowest NOAEL for PFHxA was measured by Loveless
et al. [33] in 90-d subchronic toxicity studies with rats. In the
study sodium perfluorohexanoate was administered daily to male
Crl:CD(SD) rats for approximately 90 d by gavage. The NOAEL was
20 mg kgbw

−1 d−1 based on nasal lesions. This NOAEL for rat is con-
verted by a bw/DFI of 20 kgbw d kg−1 (TGD-EQS), giving a NOECoral
of 400 mg kg−1. A QCbiota,secpois,fw of 4444 �g kg−1

biotaww is derived
by applying an AForal of 90 to this NOECoral (Table 5).

For PFBS similar NOAEL were calculated in subchronic and
reproductive studies. A NOAEL of 60 mg kgbw

−1 d−1 based on hema-
tological effects [34] was calculated in a 90-d rat oral gavage study
and a NOAEL of 100 mg kgbw

−1 d−1 was extrapolated in P and
F1 generation based on general toxicity (increased liver weight,
microscopic changes in liver and kidney) [10,35]. A NOECoral of
1200 mg kg−1 is calculated by applying a bw/DFI of 20 kgbw d kg−1

for rats to the lowest reported NOAEL of 60 mg kgbw
−1 d−1. An AForal

of 90 has been applied to this NOECoral, resulting in a QCbiota,secpois,fw
of 13,333 �g kg−1

biotaww (Table 5).

3.5. Derivation of QS to protect human health

For humans, the derivation of a biota standard is triggered by the
hazardous properties of the chemical of interest. Effects on repro-
duction, fertility and development are of particular concern since
these are long-term effects which could impact on organism popu-
lations. Acceptable daily intake (ADI) or tolerable daily intake (TDI)
or available mammalian toxicology data are used to assess possible
risks to humans.

3.5.1. Human health via consumption of fishery products
(QSbiota,hh)

PFOA has been recently classified as a known or suspected car-
cinogen (R40) and as a substance known or suspected to affect
reproduction (R61) [36], so PFOA meets the criteria to derive QSs
to protect human health.

A tolerable daily intake (TDI) of 1.5 �g kgbw
−1 d−1 was proposed

by EFSA [22]. The TDI was determined by applying an uncertainty
factor of 200 to the BMDL10 of 300 �g kgbw

−1 d−1 [37]. The chosen

BMDL10 is the lowest one among a number of studies in mice and
male rats looking at the effects on the liver. The overall uncertainty
factor of 200 is obtained by multiplying a factor of 100, which takes
into account the inter and intra-species differences, with an addi-
tional factor of 2, which compensates for uncertainties relating to
the internal dose kinetics.

The EFSA’s TDI is chosen as human relevant threshold level
(TLhh) for PFOA and the QSbiota,hh of 91 �g kg−1

biotaww is calculated
(Table 5) using equation 5 reported in SM10. To set the overall EQS,
this biota standard is converted to the equivalent water concen-
tration applying a BCF of 9.4 L kg−1 and the BMF1 and BMF2 values
of 1 and 5, respectively, as discussed above. Inserting these values
in equations 6 and 7 reported in SM10, QSfw,hh of 9.7 �g L−1 and
QSsw,hh of 1.9 �g L−1 are derived (Table 5).

No ADI or TDI is available for the other SC-PFAAs and very few
toxicity studies on mammalian diet and oral exposure, reporting
LOAEL and NOAEL, are available (Tables SM9, with references in
SM10). Thereby, at the current state of knowledge, there are insuf-
ficient toxicological data to classify SC-PFAAs and derive a QSbiota,hh
according to the TGD-EQS criteria.

3.5.2. Human health via consumption of drinking water (QSdw,hh)
In addition to potential exposure through the consumption of

fishery products, a second route for human exposure to substances
in water is through drinking water. In principle, existing drinking
water standards are adopted, e.g. EU, World Health Organiza-
tion (WHO) drinking water standards. A treatment factor should
be applied to the drinking water standard so that the QSdw,hh
relates to the ‘raw’ water (i.e. it is an ‘environmental’ standard),
before the treatment step. However, since the removal efficiency
of the current techniques employed in the drinking water pro-
duction is generally low and uncertain in the cases of PFOA and
SC-PFAA [38], the proposed drinking water standards (QSdw) are
considered appropriate for setting QSdw,hh without further correc-
tion.

Though thresholds for PFOA and SC-PFAAs in drinking water
have been proposed by some countries, no thresholds have been
derived by either EU or WHO. Under these circumstances the TGD-
EQS notes that a provisional drinking water standard should be
derived using ADI, TDI or the lowest available mammalian toxi-
cology data and Eq. 8 of SM10. TDI (1.5 �g kg bw

−1 d−1), proposed
by EFSA [22], is available only for PFOA and by choosing it as
TLhh a QSdw of 5.25 �g L−1 is derived. However, because the long
term minimum quality goal proposed by Italian Institute of Health
(0.5 �g L−1) [39] is lower than that one calculated from TDI. QSdw,
0.5 �g L−1 is then used as QSdw,hh for PFOA.

For the other SC-PFAAs no ADI or TDI are available and few tox-
icity studies on mammalian diet and oral exposure are reported
(Tables SM9, with references in SM10). At the current state of
knowledge, toxicological data are insufficient to derive a stan-
dard for drinking water and we used the lowest available national
thresholds as the value for QSdw,hh.

For PFBA, thresholds in drinking water have been proposed
by Germany [40,41] and State of Minnesota, USA [42]. The lat-
ter state established a threshold for groundwater of 7 �g L−1 as
short-term, chronic and sub-chronic Non-Cancer Health Risk Lim-
its and Germany stated a health-related indication value of 7 �g L−1

which is used as QSdw,hh. For the remaining compounds, the mini-
mum health-related indication values proposed by Germany [41],
3 �g L−1 for PFPeA, 1 �g L−1 for PFHxA and 3 �g L−1 for PFBS, have
been set as QSdw,hh.
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Table 6
Summary of the derived QSs for the different protection objectives. fw = freshwater; sw = saltwater (marine, coastal and transitional waters).

Protection objective Unit PFOA PFBA PFPeA PFHxA PFBS

AA-QSfw,eco

Pelagic community
(fw)

[�g L−1] 30 110 32 insufficient
data

372

AA-QSsw,eco

Pelagic community
(sw)

[�g L−1] 3 11 3.2 insufficient
data

37

QSsed,fw

Benthic community
(fw)

[�g kg−1
dw] insufficient data not required not required insufficient

data
not required

QSsed,sw

Benthic community
(sw)

[�g kg−1
dw] insufficient data not required not required insufficient

data
not required

QSbiota,secpois

Predators (secondary
poisoning)

[�g kg−1
biotaww] 0.9 not required not required not possible to

assess if bioac-
cumulable

not possible to
assess if
bioaccumulable

[�g L−1] 0.1 (fw) – – – –
0.02 (sw) – – – –

QSbiota,hh

Human health via
consumption of fishery
products

[�g kg−1
biotaww] 91 insufficient data insufficient data insufficient

data
insufficient
data

[�g L−1] 9.7 (fw) – – – –
1.9 (sw) – – – –

QSdw,hh

Human health via
consumption of water

[�g L−1] 0.5 7 3 1 3

4. Conclusions: selecting an overall environmental quality
standard and environmental risk assessment

QS for water, sediment and biota are derived in the present
study for the different protection goals for each examinated PFAS
are summarised in Table 6.

QSfw,eco derived from acute and chronic ecotoxicological stud-
ies range from 30 �g L−1 for PFOA to 372 �g L−1 for PFBS. Even if,
in some cases QSwater, eco are based on a limited dataset which
should be integrated with further studies, nevertheless we may
conclude that examined PFAAs have limited toxicity for freshwater
and marine organisms.

For compounds with carbon chain <C6 it is not possible to derive
a QS for sediments because they do not accumulate in sediment
and data are lacking. In other cases (≥C6) it is not possible deriving
sediment EQS because data on toxicity on benthic community are
lacking.

QSbiota,secpois for protection of predators from secondary poi-
soning have been derived only for PFOA (0.9 �g g−1 ww) and PFBS
(13,333 �g g−1 ww), while for PFBA and PFHxA only quality crite-
ria values have been calculated, because of the data lacking. It was
possible to derive a QSbiota,hh for the protection of human health
via consumption of fishery products only for PFOA, but the derived
value (91 �g g−1 ww) was 100-fold higher than QSbiota,secpois. All the
QSbiota for PFOA have then been back-calculated to water obtaining
quality standards expressed in water concentrations.

According to the TGD-EQS, the lowest QS calculated for the dif-
ferent objectives of protection will normally be adopted as the
overall quality standard (EQS) for the different aquatic compart-
ments.

For all the compounds, except PFOA, QSdw,hh, derived from the
drinking water threshold values, are the lowest QS (Table 6). In this
case, TGD-EQS warns that QSdw,hh can be adopted as the lowest
QSwater only for water bodies intended for drinking water use. Ital-
ian government decided to adopt QSdw,hh as national overall EQS
because most of the water bodies impacted by PFAA pollution are
intended for human consumption.

For PFOA the most stringent QS is that related to the protection
of predators from secondary poisoning (0.1 �g L−1 for freshwater
and 0.02 �g L−1 for saltwater) and it is adopted as EQS (Table 7).

In order to assess the risk connected with the presence of these
compounds in the aquatic environment, quality standards may be
compared with the occurrence levels, which are collected in the
substance dossiers (SM1–SM5).

For all the compounds MAC-EQS are in the order of thousands
�g L−1 for freshwaters and hundreds �g L−1 for saltwaters (Table 7)
and these levels never occurred in the natural environments, but
have been measured for PFOA and PFBS only in the discharge of a
fluorochemical factory [43] (see also SM1 and SM5).

Short chain perfluorocarboxylic acids (PFBA, PFPeA and PFHxA)
never reach environmental concentrations comparable to proposed
EQSs which are in the order of thousands ng L−1 for freshwaters
(Table 7, SM2–SM4). In the case of PFBS thousands ng L−1 were
determined only in an Italian river basin directly impacted by a flu-
orochemical plant [3,43], but concentrations up to 200–400 ng L−1

were sometimes measured in rivers in Northern Europe and China
(SM5).

EQSfw for PFOA, based on the protection from secondary poi-
soning, (100 ng L−1) is a more critical threshold which is more
often overcome in many surface water bodies. In Italy, for exam-
ple, where fluorochemical and fluoropolymer plants are present,
90◦ percentile of concentrations in 35 rivers was 974 ng L−1, with
a median of 22 ng L−1 [4], while in 121 European rivers a max-
imun of 174 ng L−1 and a 90◦ percentile of 26 ng L−1 were measured
[44]. According to the EQSfw, some rivers in Europe can be at risk
for PFOA, while only some transitional environments, such as the
lagoons in the Po Delta, presented PFOA concentrations close to the
EQSsw (20 ng L−1).

EQS for biota have been derived only for PFOA (900 ng g−1 for
freshwater and 180 ng g−1 for saltwater, Table 7), but these con-
centrations are much higher than those ever measured in whole
body or muscle of any fish or mollusks (SM1). Nevertheless it is to
be underlined that these levels were measured in target organs and
tissues such as liver and serum (SM1).
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Table 7
Summary of the proposed Annual Average−EQS (AA-EQS) and Maximum Acceptable Concentration-EQS (MAC-EQS).

PFOA PFBA PFPeA PFHxA PFBS

AA-EQSfw [freshwater] [�g L−1] 0.1 7 3 1 3
AA-EQSsw [marine waters] [�g L−1] 0.02 – – – –
AA-EQSbiota,fw biota [�g kg−1

biotaww] 0.9 – – – –
AA-EQSbiota,sw biota [�g kg−1

biotaww] 0.18 – – – –

MAC-EQSfw [freshwater] [�g L−1] 2220 1100 3200 – 3720
MAC-EQSsw [marine waters] [�g L−1] 450 110 320 – 372

In conclusions PFAS with carbon chain ≤C6, due to their low
bioaccumulative potential and low acute and chronic aquatic tox-
icity, do not seem to be a direct concern for aquatic environment.
On the contrary, though PFOA shows a low toxicity, because it
biomagnifies in air-breathing organisms and is very persistent, it
accumulates in target organs even if it is present at moderate con-
centrations in water.
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