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ARTICLE INFO ABSTRACT
Editor: Henner Hollert Diclofenac, a widely used nonsteroidal anti-inflammatory drug (NSAID), enters the aquatic environment
worldwide. The effect values available for the derivation of an environmental quality standard (EQS) are
Keywords: markedly heterogeneous, even within the same species. This heterogeneity could partially be attributed to inter-
EQS laboratory variation, but is also observed in repeated tests within the same facility. Diclofenac is ionisable; its
xz;f:lci;ubsmnces speciation and potential for uptake and thus toxicity is influenced by pH. A high correlation has previously been
logD observed between effects in zebrafish embryos and the pH-specific partitioning coefficient logD for diclofenac.
Bioavailability We hypothesized that the observed heterogeneity could also be attributed to differences in study pH. To test this

Aquatic toxicity hypothesis, we reviewed physicochemical data and selected ecotoxicity data that were considered to be reliable
and relevant in the latest EU EQS Dossier for which a study pH was reported for further analysis and EQS
derivation. We adjusted the reported effect concentrations for differences in uptake using the delta logD value for
the worst case pH value of 6.5. pH adjustment of effect values resulted in decreased heterogeneity of the acute
effect data and a better fit of the chronic species sensitivity distribution. Both, the MAC-EQS and the AA-EQS
were derived using the deterministic approach as data requirements for deriving EQS based on the SSD were
not fulfilled. Many studies had to be discarded because test pH was not reported or exposure concentrations had
not been analytically verified. Physico-chemical data had to be discarded due to non-relevant experimental
conditions or missing information. We strongly encourage scientists publishing ecotoxicity data for ionisable
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substances to report the test pH together with the effect values and encourage measurement of physico-chemical
parameters at environmentally relevant conditions. We recommend to consider adjusting the effect data for
ionisable substances according to a worst-case pH in future hazard assessments.

1. Introduction

Around 80 % of prescribed drugs are ionisable (Manallack, 2007).
Ionisable substances tend to be increasingly toxic at pH levels that result
in an increasing fraction of the neutral species. Weak acids are therefore
more toxic at lower pH, while the opposite is true for weak bases (Rendal
et al., 2011; Simon and Beevers, 1952). Especially the latter classes of
ionisable substances change their speciation in the environmentally
relevant pH range of 5-9, which is most relevant for aquatic risk
assessment, and freshwater aquatic risk assessment in particular. A well-
known example for a weak acid is diclofenac (2-[2,6-dichloranilino]
phenylacetic acid), a nonsteroidal anti-inflammatory drug (NSAID) that
has analgesic, anti-inflammatory, and antipyretic properties making it
effective in treating acute and chronic pain and various inflammations.
Diclofenac is the most frequently used NSAID for humans and domestic
livestock worldwide and is available in over the counter products in
most countries (McGettigan and Henry, 2013). In the EU, diclofenac is
still authorised for veterinary use on union level and in most member
states (e.g. in 25 MS for systemic application in 2019 (EMA, 2019)),
none are authorised in Switzerland. Globally, diclofenac was reported to
have been consumed in amounts of 1443 + 58 tons per year (from 2010
to 2013, Acuna et al. (2015)). The total consumption in Europe was
estimated to be around 180 tons per year, including 86 tons per year for
Germany alone - the largest European user (Lonappan et al., 2016).
Diclofenac is excreted via human urine and faeces, if administered orally
or intravenously. If applied topical as ointment, it may also be washed
off e.g. with showering. Diclofenac and its two main metabolites (4
hydroxydiclofenac and 5-hydroxydiclofenac) usually enter wastewater
treatment plants (WWTPs) via the domestic grey-water, where the
removal efficiency mostly depends upon the treatment methods (Ales-
sandretti et al., 2021). Conventional treatment systems exhibit a
degradation efficiency of 40-75 %, while ozonation can increase
removal to >90 % (Altmann et al., 2014). If sewage sludge or manure
from treated diclofenac treated livestock is used as fertilizer in agricul-
ture diclofenac may enter the soil and subsequently leach to surface
waters and groundwater. However, diclofenac can also be degraded
readily and rapidly by sunlight. Photolysis (with DTsq below 4 days) was
identified as the main removal process in lakes and it was estimated that
up to 90 % of the drug can be eliminated by this process (Buser et al.,
1998). Nevertheless, diclofenac has been widely detected in the aquatic
environment (surface water, groundwater, drinking water, seawater and
wastewater) and can be considered as pseudo-persistent contaminant.
This term refers to chemicals that are continuously released via treated
wastewater, resulting in a steady-state exposure concentration, which
can be higher than their degradation properties suggest (e.g. Barcel6 and
Petrovic, 2007). Measured concentrations span from the ng to pg per
litre range worldwide (Sathishkumar et al., 2020). Maximum concen-
trations of >1 pug/L often occur downstream of WWTPs in densely
populated areas. High concentrations of diclofenac in small water-
courses in rural areas can also be linked to (Carvalho et al., 2015)
livestock where these uses are allowed. Diclofenac was listed on the first
Watch List (Carvalho et al., 2015) of the EU Water Framework Directive
(2000/60/EC; WFD) for a continuous monitoring for up to four years.

Several attempts to derive an Environmental Quality Standard (EQS)
for diclofenac have been performed in recent years (e.g., Maack and
Schudoma (2014)). In 2019, the European Commission tasked an expert
group with the derivation of a new EQS for diclofenac, based on the EU
Technical Guidance (i.e. EU TGD 27) for Deriving Environmental
Quality Standards (EC, 2018). The resulting EQS dossier has been
reviewed by the EC SCHEER committee in 2022 and diclofenac has been

added to the draft updated EQS Directive (2013/39/EU (EC, 2022)). The
expert group noted a substantial heterogeneity of toxicity test results
among organism groups and even within single species which they failed
to explain.

For lipophilic substances and metals, the EU TGD 27 describes spe-
cific considerations as to compartmentalization and bioavailability in
the environment for derivation of respective thresholds. For ionisable
organic substances, such as diclofenac, such specific procedures are not
yet prescribed. Diclofenac has an acidic dissociation constant (pKa)
around 4, which means that small changes in pH above the pKa can
significantly alter its speciation. Below the pKa, almost 100 % of the
compound remains non-dissociated, i.e. in its neutral state. However,
the pH-dependent distribution pattern of the two diclofenac species,
according to the logD (pH-dependent partitioning coefficient) concept,
shows that small variations in pH between 5 and 8 can greatly affect
partitioning, and thus bioavailability and toxicity (Bittner et al., 2018;
Kohler et al., 2023; Schweizer et al., 2021). A recent study by Kohler
etal. (2023) reported a strong correlation between the severity of effects
in zebrafish embryos at different pH and the corresponding pH-
dependent partitioning coefficient logD for >20 ionisable drugs. For
diclofenac, a correlation close to 1:1 was observed.

We hypothesize that the observed heterogeneity in published effect
data for diclofenac is thus at least partially caused by differences in the
respective potential for uptake of diclofenac due to the particular test
pH. Hence, an adjustment of the effect data for pH-dependent log D
should facilitate the EQS derivation for diclofenac. Further, we aimed to
analyse the proportion of the assessment factors (AF) required by the EU
TGD 27 to differences in EQS with and without adjustment of effect data.
For this purpose, we performed a literature review of data on physico-
chemical properties (water solubility, dissociation constants (pK,) and
octanol-water partition coefficients (logP/Koy)), and selected the acute
and chronic ecotoxicity studies assessed as reliable and relevant in the
JRC dossier for diclofenac for which a pH adjustment was possible.
Using logD as descriptor of uptake and hence bioavailability, we
adjusted the reliable and relevant effect concentrations of diclofenac for
the logD at the worst-case pH of 6.5 as well as pH of 7 and used these
values to derive a proposal for an adjusted EQS.

2. Methods
2.1. Physico-chemical properties of diclofenac

An open literature search was performed in November 2021 using
PubMed, Google Scholar and Scopus with the search terms: diclofenac,
diclofenac sodium, solubility, dissociation constant, partition coeffi-
cient, lipophilicity, pKa, logP, logK,w, and physicochemical, resulting in
>500 publications. References within the retrieved publications were
checked for relevance and verified were possible.

Physico-chemical properties data for diclofenac sodium were
considered as well, as it was mostly used as test item in the aquatic
ecotoxicity studies due to its higher solubility.

2.2. Acute and chronic aquatic ecotoxicity data

Acute and chronic aquatic toxicity studies were retrieved from the
draft EU JRC EQS dossier (JRC, 2022a). Moreover, the two recent
studies reporting the results of diclofenac in the Fish Embryo Acute
Toxicity (FET) test with Danio rerio at different pH conditions were
added to the acute toxicity dataset (Bittner et al., 2019; Schweizer et al.,
2021).
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The following experimental parameters were retrieved from the
original publications listed in the EU JRC EQS dossier and the two
additional publications: type of substance (source, purity), guideline
applied, temperature, pH, medium, solvent, additional endpoints and
time points. All studies had been evaluated for their relevance and
reliability according to Moermond et al. (2016) and in accordance with
recommendations in the EU TGD 27 for EQS derivation (EC, 2018)
already for the EU JRC EQS dossier. We are aware that the study vali-
dation made for the EU JRC EQS dossier has been criticised (Leverett
et al., 2021). We would not like to further this debate. For simplicity
reasons we rely on the validity assessment in the EU JRC EQS dossier for
the specific purpose of adjustment of effect concentrations based on
delta logD (see section below). Specifically, as the solubility and parti-
tioning of diclofenac in water are highly dependent on pH, the following
criteria were verified: (1) exposure concentrations of diclofenac or
diclofenac sodium below their respective solubility limits, (2) analytical
verification of exposure concentrations, (3) solvents <0.01 %. Of the
reliable and relevant studies, only those with reported pH values were
used to facilitate adjustment of the effect values.

The aquatic toxicity dataset did not contain enough data to perform a
comparison between the sensitivity of marine and freshwater species.
Hence, following the recommendation of EU TGD 27 (EC, 2018), the
datasets retrieved for freshwater and marine biota were combined.

2.3. Adjusting effect concentrations (EC,) based on delta logD

Adjusting effect concentrations to a fixed “worst-case” pH allows the
direct comparison of effect concentrations across taxonomic groups and
among species that were obtained at different experimental pH values
(Kohler et al., 2023). Recently, a large-scale study with 24 ionisable
substances published by Kohler et al. (2023) showed that the differences
in the observed embryotoxicity to Danio rerio at different pH values
correlated very well with the respective differences in the estimated
logD,/w of the chemicals at the respective pH values. Based on these
findings, the authors propose to use this relationship when deriving
regulatory thresholds. We use the proposed methodology in the present
study as described below. Accordingly, logD of diclofenac is modelled as
a function of pH, log p (lipophilicity of the neutral and ionic species) and
the pKa, and a linear relationship can be observed for pH values ranging
from 5 to 8 (Fig. S1).

logDX = loglo(f"emml X lol”g Pa{neutral) +f[rmic X 10["g Pxtionic) ) (1)
with
1
ﬁl('mru[ - W
and
ﬁan[c =1 7ﬁ1eu/m1

For 1ogPpeutral, the value of 4.34 was used (Table 4), for 10gP;ionic, @
value of 0.7 was applied according to the software Chemicalize devel-
oped by ChemAxon (retrieved September 2022). For pKa, the value of
3.99 (Avdeef et al., 1998) was used.

On the basis of experimentally generated ECy data (ECy, test) for a
given pH (pHiest), the effect concentration was then corrected or
normalized according to Eq. (2) to the toxicity at the worst-case pH
(PHworst case) Of 6.5 for weak acids as well as pH 7, using Delta 1ogD(o/w)
as correction factor, resulting in an adjusted ECx (ECy, worst-case) Value:

l()g ECX~3deSled = l()g ECX,IBS[ + (lOgD(u/w) [for lecsl] - 1OgD(o/w) [for prorsl casc] )
®))

To test the suitability of this approach for diclofenac, we used the
LCso data experimentally generated in the Danio rerio embryotoxicity
test (= LCs, test), available for six pH values (pH 5, 5.5, 6, 7, 8 and 9)
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(Bittner et al., 2019; Kohler et al., 2023), for the pH of each test (referred
to here as pHeest) as the basis for calculating the adjusted LCsg for all
other pH values (referred to here as pHagjusted). Subsequently, we
correlated the LCsp, adjusted With the ‘real’, experimentally generated
LCso, test for the respective test pH values. We performed this procedure
several times, each time using a different test pH value serving as the
basis for the re-calculations of the LCso, adjusted values.

2.4. EQS derivation

EQS derivation was performed according to the EU TGD 27 for EQS
derivation (EC, 2018) and as described in (Korkaric et al., 2019). The
chronic EQS. (AA-EQS) was selected from a list of quality standards (QS)
as prescribed by the EU TGD 27. Here, we focused on the QS based on
direct toxicity to aquatic organisms and derived the respective QSgy,eco-
The EU TGD 27 suggests that individual toxicity data may be aggregated
using the same principles as those in Chapter R.10 of the REACH
Guidance where multiple data are available for the same species/
endpoint (p. 161). The only two effect concentrations this would apply
to are No. 11 and 12 in the chronic dataset (Table S7). As information on
the medium is missing in one case, we did not calculate geometric mean.
The acute and chronic QS can be derived based on the deterministic
method, using laboratory or field/mesocosm data, or based on the
probabilistic method, using species sensitivity distribution (SSD)
models. In all cases, the resulting threshold concentration is divided by
an additional assessment factor (AF) to account for the residual uncer-
tainty associated with a given data set and laboratory to field extrapo-
lations. For the deterministic method, the lowest effect concentrations
per group of organisms is identified and compiled and then, the lowest
reliable effect value is determined. The AF to be applied to this critical
effect concentration ranges from 10 to 100 for the MAC-EQS and from
10 to 1000 for the QSgy, eco. If data requirements were met to produce an
SSD, i.e. a sufficient number of diverse taxa representative for whole
communities, these were modelled using the ETX software (ver. 2.3)
(Vlaardingen et al., 2004). The SSD is a statistical approach in which
toxicity data are ranked and plotted according to a normal distribution,
and a model is subsequently fitted to the data. The model can be used to
calculate a hazardous concentration (HCx) of a chemical that is haz-
ardous to no more than x % of all species included. According to the EU
TGD 27, SSDs based on a lognormal distribution of the effect data should
be constructed, because its mathematical properties are well described.
For each species considered in the SSD, only a single endpoint with a
reported pH was available. Hence, this original value or the adjusted
value were used in the SSDs.

Provided the resulting SSD fulfilled defined criteria regarding log-
normality and goodness of fit, EQS were derived by applying appro-
priate AFs to the resulting HCs (concentration at which 95 % of all
included species should theoretically be protected). In this case, the
relevant AF may vary from 5 to 1 and from 10 to 1 for the derivation of
the QSfw,eco and the MAC-EQS, respectively. Acute mesocosm data were
not available. Assessment of secondary poisoning to derive a QSpjota Was
not performed. Likewise, QS for saltwater, QSsediment, and QS to protect
human health were not considered here.

3. Results
3.1. Assessment of physicochemical data

Due to the poor water solubility of diclofenac in standard ecotoxicity
tests, its sodium salt is often used as alternative, thus, data for both
substances were considered (Table 1). Most of the retrieved physico-
chemical property data for diclofenac and diclofenac sodium had to be
discarded, as experimental conditions were either not relevant for ion-
isable substances or not relevant for aquatic environments (Tables S1-
S4).

Water solubility is an important factor when assessing the reliability
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Table 1
Molecular structure, molecular weight and CAS number of diclofenac and
diclofenac sodium.

Common name Diclofenac Diclofenac sodium

Molecular structure

296.1
15307-86-5

318.1
15307-79-6

MW (g/mol)
CAS number

of ecotoxicity studies. The solubility of diclofenac, a weak acid, depends
on pH, temperature and solution chemistry. We sifted published water
solubility data based on the data being experimental, measured at
relevant pH (pH > 6 and pH < 9), and at temperatures relevant for
ecotoxicity tests for temperate species.

With respect to the methodology, the EU TGD 27 (EC, 2018) does not
recommend the shake-flask method for compounds with a solubility
lower than 10 mg/L. However, it can be used for solubility determina-
tion for ionisable substances with low water solubility when essential
parameters are well controlled and reported to allow data comparison
(Avdeef et al., 2016).

Out of 20 verified and reliable solubility data (Table S1), three values
were identified as relevant for ecotoxicity studies (Table 2) yielding a
geometric mean of 0.345 mg/L.

For diclofenac sodium, 20 verified and reliable experimental solu-
bility data were retrieved (Table S2), including eight values that were
relevant according to the criteria defined in the methods section
(Table 3), yielding a geometric mean of 3088 mg/L. This value was used
as threshold for accepting ecotoxicity studies as reliable. Please note that
increasing pH increases water solubility while solubility correlates
negatively with ionic strength (Kincl et al., 2004).

The determination of the pKa of the weak acid diclofenac is impor-
tant to understand the possible relationships between pH and bioavail-
ability and thus, toxicity.

The pKa data were considered relevant and reliable when they are
experimental values measured under ecological relevant conditions and
a concentration of solvent which does not exceed 0.01 %. The only
experiment which was found valid determined the dissociation constant
by potentiometry in 0.15 M KCI at 25 °C to the value of 3.99 + 0.01
(Avdeef et al., 1998). All other values are listed in Table S3.

LogP? or logK,, is the decadic logarithm of the n-octanol/water
partition for the neutral form. Based on the pKa value of 3.99, diclofenac
is mostly (>99 %) in its neutral form if the pH of the aqueous phase is 2
units below the pKa. Therefore, logP? values were considered relevant
and reliable when the pH of the aqueous phase was 2 or less. According
to EU TGD 27 (EC, 2018), the log P data are reliable if the experimental
values are determined by the shake-flask method which works well for
logKow values in the range between —2 and 4 (occasionally up to 5).
Table 4 summarizes the valid logP data for diclofenac and displays their
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geometric mean of 4.34. All other values are listed in Table S4.

3.2. Selection of a worst-case pH value for logD-based adjustments

To account for differences in the potential for uptake into an or-
ganism due to differences in ambient pH, using logD at a given test pH
value and adjust the toxicity to a worst-case pH value, the selection of
such a worst-case pH value is necessary. We suggest that this value re-
flects (1) the pH ranges tolerated by the test species, (2) pH ranges
relevant to the ecosystems to be protected, and (3) the worst-case
bioavailability of the substance (following to “Guidance Document on
Aquatic Toxicity Testing of Difficult Substances and Mixtures” (OECD,
2019b)).

OECD guidelines for testing the toxicity of chemicals vary with
respect to information on the allowed pH ranges of the test media and
even allow variability of pH during the test (Table S5). When specified,
pH values in the range of 6-9 are typical, as well as a tolerated vari-
ability of 1.5 pH units during the test. Of the guidelines applicable here,
only OECD 203 refers specifically to the guidance document (GD) 23 on
testing of difficult chemicals with respect to pH of test media (OECD,
2019b). The OECD guideline on difficult substances (OECD, 2019b)
requires ionisable substances to be tested in the most toxic form. The
relationship of pH and logD of diclofenac as a measure of uptake po-
tential is depicted in Fig. S1. A linear relationship exists in the pH range
between around 4 and 8. Below pH 4, diclofenac is mostly neutral and
considered to be most available for uptake, which is, however, rare for
European surface waters. Global stream water chemistry data made
available in the GLORICH database (Hartmann et al., 2019) comprises
pH values from 2.2 to 13. Values reported by European countries range
from 3.6 to 10.3. An analysis of data reported under the WFD suggested
that 95 % (i.e., between the 2.5th and 97.5th percentile) of all mean
values were between 7.0 and 8.5, when replicate measurements per
sampling site were excluded (Bundschuh et al., 2016). An analysis with a
broader European dataset resulted in 90 % of pH values being between
6.2 and 8.6 (De Vivo et al., 2006). According to (Peters et al., 2022), the
5th and 10th percentile of pH values in European freshwaters are 6.8
and 7.1, respectively.

In summary, it is not straightforward to select a worst-case pH for the
weak acid diclofenac, based on the available information. A pH value of
6.5 has been proposed in the EU JRC EQS Dossier for the NSAID
ibuprofen (JRC, 2022b) for the critical fish endpoint and for BCF and
BAF values. The resulting adjusted endpoints have been accepted by the
Scientific Committee on Health, Environmental and Emerging Risks
(SCHEER) of the EU (SCHEER, 2023) for the risk assessment. SCHEER
endorsed the final EQS on the basis of the pH-adjusted NOEC, which
resulted in a threshold eight times lower than without pH-adjustment.
Here, we have selected pH 6.5 following the worst-case scenario for
ibuprofen, as well as pH 7 considering the distributions of pH values
reported for European surface waters, to fulfil the aforementioned re-
quirements (1)-(3). The predicted logD at pH 6.5 and pH 7 are 1.8 and
1.4, respectively.

3.3. Verifying the adjustment of effect endpoints based on pH of test
media

We hypothesized that differences in study pH values influences the
heterogeneity of the measured effect values due to differences in the

Table 2
Summary of reliable and relevant solubility data for diclofenac. GM: geometric mean.
Entry Solubility mg/L Temp. °C Solution pH Experimental method Reference
1 0.323 20 Phosphate buffer 7.4 Isothermal saturation spectrophotometry (Perlovich et al., 2007)
2 0.355 25
3 0.358 30

GM 0.345
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Table 3
Summary of reliable and relevant solubility data of diclofenac sodium salt. GM: geometric mean.
Entry Solubility mg/L Temp. °C Solution pH Tonic strength M Experimental method Reference
1 150 Phosphate buffer 6.0 0.06
2 670 Phosphate buffer 6.8 0.08
3 1360 Phosphate buffer 7.0 0.09
4 5150 23+2 Phosphate buffer 7.4 0.12 Shake flask. 72 h spectrophotometry (Kincl et al., 2004)
5 12,000 Phosphate buffer 7.8 0.13
6 12,140 Phosphate buffer 8.0 0.14
7 17,170 Borate buffer 8.0 0.05
8 4700 25 Phosphate buffer 7.4 (Panchal et al., 2020)
GM 3088

potential uptake. Hence, we applied the recently proposed concept of a
delta logD-based correction of effect endpoints (Kohler et al., 2023) for
the weak acid diclofenac. To verify the approach, a total of seven LC50
values at different pH obtained for embryotoxicity in Danio rerio (Bittner
etal., 2019; Kohler et al., 2023) were assessed for correlation with LCsq,
adjusted being derived by a Delta logD-based adjustment. For all pH values
between 5 and 9 that were used as basis for the adjustment of LCsg
values, we observed a highly significant correlation (p < 0.0001) be-
tween adjusted and experimentally determined LCso data, with a high
degree of agreement (slope of the regression curve close to 1 and y-axis
intercept of 0.12; Figs. 1, S2).

3.4. Effect values adjusted for logD at pH 6.5 and pH 7

Twelve of the 36 acute effect concentrations and 22 of the 40 chronic
effect concentrations were reported with test pH and analytical verifi-
cation of exposure concentrations (Tables S6, S7). The most sensitive
group of organisms were amphibians in the dataset for acute toxicity and
bivalves in the dataset for chronic toxicity, with both groups lacking
effect data in the respective other dataset. We could neither identify
acute nor chronic data for insects. Non-adjusted acute effect concen-
trations ranged from 670 pg/L to 185,070 ug/L, covering about three
orders of magnitude, while non-adjusted chronic effect concentrations
were spread between 0.37 pg/L and 15,540 pg/L, covering about five
orders of magnitude (Fig. S3). Adjustment of effect values for the worst-
case pH 6.5 resulted in a reduced and slightly shifted spread of
437-62,802 pug/L (acute) and 0.05-1682 pg/L (chronic). Thus, the
overall variability decreased in the acute dataset upon logD-based
correction.

3.5. EQS derivation

3.5.1. Acute EQS (MAC-EQS)

The final dataset for acute toxicity comprises 12 endpoints from eight
species (Table S8), belonging to four different taxonomic groups. The
two lowest effect concentrations are both mortality in embryos of the
two amphibian species Trachycephalus typhonius and Physalaemus
albonotatus.

The minimum data requirements recommended for the application
of the SSD approach for EQS water derivation is preferably >15, but at
least 10 effect concentrations from different species, covering at least
eight taxonomic groups. The acute toxicity dataset does not fulfil these
requirements for both, number of species (8) and number of taxonomic

_| ® Basis pH5 2 [
100 4 Basis pH5.5 P 4
® Basis pH6?
Ly ® Basis pH7 " °
iy 0 Basis pH8?
& 10— o Basis pH8®
= asis p
— 0 Basis pH9?
2
QO
ot
oo -
o 1
©
[V}
)
2
g 0.1
s y =0.12 + 0.88x
r2 =0.937
p < 0.0001
0.01 0.1 1 10 100

real log LCs, [mg/L]

Fig. 1. Experimentally determined log LCso data (real log LCsp) from ?Kohler
et al. (2023) and PBittner et al. (2019), versus log LCso data adjusted according
to the method introduced by Kohler et al. (2023) and applied here for diclo-
fenac. The respective pH value for which the experimental log LCso was used as
a basis from which predicted data were calculated can be deduced from the
colouring of the data points shown in the list at the top left. Experimental log
LCs values increase in the order of pH 5, 6, 8 and 9 (taken from Kohler et al.
(2023)), pH 5.5, 7, and 8 (taken from Bittner et al. (2019)). High reliability of
predictions is symbolized by linear regression (and 95 % confidence interval)
resulting in a close to 1:1 relationship, with a slope of 0.88 and an intercept of
0.12 (2 of 0.937). ANOVA revealed a significant correlation at p < 0.0001.

groups (4) and hence, an EQS was only suggested based on the deter-
ministic or AF-approach (EC, 2018).

The lowest acute effect concentrations per taxonomic group are lis-
ted in Table 5 along with values corrected for logD at pH 6.5, with the
lowest reported value being the 96 h LCsg of 2462 pg/L for acute mor-
tality of Physalaemus albonotatus embryos at pH 7.5. This effect con-
centration corresponds to an adjusted (i.e. worst-case) LC50 of 437 pg/L

Table 4
Summary of reliable and relevant log P data for diclofenac. GM: geometric mean.
Entry log P Temp °C pH Experimental method Reference
1 4.0 25 2.0 Stirring. filtration. spectrophotometry (Fini et al., 1986)
2 4.40 RT 2.0 Shake flask. spectrophotometry (La Rotonda et al., 1983)
3 4.43 RT 1.0 Shake flask. spectrophotometry (Barbato et al., 1986)
4 4.4 RT 2.0 Shake flask. spectrophotometry (Barbato et al., 1986)
5 4.51 25 pH-metric titration (Avdeef et al., 1998)
GM 4.34
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Table 5
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Lowest relevant and reliable acute and chronic effect concentrations per group of organisms selected from Tables S4 and S5. The lowest acute and chronic values are

underlined. Please see Tables S4 and S5 for further details on the selected studies.

Group Species Duration  Study pH Effect Value [pg/ Value [pg/L] Reference
concentration L] Adjusted for logD at pH
6.5
Basic acute data
Algae Desmtl)dasmus 79h 8.0-8.2 EC50 60,440 6542 Dolezalova Weissmannova et al.
subspicatus (2018)
Crustaceans  Tisbe battagliai 48 h 8.0 £ 0.2 EC50 9500 1085 Trombini et al. (2016)
Fish Danio rerio 79h 8.07 LG50 7800 825 van den Brandhof and Montforts
(2010)
Additional acute data
Amphibian  L1ysalaemus 96 h 7.5+ 0.1 LC50 2462 437 Peltzer et al. (2019)
albonotatus a— —_—
Basic chronic data
Algae Desmgdasmus 9% h 8.0-8.2 NOEC 15,540 1682 L?t)leZal()vzi Weissmannova et al.
subspicatus (2018)
Crustaceans  Daphnia magna 21d 7.61 £0.35 NOEC 120 19 Du et al. (2016)
Fish Salmo trutta (juvenile) 25d 8.5 + 0.04 NOEC 3.5 0.33 Schwarz et al. (2017)
Additional chronic data
Gastropod Lymnaea stagnalis 28d 7.29-8.24 NOEC 1540 202
Bivalve Dreissena polymorpha 171d 7.5-8.0 NOEC 0.37 0.05 Joachim et al. (2021)

at pH 6.5. As the standard deviation of all 1og10 effect values listed in
Table S6 is >0.5, the AF cannot be lowered from 100 to 10 (EC, 2018).
The resulting MAC-EQSF is thus 24.62 pg/L for non-adjusted data, and
4.37 pg/L for pH 6.5-adjusted data, corresponding to an adjustment
ratio of 5.6. For comparison, the MAC-EQSar based on the same data
adjusted to pH 7 would be 11.23 pg/L.

3.5.2. Chronic EQS (QSfw,eco)

The final dataset for chronic aquatic toxicity consists of 12 endpoints
from 12 species. The two lowest effect concentrations are for mortality
in bivalves and fish. The species represent six taxonomic groups. As four
orders of fish (Beloniformes, Salmoniformes, Perciformes, Cypri-
niformes; Table S9) are present, another order can be included as
“additional vertebrate data” resulting in seven taxonomic groups.
Nevertheless, the dataset does not meet the criteria for SSD modelling

1 ® Greenalgae
09 Crustaceans
E ® Molluscs
%91 ® Echinoderms
-1 ¢ Fish
- ]
U o6
o0
5 ]
£ o5
= 05
e ]
O 044
2
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e
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v T T T T T T T T T T T T T T T T T T T 1
-4 3 2 1 0 1 2 3 4 5 6

log10 effect data [ug/L]

Fig. 2. SSD models for original chronic toxicity data (grey symbols) and logD-
adjusted chronic toxicity data (in colour). The resulting HC5 values are 0.2845
pg/L (0.0094-2.2040 pg/L) for the original data and 0.06 pg/L (0.0024-0.4130
pg/L) for the adjusted data.

according to the EU TGD 27 (i.e., at least eight taxonomic groups). Data
were normally distributed (p = 0.01, Anderson-Darling, Kolmogorov-
Smirnov, Cramer von Mises tests), irrespective of the correction applied.
The resulting SSDs for original and adjusted effect data are shown as
overlay in Fig. 2 and separately in Fig. S4. The comparatively large ratio
of the upper limit to the lower limit of derived the HC5 (sprHC5) is due
to the wide distribution of chronic toxicity data (see above) and the
comparatively low number of relevant and reliable data. The resulting
HC5 spread (sprHC5) between the upper and the lower limits was
decreased from 234 to 174 by adjusting the effect data (Table 6).

The application of an additional AF of 5 to the respective HC5
resulted in an QSfw,eco,ssp Of 0.057 pg/L for the non-adjusted values, and
of 0.012 pg/L based on the pH 6.5-adjusted values, corresponding to an
adjustment ratio of 4.6.

For the EQS derivation using the deterministic approach, the lowest
chronic effect concentrations per group of organisms are listed in
Table 5, along with values corrected for logD at pH 6.5 (for pH 7 see
Table S10). The lowest effect value is the NOEC of 0.37 pg/L for mor-
tality in Dreissena polymorpha. This effect concentration corresponds to
0.05 pg/L diclofenac at pH 6.5. With regard to the lowest effect value in
fish, it is the NOEC of 3.5 pg/L for mortality in Salmo trutta. This effect
concentration corresponds to 0.33 pg/L diclofenac at pH 6.5. In case of
chronic effect concentrations being available for three species repre-
senting different living and feeding conditions (or trophic levels), the EU
TGD for EQS recommends the application of an assessment factor of 10
to the lowest credible datum (EC, 2018). The application of an AF of 10
to the lowest credible chronic datum results in an QSgw eco,aF = 0.037 pg/
L for non-corrected values, or 0.005 pg/L for the pH 6.5-corrected
values, corresponding to an adjustment ratio of 7.4. In case the pH-
adjustment would be limited to fish, a QSgy eco,ar = 0.35 pg/L would

Table 6

HC5 obtained for SSDs modelled for original effect data as well as effect data
adjusted for logD at pH 6.5. Lower limits (LL), upper limits (UL) and the ratio of
UL to LL (spread; sprHC5) are also listed. The unit of all values is pg/L. Plots of
the corresponding SSDs are shown in Fig. S4.

Dataset LL HC5 HC5 UL HC5 sprHC5
Original data 0.0094 0.2845 2.2040 234
PH 6.5-adjusted 0.0024 0.0600 0.4130 174
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be derived for the non-adjusted NOEC, while the pH 6.5-corrected value
would result in a value of 0.033 pg/L, corresponding to a 10.6-times
lower threshold. For comparison, the QSgy eco,ar based on the same
data adjusted to pH 7 would be 0.012 pg/L (based on lowest NOEC) and
0.085 pg/L (based on lowest NOEC in fish), respectively.

4. Discussion

By adjusting the measured toxicity of diclofenac at a given pH to the
toxicity at other pH values retrieved from empirical Danio rerio embry-
otoxicity tests, we were able to demonstrate usefulness of the Delta logD-
based methodology recently proposed by Kohler et al. (2023). While this
method has not been verified with external data or been applied to other
species, mostly due to the lack of such data (i.e. toxicity at 4 different pH
values per compound), we assume a general applicability throughout
the domain of eukaryotes. Due to the universal blueprint of the
eukaryotic cell, it cannot be assumed that these principles apply exclu-
sively to D. rerio or “fish”, but rather to all eukaryotes, which justifies the
transfer of the results across taxon boundaries. Hence, following the
precautionary principle, we conclude that the adjustment of effect data
based on logD at the pH value of a given study and the logD at another
pH, within the range of the linear relationship between pH 5-9, results
in a reasonably robust prediction that could be used for the derivation of
EQS. Furthermore, it allows for the extrapolation to a worst-case pH-
scenario. Nevertheless, future applications might benefit from a broader
validation of this approach.

While the revised OECD Guidance Document 23 (OECD, 2019a) on
difficult substances requires ionisable chemicals to be tested at the pH at
which the most toxic form of the molecule occurs, aquatic toxicity tests
are often based on standardized procedures (i.e. OECD or U.S. EPA
testing guidelines) that allow test conditions to range roughly between
pH 6 and 9, as well as tolerating pH variations of more than one unit
during the tests (e.g., 1.5 pH units in OECD201 on growth inhibition in
freshwater algae (OECD, 2011)). The actual test pH in a toxicity study is
often related to the test conditions in the testing laboratory (e.g. defined
by the well water used) or even may be arbitrarily selected by the
experimenter. As a consequence, the potential for uptake of ionisable
substances can vary substantially between toxicity studies performed at
different pH values or in cases where pH is not kept constant during the
test. Within the diclofenac toxicity dataset, reported pH values ranged
from 7.0 to 8.1 for the acute toxicity data (except for the study by
Schweizer et al. (2021) that was particularly designed to study pH ef-
fects on the toxicity of diclofenac to fish embryos) and from 6.85 to 8.5
for the chronic toxicity data. Apart from differences in study pH intro-
ducing artificial variability, pH values >7 can be considered as “best
case”, resulting in a lower uptake, an underestimation of the actual ef-
fects expected in the environment and in setting of EQS values that are
too high to achieve the desired conservation target of 95 % of species
and environmental conditions. The ratios of original to pH-corrected
effect values ranged from 0.33 to 11.4 (on average 6.7) and hence
were in the range of or even exceeded the assessment factors prescribed
for EQS derivation (i.e., AF 10 for acute and chronic data (EC, 2018)).
This means that when an EQS is based on non-adjusted effect concen-
trations, the standard assessment factor is barely sufficient to account for
the higher bioavailability at lower pH values (in case of the weak acid
Diclofenac). Consequently, any other uncertainty that assessment fac-
tors are meant to account for (e.g. inter-laboratory variability, extrap-
olation from the laboratory to the field, inter-species variability in
sensitivity, etc.) would not be covered, adding to the lack of protec-
tiveness of EQS determined based on non-adjusted data. The ratios of the
EQS values derived from original to those derived from pH-adjusted data
were 4.6 for QSfw,eco,ssD, 7.4 for QSfw eco,ar, and 5.6 for MAC-EQSag,
respectively. Please note that these ratios are actually lower than for
most original and adjusted effect values used for SSD modelling.
Nevertheless, the derived chronic QSgy eco (i.e. SSD and AF) are in the
same order of magnitude, and differed only by a factor of 1.5 (non-
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adjusted) and 2.4 (adjusted).

Despite the relatively large number of tests that had to be excluded
from our analysis due to lack of information on study pH, our approach
resulted into an even lower chronic QSgy ecoar (0.005 pg/L) for the
adjusted data as compared to the AA-EQS for freshwater in the Dossier of
JRC (0.04 pg/L). Hence, we recommend that the value proposed in the
current JRC EQS dossier should not be increased. Instead, we suggest to
take the adjustment of the effect data for the study pH into account
before deriving an EQS, considering the findings of this study.

We noticed that the test pH values used in aquatic toxicity studies are
often much higher than the worst-case allowed in the respective test
guideline, possibly related to the locally available water or laboratory
routines. We recommend that for commissioned tests, laboratory facil-
ities should be selected according to the pH commonly used in their tests
and that test species are being adapted to the required worst-case pH
conditions. Based on our experience, we believe that there is a general
need for test laboratories offering standard tests at low pH values (<7).

The selection of pH 6.5 as an environmentally relevant worst-case
default value was based on measured pH values in surface waters in
temperate climates and pH values recommended by standard test
guidelines, i.e. those tolerated by most test species. Of course, the
(necessarily arbitrary) setting of this default pH value has substantial
influence on the resulting QS. In the context of EQS derivation for na-
tional purposes or for the WFD, standard worst-case pH values for
freshwaters should be determined, for both acids and bases (e.g., pH 6.5
and pH 8.5, respectively). Applying a worst-case pH would also allow for
protecting most water bodies within the range of reported pH values,
and treat ionisable substances consistently independent of the respective
pH-logD relationship. An example for the application of this procedure is
the non-steroidal analgesic drug ibuprofen, for which the delta logD
adjustment was applied recently, resulting in an EQS eight times lower
than without a pH adjustment being made (SCHEER, 2023). Such
defined standard pH values would allow to take the differences in uptake
potential of ionisable substances at study pH compared to worst-case
conditions into account.

The EU TGD 27 describes specific considerations as to compart-
mentalization and bioavailability of lipophilic substances and metals in
the environment. For lipophilic substances with a logKow or Koc
exceeding a certain threshold, dissolved organic carbon concentrations
need to be used for normalization of effect values. For metals, a
correction for bioavailability is performed based on modelled speciation
at test conditions. In the case of nickel, for example, corrected EQS are
used in a site-specific risk assessment under the WFD to account for
bioavailability under local conditions, like total organic carbon and
hardness (EC, 2011). For ionisable organic substances such as diclofe-
nac, specific procedures are not described. In view of the impact of pH
on the uptake of ionisable organic substances and thus potential adverse
effects in aquatic organisms, it seems reasonable to define procedures
under the WFD to take this into account in future EQS derivations.

Around 50 % and 70 % of the available effect data had to be excluded
from the datasets for chronic and acute toxicity, respectively, due to the
lack of either analytical verification of exposure concentrations (~30 %)
or reported pH values (33 %), or both (~37 %). This resulted in the
exclusion of rarely tested species and entire groups of organisms, making
the final dataset used less robust. Based on our experience with EQS
derivation (Ecotox Centre, 2023), this is a typical case, especially for
substances not authorised as plant protection products or biocides. We
thus strongly encourage the determination and full reporting of these
parameters, especially in scientific publications. Based on a literature
search performed for the recent draft EQS dossier for diclofenac, other
general data gaps were noted, too (JRC, 2022a). For example, insect
toxicity data were not available. Amphibians are the most sensitive
group in the logD corrected acute dataset, except for a single effect
concentration in D. rerio at a worst-case of pH 6. However, amphibians
are not represented in the chronic dataset. Consequently, to account for
the remaining uncertainty, the assessment factor cannot be lowered
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from 100 to 10. In contrast, bivalves are the most sensitive group in the
original and logD corrected chronic toxicity dataset, but are not repre-
sented in the acute toxicity dataset. This data gap has been considered
less relevant in the past, due to the expected chronic type of exposure to
diclofenac and other drug substances in surface waters. However, time-
resolved measurements have shown that also peak concentrations of
drugs occur, e.g. linked to production processes (GalPro, 2023), making
a robust acute EQS likewise necessary. Whether other non-published
effect data are available for these groups of organisms is unknown to
the authors. A common public database (e.g., NORMAN (2023)) of
toxicity and bioaccumulation data, as well as physicochemical proper-
ties, irrespective of the use of a substance, would likewise facilitate
identifying data gaps and to derive a harmonized assessment, following
the idea of one substance — one assessment.

5. Conclusions

In our meta-study, more than half of the available effect data
(including rarely tested species and certain groups of organisms) had to
be excluded from our analysis due to lack of analytical verification and
especially the lack of reported pH values, considering the ionisable na-
ture of diclofenac. We therefore recommend that pH values and expo-
sure concentrations should always be determined and fully reported in
toxicity studies. We likewise encourage measurement of physico-
chemical parameters at environmentally relevant conditions with
methods adapted to ionisable substances as the majority of reported
values did not meet these criteria. The generally wide range of pH values
allowed in toxicity test guidelines that is often utilized in toxicity tests,
potentially resulted in an increased heterogeneity of the effect data. Data
variability decreased upon pH-dependent Delta logD adjustments,
resulting in a substantially lower worst-case EQS. We recommend that
Delta logD-based adjustments that represent a worst-case pH scenario
should be considered to be mandatory for the hazard assessment and
EQS derivation of ionisable substances. To this end, we recommend that
two environmentally relevant worst-case pH values for freshwaters
should be defined for acids and bases (e.g. 6.5 and 8.5), based on the
ecological tolerance of the organisms of interest and pH of water bodies,
that are mandatory to comply with in aquatic toxicity tests submitted for
authorization and registration of ionisable chemicals. Whenever pH
values deviate from such conditions, Delta logD-based corrections
should be used to derive save thresholds or foster the provision of
appropriate effect data.
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