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Steel components are typically treated with anti-corrosion coatings like epoxy or polyurethane resins to
protect the integrity and functioning of steel. Such resins may contain substances, such as bisphenol A
(BPA), that have caused concern in a human and environmental toxicological context. We investigated
the release of toxicity from four anti-corrosion coatings used in hydraulic and civil engineering. Resins
were applied onto glass plates and leachate samples produced by horizontally shaking the plates in water
for 7 days. Two experiments were conducted, one with a 1 day and one with a 7 day curing period. Using
a suite of bioassays, we tested samples for: agonistic and antagonistic effects on various mammalian
nuclear receptors; inhibition of photosynthesis and growth in algae; inhibition of bacterial bioluminescence; and inhibition of water ﬂea reproduction. Concentrations of BPA, bisphenol F and various BPA
transformation products were determined by chemical analysis (LC-MS/MS). Bioassay results were
evaluated using a scheme developed by DIBt (Centre of Competence for Construction, Berlin, Germany).
Three products induced responses in one or more of the measured endpoints and toxicity proﬁles varied
markedly in intensity across products. One product released high amounts of BPA which was associated
with effects on nuclear receptor transactivation, requiring a more than 700-fold dilution for effect induction to fall below 20%. The same product was also the most toxic to water ﬂea reproduction, requiring
ca. 70-fold dilution for effects to fall below 20%. Another product was highly toxic in terms of bacterial
bioluminescence, particularly after a shorter curing time, requiring a ca. 10300-fold dilution for effects to
fall below 20%. The third product required a 22-fold dilution for inhibition of water ﬂea reproduction to
drop below 20%. Results show that anti-corrosion coatings based on epoxy resins can be a source of
toxicity to the aquatic environment. The fact that some products are more toxic than others highlights
opportunities for the development of low risk formulations and products with better environmental
performance. Finally, the DIBt scheme provides a useful starting point to develop further ecotoxicity
guidelines for testing and data evaluation of leachates from construction materials.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Steel is an essential component in many types of construction
and it is used in large amounts. Examples of steel construction elements are beams or plating of bridges, pillars and sheet piling.
When steel is exposed to damp conditions or is in contact with
water e especially water with elevated chlorine content e there is a
high risk of corrosion. Consequently, corrosion protection is applied
to maintain the structural integrity of steel; it ensures stability and
safety of constructions over time and is an economic way to
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preserve functioning, durability and safety of steel construction
materials.
Corrosion of steel can be prevented in various ways (Hansson,
2011; Schweitzer, 2006; Poursaee, 2016). A frequently used
method is the application of coatings, such as paints and resins. In
Germany, anti-corrosion coatings are applied to ca. 80% of corrosion
protected surfaces (Bayer et al., 2010). Amounts used in Switzerland
are in the range of 315e490 tons (Burkhardt et al., 2015). A wide
array of such coatings are available on the market and include:
epoxy resins, two component-polyurethane, one componentpolyurethane, poly(vinyl)ester resins and ﬂuoropolymers coatings
(Schweitzer, 2006; Qian et al., 2015).
Although paints and resins are a cost-effective way of protecting
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steel, some compounds used in formulations of corrosion protection products are associated with (eco)toxicological concerns.
Bisphenol A (BPA), which has been shown to affect reproduction in
mammals and other vertebrates (including ﬁsh; Chow et al., 2012;
Vandenberg et al., 2012; Wright-Walters et al., 2011), is an example
of a suspect ingredient used in corrosion protection product formulations. Some products can contain more than 50% of BPA or
related compounds (e.g. BPF; Schweitzer, 2006). Furthermore, BPA
can be supplemented as an additive to the hardener to improve
product properties like processing ability or surface properties. This
points to the possibility that anti-corrosion coatings may be a
source of BPA related toxicity to the aquatic environment.
Recently, several national and international organisations started to address the issue of ecotoxicological effects caused by compounds that leach from construction materials. This includes
reports on ecotoxicological testing of construction materials by CEN
(European Organisation for Standardisation; CEN, 2017) and the
German Federal Environment Agency (Gartiser et al., 2016) as well
as a guideline developed in Germany by DIBt (Centre of Competence for Construction, Berlin, Germany; DIBt, 2011) to assess the
impact of construction products on soil and ground water.
Furthermore, international standards have been adopted to produce leachate samples from construction materials (e.g. CEN, 2011)
which facilitates the possibilities for testing eluates with bioassays
in a reproducible fashion. Currently, however, leachate samples are
mainly used for chemical analysis and appraisal of chemical constituents as well as to determine basic parameters such as pH, TOC
(total organic carbon) and conductivity. Although the functioning
and effectiveness of polymer coatings on steel are well established,
at the moment, little is known about the leaching of compounds
from such coatings (or other materials used in construction, see e.g.
 Wiewel and Lamoree, 2016). Moreover, little information on
Ve
possible effects of eluates from polymeric steel coatings on e.g.
bacteria, algae and water ﬂeas exists at BAW (Federal Waterways
Engineering and Research Institute, Karlsruhe, Germany; R. Baier,
pers. comm.).
The main aim of our study was to explore the possible ecotoxicological effects of epoxy resin-based anti-corrosion coatings. To
select relevant products, we ﬁrst performed a market survey of
product types used in Switzerland (Burkhardt et al., 2015). Out of a
range of products, four were selected on the basis of market share
and possible presence of compounds of concern (i.e. BPA). In the
DIBt scheme for the environmental assessment of certain construction materials, a combination of bacteria, water ﬂea and algae
tests are speciﬁed as a suitable test battery for evaluating leachates
from construction materials (DIBt, 2011). We used this test battery
as a basis for our current investigation and extended the suite of
tests with nuclear receptor transactivation assays (van der Linden
et al., 2008). The main reason to include a CALUX (Chemical Activated LUciferase gene eXpression) panel was to cover possible effects caused by compounds such as BPA, known to be estrogenic,
and to detect the potential presence of other endocrine disruptors.
Eluates were analysed by means of LC-MS/MS to quantify BPA as
well as bisphenol F (BPF) and BADGE (BPA diglycidyl ether; all of
these are typical epoxy resin components; Schweitzer, 2006) and
we determined EC50 (50% effect concentration) values for BPA and
BPF for various tests. With this information, we could link possible
effects in bioassays with BPA concentrations in the leachate samples by calculating toxic units (van der Ohe and de Zwart, 2013).
Furthermore, as environmental quality standards (EQS) have been
developed for BPA in surface waters, we used the measured BPA
concentrations in eluates to assess the risk the tested products may
pose to the aquatic environment.
Results from algae, water ﬂea and bacterial tests were evaluated
along the scheme suggested by DIBt. This scheme suggests a 20%

587

effect level as a threshold for signiﬁcant effects and proposes
maximum allowable dilutions required to reduce effects in algae,
bacteria and water ﬂeas below this 20% threshold. Although CALUX
assays are not covered by the scheme, we also evaluated CALUX
data at the 20% effect level.
2. Materials and methods
2.1. Selection of four relevant corrosion protection products
Market research was conducted for steel construction and steel
water construction for Switzerland to establish corrosion protection product diversity, application data and information on sale
volumes and prospects (Burkhardt et al., 2015). Out of the various
available products, four epoxy resin-based products were selected
after a prioritisation that focused on the potential for toxicity as
well as market share. We evaluated chemical relevance by studying
the technical and safety data sheets and took into account discussions with producers and BAW (responsible for product registration
in Germany). Products were supplied by the producers and subsequently anonymised as Products 1 to 4.
2.2. Eluates of anti-corrosion coatings
Glass plates (8 by 12.5 cm; a surface area of 100 cm2) were used
as inert substrate for epoxy resins. Epoxy resin applications typically involve the following layering: a steel base, a zinc-based
primer and an epoxy resin coating. In this study we opted for an
inert carrier (i.e. glass) as we aimed to address the leaching of
toxicity from epoxy resins only. By selecting glass as a carrier, we
reduced complexity and avoided possible confounding factors that
could result from leaching when using more complex layering.
Products were prepared according to technical data sheets
provided by the producers and applied using a brush (see Fig. S1).
The required thickness of the product layer (300e800 mm) was
achieved by taking into account the density of the components, the
mixture ratio of the components and the (wet) weight of applied
product. Resins were left to cure for 1 day (double the time to
achieve touch dry according to product speciﬁcations). In a second
trial, the curing time was 7 days (maximum drying time according
to product speciﬁcations). Following curing, plates were weighed
again to determine the dry weight of the applied product.
Leaching was performed by placing the coated glass plates in
closed glass containers ﬁlled with 100 mL of nanopure water
(conductivity < 5 mS/cm). The glass containers were placed in the
dark and shaken at 30 rpm for 7 days at room temperature. To
obtain sufﬁcient amount of leachate for all bioassays as well as
chemical analysis, 11 replicates were produced per product and
replicate eluates were combined.
2.3. Chemical analysis of leachate samples
Basic chemical parameters that were measured included pH,
electrical conductivity and TOC. In addition, chemical analysis was
conducted by Bachema (Schlieren, Switzerland) to measure BPA,
BPF as well as BADGE and two of its hydrolysis products BADGE$H2O and BADGE,2H2O. Brieﬂy, samples were injected and
separated using liquid chromatography. Identiﬁcation and quantiﬁcation of compounds was accomplished using electrospray ionisation in positive and negative modes and tandem mass
spectrometry (LC-MS/MS, one mass for qualiﬁer and another mass
for quantiﬁer). Quantiﬁcation was further veriﬁed using standard
addition to samples. The calibration of BPF was set with the isomer
4,4‘-Bisphenol F. The limit of quantiﬁcation (LOQ) of BPA and BPF
was 1 mg/L each.
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2.4. Bioassay suite
2.4.1. Nuclear receptor transactivation assays e CALUX panel
CALUX assays are based on the human osteosarcoma U2OS cell
line to which exogenous receptors were transferred (e.g. human
estrogen receptor alpha for ERa-CALUX; for further details see: van
der Linden et al., 2008, Gijsbers et al., 2011 and van der Linden et al.,
2014). Samples generated after a 1 day curing period were tested
using six different CALUX assays: 1) ERa-CALUX (estrogenic effects); 2) anti-AR-CALUX (anti-androgenic effect); 3) anti-PRCALUX (anti-progestagenic effects); 4) Nrf2-CALUX (oxidative
stress); 5) P53-CALUX (genotoxicity); 6) PPARg2-CALUX (insulin
sensitivity). Samples after 7 days of curing were only tested with:
ERa-CALUX, anti-AR-CALUX and anti-PR-CALUX (as no effects were
observed in the other three CALUX assays).
CALUX assays were performed by BDS (Biodetection Systems;
Amsterdam, The Netherlands) according to a recent ISO standard
(ISO, 2014) which involves direct testing of aqueous samples (i.e. as
opposed to testing of extracts or samples dissolved in DMSO).
Samples were serially diluted in triplicate on 96-well assay plates.
Furthermore, each CALUX plate was run with a dilution series of a
receptor speciﬁc agonistic or antagonistic reference compound (e.g.
17b-estradiol for ERa-CALUX; see SI for further details on reference
compounds).
2.4.2. Inhibition of bioluminescence in bacteria e Microtox
The assay with Aliivibrio ﬁscheri was performed as described in
Escher et al. (2008). Nine parts of leachate sample were mixed with
one part ten-fold concentrated assay medium. Subsequently a twofold sample dilution series was made and 100 ml of each dilution
series was transferred in triplicate to a 96-well plate and mixed
with 100 ml of a bacteria solution. This allowed for a maximum
sample concentration in the assay of 45%. A dilution series of 3,5dichlorphenol served as the positive control on each plate and
each plate contained eight negative controls (nanopure water).
2.4.3. Inhibition of photosynthesis activity and algal growth rates e
combined algae test
The assay with Pseudokirchneriella subcapitata was performed as
described in Escher et al. (2008). Leachate sample was mixed with
concentrated assay medium and a two-fold sample dilution series
was made (150 ml) in triplicate on a 96-well plate and 150 ml of algae
culture in assay medium was added. This allowed for a maximum
sample concentration in the assay of 44%. Each plate contained a
duplicate dilution series of diuron (the reference compound in the
test) and eight negative controls (nanopure water).
2.4.4. Inhibition of reproduction in water ﬂeas e Ceriodaphnia
dubia assay
Tests using Ceriodaphnia dubia were conducted according to
ISO/CD 20665 (ISO, 2005) and AFNOR T90-376 (AFNOR, 2000) and
performed by Soluval Santiago (Couvet, Switzerland). The dilution
medium and control water was prepared by mixing 25% of Evian
mineral water, 25% of Elendt M4 medium (Elendt and Bias, 1990)
and 50% of deionised water, supplemented with selenium and
vitamin B12. Food consisted of a mixture of yeast, digested ﬁsh ﬂake
suspension (TetraMin®) and green algae (P. subcapitata and Chlorella sp.).
Water ﬂeas from an in-house culture were exposed to dilution

series of samples and mortality (immobilisation) and inhibition of
reproduction (Equation (1)) were assessed over 7e8 days. Each
dilution was tested with 12 replicate containers containing 10 ml of
test solution and one water ﬂea each (20 replicates were used for
controls). The maximum tested sample concentration was 90%.
Dose-response curves were ﬁtted with Prism (GraphPad Prism®,
GraphPad Software, La Jolla, USA) to determine the 20% effect level
of inhibition of reproduction or the LC20 (lethal concentration for
20% of the population at 7/8 days).


inhibition ð%Þ ¼

1


average n offspring in sample
 100
average n offspring in control
(1)

2.5. Establishing 50% effect concentrations for BPA and BPF
For CALUX assays, aqueous stock solutions of BPA and BPF were
used (104 M with ca. 1% ethanol content) and for algae and bacteria, ethanolic stock solutions were used (2  103 M). Dilution
series were tested with three technical replicates and doseresponse data from BPA and BPF were used to determine EC50
values for both compounds. To derive the EC50 for BPA and water
ﬂea reproduction we extracted data from the literature (Tatarazako
et al., 2002) and ﬁtted a dose-response curve (see Fig. S2).
2.6. Data evaluation of in vitro assays
We used Prism to ﬁt dose-response data of reference compounds (positive controls) to a log logistic function (Equation (2)).
Subsequently, all data (i.e. data from reference and samples) were
normalised using the control data as the anchor point for the bottom (0% effect) and the maximum ﬁt for the top (100% effect;
Equation (3)). Next, all data were reﬁtted with Equation (2) to
derive dose-response curves of the normalised data. Control data,
typically n ¼ 8, were also used to establish LOQs as 10-fold the
standard deviation of the controls.

induction ¼ bottom þ

ðtop  bottomÞ
1 þ 10

ðlogðEC50Þ logðconcentrationÞ Þ$slope

(2)
normalised effect ð%Þ ¼

ðinduction  bottomÞ
 100
ðtop  bottomÞ

(3)

From the dose-response curves, we interpolated the required
sample dose to reach a 20% effect level (the effect level suggested in
the DIBt scheme for in vivo assays; DIBt, 2011). CALUX data were
interpolated at the 20% effect level of the reference compound (or
positive control, PC) and not the EC20 of the sample because
sometimes super-induction (effects >100%) was observed (Sotoca
et al., 2010; see Fig. S3).
ERa-CALUX assay data of samples were also interpolated at the
10% level of the reference compound (positive control, PC10; EPA,
2009; see also Kunz et al., 2017). PC10-values where then used to
determine 17b-estradiol equivalent (EEQ) concentrations in the
samples (Fig. S3).
We calculated toxic units (TUs, Equation (4)) to determine the
extent to which BPA contributed to the observed toxicity of several
endpoints (i).



BPA concentration in the sample dilution that causes 50% effekt i
toxic unit TUBPAeffect i ¼
EC50 of BPA for effect i

(4)
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3. Results and discussion
3.1. Elevated BPA concentrations in some leachate samples
BPA concentrations in leachate samples were relatively low for
three products (<100 mg/L), but reached 10 mg/L for Product 3
tested after 7 days of curing and almost 7 mg/L after 1 day of curing
(Table 1). The emissions calculated are about 1 mg/m2 and 0.7 mg/
m2 BPA after 7 days and 1 day of curing, respectively. BPA concentrations of 7 and 10 mg/L are ca. 300 000 to 450 000-fold higher
than the AA-EQS proposed for BPA in surface waters (0.24 mg/L;
Swiss Centre for Applied Ecotoxicology Eawag-EPFL, 2016). To
produce drinking water using only natural treatment methods, the
IAWR (International Association of Water Works in the Rhine Basin;
IAWR, 2008) recommends a lower target of 0.1 mg/L for endocrine
active compounds such as BPA. This IAWR target value is exceeded
up to 1000 000 times by BPA in eluates from Product 3. It has to be
noted, however, that we measured high BPA concentrations (7 and
10 mg/L) under test conditions which are worst-case due to the
relatively low volume to surface ratio (i.e. 10 L/m2). Thus, under
ﬁeld application conditions (e.g. coated steel piling in a water
body), dilution will typically be orders of magnitude higher.
Notwithstanding the typically much larger dilution in the environment, results clearly show that Product 3 released considerable
amounts of BPA. This raises concern with respect to risks to the
environment when dilution is not sufﬁcient, for example, when
BPA release occurs in small ponds or other relatively stagnant
groundwater bodies.
Overall, chemical analysis shows that emission proﬁles from the
four products are diverse. Three of four tested products hardly
released BPA (or BPF). This points to signiﬁcant differences between
the products and a potential to improve formulations with respect
to risks associated with BPA release. BPA emissions could, for
example, be reduced by reducing BPA content in formulations. The
safety data sheet of Product 3 gives indications of large amounts of
BPA used. Alternatively, a more robust reaction process of epoxy
resins components may reduce the available free BPA in the product and thus reduce BPA emissions (this may have contributed to
low emissions seen for Products 1 and 2). Although, following
product aging or adverse product treatments, part of the BPA may
eventually always be released from BPA containing products (see
Bruchet et al., 2014; e.g. for polycarbonate, see Koehler et al., 2003).
It is interesting to note that no BPF was released above the LOQ
even though it is a typical ingredient in epoxy resins (Schweitzer,
2006). However, BPF content may be very low (or not present) in
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the four tested products. BADGE is another typical epoxy resin
component. Interestingly, BADGE release by Product 3 did not
exceed the LOQ (of 0.1 mg/L) and thus BADGE release was at least a
factor 70e100 lower than measured BPA release (i.e. 7e10 mg/L;
see Table 1). Conversely, Product 4 released BADGE in the absence
of detectable BPA concentrations. Also this observation underlines
the fact that the emission proﬁles across the four tested products
are diverse.
In this study, we tested each curing condition (i.e. 1 or 7 days)
only once. It thus remains to be seen, how reproducible the concentrations that we obtained will prove to be. For instance, BPA
release from Product 3 was slightly higher after a longer than after a
shorter curing period (10 versus 7 mg/L). Also TOC release and
conductivity from Product 3 were higher after a longer curing
period. These observations are unexpected. One would assume a
more complete curing after a longer drying time and consequently
less release of BPA or TOC (as well as a lower conductivity; Table 1).
This assumption is supported by TOC data from the other three
products, where TOC was always lower after a longer curing period.
The TOC and BPA-release results from Product 3 may point to the
fact that slight differences during preparation of the resin mixture
can affect release of compounds from the ﬁnal product. As we only
made the products twice (once for each curing period), we do not
have information on the variability of BPA release from repeated
independently prepared resin mixtures. Under ideal preparation
and application conditions, release from corrosion protection
products may be low. However, emissions may be higher when
preparation is less robust and application occurs under adverse
ﬁeld conditions. This may be the case, for example, when the
applied coatings rapidly get into in contact with groundwater,
when they are applied at low temperatures in the winter season or
when they are applied under tidal conditions at offshore
installations.
3.2. Results from CALUX assays agree well with measured BPA
concentrations
Samples from Product 3 were the most active samples in CALUX
assays. Less than 1% of sample from Product 3 (7 days of curing) was
sufﬁcient to induce a 20% effect level in the ERa- and anti-ARCALUX assays (Table 2; Fig. 1 shows ERa-CALUX dose-response
curves; see SI for all dose-response data). The activity observed in
ERa-, anti-AR- and anti-PR-CALUX for Product 3 can be explained
with the measured BPA concentrations. For example, the EC50 for
BPA in ERa-CALUX was determined as 0.055 mg/L (Table S1). The

Table 1
Chemical analysis data from eluates, generated over 7 days, from four corrosion protection products following either 1 or 7 days of product curing.

After 1 day of curing
Control
Product 1
Product 2
Product 3
Product 4a
After 7 days of curing
Control
Product 1
Product 2
Product 3
Product 4

Conductivity (mS/cm)

TOC (mg/L)

BPA (mg/L)

BPF (mg/L)

BADGE (mg/L)

BADGE$H2O (mg/L)

BADGE$2H2O (mg/L)

6.8
6.3
42.2
25.0
5.3

2.1
9.3
12.5
19.7
3.7

<1
2
2
60 890
<100

<1
<1
<1
<100
<100

<1
3
18
<100
268

<1
8
37
<100
565

<1
10
26
<100
246

3.8
4.2
73.0
46.7
6.6

0.9
3.3
11.2
37.1
0.8

<1
<1
2
100 400
<10

<1
<1
<1
<100
<10

<1
13
5
<100
38

<1
13
10
<100
128

<1
7
9
<100
46

The pH of all samples was between 6 and 7. Abbreviations: Total organic carbon (TOC), bisphenol A (BPA), bisphenol F (BPF), and bisphenol A diglycidyl ether (BADGE),
bisphenol A (2,3-dihydroxypropyl)-glycidyl-ether (BADGEH2O) and bisphenol-A-bis (2,3-dihydroxypropyl) ether (BADGE2H2O). The label “<” indicates values below the
limit of quantiﬁcation (LOQ). LOQs vary across samples (1, 10 or 100 mg/L) and depend on the amount of sample that was injected to allow for the quantiﬁcation of dominant
compounds.
a
This sample was generated together with the samples after 7 days of curing.
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Table 2
Percentage of sample required to induce a 20% effect level e compared to the positive control (PC20)a e in six CALUX assays. Four products were tested and eluates
were generated over 7 days following either 1 or 7 days of product curing.

After 1 day of curing
Control
Product 1
Product 2
Product 3
Product 4b
After 7 days of curing
Control
Product 1
Product 2
Product 3
Product 4

ERa

Anti-AR

Anti-PR

Nrf2

P53

PPARg2

e
9.4
e
0.4
e

e
12
66
1.7
e

e
14
44
9.5
e

e
e
e
e
e

e
e
e
e
e

e
e
e
e
e

e
33
e
0.2
e

e
50
65
0.1
e

e
44
67
8.4c
e

e
X
X
X
X

e
X
X
X
X

e
X
X
X
X

a
For ERa-CALUX the reference is 17b-estradiol; for anti-AR and anti-PR-CALUX,
with reference compounds ﬂutamide and RU486, the reciprocal PC20 is used i.e.
the sample percentage at which the maximum effect of the reference is inhibited by
20%.
b
This sample was generated together with the samples after 7 days of curing.
c
Cytotoxicity was observed above sample concentrations of 20%. X: the sample
was not tested, because after 1 day of curing, no effects were observed (no
measurable effect, PC20 > 100%, is indicated by “-”).

super induction (possibly by stabilisation of luciferase) has been
described in the literature (Sotoca et al., 2010).
Samples from Product 1 and 2 were the next most active samples in CALUX assays. Samples from Product 4 did not induce any
effects in any of the six CALUX assays. Although Product 1 and 2
also released BPA, concentrations were not high enough to explain
effects in the CALUX assays (TUs ≪ 0.1).
EEQs were determined at the 10% effect level and could be
derived from dose-response data from samples from Products 1
and 3. After 1 or 7 days of curing, EEQs in samples from Product 1
were 4.8 and 2.0 ng/L, respectively. These levels are typical for
 et al., 2014). Samples from
treated sewage efﬂuent (Jarosova
Product 3 and after 1 or 7 days of curing reached EEQs of 160 and
280 ng/L, respectively. These levels are very high and a cause for
concern. ERa-CALUX EEQ-based trigger values have been suggested

for surface water and range between 0.2 and 0.4 ng/L (Jarosova
et al., 2014). The highest EEQ measured for a sample from Product 3 (280 ng/L) exceeds the lowest trigger value (0.2 ng/L) by a
factor of 10400. This observation is yet another indication that
Product 3 is problematic in terms of its adverse ecotoxicological
potential.
3.3. Inhibition of bacterial bioluminescence

Fig. 1. ERa-CALUX dose-response curves of eluates from four corrosion protection
products tested after 7 days of curing. Each product as well as the control was tested on
one plate against a 17b-estradiol (E2) reference. Solid lines show ﬁts (Equation (1)) to
pooled E2 data and data from the products (average and standard deviation of triplicates). Product 3 was cytotoxic upwards of 20% sample tested, ﬁlled triangles were
not used for ﬁtting. Dotted lines indicate 10, 20, 50 and 100% effect levels of the E2
reference.

BPA concentration at the PC50 (percentage of sample required to
induce a 50% effect level compared to the positive control; see also
Fig. S3) effect level of the Product 3 sample following 7 days of
curing was 0.050 mg/L (i.e. 10.4 mg/L times 0.48%
sample ¼ 0.050 mg/L; see Table 1 for concentration data and
Table S2 for PC50 values). This translates into a TUBPA-ERa of 0.9
(Equation (4)). TU-values of BPA in anti-AR- and anti-PR-CALUX
were between 1.3 and 2.3 (TUBPA-anti-AR ¼ 1.3; TUBPA-anti-PR ¼ 2.3).
TUBPA-values around 1 indicate that BPA caused most of the
observed effects in CALUX assays. There may be other compounds
in the Product 3 samples that inﬂuenced CALUX results, however,
they would have been masked by BPA and obviously minor mixture
components compared to BPA.
The CALUX dose-response curves of Product 3 show clear super
induction (Fig. 1 and Fig. S3). This is another indication that supports the fact that BPA caused effects. The BPA standard we tested
also showed super induction (Fig. S5) and the fact that BPA causes

Three tests used in this study are similar (though not identical)
to tests used to evaluate construction materials in a scheme
developed by DIBt (DIBt, 2011; Fig. S4). As a ﬁrst test of eluates from
construction materials, the scheme foresees the use of a cuvette
based Microtox method with A. vibrio (ISO, 2009a; ISO, 2009b; ISO,
2009c). We applied the same type of assay, however, we used a
modiﬁed (96-well) version of the Microtox (Escher et al., 2008).
Within the DIBt scheme, effects on inhibition of bacterial bioluminescence have to be reduced to below 20% with a sample dilution factor that needs to be lower than eight-fold. Product 1 clearly
failed this criterion. After 7 days of curing (the recommended
curing time by the producer) the criterion was exceeded more than
160-fold. This means, an almost 10300-fold sample dilution was
required for effects to drop below 20% (see Table 3 and Fig. 2 for
dose-response curves). Product 3 is a borderline case: after 7 days
of curing the criterion was marginally exceeded, whereas after 1
day of curing the criterion was met (Table 3). Even maximal samples doses (i.e. 45%) of Products 2 and 4 did not inhibit bacterial
bioluminescence above 20% (Fig. 2).
Product 3 released large amounts of BPA and thus we calculated
TUs for the bacterial (bact.) bioluminescence endpoint and the eluates from Product 3. After 1 day of curing the TUBPA-bact. was 0.43
and after 7 days of curing the TUBPA-bact. was 0.21. This indicates that
BPA explains less than half of the observed toxicity and that there
may be other active compounds released from Product 3. The origin
of the signiﬁcant toxicity in eluates from Product 1 remains unknown. The toxicity is not associated with BPA, as Product 1 did not
release measureable amounts of the compound. For example, it is
known that anti-corrosion coatings typically contain polyamines
and other phenolic compounds besides BPA and BPF (Schweitzer,
2006). Effect-directed analysis (Brack, 2003) could be used in
future studies to identify the toxic substance(s) in leachates from
Product 1.
3.4. Inhibition of reproduction in water ﬂeas
As a second test, the DIBt scheme requires a 48 h Daphnia magna
immobilisation assay (ISO, 2011), whereas we used a 7 day reproduction test using a different species of water ﬂea, namely C. dubia.
A four-fold dilution is permitted to reduce effects on water ﬂeas to
below 20%. Eluates from three products exceeded this limit after 7
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Table 3
Required dilutions for anti-corrosion coating leachate samples to reduce effects below 20% in three CALUX assays and three further bioassays. Four products were tested and
eluates generated over 7 days following either 1 or 7 days of product curing.

After 1 day of curing
Control
Product 1
Product 2
Product 3
Product 4*
After 7 days of curing
Control
Product 1
Product 2
Product 3
Product 4

ERa-CALUX

anti-AR-CALUX

anti-PR-CALUX

Inhibition of
algal growth

Inhibition of bacterial
bioluminescence

Inhibition of water ﬂea
reproduction

e
11
e
259
e

e
8
2
57
e

e
7
2
11
e

e
e
e
4
e

e
10 282
<2
4
e

e
5
2
10
3

e
3
e
468
e

e
2
2
766
e

e
e
e
12
e

e
e
e
10
e

e
171
2
8
e

2
8
22
67
2

An underlined value indicates that extrapolation was used (see Fig. S9 for full dose-response data).

days of curing and two products exceeded the limit after 1 day of
curing (Table 3 and Fig. 2). Particularly Product 3 caused a signiﬁcant exceedance, with an almost 70-fold dilution requirement to
reduce effects on reproduction below 20%.
To determine the role of BPA in the toxicity of Product 3 we
calculated the TUBPA-C.dubia which was only 0.2 after 1 day of curing
and 0.1 after 7 days of curing. The relatively large difference from a
TU of 1 may be caused by other compounds contributing to water
ﬂea toxicity in the Product 3 sample (i.e. high TOC levels were
observed for Product 3, Table 1). However, in the case of water ﬂea
reproduction, there is uncertainty associated with the TUs. Both the
experimental data (i.e. standard deviation bars in Fig. 2) and the
data extracted from Tatarazako et al. (2002). vary (the coefﬁcient of
variation for the EC25 of BPA is ca. 10%; Tatarazako et al., 2002).
Thus, there are two signiﬁcant sources of variability involved with
TU calculations. More importantly, although both Tatarazako et al.
(2002) and this study used the same species (C. dubia), there may
be differences in sensitivity between test strains. A 1.5-fold difference in sensitivity has been reported for three D. magna strains
towards malathion (Toumi et al., 2015), for example. A two-fold
sensitivity difference between daphnia strains used for chemical
testing and sample testing will directly translate in a two-fold
difference in the TU.

volumes. At the same time, smaller test volumes allow more
samples or more dilutions to be tested simultaneously (i.e. multiple
sample dose-response curves ﬁt on a single 96-well plate). In terms
of additional endpoints, the combined algae test also covers effects
on photosystem II inhibition (samples did not cause effects, data
not shown) and C. dubia tests provide information on acute effects
(immobilisation) as well as on the chronic reproduction endpoint.
Particularly for water ﬂeas, the chronic endpoint is generally more
sensitive than the acute endpoint (see Toumi et al., 2015 for data on
D. magna). In fact, the LC50 values in our study were always larger
than EC50 values on reproduction (see SI).
Escher et al. (2008) discuss the comparability between large
volume and 96-well plate tests in terms of algae and bacterial
bioluminescence. It was concluded that changing from ﬂasks to 96well plates (algae) and from cuvettes to 96-well plates (bacteria)
did not affect the performance of the assays (for further data on
algae see also Eisentraeger et al., 2003). This is encouraging, however, as we used different algae and water ﬂea species than the DIBt
scheme (as well as a different application area), a comparison of our
results with the DIBt scheme has to be done with caution. It will
only be possible to extend the DIBt scheme towards other application areas and with other as yet not standardised assays
(including various CALUX assays) after an in-depth evaluation of
the various assays types and their respective endpoints.

3.5. Inhibition of algal growth rates
As a third test, the DIBt scheme involves a 72 h algae growth test
in ﬂasks (DIN, 1991) with Desmodesmus subspicatus, whereas we
used a 24 h growth rate test on a 96-well plate with a different
species, P. subcapitata (Escher et al., 2008). Only Product 3 induced
slight toxicity toward algae growth, however, the algae growth
criterion was not exceeded after 7 days of curing nor after 1 day of
curing (Table 3; Fig. 2). No effects on algae growth rate were
observed for the other products. The TUBPA-algae-values for Product
3 after 1 and 7 days of curing were 0.25 and 0.18 respectively;
meaning that BPA likely contributed to the observed effects.
3.6. “Miniaturised” bioassays to facilitate ecotox studies on
construction products
As highlighted above, we used different tests than those outlined in the DIBt scheme (DIBt, 2011; Fig. S4). The main reasons are:
1) cost savings, 2) having additional endpoints, and 3) enhanced
sensitivity. Tests on 96-well plates and with C. dubia require less
sample compared with tests run in cuvettes, ﬂasks or with
D. magna. It is cheaper and easier to generate such small sample

3.7. Extrapolating results from leachates to risks in the environment
Although the samples of all but one product (i.e. Product 4)
produced signiﬁcant effects in one or more bioassays, it is not
straightforward to transpose toxic effects observed in the lab to
risks in the environment. This is highlighted in the DIBt scheme
(DIBt, 2011), as a transfer function is needed to link toxicity results
from leachate experiments to real world exposure. A transfer
function does not exist for anti-corrosion coatings. Therefore, we do
not attempt to extrapolate our lab leachate results to risks in the
environment. Nonetheless, our results clearly demonstrate that
different products have different toxicity signatures. For example,
Product 3 was problematic in terms of release of BPA, which was
associated with effects in various bioassays (e.g. CALUX). It is also
clear that Product 1 releases signiﬁcant toxicity to bacteria and the
remaining two products appear to pose much lower risk. Finally,
Product 4 was completely unproblematic in all tests, regardless if a
1 day or 7 days curing procedure was applied.
Our experiments serve as an indicator for the relevance of epoxy
resin anti-corrosion coatings as a source of toxicity to the aquatic
environment. More studies are required to conﬁrm and broaden

592

E.L.M. Vermeirssen et al. / Water Research 123 (2017) 586e593

4. Conclusions
 Epoxy resin based anti-corrosion coatings can leach signiﬁcant
amounts of toxicity
 Some coatings are more toxic than others, this points to opportunities for the development of low risk formulations and
products with better ecotoxicological properties
 One of four tested products released large amounts of bisphenol
A (BPA)
 Under worst-case leaching conditions, proposed BPA water
quality criteria were greatly exceeded
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