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� Disperse Red 1 dye was found in river
waters in concentrations above the
PNEC.

� The PNEC was based on toxicity
endpoints for a commercial dye and
its purified form.

� The CRED method was used to eval-
uate the quality of endpoints used in
PNEC derivation.
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Water quality criteria to protect aquatic life are not available for most disperse dyes which are often used
as commercial mixtures in textile coloration. In this study, the acute and chronic toxicity of the com-
mercial dye Disperse Red 1 (DR1) to eight aquatic organisms from four trophic levels was evaluated. A
safety threshold, i.e. Predicted No-Effect Concentration (PNEC), was derived based on the toxicity in-
formation of the commercial product and the purified dye. This approach was possible because the
toxicity of DR1 was accounting for most of the toxicity of the commercial mixture. A long-term PNEC of
60 ng L�1 was proposed, based on the most sensitive chronic endpoint for Daphnia similis. A short-term
PNEC of 1800 ng L�1 was proposed based on the most sensitive acute endpoint also for Daphnia similis.
Both key studies have been evaluated with the new “Criteria for Reporting and Evaluating ecotoxicity
Data” (CRED) methodology, applying more objective criteria to assess the quality of toxicity tests,
resulting in two reliable and relevant endpoints with only minor restrictions. HPLC-MS/MS was used to
quantify the occurrence of DR1 in river waters of three sites, influenced by textile industry discharges,
resulting in a concentration range of 50e500 ng L�1. The risk quotients for DR1 obtained in this work
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Mixture
PNEC
suggest that this dye can pose a potential risk to freshwater biota. To reduce uncertainty of the derived
PNEC, a fish partial or full lifecycle study should be performed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Disperse dyes are synthetic colorants for hydrophobic substrates
and are commonly applied as commercial mixtures in textile
coloration. They are often used in great quantities and due to the
huge amount of water involved in the associated dyeing processes
and the high proportion of the dye that remains in the water bath,
large volumes of wastewater can be generated (Hunger, 2003). It is
also known that the conventional treatment of these wastewaters,
involving aerobic lagoons or activated sludge, are not efficient in
the removal or biological degradation of these dyes and alternative
treatment process are necessary to achieve this removal (da Silva
Leite et al., 2016; USEPA, 1990). Therefore, the unreacted dyes are
often still present in the wastewaters and sludges from textile
plants (Umbuzeiro et al., 2005). Although disperse azo dyes are
poorly water-soluble compounds, they become dispersed in water
because their commercial formulations contain surfactants needed
for the dyeing process. One of the main surfactants used for
disperse dyes is sulfonated lignin, because of its low cost and easy
availability (Tehrani-Bagha and Holmberg, 2013).

Disperse dyes have been found in rivers and sediments world-
wide (Maguire, 1992; Zocolo et al., 2015) and mutagenic activity of
surface waters and sediments were attributed to the presence of
these compounds (Oliveira et al., 2006; Umbuzeiro et al., 2005).
Moreover, synthetic dyes are assumed to be toxic to aquatic or-
ganisms (Ribeiro and Umbuzeiro, 2014). For example, Disperse Red
1 (DR1) is representative for phenylazoaniline dyes and there are
more than 50 commercial products on the market (Colour Index,
2011). This dye also has previously been shown to have a high
acute toxicity to the water flea Daphnia similis, both when it was
tested as pure compound aswell as commercial formulation (Ferraz
et al., 2011; Vacchi et al., 2013). More recently, it was shown that
DR1 affects the regeneration and fecundity of the freshwater
planarian Girardia tigrina (Ribeiro and Umbuzeiro, 2014). This dye
also showed genotoxic potentials in the Salmonella/microsome
assay, the comet assay using HepG2 cells, as well as the micronu-
cleus assay involving human lymphocytes and HepG2 cells
(Chequer et al., 2009; Ferraz et al., 2011; Oliveira et al., 2010).
Another study showed that DR1 induces cytotoxic and genotoxic
effects in mouse germ cells, indicating the harmful activity of this
dye (Fernandes et al., 2015). Nevertheless, currently no regulatory
thresholds exist for DR1 to ensure the protection of aquatic biota or
human from this important group of compounds (Ribeiro and
Umbuzeiro, 2014).

In this context, the derivation of Predicted No-Effect Concen-
trations (PNEC), i.e. the concentrations at which no adverse effects
on the ecosystem are expected, is an important step in the risk
assessment of these chemicals. PNECs are commonly derived from
standard toxicity tests, using well-defined protocols for a limited
number of reference species, as well as an assessment factor to
account for the uncertainty related to laboratory-field extrapola-
tions. To derive sound PNECs, it is advantageous to use various
chronic tests from species covering different trophic levels, repre-
senting a wide variety of taxonomic groups and sensitive species,
although acute tests can also be used (European Commission,
2011). Thereby, it is most crucial that the endpoints used to
derive the respective PNECs are reliable (Moermond et al., 2016). To
adequately test chemical substances, it is necessary to have the
pure compound dissolved in the testing media. This can be chal-
lenging for pure disperse dyes because of their poor water solubi-
lity. Therefore testing the commercial formulation is easier, but this
approach does generally provide less reliable information. Never-
theless, a PNEC for the main compound can be derived when this is
considered.

The main objective of this study was therefore to derive short
and long-term PNECs for the protection of freshwater biota towards
Disperse Red 1, based on a set of relevant and reliable ecotoxicity
tests on the commercial dye. Furthermore, we assessed the risk of
Disperse Red 1 for aquatic life due to its occurrence in freshwaters
of S~ao Paulo State that are influenced by textile industries
discharges.

2. Methods

2.1. Commercial dye Disperse Red 1

The commercial dye used in this study was previously charac-
terized and the main dye Disperse Red 1 was purified (>99%)
(Vacchi et al., 2013). It contains 60% of Disperse Red 1 (i.e. N-Ethyl-
N-(2-hydroxyethyl)-4-(4-nitrophenylazo) aniline; CAS number
2872-52-8), another six similar dye components (20%) and one
unknown surfactant (20%). All ecotoxicity tests performed using
the commercial dye was dissolved in the appropriate test medium
for each organism without any solvent; except for tests with
Daphnia similis performed with the purified Disperse Red 1, which
was dissolved inwater containing 1% of methanol for acute test and
0.01% of dimethyl sulfoxide (DMSO) for chronic test.

2.2. Ecotoxicity testing

Chronic toxicity was tested with the freshwater algae Raphido-
celis subcapitata (former Pseudokirchneriella subcapitata) according
to OECD guideline 201 (OECD, 2006). The inoculumwas composed
of algae cells harvested from a liquid stock algal culture that was 3
days old and in a logarithmic phase of growth. The initial cell
density was 10,000 ± 1000 cells/mL. The final volume was 45 mL
(test sample, algal inoculum and enrichment medium). The test
was performed under static conditions for 72 h without media
renewal, at 24 ± 2 �C under continuous fluorescent light
(4000 ± 400 lux). The effect measurement was the growth inhibi-
tion rate, for which the endpoint IC50 (median inhibition concen-
tration) was determined.

Acute toxicity tests with Daphnia similis, Daphnia magna, Cer-
iodaphnia silvestrii and Ceriodaphnia dubia were performed ac-
cording to OECD guideline 202 (OECD, 2004). Twenty neonates
(<24 h old) from 2 to 3 week-old mothers were placed in 4 repli-
cates for each concentration (5 organisms/replicate). Tests were
performed at 21 ± 1 �C under a photoperiod of 16 h light and 8 h
darkness. After 48 h, the number of immobile daphnids was
recorded. The results were statistically analyzed using the Trimmed
SpearmaneKarber method for estimating the endpoint EC50 (me-
dian effect concentration) according to Hamilton et al. (1977).

The chronic toxicity test was done with Ceriodaphnia dubia ac-
cording to USEPA method 1002.0 (USEPA, 2002). This method
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measures the chronic toxicity, using ten neonates (less than 24 h-
old) for each concentration during seven days, in a static renewal
test. The effect measurement was reproduction inhibition. Signifi-
cant differences among concentrations were analyzed with the
paired T-test to determine the NOEC.

The chronic toxicity test was done with Daphnia similis ac-
cording to OECD guideline 211 (OECD, 2012) and the exposure time
was modified to 14 days based on the study of Lameira (2008). This
method measures the chronic toxicity, using ten neonates (less
than 24 h-old) for each concentration in a total renewal test. The
effect measurement was reproduction inhibition. Significant dif-
ferences among concentrations were analyzed with the paired T-
test to determine the NOEC.

The acute toxicity test with Hydra attenuata was conducted in
12-well microplates, with 3 replicate wells for each concentration
(Trottier et al., 1997). 5 mL of sample and 3 organisms were put in
eachwell. Organismswere exposed to the test solution for 96 h. The
results were statistically analyzed using the Trimmed Spear-
maneKarber method for estimating the median lethal concentra-
tion (Hamilton et al., 1977).

The chronic toxicity test usingHydra attenuatawas performed to
detect adverse effects on reproduction on cnidarians (Holdway,
2005). The test format involves immersing test animals over 7
days in a range of concentrations of the test solution with 100%
daily solution renewal. Fifteen budding hydras were randomly
assigned to each concentration and fed daily with alive brine
shrimp nauplii (Artemia salina). After feeding, test solutions were
changed and the number of organisms was observed. A one-way
ANOVA followed by the Dunnet test was used to detect differ-
ences between the treatments and the control as well as to deter-
mine the NOEC.

The acute toxicity test using larvae of Danio reriowas performed
according to OECD guideline 210 (OECD, 2013). 72 h-old larvae
were exposed to the dye test solutions for 96 h. Thirty organisms
were used per replicate, in duplicates per concentration. The acute
toxicity was also tested with juveniles of Danio rerio according to
OECD guideline 203 (OECD, 1992). We exposed juveniles with
2.0 ± 1.0 cm of body length for 96 h. We used 3 replicates per
concentration, with 5 organisms each. The effect measurement was
mortality in both tests and the endpoint of EC50 was calculated
using the Trimmed SpearmaneKarber method (Hamilton et al.,
1977).

The acute toxicity test using larvae of Chironomus xanthus was
performed according to Novelli et al. (2012). Chironomus xanthus
larvae (IV instar e 7/8 days age) were exposed to dye solutions at
23 �C ± 2 temperature and photoperiod of 12:12 h light/dark. Six
larvae were added in chambers containing 240 mL of test solution
and 50 g of sediment composed of sterilized fine sand (550 �C for
2 h), in four replicates. After 96 h, the living organisms were
counted and the EC50 was calculated using the Trimmed Spear-
maneKarber method (Hamilton et al., 1977).

2.3. Evaluating the quality of the ecotoxicity tests

To date, the evaluation of the reliability and relevance of the
ecotoxicity test that is finally used for the derivation of quality
criteria (i.e. often referred to as key study) is often based on the
established Klimisch method (Klimisch et al., 1997). This method is
commonly used in the regulatory context and favors highly stan-
dardized tests conducted from GLP-certified laboratories. It there-
fore penalizes test results that for example are produced in a
scientific context with greater time and budget restraints. In order
to address this bias, the “Criteria for Reporting and Evaluating
ecotoxicity Data” (CRED) method was recently introduced (Kase
et al., 2016; Moermond et al., 2016), applying a set of 20
reliability and 13 relevance criteria (Supplementary Material I).
CRED evaluates ecotoxicity tests according to transparent questions
that allow the objective assessment of whether the test was con-
ducted under appropriate conditions, as well as whether it is
suitable for the given regulatory context (i.e. the derivation of
Quality Criteria for surface waters). It aims at improving the
reproducibility, transparency and consistency of aquatic ecotoxicity
study evaluations amongst regulatory frameworks, countries, in-
stitutes and individual assessors. For this purpose, the assessor has
to answers each question as to whether the criteria is i) fulfilled, ii)
not fulfilled, iii) not applicable or iv) not reported. In general, a
study should only be assigned to being “reliable without re-
strictions” when all important information is provided, and the
study has no critical flaws in experimental design and results.
Similarly, “reliable with restrictions” can be assigned to studies for
which not all details are given, and/or raw data is not provided,
and/or in which there are some minor flaws in experimental
design, but for which it can still be assumed with reasonable cer-
tainty that the results are still reliable. A properly performed and
reported peer-reviewed study (whether GLP or not) may be eval-
uated as “reliable without restrictions”, just as a poorly designed
and/or performed guideline and/or GLP study should be assigned as
“not reliable”, if relevant criteria are not fulfilled. “Not assignable”
should be assigned to studies that lack the details necessary to
evaluate their reliability. Please note that these studies cannot per
se be regarded as “not reliable”. In a similar way, the relevance of a
study is assigned.

2.4. PNEC derivation and risk assessment

The PNECs values for Disperse Red 1 dyewere derived according
to European guidelines (European Commission, 2011) by using the
deterministic approach. Essentially the deterministic approach
takes the most sensitive reliable and relevant toxicity endpoint of
the available set of test results and applies a respective assessment
factor (AF) to extrapolate to an environmentally protective con-
centration. In order to cover both long- and short-term effects
resulting from heterogeneous environmental exposures (i.e.
average and peak concentrations), two PNECs are normally rec-
ommended by these guidelines: a long-term quality standard based
on chronic toxicity data; and a short-term quality standard based
on acute toxicity data.

In the first step of any chemical risk assessment for the aquatic
environment, the risk quotient (RQ) compares the measured
environmental concentration level (MEC, i.e. based on the
maximum or average concentration) to the respective PNEC. In case
the MEC/PNEC ratio exceeds 1, an ecological risk cannot be
excluded (European Commission, 2003). This usually triggers
further actions, such as extensive monitoring obligations or direct
risk mitigation measures.

2.5. Chemical analysis of Disperse Red 1 in river water samples

A total of fourteen samples were collected at three river sites (i.e.
one sample every 2e3 month during one year) located in S~ao Paulo
State, Brazil, that are influenced by textile discharges. Five samples
were taken at the first site, which is located at Piracicaba river
upstream of Quilombo river discharge (Fig. 1, site A). Another five
samples were taken at the second site, which lays downstream of
this confluence (Fig. 1, site B) while four samples were taken at the
third site at the Quilombo river (Fig. 1, site C), which is an affluent of
Piracicaba river.

The extraction of the environmental samples was done by
liquid-liquid extraction, using dichloromethane and methanol
(2.5:1, v/v) as organic phase. The extracts were dried under a gentle



Fig. 1. Sites of sampling at Piracicaba river upstream (A), Piracicaba river downstream (B), and Quilombo river (C) in Americana city, Sao Paulo State, Brazil.
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stream of nitrogen gas. Chemical analysis was performed in the
extracts using a high performance liquid chromatography (HPLC)
Agilent 1200 system (Waldbronn, Germany) coupled to an AB Sciex
3200 QTRAP hybrid triple quadrupole/linear ion trap mass spec-
trometer (MS). The extracts were diluted with methanol:water
(50:50, v/v) containing 0.1% formic acid. Chromatographic separa-
tion was accomplished using a Kinetex PFP analytical column
(150 mm � 4.6 mm; 5 mm, Phenomenex). The mobile phase
constituted of water (A) and acetonitrile (B), both spiked with 0.1%
formic acid, at flow rate of 1.5mLmin�1 with the following gradient
program for water/acetonitrile: 0e1 min, 5% B; 1e5.5 min, 5e9% B;
5.5e6.5 min, 9e25% B; 6.5e9.5 min, 25e40% B; 9.5e11.5 min,
40e45.5% B; 11.5e16.5 min, 45.5e60.5% B; 16.5e18.5 min,
60.5e100% B, 18.5e23 min, 100% B and re-established by 5% B over
7 min, total run length was 30 min. Column temperature was set to
40 �C and injection volume was 20 mL. The chromatography system
was coupled to the 3200 QTRAP via an electrospray ionization (ESI)
source, operating in positive ion mode with the following ioniza-
tion parameters: spray voltage, 5500 V; capillary temperature,
650 �C; the nebulizing gas (Nitrogen, 45 psi); the heating gas (Ni-
trogen, 45 psi) and the curtain gas, 15 psi. Identification of the
compound was performed in the selected reaction monitoring
(SRM)mode, where two SRM transitions were selected to eliminate
any false result. The Limit of Detection (LOD) of the dye was
0.3 ng L�1 and the Limit of Quantification (LOQ) was 1 ng L�1.

3. Results & discussion

3.1. Ecotoxicity tests and their evaluation

Tests with eight aquatic organisms were carried out to evaluate
the ecotoxicity of the commercial dye Disperse Red 1 (Table 1).
Results of the acute toxicity of a commercial formulation containing
Disperse Red 1 and the purified dye for Daphnia similis (Vacchi
et al., 2013), as well as the results of commercial dye on the
planarian Girardia tigrina (Ribeiro and Umbuzeiro, 2014), were
previously published. The other tests have been conducted exclu-
sively for this paper to allow for a more sound risk evaluation of
DR1 (Table 1).

Since Daphnia similiswas by far the most sensitive species in the
acute toxicity tests for the commercial product, we decided to test
only D. similis with the purified dye. The respective acute and
chronic endpoints for the purified dye were a NOEC of 3 mg L�1, and
an EC50 of 180 mg L�1, respectively (Table 2). Both tests were also
the most sensitive endpoints with regard to the commercial
product data and were therefore selected for PNEC derivation.

The CRED evaluation method has been applied for acute and
chronic studies used in the PNEC derivation (Supplementary Ma-
terial II for CRED of chronic study; Supplementary Material III for
CRED of acute study; and Supplementary Material IV for raw data).
Both studies fulfilled 18 of the 20 reliability criteria (i.e. being
strictly no GLP study and using nominal concentrations) and 11 of
the 13 relevance criteria (the other two not being applicable) and
have been assigned to be reliable and relevant to derive a sound
PNEC.

3.2. PNEC derivation

Using the deterministic approach, two PNECs were derived for
the dye Disperse Red 1, a short term PNECacute and a long term
PNECchronic, both based on the toxicity of the purified dye. Never-
theless, the tests with the commercial formulation were also
considered, due to the fact that Disperse Red 1 is responsible for
most of its toxicity (Vacchi et al., 2013).

A long-term PNECchronic of 60 ng L�1 was derived based on the
NOEC for D. similis (3 mg L�1) divided by an assessment factor of 50.
This AF was selected because although four long-term NOECs (i.e.
Algae, Cladocerans, Cnidarians and Platyhelminthes) are available,
no valid NOEC for fish (secondary consumers) was available. The
latter taxonomic group is requested for the base set of species (i.e.
Algae, Daphnia and Fish), and its beingmissing justifies a higher AF.

A short-term PNECacute of 1800 ng L�1 was proposed for
Disperse Red 1, based on the lowest LC50 (i.e. D. similis 180 mg L�1)
divided by an assessment factor of 100, considering the availability
of at least one short-term L(E)C50 from each of the three trophic
levels of the base set.

With information on the sensitivity of species representing four
different trophic levels towards the commercial dye as well as data
on the purified compound (for D. similis only), it was possible to
derive short and long-term PNECs for the azo dye Disperse Red 1.
We used the approach of combining all available effect data,
because disregarding the data on the commercial formulation the



Table 1
Aquatic toxicity data for a commercial product containing Disperse Red 1.

Phylum Specie Observed effect Exposure Chronic NOEC (mg L�1) Acute E(L)C50 (mg L�1)

Chlorophyta Raphidocelis subcapitata Growth inhibition 72 h 25 102
Crustacea Ceriodaphnia dubia Reproduction inhibition 7 days 0.1 e

Acute lethality 48 h e 0.55
Ceriodaphnia silvestrii Acute lethality 48 h e 0.80
Daphnia magna Acute lethality 48 h e 0.58
Daphnia similis Reproduction inhibition 14 days 0.003 e

Acute lethalitya 48 h e 0.13
Cnidaria Hydra attenuata Reproduction inhibition 7 days 1 e

Acute lethality 96 h e 48
Plathyhelminthes Girardia tigrinab Fecundity 5 weeks 0.1 e

Newborn acute lethality 96 h e 79
Adult acute lethality 96 h e 154

Chordata Danio rerio Larvae acute lethality 96 h e >50
Adult acute lethality 96 h e >100

Arthropoda Chironomus xanthus Larvae acute lethality 96 h e >100

a Vacchi et al. (2013).
b Ribeiro and Umbuzeiro (2014).

Table 2
Ecotoxicity data of purified dye in chronic and acute tests with Daphnia similis.

Concentration purified dye (mg L�1) Chronic data (% of reproduction inhibition) Acute data (% of organisms immobilised)

0 0 0
1 5 e

3 6 e

10 45 0
30 55 e

50 e 5
75 e 0
100 65 10
150 e 25
250 e 85
500 e 100
750 e 100
1000 e 100
Endpoint NOEC 3 mg L�1 EC50 180 mg L�1

e not tested.

Fig. 2. Occurrence of Disperse Red 1 (DR1) in river waters from four samples of site A
(Piracicaba River upstream), five samples of site B (Piracicaba River downstream) and
five samples of site C (Quilombo River).
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PNEC would have become overestimated, due to a respectively
higher AF. Another reason is that it would have been highly labo-
rious to obtain reliable data for the purified compound with all test
organisms, since it is very difficult to produce a high quantity of the
purified dye, which is poorly water soluble (Vighi et al., 2003).
Nevertheless, we recommend that more chronic data should be
generated to complement the current data set, i.e. a chronic fish
assay should be performed to allow for the reduction of the
assessment factor to 10 and a more accurate PNEC.

3.3. Occurrence and risk of Disperse Red 1 in river waters

Samples of Piracicaba River upstream (A), Piracicaba River
downstream (B) and Quilombo River (C) were analyzed after
organic extraction. Disperse Red 1 dye was detected in six of the 14
samples, in a concentration range of about 50e500 ng L�1 (Fig. 2).

Risk quotients (RQs) were calculated for both PNECs, consid-
ering the highest concentration of the dye in the river water sam-
ples for the PNECacute and the average concentration for PNECchronic.
A chronic RQ1 of 1.7 was determined based on the average MEC
(100 ng L�1) and a long term PNEC of 60 ng L�1, indicating potential
adverse effects at all observed river sites. Please note that even a
somewhat higher PNECchronic of 300 ng L�1, based on an AF of 10
instead of 50 would have been exceeded at least once, usually
triggering a country-wide screening study in Europe. An acute RQ2
of 0.3 was found for the maximum MEC (500 ng L�1), suggesting
rather chronic effects due to exposure to this dye. However, please
note that the maximum concentration measured in this study is
most likely underestimating the real exposure level; given the fact
that only a few random grab samples were taken. A much higher
variability is actually assumed for the dyeing process, since a batch
process is the most common method used for dyeing in textile
industries (Hunger, 2003). So, the dye concentration in the effluent
and, consequently, in the river may vary along with the stage of the
dyeing process.
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Moreover, the low number of sites and samples is not repre-
sentative for Brazilian surface waters. Therefore, a monitoring
study should be considered for this dye, considering its confirmed
occurrence and potential risks, using a much larger number of
sampling sites and a longer period of sampling with shorter fre-
quency. Themonitoring seems also indicated due to its genotoxicity
potential for humans, which has been demonstrated not only
in vitro but also by in vivo testing with mammals (Fernandes et al.,
2015). Sediment samples should be analyzed as well, because
Disperse Red 1 itself is poorly water soluble due to its relatively
high log Kow (4.2) and low water solubility (0.8 mg L�1) and
therefore, it is expected to easily adsorb to sediment.

4. Conclusions

This work presents a practical approach to derive PNECs for a
disperse dye with a limited set of data on the purified compound.
Testing of the commercial product helped to characterize the
toxicity of the dye needed for risk assessment. The RQs obtained in
this work suggest a potential risk to freshwater biota of Brazil.
Therefore, a broader investigation study should be considered for
this dye to improve the limited occurrence data. Moreover, addi-
tional chronic tests data (i.e. a fish partial or full lifecycle study)
would be eligible to complement and improve PNEC derivation and
preliminary risk assessment.
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