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P.B. Dorne, H. Gümbelf, R. Toyg, T. Windh

aProcter & Gamble, Brussels, Belgium
bShell Chemical LP, Houston, TX, USA
cUnilever, Sharnbrook, Bedfordshire, UK
dProcter & Gamble, Cincinnati, OH, USA
eShell Global Solutions, Houston, TX, USA

fBASF, Ludwigshafen, Germany
gShell Chemicals Ltd., London, UK

hHenkel KGaA, Düsseldorf, Germany

Received 18 February 2005; received in revised form 18 August 2005; accepted 21 August 2005

Available online 26 October 2005
Abstract

Traditionally, ecotoxicity quantitative structure–activity relationships (QSARs) for alcohol ethoxylate (AE) surfactants have been

developed by assigning the measured ecotoxicity for commercial products to the average structures (alkyl chain length and ethoxylate chain

length) of these materials. Acute Daphnia magna toxicity tests for binary mixtures indicate that mixtures are more toxic than the individual

AE substances corresponding with their average structures (due to the nonlinear relation of toxicity with structure). Consequently, the

ecotoxicity value (expressed as effects concentration) attributed to the average structures that are used to develop the existing QSARs is

expected to be too low. A new QSAR technique for complex substances, which interprets the mixture toxicity with regard to the

‘‘ethoxymers’’ distribution (i.e., the individual AE components) rather than the average structure, was developed. This new technique was

then applied to develop new AE ecotoxicity QSARs for invertebrates, fish, and mesocosms. Despite the higher complexity, the fit and

accuracy of the new QSARs are at least as good as those for the existing QSARs based on the same data set. As expected from typical

ethoxymer distributions of commercial AEs, the new QSAR generally predicts less toxicity than the QSARs based on average structure.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Quantitative structure–activity relationships (QSARs)
for ecotoxicity are mathematical relationships between
molecular structure descriptors (Roberts, 1991; Morrall
et al., 1999), and ecotoxicological effects values of these
structures. For well-defined single substances, both the
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ecotoxicity and the molecular descriptors can be deter-
mined ‘‘exactly’’. Hence, QSARs for such substances can
be good descriptions of reality—albeit limited by inaccura-
cies in the underlying experimental data and potential
‘‘lack of fit’’ of the applied mathematical model.
Complex substances, as described here, are not well-

defined single chemical structures but are mixtures contain-
ing multiple structurally similar chemicals. Ecotoxicity
data are rarely available for the individual chemicals but
are usually available for the commercial multi-component
substances. The ecotoxicity of a complex substance can be
highly dependent on the shape of the distribution of its
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different components. This is because toxicity is usually not
linearly related to molecular descriptors. For example, for
surfactants, ecotoxicity will typically increase logarithmi-
cally with a linear increase in alkyl chain length. Hence,
based on the principle of additive mixture toxicity (Loewe,
1953), the measured ecotoxicity of a complex substance
may be largely driven by a limited number of components,
i.e., those that are orders of magnitude more toxic than the
others. The presence of these highly toxic components is
not necessarily reflected in the calculated average structure
of a complex substance. As a consequence, for complex
substances, there is not always a meaningful relationship
between the measured toxicity and the molecular descrip-
tors of the average structure.

In such cases of nonlinearity, the most highly toxic
components have an impact on toxicity that is dispropor-
tionate to their molar abundance, whereas their impact on
the calculation of the substance’s average structure is
proportionate to molar abundance. Hence, it is possible
that a complex mixture will in reality be significantly more
ecotoxic than the single substance representing its average
structure. Consequently, when for the purpose of QSAR
derivation a mixture’s measured ecotoxicity is assigned to
the average structure (as if it were a single substance), this
is expected to result in a QSAR that will—on average—
overpredict the toxicity of most individual components of
the mixture.

The mode of ecotoxic action for surfactants is generally
accepted to be nonspecific, with exposure resulting in
disruption of biological membrane integrity (Roberts,
1991; Roberts and Marshall, 1995). Roberts and Marshall
(1995) state that the assumption of additivity (concentration
addition model) for nonionic surfactants, specifically alcohol
ethoxylates (AEs), is valid. Escher and Hermens (2002),
Escher et al. (2002), and Dyer et al. (2000) demonstrated
that baseline toxicants and related alcohol-based surfactants
also follow a concentration addition model.

Alcohol ethoxylates are a class of nonionic surfactants
that are complex substances. An AE molecule consists of a
fatty alcohol, which is ester-linked to a polyethylene glycol
(or ethoxylate) chain. The general formula for AE is
CH3–(CH2)x–O–(CH2CH2O)y–H. For typical commercial
AE materials, x can range from 8 to 17 and y can range
from 0 to 420. Thus, an AE mixture could contain over
Table 1

Existing AE-specific ecotoxicity QSARs

Ecotoxicological endpoint QSAR

Forty-eight-hour EC50 Daphnia magna logðEC50Þ ¼ �0:38
Ninety-six-hour LC50 Fathead minnow logðLC50Þ ¼ �0:34
Seventy-two-hour ErC50 algae logðEC50Þ ¼ �0:31
Seventy-two-hour EC0 algae logðEC0Þ ¼ �0:168
Twenty-one-day NOEC Daphnia magna logðNOECÞ ¼ �0:
NOEC mesocosm logðNOECÞ ¼ �0:
LOEC mesocosm logðLOECÞ ¼ �0:7

Refs: (1) Wong et al. (1997); (2) Willing (2000); (3) Wind and Belanger (2005) b
100 individual components (‘‘ethoxymers’’) due to all
possible combinations of alkyl chain lengths and ethoxyla-
tion degrees. The notation CxEOy will be used below to
denote AEs with alkyl chain lengths of x and polyethylene
glycol chain lengths of y. Different commercial materials
may have different distribution shapes (e.g., narrow or
wide) in accordance with the starting alcohols and the
routes of synthesis. Logically, the ‘‘fingerprint’’ of AE in
the environment also consists of a matrix with all possible
ethoxymers. Further, the shape of the environmental
distribution is likely to be different from the distribution
shape of any of the commercial mixtures of AE.
Several QSARs have been developed to describe the

ecotoxicity of AE surfactants. Wong et al. (1997) have
derived AE-specific QSARs for acute toxicity to Daphnia

magna and Pimephales promelas, using C length and EO
number as molecular descriptors. Willing (2000) presented
a QSAR to determine the acute algal toxicity of AE, using
C length and EO number. Wind and Belanger (2005) used
the same underlying data set to develop a QSAR for
chronic algal toxicity (EbC20). Belanger et al. (2000)
calculated an AE-specific QSAR to describe mesocosm
NOEC and LOEC as a function of log Kow. Finally,
Morrall et al. (2003) developed a chronic ecotoxicity
QSAR, based on log Kow, for D. magna. An overview of
these existing QSARs is given in Table 1.
Except for the algal work, the toxicity of commercial AE

materials has previously always been related to the average
structure of the exthoxymer distribution to develop the
above QSARs. This approach is relevant for interpolation
between commercial AE mixtures with distributions
strongly centered around the average structures. However,
it may not be appropriate for mixtures that have radically
different distributions, such as those measured in environ-
mental matrices, or for single ethoxymers. Based on the
above reasoning, it can be suspected that these published
QSARs overpredict ecotoxicity in those cases.
The research described in this paper aims (1) to verify

whether the toxicity of a complex substance (in the case of
AE) is indeed inadequately represented by the toxicity of
the average structure, (2) to develop (based on the mixture
toxicity concepts) a method for deriving QSARs specifi-
cally for complex substances, and (3) to apply this new
method to derive new QSARs for AE ecotoxicity.
Unit Ref.

C þ 0:1EO21:77 (mol/L) 1

C þ 0:05EO� 1:65 (mol/L) 1

4C þ 0:237EOþ 2:96 (mg/L) 2

C þ 0:182EOþ 0:9 (mg/L) 3

84 logKow22:0 (mol/L) 4

66 logKow þ 2:41 (mg/L) 5

48 logKow þ 3:16 (mg/L) 5

ased on Willing (2000); (4) Morrall et al. (2003); (5) Belanger et al. (2000).
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2. Materials and methods

2.1. Experimental

To determine whether the mixture toxicity theory applies to AE, the

acute toxicity (48 h) to D. magna of two binary AE mixtures was

determined (following OECD guidelines; OECD, 1993) and compared

with the acute toxicity of the mixtures’ single-ethoxymer components and

the single-ethoxymer ‘‘average structure’’. The two (1:1w/w) mixtures in

this experiment consisted of individual model components having exactly

C8EO4+C16EO8 and C14EO8+C10EO8. Hence, the corresponding aver-

age structures were C12EO6 and C12EO8.

Test solutions for the mixtures were prepared by combining

individual chemicals in equal concentrations (w/w) to give a geometric

series of test solutions. The concentrations of these test solutions

were selected from the individual measured EC50s using the toxic

unit approach so that an effect equivalent to an EC50 would be

expected toward the center of the concentration range. Test solutions

were renewed after 24 h. Actual concentrations were determined

using solvent extraction derivatization and high-performance liquid

chromatography (HPLC). However, due to the poor recovery of

C16EO8, the effects for the first mixture are based on nominal

concentrations.

The following analytical methodology was used. All samples were

preserved with 3% (v/v) formaldehyde and stored at 4 1C until analyzed.

A series of calibration standards for each AE was prepared by

diluting 100mg/L stock solutions with acetonitrile. A spiked sample

was prepared by adding 0.25ml of each of the 100-mg/L solutions

to 100ml of preserved Elendt medium. C18 (1 g/6ml) Isolute cartridges

were conditioned with 10ml methanol followed by 10ml Milli-Q water.

Sample vessels were rinsed with 2� 5ml aliquots of Millipore water. The

washings were added to the reservoirs. After extraction of the sample the

cartridges were allowed to dry under vacuum for a minimum of 30min.

The AEs were eluted with 10ml methanol. The samples were evaporated

to dryness at 60 1C under a gentle stream of nitrogen and the vials were

removed immediately after the methanol was evaporated. The dried

residues were dissolved in 1ml acetonitrile with the aid of 5min sonication

and ‘‘Whirli’’ mixing. The samples were then derivatized with 20 ml
napthoyl chloride in the presence of 50ml 1-methyl imadazole. Derivatiza-

tion was performed at 60 1C for 30min. After derivatization the vials were

allowed to cool and 100ml of methanol was added. The samples were then

analyzed by HPLC. Calibration standards were derivatized as described

above.

On each day of analysis a calibration including test samples, spikes, and

standard checks was run at the beginning and end of the sequence.

Analysis was performed using the following instrumentation and

conditions:
Injector:
 Perkin–Elmer ISS 100
Injection volume 20ml

Pump:
 Perkin–Elmer series 200
Eluent A 75:25 0.05molL�1 ammonium acetate in Millipore water:
Methanol
Eluent B 50:50 methanol: Acetonitrile (v/v)
Gradient

programme:
Time
 % B
0min
 50
6min
 75
30min
 100
Flow 1.0ml/min
Column:
 150� 4.6mm i.d. Hypersil Elite C18, 5mm

Detector:
 Perkin–Elmer LC240 Fluorescence Detector
Excitation wavelength 300 nm
Emission wavelength 385 nm
Data

handling:
Perkin–Elmer Turbochrom
Quantitation was by an external standard calibration of the AE peak
area. The calibration curve was generated with Turbochrom software

using a first-order fit. Corrections were made to account for sample

volume. To monitor the performance of the HPLC system standard

checks (2.5 or 10mg/L) were run at least every five samples.

2.2. Theoretical

In a mixture of which the components have the same mode of action,

these components are expected to exert additive ecotoxic action. To

predict the overall ecotoxicity of such mixtures, the additive mixture

toxicity concept can be applied (Loewe, 1953). In this approach, it is

assumed that the ecotoxicity of a mixture is equal to the sum of the

ecotoxicity of its individual components. For each component i, a toxic

unit contribution (TUi) is calculated as the reciprocal of the toxicity

number (TOXi, e.g., EC50, NOEC, etc.) multiplied by the abundance of

the component in the mixture (fi, fraction). Subsequently, the reciprocal of

the sum of all the toxic units in the mixture represents the total ecotoxicity

number of the mixture (TOXmixture) (expressed, like TOXi, as EC50 or

NOEC—i.e., the more toxic the mixture is, the lower its TOXi value will

be):

TOXmixture ¼
1P

iTUi

¼
1P

if i=TOXi

.

This equation can be directly applied to calculate the expected

ecotoxicity of binary mixtures, as described under Experimental. How-

ever, this equation can also be applied in the development of ecotoxicity

QSARs for complex substances. In the mixture toxicity equation, the

toxicity value for each component of the mixture (TOXi) can be

substituted by a QSAR expression, predicting single-substance ecotoxicity

as a function of single substance molecular descriptors (QSARi):

TOXmixture ¼
1P

i f i=QSARi

.

When a series of experimental data is available for different mixture

compositions of the complex substance, a series of such equations can be

developed. The technique of minimizing the sum of squared errors (SSE)

can then be applied to determine the QSAR parameters. To deal with the

fact that ecotoxicological data of different substances in the training set

may be spread over several orders of magnitude, the SSE should be

calculated based on the logarithms of the toxicity values,

SSE ¼
X

j

ðlogðTOXQSAR
mixture;jÞ � logðTOXmeasured

mixture;j ÞÞ
2x

¼
X

j

log
1P

i f i=QSARi

� �
� logðTOXmeasured

mixture;j Þ

� �2

,

where TOXmeasured
mixture;j is measured toxicity for mixture j and TOXQSAR

mixture;j is

QSAR estimated toxicity for mixture j.

The measured ecotoxicological data, the molecular descriptors, and the

fraction of each component in the different mixtures are known. Hence,

the only variables that influence the SSE are the QSAR parameters.

Consequently, the SSE can be minimized by optimizing the QSAR

parameters in the SSE equation. This approach is illustrated schematically

in Fig. 1. Given the high mathematical complexity, it is preferable to do

this using numerical optimization methods rather than analytical solution

techniques (e.g., linear regression) which are more common in single-

substance QSAR work.

The above approach of minimizing the SSE of additivity-based toxicity

predictions was implemented into a spreadsheet model for AE surfactants.

For each complex mixture in the data set, the toxic units calculation was

performed via a matrix with carbon chain length (C) and ethoxylation

degree (EO) as the two dimensions.

As with the existing AE QSARs, two different models were used to

describe AE ecotoxicity: one model based on logKow and a second model

based on C and EO numbers,

logKow model : TOXi ¼ 10A1 log Kowi
þI1



ARTICLE IN PRESS

Me asure d

ecot o x icit y

Pr ed ict e d

Ecotoxic it y
Me as ured

ecoto x ic it y

Predicted

Ecot oxic ity
M easur e d

ecot o x ic ity

Pred ict e d

Ecot oxicit y
Me as ure d

ecot o x icit y

Pr edict e d

Ec otox icity
Me as ured

ecoto x ic ity

Predicted

Ecot oxicit y
Me asur e d
ecot o x icit y

Pred ict e d

Ecot oxic it y

Me asure d

ecot o x icit y

Pr ed ict e d

Ecotoxic it y

Me asure d

ecot o x icit y

Pr ed ict e d

Ecotoxic it y
Me as ured

ecoto x ic it y

Predicted

Ecot oxic ity

Me as ured

ecoto x ic it y

Predicted

Ecot oxic ity
M easur e d

ecot o x ic ity

Pred ict e d

Ecot oxicit y

M easur e d

ecot o x ic ity

Pred ict e d

Ecot oxicit y
Me as ure d

ecot o x icit y

Pr edict e d

Ec otox icity

Me as ure d

ecot o x icit y

Pr edict e d

Ec otox icity
Me as ured

ecoto x ic ity

Predicted

Ecot oxicit y

Me as ured

ecoto ic ity

Predicted

Ecot oxicit y
Me asur e d
ecot o x icit y

Pred ict e d

Ecot oxic it y
Measured

ecotoxicity
Predicted

Ecotoxicity
Measured
ecotoxicity

Individual
Homologues

Q

S

A

R

Individual
Toxicity Values

Sum
Toxic
Units

Homologues
Distribution

Predicted

Ecotoxicity
Mixture

Minimize SSE

Fig. 1. Principle of mixture-toxicity-based QSAR fitting.

Table 2

48 h Daphnia magna EC50 of alcohol ethoxylates

Measured

EC50 (mg/L)

Calculated EC50 (mg/L)

C8EO4 24

C16EO8 0.36

C12EO6 2.7

Mixture

C8EO4+C16EO8

0.56 ð0:5=24þ 0:5=0:36Þ�1 ¼ 0:71

C10EO8 50.5

C14EO8 1.0

C12EO8 7.7

Mixture

C10EO8+C14EO8

3.0 ð0:5=50:5þ 0:5=1:0Þ�1 ¼ 1:96
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and

C=EO model : TOXi ¼ 10A2 CiþB2 EOiþI2 ,

where A1 and I1 are the slope and intercept for the log Kow model and A2,

B2, and I2 are the slopes and intercept for the C/EO model. The C/EO

model is a (linear) simplification of the full quadratic model, which was

shown by Wong et al. (1997) to be appropriate to describe AE ecotoxicity.

For the logKow model, hydrophobicity was calculated following the

method by Leo and Hansch (1979) and Roberts (1991). Specifically for

AEs (and nonethoxylated alcohol), this resulted in the following

equations:

EO40 : log Kow ¼ �1:15þ 0:54C � 0:1EO

and

EO ¼ 0 : log Kow ¼ �1:29þ 0:54C.

For each studied ecotoxicity endpoint, the SSE for each QSAR model

was minimized by optimizing the slope and intercept parameters. The

Microsoft Excel Solver routine (GRG2 optimization) (Excel 2000,

Microsoft Corp., 1999) was used for this numerical procedure. The

resulting SSE could be compared with the SSE obtained with the existing

QSARs, to compare the goodness of fit with the underlying data.
3. Results

3.1. Experimental verification of the mixture toxicity

concept for AE

The results of the single-ethoxymer acute D. magna

studies for C8EO4, C16EO8, C14EO8, C10EO8, C12EO6, and
C12EO8, together with the results for the binary mixtures
[C8EO4+C16EO8] and [C10EO8+C14EO8], are shown in
Table 2. The EC50 values for the binary mixtures, predicted
by the toxic units method, are also given in Table 2.
For [C8EO4+C16EO8] the measured EC50 is 0.56mg/L.
This is close (within 25%) to the prediction by the
additivity method. On the other hand, the measured EC50

of the average structure C12EO8 is nearly a factor of 5
higher than the measured value for the mixture.
The EC50 for [C10EO8+C14EO8] is 3.0mg/L, which is

50% higher than predicted by the additivity method. On
the other hand, the EC50 of the average structure C12EO8 is
a factor of 2.5 higher than that measured for the mixture.
Due to the variability in the analytical recovery
(69.9–101% for C10E8, 58.7–76.8% for C14E8) it is possible
that the corrected measured concentrations are over-
estimates, which would lead to an overestimation of the
EC50 in the mixture. This would suggest that, in reality, the
toxicity of the mixture would be more consistent with
concentration addition than observed here.
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These findings indicate that an average structure is a less
reliable predictor for the toxicity of AE mixtures than the
sum of the toxicity from all of the components in the
mixture. As expected, the mixtures were observed to be
more ecotoxic than the single ethoxymers representing the
average structures of the mixtures.

3.2. Development of mixture-toxicity-based QSARs for AE

Using the method described above, the acute QSARs for
AE toxicity to Daphnia and fathead minnow (Wong et al.,
1997) were recalculated. The existing chronic QSAR for
Daphnia (Morrall et al., 2003) and for mesocosm toxicity
(Belanger et al., 2000) were also revised. In addition, a new
chronic QSAR for fathead minnow was developed.

3.2.1. Acute QSARs

Detailed mixture characterization data (C number and
EO number distributions) were available for several
samples used in acute toxicity tests. These ‘‘training set’’
data were used to develop the QSARs listed below. Next to
these, several other acute studies were available for
Daphnia and fathead minnow with a less reliable char-
acterization of the C/EO distribution. These studies were
used as a ‘‘test set’’.

3.2.2. Acute daphnia magna QSAR

The existing acute D. magna toxicity QSAR for AE by
Wong et al. (1997) was used as a reference. This QSAR was
Table 3

Fit of the revised and existing acute QSARs

SSE R2

Daphnia magna

Training data set

New (logKow) EC50 0.304 87.4

New (C/EO) EC50 0.233 85.0

Wong EC50 0.098 97.7

Test data set

New (logKow) EC50 1.82 94.4

New (C/EO) EC50 1.74 98.3

Wong EC50 2.33 92.7

Single ethoxymers

New (logKow) EC50 1.06 62.2

New (C/EO) EC50 0.39 92.7

Wong EC50 2.40 81.5

Pimephales promelas

Training data set

New (logKow) EC50 0.055 91.4

New (C/EO) EC50 0.058 91.2

Wong EC50 0.017 98.2

Test data set

New (logKow) EC50 1.98 50.5

New (C/EO) EC50 1.95 49.8

Wong EC50 2.22 65.5

aRelative error expressed as a factor calculated as follows: measured/predicte
derived from an ecotoxicity data set for nine AE
commercial materials:

Wong : EC50 ¼ 10�0:38 Cþ0:1 EO�1:77 ðmol=LÞ:

Based on the same underlying data, the revised QSAR
was developed. Considering the size of the training data set
(nine data points), both the C/EO and the logKow could be
used according to a rule of thumb on QSAR complexity
which requires that for each parameter to be fitted
(additional to the intercept) about five data points should
be available (J. Jaworska, Procter & Gamble, personal
communication):

New ðlog KowÞ : EC50 ¼ 10�0:58 log Kow�2:70 ðmol=LÞ;

New ðC=EOÞ : EC50 ¼ 10�0:32 Cþ0:12 EO�2:26 ðmol=LÞ:

Both revised QSARs are acceptable from a mechanistic
point of view in that it is expected that an increasing Kow or
alkyl chain length leads to a lower EC50, whereas
increasing ethoxylation leads to lower toxicity. It can be
observed that the contribution of EO units to toxicity in
the new C/EO QSAR is almost identical to that in the
Wong QSAR.
Additional to the training data used for QSAR devel-

opment, Wong et al. (1997) also used a set of test data to
assess the QSAR (10 data points). The fit of the different
QSAR models with both the training and the test data is
shown in Table 3 and illustrated in Fig. 2 (top). As
indicated by the larger SSE and the lower R2, the goodness
Avg. relative errora Max. relative errora

% 1.5 1.9

% 1.4 2.2

% 1.3 1.4

% 1.5 2.0

% 1.5 2.2

% 2.2 3.0

% 2.6 5.1

% 1.7 3.0

% 4.4 6.8

% 1.1 1.5

% 1.2 1.5

% 1.1 1.2

% 3.0 6.4

% 2.9 6.3

% 3.2 8.0

d if measuredopredicted and predicted/measured if predictedomeasured.
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of fit of the new QSAR to the training data is worse than
that of the existing QSAR. Conversely, for the test data, a
better correlation and SSE are seen with the new QSARs.
Further, both the maximum and the average deviation
between the model predictions and the measured data
are lower with the revised QSARs compared to the
existing QSAR. At worst, the predictions of the revised
QSARs were found to be within a factor of 2.2 from
the measurements. For the existing QSAR, this was a
factor of 3.

When applied to individual ethoxymers in the C9�18 and
EO0�20 matrix, the new logKow QSAR predicts a higher
EC50 than the existing QSAR for about two thirds of the
ethoxymers. The new C/EO QSAR predicts a higher
EC50 than the existing QSAR for all ethoxymers. For a
further evaluation of the accuracy of the existing and
new QSARs at predicting single-ethoxymer ecotoxicity,
the QSARs were applied to the single-ethoxymer data
presented in Table 2. The results are given in Table 3
and Fig. 2 (bottom). Both new QSARs were consistently
more accurate than the Wong QSAR, which always
predicted lower EC50 values (i.e., higher toxicity), as
was expected based on theoretical considerations.
The highest accuracy was found with the new C/EO
QSAR, for which the maximum relative error was below a
factor of 3. For the Wong QSAR, the maximum error was
nearly a factor of 7. There is no difference between the
development of the Wong QSAR and the new C/EO
QSAR except for the inclusion of the additive mixture
toxicity concept in the latter. Hence, the consistently higher
accuracy provides evidence of the higher reliability of the
new approach.

3.2.3. Acute pimephales promelas QSAR

Wong et al. (1997) also developed an acute fathead
minnow (P. promelas) toxicity QSAR for AE, based on a
data set covering the same AE materials used for the D.

magna QSAR (i.e., nine data points in the training data):

Wong : EC50 ¼ 10�0:34 Cþ0:05 EO�1:65 ðmol=LÞ:

A revised QSAR was developed based on the same
underlying data. As discussed for Daphnia, both the
logKow model and the C/EO model could be used. This
resulted in the following QSARs:

New ðlog KowÞ : EC50 ¼ 10�0:60 log Kow�2:48 ðmol=LÞ;

New ðC=EOÞ : EC50 ¼ 10�0:32 Cþ0:05 EO�1:78 ðmol=LÞ:

As with D. magna, both revised QSARs are acceptable
from a mechanistic point of view, and the contribution of
EO units in the new C/EO QSAR is identical to the existing
QSAR, but the intercept is different.
Also for P. promelas, Wong et al. (1997) used an

additional test data set. The fit of the QSARs to both
training and test data is illustrated in Fig. 3 and quantified
in Table 3. The goodness of fit for the new QSAR is lower
than that for the existing QSAR. The deviation between
model predictions and measured data is similar with both
QSARs. It is striking that the overall QSARs’ fit and
accuracy are very good for the training data set but poor
for the test data set (with a maximum relative error over a
factor of 6 for the new and even a factor of 8 for the
existing QSAR). A possible explanation for this could be
the variable analytical recoveries for the underlying test
data. These varied from 59% to 97%, the lower recoveries
being associated with the lower ethoxylation degrees.
Possibly, these analytical complications may have had less
impact on the existing QSAR approach, since this does not
consider individual ethoxymers.
When applied to individual ethoxymers in the C9�18 and

EO0�20 range, the new logKow QSAR predicts a higher
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EC50 than the existing QSAR for all ethoxymers. The range
of differences across the AE matrix is much smaller than
that with the Daphnia logKow QSAR, with a maximum
difference of a factor of 2. The new C/EO QSAR for
fathead minnow also predicts a higher EC50 than the
existing QSAR across all ethoxymers. The pattern across
the AE matrix is similar to the logKow QSAR, and the
range of differences across the matrix is always less than a
factor of 2.

3.3. Chronic QSARs

3.3.1. Chronic Daphnia magna QSAR

A QSAR for chronic ecotoxicity (21-day reproduction)
to D. magna of AE was developed by Morrall et al. (2003)
based on six data points:

Morrall : NOEC ¼ 10�0:84 log Kowþ4:0 ðmmol=LÞ:

A new QSAR was derived using the same data used by
Morrall et al. (2003) and an additional data point for
C14�15EO7. Since the data set included two points for
C14�15EO7, a geometric mean of these two data was used.
Reproduction was the most sensitive endpoint in the series
of studies and so was used as the basis for the QSAR. As
the effects levels in the data set were expressed in mass
concentrations (mg/L), a mass-to-molar conversion was
required. The molecular weight of each complex substance
was calculated as the weighted average of the molecular
weights of each ethoxymer—in line with the general
thinking applied in this new QSAR approach.

To allow a more direct comparison of the reference
versus the new QSAR, the former was refitted using exactly
the same data as the new QSAR (i.e., using the different
conversion of the effect levels from mg/L to mol/L and
using the geometric mean of two studies for the C14�15EO7

AE), based on the ‘average structure approach’ (referred to
as Morrall2).

Only the logKow QSAR equations were applied, because
the size of the data set (six data points) was judged too
Table 4

Fit of the revised and existing chronic (and mesocosm) QSARs

SSE R

Daphnia magna

New (logKow) NOEC 0.508 9

Morrall2 NOEC 0.659 9

New (logKow) EC20 0.467 9

Pimephales promelas

New (logKow) EC10 0.005 9

New (logKow) EC20 0.001 9

Mesocosm

New (logKow) (mass) NOEC 0.760 9

New (logKow) (molar) NOEC 0.792 9

Belanger (mg/L) NOEC 0.716 9

aRelative error expressed as a factor calculated as follows: measured/predicte
limited to justify fitting a QSAR with more than one
parameter additional to the intercept. This resulted in the
following:

New ðNOECÞ : NOEC ¼ 10�0:803 log Kowþ4:078 ðmmol=LÞ;

Morrall2 : NOEC ¼ 10�0:723 log Kowþ3:424 ðmmol=LÞ:

For the chronic D. magna studies which were used to
develop the NOEC QSARs, EC20 information was also
available. Hence, an EC20 QSAR could also be fitted using
the same approach:

New ðEC20Þ : EC20 ¼ 10�0:532 log Kowþ2:975 ðmmol=LÞ:

The fit of these QSARs is presented in Table 4 and
illustrated in Fig. 4. Overall the new NOEC QSAR has a
better fit than Morrall and Morrall2 (higher correlation,
lower SSE). The new NOEC QSAR is also more accurate:
both its average and maximum relative error are lower than
Morrall and Morrall2. For the training set, the new NOEC
QSAR was always accurate within close to a factor of 3.
The new EC20 QSAR has a fit similar to that of the new
NOEC QSARs (better SSE but worse correlation, slightly
smaller maximum relative error).
2 (%) Avg. relative errora Max. relative errora

8.1 1.9 3.2

7.2 2.1 3.5

6.6 1.9 3.1

7.5 1.1 1.2

9.6 1.0 1.1

3.5 2.4 4.9

5.1 2.4 4.7

2.9 2.3 4.4

d if measuredopredicted and predicted/measured if predictedomeasured.
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3.3.2. Chronic Pimephales promelas QSAR

Until now, no chronic AE ecotoxicity QSARs for fish
have been published. Based on a limited data set (with
three early life stage studies), a QSAR for P. promelas was
derived following the method of this paper. Due to the
insufficient number of data points, this cannot be
considered a reliable QSAR, but it is given for complete-
ness. In line with the chronic Daphnia QSAR, only the log
Kow QSAR was applied. Survival was found to be the most
sensitive endpoint. QSARs are presented for the survival
EC10 and EC20 but not for the NOEC as no good fit could
be obtained for the latter:

New ðEC10Þ : EC10 ¼ 10�0:280 log Kowþ1:90 ðmmol=LÞ.

New ðEC20Þ : EC20 ¼ 10�0:307 log Kowþ2:08 ðmmol=LÞ:

The results are presented in Table 4 and Fig. 5.
Considering that only three data points were used, it is
not relevant to discuss the goodness of fit of these QSARs.

3.4. Mesocosm QSAR

A QSAR for mesocosm ecotoxicity (NOEC) of AE was
developed by Belanger et al. (2000). This work was based
on a data set consisting of four studies in experimental
stream ecosystems (University of Mississippi, Shell Re-
search, and Procter & Gamble):

Belanger : NOEC ¼ 10�0:66 log Kowþ2:41 ðmg=LÞ:

Based on the same underlying data, but complemented
with an extrapolated NOEC for Neodol 23–6.5 (as derived
in the original work by Dorn et al. (1997)), a revised QSAR
was calculated, using the logKow model. For comparison
with Belanger et al. (2000), a mass-based QSAR was
developed next to the molar-concentration-based QSAR:

New ðmassÞ : NOEC ¼ 10�0:663 log Kowþ2:51 ðmg=LÞ;

New ðmolarÞ : NOEC ¼ 10�0:740 log Kowþ3:22 ðmmol=LÞ:

The results and the comparison with the existing QSAR
are presented in Table 4 and illustrated in Fig. 6. The
Pimephales promelas (chronic)
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Fig. 5. Chronic toxicity for Pimephales promelas: predictions using new

and existing QSARs versus experimental data.
goodness of fit of the revised QSARs is very similar to the
existing one, as shown by the SSE and R2 numbers. Also,
the maximum and average deviation between the model
predictions and the measured data are of the same order
for the old and new QSARs. For the training set, predicted
values are within a factor of 4–5 of the actual data.

4. Discussion

4.1. QSAR selection for aquatic risk assessment for AE

The choice of a QSAR for use in environmental risk
assessment is dependent upon the goals and objectives of
the assessment. Many relevant variables have been
considered in this paper including the choice of effect
concentration (EC10, EC20, and EC50), the taxa to be
considered (daphnid, algae, fish), and even single-species
versus ecosystem-level responses. Scientists engaged in
environmental risk assessment are currently actively
debating how to make these choices. Chronic effects data
and QSARs for alcohol ethoxylates are available for three
taxonomic groups (algae, invertebrates, fish) and can be
used to determine the predicted no effect concentration
(PNEC) in the aquatic risk assessment of alcohol
ethoxylates. An application factor (AF) of 10 is generally
accepted for extrapolation of the most sensitive of three
chronic data points to the PNEC. The QSAR fitting results
described in this paper show that the deviation of the
QSAR predictions from the measurements is less than a
factor of 3, which is similar to the normal experimental
variability in different ecotoxicological studies. Addition-
ally, the revised QSARs developed in this paper are not
biased by mixture toxicity effects and thus are applicable to
all ethoxymer distributions irrespective of their shape.
Hence, no additional uncertainty is expected to be
introduced to the effects assessment by the application of
the QSARs.
Based on the available chronic ecotoxicity data for

alcohol ethoxylates (as used and referred to in this paper),
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D. magna was identified as the most sensitive species.
Daphnia is also the organism for which the most reliable
chronic QSAR is available. Hence, in the context of a
traditional deterministic single-species-based effects assess-
ment, the revised D. magna chronic QSARs with an AF of
10 are suitable for the derivation of PNECs for AE.

The Daphnia (and fish) EC20 QSARs have the features of
representing chronic effects, and because they summarize
these effects as an EC20 (using exposure expressed in mmol/
L) they are more robust than NOEC or EC10 QSARs. By
definition, the EC50 QSAR would be most robust, as
described in Morrall et al. (2003), because the center point
of the regression has the smallest confidence interval.
However, the EC50 for chronic predictions is not suffi-
ciently conservative.

Additionally, a deterministic multispecies PNEC can be
derived from the mesocosm NOEC QSAR. For meso-
cosms, the appropriate application factor is to be
determined on a case-by-case basis, and typically ranges
1–3. For alcohol ethoxylates, five high-quality mesocosm
studies are available, which justifies an AF in the lower end
of this range. Expression of mesocosm responses as an ECx

is problematic because the mesocosm conclusion is based
on a combination of statistical findings, expert judgments,
and the particular conditions of the test (species composi-
tion, for example). Therefore, the mesocosm QSAR
conclusions are given as NOECs.

Alternatively, a more sophisticated probabilistic effects
assessment approach can be applied, based on the species
sensitivity distribution (SSD) concept. In Belanger et al.
(2005), QSARs are used for the processing of individual
species effects data, to allow the development of SSDs for
individual AE ethoxymers. In this case, the most appro-
priate QSAR was identified for each species. Hence,
different QSARs were used for different species.

It is important to note that all three chronic QSARs have
fairly similar slopes (ranging from �0.31 for fish to �0.74
for mesocosm) and are built from the same structural
descriptor (logKow), making their implementation into the
eventual environmental risk assessment straightforward
(Belanger et al., 2005).

4.2. Comparison of the new and revised chronic Daphnia

QSARS

In this paper, two methods to derive QSARs for complex
substances were discussed. It is clear that, starting from
identical training data sets, different QSAR models can be
obtained. These may all have acceptable fits to the complex
substance ecotoxicological data but may lead to noticeably
different results for individual ethoxymers. As explained in
the introduction, from a theoretical mechanistic point of
view the new approach based on the ethoxymer distribu-
tion of the training set’s data points should be preferred
over the existing method using average structures. This
theoretical view is supported in general by the goodness of
fit information for the different QSARs presented in this
paper, specifically for the D. magna chronic QSAR. Using
identical underlying training data, the correlation of the
new QSAR is higher than that of the existing method
(98.1% versus 97.2%), and the SSE is about 25% lower.
Also, the accuracy (measured by the average and maximal
relative error of the predictions versus the training data) is
better for the new QSAR. The average error is about 25%
lower, and the maximal error is over 50% lower.
The predictions by the new D. magna chronic QSAR

were compared to those by the analogous QSAR obtained
via the existing approach (referred to as Morrall2). In
Fig. 7, (top) it can be seen that the new QSAR leads to
higher NOEC predictions (i.e., lower toxicity) for nearly all
ethoxymers. The ratio between the predicted NOECs
ranges from slightly below 1 to a factor of 2.7. On average
(across all ethoxymers, no weighting), the new QSAR will
predict NOEC values that are approximately 70% higher.
Interestingly, the new QSAR indicates that increasing
ethoxylation reduces toxicity and increasing carbon chain
length increases toxicity relatively more than is indicated
by the old QSAR.
In of Fig. 7 (bottom) the ratio between the NOECs as

predicted by the new versus the existing QSAR are plotted
as a function of the NOEC. This shows graphically that,
for the most toxic components (i.e., those with the lowest
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NOECs), the new QSAR predicts nearly the same NOEC as
the old QSAR (ratio close to 1), whereas, for components
with decreasing toxicity (increasing NOEC), the ratio
between the new and the old NOEC values increases,
reaching close to a factor of 3 for the least toxic components.

This observation is in line with the theoretical considera-
tions. Indeed, the QSARs based on average structure are
biased toward the toxicity of the most toxic components in
a complex substance, because these components drive the
overall measured toxic effects. Hence, the existing QSARs
were expected to overpredict toxicity in general and more
so for the less toxic components.

5. Conclusion

The new method described in this paper allows the
development of ecotoxicity QSARs for complex substances
that take into account the available information on the
distribution of the materials in the QSAR training data set.
This leads to QSARs that fit the data equally well or better
and are more accurate from a mechanistic point of view.

The revised QSARs for AEs are especially suitable for
the prediction of the ecotoxicity of single components or—
via toxic units addition—of environmental fingerprints. It
was shown that these QSARs do not introduce more
uncertainty than the usual experimental variability in
ecotoxicological studies. Given the breadth of information
available on AE and the desire to be consistent and to
maintain an appropriate balance of conservatism and
pragmatism, the following chronic QSARs are recom-
mended for deterministic PNEC derivation in environ-
mental effects assessments:

Daphnia EC20 QSAR:

EC20 ¼ 10�0:532 log Kowþ2:975 ðmmol=LÞ:

Mesocosm NOEC QSAR:

NOEC ¼ 10�0:740 log Kowþ3:22 ðmmol=LÞ:

References

Belanger, S.E., Guckert, J.B., Bowling, J.W., Begley, W.M., Davidson,

D.H., LeBlanc, E.M., Lee, D.M., 2000. Responses of aquatic
communities to 25-6 alcohol ethoxylate in model stream ecosystems.

Aquat. Toxicol. 48, 135–150.

Belanger, S.E., Dorn, P.B., Toy, R., Boeije, G., Marshall, S.J., Wind, T.,

Van Compernolle, R., Zoeller, D., 2005. Aquatic risk assessment of

alcohol ethoxylates in North America and Europe. Ecotoxicol.

Environ. Saf., this issue.

Dorn, P.B., Rodgers Jr., J.H., Gillespie Jr., W.B., Lizotte Jr., R.E., Dunn,

A.W., 1997. The effects of a C12–13 linear alcohol ethoxylate

surfactant on periphyton, macrophytes, invertebrates and fish in

stream mesocosms. Environ. Toxicol. Chem. 16, 1643–1645.

Dyer, S.D., Stanton, D.T., Lauth, J.R., Cherry, D.S., 2000. Structure–-

activity relationships for acute and chronic toxicity of alcohol ether

sulfates. Environ. Toxicol. Chem. 19, 608–616.

Escher, B.I., Hermens, J.L.M., 2002. Modes of action in ecotoxicology:

their role in body burdens, species sensitivity, QSARs, and mixture

effects. Environ. Sci. Technol. 36, 4201–4217.

Escher, B.I., Eggen, R.I.L., Schreiber, U., Schreiber, Z., Vye, E., Wisner,

B., Schwarzenbach, R.P., 2002. Baseline toxicity (narcosis) of

organic chemicals determined by in vitro membrane potential

measurements in energy-transducing membranes. Environ. Sci. Tech-

nol. 36, 1971–1979.

Leo, A.J., Hansch, C., 1979. Substituent Constants for Correlation

Analysis in Chemistry and Biology. Wiley, New York, NY, USA.

Loewe, S., 1953. The problem of synergism and antagonism of combined

drugs. Arzneim. Forsch. [Drug Res.] 3, 285–290.

Morrall, S.W., Rosen, M.J., Zhu, Y.P., Versteeg, D.J., Dyer, S.D., 1999.

Physicochemical descriptors for development of aquatic toxicity

QSARs for surfactants. In: Quantitative Structure–activity Relation-

ships in Environmental Sciences VII. SETAC Press, Pensacola, FL,

USA, pp. 299–313.

Morrall, D.D., Belanger, S.E., Dunphy, J.C., 2003. Acute and chronic

toxicity structure activity relationships for alcohol ethoxylates.

Ecotoxicol. Environ. Saf. 56, 381–389.

OECD, 1993. Guidelines for the Testing of Chemicals, Section 2,

Guideline 202: ‘‘Daphnia sp., Acute Immobilisation Test.’’

Roberts, D.W., 1991. QSAR issues in aquatic toxicity of surfactants. Sci.

Total Environ. 109, 557–568.

Roberts, D.W., Marshall, S.J., 1995. Application of hydrophobicity

parameters to prediction of the acute aquatic toxicity of commercial

surfactant mixtures. SAR QSAR Environ. Res. 4, 167–176.

Willing, A., 2000. Assessment of the ecological properties of various well

known and new non-ionic surfactants. In: Proceedings, CESIO—The

Fifth World Surfactants Congress, vol. 2, Section F, Milano, Italy,

May 29–June 2, pp. 1532–1540.

Wind, T., Belanger, S.E., 2005. Acute and chronic toxicity of alcohol

ethoxylates to the green alga, Desmodesmus ( ¼ Scednedesmus)

subspicatus, and the subsequent development of structure activity

relationships. Bull. Environ. Contam. Toxicol., in press.

Wong, D.C.L., Dorn, P.B., Chai, E.Y., 1997. Acute toxicity and

structure–activity relationships of nine alcohol ethoxylate surfactants

to fathead minnow and Daphnia magna. Environ. Toxicol. Chem. 16,

1970–1976.


	Ecotoxicity quantitative structurendashactivity relationships for alcohol ethoxylate mixtures based on substance-specific toxicity predictions
	Introduction
	Materials and methods
	Experimental
	Theoretical

	Results
	Experimental verification of the mixture toxicity concept for AE
	Development of mixture-toxicity-based QSARs for AE
	Acute QSARs
	Acute daphnia magna QSAR
	Acute pimephales promelas QSAR

	Chronic QSARs
	Chronic Daphnia magna QSAR
	Chronic Pimephales promelas QSAR

	Mesocosm QSAR

	Discussion
	QSAR selection for aquatic risk assessment for AE
	Comparison of the new and revised chronic Daphnia QSARS

	Conclusion
	References


