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Abstract

The purpose of this study was to discuss the effect of the chemical structure of anionic and non-ionic
surfactants and their mixtures, and surface activity over toxicity. Single and binary mixtures of three
ether carboxylic derivative surfactants and three amine-oxide-based non-ionic surfactants have been
used. Toxicity has been determined using three test organisms: freshwater crustaceans, luminescent
bacteria, and microalgae. The toxicity of surfactants is related to the hydrophobic alkyl chain, the
degree of ethoxylation, and the critical micelle concentration of surfactants. Relationships found
agreed with the fact that shortening the alkyl chain length lowers toxicity. There is a strong relation
between surface activity and toxicity, so that the greater the surface activity the stronger the toxicity:
the toxicity increased as the CMC of the surfactant or mixtures of surfactants decreased. The most
sensitive microorganism to variations of the CMC was the microalga S. capricornutum and the least
sensitive was V. fischeri. The results have given rise to a classification of the different surfactants
and their mixtures according to the organism test, as safe, harmful or toxic. Taking into account the
microorganism assayed, the bacterium Vibrio fischeri was in general the most sensitive to toxic
effect from the surfactants, followed by Daphnia magna, while microalgae were more tolerant. These
results can be useful for selecting technically efficient surfactants and their mixtures with a lower
ecotoxicity on the aquatic environment.
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1. Introduction

Surfactants constitute an important family of industrial chemical products that are widely used in
practically all facets of modern industry. During the last decade, the global demand for surfactants
has grown some 300% and their current annual world production exceeds three million tonnes.
From this production, around 54% are used in detergents for textile products and cleaning products
for the home, with only some 32% dedicated to industrial uses [1].

The twelve principles of green chemistry stated by Anastas and Kirchhoff [2] include: 3) “Synthetic
methodologies should be designed to use and generate substances that possess little or no toxicity to
human health and the environment” 4) “Chemical products should be designed to preserve efficacy
of function while reducing toxicity’” and 10) “Chemical products should be designed so that at the
end of their function they do not persist in the environment and break down into innocuous
degradation products”. The potential environmental impact of chemicals is often determined by their
ecotoxicity: toxicity and environmental exposure. The first is relatively high in the case of surfactants
as a result of surface activity and the action against biological membranes [3]. Most surfactants are
not acutely toxic to organisms at environmental concentrations, chronic aquatic toxicity of
surfactants occurring at concentrations usually greater than 0.1 mg/L [4]. Of the many studies
concerning biodegradability and toxicity of surfactants, most concern toxicity to small crustaceans
such as Daphnia magna [5]. There has been an emphasis in recent years to develop non-polluting
surfactants and builders with improved biodegradability [6]. This growing concern has promoted the
development and use of more environmentally friendly surfactants such as the ether carboxylic
derivative surfactants and the amine-oxide-based surfactants.

The ether carboxylic derivative surfactants tested in the present work are anionic surfactants with the
general formula R-O(CH,-CH,0)-CH,-COOX, where R is the alkyl chain and X= H' or Na. These

surfactants improve the foaming quality of the detergent, reducing the irritation level, and therefore
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they are used as co-surfactants in detergents which have to be in contact with the skin. Amine-oxide-
based surfactants constitute a particular class of nitrogen non-ionic surfactants that exhibit cationic
behaviour in acid solution. They show good foaming properties and are skin compatible [7]. These
compounds, the consumption of which is estimated at 14 ktons year-' [8] only in Westeren Europe,
are widely used in detergents, toiletry, and antistatic preparations, usually together with other
surfactants. They are compatible with anionic surfactants and offer synergistic advantages to
formulations [9, 10].
For continued advancement in the search for relationships between toxicity and structural parameters
in the field of surfactants, in the present work the ecotoxicity assay with luminescent bacteria,
Daphnia magna, and microalgae is applied to different surfactants: ether carboxylic derivative
surfactants and amine-oxide-based surfactants. Because a combination surfactant system usually
exhibits better detergency performance than the composition containing single-surfactant [6], the
objective of this study is to evaluate the individual and combined toxicity of different anionic/non-
ionic surfactants to assess the toxicological interactions between the surfactants, which take place in
natural environments, and how they can affect the toxicity of the mixture, especially when acting in
synergism. Although a substantial body of data is available on the aquatic toxicity of various
surfactants, few reported data are available on the synergism in binary mixtures 1:1 weight of
surfactants related to aquatic toxicity. The results can be useful for the selection of technically

efficient surfactants with a lower impact on the aquatic environment.
2. Materials and Experimentals

2.1. Surfactants
The surfactants used in this study are the commercial ether carboxylic derivative surfactants EC-
RgEg EC-Ri5.14E3and EC-R 5 14E 0, together with the amine-oxide-based surfactants AO-R 4, AO-R

and AOP-Cocoamido (supplied by Kao Corporation S.A., Tokyo, Japan). Table 1 shows the degree
4
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of ethoxylation (E), the alkyl chain length (R), the % of active matter, and the critical micelle
concentration (CMC) of the surfactants. The rest of the reagents used were supplied by Panreac. The
chemical structure of the amine-oxide-based surfactants is shown in Figure S1 in the supplementary

information.

2.2. Surface-Tension Measurements

CMC values were established by measuring the surface tension of surfactant solutions with different
concentrations at 25°C and pH =7, using a tensiometer model Tensiometer K11 (KRUSS GmbH)
equipped with a 2 cm platinum plate. The platinum plate in all cases was cleaned and heated to a
reddish-orange colour with a Bunsen burner before use. At least three assays were made for each
experimental datum. CMC data for the ether carboxylic derivative surfactants and amine-oxide-based
surfactants are shown in Table 1.

The surface tension was measured also for the different mixtures of surfactants. The surface-tension
data plotted on a semi-log plot for a surfactant has an approximately linear drop in surface tension
followed by a plateau. The concentration at which this discontinuous change in slope occurs is the
CMC.

2.3. Conductivity Measurements

In order to corroborate the surface tension measurements used to determine the CMC values, the
CMC were also estimated by measuring conductivity. A minimum of 20 surfactant solutions in
deionised water, 10 above and 10 below the expected CMC of each surfactant, were prepared in
order to make the correct CMC determination. These solutions were placed in a constant-temperature
bath of 25°C for at least 20 min before the measurements were taken. The electrical conductivity was
measured with a conductometer, model CDM210 from Radiometer Analytical, operated at 1 kHz. A
two-pole conductivity cell, model CDC641T, was used. The cell constant, 0.847 cm'l, was

determined by calibration with potassium chloride standards (0.01 and 0.005 M). Accuracy was
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+0.2% of the reading. Good agreement was found between the two technical procedures. Figure 1
presents the determination of CMC using the two methods for the mixture EC-RgEg + EC-R.14E .
2.3. Toxicity Tests
Three toxicity tests were undertaken: the LumiStox® 300 test which employs the luminescent
bacterium Vibrio fischeri, the 24-h immobilization test with Daphnia magna (freshwater crustacean),
and the 72-h algal growth-inhibition test with Selenastrum capricornutum. In the first test,
measurements were taken with LumiStox® 300, an instrument for measuring bioluminescence, and
an incubation unit according to the UNE-EN ISO 11348-2 guideline [ 11]. The toxicity measurement
was based on the luminous intensity of the marine bacteria of the strain V. fisheri NRRL-B-11177
after a certain exposure time to a toxic substance. The luminescent bacteria, dehydrated and frozen at
-18°C, were reactivated with the suspension supplied by Dr. Lange (Dr. Bruno Lange GmbH & Co.,
Diisseldorf, Germany). The assay conditions were pH 7.0 and NaCl concentration of 2%, with all the
measurements duplicated for an incubation time of 15 min. When necessary, the sample was filtered
prior to the assay. The toxicity values were measured as ECsy, which is the surfactant concentration
that inhibits 50% after 15 min of exposure.
For each selected surfactant, the concentrations required for a mobility inhibition of the 50% of
Daphnia population, were determined. Acute toxicity tests with D. magna were performed in
Standard Reference Water (SRW) according to the UNE-EN ISO 6341 guideline [12]. The tests were
performed in 100 mL polystyrene vessels, with 50 mL of SRW in each one. 20 neonates (<24 h)
were transferred to vessels containing different concentrations of the test chemical, and the vessels
were closed with a polyethylene cap. The neonates were separated from adults daily. There was no
feeding and no aeration during the tests and the tests were run at 20+1°C. Immobility was determined
visually after 24 h. For each surfactant, controls and at least five concentrations were used for the

determination of the mobility inhibition of 50% of Daphnia population (ICsp). The 72-h algal
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growth-inhibition test with the microalgae S. capricornutum was administered according to the
OECD 201 guideline [ 13]. The procedure consists of filling culture vials with appropriate volumes of
nutrient medium and solutions of the surfactant being tested. At the beginning of the test, inocula of
algae were added to the vials to be tested as well as to the control vials, and were kept under stable
and predetermined incubation conditions.

Inocula were cultivated at 23+1°C and constant uniform illumination (8000 lux). After 24, 48, and 72
h the algal density was determined to establish whether growth had been inhibited or stimulated with
respect to control. Cell density was estimated by the optical density of the culture at 670 nm. The

medium pH was kept constant = 7.0 for all measurements.

3. Results and Discussion

3.1. Individual Toxicity for the Surfactants

The toxicity of the ether carboxylic derivative surfactants and the amine-oxide-based surfactants was
measured. Toxicity values of the surfactants were determined by applying the 24-h immobilization
test with D. magna, the LumiStox” 300 test, which employs the luminescent bacteria V. fischeri and
the 72-h algal growth-inhibition test.

For LumiStox® system, the initial values of luminous intensity measured were corrected by a factor
that takes into account the natural decrease in luminous intensity, even in the absence of the toxic
sample [14]:

fk=1,(0)/1,(0) Eq.1

with I5(0) and I[,(0) being the readings of luminous intensity in the well containing concentration 0 at
time 0 and t.

The percentage of inhibition (inhibitory effect) was calculated by the expression:
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p,= 1o ©-1()) 14, Eq.2
Io (©)
where
Toi (€) =1k I, (c) Eq.3

with fk being the average correction factor of the control samples, Iy(c) and I(c) being readings of
light intensity in the well containing concentration ¢ at time 0 and t.
The Gamma function, the ratio between the light intensity lost by the bacterial solution and that

remaining after exposure to the toxic sample, can be determined by the equation:

L Ho L ©-1)
‘7 100- 4, 1,(c)

Eq.4

From the results, a linear relationship can be deduced between the function I" and the concentration
of the surfactant used, in the following form:

log(c)= b-log(F)+ log(a) Eq.5
The values of ECs, expressed as mg/L, are the concentrations of surfactant that inhibit 50%, and are
calculated by giving I" a value of 1.
ICsp values for the tests with D. magna were calculated using linear-regression analysis after
transformation of dose-response curves by logarithmic transformation of the concentrations.
ECs values for the tests with the microalgae were calculated using linear-regression analysis based
on the dosage-response curves. Figure 2 provides an example of the linearization for the surfactant
AO-R); using D. magna and the mixture AO-R;,+AO-R 4 using microalgae.
Table 2 shows the toxicity values for the tests with V. fischeri, D. magna, and microalgae, for the
different surfactants assayed.
For all the tests, the surfactant concentration and one control were performed in triplicate for each

organism tested. The surfactant concentration in the aquatic bioassays, at the beginning and at the
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end of the tests, was measured using a TOC analyser. The aim of these measurements was to ensure
that the test organisms do not use the surfactants as sources of carbon and that the adsorption to
glassware, adsorption to the test organism, and biodegradation of test materials could be disregarded
during the test period. All the concentrations were within 20% of nominal, so that it was acceptable
to use the nominal value in order to calculate ECsy and 1Csy.
The data shown in Table 2 indicate that for ether carboxylic derivative surfactants the toxic effect on
the bacterium and on D. magna were similar, these organisms being more sensitive than the
microalgae (almost double the toxicity). The least toxic surfactant of the ether carboxylic derivatives
assayed was EC-RgEg, with the shortest alkyl chain length and a toxicity range from 76.26 mg/L to
134.59 mg/L (Table 2 and Figure S2 in the supplementary information).
For the amine-oxide-based surfactants, the toxicity values ranged from 0.35 to 155.02 mg/L. The
toxicity and classification depended on the microorganism used (Table 2 and Figure S2 in the
supplementary information). The most sensitive organism was the bioluminescent bacterium V.
fischeri, followed by D. magna, while the least sensitive was the microalgae. A special case was the
surfactant AOP-Cocoamido, where the toxicity data was reversed: this surfactant proved more
sensitive for microalgae, the toxicity ranging from 11.43 mg/L to 85.86 mg/L.
The acute toxicity values of the ether carboxylic derivative surfactants ranged from 3.58 mg/L to
7.08 mg/L for the surfactant EC-Rj,.14E; from 14.18 mg/L to 26.01 mg/L for theEC-R2.14E 0,
according to the European Union Directive No. 67/548/EEC [15] with the respective amendment No.
7, the results of toxicity for the different surfactants assayed allow the classification of the surfactants
and the different mixtures formulated (Figure S2 in the supplementary information), taking into
account the intervals shown in the Table 2. EC-R;,.14E; was the second toxicity class (R51), which is
regarded as toxic against aquatic organisms. Meanwhile, the surfactants EC-R,.14E o and EC-RgEg

were classified as harmful [third toxicity class (R52)] and safe, respectively. For the amine-oxide-
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based surfactants the toxicity values ranged from 3.39 mg/L to 57.77 mg/L for the surfactant AO-R 4,
from 0.35 mg/L to 155.02 mg/L for the AO-R;, and from 11.43 mg/L to 85.86 mg/L for the AOP-
Cocoamido. According to the European Union Directive the above results classify the surfactant
AOP-Cocoamido as harmful whereas for the surfactants AO-R;4 and AO-R;, this classification
depended on the organism tested.
According to the literature, anionic and non-ionic surfactants are toxic to various aquatic organisms
at the concentrations from 0.0025 to 300 mg/L and from 0.3 to 200 mg/L, respectively [16]. For
ecological safety, it is further assumed that the theoretically calculated concentration of a surfactant
in the natural environment should be 100-fold lower than the values of ICs5y and ECsy determined
experimentally. In this case, no negative environmental impact of the surfactant would be expected.
The results of the toxicity tests are typically much higher compared to values that might be found in
the environment [17].
For the ether carboxylic derivative surfactants, the toxicity values appear to depend on the critical
micelle concentration (CMC) and the length of the alkyl chain; toxicity falling as the CMC of the
surfactant rose. These results agree with the data in the literature for the non-ionic surfactants
alkylpolyglucosides [18]. Also, relationships were consistent with the fact that lower alkyl chain
lengths result in lower toxicity (Figure 3). Similar studies have also shown that the homologues of
alkylpolyglucosides of the longest alkyl chain presented the highest ecotoxicity values [3]. The
degree of ethoxylation (E) does not present a clear effect on the toxicity, although it has been stated
that toxicity increases when E increases [19].
For the amine-oxide-based surfactants the toxicity values ranged from 0.35 to 155.02 mg/L  The
toxicity to D. magna and microalgae increased with the alkyl chain length of the amine oxide.
However, toxicity for bacteria did not intensify when the hydrophobicity of the surfactant increased,

probably because of the reduced solubility of AO-Ry4 in the salt medium of the tests. Also, the
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presence of an amide group in the fatty alkyl chain significantly lowered toxicity, presumably as a
result of the accentuated hydrophilic character of the surfactant. These results are consistent with the

data in the literature for amine-oxide-based surfactants [7].

3.2. Toxicity for the mixtures of surfactants

The toxicity for surfactant mixtures were studied in order to evaluate the interactions between
different types of surfactants, to determine the reason for such interactions and to establish the best
way to determine which surfactants will work better together [20]. Surfactants are often used as co-
surfactants in detergent formulas, and therefore the toxicological interactions in the binary mixtures
1:1 weight of ether carboxylic derivative surfactants and amide oxide surfactants were investigated.
The results presented in Table 3 and in Figure 3 (see also Figure S2 in the supplementary
information) reflect that D. magna was more sensitive to toxic effects from binary mixtures of ether
carboxylic derivative surfactants than was V. fischeri and microalgae. Microalgae were less sensitive
to toxic effects from binary mixtures of ether carboxylic derivative surfactants than to the individual
surfactants. Figure S2 in the supporting information and Tables 2 and 3 show that in the making
surfactant mixtures, it is possible to reduce the toxicity. The surfactant EC-Rj,.14E3, initially
classified as “toxic” against aquatic organisms, may be transformed into “harmful” when mixed with
EC- Riz.14E 10 or EC-RgEjg, respectively, both surfactants registering a lower level of toxicity.

The least toxic mixtures were formed by the surfactants having lower individual toxicity (Table 3).
This result highlights the synergism in the co-occurrence of these types of surfactants. Also, a
Toxicity Unit (TU) was calculated as the ratio between the actual ECsy value and the average of the
individual values, because the mixtures used at the proportion 1:1. TU values > 1 show that the
actual ECsy was greater than the average, so that this mixture presents synergism to decrease in

toxicity.
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Figure S2 in the supplementary information presents the behaviour of mixtures of amine-oxide-
based surfactants as well as the mixtures of ether carboxylic derivative surfactants and AOP-
Cocoamido surfactant. The addition, the latter surfactant reduces the toxicity presented by the
bacterium V. fischeri and D. magna, and in general intensifies toxicity for the microalgae.
CMC for mixtures of surfactants were determined by Surface-Tension Measurements (CMC data are
collected in the Table S3 in the supplementary information). These results show a synergy in CMC
for the binary mixtures of each class of surfactants tested. The explanation for this synergism is
found in the screening of the electrostatic repulsion between the negatively charged head groups of
the anionic surfactants by insertion of nonionic head groups.
There are many examples of surfactant mixtures in the household market. Mixtures are generally
between anionic/anionic, cationic/cationic, non-ionic/non-ionic, amphoteric/amphoteric surfactants.
However, synergism increases with the degree of charge difference [21], signifying that synergism
between anionic/anionic or non-ionic/non-ionic is less than between anionic/non-ionic or
cationic/non-ionic surfactants [22]. The binary mixture of the anionic surfactant with the shortest
alkyl chain (EC-RgEg) and the non-ionic surfactant with the amide group in the fatty alkyl chain
(AOP-Cocoamido) exhibited synergism which was stronger for the test using D. magna. lonic
surfactants show synergism with non-ionic surfactants, because non-ionic headgroups
electrostatically shield the ionic headgroups on the surfactant molecules at interfaces so that they can
stay closer together with less effect from repulsion [23].
Hisamo and Oya [19] tried to relate the surface activity and its change in mixtures with the toxicity,
but they did not arrive at clear conclusions. We measured the CMC for mixtures and the synergism
in this property. The CMC Unit (CMCU) was calculated as the ratio between the actual CMC value

and the average of the individual values, because the mixtures used at the proportion 1:1. CMCU

12
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values < 1 showed that the actual CMC was lower than the average, and therefore this mixture
presents synergism in the sense that the surface activity increased.
In Figure 4 all the toxicity data measured for individual surfactants, together with other surfactants
assayed in previous works (LAS, alkylpolyglucosides and glycerine polyoxyethylene esters), and
their mixtures are represented against their CMC. It can be seen that this property is clearly related to
toxicity: the lower the CMC (the greater the surface activity) the more toxic, depending on the
organism assayed. In general, the most sensitive microorganism to CMC variation was the microalga
S. capricornutum, and the least sensitive V. fischeri.
Binary mixture measurements indicate that the least toxic mixture was formed by the surfactant
having lower individual toxicity. This finding allows us to formulate surfactant mixtures with
reduced toxicity, especially if surfactants EC-RgEg and AOP-Cocoamido are incorporated. Moreover,
the test results for V. fischeri and D. magna indicate synergism in the co-occurrence of these
surfactants. These results imply that the surfactants assayed, at low concentrations may be considered

safe for the environment.
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Figure and table legends

Figure S1. Chemical structure of the amine-oxide-based surfactants used in the tests: Myristyl
dimethyl amine oxide and Lauryl dimethyl amine oxide (left); Cocoamidopropyl

dimethyl amine oxide (right).

Figure 1. Linear regression for calculating CMC for the binary mixture EC-R8ES + EC-R12-
14E10 T= 25°C. a) Surface tension vs. concentration. b) Conductivity vs.

concentration. Arrows indicate the CMC of the single surfactants.

Figure 2. Linear-regression analysis for calculating toxicity: (a) Surfactant AO-R12 using D.

magna. (b) Mixture of surfactants AO-R12 + AO-R14 using microalgae.

Figure S2. Toxicity of ether carboxylic derivative surfactants and their mixtures (up), and amine
oxide and their mixtures (bottom) with the classification of different microorganisms

according to European Union Directive N° 67/548/EEC.

Figure 3. Variation in toxicity for the ether carboxylic derivative surfactants with R

Figure 4. CMC vs. toxicity for all the individual surfactants and binary mixtures assayed using

V. fischeri, D. magna, and microalgae

Table 1. Description of the surfactants used in the tests

Table 2. Toxicity values (95% CI) in mg/L for the tests with Vibrio fischeri, Daphnia magna

and Microalgae

Table 3. Toxicity values (95% CI) in mg/L for the mixtures of surfactants

Table S3. CMC values (95% CI) in mg/L for the binary mixtures surfactants
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Table 1. Description of the surfactants used in the tests

Surfactant Family
Capryleth-9 carboxylic acid Anionic
Laureth-4 carboxylic acid Anionic
Laureth-11 carboxylic acid Anionic
Non-

Myristyl dimethyl amine oxide
ionic

Non-
Lauryl dimethyl amine oxide

ionic
Cocoamidopropyl dimethyl Non-
amine oxide ionic

E: degree of ethoxylation.

R: alkyl chain length.

Abbreviation Structure
EC-RgEg R:8. E:8
EC-R12_14E3 R:12-14. E:3

EC-R;,.4E R:12-14. E:10

AO-Ry, R:14
AO-R12 R:12
AOP- R’CONH (CH,);
Cocoamido R'=12

) The % of active matter is supplied by the manufacturer

@ CMC measured at 25°C using the commercial surfactant undried

Active Matter (1),
%
89
94

94

30

30

30
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cMmC ?,
mg/L
243.4
332

70.80

107.7

160.0

309.9
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Table 2. Toxicity values (95% CI) in mg/L for the tests with Vibrio fischeri, Daphnia

magna and Microalgae

Vibrio fischeri Daphnia magna Microalgae

©CoO~NOUTA,WNPE

10 Surfactant ECs¢ (15 min), mg/L 1Cs, mg/L ECsy, mg/L

12 EC-Ry,.14E; 3.58 (3.19-3.97) 3.47 (2.81-4.14) 7.08 (5.08-9.08)

14 EC-Ry5.14E 0 14.18 (11.35-17.02) 18.74 (17.27-20.21) 26.01 (19.38-32.64)
EC-RgEg 134.59 (125.26-143.93) 120.95 (93.35-148.55)  76.26 (64.85-87.67)
AO-Ry, 3.39 (3.24-3.54) 15.46 (11.26-19.66) 57.77 (47.01-68.53)
19 AO-R), 0.35(0.34-0.37) 27.14 (25.45-28.83)  155.02 (141.58-168.46)

21 AOP-Cocoamido  85.86 (83.53-88.20) 71.24 (66.43-76.05) 11.43 (11.15-11.71)
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Table 3. Toxicity values (95% CI) in mg/L for the mixtures of surfactants

Surfactants
EC-Ry5.14E5+
EC-RgEg
EC-Ry5.14Es+
EC-Riz.14E1o
EC-RgEg+

EC-R5.14E o

AO-R4+AO-R);

AO-Ry4t
AOP-
Cocoamido
AO-Rp+
AOP-
Cocoamido
EC-RgEq+
AQOP-
Cocoamido
EC-Ri5.14Es+

AO-Ry,

Vibrio fischeri

ECs5y (15 min), mg/L

14.96
(9.69-20.23)
17.04
(13.50-20.57)
54.70

(46.90-62.49)

1.30 (1.21-1.39)

17.06

(16.85-17.27)

2.20 (2.09-2.31)

179.55

(165.68-193.42)

9.54 (8.28-10.80)

Journal of Surfactants and Detergents

Daphnia
magna
ICs), mg/L
8.04

(5.81-10.27)

5.04 (4.57-5.51) 29.02 (24.38-33.66)

39.31
(33.34-45.28)
22.06

(16.56-27.56)

44.59

(37.23-51.95)

57.82

(54.10-61.54)

310.96

(302.74-319.18)

3.14 (2.22-4.06)

Microalgae

ECsy, mg/L
78.14

(67.62-88.66)

166.57
(149.93-183.21)
99.88

(92.00-107.76)
65.90

(61.42-70.38)

77.34

(65.66-89.02)

19.82

(14.42-25.22)

89.76

(75.78-103.74)

V. fischeri

TU

0.22

1.92

0.74

0.70

0.38

0.05

1.63

2.74

D. magna

TU

0.13

0.45

0.56

1.04

1.03

3.24

0.33
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Microalgae

TU

1.88

1.75

3.26

0.94

1.90

0.93

0.45

2.77
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Individual Surfactant

EC-Ry;.14E3
Toxicity range:
3.47-7.08 mg/L

EC'R12-14Em
Toxicity range:
14.18-26.01 mg/L

EC-RgEg
Toxicity range:
76.26-134.59 mg/L
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Mixtures of Surfactants

%/Toxm

EC-Ryy 14E3+EC-Ry;.14E10

Toxicity range:
5.04-29.02 mg/L

Rdicoaleaciy-

I
R Harmful

EC-Ry, 14E;+EC-R4E,

Toxicity range:
8.04-78.14 mg/L

| D.magna_ ~—>Safe
—

EC-Ryy 14E1o+EC-RsEq

Toxicity range:
39.31-166.57 mg/L

Individual Surfactant

AO-R,,
Toxicity range:
3.39-57.77 mg/L

AO-R;,
Toxicity range:
0.35-155.02 mg/L

AOP-Cocoamido
Toxicity range:
11.43-85.86 mg/L

AO-R,,+AOP- m%\
Cocoamido o Hatmful
W@Toxic Toxicity range: wutmogng. /
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| D.magna  =—=Harmful
roalgae =—>Safe
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| V. fischeri AOP-Cocoamido
Saf
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19.82-310.96- mg/L
Figure S2

383x431mm (96

Mixtures of surfactants

Page 28 of 29

x 96 DPI)



Page 29 of 29 Journal of Surfactants and Detergents

Table S3. CMC values (95% CI) in mg/L for the binary mixtures surfactants

Surfactants CMC, mg/L CMCU

EC-R)2.14Es+EC-RgEg 52.66 (52.03-53.29) 0.34

©CoO~NOUTA,WNPE

EC-Ry» 4Es+EC-Ry.4,E;0  39.64 (39.30-39.98) 0.29
11 EC-RgEg+EC-R5.14E o 98.63 (98.12-99.14) 1.90
13 AO-Ri;+AO-R, 201.55 (200.48-202.62)  1.51
15 AO-R;+AOP-Cocoamido  163.11 (162.21-164.01)  0.78
17 AO-R,+AOP-Cocoamido ~ 401.87 (400.86-402.88)  1.71
19 EC-RgEg+AOP-Cocoamido  460.06 (459.58-460.54)  2.42

EC-R2.14E5+AO-R 4 26.05 (25.59-26.51) 0.15



