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Abstract: Surfactants can be found in an ever-widening variety of products and applications, in
which the combination of several types of surfactants is used to reinforce their properties, looking for
synergistic effects between them. After use, they tend to be discarded into wastewater, ending up in
aquatic bodies with concerning harmful and toxic effects. The aim of this study is the toxicological
assessment of three anionic surfactants (ether carboxylic derivative, EC) and three amphoteric
surfactants (amine-oxide-based, AO), individually and in binary mixtures of them (1:1 w/w), to
bacteria Pseudomonas putida and marine microalgae Phaeodactylum tricornutum. Critical Micelle
Concentration (CMC) was determined to demonstrate the capacity to reduce surface tension and the
toxicity of the surfactants and mixtures. Zeta potential (ζ-potential) and micelle diameter (MD) were
also determined to confirm the formation of mixed surfactant micelles. The Model of Toxic Units
(MTUs) was used to quantify the interactions of surfactants in binary mixtures and to predict if the
concentration addition or response addition principle can be assumed for each mixture. The results
showed a higher sensitivity of microalgae P. tricornutum to the surfactants tested and their mixtures
than bacteria P. putida. Antagonism toxic effects have been detected in the mixture of EC + AO and in
one binary mixture of different AOs; this is to say, the mixtures showed lower toxicity than expected.

Keywords: toxicity; amine-oxide-based surfactants; ether carboxylic derivative surfactants; mixtures;
Pseudomonas putida; Phaeodactylum tricornutum; antagonism; model of toxic units

1. Introduction

Surfactants are commonly used in a wide range of products, including soaps, deter-
gents, shampoos, and cleaning agents, or in agricultural, industrial, or other commercial
applications. The global demand for surfactants has increased by around 300%, exceeding
the current world production of 3 million tons. per year [1]. After use, mainly in aqueous
solutions, they are discharged into water streams, reaching wastewater treatment plants
and aquatic bodies [2]. Due to their surface-active properties, and depending on their
concentration, they are toxic to aquatic living organisms causing membrane disruption,
depolarization of cellular membranes or interaction with vital enzymatic proteins [3–6].
This makes the evaluation of the toxic effects of surfactants mandatory to ensure that they
are safely and responsibly used. Ecotoxicity studies are necessary to understand the risks
associated with the use of these compounds and to develop safer and more sustainable
alternatives to traditional surfactants.

Mixtures of different surfactants (anionic, non-ionic and amphoteric surfactants) are
commonly used in formulations because of their better performance compared with indi-
vidual surfactants. Suitable mixtures of surfactants are mostly used to increase efficiency
and stability or to reduce costs and the potential of the products to cause skin and eye
irritation [7,8]. Consequently, after their use, mixtures of surfactants of a different nature
are discharged together in water streams.
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In recent years, several toxicological studies concerning pollutants have focused on
the joint toxicological assessment of co-pollutants, revealing that multiple interactions
between toxics can appear and need to be described [9–13]. In the case of surfactants,
while individual studies of them can provide valuable information, they may not reflect
real-world exposure to multiple surfactants at once. As happens with their physicochemi-
cal properties, synergistic or antagonistic effects can appear on the combined toxicity of
surfactants, meaning that the combined effects are greater or lower than the sum of the in-
dividual effects [14–17]. The toxicity of individual surfactants has been extensively studied
on several aquatic organisms, such as bacteria, Vibrio fisheri, microalgae, Pseudokirchneriella
subcapitata, or microcrustaceans, Daphnia magna, especially for the traditional and more
common surfactants [2,18,19]. Nevertheless, there is a lack of research that studies the
combined effects of mixtures of surfactants and evaluates the possibility of synergistic,
additive, or antagonistic effects. In the case of mixtures that exhibit synergistic effects,
surfactants may interact with each other, and the combined toxicity of the surfactants is
greater than the sum of their individual toxicities. If there is an additive effect, it means that
the combined toxicity is equal to the sum of their individual toxicities. On the other hand,
in case of an antagonistic effect, surfactants may interact being the mixture less toxic than
the sum of their individual toxicities, which is very relevant from an eco-friendly point of
view [20].

To address this gap in knowledge, it is important to conduct research that examines
the effects of multiple surfactants and focuses on the elucidation of the type of action of
these mixtures on aquatic organisms. The model of toxic units (MTU) [20–22] is used to
quantify the interactions of toxicants in binary mixtures of chemicals and to predict if the
concentration/dose addition principles can be assumed, meaning that both surfactants act
by the equal mode of action (MoA). Equally, it allows us to predict if the response addition
principle can be expected; this is, surfactants act independently from each other, usually by
different MoAs that do not influence each other [15].

Among commercial surfactants, ether carboxylic derivative surfactants are frequently
used in cleaning, personal care, and cosmetic formulations, providing an excellent foaming
capacity and low eye and skin irritation potential [23]. Amine-oxide-based surfactants are
excellent foaming stabilizers in mixtures of anionic and amphoteric surfactants. Its addi-
tion, they increase the detergency level of the mixture, being commonly used in cosmetic
formulations, washing up liquids, and cleaners in general. The individual toxicity of both
families of surfactants to bacteria V. fischeri, freshwater microalgae, and microcrustaceans
have been previously reported [16,18,23]. Nevertheless, toxicity to other relevant and
representative species, such as Pseudomonas or marine microalgae, has not been studied,
and more importantly, the mode of action and possible additive, synergistic or antagonistic
effects of these surfactant mixtures has not ever been addressed.

In this study, we evaluated the toxicity of three anionic surfactants (ether carboxylic
derivative, EC) and three amphoteric surfactants (amine-oxide-based, AO), individually
and in binary mixtures (1:1 w/w), to bacteria Pseudomonas putida and marine microalgae
Phaeodactylum tricornutum. P. putida, which are Gram-negative bacteria that can be found in
surface waters and are commonly used in environmental studies because of their capacity
to degrade a wide range of organic compounds and their resistance to environmental
stressors [24,25]. They are frequently used for toxicity assessments, and a standard toxicity
procedure has been proposed for the evaluation of the growth inhibition of these bacteria
caused by toxicants [26,27]. They can also be considered to be representative heterotrophic
microorganisms in freshwater and as a simplified model of an activated sludge biotreatment.
In addition, the use of P. putida is preferable to some other Pseudomonas species as it is a
safe species of bacteria, unlike P. aeruginosa, for example, which is an opportunistic human
pathogen. Marine microalgae Phaeodactylum tricornutum are important primary producers
in marine ecosystems and are sensitive indicators of environmental stressors, including
toxic substances. Toxicity testing with marine microalgae P. tricornutum is a common
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method used to assess the potential impact of substances on marine aquatic environments
in a rapid, sensitive, and cost-effective way [28–32].

This study extends the knowledge concerning the toxicity of individual anionic surfac-
tants (EC) and amphoteric surfactants (AO) and binary mixtures of them (anionic/anionic,
anionic/amphoteric and amphoteric/amphoteric) with two representative organisms from
fresh and marine water. Additionally, especially, it contributes to increasing the knowledge
concerning the type of action of the surfactants and identifies potential interactions between
surfactants, providing more accurate information concerning the risks associated with ex-
posure of aquatic organisms to mixtures of surfactants. This brings valuable information
for the selection of surfactants in the formulation of more eco-friendly products.

2. Materials and Methods
2.1. Surfactants

The toxicity of three anionic surfactants (ether carboxylic derivative surfactants) and
three amphoteric surfactants (amine-oxide-based surfactants) supplied by Kao Chemicals
Europe (Barcelona, Spain) was tested. Amine-oxide-based surfactants are a special class of
surfactants that have cationic behavior under acid conditions and a non-ionic character in
neutral and basic mediums (pH range of the toxicity tests later described). Figure 1 shows
their molecular structure, and Table 1 shows their abbreviation name, INCI name, CAS
registry number, length alkyl chain (R), ethoxylation degree (E), and % active matter.
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Figure 1. Molecular structure (a) ether carboxylic derivative surfactants, EC-R8E8, EC-R12–14E3, EC-
R12–14E10, (b) amine-oxide-based surfactants, AO-R14 and AO-R12, (c) amine-oxide-based surfactant,
AO-Cocoamido. R: length alkyl chain; E: ethoxylation degree, R’:R12.

Table 1. Chemical identification and technical specifications of the surfactants tested.

Abbreviation INCI Name 1 CAS 2 R 3 E 4 % Active Matter

EC-R8E8 Capryleth-9 carboxylic acid 53563-70-5 8 8 92.8

EC-R12–14E3 Laureth-4 carboxylic acid 27306-90-7 12–14 3 92.5

EC-R12–14E10 Laureth-11 carboxylic acid 27306-90-7 12–14 10 89.1

AO-R12 Lauryl dimethyl amine oxide 1643-20-5 12 - 29.4

AO-R14 Myristyl dimethyl amine oxide 3332-27-2 14 - 30.8

AOP-Cocoamido Cocoamidopropyl dimethyl amine oxide 68155-09-9 R’ = 12 - 34.3
1 INCI: international nomenclature of cosmetics ingredients. 2 CAS: Chemical Abstracts Service registry number.
3 R: alkyl chain length, n-CiH2i + 1-. 4 E: degree of ethoxylation–(OCH2CH2)nO.

2.2. Reagents

The reagents used in the toxicity tests were of analytical grade, supplied by MercK
KGaA (Darmstadt, Germany). The solutions were prepared in ultrapure MilliQ® water
(resistivity 18.2 MΩ·cm at 25 ◦C). The glassware in contact with surfactants was carefully
cleaned with a dissolution of 16 gL−1 of ammonium peroxydisulfate in sulfuric acid (98%).

2.3. Active Matter Analysis

The active matter of the surfactants tested was measured by infrared radiation (model
AD-4714A, A&D, Tokyo, Japan). The temperature of drying was set at 105 ◦C. The water
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content in the sample was registered every 30 s for 90 min as the difference from the initial
weight. Active matter is calculated as 100% minus the water content determined (Table 1).

2.4. Critical Micelle Concentration

The surfactant concentration at which surfactant molecules can aggregate and form
micelles is known as the critical micelle concentration (CMC). The surface tension of a
concentration series (ranging from 0.1 to 1× 104 mgL−1) was measured in order to calculate
the CMC. Surface tension plots, as a function of surfactant concentration in a semi-log
plot, result in a quick linear decline in surface tension, followed by a gradual decline.
The production of micelles (CMC) is indicated by the breakpoint. The Wilhelmy Plate
Method was used to measure surface tension using a tensiometer model K11 (Krüss GmbH,
Hamburg, Germany) fitted with a 2 cm platinum plate, in accordance with the BS EN
14370:2004 guidelines [33]. Before each measurement, the plate was carefully cleaned
and flame-dried with a Bunsen burner. By sinking a vertical plate into the solution and
then pulling it out again, the surface tension was measured. The standard deviation did
not surpass 0.1 mNm−1 during the six subsequent observations. The jacketed cell was
filled with thermostated water, which maintained the temperature at 25 ± 0.5 ◦C. CMC
determinations were performed in triplicate to obtain a mean CMC and its confidence
interval (95%).

2.5. Zeta Potential (ζ-Potential) and Micelle Diameter (MD)

The Zeta potential (a measure of the magnitude of the electrostatic or charge repul-
sion/attraction between micelles) of the individual and mixtures of surfactants (1:1 w/w)
under the conditions of the toxicity test of P. putida (freshwater) and P. tricornutum (marine
medium) was analyzed using a Zetasizer Ultra (Malvern Panalytical Ltd., Malvern, UK) by
the technique of Electrophoretic Light Scattering (ELS). The Zetasizer system was also used
to measure the average micellar hydrodynamic diameter (MD) of the surfactants tested
above the CMC in the two-culture media by dynamic light scattering (DLS). The detection
limit of the equipment is 0.3 nm to 10 mm. The instrument settings were optimized auto-
matically by means of the ZS XPLORER software (Malvern Panalytical Ltd., Malvern, UK).
All of the experiments were performed at a controlled temperature (25 ± 1 ◦C) in triplicate.

2.6. Pseudomonas Putida Toxicity Test

The P. putida toxicity test was carried out following the guideline ISO 10712:1995 (Water
quality—Pseudomonas putida growth inhibition test [26]. A monoculture strain Pseudomonas
putida CECT 324, provided by the Spanish Type Culture Collection (València, Spain), was
used in the toxicity tests. Bacteria were supplied in a lyophilized form. These cultures were
revived on a solid agar Petri dish at pH 7.2, 1 gL−1 beef extract, 2 gL−1 yeast extract, 5 gL−1

peptone, 5 gL−1 NaCl, and 15 gL−1 agar powder.
P. putida was incubated on the surface of the solid stock culture (1 gL−1 NaNO3,

0.24 gL−1 K2HPO4, 0.12 gL−1 KH2PO4, 0.1 gL−1 yeast extract, 10 gL−1 glucose, 0.4 gL−1

MgS04·7H2O, 0.001 gL−1 ferric citrate and 18 gL−1 agar powder) in slant tubes for 24 h.
After the incubation period, the cells were rinsed with a preculture medium (0.5 gL−1

NaNO3, 0.12 gL−1 K2HPO4, 0.06 gL−1 KH2PO4, 0.05 gL−1 yeast extract, 2 gL−1 glucose,
0.2 gL−1 MgS04·7H2O and 0.0005 gL−1 ferric citrate) and transferred into a flask with
a turbidity of 10 FNU (A610 nm, 0.02) using preculture medium. This inoculum was
incubated for 7 days at 25 ± 1 ◦C with constant agitation. The inoculum was added
to the preculture medium and incubated for 5 ± 0.5 h at 23 ± 1 ◦C in a shaker. When
the incubation ended, the bacterial suspension was diluted to 50 FNU (A610 nm, 0.1).
Furthermore, 10 mL of this preculture was used to inoculate the flasks with different
surfactant concentrations. The pH of the solutions was adjusted to 7.4 ± 0.3 with either 1 N
HCl or 1 M NaOH before the assay was initiated.
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The flasks were incubated in the dark for 16 h at 23 ± 1 ◦C in a shaker. After the
incubation, the turbidity in the test flask was measured using a spectrophotometer at
610 nm.

The growth inhibition was evaluated as the change in the absorbance of the bacterial
culture before and after exposure. The percentage of the inhibition of cell multiplication (I)
for each concentration of the tested surfactant was calculated using the following equation:

I(%) =
BC − Bn

BC − B0
·100 (1)

where I is the cell multiplication inhibition [%], Bn is the turbidity of the biomass measured
after the test time for the umpteenth concentration in the test flask, Bc is the turbidity of the
biomass measured after the test time in the control flask, and B0 is the value of the turbidity
of the biomass measured at time 0 in the control flask. The values of I were plotted against
the surfactant concentrations. The toxicity values were measured as EC50, which is the
surfactant concentration that inhibits 50% after 16 h of exposure.

2.7. Marine Algae Toxicity Test

The 72 h algal growth-inhibition test with the marine algal Phaeodactylum tricornutum
was administered according to the Guideline ISO 10253:2006 (Water quality—Marine algal
growth inhibition test with Skeletonema costatum and Phaeodactylum tricornutum) [34]. The
microalgae inoculum, supplied by Microbiotest Inc. (Gent, Belgium), was incubated for
3 days at 20 ± 2 ◦C, with constant uniform illumination (10,000 lux) in a growth medium
prepared with the addition of 1 L: 22 g NaCl, 9.7 g MgCl2·6H2O, 3.7 g Na2SO4, 1.0 g CaCl2,
0.65 g KCl, 0.2 g NaHCO3 and 40.1 mg H3BO3, 0.72 mg FeCI3·6H2O, 2.16 mg MnCI2·4H2O,
0.68 mg ZnSO4·7H2O, 2.4 µg CuSO4·5H2O, 6.1 µg CoCI2·6H2O, 15 mg Na2EDTA, 25 µg
Thiamin hydrochloride, 0.05 µg biotin, 0.05 µg vitamin B12, 3 µg K3PO4, 40 µg NaNO3,
and 14.9 µg Na 2SiO3·5H2O. After 3 days of incubation, the inoculum of the algae was
added to the vials with the substance to be tested and to the control vials to obtain an algae
concentration of 1·104 algae cells mL−1. Five concentrations of the target substance and
control were performed in triplicate in 10 cm path length vials. The vials were kept at
20 ± 2 ◦C under constant uniform illumination (10,000 lux) for 72 h, and the pH was set to
8.0 ± 0.2 with either 1 N HCl or 1 M NaOH.

After 24, 48, and 72 h, the optical density of the culture at 670 nm was determined
to establish whether growth had been inhibited or stimulated with respect to the control.
Specific growth rates (µ) were calculated using Equation (2).

µi

(
h−1

)
=

lnNL − lnN0

tL − t0
(2)

where t0 is the time of the test start, tL is the time of the test determination (24, 48, and 72 h),
N0 is the nominal initial cell density, and NL is the measured cell density at time tL.

The percentage inhibition for each test concentration (Iµi) was calculated from
Equation (3):

Iµi(%) =
µc − µi

µc
·100 (3)

where µc is the mean growth rate for the control and µi the growth rate for test vial i.
A linear relationship can be deduced between the inhibition and the concentration of

the surfactant used in the following form:

log(i) = A·I + B (4)

EC50 represents the concentration of surfactant that caused a 50% growth inhibition
after 72 h of exposure. Three replicate tests were performed to obtain a mean EC50 and its
confidence interval (95%).
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2.8. Model of Toxic Units

The model of toxic units (MTU) [20–22] was used to quantify the interactions of the
toxicants and to predict if the concentration/dose or response addition principles can be
assumed. TUi is the relation of the concentration of the toxicant in a mixture [i] and its half
maximal effective concentration (EC50i), (Equation (5)) being the toxic unit of the mixture
(TUmix), the sum of TUi of the single components (Equation (6)).

TUi =
[i]

EC50i
(5)

TUmix = TUA + TUB =
[A]

EC50A
+

[B]
EC50B

(6)

According to the bibliography and previous studies, simple additivity (concentration
addition) is characterized by 0.8 < TUmix < 1.2, while TUmix ≤ 0.8 indicates synergism (more
than additive) and TUmix ≥ 1.2 represents antagonism (less than additive) [35–37].

If toxicants work independently from each other (response addition), the predicted
toxic unit (TUr) needs to be calculated by Equations (7) and (8). When TUr ≈ 1, the response
addition can be expected [33].

If TUA > TUB TUr = 1 +
TUB
TUA

(7)

If < TUB TUr = 1 +
TUA
TUB

(8)

2.9. Statistical Analysis

Statistical analysis was performed using the statistical program Statgraphics 5.1. The
data were subjected to analysis of variance (ANOVA). Tukey’s multiple range test [38] was
used to determine if significant differences existed between the groups of toxicity data to
bacteria P. putida and microalgae P. tricornutum. The differences between the mean values
were considered significant at a level of confidence of 95%.

3. Results
3.1. Critical Micelle Concentration (CMC)

CMC is a very relevant parameter in the case of toxicity studies of surfactants, as it indi-
cates if the surface tension in the solution has been reduced to the minimum, concentration
above (CMC), or surfactant monomers are only situated in the air–water interface (below
CMC), which can affect the availability of surfactant molecules to partition into cellular
membranes and cause toxicity. Higher toxicity is correlated with higher hydrophobicity [39]
but is also dependent on CMC since toxic effects, specifically for non-ionic surfactants,
take place at surfactant concentrations near or above the CMC [40,41]. The CMC values
of the surfactants studied have been reported in previous studies [16,23]; nevertheless,
CMCs have been again determined with the batch of surfactants tested in this study. CMCs
for the mixtures (1:1 w/w) have also been determined, and the parameter of the CMCU
(Critical Micelle Concentration Unit) has been calculated as the relationship between the
CMC obtained for the mixture and the average CMC values for the individual surfactants.
Table 2 shows the CMC and CMCU values determined for the individual surfactants and
the mixtures tested.
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Table 2. CMC (95% CI) and CMCU of surfactants and surfactants mixtures (1:1 w/w).

Surfactant CMC (mgL−1) CMCU

EC-R8E8 214.2 ± 5.2 -
EC-R12–14E3 28.6 ± 4.8 -
EC-R12–14E10 66.9 ± 7.2 -

AO-R12 156.0 ± 10.5 -
AO-R14 102.4 ± 3.2 -

AOP-Cocoamido 301.3 ± 5.1 -
EC-R8E8 + EC-R12–14E10 100.2 ± 1.57 0.71
EC-R8E8 + AO-Cocoamido 442.7 ± 7.6 1.71
AO-R12 + AO-Cocoamido 403.8 ± 12.4 1.76
AO-R14 + AO-Cocoamido 157.9 ± 6.1 0.78

3.2. Zeta Potential and Micelle Diameter

The ζ-potential and average MD of the individual and surfactant mixtures (1:1 w/w)
in the growth medium of P. putida and P. tricornutum have been measured to confirm the
formation of mixed micelles and to understand the effect of the growth medium on the
stability and size of the micelle formed. The results are shown in Table 3, including the
standard deviation (SD) of three replicates.

Table 3. ζ-potential and MD of surfactants and surfactants mixtures (1:1 w/w) in culture media of P.
putida and P. tricornutum.

Surfactant
ζ-Potential
P. putida

Medium, (±SD)

MD P. putida
Medium,

(nm ± SD)

ζ-Potential
P. tricornutum

Medium, (±SD)

MD
P. tricornutum

Medium,
(nm ± SD)

EC-R8E8 −13.6 ± 0.5 123.3 ± 19.2 −3.5 ± 1.3 162.6 ± 22.0
EC-R12–14E3 −51.9 ± 2.2 19.9 ± 2.3 −28.7 ± 1.1 18.1 ± 1.3
EC-R12–14E10 −9.0 ± 1.1 5.6 ± 0.4 −2.4 ± 1.3 6.7 ± 0.1

AO-R12 −27.8 ± 1.5 52.4 ± 0.8 −11.0 ± 0.6 195.0 ± 4.5
AO-R14 −14.7 ± 1.3 8.8 ± 0.1 −6.9 ± 0.7 7.1 ± 1.1

AOP-Cocoamido −12.7 ± 0.2 54.1 ± 8.7 −9.1 ± 0.4 326.9 ± 19.8
EC-R8E8 +

EC-R12–14E10
−11.3 ± 1.1 7.0 ± 0.5 −5.9 ± 0.6 6.4 ± 0.5

EC-R8E8 +
AO-Cocoamido

−12.8 ± 1.1 123.4 ± 12.0 −7.1 ± 0.2 36.0 ± 1.1

AO-R12 +
AO-Cocoamido

−23.3 ± 3.4 48.2 ± 8.2 −10.4 ± 2.1 68.6 ± 2.7

AO-R14 +
AO-Cocoamido

−12.0 ± 1.3 10.8 ± 2.6 −10.0 ± 1.5 8.9 ± 1.6

3.3. Toxicity of Individual Surfactants

The toxicity of the individual anionic and the amphoteric surfactants to bacteria
P. putida (exposure time: 16 h) and marine microalgae P. tricornutum (exposure time: 72 h)
was determined. The results are shown in Table 4. The toxicity values are indicated as
EC50 (concentration of the substance tested in water causing a 50% of growth inhibition).
The values ranged from 28.8 mgL−1 to 443.95 mgL−1 for P. putida and from 4.27 mgL−1

to 93.05 mgL−1 in the case of P. tricornutum. The results reveal a higher sensitivity of the
marine microalgae P. tricornutum than bacteria P. putida for the surfactants tested.
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Table 4. Toxicity values (95% CI) of individual surfactants to bacteria P. putida (exposure time: 16 h
and microalgae P. tricornutum (exposure time: 72 h).

Surfactant EC50, P. putida mgL−1 EC50, P. tricornutum mgL−1

EC-R8E8 443.95 ± 10.24 93.05 ± 8.21
EC-R12–14E3 331.54 ± 15.77 13.14 ± 2.25
EC-R12–14E10 370.37 ± 15.02 53.14 ± 1.22

AO-R12 93.48 ± 4.76 29.72 ± 2.91
AO-R14 28.8 ± 2.48 4.27 ± 1.03

AOP-Cocoamido 311.48 ± 9.54 57.66 ± 5.48

3.4. Toxicity of Surfactants Mixtures

Tables 5 and 6 show the toxicity values of the mixtures (1:1 w/w) of the surfactants
tested to bacteria P. putida (exposure time: 16 h) and marine microalgae P. tricornutum
(exposure time: 72 h), respectively. They include a mixture of two anionic surfactants (EC-
R8E8 + EC-R12–14E10), a mixture of an ether carboxylic derivative surfactant and the less
toxic amine-oxide-based surfactants (EC-R8E8 + AO-Cocoamido), and two binary mixtures
of the amphoteric surfactants (AO-R12 + AO-Cocoamido and AO-R14 + AO-Cocoamido). The
toxicity of mixtures using the anionic surfactant EC-R12–14E3 is not included since the
solutions of this surfactant with the other ether carboxylic derivative surfactants and
amine-oxide-based surfactants showed turbidity in the concentration range of the tests,
making it impossible to determine the growth inhibition of bacteria or microalgae by
spectrophotometric measurements. In the same way, it was not possible to determine the
toxicity of the mixture of AO-R12 and AO-R14.

Using the model of Toxics Units previously described [20–22], the toxic units of the
single components (TUA, TUB), toxic units of the mixtures (TUmix), and the predicted toxic
units (TUr) were calculated. The values, together with the conclusions on the type of action
for the mixtures tested to bacteria P. putida and microalgae P. tricornutum, are included in
Tables 5 and 6, respectively.

Table 5. Toxicity values and MTU parameters of surfactants mixtures (1:1 w/w) to bacteria P. Putida
(exposure time 16 h).

Surfactant A Surfactant B EC50, P. putida
mgL−1 (95% CI) TUA TUB TUmix TUr Type of Action

EC-R8E8 EC-R12–14E10 414.71 ± 18.33 0.47 0.56 1.03 1.83 Concentration addition

EC-R8E8 AO-Cocoamido 461.74 ± 22.15 0.52 0.74 1.26 1.70 Less than additive
(antagonism)

AO-R12 AO-Cocoamido 210.98 ± 11.49 1.13 0.34 1.47 1.30 Less than additive
(antagonism)

AO-R14 AO-Cocoamido 41.89 ± 3.87 0.73 0.07 0.79 1.09 Response addition

Table 6. Toxicity values and MTU parameters of surfactants mixtures (1:1 w/w) to marine microalgae
P. tricornutum (exposure time: 72 h).

Surfactant A Surfactant B EC50, P. tricornutum
mgL−1 (95% CI) TUA TUB TUmix TUr Type of Action

EC-R8E8 EC-R12–14E10 55.3 ± 10.10 0.30 0.52 0.82 1.57 Concentration addition

EC-R8E8 AO-Cocoamido 69.91 ± 4.45 0.38 0.61 0.98 1.62 Concentration addition

AO-R12 AO-Cocoamido 65.24 ± 14.70 1.10 0.57 1.66 1.52 Less than additive
(antagonism)

AO-R14 AO-Cocoamido 12.58 ± 4.18 1.47 0.11 1.58 1.07 Response addition
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4. Discussion
4.1. Zeta Potential and Micelle Diameter of Individual and Mixtures of the Surfactant Solutions

All of the surfactant solutions tested showed a negative ζ-potential ranging from
−51.9 to −2.4, showing the lowest value for the individual anionic surfactant EC-R12–14E3
in the P. putida medium (Table 3). As expected, the ζ-potential is higher for surfactants in
the marine microalgae medium, indicating the lower stability of the surfactant micelles
caused by the shielding effect [42,43]. Comparing the ζ-potential of the surfactant mixtures
with the ζ-potential of the individual surfactants, it can be observed that approximately
intermediate values were obtained for both culture media (P. putida and P. tricornutum),
and this indicates the formation of mixed micelles in the mixture solutions. It can only be
appreciated that for the mixture of AO-R14 and AO-Cocoamido, the ζ-potential in the P. putida
medium is slightly above the ζ-potential of the individual surfactants, and the ζ-potential
of the mixture EC-R8E8 and EC-R12–14E10 in the P. tricornutum medium is slightly below the
ζ-potential of the individual surfactants. Nevertheless, considering the standard deviation
and experimental errors, these differences can be considered to be negligible.

In the case of the MD of the individual surfactants (Table 3), the results show a higher
MD for the ether carboxylic derivative surfactant with the shorter alkyl chain and lower
hydrophobicity (EC-R8E8), whereas the MD of the ether carboxylic derivative with the
longest alkyl chain (EC-R12–14E10) shows the lowest value in both culture media. The
concentration of salts in the medium had a direct effect on the average MD for most of
the surfactants; this is, the MD of the individual surfactants is higher in the P. tricornutum
medium than in the P. putida medium. This could be related to the higher stability of
the micelles (lower ζ-potential) in the P. putida medium; consequently, the possibilities of
interactions between micelles to form bigger micelles are prevented. On the other hand, it is
especially remarkable that the great MD of the amine-oxide-based surfactant AO-Cocoamido
in the P. tricornutum medium, which is six times higher than its MD in the P. putida medium,
which could be influenced by the interaction of salts with the amide group existing in the
fatty alkyl chain.

Regarding the average MD for the mixtures of the surfactants, for most of them, the
MD is lower than the MD of the individual surfactants or closer to the lowest value of
the individual surfactants, revealing the preference of the surfactants monomers to form
smaller micelles if they are included in mixed micelles. It is remarkable that in the mixture
EC-R8E8 + AO-Cocoamido, the MD in a marine medium is much smaller than the MD of
the individual surfactants. It is worth noting that, in the case of mixtures, the MD is the
average of multiple possible combinations of mixed micelles containing monomers from
surfactants A and B.

4.2. Toxicity of Individual Surfactants

Overall, the surfactants tested are more toxic to marine microalgae P. tricornutum than
to bacteria P. putida (Table 4). The values of EC50 for P. putida were between 3 and 40 times
higher than EC50 for P. tricornutum. Especially relevant is the difference for the anionic
surfactant EC-R12–14E3. The results contrast with some results found in similar studies with
other species of the same trophic levels. In previous studies [16,35,44], we found higher tox-
icity of polyoxyethylene glycerol esters, ether carboxylic derivatives, alkylpolyglucosides
and amine-oxide-based surfactants to marine bacteria V. fischeri compared with freshwater
microalgae P. subcapitata. There are no published toxicity data available regarding the
surfactants and species tested in this study for comparison. However, the differences could
be related to the different behavior of the surfactants on saline and freshwater microalgae
mediums, corroborated by measurements of the CMC, ζ-potential and MD in the different
media (Tables 2 and 3). In a medium with a higher concentration of salts, surfactants can
easily decrease the surface tension at a lower surfactant concentration [45], which is directly
related to the toxicity effect on microorganisms. In the case of microalgae, surfactants can
induce morphological changes in the cells affecting the structure and integrity of lipid mem-
branes, denaturing the membrane proteins, and consequently, increasing the permeability
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of the cellular membrane and causing the leakage of vital compounds [46]. In the case of
bacteria, surfactants can depolarize the microbial cell membrane and decrease the absorp-
tion of nutrients and the acceptance of oxygen [6]. Nevertheless, bacteria P. putida also has a
broad tolerance to toxic compounds and oxidative stress, and they can use surfactants as a
source of carbon in their metabolic processes [25,47]. This suggests that a higher surfactant
concentration is needed to exert an inhibition effect in the growth population of bacteria
P. putida than in microalgae P. tricornutum.

It could be expected that the anionic surfactants show higher toxicity compared
with non-ionic surfactants, as has been extensively reported in the literature for several
species [19,48,49] since the ability of anionic surfactants to partition from aqueous environ-
ments into the lipid membranes of aquatic organisms is higher [50]. Nevertheless, some
deviations have been found in this study. Amine-oxide-based surfactants with a non-ionic
character in the toxicity media showed greater inhibition of the bacteria and microalgae
growth than the ether carboxylic derivative surfactants. Similar results were found in pre-
vious studies of AO-R12 and AO-R14 to bacteria V. fischeri and microcrustaceans D. magna,
where they showed higher toxicity than ether carboxylic derivative surfactants [16].

Regarding the structural parameters, ether carboxylic derivative surfactants with a
longer alkyl chain(R) showed a lower value of EC50, meaning stronger toxic effects in both
species; this is related to the higher hydrophobicity of the surfactants with longer alkyl
chains, as indicated by their CMC (Table 2) [51]. In the case of ether carboxylic derivative
surfactants with the same alkyl chain but different degrees of ethoxylation (EC-R12–14E3 and
EC-R12–14E10), the surfactant with the higher degree of ethoxylation and less hydrophobic
(EC-R12–14E10) presented lower toxicity. The same behavior is observed when comparing
AO-R12 and AO-R14, while AO-Cocoamido is the less toxic amine-oxide-based surfactant,
which is directly related to the amide group existing in the fatty alkyl chain, making
the surfactant molecule more hydrophilic and, therefore, less likely to cause membrane
disruption [18,52]. The presence of the amine group is also reflected in its higher CMC
(Table 2); the surfactant is less effective in decreasing the surface tension but is less toxic
to aquatic organisms. Regarding the relationship between the structural parameters and
hydrophobicity, the toxic effects can be appreciated in the same trend with both species
tested, bacteria P. putida and marine microalgae P. tricornutum.

4.3. Toxicity of Surfactants Mixtures

Similar to the toxicity of individual surfactants, the surfactant mixtures had greater tox-
icity effects on marine microalgae P. tricornutum than bacteria P. putida (Tables 5 and 6). The
EC50 values ranged from 41.89 mgL−1 to 461.74 mgL−1 for P. putida and from 12.58 mgL−1

to 69.91 mgL−1 for P. tricornutum. The toxicity of the mixtures shows interesting results
from an antagonism point of view. Figure 2 has been added to provide a clearer interpreta-
tion and a better visual appreciation of the results, including significantly different groups
according to Tukey’s multiple comparison test.
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Firstly, the mixture of the two anionic surfactants (EC-R8E8 + EC-R12–14E10) shows
an intermediate value of EC50 compared to the EC50 of the individual surfactants for both
species tested. Considering the model of toxic units and the calculated parameter TUmix, the
type of action can be assumed to be the concentration addition (0.8≤ TUmix ≤ 1.2); this is to
say, both surfactants act with the same MoA. As anionic surfactants, it is assumed that they
likely act as polar narcosis class 2 [53–55]. The CMCU for the mixtures was 0.71 < 1; this is,
the CMC of the mixture is lower than the average CMC of the individual surfactants, and
therefore, the mixture is more efficient in decreasing the surface tension than the individual
surfactants. Nevertheless, this effect cannot be traduced in a clear synergistic effect on the
toxicity of the mixture since the calculated values of the TUmix for the mixture with both
species are not below 0.8.

In the case of the mixture of EC-R8E8 + AO-Cocoamido, a higher value of EC50 to
bacteria P. putida is obtained compared to the EC50 of the individual surfactants, reflecting
an antagonism effect on the toxicity; this is, the mixture is less toxic than the individual
surfactants. According to MTU, the type of action cannot be assumed as simple additivity
(TUmix = 1.26) or response addition (TUr 6= 1), being more likely less than additive. When
testing this mixture with marine microalgae P. tricornutum, the concentration addition is
supposed to be the type of action (TUmix = 0.98). The toxicity MoA of amine-oxide-based
surfactants has been barely studied, so conclusions are difficult to draw without a deeper
and more specific study [35]. The CMCU for this mixture was above 1, which means that
more concentration of the surfactant mixture is needed to reach the lowest surface tension
compared with the amount of the individual surfactants.

From the toxicity results for the binary mixtures of AO-R12 + AO-Cocoamido, similar
conclusions be drawn for bacteria P. putida and marine microalgae P. tricornutum, and an
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antagonism effect is appreciated, wherein the EC50 for the mixture is higher than the value
expected. In the case of P. putida, a type of action that is less than additive and close to the
response addition can be suggested (TUmix = 1.47, TUr = 1.30). Although both surfactants
in the mixture belong to the same surfactant family, AO-R12 is around three times more
toxic than AO-Cocoamido, and the toxicity effects appear to be mainly conducted by the
AO-R12. In the case of P. tricornutum, a less than additive type of action could also be
suggested (TUmix = 1.66), and response addition is not expected. The antagonistic effect of
this mixture is also reflected in the CMC of the mixture, showing a CMCU value higher
than 1; the CMC for the mixture is higher than the CMC of the individual surfactants. This
means that from an environmental point of view, the mixtures of AO-R12 + AO-Cocoamido
are more eco-friendly, but from an efficacy point of view, for the decreasing surface and
interfacial tension, the mixture of them is not recommended. The ζ-potential measurements
of this mixture of surfactants showed an intermediate value between the ζ-potential of the
individual surfactants; therefore, the theory stated by Martins et al. [56] proposing that
more stable micelles lead to lower toxicity cannot be applied. (i.e., stable micelles lead to
lower surfactant monomers, which are more efficient than micelles when entering the cell
through cell wall pores).

Finally, looking at the results for the binary mixture of AO-R14 + AO-Cocoamido and
TUr values, response addition can be suggested as the type of action of the mixture for
both species, bacteria P. putida and marine microalgae P. tricornutum (TUr = 1.07 and 1.09,
respectively). That means that each surfactant acts with a different MoA. Although the
evidence is not completely clear, AO-Cocoamido could be acting in a similar way to the
anionic surfactant, EC-R8E8 (polar narcosis class 2) (as previously, MoA for EC-R8E8 has
been suggested, and in the mixture EC-R8E8 + AO-Cocoamido, no response addition has
been identified), whereas MoA for AO-R14 could be assumed to be non-polar narcosis class
1 [53]. It is worth noting that the surfactant AO-R14, the one with the stronger hydrophobic
character, is 11 times more toxic than AO-Cocoamido for bacteria P. putida and 13 times
more toxic for marine microalgae P. tricornutum, so the higher contribution to the growth
inhibition can be attributed to the amine-oxide-based surfactant AO-R14.

5. Conclusions

This study assessed and compared the toxic effects of ether carboxylic derivative
anionic surfactants and amine-oxide-based amphoteric surfactants individually and in
binary mixtures (1:1 w/w) to bacteria P. putida and marine microalgae P. tricornutum.
ζ-potential and MD measurements confirmed the formation of mixed surfactant micelles
and the shielding effect of the marine medium in the micelles. The toxicity results showed
the higher sensitivity of microalgae P. tricornutum to the surfactants tested and the mixtures
of them than bacteria P. putida, which is related to the higher capacity to decrease the surface
tension of the surfactants in a marine medium [45]. The results confirmed the higher toxicity
of the surfactants with higher hydrophobicity (surfactant molecules with a longer alkyl
chain, a lower degree of ethoxylation, or an amide group in the fatty alkyl chain).

Considering the MTU, concentration addition has been assumed as the type of action
for the binary mixture of EC-R8E8 + EC-R12–14E10 with both tested species and for the
mixture of EC-R8E8 + AO-Cocoamido to marine microalgae, whereas response addition could
be expected as the type of action to the binary mixture of AO-R14 + AO-Cocoamido with
P. putida and P. tricornutum. Antagonism toxic effects have also been identified for some
mixtures: EC-R8E8 + AO-Cocoamido to bacteria P. putida and AO-R12 + AO-Cocoamido to
P. putida and P. tricornutum. This is to say that these mixtures showed lower toxicity than
expected when looking at the EC50 values of the individual surfactants.

The most toxic mixture was AO-R14 + AO-Cocoamido, whereas mixture EC-R8E8 + AO-
Cocoamido was the least lethal for both species tested. The use of AO-R12 in formulations,
and its subsequent presence in aquatic environments, is preferable rather than AO-R14 if
an amine-oxide-based surfactant with these characteristics needs to be used since it has
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antagonistic toxic effects with AO-Cocoamido, albeit the use of the combination of EC-R8E8 +
AO-Cocoamido is the best option.
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