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Abstract: Among emerging pollutants, endocrine disruptors such as estradiol are of most concern.
Conventional water treatment technologies are not capable of removing this compound from water.
This study aims to assess a method that combines physicochemical and biological strategies to elimi-
nate estradiol even when there are other compounds present in the water matrix. Na-montmorillonite,
Ca-montmorillonite and zeolite were used to remove estradiol in a medium with sulfamethoxazole,
triclosan, and nicotine using a Plackett–Burman experimental design; each treatment was followed
by biological filtration with Daphnia magna. Results showed between 40 to 92% estradiol adsorption
in clays; no other compounds present in the mixture were adsorbed. The most significant factors
for estradiol adsorption were the presence of nicotine and triclosan which favored the adsorption,
the use of Ca-montmorillonite, Zeolite, and time did not favor the adsorption of estradiol. After
the physicochemical treatment, Daphnia magna was able to remove between 0–93% of the remaining
estradiol. The combination of adsorption and biological filtration in optimal conditions allowed the
removal of 98% of the initial estradiol concentration.

Keywords: wastewater treatment; natural clays; emerging contaminants; zeolite; bentonite;
Daphnia magna; adsorption

1. Introduction

Currently, there is a growing interest in the so-called emerging contaminants (ECs),
compounds of different origins and chemical nature whose presence in the environment
is not considered significant in terms of distribution and/or concentration [1]. ECs in-
clude drugs and personal care products, surfactants, flame retardants, industrial and
food additives, steroids, hormones, bactericides, illicit drugs, compounds such as caf-
feine and nicotine, and disinfection by-products [2,3]. ECs enter the environment through
anthropogenic contamination. For instance, human beings consume large amounts of phar-
maceutical and personal care products generating waste that often ends up in wastewater.
Different compounds have been detected in municipal and natural water systems which are
poured into through residential or commercial discharges [4]. For example, pharmaceutical
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and personal hygiene products generally present in human and animal excretions enter
the environment through domestic wastewater via discharge from toilets, domestic water,
among other sources [5]. Pharmaceutical wastewater is usually recalcitrant with high
chemical oxygen demand (COD), high biological toxicity, low biodegradability, intense
color, and unpleasant odor. It contains high concentrations of solvents, catalysts, additives,
and reagents, especially antibiotics [6]. Wastewaters containing these compounds are dis-
charged directly into the environment or are treated in wastewater treatment plants where
ECs are not effectively eliminated due to their low concentrations and complexity [1,7,8].
One of the characteristics of these pollutants is that they do not have to be persistent in the
environment to cause negative effects since their high transformation and elimination rates
can be offset by their continuous introduction into the environment [9]. Generally, they are
characterized by the following properties: high chemical stability, low biodegradability,
high solubility in water, and low adsorption coefficient [10]. The emerging pollutants
that cause the most concern are antibiotics and endocrine disruptors. Antibiotics such as
sulfamethoxazole can induce bacterial resistance, even at low concentrations, through
continuous exposure [11]. Endocrine disruptors such as estradiol and triclosan interfere
with the endocrine system and disrupt the physiological function of hormones by mim-
icking, blocking, or disrupting their function thus affecting the health of humans and
animal species [12–16]. Nicotine, sulfamethoxazole, triclosan and estradiol have been
found in superficial water bodies such as rivers, lakes, seas, and oceans [1,17–22] and even
in drinking water. Hence pointing out that the current treatment methods are not effective
to eliminate these compounds [17–26].

Recently, the ability of some techniques to remove ECs from water, such as advanced
oxidation and adsorption has been discussed. For instance, estrogens removal rates vary
between 100 µgL−1 to 10 mgL−1 in time periods that oscillate between 7 to 300 min with
electrochemical advanced oxidation treatment [27]; however, these processes present a high
cost and difficulty of implementation [1]. On the other hand, adsorption methods have
the disadvantage that they only generate a phase transfer. Nevertheless, they are still a
valid option for removing ECs from water due to their simplicity and low cost. Among the
different sorbents used for this purpose, clay minerals, such as bentonite and zeolite, have
shown effective results as adsorbent and ion exchange media for water and wastewater
treatment applications, especially for removing heavy metals, organic pollutants, and
nutrients [28–30]. Bentonite and/or zeolite have been used to remove organic pollutants
such as dyes, hormones, pharmaceuticals, caffeine, and other ECs [31–36]; the rate of
adsorption in these materials depends on factors such as temperature and pH, as well as
the chemical nature of the retained compound. The adsorption of estradiol in clay minerals
is an exothermic and spontaneous process; levels of pH higher to 10 decrease the adsorption
capability [37]. In contrast, nicotine adsorption is a spontaneous process, endothermic or
exothermic depending on the adsorbent; nicotine is an electron donor due to the aliphatic
nitrogen of the pyrrolidine ring. Moreover, pH determines the adsorption mechanism
such as hydrogen bonds, π–π interaction, cation-π bonding, Van der Waals forces, inner-
sphere complex formation, and electrostatic interactions [38].

Biologically-based filtration using aquatic invertebrates such as Daphnia magna, which
live in biological-based wastewater treatment plants, has shown promising results to re-
move ECs [39], consequently becoming an optimal complement to adsorption processes.
Besides, one of the main advantages of D. magna is their ability to reduce the biochemical
oxygen demand in wastewater [40]. D. magna under direct solar radiation also could
remove 80% of ECs combining biodegradation, photodegradation, adsorption, and ad-
sorption processes [41]. Nonetheless, many of the evaluated studies do not consider how
the presence of other contaminants affect the ECs removal performance and adsorption
efficiency; for instance, studies used individual pollutants such as 17β-Estradiol, dyes, and
phenol as model compounds for the adsorption studies [31,33–36].

The aim of this study is to investigate the removal of estradiol from wastewater using
a combination of adsorption with Na-montmorillonite, Ca-montmorillonite, Zeolite, and
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biologically-based filtration with Daphnia magna. We employ an experimental design to
assess the influence of adsorbent type and other EC’s presence in estradiol’s removal rate;
nicotine, triclosan, and sulfamethoxazole were used for this purpose, as they are commonly
found in water bodies along with estradiol.

2. Materials and Methods
2.1. Chemicals

Synthetic waters spiked with emerging contaminants were prepared for this study
using Sigma Aldrich technical grade (99% purity) nicotine, triclosan, sulfamethoxazole, and
estradiol. Table 1 reports the structures and properties of these four molecules [32,42–44].
For the mobile phase, high-performance liquid chromatography (HPLC) grade methanol
was purchased from Merck, and Type 1 water (from a Milli-Q system, Merck Millipore)
was used.

Table 1. Emerging contaminants targeted in the study.

Name/CAS Description Chemical
Formula

Molar Mass
gmol−1

Water Solubility
mgL−1 pKa Log

Kow Log Koc

17ß-Estradiol/50-28-2 Hormone C18H24O2 272.38 3.60, 27 ◦C 10.27 4.13 4.47
Nicotine/54-11-5 Stimulant C10H14N2 162.23 1,000,000, 25 ◦C 8.5 1.17 2

Triclosan/3380-34-5 Antibacterial C12H7Cl3O2 289.54 10, 20 ◦C 7.9 4.76 3.54
Sulfamethoxazole/723-46-6 Antibiotic C10H11N3O3S 253.3 610, 37 ◦C 1.6, 5.7 0.89 1.86

2.2. Bentonites and Zeolites

Ecuadorian natural Na-montmorillonite, Ca-montmorillonite and zeolites processed
by the company Minmetec Ecuador Cia. Ltda. were used. The zeolite is a clinoptilo-
lite, (Ca)3(Si30Al6)O72·H2O, belonging to the heulandite group. Na-montmorillonite,
(Na1+)0.33(Al,Mg)2(Si4O10)(OH)2·n(H2O), is a smectite clay consisting mainly of mont-
morillonite, magnesium silicate, hydrated aluminum, and sodium. Ca-montmorillonite,
(Ca2+)0.33(Al,Mg)2(Si4O10)(OH)2·n(H2O), is a smectite clay, consisting mainly of montmo-
rillonite. Physicochemical characteristics are shown in Table 2 and chemical structure is
presented in Figure 1.

2.3. Daphnia Magna Culture

The cultivation of D. magna was conducted according to Organization of Economic
Co-operation and Development (OECD) 1981 standardized protocols. The photoperiod
was set to a 14 h light:10 h dark cycle and the temperature was set at 20 ± 1 ◦C. Cultures
were maintained in 100 mL of ASTM hard synthetic water and fed every three days with
spirulina algae.

Table 2. Zeolite and montmorillonite composition and characteristics.

Composition Zeolite Ca-Montmorillonite Na-Montmorillonite

Al2O3, % 16.87 13.06 17.59
SiO2, % 63.78 60.64 60.50

Fe2O3, % 3.54 12.00 6.22
Na2O, % 2.15 2.60 1.00
MgO, % 0.78 1.50 1.05
CaO, % 3.63 2.50 1.03
K2O, % 2.45 0.5 1.25

pH 9.8 9 7
Max Humidity, % 7 7 10

Color Brown—greenish Light brown White—creamy
Values taken of [42,45–47].
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Figure 1. In the left Zeolite Clinoptilolite and in the right montmorillonite taken from mindat.org. Red ball: Oxygen, Light
brown: Silica, Gray: Aluminum, Purple: Sodium or Potassium, Green: Sodium or Calcium.

2.4. Experimental Design
2.4.1. Zeolites and Bentonites Adsorption

Preliminary adsorption tests were performed to determine whether the clays could
adsorb estradiol. Once the effectiveness of the materials to adsorb estradiol was verified,
a Plackett–Burman experimental design was conducted; eight variables were selected to
take into account: the concentration of estradiol, nicotine, sulfamethoxazole and triclosan,
the mass of zeolite, Na-montmorillonite, Ca-montmorillonite, and the exposure time. For
the assays, a stock solution of 100 mgL−1 of each of four compounds was prepared in a
hydroalcoholic solution. Then, 15 mixtures of emerging contaminants were prepared with
the concentrations shown in Table 3 and following the scheme depicted in Table 4. The
aqueous mixtures were prepared with tap water up to a volume of 500 mL.

Table 3. Variables and levels of the applied experimental design.

Variable Min (−1) Medium (0) Max (1)

Estradiol (mgL−1) 0.25 0.5 1
Nicotine (mgL−1) 0.25 0.5 1

Sulfamethoxazole (mgL−1) 0.25 0.5 1
Triclosan (mgL−1) 0.25 0.5 1

Na-montmorillonite (g) 2 4 8
Ca-montmorillonite (g) 2 4 8

Zeolita (g) 2 4 8
Time (minutes) 15 30 60

All the experiments were performed in fluid bed batch reactors. The concentration
measurements of the four studied ECs were made by HPLC-DAD to assess the efficiency
of the suggested removal method before and after the use of the clay and the D. magna
treatments. In the end of the experiment, samples were centrifuged and filtered before the
HPLC analysis (Section 2.5). The existing difference of the same sample, expressed as a
percentage, was used as the response variable of the experimental design. The software
used for the data analysis was MINITAB 17.

mindat.org


Eng 2021, 2 316

Table 4. Variable levels for each trial as applied in the Plackett–Burman design.

Trial Estradiol Nicotine Sulfamethoxazole Triclosan Na-Montmorillonite Ca-Montmorillonite Zeolite Time

1 1 −1 1 −1 −1 −1 1 1
2 1 1 −1 1 −1 −1 −1 1
3 −1 1 1 −1 1 −1 −1 −1
4 1 −1 1 1 −1 1 −1 −1
5 1 1 −1 1 1 −1 1 −1
6 1 1 1 −1 1 1 −1 1
7 −1 1 1 1 −1 1 1 −1
8 −1 −1 1 1 1 −1 1 1
9 −1 −1 −1 1 1 1 −1 1

10 1 −1 −1 −1 1 1 1 −1
11 −1 1 −1 −1 −1 1 1 1
12 −1 −1 −1 −1 −1 −1 −1 −1
13 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0 0

2.4.2. Daphnia magna Adsorption

Approximately 50 D. magna individuals were kept in an aliquot of 100 mL of water
samples for 8 days; all assays were performed in three replicates. The experimental setup
was kept at room temperature, 20 ◦C at 12 h of light and 12 h of darkness. D. magna were
fed with 1 mL of a mixture of 12 mg of yeast and 30 mg of spirulina every 2 days. After the
adsorption experiments, aliquots of 100 mL of water samples were centrifuged (Eppendorf
Centrifuge 5702R) at 4000 rpm for 15 min. The supernatant was filtered using 0.45 µm
PVDF filters. Then, the estradiol concentration was determined by liquid chromatography
to calculate the removal percentage achieved.

2.5. HPLC Analysis

RP-HPLC analyses were performed using means of an HPLC-DAD instrument
(Thermo Scientific UltiMate 3000, USA). An isocratic elution program was used with a
mixture of 60:40 methanol:water v/v as mobile phase, and a C18 column as stationary phase.
The flow rate was 0.6 mLs−1,while the column was thermostated at 25 ◦C. The injection
volume was 5 µL for all standards and samples. Compound elution was detected at
220 nm. Under these conditions, estradiol retention time was 6.62 min. The LOD and
LOQ were respectively: estradiol: 0.540 µgL−1 and 1.042 µgL−1; nicotine: 11.55 µgL−1

and 22.29 µgL−1; triclosan: 0.1645 µgL−1 and 0.603 µgL−1; sulfamethoxazole 4.89 µgL−1,
and 9.44 µgL−1.

2.6. Isoterm

Adsorption isotherms are used to evaluate the equilibrium of particles in a system
with a liquid and a solid phase, at a constant temperature. For the development of this
study, Langmuir and Freundlich models were used to calculate the adsorption isotherms
of estradiol on the different clays used [48,49]. The Langmuir isotherm was developed
from the assumption that adsorbate molecules form a monolayer on the surface of the
adsorbent. Considering that the adsorbed molecules do not interact with each other, it is
assumed that the adsorption of adsorbate at a specific site is independent of what happens
with neighboring sites. The Langmuir isotherm is represented by the Equation (1) where
Ce is the adsorbate concentration at equilibrium, qe is the amount of adsorbate per unit
mass of adsorbent at equilibrium, qm is the maximum amount of adsorbate adsorbed
per unit mass of adsorbent for the formation of the complete monolayer on the surface
of the adsorbent, KL is the Langmuir constant related to the adsorption energy [50,51].
The Freundlich isotherm, Equation (2), is applied when adsorption processes occur on
heterogeneous surfaces, thus being a model that can explain both monolayer and multilayer
adsorption. The expression resulting from this isotherm defines the heterogeneity of the
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surface and how the active sites and their energies are exponentially distributed [52,53].
KF is the Freundlich constant that is related to the adsorption capacity; n represents the
heterogeneity factor and 1/n is related to the adsorption intensity.

qe =
qmKLCe

1 + KLCe
(1)

sqe = KLC
1
n
e (2)

The parameters of the isotherms were obtained from measuring the estradiol con-
centration in the supernatant of a suspension of 50 mL of estradiol solutions at different
concentrations, in contact with 100 mg of each of the clays. It was left overnight at a
constant temperature of 30 ◦C. The concentration of the estradiol standards used were:
0.5, 1.0, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, and 20 mgL−1. Absorbance was measured using a
UV-Vis Spectrophotometer (Thermo Scientific, Evolution 60) at a wavelength of 280 nm.
Measurements were made in duplicate.

3. Results and Discussion

The results of the set of experiments are presented in Table 5. In the adsorption tests
with clays, the removal of estradiol was quantified, the removal percentage was from
40 to 92% (0.1 –0.92 mgL−1, respectively). Nicotine, sulfamethoxazole, and triclosan were
not quantified in this study. Other studies show that these compounds are poorly or
not removed with natural clays and a pre-treatment of clay is necessary to achieve the
adsorption [54–56]. Considering the soil adsorption coefficient (Koc) which measures the
amount of chemical substance adsorbed onto soil per amount of water, estradiol is prone
to be adsorbed in clays.

Table 5. Amount and percentage of estradiol removal obtained in each applied treatment.

Estradiol Removal, (mg/%)
Trial Clays D. magna Total

1 0.10/40.00 0.09/61.94 0.19/77.16
2 0.92/92.29 0.003/3.26 0.93/92.54
3 0.76/76.36 0.22/93.08 0.98/98.36
4 0.16/64.32 0.08/91.94 0.24/97.12
5 0.71/71.03 0.21/71.78 0.92/91.82
6 0.57/56.51 0.35/79.47 0.91/91.07
7 0.85/85.17 0.09/62.54 0.94/94.44
8 0.09/37.21 0.00/0.00 0.09/37.21
9 0.13/50.15 0.10/83.98 0.23/92.01
10 0.11/44.53 0.12/87.45 0.23/93.04
11 0.69/68.73 0.27/87.22 0.96/96.00
12 0.14/56.50 0.07/60.85 0.21/82.97
13 0.32/63.74 0.16/90.10 0.48/96.41
14 0.34/67.06 0.18/89.62 0.48/96.58
15 0.31/61.79 0.11/57.63 0.42/83.81

The experiments with natural clays showed the lowest removal with trials 1, 8, 9,
10, and 12 which achieved a removal of estradiol of 0.10, 0.09, 0.13, 0.11, and 0.14 mgL−1

respectively. All these assays were performed with nicotine concentration in the lowest
level (0.25 mgL−1). On the other hand, the experiments with natural clays where greater
estradiol removal was achieved were trials number 2, 3, 5, 7, and 11, corresponding to 0.92,
0.76, 0.71, 0.85, and 0.69 mgL−1, respectively. In these cases, all the experiments contain the
maximum amount of nicotine.

The results of the analysis of the experimental design in clays are presented in Figure 2.
The significant effects are shown in a red square, then, the significant factors in the ex-
perimental design with a confidence level of 95% are nicotine and triclosan as a positive



Eng 2021, 2 318

influence in the estradiol adsorption, and Na-montmorillonite, Zeolite, and time with
negative influence in the estradiol adsorption. In the Pareto chart, the five factors are
presented where nicotine is the most important factor. The level of significance of each
factor can be seen in Table 6.

Figure 2. Standardized effect in a normal graph and a Pareto chart of the factors in estradiol removal. A: estradiol,
B: nicotine, C: sulfamethoxazole, D: triclosan, E: Na-montmorillonite, F: Ca-montmorillonite, G: Zeolite, and H: Time.

Table 6. ANOVA of the experimental design performed to assess estradiol removal with clays.

Source DF Adj SS Adj MS F-Value p-Value

Model 8 3251.05 406.38 14.12 0.002 **
Linear 8 3251.05 406.38 14.12 0.002 **

Estradiol 1 2.47 2.47 0.09 0.780
Nicotine 1 2063.84 2063.84 71.69 0.000 ****

Sulfamethoxazole 1 46.73 46.73 1.62 0.250
Triclosan 1 275.86 275.86 9.58 0.021 *

Na-montmorillonite 1 422.67 422.67 14.68 0.009 **
Ca-montmorillonite 1 1.32 1.32 0.05 0.838

Zeolite 1 203.86 203.86 7.08 0.037 *
Time 1 234.32 234.32 8.14 0.029 *
Error 6 172.73 28.79

Curvature 1 12.65 12.65 0.40 0.557
Lack-of-Fit 3 145.91 48.64 6.87 0.130
Pure Error 2 14.17 7.08

Total 14 3423.79
Adj SS: Adjusted sums of squares; Adj MS: Adjusted mean squares; Significance at p < (0.05) *, p < (0.01) **,
p < (0.0000) ****.

The model obtained is statistically significant (p(0.02) < 0.05, Table 6) and this is
presented in Equation (3). The effects of each factor are presented in Figure 3. Factors that
reduced the adsorption of estradiol were sulfamethoxazole, Ca-montmorillonite, zeolite,
and long exposure. In contrast, the nicotine and triclosan presence increases the adsorption
of estradiol.

% Estradiol removal = 62.4 − 0.5∗Estradiol + 13.1∗Nicotine − 2∗Sulfamethoxazole + 4.8∗Triclosan − 5.9∗Na-

montmorillonite − 0.3∗Ca-montmorillonite − 4.1∗Zeolite − 4.4∗Time
(3)
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Figure 3. Fitted means effect of each factor involved in estradiol removal.

The fitted means effects graph (Figure 3) reveals that the initial concentration of
estradiol does not make a difference in terms of the final percentage of estradiol removal.
Although a lower concentration slightly improves the removal efficiency, it is not statisti-
cally significant. It was expected that a higher concentration drives removal, given that
the adsorption kinetics for this compound corresponds to a second-order reaction [57].
This result is explained by the short range and low concentrations used in this study
(1 to 0.25 mgL−1), which were selected to be similar to those amounts found in the envi-
ronment [1]. Furthermore, shorter elapsed time favors adsorption; this result is consistent
with a pseudo second order kinetics, meaning that the adsorption occurs early while the
concentration is high enough but when concentration decreases, adsorption decreases too,
and equilibrium is achieved. Similar results were found in other studies [58,59].

The results show that nicotine and triclosan are statistically significant to promote the
estradiol adsorption; possibly, they stimulate the estradiol removal due to the formation of
a complex between the three compounds. Estradiol can act as a two hydrogen bond donor
and two hydrogen bond acceptor. Triclosan is a hydrogen bond donor and two hydrogen
bond acceptor. Nicotine is an acceptor of two hydrogen bonds [42]. These characteristics for
forming bonds favor the formation of complexes between the three compounds. Nicotine
and triclosan, which are located in the end of estradiol, form hydrogen bonds with their
OH groups [60–62]. The formation of the complex does not affect its binding with the
adsorbent, since Van der Waals forces are the main interaction with the adsorbent. Van der
Waals bonds increase as the length of the nonpolar part of the complex increases [63,64].
In turn, this ability to form a complex can facilitate multilayer adsorption.

Figure 4 shows the adsorption isotherms of estradiol on the three clays used in this
study. Langmuir’s model was used to describe the adsorption equilibrium, hypothesizing
the existence of a monolayer adsorption, and the linearized form of the Langmuir model
was used to obtain the parameters of the model. The Freundlich model was calculated
to describe the adsorption effect of the multilayer, for which the linearized form of the
model was used. The Freundlich model parameters were optimized using the algorithm
Generalized Reduced Gradient (GRG) Nonlinear. Parameters of the Langmuir and Fre-
undlich models are presented in Table 7. Although the R2 values of the linearized Langmuir
models are higher than the optimized Freundlich models, a strong leverage effect can be
observed in the upper part of the curve, so the Langmuir model overestimates the effect of
the monolayer. On the contrary, the optimized Freundlich model has a greater similarity
with the curve described by the experimental data.
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Figure 4. Adsorption isotherm for (a) Na-montmorillonite, (b) Ca-montmorillonite, and (c) Zeolite; (1) Experimental data,
(2) the Freundlich adsorption isotherms, and (3) the Langmuir adsorption isotherms. qe: number of milligrams of adsorbate
that is adsorbed per gram of adsorbent; Ce: concentration of adsorbate in solution when equilibrium has been reached.

Table 7. Langmuir and Freundlich isotherm models parameters for clays.

Isotherm Model Parameters Na-Montmorillonite Ca-Montmorillonite Zeolite

Langmuir qmax (mg g−1) 2.35 19.84 1.031
KL 0.256 35.63 1.4845
R2 0.990 0.983 0.977

Freundlich KF 1.565 0.880 0.478
n 2.531 1.828 3.485

R2 0.972 0.989 0.967

The results show that natural bentonites montmorillonites and zeolites effectively re-
moved estradiol despite the presence of other contaminants. Nevertheless, the combination
of the clays did not represent an improvement in the removal system. The clays for this
study did not receive any previous treatment since the intention is to evaluate their adsor-
bent capacity under natural conditions for their use in wastewater treatments. The value
of the constant KL of the Langmuir model shows that Ca-montmorillonite has a higher
binding force for estradiol than the other two clays. In addition, for this reason, the value
of qmax is the highest of all. In the case of the Freundlich model, Ca-montmorillonite has a
value of n, lower than the other two clays, so it should have a higher intensity of adsorption,
saturating more slowly. When comparing the results obtained from the clay isotherms
and the removal results from the experimental design, the interaction between different
molecules changes their ability to be adsorbed. In this specific case, estradiol would form a
complex with triclosan and nicotine, and its preference for Ca-montmorillonite changes to
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the point that Ca-montmorillonite does not have a significant effect on the experimental de-
sign. This could be due to the tendency of the complex to be adsorbed, not in a monolayer,
but in a multilayer, and the amount of Ca-montmorillonite is sufficient for this purpose.
According to Figure 2, a graph of standardized effects, it can be observed that all clays are
aligned with the non-significant variables, thus it can be considered that the effect of the
three clays on estradiol removal was non-significant. Consequently, nicotine and triclosan
would be the variables influencing estradiol removal in this system.

Regarding the use of the Daphnia magna as a natural filter, the estradiol removal ranges
between 0–93%. The trials where low estradiol concentration was removed were number
2 and 8 (Table 5) corresponding to 0 mgL−1 in both cases; their common characteristic
is the presence of triclosan concentration (1 mgL−1). This result is explained since tri-
closan can bioaccumulate via the food chain causing adverse effects depending on the
concentration [63], so it might interfere with the ability of D. magna to metabolize or adsorb
estradiol. The maximum removal of estradiol was obtained in trials 3, 6, and 11 corre-
sponding to 0.22, 0.35, and 0.27 mgL−1. In all these trials, nicotine was in the maximum
concentration, whereas triclosan was in the minimum concentration. The most feasible
route for D. magna to remove these pollutants is biosorption and, secondly, ingestion; in
both cases, the compounds/metabolites are subsequently eliminated from the D. magna
through their excretions, growth, breeding, and desorption [65–67]. The formation of
the complex not only improved the adsorption of zeolites or montmorillonites, but also
favored Daphnia magna, since their mortality does not occur at the estradiol and nicotine
concentrations studied.

Overall, the best conditions for estradiol removal were those in trials 3, 4, 11, 13, and
14 where 0.93, 0.98, 0.96, 0.48, and 0.48 mgL−1 were eliminated, respectively. Due to the
kinetics of the system, the tests with the least amount of estradiol also showed the lowest
removal. The environmental concentration of estradiol in surface waters is in the range
of nanograms per liter, the results of this study show the feasible use of the proposed
combination of physicochemical and biological treatments for removing estradiol of water.
However, more studies should be done to evaluate the interaction with other ECs.
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