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Endocrine-disrupting compounds (EDCs) are a group of emergent pollutants that
affect the endocrine system. EDCs can cause harm to humans and animals and
unbalance the aquatic ecosystem even at low concentrations. Several methods
are applied to remove EDCs, and recently, magnetic nanoparticles (MNPs), a low-
cost and magnetically-responsive approach, have been introduced as modern
innovative tools for this purpose. Thus, we conducted a systematic analysis to
determine the characteristics of MNPs required to optimize EDCs removal in
water/waste treatments. Most studies used magnetite (FesO,4) nanoparticles, a
low-cost and easily acquired material, followed by other metallic oxides
nanoparticles (MOPs) like zinc, copper, and nickel oxides. Short adsorption
time (0.5-15 min) and small MNP (10-80 nm) were the most prominent and
successfulin EDCs recovery approaches. After analyzing data published in the last
decade, results showed that, in general, processes that apply lower
concentrations of MNP seem to achieve a significant higher removal rate. For
instance, MNPs formulations are able to successfully remove >90% of bisphenols
and phthalates. However, depending on the EDCs type, the concentration of
MNPs have to be adjusted to increase EDCs recovery rates, possibly due to their
different chemical compositions and properties. Our results indicate that MNPs
are an efficient, with potential to be a relatively cheap way to extract or eliminate
EDCs from wastewater and should be considered an innovative tool to be
included in waste treatment protocols.

KEYWORDS

endocrine disrupting compounds, nanotechnology, water treatment, water pollution,
wastewater treatment

1 Introduction

Endocrine-disrupting compounds (EDCs) are a group of pollutants with estrogenic and
androgenic activity that unbalance the endocrine system (Andersson et al., 2018). EDCs are
present in several products consumed by humans, such as pharmaceuticals, pesticides,
cosmetics, self-care products, and food packaging. These contaminants can be natural or
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synthetic and are related to reproductive abnormalities, such as
infertility and fetal deformation, different types of cancer, such as
ovarian, testicular, and breast cancer, and neurological and
immunological disturbs (Martinez-Gémez et al., 2013). Several
substances have been associated to endocrine interference, such
as bisphenol A (BPA), estrogens and androgens, phenols, phthalates,
parabens, and many others (Ahn and Jeung, 2023). Natural
estrogens include hormones such as estrone (E1), 17p-estradiol
(E2), and estriol (E3) (da Silva et al, 2018; Rosenfeld and
Trainor, 2014). Natural androgens include testosterone and
androsterone, for instance. Some examples of synthetic hormones
are 17p-ethinylestradiol (EE2), norgestrel, and trenbolone found in
birth control pills and hormone supplements. However, EE2 and E2,
in particular, have high environmental risks, due to their abundance
in treated and untreated water (Lopez-Velazquez et al., 2020; Lopez-
Veldzquez et al., 2022; Latif et al., 2020). Two of the best-known
EDCs are BPA, found in plastic packaging, and nonylphenol, a
compound generated in the production of detergents, which have
high binding affinity for G protein-coupled estrogen receptors
(GPER) (Cimmino et al., 2019; Kowalska et al., 2020; Xie et al,,
2019; Lopez-Velazquez et al., 2023).

Some EDCs can be degraded into more complex and toxic
components, becoming a more significant threat to public health
(Nicole, 2013). Furthermore, EDCs banned decades ago are still
found in significant concentrations in the environment due to their
incomplete degradation increasing the importance of developing
efficient methods for removing these substances from the aquatic
environment (Celi¢, 2020).

In fish, EDCs can cause abnormalities in the reproductive
system, reducing the production of fertile eggs by up to 90% (Da
Silva et al., 2018). Fetal exposure in humans to EDCs can generate
neurobehavioral diseases. Early exposure to BPA, for example, can
generate stress-related neurobehavioral disorders earlier in men
than in women (Rosenfeld and Trainor, 2014).

Furthermore, phthalates are a group of relevant EDC
contaminants and include compounds such as di-2-ethylhexyl
phthalate (DEHP), which is used as a plasticizer in products such
as poly (vinyl chloride) (PVC) film. In contact with fatty foods, such
as meats and cheeses, phthalates like DEHP, dibutyl phthalate
(DBP), and diisononyl phthalate (DINP), can migrate from the
film to the actual product (Alp and Yerlikaya, 2019).

Perfluorochemicals (PFCs), such as perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonic acid (PFOS), also known as
C-8, are components used as surfactants in the emulsion
polymerization of fluoropolymers in the textile industry and
polytetrafluoroethylene (PTFE) cookware that are also known as
EDCs. C-8 components have been a controversial topic for many
years since the American scandal involving the release of PFCs in
their industrial effluents and the lack of toxicity studies (Nicole,
2013). PFCs can affect
mitochondrial and reproductive functioning and lipid metabolism

induce peroxisome proliferation,
(Hyotyldinen et al, 2021), in addition to generating triglyceride
accumulation in the liver, pancreatic and testicular cancer, and
reduced circulation of thyroid hormone (thyroxine) (Feng et al.,
2017; Coperchini et al., 2021; Jensen, 2022).

In Brazilian law, BPA is not seen as a major threat since the
number of studies of its effect on humans in smaller doses is

considered low by the Brazilian government. However, as a
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precaution, in Brazil and other countries, the import of baby
bottles that contain BPA in their composition is prohibited
(resolution RDC n. 41/2011; ANVISA, Brazil). Nevertheless, E2,
EE2, BPA, 4NP, and 4NOP were added to the list of priority
substances that could be dangerous to the aquatic environment
(European Commission, 2018) due to these compounds’ potential to
mimic the natural hormone E2 (Vega-Morales et al., 2013; Lopez-
Velazquez et al.,, 2020). Regarding phthalates, DEHP has been added
to the EU’s hazardous chemicals list due to their toxicity to the
reproductive system. In 2010, the EU stipulated that all medical
supplies containing phthalates must be labeled so that healthcare
professionals can make informed decisions about the products they
use [COMMISSION REGULATION (EU), 2021]. In the
United States, the National Food and Drug Administration
(FDA) issued a Public Health Notice that directs healthcare
professionals to use alternatives to products containing DEHP for
certain vulnerable patients (Food and Drug Administration, 2012).
In Canada, a Department of Health expert advisory group
recommended that healthcare professionals not use DEHP-
containing products for the treatment of pregnant women,
puberty, patients
undergoing hemodialysis, and patients who went through heart

nursing women, male children before
surgery (Health Canada. 2021).

As much as they are released into the environment in low
concentrations (pg/L and ng/L), the continuous disposal of wastes
containing EDCs or products that generate EDCs leads to the
accumulation of these pollutants over time, especially in aquatic
environments (Darbre, 2022). Contaminated waters and wastes are
usually directed to wastewater treatment plants (WWTP) and
treated to remove EDCs and other pollutants, such as pesticides
and pharmaceuticals. However, there is no currently efficient
EDCs.  For
nonylphenol monoethoxylate has a recovery rate of 31% through

process for removing all potential instance,
low loading/nitrifying process and a 3% of degradation product
produced through high loading/non-nitrifying process, differently
from other pollutants like nonylphenol diethoxylate that can be
removed more efficiently through low loading/nitrifying process
(Gadupudi et al., 2021).

EDCs’ treatment can be categorized into physical, chemical, and
biological methods. Physical methods, which are commonly
employed, include activated carbon adsorption and membrane
removal. Activated carbon absorption, in the form of powdered
activated carbon or granular activated carbon, represents a well-
established process for removing organic components from
wastewater, demonstrating efficiency on both laboratory and
large-scale plants (Kovalova et al., 2013; Werkneh et al., 2022).
Furthermore, the process of isolating and removing the carbon-
activated sorbent particles in WWTP can be quite inconvenient. If
the approach is based on water filtration, membrane fouling is likely
to be an issue. The main chemical method used for the removal of
EDCs is advanced chemical oxidation (CAQ), which is characterized
by the generation of an OH- radical and the mineralization of
pollutants in wastewater to CO, or transfer of pollutants to other
metabolic products by strong oxidants through oxidation-reduction
reactions. Combined with UV/O;, UV/H,O, and UV/Fenton, the
EDC removal effect is enhanced (Gao et al., 2020). Chlorination is
also a chemical method that can be applied for EDCs’ removal.
However, studies have shown that the chlorination reaction is
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incomplete in the removal of BPA and the estrogenic activity slightly
decreased after the process (Gao et al, 2020). Compared to
chlorination, the use of Os;, UV/H,0, and other methods are
more efficient (Werkneh et al, 2022). The biological treatment
method is the most used in the extraction of EDCs in WWTPs.
The removal of EDCs by biodegradation in wastewater, such as the
use of activated sludge, generates the highest rate of estrogen
removal (Lange et al., 2013).

Using magnetic nanoparticles (MNPs) offers a convenient
solution to mitigate the inefficiency of pollutant removal in
current water treatment technologies. MNPs can be easily added
to water tanks and recovered and removed by applying an external
magnetic field, potentially reducing the labor and time. Several
applications of MNPs for EDCs
degradation have already been developed, and the results from

successful removal and
these studies will be collected, analyzed, and discussed in
conjunction with this review. An additional approach in which
MNPs have also been applied is the development of EDCs
preconcentration  before detection or quantification in
environmental monitoring. Chromatography is the most used
technique to detect EDCs. Both gas (GC) and liquid (HPLC)
chromatography associated with mass spectrometry (MS) are
highly sensitive and commonly used tools for quantitative and
qualitative analysis, but they are laborious and time-consuming.
Several methods have already been developed to improve
chromatography analysis, including those based on applying
MNPs (Capriotti et al, 2016; Zhang et al, 2020). Magnetic
preconcentration is a technique with the advantage of the easy
recovery of nanoparticles through an external magnetic field and the
possibility of reuse, bringing an economic benefit to the product.
Also, MNPs can be used as catalyst agents to remove or degrade
EDCs. Therefore, we used statistics tools to assemble a review based
on studies involving magnetic tools to identify and remove EDCs

from wastewater.

2 Methods

The systematic review was performed on the Web of Science
database from 2013 to 2023 based on the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) (Page et al.,
2021). The selected studies were filtered to only articles (document
type) and only English (language). The search was performed using
the following keywords combined with the Boolean operators and
wildcards to create a command line used in the Web Of Science
advanced search:

TS=(“endocrine-disrupting” OR “EDC” OR “estrogen*”) AND
TS=(“magnetic*” OR “magnetic nanoparticles” OR “magnetic
nanosorbent” OR “magnetic sorbent” OR “magnetite”) AND
TS=(“removal” OR “removing” OR “extraction” OR “extracting”
OR “monitoring” OR “identification” OR “identifying” OR
“determination” OR “determining” OR “preconcentration”) AND
TS=(“wastewater” OR “effluent*” OR “water”).

The eligibility criteria to include the articles in the systematic
review were as follows: EDCs’ type, adsorption time, extraction,
degradation, and detection methods, recovery rate, MNPs’
composition and functionalization, particle size, MNPs synthesis
method, MNPs’ concentration, and reusability.
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Data normality was assessed by Shapiro-Wilk test and Gaussian
fitting using GraphPad Prism v. 8 software along with statistical
inference performed by Kruskal-Wallis test followed by Dunn’s
multiple comparison test. Hence, p-value for inference level was set
for: 0.0332 (*), 0.0021 (**), 0.0002 (***) and <0.0001 (****).

GraphPad Prism v. 8 software was used for Pearson’s
correlation analysis with a 95% confidence interval and a two-
tailed p-value approach. Principal component analysis (PCA)
and Kernel density estimator density plot (KDE) were performed
using Past4 (Hammer, 2001) and OriginPro 2024 (Origin Lab
Corporation, Northampton, Massachusetts, United States) and
plotted on GraphPad Prism v. 8 for (GraphPad, Boston,
Massachusetts United States).

3 Results
3.1 Screening trials

The search for nanoparticles applications in the database
retrieved 262 articles, and only 69 remained after the first
selection step, in which, in addition to the data mentioned above,
reviews, papers outside our research scope, and conference abstracts
were eliminated. All selected studies are listed in Supplementary
Table S1. Frequency analysis showed that natural hormones (23%),
bisphenols (20%), and synthetic hormones (14%) are the most
studied EDCs, which may be related to the rising awareness of
how impactful these pollutants can potentially become. For instance,
magnetic nanotools used to remove some classes of disinfectants and
antiseptics (e.g., triclocarban) have only been recently developed,
starting in 2020, as they are recent EDCs pollutant models that need
to be dealt with. Estrone and 17B-estradiol are the most studied
natural hormones, which may be due to their importance in human
and other mammals’ health. BPA seems to be the most studied
bisphenol since it has been a widely used polymer in plastic
composition.

Regarding the MNPs’ composition for EDCs’ removal,
magnetite is the most used (65.2%), followed by other MOPs
(Supplementary Table S1). Most studies produce their own MNP
to evaluate their efficiency in EDCs’ removal. Except in studies that
apply magnetic polymers, the co-precipitation method is the most
used method of synthesis of MNPs, followed by commercially
acquired and hydrothermal method (Supplementary Figure SI).
Co-precipitation is a simple and low-cost method, which may be
the reason for its broad application, also allowing the combination of
different functionalization techniques.

Magnetite MNPs emerge as the most widely used nanoparticle
due to their cost-effectiveness and simple production process, such
method
(Supplementary Figure S1). Besides, magnetite nanoparticles have

as chemical co-precipitation and hydrothermal
a distinctive surface charge, allowing them to be coated with silica or
organic matrices, making them promising candidates for various
molecule or enzyme-functionalization. Magnetite was found to be
functionalized with different molecules, such as polypyrrole,
chitosan, cyclodextrin, oleic and stearic acid, carbon-based
structures, polydopamine, and many others, which allows MNPs
to interact with components of interest, especially as an adsorption
tool and keep their magnetic properties.
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FIGURE 1

KDE density plot fitting against MNPs and EDCs recovery rates regarding all the contaminants. Different parameters such as concentration (A), size (B), and
adsorption time (C) are shown. (A) MOPs (95.50% + 5.45%; n = 226) present significant higher recovery rates compared to magnetite (82.61% + 22.80%; ****p <
0.0001; n = 437) and other nanoparticles (90.62% + 3.64%; **p = 0.0017; n = 26). MOPs (1.67 + 3.40 mg/mL) concentration employed is significantly higher than
other nanoparticles (11.78 + 17.55 mg/mL; *p = 0.0323). (B) Regarding size, other nanoparticles usually presented significantly higher particle size (125.00 +
68.54 nm) compared to MOPs (111.6 + 157.00 nm; **p = 0.0019) and magnetite (99.60 + 150.40 nm; **p = 0.0018). (C) Regarding adsorption time, significantly
lower interaction time for EDC removal was found amongst MOPs (8.88 + 8.46 min) compared to magnetite (17.84 + 24.05 min; ****p < 0.0001) and other
nanoparticles (15.38 + 7.47 min; ***p = 0.0007). Legend: (i) MNPs (orange dots); (ii) MOPs (purple dots); and (i) other nanoparticles (green dots).

Other MNPs’ compositions were used, such as maghemite, the
smallest nanoparticle retrieved in our research (11 nm). Ordering
them by the increase in average diameter, we detected the use of a
hybrid nanoparticle of alginate/magnetite (80 nm), magnetite
nanoparticles (82.5 nm + 93.3), other MOPs (116.1 nm + 145.4),
carbon-based magnetic biopolymers (158.6), and iron nanowires
(175 nm). Functionalized molecule size was also considered in the
particle size analysis.

3.2 Global tendencies

Regarding recovery rates, there is significant difference between
all data sets (****p < 0.0001). Furthermore, MOPs (95.50% =+ 5.45%)
present significant higher recovery percentages compared to
magnetite (82.61% =+ 22.80%; ****p < 0.0001) and other
nanoparticles (90.62% =+ 3.64%; **p = 0.0017) (Figure I;
Supplementary Table SI). Additionally, an important parameter
considering EDCs’ removal processes is MNPs’ concentration,
which ranges from 4 x 107 mg/mL to 200 mg/mL (Figure 1A)
(*p =0.0182). Hence, even though magnetite nanoparticles display a
lower recovery rate, this effect could be supported by the largest
number of studies using them (n = 437) compared to MOPs (n =
226). Thus, magnetite nanoparticles recover EDCs in a wider percentage
area, but also displays good efficiency in reduced concentrations (10.89 +
34.37 mg/mL) along with MOPs (1.67 + 3.47 mg/mL), exhibiting no
statistical difference between them (ns; p = 0.1896). However, MOPs
(1.67 + 3.40 mg/mL) concentration employed is significantly higher than
other nanoparticles (11.78 + 17.55 mg/mL; *p = 0.0323) and there is a
weak positive correlation between their concentration and the recovery
rate (r = 0.34; ***p=<0.0001), which is not observed for magnetite or
other nanoparticles.

Frontiers in Environmental Science

Regarding MNPs’ size, it ranges from 5 to 540 nm (Figure 1B),
exhibiting significant global difference between groups (****p <
0.0001). usually  presented
significantly higher particle size (125.00 + 68.54 nm) compared
to MOPs (111.6 + 157.00 nm; **p = 0.0019) and magnetite (99.60 +
15040 nm; *p = 0.0018). Additionally, EDCs and MNPs’
adsorption time also showed a wide variance among data,

Hence, other nanoparticles

ranging from 30 s to 240 min (Figure 1C), exhibiting significant
global difference between groups (****p < 0.0001). Thus,
significantly lower interaction time for EDCs removal was
found amongst MOPs (8.88 + 8.46 min) compared to
magnetite (17.84 + 24.05 min; ****p < 0.0001) and other
nanoparticles (15.38 + 7.47 min; ***p = 0.0007). At the same
time, adsorption time (Figure 1C) and MNPs’ size (Figure 1B)
does not seem to be related to EDCs’ removal on a global scale
(Figure 1B). MNPs of the same composition and size presented
discrepancies in results (Figure 1B), as well particles with the
same composition and dimensions of different magnitudes
showed The crystallographic
features of these particles could probably reveal factors
associated with high EDCs’ recovery rates. The same rationale

similar results. shape and

appears to be valid for global results considering adsorption time.
Moreover, only a few studies reported MNPs reusability, varying
through 2 to 60 cycles of use. This would be a critical point in
developing an approach to remove EDCs based on particles that
can be recovered by magnetism.

Both magnetite and other MOPs require similar and low
concentrations (<22 mg/mL) to achieve a high removal rate
(Figure 1A). Nevertheless, the systematic analysis suggests that
magnetite requires a shorter time than other MOPs to recover
EDCs (Figure
accelerate the water treatment process on a large scale.

1C), which is advantageous since it could
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FIGURE 2

KDE density plot comparing the influence of MNP’ concentration (mg/mL) on different types of EDC on the pollutants classes: (i) parabens (A); (i)
phenols (B); (i) natural hormones (C); (iv) phthalates (D); (v) synthetic hormones (E); and (vi) bisphenols (F). Regarding efficiency recovery, statistical
difference is found among: (i) parabens (84.40% + 22.32%) and natural hormones (83.04% + 18.22%; **p = 0.0051); (ii) natural hormones and phthalates
(94.99% + 5.09%; ***p = 0.0007); (iii) natural hormones and bisphenols (92.97% + 11.03%; ****p < 0.0001). Additionally, regarding MNP
concentration usage, parabens (1.33 + 2.81 mg/mL) display significantly lower values relative to natural hormones (5.57 + 11.10 mg/mL; ****p < 0.0001),
phthalates (12.26 + 19.87 mg/mL; ****p < 0.0001) and bisphenols (5.07 + 22.73 mg/mL; ****p < 0.0001).

3.3 Impact of conditions according to EDCs’
composition

To understand the impact of EDCs’ composition on the
efficiency of the recovery process, a KDE analysis was performed,
focusing on six main EDCs’ categories: parabens, phenols, natural
and synthetic hormones, phthalates, and bisphenols (Figure 2).
MNPs’ concentration does not seem to directly influence the
18.22%)
and

recovery efficiency of natural hormones (83.04% =+
(Figure  2C),
phytoestrogens, as the application of a similar range of
concentrations of MNPs resulted in different recovery rates. This

including  estrogens,  mycoestrogens

tendency can also be observed in phenols and synthetic hormones
(90.11% =+ 10.18%), but only in a few studies (Figures 2B, E).
Regarding parabens, different recovery rates were obtained at
the same MNPs’ concentrations, potentially influenced by
adsorption time and MNPs’ size (see discussion below, Figures 3,
4). Studies using bisphenols and phthalates (Figures 2D, F) seem to
have a more consistent protocol, based on the use of the same MNPs’
concentration range and these studies were able to achieve the same
EDCs’ recovery rate. For phthalates highest-recovery rates
(94.99% + 5.09%) were achieved in processes using 2-11 mg/L;
the increase in this MNPs” concentration did not reflect in better
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efficiency (Figure 2D). Additionally, usage of MNPs to remove
EDCs presented significantly different recovery rates between: (i)
parabens (84.40% + 22.32%) and natural hormones (83.04% +
18.22%; **p = 0.0051); (ii) natural hormones and phthalates
(94.99% + 5.09%; ***p = 0.0007); and (iii) natural hormones and
bisphenols (92.97% * 11.03%; ****p < 0.0001). The same pattern of
efficiency in MNPs low concentration was also identified for
bisphenol’s recovery processes, in which concentrations below
10 mg/mL showed more than 90% of the EDCs’ recovery.
Interestingly, there is a moderate negative correlation found
among phthalates’ recovery percentage and concentration
(r = -0.70; ***p < 0.0001), thus, indicating smaller MNPs’
concentration has the highest removal rates. The same pattern is
found among phenols, but yields a weak negative and statistically
significant correlation against MNPs’ concentration (r = —0.30;
“p = 0.0024).

When data was evaluated according to the different EDCs types,
MNPs’ larger size seemed to have a negative impact on parabens and
phthalates recovery rate (Figures 3A, D), but not on phenols
(Figure 3B), and natural (Figure 3C) and synthetic hormones
(Figure 3E), and bisphenols (Figure 3F). Thus, adsorption time
seems related to increased parabens (Figure 4A), phenols
4B), and phthalate 4D) removal rate.

(Figure (Figure
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FIGURE 3

KDE density plot comparing the influence of MNP size (nm) on different types of EDC on the pollutants classes: (i) parabens (A); (i) phenols (B); (iii)

natural hormones (C); (iv) phthalates (D); (v) synthetic hormones (E); and (vi) bisphenols (F). Statistical significantly smaller MNPs were used in parabens
(17.11 + 7.69 nm) recovery compared to phenols (135.20 + 155.20 nm; ****p < 0.0001), natural hormones (124.40 + 144.90 nm; ****p < 0.0001), synthetic
hormones (284.40 + 168.80 nm; ****p < 0.0001) and bisphenols (148.80 + 187.10 nm; ****p < 0.0001).

Furthermore,

correlations can be observed regarding MNPs’ size and removal
—0.84; ***p < 0.0001) and phthalates

rate for parab

statistically

ens (r =

(r = -0.91; ***p < 0.0001).

significant

negative

and

strong

and recovery (r =

in MOPs (r = 0.29; ***p < 0.0001) and magnetite’s (r = 0.10; *p =
0.0300) group. Furthermore, globally, there is weak negative
statistically significant correlation between MNPs’ concentration
—-0.11; **p = 0.0032) and a weak positive

However, elevated adsorption times does not seem to influence
the removal rate from natural (Figure 4C) and synthetic hormones
(Figure 4E), and bisphenols (Figure 4F), since a same range of time
promotes a same range of EDCs’ recovery. It is interesting to point
out that some pollutants showed quicker removal rate than others.
For instance, MNPs can achieve over 90% recovery of parabens and
phthalates in less than 10 min (Figures 4A, D), whereas the recovery
of phenols requires 20-40 min of adsorption time (Figure 4B),
recovery (Figure 4B), which may be due to the difference on the
physical-chemical properties of each molecule. Additionally, a
moderate negative and statistically significant correlation was
found between adsorption time employed in recovering parabens
(r=-0.67; ****p < 0.0001) and phthalates (r = —0.72; ***p < 0.0001)
and a weak negative and statistically significant correlation was
found among bisphenols (r = —0.44; ***p < 0.0001). Thus, this data
corroborates that short period of incubation could be used for
recovering these pollutants with high efficiency.

Pearson’s correlation analysis (r) showed a weak statistically
significant positive correlation between MNPs’ size and recovery
(r = 0.12; **p = 0.0018), which may be due to data heterogeneity.
Hence, the positive statistically significant correlation was observed
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statistically significant correlation in the MOPs group (r = 0.34;
p < 0.0001) (Supplementary Figure S2B). Thus, PCA and
correlation analysis showed a statistically non-significant negative
correlation between adsorption time and recovery rate (r = —0.05; ns;
p=0.1334) (Supplementary Figure S2A), which is also confirmed by
of EDCs
(Supplementary Table S2). However, linear regression showed
that the gathered data is not linear due to data heterogeneity,
which was the main reason that KDE was the approach to this

a correlation analysis regarding different types

study (Supplementary Table S3). Nevertheless, it was possible to
observe a tendency regarding MNPs’ concentrations and EDCs’
recovery rates, especially between magnetite and other MOPs.

4 Discussion

EDCs are a major threat in wastewater management and have
been increasingly acknowledged in the past few years. Compounds
like natural and synthetic hormones comprise 34% of the EDCs
studied in the past 10 years. For instance, exposure to
diethylstilbestrol, a phytoestrogen, can induce structural and

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1488895

Guimaraes et al.

10.3389/fenvs.2024.1488895

A MNPs' adsorption time impact B MNPs' adsorption time impact ( : MNPs' adsorption time impact in
in parabens' recovery rate in phenols' recovery rate i natural hormones' recovery rate
T 106, T 121 ¥ 20
[ N 100F 1 113f 113| 3
[ ol . ) . 1 104t L 1 07} .
- I 4  ssf 96} 100F o '
+ .
82) g . 0 87k . 93 i
L 48 7 - . 790 1010 86 i ] B0

MNP adsorption time (min)
T

g 69 s z 70b 75510 2 sof 3 a0’
3 3 . £ 3x10°
F Bl 2 63 e g 62 5.0%102 3 73 L . 2
8 57 . L 18 st R Tied| £ col EEE 210
g & s pragp 25x10 o3 Q e} i . 1x10%
I 1Y a5 Y sl : Y s3I
39 L B L & 4 aef
o ]
[ 33 = 19F 39 »
olo 27] d 1k 33
= ID 9051) 21 AN SRR o 2| - g — I000‘1) 26 ' . s L N L
c (*p=0. S A o N P 6 A o o N A ® 0 H A A D o o a (*p=0.005 4 11.02 18.04 25.06 32.08 39.1 46.12
LI S SRR PN R d (**p=0.0007)
MNP adsorption time (min) f (****p<0.0001) MNP adsorption time (min)

Il | 1

D MNPs' adsorption time impact E
in phthalates' recovery rate

MNPs' adsorption time impact in
synthetic hormones' recovery rate

F MNPs' adsorption time impact in
bisphenols' recovery rate

1.8x10° %
1.5x10° - -
1.2x10°
9.0x10"
6.0x10" B b
3.0x10"

EDC recovery (%)
EDC recovery (%)
®
2

2.0x107"
1.5x107
1.0x10"
5.0x102

EDC recovery (%)

o

p=0.0007) 6 6 o 40 N o e e a? s

MNP adsorption time (min)

S L T - RV TR K )
o @‘) R GO ARy

MNP adsorption time (min)

AP A QAN O
5 ° g7 & & P

MNP adsorption time (min)

h
¢ (**p<0.0001)

T T T T T T T T T T

|.|.4| ' 1

1 1 1 1 1 1 1 1 1 1

FIGURE 4

KDE density plot comparing the influence of adsorption time (min) on different types of EDC on the pollutants classes: (i) parabens (A); (i) phenols
(B); (iii) natural hormones (C); (iv) phthalates (D); (v) synthetic hormones (E); and (vi) bisphenols (F). Although phthalates display lower values for adsorption
time than others (8.25 + 6.20 min), no statistical difference was found among the different EDCs.

functional alterations in the development of the reproductive system
of males (Santti et al., 1998). Moreover, other phytoestrogens like
isoflavones such as genistein and daidzein have similar molecular
weight and structure characteristics as 17p-estradiol, being able to
disrupt the action of this hormone. Furthermore, daidzein can be
metabolized to equol, which can specifically bind 5 alpha-
dihydrotestosterone and inhibit testosterone (Lephart et al,
2004). Thus, the concern regarding these hormones has been for
a long time and still must be dealt with to this day.

However, 20% of all the studies address the removal of
bisphenols in general since they are a persistent problem in
wastewater, causing several diseases in humans and marine life.
In fish, it can cause fish feminization, lower reproductive fitness and
sperm quantity, and other reproductivity alterations (Carnevali
et al,, 2018). In humans, BPA is related to ovulation disorders,
brain injury, breast cancer, endometriosis, cardiovascular diseases,
obesity, pregnancy and fertility problems, sex and growth hormones
disturbances, prostate cancer, and so many others (Engler-Chiurazzi
etal., 2017; Sifakis et al., 2017; Giulivo et al., 2016; Wang et al., 2016).

Thus, bisphenols were the most addressed EDC in the last
5 years (29.17%), which may also be due to the rise of toxicity
studies regarding implementing alternatives to BPA in the industry,
such as BPS, BPF, and others. For instance, BPS is structurally
similar to BPA and is stable regarding heat and light (Herrero et al.,
2018). Nonetheless, BPS has a longer half-life when compared to
BPA, is less likely to be biodegraded, and can generate
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bioaccumulation (Qiu et al, 2019). Besides bisphenols, other
phenols and phthalates have also been in the spotlight in recent
years. Phthalates are the most used plasticizers in polymer products
and can cause testicular and ovarian dysfunction and reduction in
steroidogenesis in humans and other animals (Sree et al., 2022).
Phthalates are widely used in the pharmaceutical industry as a drug
coating agent. However, it has already been advised to limit the use
of components like DEHP and DBP since it has been a concern
addressed by different countries (Conforti et al., 2021).

MNPs can be an interesting technology to remove EDCs from
water since it is possible to isolate them with an external magnetic
field. Most of the MNPs used in literature studies are composed of
magnetite and produced through a chemical co-precipitation
method (Supplementary Figure S1). In the last 5 vyears,
approximately 45% of the studies used magnetite as their chosen
MNP (Supplementary Table S1). Magnetite is an easily acquired and
low-cost MNPs with a sufficiently large surface area for analyte
binding, obtaining rapid mass transfer, which can be beneficial for a
rapid equilibrium (Han et al., 2012). Most of the studies (58 articles)
indicated that adsorption is the primary mechanism for removing
EDCs, but the increase in concentration and size of MNPs did not
influence the process on a global scale (Figure 1). This relatively
surprising result could be masked by factors such as MNPs type, as
shown in Figure 1B, and EDC type, but also MNPs shape and
crystallographic properties, which are usually not considered in
studies. Thus, since most studies use magnetite as the MNPs of
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choice, these studies may be biasing the global analysis, which
reinforces the importance of deeper studies. An essential
characteristic of MNPs that defines its application and efficiency
in processes is its shape (Ali et al., 2016). This may explain the varied
effect of MNPs concentration on EDCs recovery (Figure 1A). For
instance, similar magnetite concentrations generate different EDC
recovery rates, which may implicate an influence of this parameter
on EDCs’ recovery (Figure 1A). That may be due to other MNPs’
characteristics besides their composition, such as synthesis method,
crystalline structure, and chemical purity, which can affect
EDCs’ recovery.

However, when analyzed depending on the EDCs’ type, the
conditions studied seem to impact the pollutants’ removal
differently. This could assist future research in identifying the
optimal concentration conditions depending on the type of
contaminant. For instance, point distribution analysis showed
that the lower efficiency of parabens recovery is related to the
pH effect of the process (Figure 2A) (Rostamifasih et al., 2019),
as pH appears to be the most critical parameter in methylparaben
removal, which is higher in acidic environments (pH 3-6). For
example, reduced MNPs’ concentrations seem to be more relevant
for achieving better recovery rates for parabens and phthalates
(Figure 2). Moreover, MNPs’ size also impacts differently
depending on the EDCs composition. For instance, smaller
MNPs’ seem to be more efficient in removing parabens and
phthalates (Figure 3). Nevertheless, MNPs® morphology, as
mentioned above, and molecule functionalization may also
influence the EDCs recovery rate, depending on the available
surface for EDC adsorption and the functionalized molecules’
affinity to certain types of EDCs. For example, several studies
already used polymers imprinted  magnetic
nanoparticles for BPA removal (Ji et al., 2009; Hiratsuka et al,
2013; Lin et al, 2018), using molecules such as 2,2'-bis(4-
hydroxyphenyl)-hexafluoropropane, that has high affinity to BPA.

molecularly

Yet, no studies compared the efficiency of different MNPs’ sizes on
EDCs’ recovery, which could be interesting to better comprehend
the effect of this parameter in water treatment.

The low adsorption time of EDC treatment using MNPs is
beneficial since these contaminants are laborious to remove from
water, such as observed in correlations for parabens, phthalates and
bisphenols (Figure 4). Their removal efficiency highly depends on
physicochemical properties such as electrostatic properties, Kow
(i.e., n-octanol/water partition coefficient), water solubility, and
molecule weight. It is known that molecules with higher Kow are
more easily removed through activated carbon, while organic
pollutants are usually removed through membranes (Abe, 1999).
However, one of the significant advantages of using MNPs to
remove EDCs, is the possibility of MNPs’ reusability, decreasing
the costs of water treatment.

An important observation is the lack of a consistent pattern in
reporting MNPs’ information such as size, reusability, synthesis,
concentrations, and removal protocols in publications, leading to
the absence of clear patterns. However, despite these data gaps,
the information gathered in this review provides valuable insights
for optimizing EDCs’ recovery protocols regarding the class of
pollutant and MNPs’ parameters (e.g., size, adsorption time,
MNPs’ concentration). Furthermore, more in-depth reports of
MNPs’ characteristics, such as MNPs’ shape and process
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conditions, are needed so that comparison of results and
simulation of process efficiency are more feasible, especially
on large scale.

Although using MNPs to remove EDCs on a large scale has
several advantages, it also presents different limitations. MNPs tend
to aggregate in aqueous environments due to the loss of colloidal
stability due to dipole-dipole interactions. This is one of the main
challenges of using this tool since it reduces their effective surface
area and, consequently, their adsorption capacity for different
molecules. A solution would be to modify the MNP to optimize
their effectiveness, which adds an extra step and cost to the
production of MNPs (Yeap et al., 2017).

Another of MNPs is their
reusability. Even though the ability to reuse MNPs is a crucial
advantage for their economic feasibility, MNPs may lose their

important characteristic

adsorption efficiency after multiple cycles due to surface fouling
or structural degradation (Mohammed et al., 2016). Thus,
developing more effective and sustainable regeneration
techniques is essential for MNPs to be economically viable in
large-scale applications. Research into methods that minimize
nanoparticle degradation, such as low-temperature regeneration
processes or enzymatic treatments, could significantly enhance
the reusability of MNPs (Shukla et al., 2021). Moreover, the
energy costs of magnetic recovery can limit the economic
feasibility of large-scale applications, which is also a parameter
that should be optimized.

Nonetheless, MNPs show promise for EDC removal, but their
selectivity for specific contaminants is often limited. The presence of
competing organic matter and ions in real wastewater environments
can affect the performance of MNPs, which indicates that further
work is needed to enhance the selectivity of MNPs (Shukla, Khan
and Daverey, 2021).

Combining MNPs with other treatment technologies, such as
membrane filtration or advanced oxidation processes, may provide a
more robust solution for EDC removal. Hybrid systems could
exploit the strengths of multiple techniques to improve efficiency

and reduce operational costs (Mpongwana and Rathilal, 2022).

5 Conclusion

Most of the nanoparticles used in EDCs’ recovery in the
literature are composed of magnetite and produced through a
chemical co-precipitation method. MNPs’ concentration seems to
be directly related to EDCs’ recovery, in which a low concentration
of the tool could achieve significant removal rates. Studies using
MNPs with sizes ranging from 10 to 80 nm, in low concentrations
(0.071-20 mg/mL) and short adsorption time (0.5-15 min) showed
high EDCs’ recovery rates (e.g, >90%), which allows these
conditions to be applied on new technology development in
water treatment units. Thus, this strategy could represent a low-
cost solution since it does not require high-end infrastructure. Since
magnetite is an easily-acquired and low-cost nanomaterial and can
be coated with different molecules, the usage of MNPs in future
studies to optimize EDCs’ recovery in water is a relevant model.
Thus, this study shows that each parameter may impact differently
each EDC type, which can assist new studies in optimizing
experimental designs.
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