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Abstract: Endocrine-disrupting chemicals (EDCs) present in aquatic environment have been regarded
as detrimental organic pollutants that pose significant adverse impacts on human health and the
aquatic ecosystem. The removal of EDCs is highly desired to mitigate their harmful effects. Physical
treatment through membrane-based separation processes is an attractive approach, as it can effectively
remove a wide range of recalcitrant organic and nonorganic EDCs. In particular, the reverse osmosis
(RO) process has shown promise in removing EDCs of various concentrations and from different
sources. Recently, the development of innovative asymmetric RO membranes has become the
forefront in this field. Various membrane modification strategies have been commenced to address
the limitations of commercial membranes. This review provides an overview of the recent advances
in asymmetric RO membranes for EDC removal from water and wastewater system. The potential
areas of improvement for RO processes and RO membranes are also highlighted. Based on the
existing literature using RO for EDC removal from water, the most investigated EDCs are bisphenol
A (BPA) and caffeine in the concentration range of 200 ppb to 100 ppm. Polyamide RO membranes
have been shown to remove EDCs from water bodies with a removal efficiency of ~30 to 99%, largely
depending on the type and concentration of the treated EDCs, as well as the properties of the RO
membranes. It has been demonstrated that the performance can be further heightened by tailoring
the properties of RO membranes and optimizing the operating conditions of the RO process.

Keywords: endocrine-disrupting chemicals; reverse osmosis; wastewater treatment; asymmetric

thin-film composite membrane

1. Introduction

The increase in various anthropogenic activities has introduced new pollutants into the
environment through different routes. On the other hand, the advancement of industrial-
ization has also led to the generation of various chemicals, including endocrine-disrupting
chemicals (EDCs). EDCs are a class of emerging contaminants that has attracted attention
from the public and scientific community as they have been increasingly detected in vari-
ous water matrices. As an important component in the production of plastics, healthcare
products, and pesticides, the widespread use of these commodities in modern society has re-
sulted in increased human exposure to EDCs [1]. The most common types of EDCs found in
aquatic environment are bisphenol A (BPA), phthalates, and perfluorinated compounds [2].
These compounds are produced through various industrial processes. These chemicals
are produced on a large scale and are used in a wide range of applications, including the
production of plastics and coatings. They can easily enter the environment through various
pathways. EDCs have been classified as hazardous substances due to their ability to disrupt
the endocrine system and cause adverse effects, such as reproductive dysfunction, cancer,
and neurological abnormalities. Currently, EDC compounds are unregulated pollutants
and are typically present in relatively low concentrations (typically in the mg/I range) [3].
Despite their negative impacts on humans and the environment, the use of EDCs in the
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manufacturing of various products is still inevitable. It has been well established that EDCs
can enter the environment through wastewater plant discharge and runoff [4,5]. Owing
to their significant negative impacts on human health and the environment, studies on
EDCs have surged in the last 5 years, focusing on various aspects, including identification
of their sources, detection, effects, and treatment approaches [6]. Due to the multiple
transportation routes and complicated interactions with their surroundings, the severity of
EDC contamination varies greatly among species, individuals, and localities [7]. It is crucial
to evaluate the pollution levels of EDCs, identify possible risks, and enforce monitoring
and treatment standards for safety.

The advancement of analytical tools has enabled the identification of various EDCs
in terms of their structures and physicochemical characteristics [8,9]. This allows the
proposition of suitable operating conditions and the selection or design of an appropri-
ate membrane to maximize the treatment capacity. Treating EDC-containing wastewater
is a straightforward approach to reduce the threats of EDCs to aquatic animals and the
environment. EDCs in water and wastewater systems can be remediated via various
biological, physical, and chemical treatment methods [10]. Among the potential EDC
treatment technologies, membrane technology has shown great potential for the treatment
of EDC compounds. Membrane technology is a physical separation process that uses a
semipermeable membrane to remove unwanted substances from a fluid stream [11]. The
membranes can be made of various materials, including polymeric, ceramic, or metallic
materials or composites thereof. Membrane processes can remove EDCs effectively and
produce high-quality treated water that is suitable for reuse. Such processes represent a
flexible technology that can be tailored and retrofitted to meet specific treatment require-
ments. Various membrane-based processes, ranging from ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO) to membrane bioreactors (MBRs) and electrocatalytic mem-
branes [12-15], have shown great promise in effectively treating micropollutants including
EDCs and pharmaceutically active compounds.

Touted as one of the most mature technologies for wastewater treatment and desali-
nation, studies have shown that RO is also efficient in removing EDCs that are normally
present in low concentrations in the aquatic environment. RO can remove up to 99% of
EDCs and other contaminants, producing treated water of a potable standard. The struc-
tural and surface characteristics of an RO membrane are very important in determining its
performance. While conventional asymmetric thin-film composite (TFC) membranes have
been widely used in industry, tremendous efforts have been undertaken to develop novel
membranes to enhance performance, especially in treating challenging wastewater such
as EDC-containing wastewater. For instance, state-of-the-art RO membranes have been
developed using nanostructured additives such as graphene derivatives to enhance mem-
brane properties specific applications [16]. Another area of development in the RO process
is in the design and engineering of the system, including the use of advanced controls
and monitoring, energy consumption reduction, and performance optimization [17-19].
Although the RO process has shown promise in removing EDCs from water, an overview
of the recent advancements of RO for EDC removal from the aqueous environment has
not been performed. With the increasing concerns about the negative impacts of EDCs
and the urgent need to address this issue, the aim of this review is to provide an overview
of studies related to the use of the RO process for EDC removal. With this review, we
seek to compare the effectiveness of various RO membranes in removing different types
of common EDCs under different operating conditions based on existing literature. By
assessing the performance and removal efficiency of state-of-the-art membranes, with this
review, we intend to provide guidance to expand the application of RO for the removal
of EDCs in actual settings and to identify potential areas for improvement and future
research directions. The discussion presented herein is expected to help in the design and
operation of RO systems for EDC removal by selecting the appropriate membrane and
operating conditions.
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2. Endocrine-Disruptive Chemicals: Occurrence, Impacts, and Treatment Technologies

EDCs are present in various forms in many everyday products, such as natural and
synthetic hormones and their metabolites, pharmaceutical products, pesticides, personal
care products, cosmetics, and food packaging. EDCs have been detected in different
locations, as they enter the aquatic medium through different routes, including point
or non-point sources, such as industrial wastewater, landfills, municipal sewage, and
stormwater runoff. EDCs are normally classified based on their sources, functions, and
effects and can inhibit or mimic the effects of the natural hormones found in humans
and animals, in addition to acting as a substitute for these natural hormones, thereby
deregulating their levels and imposing negative impacts on the health of affected organisms.
Although an absolute cause—effect relation has not been established, research findings to
date have indicated a strong correlation between EDC exposure and resultant long-lasting
health issues of contaminated humans and wildlife [20]. Despite their extremely low
concentrations, often in the range of ng/L, long-term exposure to EDC can disrupt the
normal functions of the endocrine, growth, and reproduction system [21,22]. EDCs have
also been regarded as a main contributor to gender shifts or cancerous growth in biota [23].

Several studies have examined methods for treating water and wastewater systems
contaminated with EDCs. Treatments can be broadly divided into three categories, i.e., phys-
ical, biological, and chemical approaches. The application of these treatment strategies has
also been reviewed based on their ability to remove and degrade EDC compounds [7,24,25].
EDCs can be removed through conventional methods including flocculation, precipita-
tion, and adsorption [26-28]. In particular, the protection of water bodies that receive
effluents can be guaranteed through the elimination of EDC compounds via wastewater
treatment plants. Nevertheless, conventional wastewater treatment plants are not intended
for EDC removal; hence, most existing treatment plants cannot effectively remove EDCs
from wastewater. Due to their incomplete removal in wastewater treatment plants, a
wide range of EDCs may be released into the environment through the effluent of these
plants, potentially resulting in adverse effects on biota and ecosystems. Investigations
on the treatability of EDCs in conventional wastewater treatment plants indicated that
the removal capability is highly dependent on the process and the respective operating
parameters [29]. Post-treatment processes such as advanced chemical oxidation processes
are required to further eliminate EDCs [30,31]. Photocatalysis is a promising chemical
method for the degradation of EDCs [32,33]. However, the formation of EDC byproduct
residuals during photocatalytic reactions is often a major concern. Biological methods have
been established to treat EDCs, such as the use of hormones [34]. Biodegradation through
bacteria and algae is also capable of degrading a considerable proportion of EDCs, but
the process is less effective in eliminating nonorganic EDCs [35]. In terms of physical ap-
proaches, the use of membrane filtration processes as a physical treatment method for EDC
removal is particularly effective and does not require chemical disinfection. Membrane
processes, especially NF and RO, have been evidenced as a highly efficient technology
for EDC removal when the appropriate membrane materials are used and the operational
conditions are carefully optimized [36]. Adsorption is another important physical method
to remove EDC compounds from aqueous media, with growing interest in the development
of biodegradable polymers and their nanocomposites to serve as effective adsorbents for
the elimination of EDCs from wastewater [26].

Among the abovementioned technologies, membrane-based processes are a promising
option for the removal of EDCs due to their several advantages. Compared to chemical
approaches, membrane processes require minimal chemical addition, which reduces the
environmental impacts of the treatment processes and the formation of oxidation byprod-
ucts. Compared to physical processes such as adsorption, membrane-based processes
have a smaller footprint and can be designed in a modular fashion, making them suit-
able for both centralized and decentralized treatment applications. Despite the efforts
undertaken for the treatment EDC-containing wastewater, it is important to point out that
none of the treatment methods can completely remove emerging contaminants [37]. For
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example, the incomplete removal of EDCs by biodegradation in wastewater treatment
plants indicates that surface waters still pose a risk of receiving variable amounts of these
pollutants [38]. In addition, the characteristics of EDCs in terms of solubility, hydrophilicity,
and polarity are also crucial to establish a better understanding of the interactions and the
possible formation of byproducts. The integration of physical, chemical, and biological
treatments is becoming more important to intensify the removal efficiency for a wide range
of EDCs while keeping the treatment economically and environmentally friendly. Figure 1
summarizes the effects of EDCs on human health, common sources of EDCs, and EDC
removal techniques.
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Figure 1. Summary of the effects of EDCs on human health, common sources of EDCs, and EDC
removal techniques.

3. Advances in Reverse Osmosis and Asymmetric Reverse Osmosis Membranes

Pressure-driven membrane processes, which are classified as MF, UE, NF, and RO, are
a promising solution for water and wastewater treatment [39-42]. During the filtration
process, hydraulic pressure is applied to force water to permeate through the semiperme-
able membrane while rejecting the unwanted solutes as retentate. Among the membrane
processes, RO plays a vital role in desalination and wastewater treatment processes due to
its capability and reliability in rejecting almost all types of pollutants that are present in the
feed water, generating fresh water that can be utilized for various purposes [15]. UF and
microfiltration (MF) are widely useful in the treatment process but have limited capacity to
remove EDCs. Nevertheless, when used as a pretreatment unit, UF can treat wastewater
containing larger molecules and particles, whereas MF can remove bacteria and other
microorganisms from the feed water. Some removal of steroidal-type compounds have
been observed in association with these loose membranes [43]. Asymmetric polyamide
TFC membranes dominate the current RO membrane market. Figure 2 shows a schematic
diagram of an asymmetric polyamide TFC membrane and the typical thickness of the
substrate and polyamide layer. TFC consists of a porous substrate that acts as a support
and a selective layer that is responsible for separation. The polyamide-selective layer
is typically fabricated through interfacial polymerization of two monomers, namely m-
phenylenediamine in the organic phase and trimesoyl chloride in the aqueous phase. New
monomers have also been explored for polyamide formation to customize the properties
of the selective layer [44]. Over the last decade, tremendous efforts have been made in
this field; approaches and modifying agents have been introduced to heighten the per-
formance of modified membranes [45-47]. The primary goal of membrane modification
is to address the inherent limitations of current commercial membranes in terms of the
water permeability-solute rejection tradeoff, high fouling propensity, and poor resistance
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Figure 2. Illustration of asymmetric polyamide TFC RO membranes.

A wide range of modifying agents, including polymeric additives and nanostructured
materials, has been used to achieve these purposes [16,48,49]. In general, hydrophilic
modifying materials are highly desired, as the improved membrane surface hydrophilicity
can effectively contribute to water flux enhancement and antifouling properties. As elec-
trostatic repulsion is also an important solute rejection mechanism, the membrane surface
can be modified with charged modifying materials to render the modified surface with the
desired surface charge. Among the modifying agents used for the modification of RO TFC
membranes, the incorporation of nanostructured materials of different dimensions to form
so-called thin-film nanocomposite (TFN) membranes is a current focus of RO research [50].
From zero-dimensional metal and metal oxide nanoparticles to one-dimensional tubular
structures, two-dimensional nanosheets, and three-dimensional framework structures,
these nanostructured modifying agents demonstrate structural and chemical functionalities
that can heighten the membrane performance. Various membrane surface and in situ
modification techniques have been established for membrane modification to introduce
modifying agents onto the surface of preformed RO TFC membranes or to incorporate
them within the polymeric matrix during fabrication [51]. Physical techniques such as
layer-by-layer coating and ontology doping involve physical interactions based on electro-
static force or hydrogen bonding between the modifying agents and the polymer [52]. On
the other hand, chemical grafting can be performed on the surface of RO TFC membranes
through the formation of covalent bonding between the reactive functional groups present
on the membrane surface and on the modifying agents [53].

4. Removal of Endocrine-Disruptive Chemicals through Reverse Osmosis

Early studies on EDC removal through RO have been largely focused on evaluating
the capability of commercial RO membranes to selectively reject EDC compounds such as
bisphenol A (BPA) [54,55] and caffeine [56]; promising rejections of 75-90% and >95% have
been reported for BPA and caffeine, respectively. Yuksel et al. compared the effectiveness
of various commercially available NF and RO membranes for BPA removal from model
solutions [57]. The polyamide-based dense NF and RO membranes investigated in the
study, including NF 90, AD SWRO, BW30, and XLE BWRO, showed excellent performance,
with a BPA rejection rate > 98%. Nevertheless, the NF membranes generally exhibited lower
rejection compared to their RO counterparts. The results suggest that polyamide-based
RO membranes are effective for removing BPA from water, but cellulose acetate-based
membranes were not found to be as effective as the polyamide RO membranes. Similar
findings were reported by Comerton et al., who observed that compared to commercial NF
membranes, commercial RO membranes effectively removed over 90% of EDCs, including
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BPA, equilin, estradiol, and oxybenzone [58]. The presence of organic matter and fouling
may cause higher rejection rates, but a higher concentration of divalent compounds can
lead to lower rejection rates of EDCs by the membranes.

Pilot-scale studies using commercial RO membranes provide a clear indication of the
feasibility of RO membranes for EDC removal. Fujioka reported that the rejection of several
types of trace organic compounds, including EDC estradiol, differed significantly among
three tested RO membranes, i.e., ESPA2, TFC-HR, and TMG [59]. While there was a clear
correlation between membrane permeability and conductivity rejection, this relationship
did not extend to the rejection of most trace organic compounds. However, it is evident
that the ESPA2 membrane, which has the lowest water permeability among the three
analyzed membranes, exhibited consistently high rejection for a wide range of compounds.
A more recent pilot study further confirmed the potential of commercial RO membranes
(DOW-FILMTEC BW30-2540) in achieving high removal efficiency of pharmaceutically
active EDCs, including caffein [60]. Mechanisms involved in the selective removal of EDCs
by RO membranes were revealed in these studies. It is generally agreed that the rejection
of EDCs is governed by many factors, especially the interactions between the membrane
surface and EDC molecules. Important parameters include the molecular size of EDCs,
which enables size exclusion effects and steric effects rendered by the membrane surface,
which allows for repulsion of EDC molecules from the membrane. The log of the octanol
water (logKow) and dipolar interaction of the EDC compounds also play important roles in
EDC rejection [61,62].

With evidence showing the potential of RO for EDC removal, efforts have been focused
on tailoring the properties of RO TFC membranes to address the limitations of commercial
RO membranes. In particular, high water flux has been achieved using TFN membranes in-
corporated with various hydrophilic modifying agents [63]. As shown in Figure 3a, Ahmad
et al. developed a polyamide TFC membrane incorporated with one-dimensional titania
nanotubes (TNTs) for EDC removal [64]. At a low BPA concentration of 10 ppm, rejection
rates of 89% and 97% were reported for BPA and caffeine, respectively. The water flux was
improved by more than 40% compared to commercial RO TFC membranes, indicating that
the TFN membrane mitigated the water permeability and EDC solute rejection tradeoff.
Figure 3b illustrates the role of tubular TNTs in facilitating water transport and EDC re-
jection. Improved water permeability and EDC rejection ability have also been reported
for TFC membranes modified with silver nanoparticles (AgNPs) [65] and graphene oxide
(GO) [66] for the removal of propylparaben and N-nitrosodimethylamine, respectively.
Based on the incorporated AgNPs [65], Yang et al. reported a novel discovery of the forma-
tion of nanochannels that were roughly 2.5 nm in size around the AgNPs. The nanochannels
resulted from the hydrolysis of trimesoyl chloride monomers and the subsequent termi-
nation of interfacial polymerization by the surrounding water layer. These nanochannels
increased the water permeability of the TFN membranes by nearly three times compared to
that of the neat membrane. Moreover, this membrane exhibited enhanced rejection against
NaCl, boron, and the EDC compounds (propylparaben, norfloxacin, and ofloxacin) due to
its concerted effects of size exclusion, Donnan exclusion, and hydrophilic interaction.

Table 1 summarizes the performances of RO membranes used for EDC removal from
the aquatic environment. In general, most of investigations to date were performed at bench
scale using small-surface-area flat-sheet membrane units tested using a dead-end filtration
system in short-membrane operation times. For now, standardization in terms of feedwater
characteristics and operating conditions is still impossible to enable direct comparative
evaluation of different cases. Furthermore, bench-scale studies reported to date are largely
based on the use of synthetic wastewater that does not reflect actual wastewater conditions.
For instance, in a normal bench-scale setting, only selected EDCs are investigated, and the
concentrations of EDC are significantly higher than those detected in actual wastewater or
effluents. Based on the existing literature using RO for EDC removal from water, the most
investigated EDCs are bisphenol A (BPA) and caffeine in the concentration range of 200 ppb
to 100 ppm. Polyamide RO membranes have been demonstrated to effectively remove
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EDCs, with a removal efficiency ranging from approximately 30 to >99%. The efficiency is
largely dependent on the type and concentration of EDCs, as well as the properties of the
RO membranes used in the process. It has also been evidenced that the development of
new membrane materials and membrane surface functionalization have helped enhance
the removal efficiency of RO membranes for EDC removal. Studies have also revealed
the mechanisms underlying the removal of EDCs using RO membranes; several factors
contribute to removal, including size exclusion and electrostatic repulsion. The relative
importance of these mechanisms is likely to vary depending on the specific EDC being
targeted and the properties of the RO membrane used in the system.
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(b) Schematic illustration of the role of tubular TNTs in facilitating water transport and EDC

rejection [64].

Table 1. Summary of exemplary work using RO for EDC removal.

Membrane EDC C EDC . Rejection (%)  Reference
oncentration

BW30 BPA 50 ppm >98 [57]
ESPA2 17 o-estradiol 50 ppm >98 [59]
BW30-2540 caffein <1 ppm ~100 [60]
ESPA2 diuron 1 ppb 34 [62]
PA/TiO, TFC BPA 100 ppm 90 [63]
PA/TNT TEC BPA 10 ppm 89 [64]
PA/TNT TFC caffein 10 ppm 97 [64]
PA/AgNP TFC propylparaben 200 ppb 98 [65]
PA/GO TEC N-nitrosodimethylamine 890 ppb 83 [66]
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5. Challenges and the Way Forward

The results and findings reported to date have provided sufficient evidence of the
capability of RO in treating EDC-containing wastewater. Although RO is a mature and
commercially available technology for desalination and wastewater treatment, it is still con-
fronted with several limitations and challenges, particularly for the treatment of emerging
pollutants such as EDCs. Several strategies can be implemented to enhance the sustain-
ability of the treatment process. The development of high-flux and antifouling TFC RO
membranes is a crucial effort in achieving sustainability in this area. By maintaining the
EDC rejection capability, the development of high-flux TFC RO membranes can address
the permeability-rejection tradeoff and increase water productivity. Through the mod-
ification of TFC RO membrane surfaces, the fouling tendency of the membrane can be
reduced, contributing to the reduction in the cost required for cleaning and membrane
replacement. In addition, a considerable number of studies have been conducted with
respect to the design of the RO process. Innovative RO processes such as pulse flow RO
and semi-batch/batch hybrid RO have been established to enable high-recovery, high-flux,
energy-saving, and zero-waste discharge. These concerted efforts are expected to promote
the acceptance of RO as an alternative to existing wastewater treatment technologies for
more effective EDC removal.

The transformation of laboratory findings to commercial implementation is a challeng-
ing process. Discrepancies have been observed due to the different experimental settings in
RO membrane fabrications or the RO filtration set up. In some studies, only feed water
spiked with target solutes and commercial membranes were investigated, whereas water
matrix effects and membrane fouling were neglected. As a result, some important details
such as the interactions of pollutants in the water matrix and the capability of the RO
membrane to treat EDCs in ultra-low concentrations have been overlooked. Furthermore,
the commonly observed issues in full-scale applications such as fouling and performance
stability have not been considered in these studies. Therefore, the implementation and
evaluation of the bench-scale optimized RO process at pilot scale are required to practically
increase the reliability and accuracy of the treatment process.

Although RO is a mature and widely used wastewater treatment technology, the
removal mechanisms of micropollutants such as EDC compounds through RO are complex
and still not fully understood. Factors that can influence the rejection of EDC in RO include
the dipole moment, hydrophobicity, and molecular size of the compounds. Furthermore,
it is challenging to identify the underlying mechanisms of EDC rejection in real-world
conditions due to the interactions between solutes and between solutes and the membrane.
In this regard, the use of computational tools to provide in-depth understanding of the in-
teractions among EDC molecules, the membrane surface, and surrounding aqueous media
can be useful in predicting the performance of RO in treating EDCs. Several models such as
rigorous mathematical models and artificial neural network models have been developed
to simulate the rejection of EDCs by RO membranes under various operating conditions.
The availability of these predictive tools, together with the experimental findings, can be
used to confirm the rejection of EDCs with different characteristics. Artificial intelligence
has become an increasingly important tool in scientific research, especially for data analyses,
computer modeling, and machine learning [67]. In the context of EDC removal, artificial
intelligence can help with the monitoring and control of the treatment process, thereby
improving treatment consistency and reducing operating costs. In addition, artificial intelli-
gence is helpful to identify and quantify EDCs that are present in a specific area, allowing
for targeted treatment strategies.

Another challenge related to the application of RO as an EDC treatment technology
is the negative effects posed by RO concentrate. Reverse osmosis concentrate is a highly
concentrated solution of dissolved salts and other contaminants that are rejected by the RO
membrane during the purification process. The issue with RO concentrates that contains
rejected EDCs is that they contains a concentrated level of EDC compounds, which can
have adverse environmental impacts if not handled properly. These EDC compounds can
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be reintroduced into water bodies if the concentrate is discharged directly into rivers, lakes,
or oceans. RO concentrate can be treated using evaporation and crystallization techniques
to separate the water from the salts and other solid substances, which is often an effective
way to reduce the volume of waste stream and produce a solid waste that can be handled
easily. However, this process can be energy-intensive. It is therefore recommended to
explore sustainable methods for the complete removal of EDCs from RO concentrate. A
sustainable option for treating RO concentrate is biological treatment, which involves the
use of microorganisms to decompose EDC compounds in the waste stream. For instance, a
bioremediation approach based on white rot fungus Trametes versicolor has been reported
to be able to break down specific types of EDCs present in RO concentrate [68]. Biological
processes are effective in removing a wide range of contaminants, but more innovations
are required to shorten the treatment time.

Despite efforts to reduce the environmental load of EDCs, additional treatment pro-
cesses have been associated with an increased cost of wastewater treatment. The operation
of RO requires relatively high operating and maintenance costs compared to conventionally
used physical processes. The cost of RO systems for EDC treatment is influenced by various
factors, including the capacity of the system, the quality of the feedwater, and the level
of the pretreatment required. Cost analyses of both-lab scale and pilot-scale research are
essential to provide practical information about the economic feasibility of the proposed
membrane-based EDC removal technology. These analyses can help to determine the
total costs of operation, which include equipment, energy, maintenance, and membrane
replacement. It is therefore recommended that cost analysis be conducted in consideration
of the total life cycle cost, which includes the materials used for RO membrane fabrica-
tion and membrane testing. The cost of energy used during RO operation should also
be estimated based on the energy consumption of the entire RO system. Additionally,
the cost of managing the concentrate generated by the RO system and the treatment of
EDC compounds in the waste stream can also be significant; therefore, careful planning is
required to minimize the cost while ensuring compliance with environmental regulations.
Overall, proper optimization of the membrane system design and operation conditions
such as using a high-recovery membrane and optimizing the pretreatment process can help
to reduce the cost of operation.

6. Conclusions

Despite the associated challenges and limitations, RO is still regarded as a useful
technology for EDC removal. Studies conducted to date have revealed that membrane
design and operating condition optimization are the two major directions that can heighten
the performance of RO for EDC removal. On the other hand, the cost of membranes remains
a major challenge, particularly for RO. Therefore, there is also a need for further research
to reduce membrane costs while optimizing the performance of membrane technology to
make such technology more accessible and affordable for widespread use in EDC treatment.
With the current knowledge in advancing RO processes to address the current bottlenecks, it
is expected that RO will continue to serve as an attractive candidate to treat EDC-containing
wastewater at the commercial scale.
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Abbreviations

AgNPs  Silver nanoparticles
BPA Bisphenol A

EDC Endocrine-disrupting chemical
GO Graphene oxide
MF Microfiltration
NF Nanofiltration
RO Reverse osmosis
TFC Thin-film composite
TFN Thin-film nanocomposite
TNT Titania nanotube
UF Ultrafiltration
References
1. Chiu, ].M,; Po, B.H.; Degger, N.; Tse, A.; Liu, W.; Zheng, G.; Zhao, D.-M.; Xu, D.; Richardson, B.; Wu, R.S. Contamination

10.

11.

12.

13.

14.

15.

16.

and risk implications of endocrine disrupting chemicals along the coastline of China: A systematic study using mussels and
semipermeable membrane devices. Sci. Total Environ. 2018, 624, 1298-1307. [CrossRef] [PubMed]

Kasonga, TK.; Coetzee, M.A.A.; Kamika, I.; Ngole-Jeme, V.M.; Momba, M.N.B. Endocrine-disruptive chemicals as contaminants
of emerging concern in wastewater and surface water: A review. J. Environ. Manag. 2021, 277, 111485. [CrossRef] [PubMed]
Noguera-Oviedo, K.; Aga, D.S. Lessons learned from more than two decades of research on emerging contaminants in the
environment. |. Hazard. Mater. 2016, 316, 242-251. [CrossRef] [PubMed]

Seibert, D.; Quesada, H.; Bergamasco, R.; Borba, FH.; Pellenz, L. Presence of endocrine disrupting chemicals in sanitary landfill
leachate, its treatment and degradation by Fenton based processes: A review. Process. Saf. Environ. Prot. 2019, 131, 255-267.
[CrossRef]

Barber, L.B.; Loyo-Rosales, J.E.; Rice, C.P.; Minarik, T.A.; Oskouie, A.K. Endocrine disrupting alkylphenolic chemicals and other
contaminants in wastewater treatment plant effluents, urban streams, and fish in the Great Lakes and Upper Mississippi River
Regions. Sci. Total Environ. 2015, 517, 195-206. [CrossRef]

Surana, D.; Gupta, J.; Sharma, S.; Kumar, S.; Ghosh, P. A review on advances in removal of endocrine disrupting compounds
from aquatic matrices: Future perspectives on utilization of agri-waste based adsorbents. Sci. Total Environ. 2022, 826, 154129.
[CrossRef]

Zamri, M.EM.A ; Bahru, R; Suja, F.; Shamsuddin, A.H.; Pramanik, S.K.; Fattah, LM.R. Treatment strategies for enhancing the
removal of endocrine-disrupting chemicals in water and wastewater systems. |. Water Process Eng. 2021, 41, 102017. [CrossRef]
Liu, Y.-Y; Lin, Y.-S.; Yen, C.-H.; Miaw, C.-L.; Chen, T.-C.; Wu, M.-C.; Hsieh, C.-Y. Identification, contribution, and estrogenic
activity of potential EDCs in a river receiving concentrated livestock effluent in Southern Taiwan. Sci. Total Environ. 2018, 636,
464-476. [CrossRef]

Robitaille, J.; Denslow, N.D.; Escher, B.I.; Kurita-Oyamada, H.G.; Marlatt, V.; Martyniuk, C.J.; Navarro-Martin, L.; Prosser,
R.; Sanderson, T.; Yargeau, V.; et al. Towards regulation of Endocrine Disrupting chemicals (EDCs) in water resources using
bioassays—A guide to developing a testing strategy. Environ. Res. 2021, 205, 112483. [CrossRef]

Liang, H.; Gong, J.; Zhou, K.; Deng, L.; Chen, J.; Guo, L.; Jiang, M.; Lin, J.; Tang, H.; Liu, X. Removal efficiencies and risk
assessment of endocrine-disrupting chemicals at two wastewater treatment plants in South China. Ecofoxicol. Environ. Saf. 2021,
225,112758. [CrossRef]

Buonomenna, M.G. Mining Critical Metals from Seawater by Subnanostructured Membranes: Is It Viable? Symmetry 2022, 14, 681.
[CrossRef]

Nguyen, M.-L.; Nakhjiri, A.T.; Kamal, M.; Mohamed, A.; Algarni, M.; Yu, S.T.; Wang, F-M.; Su, C.-H. State-of-the-Art Review on
the Application of Membrane Bioreactors for Molecular Micro-Contaminant Removal from Aquatic Environment. Membranes
2022, 12, 429. [CrossRef] [PubMed]

Ren, L.; Ma, J.; Chen, M.; Qiao, Y.; Dai, R.; Li, X.; Wang, Z. Recent advances in electrocatalytic membrane for the removal of
micropollutants from water and wastewater. iScience 2022, 25, 104342. [CrossRef] [PubMed]

Khanzada, N.K,; Farid, M.U.; Kharraz, ]J.A.; Choi, ]J.; Tang, C.Y.; Nghiem, L.D.; Jang, A.; An, A.K. Removal of organic mi-
cropollutants using advanced membrane-based water and wastewater treatment: A review. . Membr. Sci. 2019, 598, 117672.
[CrossRef]

Liu, C.; Zhao, X.; Faria, A.F; Quifiones, K.Y.D.; Zhang, C.; He, Q.; Ma, J.; Shen, Y.; Zhi, Y. Evaluating the efficiency of nanofiltration
and reverse osmosis membrane processes for the removal of per- and polyfluoroalkyl substances from water: A critical review.
Sep. Purif. Technol. 2022, 302, 122161. [CrossRef]

Liu, Q.; Xu, G.-R. Graphene oxide (GO) as functional material in tailoring polyamide thin film composite (PA-TFC) reverse
osmosis (RO) membranes. Desalination 2016, 394, 162-175. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2017.12.214
https://www.ncbi.nlm.nih.gov/pubmed/29929242
https://doi.org/10.1016/j.jenvman.2020.111485
https://www.ncbi.nlm.nih.gov/pubmed/33049614
https://doi.org/10.1016/j.jhazmat.2016.04.058
https://www.ncbi.nlm.nih.gov/pubmed/27241399
https://doi.org/10.1016/j.psep.2019.09.022
https://doi.org/10.1016/j.scitotenv.2015.02.035
https://doi.org/10.1016/j.scitotenv.2022.154129
https://doi.org/10.1016/j.jwpe.2021.102017
https://doi.org/10.1016/j.scitotenv.2018.04.031
https://doi.org/10.1016/j.envres.2021.112483
https://doi.org/10.1016/j.ecoenv.2021.112758
https://doi.org/10.3390/sym14040681
https://doi.org/10.3390/membranes12040429
https://www.ncbi.nlm.nih.gov/pubmed/35448399
https://doi.org/10.1016/j.isci.2022.104342
https://www.ncbi.nlm.nih.gov/pubmed/35602955
https://doi.org/10.1016/j.memsci.2019.117672
https://doi.org/10.1016/j.seppur.2022.122161
https://doi.org/10.1016/j.desal.2016.05.017

Symmetry 2023, 15, 1049 11 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Moumni, M.; El Aoud, M.M. Fuzzy logic control of a brackish water reverse osmosis desalination process. Comput. Chem. Eng.
2022, 167, 108026. [CrossRef]

Mengesha, A.; Sahu, O. Sustainability of membrane separation technology on groundwater reverse osmosis process. Clean. Eng.
Technol. 2022, 7, 100457. [CrossRef]

Matin, A.; Laoui, T.; Falath, W.; Farooque, A.M. Fouling control in reverse osmosis for water desalination & reuse: Current
practices & emerging environment-friendly technologies. Sci. Total Environ. 2020, 765, 142721. [CrossRef]

Vieira, W.T.; de Farias, M.B.; Spaolonzi, M.P.; da Silva, M.G.C.; Vieira, M.G.A. Endocrine-disrupting compounds: Occurrence,
detection methods, effects and promising treatment pathways—A critical review. ]. Environ. Chem. Eng. 2020, 9, 104558.
[CrossRef]

Ding, T.; Yan, W.; Zhou, T.; Shen, W.; Wang, T.; Li, M.; Zhou, S.; Wu, M.; Dai, J.; Huang, K.; et al. Endocrine disrupting
chemicals impact on ovarian aging: Evidence from epidemiological and experimental evidence. Environ. Pollut. 2022, 305, 119269.
[CrossRef] [PubMed]

Predieri, B.; Alves, C.A.; Tughetti, L. New insights on the effects of endocrine-disrupting chemicals on children. J. Pediatr. 2021, 98,
S573-585. [CrossRef]

De Oliveira, J.; Chadili, E.; Turies, C.; Brion, F.; Cousin, X.; Hinfray, N. A comparison of behavioral and reproductive parameters
between wild-type, transgenic and mutant zebrafish: Could they all be considered the same “zebrafish” for reglementary assays
on endocrine disruption? Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2020, 239, 108879. [CrossRef] [PubMed]

Werkneh, A.A.; Gebru, S.B.; Redae, G.H.; Tsige, A.G. Removal of endocrine disrupters from the contaminated environment:
Public health concerns, treatment strategies and future perspectives—A review. Heliyon 2022, 8, €09206. [CrossRef] [PubMed]
Ismanto, A.; Hadibarata, T.; Kristanti, R.A.; Maslukah, L.; Safinatunnajah, N.; Kusumastuti, W. Endocrine disrupting chemicals
(EDCs) in environmental matrices: Occurrence, fate, health impact, physio-chemical and bioremediation technology. Environ.
Pollut. 2022, 302, 119061. [CrossRef] [PubMed]

Al Sharabati, M.; Abokwiek, R.; Al-Othman, A.; Tawalbeh, M.; Karaman, C.; Orooji, Y.; Karimi, F. Biodegradable polymers and
their nano-composites for the removal of endocrine-disrupting chemicals (EDCs) from wastewater: A review. Environ. Res. 2021,
202, 111694. [CrossRef] [PubMed]

Aris, A.Z.; Hir, Z.AM.; Razak, M.R. Metal-organic frameworks (MOFs) for the adsorptive removal of selected endocrine
disrupting compounds (EDCs) from aqueous solution: A review. Appl. Mater. Today 2020, 21, 100796. [CrossRef]

Zhou, G.-J.; Li, X.-Y.; Leung, K.M.Y. Retinoids and oestrogenic endocrine disrupting chemicals in saline sewage treatment plants:
Removal efficiencies and ecological risks to marine organisms. Environ. Int. 2019, 127, 103-113. [CrossRef]

Komesli, O.; Muz, M.; Ak, M.; Bakirdere, S.; Gokcay, C. Occurrence, fate and removal of endocrine disrupting compounds (EDCs)
in Turkish wastewater treatment plants. Chem. Eng. J. 2015, 277, 202-208. [CrossRef]

Liu, Z.-H.; Dang, Z.; Yin, H.; Liu, Y. Making waves: Improving removal performance of conventional wastewater treatment
plants on endocrine disrupting compounds (EDCs): Their conjugates matter. Water Res. 2020, 188, 116469. [CrossRef]

Raj, R.; Tripathi, A.; Das, S.; Ghangrekar, M. Removal of caffeine from wastewater using electrochemical advanced oxidation
process: A mini review. Case Stud. Chem. Environ. Eng. 2021, 4, 100129. [CrossRef]

Hir, Z.A.M.; Abdullah, A.H. Hybrid polymer-based photocatalytic materials for the removal of selected endocrine disrupting
chemicals (EDCs) from aqueous media: A review. J. Mol. Lig. 2022, 361, 119632. [CrossRef]

Wang, R.; Ma, X,; Liu, T,; Li, Y;; Song, L.; Tjong, S.C.; Cao, L.; Wang, W.; Yu, Q.; Wang, Z. Degradation aspects of endocrine
disrupting chemicals: A review on photocatalytic processes and photocatalysts. Appl. Catal. A Gen. 2020, 597, 117547. [CrossRef]
Zhou, X.; Zheng, H.; van der Hoek, J.P;; Yu, K.; Cao, Y. Recent applications of biological technologies for decontaminating
hormones in livestock waste and wastewater. Curr. Opin. Environ. Sci. Health 2021, 24, 100307. [CrossRef]

Gao, X,; Kang, S.; Xiong, R.; Chen, M. Environment-Friendly Removal Methods for Endocrine Disrupting Chemicals. Sustainability
2020, 12, 7615. [CrossRef]

Wang, S.; Li, L.; Yu, S.; Dong, B.; Gao, N.; Wang, X. A review of advances in EDCs and PhACs removal by nanofiltration:
Mechanisms, impact factors and the influence of organic matter. Chem. Eng. J. 2021, 406, 126722. [CrossRef]

Zhang, ].-N.; Ying, G.-G.; Yang, Y.-Y,; Liu, W.-R;; Liu, S.-S.; Chen, J.; Liu, Y.-S.; Zhao, ].-L.; Zhang, Q.-Q. Occurrence, fate and risk
assessment of androgens in ten wastewater treatment plants and receiving rivers of South China. Chemosphere 2018, 201, 644-654.
[CrossRef]

Spataro, F.; Ademollo, N.; Pescatore, T.; Rauseo, ].; Patrolecco, L. Antibiotic residues and endocrine disrupting compounds in
municipal wastewater treatment plants in Rome, Italy. Microchem. . 2019, 148, 634-642. [CrossRef]

Goh, P; Wong, K.; Ismail, A. Membrane technology: A versatile tool for saline wastewater treatment and resource recovery.
Desalination 2021, 521, 115377. [CrossRef]

Hube, S.; Eskafi, M.; Hrafnkelsdéttir, K.F.; Bjarnadottir, B.; Bjarnadottir, M.A.; Axelsdéttir, S.; Wu, B. Direct membrane filtration
for wastewater treatment and resource recovery: A review. Sci. Total Environ. 2019, 710, 136375. [CrossRef]

Samaei, S.M.; Gato-Trinidad, S.; Altaee, A. The application of pressure-driven ceramic membrane technology for the treatment of
industrial wastewaters—A review. Sep. Purif. Technol. 2018, 200, 198-220. [CrossRef]


https://doi.org/10.1016/j.compchemeng.2022.108026
https://doi.org/10.1016/j.clet.2022.100457
https://doi.org/10.1016/j.scitotenv.2020.142721
https://doi.org/10.1016/j.jece.2020.104558
https://doi.org/10.1016/j.envpol.2022.119269
https://www.ncbi.nlm.nih.gov/pubmed/35405219
https://doi.org/10.1016/j.jped.2021.11.003
https://doi.org/10.1016/j.cbpc.2020.108879
https://www.ncbi.nlm.nih.gov/pubmed/32877737
https://doi.org/10.1016/j.heliyon.2022.e09206
https://www.ncbi.nlm.nih.gov/pubmed/35464705
https://doi.org/10.1016/j.envpol.2022.119061
https://www.ncbi.nlm.nih.gov/pubmed/35231541
https://doi.org/10.1016/j.envres.2021.111694
https://www.ncbi.nlm.nih.gov/pubmed/34274334
https://doi.org/10.1016/j.apmt.2020.100796
https://doi.org/10.1016/j.envint.2019.03.030
https://doi.org/10.1016/j.cej.2015.04.115
https://doi.org/10.1016/j.watres.2020.116469
https://doi.org/10.1016/j.cscee.2021.100129
https://doi.org/10.1016/j.molliq.2022.119632
https://doi.org/10.1016/j.apcata.2020.117547
https://doi.org/10.1016/j.coesh.2021.100307
https://doi.org/10.3390/su12187615
https://doi.org/10.1016/j.cej.2020.126722
https://doi.org/10.1016/j.chemosphere.2018.02.144
https://doi.org/10.1016/j.microc.2019.05.053
https://doi.org/10.1016/j.desal.2021.115377
https://doi.org/10.1016/j.scitotenv.2019.136375
https://doi.org/10.1016/j.seppur.2018.02.041

Symmetry 2023, 15, 1049 12 of 13

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Verma, B.; Balomajumder, C.; Sabapathy, M.; Gumfekar, S.P. Pressure-Driven Membrane Process: A Review of Advanced
Technique for Heavy Metals Remediation. Processes 2021, 9, 752. [CrossRef]

Snyder, S.; Adham, S.; Redding, A.M.; Cannon, ES.; Decarolis, ].; Oppenheimer, J.; Wert, E.C.; Yoon, Y. Role of membranes and
activated carbon in the removal of endocrine disruptors and pharmaceuticals. Desalination 2007, 202, 156-181. [CrossRef]
Xiang, H.; Min, X.; Tang, C.-].; Sillanp&&, M.; Zhao, F. Recent advances in membrane filtration for heavy metal removal from
wastewater: A mini review. |. Water Process Eng. 2022, 49, 103023. [CrossRef]

Alihemati, Z.; Hashemifard, S.; Matsuura, T.; Ismail, A.; Hilal, N. Current status and challenges of fabricating thin film composite
forward osmosis membrane: A comprehensive roadmap. Desalination 2020, 491, 114557. [CrossRef]

Xu, G.-R.; Wang, J.-N.; Li, C.-J. Strategies for improving the performance of the polyamide thin film composite (PA-TFC) reverse
osmosis (RO) membranes: Surface modifications and nanoparticles incorporations. Desalination 2013, 328, 83-100. [CrossRef]
Li, X.; Wang, Z.; Han, X,; Liu, Y.; Wang, C.; Yan, F; Wang, J. Regulating the interfacial polymerization process toward high-
performance polyamide thin-film composite reverse osmosis and nanofiltration membranes: A review. J. Membr. Sci. 2021,
640, 119765. [CrossRef]

Yilmaz, H.; Ozkan, M. Micropollutant removal capacity and stability of aquaporin incorporated biomimetic thin-film composite
membranes. Biotechnol. Rep. 2022, 35, e00745. [CrossRef]

Ahmad, N.A_; Goh, PS.; Wong, K.C.; Mamah, S.C.; Ismail, A.F,; Zulhairun, A K. Accelerated spraying-assisted layer by layer
assembly of polyethyleneimine/titania nanosheet on thin film composite membrane for reverse osmosis desalination. Desalination
2022, 529, 115645. [CrossRef]

Zhao, D.L,; Japip, S.; Zhang, Y.; Weber, M.; Maletzko, C.; Chung, T.-S. Emerging thin-film nanocomposite (TFN) membranes for
reverse osmosis: A review. Water Res. 2020, 173, 115557. [CrossRef]

Wei, X; Liu, Y.; Zheng, ].; Wang, X.; Xia, S.; Van der Bruggen, B. A critical review on thin-film nanocomposite membranes enabled
by nanomaterials incorporated in different positions and with diverse dimensions: Performance comparison and mechanisms. J.
Membr. Sci. 2022, 661, 120952. [CrossRef]

Yang, Z.; Sun, P-E,; Li, X; Gan, B.; Wang, L.; Song, X.; Park, H.-D.; Tang, C.Y. A Critical Review on Thin-Film Nanocomposite
Membranes with Interlayered Structure: Mechanisms, Recent Developments, and Environmental Applications. Environ. Sci.
Technol. 2020, 54, 15563-15583. [CrossRef] [PubMed]

Goh, P; Ismail, A. Chemically functionalized polyamide thin film composite membranes: The art of chemistry. Desalination 2020,
495, 114655. [CrossRef]

Khazaali, F; Kargari, A.; Rokhsaran, M. Application of low-pressure reverse osmosis for effective recovery of bisphenol A from
aqueous wastes. Desalination Water Treat. 2013, 52, 7543-7551. [CrossRef]

Boleda, M.R.; Majamaa, K.; Aerts, P.; Gomez, V.; Galceran, M.T.; Ventura, F. Removal of drugs of abuse from municipal wastewater
using reverse osmosis membranes. Desalination Water Treat. 2010, 21, 122-130. [CrossRef]

Licona, K.P.M.; Geaquinto, L.R.D.; Nicolini, ].V,; Figueiredo, N.G.; Chiapetta, S.C.; Habert, A.C.; Yokoyama, L. Assessing potential
of nanofiltration and reverse osmosis for removal of toxic pharmaceuticals from water. |. Water Process Eng. 2018, 25, 195-204.
[CrossRef]

Yiiksel, S.; Kabay, N.; Yiiksel, M. Removal of bisphenol A (BPA) from water by various nanofiltration (NF) and reverse osmosis
(RO) membranes. J. Hazard. Mater. 2013, 263, 307-310. [CrossRef]

Comerton, A.M.; Andrews, R.C.; Bagley, D.M.; Hao, C. The rejection of endocrine disrupting and pharmaceutically active
compounds by NF and RO membranes as a function of compound and water matrix properties. J. Membr. Sci. 2008, 313, 323-335.
[CrossRef]

Fujioka, T.; Khan, S.J.; McDonald, J.A.; Nghiem, L.D. Validating the rejection of trace organic chemicals by reverse osmosis
membranes using a pilot-scale system. Desalination 2015, 358, 18-26. [CrossRef]

Lopera, A.E.-C.; Ruiz, S.G.; Alonso, ] M.Q. Removal of emerging contaminants from wastewater using reverse osmosis for its
subsequent reuse: Pilot plant. . Water Process Eng. 2019, 29, 100800. [CrossRef]

Khoo, Y.S.; Goh, PS.; Lau, WJ.; Ismail, A.F; Abdullah, M.S.; Ghazali, N.-H.M.; Yahaya, N.K.E.; Hashim, N.; Othman, A.R,;
Mohammed, A.; et al. Removal of emerging organic micropollutants via modified-reverse osmosis/nanofiltration membranes: A
review. Chemosphere 2022, 305, 135151. [CrossRef] [PubMed]

Fujioka, T.; Kodamatani, H.; Yujue, W.; Yu, K.D.; Wanjaya, E.R; Yuan, H.; Fang, M.; Snyder, S.A. Assessing the passage of small
pesticides through reverse osmosis membranes. |. Membr. Sci. 2019, 595, 117577. [CrossRef]

Anan, N.S.M.; Jaafar, ].; Sato, S.; Mohamud, R. Titanium Dioxide Incorporated Polyamide Thin Film Composite Photocatalytic
Membrane for Bisphenol A Removal. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1142, 012015. [CrossRef]

Ahmad, N.A; Goh, PS.; Azman, N.; Ismail, A.F.; Hasbullah, H.; Hashim, N.; Kerisnan, N.D.; Yahaya, N.K.E.M.; Mohamed,
A.; Yusoff, M.A.M.; et al. Enhanced Removal of Endocrine-Disrupting Compounds from Wastewater Using Reverse Osmosis
Membrane with Titania Nanotube-Constructed Nanochannels. Membranes 2022, 12, 958. [CrossRef] [PubMed]

Yang, Z.; Guo, H.; Yao, Z.-K.; Mei, Y.; Tang, C.Y. Hydrophilic Silver Nanoparticles Induce Selective Nanochannels in Thin Film
Nanocomposite Polyamide Membranes. Environ. Sci. Technol. 2019, 53, 5301-5308. [CrossRef]

Croll, H.; Soroush, A; Pillsbury, M.E.; Castrillon, S.R.-V. Graphene oxide surface modification of polyamide reverse osmosis
membranes for improved N-nitrosodimethylamine (NDMA) removal. Sep. Purif. Technol. 2018, 210, 973-980. [CrossRef]


https://doi.org/10.3390/pr9050752
https://doi.org/10.1016/j.desal.2005.12.052
https://doi.org/10.1016/j.jwpe.2022.103023
https://doi.org/10.1016/j.desal.2020.114557
https://doi.org/10.1016/j.desal.2013.08.022
https://doi.org/10.1016/j.memsci.2021.119765
https://doi.org/10.1016/j.btre.2022.e00745
https://doi.org/10.1016/j.desal.2022.115645
https://doi.org/10.1016/j.watres.2020.115557
https://doi.org/10.1016/j.memsci.2022.120952
https://doi.org/10.1021/acs.est.0c05377
https://www.ncbi.nlm.nih.gov/pubmed/33213143
https://doi.org/10.1016/j.desal.2020.114655
https://doi.org/10.1080/19443994.2013.831795
https://doi.org/10.5004/dwt.2010.1294
https://doi.org/10.1016/j.jwpe.2018.08.002
https://doi.org/10.1016/j.jhazmat.2013.05.020
https://doi.org/10.1016/j.memsci.2008.01.021
https://doi.org/10.1016/j.desal.2014.11.033
https://doi.org/10.1016/j.jwpe.2019.100800
https://doi.org/10.1016/j.chemosphere.2022.135151
https://www.ncbi.nlm.nih.gov/pubmed/35654232
https://doi.org/10.1016/j.memsci.2019.117577
https://doi.org/10.1088/1757-899X/1142/1/012015
https://doi.org/10.3390/membranes12100958
https://www.ncbi.nlm.nih.gov/pubmed/36295717
https://doi.org/10.1021/acs.est.9b00473
https://doi.org/10.1016/j.seppur.2018.08.070

Symmetry 2023, 15, 1049 13 of 13

67. Safeer, S.; Pandey, R.P; Rehman, B.; Safdar, T.; Ahmad, I.; Hasan, S.W,; Ullah, A. A review of artificial intelligence in water
purification and wastewater treatment: Recent advancements. J. Water Process Eng. 2022, 49, 102974. [CrossRef]

68. Llorca, M.; Badia-Fabregat, M.; Rodriguez-Mozaz, S.; Caminal, G.; Vicent, T.; Barceld, D. Fungal treatment for the removal of
endocrine disrupting compounds from reverse osmosis concentrate: Identification and monitoring of transformation products of
benzotriazoles. Chemosphere 2017, 184, 1054-1070. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jwpe.2022.102974
https://doi.org/10.1016/j.chemosphere.2017.06.053

	Introduction 
	Endocrine-Disruptive Chemicals: Occurrence, Impacts, and Treatment Technologies 
	Advances in Reverse Osmosis and Asymmetric Reverse Osmosis Membranes 
	Removal of Endocrine-Disruptive Chemicals through Reverse Osmosis 
	Challenges and the Way Forward 
	Conclusions 
	References

