
© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

Cite this: DOI: 10.1039/d6ma00574h

Synthesis and testing of double-target
molecularly imprinted composite polymer (MIP)
membranes for selective adsorption of
17b-estradiol and testosterone

Jane Neshovski,a Daniel Breite,a Zahra Niavarani,a Andrea Prager,a Dirk Enke b

and Agnes Schulze *a

This study focused on the development and assessment of composite microfiltration (MF) membranes

for the selective adsorption-based removal of endocrine-disrupting compounds (EDCs), specifically

17b-estradiol (E2) and testosterone (TST), as emerging hazardous micropollutants in drinking water and

natural water sources. The preparation of the composite membranes combined polyethersulfone (PES)

with molecularly imprinted polymer (MIP) particles, synthesized through precipitation polymerization.

Molecular imprinting was performed by utilizing E2 and TST as templates to create specific recognition

sites, while non-imprinted polymers (NIPs) served as references. With the deposition of a MIP/NIP

particle layer between two PES layers, sandwich-type composite membranes were prepared and further

characterized using scanning electron microscopy (SEM), water permeance, and EDC adsorption tests,

which were central to evaluating the effectiveness of molecular imprinting in the MIP-based composite

membranes. By comparing EDC adsorption loadings between reference PES and composite membranes

through dynamic adsorption experiments, the study assessed the adsorption capacity, selectivity and

reusability of the membranes after regeneration cycles. The main objective was to determine whether

double-target MIP particles for E2 and TST could be synthesized and incorporated into composite

membranes with dual selectivity. Following successful membrane integration, imprinting, and synthesis,

the double-target MIP membranes efficiently adsorbed TST (0.48 mg mg�1) and E2 (0.51 mg mg�1).

Membrane reusability was tested, revealing that composite membranes do not lose adsorption capacity

over at least three cycles. Double-target MIP membranes show promise in effective, low-pressure, low-

energy removal of EDCs in water treatment applications.

Introduction

Exposure to various chemical compounds in water, such as
endocrine-disrupting chemicals (EDCs) has emerged as a glo-
bal issue due to their ability to disrupt hormonal function in
humans and harm aquatic ecosystems. These micropollutants
have been associated with reproductive issues, obesity, and
various cancers in humans. One of these EDCs, 17b-estradiol
(E2) is the most important natural estrogen hormone, influen-
cing the entire organism and playing a key role in numerous
metabolic processes.1 Moreover, another known EDC is testos-
terone (TST), which naturally occurs as an androgen steroid
hormone, responsible for the development of male reproductive

organs and secondary sexual characteristics.2 Trace concentra-
tions (ng L�1 to mg L�1) of EDCs have been detected in both
natural and drinking water.3 Conventional water and wastewater
treatment processes are largely ineffective at removing EDCs due
to their unique properties and trace concentrations, prompting
research into alternative treatment methods.4,5 Physical treat-
ment techniques, such as membrane filtration and adsorption
with adsorber particles are regarded as accessible, fast, and
environmentally-friendly methods.6 Using adsorbents alone
leads to saturation over time, requiring replacement or regen-
eration, which generates hazardous waste and increases costs
and maintenance demands.7,8 Membrane filtration is widely
used in advanced water treatment to remove EDCs. Nanofiltra-
tion (NF) and reverse osmosis (RO) membranes provide high
selectivity, but due to their high-pressure operation, the energy
demand increases.9–11 These systems primarily remove EDCs
through adsorption on the membrane surface, based on
chemical interactions with the membrane.12,13 Microfiltration
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(MF) membranes, such as those made from polyethersulfone
(PES), offer a lower-pressure, more cost-effective alternative,
while featuring extensive surface area, chemical resistance and
high porosity.14 However, MF membranes alone have demon-
strated limited effectiveness in removing EDCs, as their selectiv-
ity relies primarily on surface adsorption rather than size
exclusion.15,16 Once the membrane surface becomes saturated,
its EDC retention efficiency significantly decreases. Therefore,
various adsorption-based water treatment methods, such as
activated carbon (AC) and graphene oxide (GO) could be
deployed to selectively remove EDCs from water. However, both
materials face limitations in sustainability and selectivity.17

Despite the low cost and availability, AC lacks on-site regenera-
tion methods and typically requires energy-intensive thermal
regeneration, leading to higher CO2 emissions. Additionally,
the repeated use of GO reduces its adsorption capacity due to
the loss of surface functional groups.7,18,19 Despite this, adsorber
particles remain a promising approach for EDC removal. This
includes molecularly imprinted polymer (MIP) particles, which
operate based on the principle of molecular imprinting. This
process creates selective binding sites for a target analyte within
a polymer matrix, which serve as memory sites that specifically
recognize and bind to the target molecules.20 Precipitation
polymerization produces spherical MIP particles with well-
defined binding sites. In this method, a functional monomer
and cross-linker are polymerized in the presence of a template

molecule, which initiates the formation of the imprint sites.
During polymerization, the monomer interacts with the template
to form a stable complex, while the cross-linked polymer back-
bone keeps the functional groups in specific orientations. After
the end of the polymerization, the template is removed,
leaving behind cavities that correspond to its size, shape,
and spatial orientation (Fig. 1). At the molecular level, the
template molecules (E2, TST or both) interact with the func-
tional monomer, such as methacrylic acid (MAA), through
hydrogen bonding between its carboxyl group and a hydroxyl
group of the template, thus forming a stable complex, fixed
within the cross-linked polymer matrix.21,22 The rigid hydro-
carbon structure of the templates limits their possible spatial
orientations, promoting the formation of well-defined recog-
nition sites.23 As illustrated in Fig. 1, the binding pockets are
formed around individual template molecules, allowing
accommodation of one target molecule at a time. Although
multiple functional groups within a pocket allow for multi-
point interactions, simultaneous binding of more than one
molecule per site is unlikely.24 In addition to hydrogen bond-
ing, hydrophobic and p–p interactions further contribute to
the overall binding of the molecules within the binding
pocket.25–27 When both templates are used, a wider variety
of binding site geometries is formed, enabling recognition of
structurally related hormones and extending the use of single-
template MIP system to a wider class of EDCs.28

Fig. 1 Scheme of precipitation polymerization and template (E2 and TST) molecular imprinting process.
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The formed cavities exhibit high affinity and selectivity
toward the target molecule.29–38 Non-imprinted polymers
(NIPs) share the same chemical composition as MIPs but are
synthesized without the template, resulting in the absence of
specific recognition sites. Therefore, MIPs demonstrate stron-
ger binding interactions with target molecules than NIPs, with
the effectiveness of these interactions depending on how well
defined the cavities are, which can be assessed through their
adsorption capacity.39 Previous studies have reported the synth-
esis of MIPs through precipitation polymerization.40,41 In these
studies, MAA was used as the functional monomer, while
divinylbenzene (DVB), trimethylolpropane trimethacrylate
(TRIM), or ethylene glycol dimethacrylate (EGDMA) served as
cross-linkers. Molecular imprinting was performed in the
presence of an EDC acting as the template molecule, resulting
in MIP-EDC particles specifically tailored for EDC recognition.
When E2 was used as the template, the resulting MIPs were
E2-imprinted particles.41 The adsorption capacity and selectiv-
ity of MIPs have been extensively investigated, mainly by
exploring different polymerization methods and different
monomer units. As previously mentioned, precipitation poly-
merization was utilized to prepare MIPs designed to specifically
recognize E2.40 The polarity of the solvent during polymeriza-
tion further played a crucial role in determining the adsorption
capacity of the MIPs for E2, as evidenced by the use of
acetonitrile as the porogen.42 Furthermore, 100 mg of MIP
microspheres prepared using 4-vinylpyridine and TRIM as the
functional monomer and cross-linker, respectively, exhibited
high selectivity and efficiency, removing more E2 than 300 mg
of AC. Notably, these MIPs demonstrated excellent reusability,
maintaining their performance for up to 30 cycles.43

As previously described, MF membranes alone exhibit cer-
tain limitations in selectivity towards EDCs, which could be
improved by certain modification or integration of other mate-
rials to achieve higher EDC removal. Incorporating adsorber
particles into the matrix of these membranes results in obtain-
ing composite membranes.41,44 Materials such as AC, zeolites,
or clays could serve as these adsorbents, whose incorporation
in the membrane significantly improves membrane perfor-
mance, yielding adsorption capacities between 80% and 90%
for various EDCs, due to the effective adsorption through
multiple interaction mechanisms.45,46 Furthermore, composite
membranes produce less waste since the incorporated adsorber
particles can be easily regenerated and reused, making them
sustainable without the need for frequent replacement.41 Sev-
eral studies have focused on the development of composite
membranes to enhance their efficiency in micropollutant
adsorption. To remove pharmaceuticals from water, one study
focused on synthesizing mixed matrix membrane adsorbers that
incorporated three different types of anion exchange particles.
Some of the investigated pharmaceuticals, like diclofenac and
sulfamethoxazole, were reported to be adsorbed up to 13.7 g m�2

and 0.60 g m�2, respectively, onto the adsorbers.47 Similarly, PES
membranes embedded with nanocomposite adsorbers exhibited
the ability to remove bisphenol A (BPA) up to 1.2 mg m�2.48 A
further example of incorporating adsorptive particles into MF

membranes is the integration of ZnO nanoparticles into PES
membranes, which effectively enhanced the adsorption of dyes
such as methylene blue rose from 47.5% to 82.3% in the
ZnO–PES composite membranes.49

An approach in a previous study included the preparation of
sandwich-type composite membranes, in which MIPs were
trapped between two MF membranes. The MIPs were prepared
using MAA as the functional monomer and EGDMA as the
cross-linker, with a chiral amino acid derivative serving as the
template molecule for imprinting. NIP particles were also
synthesized without the template. The composite membranes
were then fabricated by depositing the MIP particles as a layer
between two MF polyamide membranes, which functioned as
the support and cover layers. The selectivity of the resulting
composite membranes was confirmed by filtering a racemic
mixture containing equal amounts of both enantiomers of the
chiral amino acid, where the membrane selectively retained
only one enantiomer.50 This concept could similarly be adapted
for the selective removal of EDCs by using not only one EDC
molecule, but two EDCs simultaneously as the template in the
imprinting process, in order to obtain double-target MIP par-
ticles. Composite membranes were then fabricated using these
particles, along with NIPs, following the procedure described
above. The integration of MIPs into MF membranes aimed to
demonstrate that these composite membranes could serve as a
promising option for the selective removal of EDCs under low-
pressure and low-energy conditions in water treatment applica-
tions. Therefore, their performance was evaluated through
adsorption experiments.

Experimental
Materials and methods

17b-Estradiol (E2), testosterone (TST), methacrylic acid (MAA),
2,20-azobis (2-methylpropionitrile) (AIBN), divinylbenzene
(DVB), acetic acid, acetonitrile (ACN) and methanol (MeOH)
were purchased from Sigma Aldrich (St. Louis, MO, USA).
Bisphenol A (BPA) was obtained from Thermo Fisher Scientific
(Geel, Belgium). Microporous polyethersulfone (PES) (0.45 mm,
Express Plus, Merck Millipore) membranes were purchased
from Merck (Darmstadt, Germany). Absolute ethanol (EtOH),
toluene and aluminum oxide (Brockmann I) were purchased
from VWR (Radnor, PA, USA). Ultra-pure water was generated
by using Milli-Q purification system. All materials were used as
they were received from suppliers.

Synthesis of MIP/NIP particles

Pre-polymerization mixture preparation. First, the template
(1 mmol of E2, TST, or a 1 : 1 mixture of E2 and TST) is dissolved
into MAA (8 mmol) and DVB (40 mmol) to create the template
solution for each MIP type (E2, TST and the E2-TST mixture).
Meanwhile, the molar ratio of 1 : 8 : 40 is kept constant. Without
the addition of the template molecule, the ratio of 8 : 40 is
maintained while preparing the NIP particles. Equal amounts
of both templates are included in 1 mmol of the E2-TST
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mixture, while maintaining a consistent ratio of MAA to DVB. In
a round-bottom, three-neck flask, 1 mmol of the template was
added, followed by 0.7 mL of MAA and 5.7 mL of DVB, pre-
filtered through aluminum oxide. The mixture was dissolved in
ACN and toluene (3 : 1 v/v) and sonicated for 15 minutes to
ensure homogeneity, followed by degassing with nitrogen flow
for 20 minutes to remove any dissolved oxygen.

Polymerization initiation and purification. After being sealed
in a nitrogen atmosphere, the flask was put in an 85 1C silicon oil
bath. 13.77 mg of AIBN or 2 wt% of the monomer weight, were
dissolved in ACN and injected through a septum stopper into the
flask and continuously stirred at about 180 rpm. The heat was
reduced to 70 1C for two hours to finish the polymerization. After
the particles settled, they were cleaned with EtOH to get rid of
any unreacted compounds. A thorough washing was carried out
on the precipitated polymer using a 9 : 1 v/v solution of MeOH
and acetic acid. A dozen Eppendorf vials were filled with the
mixture, sonicated for 2–3 min, and centrifuged using a micro-
centrifuge (Carl Roth, Karlsruhe, Germany). 100 mL of the super-
natant solution was gathered and put into a 384-well plate
(UV-Star Plate, Greiner Bio-One, Frickenhause, Germany) to
determine the quantity of the template molecules through UV
absorption or fluorescence detection (Infinite M200, Tecan,
Germany). The washing process was carried out eight to ten
times until the template molecules could no longer be detected.

Composite membranes

Preparation of sandwich-type composite membranes. The
composite membranes were fabricated by cutting dry sheets of
microporous PES membranes with 0.45 mm pore size into
47 mm diameter. The sandwich-type composite membrane is
supported and covered by a PES membrane, respectively. As a
support membrane, a single 47 mm PES membrane disk was
placed in the filter holder of a bench scale stainless-steel dead-
end filtration device (16 249, Sartorius Stedim Biotech, Göttin-
gen, Germany). The cell was filled with 25 mL of particle
suspension containing 0.1 g MIP or NIP in water/EtOH solution
(9 : 1 v/v). By adding nitrogen gas at maintained pressure of 30
mbar, the suspension was filtered through the support
membrane and particles were deposited onto the membrane’s
surface. A second 47 mm PES membrane disk was then used to
cover the particle layer, resulting in the MIP or NIP sandwich-
type membrane.

The synthesized MIP/NIP particles and composite mem-
branes were characterized using a variety of methods, including
water permeance, scanning electron microscope (SEM) and
EDC adsorption tests. The water permeation experiments were
performed on the reference PES membranes and sandwich-type
composite membranes to determine their water permeability
using a filtration cell, equivalent to the one used to create
composite membranes. Two 47 mm PES membrane disks were
put in the filter holder of the filtration cell and 100 mL of
purified water was added to the cell. 1 bar of nitrogen pressure
was applied, and the filtration time was recorded. Similarly, to
measure the water permeance of the sandwich-type composite
membranes, one 47 mm PES membrane disk was placed in the

filter holder. 25 mL of a 0.1 g MIP/NIP particle suspension in
water/EtOH solution (9 : 1 v/v) was introduced to the cell. The
deposited layer of particles on the support membrane was
covered with a second 47 mm PES membrane disk. The filtra-
tion time of 100 mL of purified water under 1 bar of nitrogen
pressure was measured.

The reference PES and composite membranes’ permea-
tion times were measured, with the water permeance
J (L m�2 h�1 bar�1) being calculated based on the outcomes
of the filtration tests using eqn (1):

J ¼ V

t � A � p (1)

where V (L) indicates the volume of filtered water, A (m2) is
the membrane’s active surface area, t (h) is the permeation
time, and p (bar) is the applied pressure throughout the
filtering process.

With the utilization of SEM (Ultra 55, Carl Zeiss Microscopy
GmbH, Oberkochen, Germany), the particles’ morphology and
size was investigated. A silicon wafer was coated with a suspen-
sion of MIP/NIP particles in absolute EtOH and left to dry at
room temperature. The samples were coated with a thin
(30 nm) coating of chromium using the Z400 sputtering system
(Leybold, Hanau, Germany). The magnification ranged from
1000 to 25 000 fold. Moreover, the sandwich membrane cross-
section was observed using an optical microscope (Olympus
DSX1000, Olympus Corporation, Japan) to visualize the compo-
site structure.

Adsorption of EDCs on composite membranes

To examine the adsorption of EDCs on the reference and
composite membranes, multiple dynamic adsorption tests were
conducted. A stock solution of E2 with a concentration of
10 mg mL�1 was prepared by dissolving 100 mg of E2 in
10 mL of absolute EtOH. To prepare a solution with final
concentration of 5 mg L�1 (5 ppm), 50 mL of the stock E2
solution was added to a 100 mL volumetric flask and diluted
with water/EtOH solution (9 : 1 v/v). To create a calibration
curve, four more solutions with concentrations of 4, 3, 2, and
1 mg L�1 were prepared. The concentrations of the five aqueous
E2 solutions were measured through fluorescence detection at
an excitation wavelength of 273 nm and an emission wave-
length of 305 nm. Similarly, the TST and BPA stock solutions
were prepared with a concentration of 10 mg mL�1 and subse-
quently five aqueous TST and BPA solutions (concentrations of
4, 3, 2, and 1 mg L�1) were used to create calibration curves. In
the case of the TST solutions, the UV absorbance was measured
at a wavelength of 246 nm, whereas the concentration of the BPA
solutions was determined by fluorescence detection at an excita-
tion wavelength of 276 nm and emission wavelength of 306 nm.
50 mL of each stock solution of E2 and TST (10 mg mL�1) were
sampled into a 200 mL volumetric flask to create the 1 : 1 E2-TST
mixed solution. To obtain this solution with a final concen-
tration of 5 mg L�1 EDCs (2.5 mg L�1 for each EDC), it was
diluted to 200 mL with water/EtOH solution (9 : 1 v/v). Table 1
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lists the EDC molecules studied along with their relevant
properties.

To assess the dynamic adsorption loadings of the reference
PES and composite membranes, the EDCs aqueous solutions
were filtered using filtration equipment as described for the
fabrication of the sandwich-type composite membranes. Fol-
lowing the preparation of the composite membrane in the filter
holder as detailed in the preceding section, the filtration
procedure started by adding 30 mL of water/EtOH solution
(1 : 1 v/v) to the membranes under nitrogen pressure of 30
mbar. Afterwards, another 25 mL of a water/EtOH solution
(9 : 1 v/v) were filtered. Finally, the adsorption test was con-
ducted by adding 50 mL of 5 mg L�1 EDC solution to the
membrane system in the filtration cell. Samples were initially
collected at 2 mL, 5 mL, and subsequently every 10 mL. The
concentrations of each permeate sample were determined by
UV absorption or fluorescence detection. This dynamic adsorp-
tion experiment approach was performed for a second and
third adsorption cycle to test the reusability of the composite
membranes. The membranes were thoroughly washed by rin-
sing them with 30 mL of water/EtOH solution (1 : 1 v/v) follow-
ing each adsorption cycle. The washing stage involves further
adding and filtering 25 mL of water/EtOH solution (9 : 1 v/v) to
the filtration apparatus before the next cycle.

50 mL of 5 mg L�1 EDC solution was applied to the regener-
ated composite membranes for a second adsorption cycle, and
permeate samples were obtained as in the first cycle. Fluores-
cence detection or UV absorption were used to measure 100 mL of
each permeate sample. With this approach, the membranes’
reusability was evaluated, and a third adsorption cycle was carried
out using the same process. In the same manner as the sandwich-
type composite membranes, the dynamic adsorption and reusa-
bility tests were conducted for reference PES membranes using
two 47 mm PES membranes without MIP/NIP particles present.

The composite membranes containing particles imprinted
with E2 were designated as PES + MIP-E2, while those

containing TST-imprinted particles were referred to as PES +
MIP-TST. Moreover, the composite membranes that have
double-target imprinted particles incorporated, were denoted
as PES + MIP-E2-TST. While PES + MIP-E2 and PES + MIP-TST
composite membranes were treated with E2, TST and BPA,
dynamic adsorption tests were conducted using the same
protocol for reference PES and PES + NIP composite mem-
branes with E2, TST, BPA and E2-TST mixture. The E2-TST
mixture was used to treat the PES + MIP-E2-TST double-target
composite membrane.

Results and discussion

The preparation of MIP/NIP adsorber particles and sandwich-
type composite membranes, followed by their characterization
and adsorption testing are described and discussed in this
section. The preparation process of the particles included
precipitation polymerization, and molecular imprinting was
employed to obtain the MIPs. A layer of particles was intro-
duced between two MF membranes, thus forming the compo-
site membranes. Water permeance measurements, SEM, and
EDC adsorption tests were among the characterization meth-
ods used to determine the success of particle synthesis and the
composite membrane preparation. As supplementary charac-
terization, optical microscopy of the sandwich membranes
showed a cross-section with the particle layer sandwiched
between two PES membranes (Fig. S6). Due to wet conditions
and the non-adhesiveness of the particles to the surface of the
membranes, some particle displacement occurred onto the
membrane surface during preparation. Further measurements
would require removing the membrane system from the filtra-
tion cell, thus altering the structure of the system.

Water permeance

To evaluate the water permeance of the membranes, the
reference PES and composite membranes’ permeation times
were recorded, and water permeance J was calculated using
eqn (1). The permeance values for the tested membranes are
shown in Fig. 2. The water permeance for the reference PES
membranes was measured by stacking two PES membranes on
top of one another. They showed an average permeance value of
15 401 � 298 L m�2 h�1 bar�1, due to being hydrophilic. Between
the support and cover PES membrane, a layer of NIP particles was
added to prepare sandwich-type composite membranes. Com-
pared to the reference PES membranes, this led to a significantly
reduced water permeance. The composite membranes exhibited
an average permeance value of 1243 � 246 L m�2 h�1 bar�1,
which corresponds to about 8% of the reference PES membranes.
Only NIP particles were used for the water permeance studies, as
previous work has shown that molecular imprinting does not
affect the permeability of composite MIP membranes, as these
membranes with embedded MIP particles exhibited consistently
good permeability.41 This is further supported by SEM images of
NIP and MIP particles, which show no visual difference (Fig. S2
and S3 in SI), indicating similar filtration behavior, leading to

Table 1 Structures of investigated EDC molecules and some properties

MIP/NIP particle
and membrane
characterization
compound Chemical structure

Molecular
weight/g mol�1 TPSA/Å2 51

17b-Estradiol
(E2) 272.4 40.5

Testosterone
(TST) 288.4 37.3

Bisphenol A
(BPA) 228.3 40.5
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comparable water permeance for both systems. Due to the addi-
tional resistance of the inserted particle layer between the
membranes and the trapped air pockets, the noticeable decrease
in water permeability of the sandwich-type composite mem-
branes was anticipated. Nonetheless, the addition of MIP/NIP
particles to MF membranes, neither caused membrane blockage
nor increased the water permeability of the membrane system.

SEM

To analyze the morphology of the adsorber particles as well as
the pore structure and morphology of the reference PES mem-
branes, SEM was utilized. The top side (Fig. 3a) and cross-
section (Fig. 3b) of the reference PES membrane are shown in
Fig. 3. Additionally, Fig. 3c–f shows the structural properties of
the adsorber particles. The particles show noticeable spherical
forms and the scale on Fig. 3 indicates that their sizes pre-
dominantly range from 1 to 2 mm. This demonstrates that the
MIP/NIP particles are homogenous in size and shape, in line
with earlier studies.41,52 The small degree of particle agglom-
eration necessitated the creation of sandwich-type composite
membranes, despite the spherical characteristics of the adsor-
ber particles were thought to be appropriate for integration into
the membrane scaffold.

Adsorption of EDCs

With the use of 5 mg mL�1 aqueous solutions of EDC, a series
of dynamic adsorption experiments were conducted to investi-
gate the adsorption characteristics of the reference PES and
composite membranes. To evaluate how efficiently and selec-
tively the tested membranes removed E2, TST, BPA, and E2-TST
mixture over the course of three cycles, adsorption loadings for
the EDCs were calculated. The adsorption cycles were repeated,
to determine whether the membranes could be reused. Adsorp-
tion loadings for reference PES were determined as a ratio
between the quantity of adsorbed EDC on the membranes and
the weight of the membranes in total (mg of adsorbed EDC/
153.13 mg of PES). Additionally, the ratio between the quantity
of adsorbed EDC and the weight of the two PES membranes

with an added 100 mg layer of adsorber particles (mg of
adsorbed EDC/253.13 mg of PES + MIP/NIP) is used to display
the EDCs’ adsorption loadings for the composite membranes.
For each membrane system, 50 mL of EDC solution was filtered
three times with a thorough washing step implemented
between each filtration. For every cycle, breakthrough (BT)
curves were obtained, providing information on the mem-
branes’ adsorption performance. The BT point is defined as
the stage in a membrane filtration process when the permeate
concentration (Cp) reaches 10% of the feed concentration
(C0).41 The average values for the adsorption loading were
obtained by repeating each dynamic adsorption experiment
three times in three cycles.

E2 adsorption loading. Fig. 4 displays the findings for the E2
adsorption loadings over three adsorption cycles for three

Fig. 2 Water permeance of reference PES and sandwich-type composite
membranes.

Fig. 3 SEM images of the (a) top side and (b) cross-section of reference
PES membrane and (c) NIP, (d) MIP-E2, (e) MIP-TST and (f) MIP-E2-TST
adsorber particles.
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membrane systems: PES, PES + NIP, and PES + MIP. After 50
mL of 5 mg L�1 E2 solution were filtered through the reference
membrane system, consisting of two PES membranes, the
average amount of E2 adsorbed was 0.58 � 0.18 mg mg�1 for
the first cycle, which was measured three times for each
membrane system (Fig. 4). Following the washing step in
between each cycle, the E2 adsorption loading for the second
and third cycles was further calculated. In the case of the PES +
NIP composite membrane, by introducing NIP particles, the E2
adsorption moderately increases, as evident from the E2
adsorption loading of 0.64 � 0.14 mg mg�1 in the first cycle.
As the available surface area is greater in the PES + NIP
composite membrane than the reference PES membranes, the
adsorption loading for the subsequent cycles shows a compar-
able slight rise. The average adsorption loading for the first
cycle for PES + MIP-E2 composite membrane was calculated,
yielding a value of 0.62 � 0.29 mg mg�1. Consecutively, E2
adsorption loading was measured in the second and third
cycles, which are 0.80 � 0.13 mg mg�1 and 0.82 � 0.12 mg
mg�1, respectively. Since the values fall mostly within the error
bars observed for the previous two membrane systems, PES +
MIP-E2 composite membrane shows a slightly gradual increase
in the E2 adsorption in the later cycles, indicating a potential
modest improvement for further cycles.

Over the three adsorption cycles, BT curves for the tested E2
are composed as shown on Fig. 5. During the span of one
filtration cycle, the E2 concentration (mg L�1) in the permeate
progressively rises. The reference PES membrane systems
achieve a saturation plateau in the second half of each cycle,
limiting additional E2 adsorption. In comparison, the E2
concentration in each cycle of the dynamic adsorption experi-
ments with composite membranes can be considered lower
than the reference PES. As evidenced by its low presence in the
permeate at the start of the subsequent cycle, the adsorbed E2
is washed off with the regeneration phase, implemented after
the filtration of 50 mL E2 solution. With the inclination of BT
curves for PES + NIP composite membranes, an additional

potential adsorption capability is exhibited up until their own
saturation point is achieved, whereas the reference PES show
indications of saturation near the end of the cycles. The steadily
declining curve for E2 concentration in the permeates in every
next cycle could be due to the additional regeneration step that
may cause polymer swelling, making the adsorber particles
more exposed and their pores enlarged. In the later cycles, the
PES + MIP-E2 composite membrane exhibits slightly higher
performance than the PES + NIP membrane. Since both particle
types experience polymer swelling, the pore expansion in MIPs
exposes more specific binding sites, leading to higher adsorp-
tion capacity. In contrast, NIPs rely on non-specific binding,
resulting in surface saturation and allowing E2 concentrations
in the permeate to rise in the later cycles. Through this
clarification, supported by the BT curves and adsorption load-
ing results, the composite membranes containing MIPs indi-
cate higher adsorption capacity in later cycles than reference
PES and composite membranes with NIPs.

TST adsorption loading. Fig. 6 displays the adsorption
loading results for TST for the three membrane systems---PES,
PES + NIP, and PES + MIP—across three adsorption cycles. The
average results are comprised of three consecutive measure-
ments. Following the filtration of 50 mL of 5 mg L�1 TST
solution through the reference PES system, the amount of TST
adsorbed relative to the total weight of the system reaches
0.15 � 0.12 mg mg�1 in the first cycle. In contrast to the E2
adsorption loading on the reference PES, the TST adsorption
loadings for the second and third cycles exhibit similar values,
suggesting that the regeneration step has no effect on the TST
adsorption. Furthermore, TST exhibits a lower adsorption
affinity towards PES when compared to E2, with E2 being
approximately five times more adsorptive on the PES
membrane surface than TST. The TST adsorption loading
values increase from 0.26 � 0.21 mg mg�1 in the first cycle to
0.41� 0.18 mg mg�1 in the third cycle over the adsorption cycles

Fig. 4 E2 adsorption loading (mg mg�1) on reference PES, PES + NIP and
PES + MIP-E2 in three adsorption cycles.

Fig. 5 BT curves of reference PES (grey), PES + NIP (blue) and PES + MIP-
E2 (pink) composite membranes for filtration of E2 water solution in three
cycles.
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with the PES + NIP composite membrane. With the addition of
NIP particles, the TST adsorption loadings increase with each
succeeding cycle (Fig. 6), opposed to the TST adsorption on
reference PES. This implies that the pores of NIP particles swell
due to EtOH washing, increasing their surface area and, con-
sequently, their adsorption capacity. A high average adsorption
loading of 0.93 mg mg�1 was recorded in the first and second
cycles of TST adsorption loading on the PES + MIP-TST compo-
site membrane. The measurement of the identical quantity of
residing TST concentrations in the filtrate at the end of the
dynamic adsorption experiments for all three measurements
resulted in the same value for the first two cycles, due to the
remaining TST concentrations in the filtrate being below the
detection threshold of the instrument (o0.1 mg L�1). As a
result, error bars are too small to be visible in Fig. 6 for these
values. An adsorption loading of 0.89 � 0.07 mg mg�1 was
recorded in the last cycle, demonstrating that the TST adsorp-
tion loading continues to be higher than it is with the reference
PES and PES + NIP composite membranes, even after two
regeneration steps.

Similarly to the BT curves for E2, Fig. 7 displays the BT curves
for TST throughout the duration of three adsorption cycles with a
comparable pattern for the TST concentration (mg L�1) in the
permeate. Over the course of one filtration cycle, the TST
concentration gradually increases until it reaches a saturation
plateau, which prevents further TST adsorption. For the refer-
ence PES membrane system, this pattern is evident throughout
the three cycles of dynamic TST adsorption experiments. With the
use of the PES + NIP composite membranes, the TST adsorption
tests for each cycle reveal lower levels of TST present in the
permeate than the reference PES. Furthermore, the PES + NIP
composite membrane exhibits improved TST adsorption capacity
over cycles as well as regeneration with each additional cycle. The
PES + MIP-TST composite membranes outperform this adsorp-
tion capability, with their BT curves showing a TST permeate
concentration that is five times lower than that of the reference
PES. Moreover, these BT curves show no inclination and stay

constant over all cycles as the permeate concentration is below
the detection limit of the instrument. The implemented regen-
eration processes between cycles are considered the reason for
the absence of a breakthrough point. This performance of the
PES + MIP-TST composite membranes indicates both their high
degree of adsorption and stability throughout each cycle. Upon
comparison between the NIP and MIP composite membranes,
the reduced TST adsorption on the PES + NIP composite mem-
branes is more evident than that observed for E2. Moreover, the
PES + MIP-TST composite membranes exhibit a higher adsorp-
tion capacity than their E2 counterparts.

E2-TST adsorption loading. The adsorption loadings for E2
and TST over three adsorption cycles for three membrane
systems: PES, PES + NIP, and PES + MIP are shown on Fig. 8.
E2 and TST adsorption loadings for all membrane systems were
assessed three times, with the average results depicted in
Fig. 8a and b, respectively. The dynamic adsorption tests were
conducted using an E2-TST mixture solution, consisting of
2.5 mg L�1 E2 and 2.5 mg L�1 TST, totaling 5 mg L�1 of
EDC. 50 mL of this mixture was filtered through the reference
PES membrane system, and an additional blank sample with
2.5 mg L�1 TST (without E2) was prepared and fluorescence
measurements for E2 were recorded. Separately, absorbance
values for TST were recorded. No interference at the detecting
wavelength was confirmed by both measurements. The first cycle
for the reference PES resulted in 0.24 � 0.09 mg mg�1 of
adsorbed E2. The values of the TST absorbance in the first cycle
for this membrane system exhibited 0.09 � 0.01 mg mg�1.
Following the first cycle, the influence of the additional washing
procedures caused slightly increased E2 adsorption loading on
PES during the second and third cycles, whereas the TST
adsorption loading slightly decreased, confirming the lower
adsorption affinity of TST towards PES than E2.

As observed in Fig. 8a, the PES + NIP composite membrane
exhibits lower E2 adsorption loading for each of the three cycles

Fig. 6 TST adsorption loading (mg mg�1) on reference PES, PES + NIP and
PES + MIP-TST in three adsorption cycles. Fig. 7 BT curves of reference PES (grey), PES + NIP (blue) and PES + MIP-

TST (green) composite membranes for filtration of TST water solution in
three cycles.
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when compared to the reference PES. This contrasts with the
prior claim that the addition of NIP particles would result in
more E2 adsorption. The presence of both E2 and TST in the
filtered solution may be the cause of the decreased E2
adsorption in the PES + NIP composite membranes. As the
NIPs are not molecularly imprinted, E2 and TST would have
to compete for the same adsorption sites on the surface of
the NIPs. As shown in Fig. 4, when E2 was the only EDC
present, the PES + NIP composite membrane exhibited
slightly higher E2 adsorption than the reference PES, leading
to an overall comparable adsorption loadings between the
two. Upon introducing the E2-TST mixture, the competing
adsorption and varying adsorption affinities of the EDCs,
causes E2 to adsorb less on PES + NIP than on the
reference PES.

As previously seen, Fig. 6 illustrated how the addition of
NIPs increased the TST adsorption loading, when compared to
the reference PES. This points out that TST exhibits more
adsorption on PES + NIP than only on PES. In the case when
an E2-TST mixture is added to the reference PES (Fig. 8b), TST
adsorption loadings are significantly lower than those of E2.
This is also evident in the case of PES + NIP composite
membrane, where TST adsorbs less on NIP surface than E2.
The average E2 adsorption loading of the PES + NIP composite
membrane is 0.19 � 0.02 mg mg�1 for the first cycle, and by the
third cycle, it has slightly increased to 0.20 � 0.04 mg mg�1,

whereas the average TST adsorption loading for this system
reached only 0.08 � 0.07 mg mg�1 in the last cycle.

The double-target PES + MIP-E2-TST composite membrane,
exhibited a high average E2 adsorption loading of 0.51 mg mg�1

after the filtration of E2-TST mixture across all three cycles. Each
filtrate had the same amount of residual E2 concentrations,
detected below the threshold of the instrument (o0.1 mg L�1),
resulting in the same adsorption loading values and error bars too
small to be visible in Fig. 8a. Similarly, because of undetectable
TST concentrations in the filtrate, TST adsorption loading was
0.48 mg mg�1 for all three cycles, with indistinguishable error bars
(Fig. 8b). This further demonstrates more selectivity of the double-
target MIPs toward both E2 and TST compared to NIPs. As these
membranes are the prime focus in this research, it is important to
note that the adsorption values correspond to the total mass of
the sandwich system (100 mg MIPs and E150 mg of PES
membranes). When normalized to the mass of active MIPs, the
adsorption capacity increases from 0.5 to 1.25 mg mg�1 per
analyte, corresponding to a total of 2.5 mg mg�1. This highlights
the dilution effect caused by the PES membranes, which may lead
to underestimation, as adsorption capacities are often reported
per gram of MIP only.40,41 Moreover, since the values are given per
target, the combined capacity (E1 mg mg�1, or 2.5 mg mg�1 based
on MIP mass) is comparable with the amounts reported for the
single-target systems described above.

The BT curves for E2 and TST across three adsorption cycles
for the three membrane systems, reference PES, PES + NIP, and
double-target PES + MIP-E2-TST composite membranes are
shown in Fig. 9a and b, respectively. Fig. 9a shows the E2
concentration in the permeate progressively rising over the
course of one filtration cycle, as previously observed. The
reference PES membrane systems saturate in the second half
of each cycle, preventing additional E2 adsorption. In compar-
ison to the reference PES, the E2 concentration in the later
cycles is slightly lower for the PES + NIP composite membranes.
This was also observed on Fig. 5 when 5 mg L�1 E2 solution was
filtered through a PES + NIP composite membrane. The incli-
nation in the BT curve suggests that these membranes are
nearing their saturation point. The PES + MIP-E2-TST compo-
site membranes, in contrast, exhibit no BT points for E2
concentrations during any cycle, and the E2 concentration
remains below the detection limit of the instrument (Fig. 9a).
This behavior was not observed during the E2 adsorption tests
using PES + MIP-E2 composite membranes, leading to the MIP-
E2 particles being less specific towards E2 than the double-
target MIPs made for both, E2 and TST. Two potential explana-
tions to this behavior include the use of lower E2 concentration
(2.5 mg L�1 as opposed to 5 mg L�1) in the experiments and the
possibility that double-target imprinting provides a greater
variety of binding sites within the polymer matrix. Since E2
and TST share structural similarities, E2 molecules may bind to
TST-imprinted cavities, thus resulting in a higher E2 adsorp-
tion. The binding cavities formed with the E2-TST template
may accommodate a wider range of spatial orientations for E2
or TST molecule when reintroduced. It is expected that more
molecules can potentially be adsorbed in the cavities, than

Fig. 8 Adsorption loading (mg mg�1) of: (a) E2 and (b) TST on reference
PES, PES + NIP and PES + MIP-E2-TST in three adsorption cycles.
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when the particles are imprinted with a single EDC. Addition-
ally, using two molecules as a template during the polymeriza-
tion process, may increase the porosity and, therefore, surface
area, which would contribute to an enhanced adsorption
performance.53,54

Similar trends to the E2 BT curves are observed in Fig. 9b,
which displays the BT curves for TST concentrations during
three adsorption cycles. The gradual increase in TST concen-
tration in the first cycle of the TST adsorption test for the
reference PES reaches a saturation plateau that resembles the
E2 BT curves. This is observed for the second and third cycles as
well. The BT curve of the PES + NIP composite membrane in the
first cycle is indistinguishable from that of the reference PES,
confirming that both membrane systems exhibit similarly
reduced TST adsorption when the E2-TST mixture is intro-
duced. The later cycles show a similar pattern, indicating that
the regeneration steps do not influence TST adsorption. This
can be attributed to the stronger non-specific binding of E2
onto NIPs compared to TST. Therefore, E2 must be the primary
factor for this pattern, as TST alone shows slightly higher
adsorption on NIPs than on PES (Fig. 6). However, as with
the BT curves for the same membrane systems in Fig. 9a, the BT
points for TST concentrations in the PES + MIP-E2-TST

composite membranes are absent throughout all cycles, and
the TST concentration remains below the detection limit of the
instrument. Moreover, there are no breakthrough points due to
the regeneration processes in between cycles. This behavior of
PES + MIP-E2-TST composite membranes shows their stability
and high adsorption capacity across all cycles demonstrating
the improved efficacy of composite membranes containing
MIPs. With the introduction of double-target MIPs, the adsorp-
tion capacity as well as the reusability of the membranes are
further increased for both EDCs.

Selectivity

TST tests with MIP-E2. To evaluate the selectivity of the
MIPs, dynamic adsorption experiments were conducted using
TST with the PES + MIP-E2 membrane system and E2 with the
PES + MIP-TST system. Fig. 10a shows the TST adsorption
loadings for the three membrane systems: PES, PES + NIP,
and PES + MIP-E2 in three adsorption cycles. The TST adsorp-
tion loading section covered the findings for the first two
membrane systems. The adsorption loading of TST in the first
cycle for PES + MIP-E2 was 0.65 � 0.16 mg mg�1, which slightly
increased during the third cycle to 0.70 � 0.16 mg mg�1 through

Fig. 9 BT curves of reference PES (grey), PES + NIP (blue) and PES + MIP-
E2-TST (yellow) composite membranes for filtration of: (a) E2 and (b) TST
water solution in three cycles.

Fig. 10 (a) TST adsorption loading (mg mg�1) on reference PES, PES + NIP
and PES + MIP-E2 in three adsorption cycles; (b) BT curves of reference
PES (grey), PES + NIP (blue) and PES + MIP-E2 (pink) composite mem-
branes for filtration of TST water solution in three cycles.
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regeneration. This indicates that the E2-imprinted MIP exhibits
lower selectivity toward TST compared to E2, as reflected by the
E2 adsorption loading of 0.82 � 0.12 mg mg�1 observed in the
third cycle. Fig. 10b displays the BT curves for the measured
TST during three adsorption cycles. The permeate TST concen-
tration for the reference PES and PES + NIP membrane systems
exhibits the previously mentioned patterns. The PES + MIP-E2
composite membrane displays the increase in TST concen-
tration gradually and approaches a moderate saturation in
the third cycle. In contrast to the E2 testing with this composite
membrane, the permeate E2 concentration was lower than the
TST concentration. This implies that the PES + MIP-E2 compo-
site membrane is more selective towards E2 than TST, even
though, similarly to the other membrane systems, TST adsorp-
tion continues onto the E2-imprinted composite membrane
during each cycle until saturation is reached.

E2 tests with MIP-TST. The E2 adsorption loadings for the
three membrane systems: PES, PES + NIP, and PES + MIP-TST in
three adsorption cycles are exhibited on Fig. 11a. The results for
the first two membrane systems were discussed in the E2
adsorption loading section. With E2 filtration through PES +
MIP-TST, E2 exhibited adsorption loading of 1.05� 0.02 mg mg�1

which remained throughout the cycles at a similar value. This
shows an increased selectivity of the TST-imprinted MIP towards
E2 than TST throughout the cycles, as reflected by the TST
adsorption loading of 0.89 � 0.07 mg mg�1 observed in the third
cycle (Fig. 6). To explain the higher E2 adsorption on TST-
imprinted particles, Table 1 provides the topological polar sur-
face area (TPSA) values of the investigated EDCs. TPSA, expressed
in Å2, estimates the polar surface area of a molecule based as the
summed surface contributions of its polar atoms.51 Among the
compounds examined, TST has the lowest TPSA of 37.3 Å2,
whereas E2 exhibits a higher value of 40.5 Å2. The cavities formed
using TST as the template can accommodate the more polar E2
molecules, even though TST is the less polar molecule, likely due
to the greater availability of functional groups from the func-
tional monomer (MAA) within those cavities, needed to stabilize
the TST-monomer interactions. After removing the template and
reintroducing TST, it interacts strongly with the binding site
through hydrogen bonding facilitated by its single hydroxyl
group as well as hydrophobic interactions. Moreover, the bind-
ing cavities result in being more polar than the TST molecule
itself, due to the cluster of functional groups from MAA. When
an E2 molecule is introduced, it would also bind to these cavities.
E2 contains two hydroxyl groups (with one of them phenolic),
through which it forms twice as many hydrogen bonds with MAA
than TST (Fig. 1). The phenolic hydroxyl group is more acidic,
making it a stronger hydrogen-bond donor, and the aromatic
ring in E2 enables additional p interactions. These factors
provide E2 with more interaction sites per molecule, contribut-
ing to its enhanced affinity for the TST-imprinted cavities.

Fig. 11b shows the BT curves for E2 during three adsorption
cycles. The permeate E2 concentrations for the reference PES
and PES + NIP membranes follow the previously described
trends. In contrast, the PES + MIP-TST composite membrane
exhibits a much lower E2 concentration, which increases

slightly toward the end of each cycle. In contrast to the TST
tests, where the permeate TST concentration remained below
the detection limit of the instrument yielding no BT points, the
E2 filtration showed an increase in E2 concentration towards
the end of each cycle as expected, indicating that despite
substantial E2 adsorption (Fig. 11a), the presence of BT points
during E2 testing suggests that the TST-imprinted composite
membrane exhibits preferential selectivity toward TST over E2.

Returning to the double-target MIP composite membranes,
this behavior was not observed: when filtering either E2 or TST,
no EDCs were detected in the filtrate. This clearly indicates that
using a 1 : 1 mixture of E2 and TST as templates creates distinct
binding cavities for both analytes, offering more effective and
sustained adsorption than single-template MIPs or NIPs.

BPA adsorption loading. To evaluate the selectivity of the
E2- and TST-imprinted particles towards these EDCs, dynamic
adsorption experiments were conducted using BPA, another EDC
that, unlike E2 and TST, does not contain a steroid structure. The
adsorption loadings for the four membrane systems: PES, PES +
NIP, PES + MIP-E2, and PES + MIP-TST in three adsorption cycles
are exhibited on Fig. 12. In the first membrane system, BPA
exhibited adsorption loading of 0.35 � 0.02 mg mg�1 during the

Fig. 11 (a) E2 adsorption loading (mg mg�1) on reference PES, PES + NIP
and PES + MIP-TST in three adsorption cycles; (b) BT curves of reference
PES (grey), PES + NIP (blue) and PES + MIP-TST (green) composite
membranes for filtration of E2 water solution in three cycles.
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first cycle with no subsequent increase upon regeneration. More-
over, this step showed negligible changes between cycles upon
filtering 5 mg L�1 BPA solution through PES + NIP composite
membrane, as the adsorption loading 0.16 � 0.03 mg mg�1 for
the first cycle remained similar throughout the rest of the cycles.
The adsorption loadings for BPA for the third membrane system,
PES + MIP-E2, followed a comparable trend as the previous
system, displaying a BPA adsorption of 0.11 � 0.02 mg mg�1

for the first cycle. In contrast to the higher E2 adsorption observed
for the PES + MIP-E2 than PES + NIP, BPA showed lower adsorp-
tion on PES + MIP-E2 than the first two non-imprinted membrane
systems. This indicates that the E2-molecular imprinting causes
the particles to adsorb almost ten times more E2 than BPA.
Nonetheless, this is not the case with the BPA adsorption loading
for the PES + MIP-TST membrane system, where this composite
membrane exhibits the highest BPA adsorption loading 0.51 �
0.08 mg mg�1 measured in the first cycle. Although the adsorp-
tion decreased slightly in subsequent cycles, it remained the
highest overall. This value corresponds to roughly half of the
TST adsorption achieved by the same membrane in the first
cycle (0.93 mg mg�1). Furthermore, this behavior of the PES +
MIP-TST composite membrane is similar to the E2 selectivity
tests and could be attributed to the greater polarizability of
BPA than E2, due to it containing two phenolic groups,
meaning BPA could interact with the TST-imprinted cavities
through hydrogen bonding, p interactions, and hydrophobic
effects. Although BPA and E2 share the same TPSA value
(40.5 Å2), BPA is less effectively adsorbed than E2, primarily
because BPA lacks a steroidal structure, limiting its geometric
compatibility with the TST-imprinted cavities.

The BT curves for the tested BPA across three adsorption
cycles are presented in Fig. 13. On Fig. 13a, the permeate BPA
concentration (mg L�1) follows a similar trend for the reference
PES, PES + NIP and PES + MIP-E2 membrane systems. In each
case, the gradual rise in BPA concentration during one filtra-
tion cycle reaches a saturation plateau, preventing further BPA
adsorption. This behavior can be observed across all three
cycles for the reference PES and PES + NIP composite mem-
branes, suggesting that regeneration does not enhance BPA

adsorption in subsequent cycles. The PES + MIP-E2 composite
membranes display similar adsorption performance, with BT
curves mirroring those of the non-imprinted membrane sys-
tems. Analogously, Fig. 13b shows the same trends for BPA for
the first two membrane systems, but the BT curves for BPA for
the PES + MIP-TST composite membrane exhibit a slower and
more gradual increase in permeate BPA concentration before
reaching the saturation plateau. This suggests continued BPA
adsorption on this composite membrane throughout each
cycle, until saturation is achieved, similar to the other
membrane systems.

Relative adsorption percentages. The relative adsorption of
each EDC (%) for the two membrane systems: PES + MIP-E2 and
PES + MIP-TST are shown on Fig. 14a and b, respectively, as a
summary of the results in this section. Fig. 14a exhibits the
adsorption loadings of each EDC during the first cycle of a
dynamic adsorption experiment with the PES + MIP-E2
membrane system. From these values, the adsorption of each
EDC was expressed relative to the E2 loading, which was set to
100%. As shown in the previous detailed results, both TST and
BPA show lower adsorption than E2, exhibiting 89% and 15%,
respectively. Similarly, these relative percentages were calculated

Fig. 12 BPA adsorption loading (mg mg�1) on reference PES, PES + NIP,
PES + MIP-E2 and PES + MIP-TST in three adsorption cycles.

Fig. 13 BT curves of reference PES (grey), PES + NIP (blue) and composite
membranes: (a) PES + MIP-E2 (pink) and (b) PES + MIP-TST (green) for
filtration of BPA water solution in three cycles.
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for PES + MIP-TST (Fig. 14b), where TST adsorption was scaled to
100%. E2 adsorption reached 113%, exhibiting higher E2 uptake
on this membrane system than TST as previously discussed. BPA
adsorption also reached 55% relative to TST, once again showing
that PES + MIP-TST exhibits higher adsorption capacity than
PES + MIP-E2, even for BPA.

Conclusions

In this study, composite MF membranes were developed and
evaluated for the selective removal of EDCs, specifically E2 and
TST. The membranes combined PES with MIP particles synthe-
sized via precipitation polymerization in the presence of E2 and
TST to create specific recognition sites (double-target imprinted),
while NIPs served as references. Subsequently, sandwich-type
composite membranes were prepared by embedding MIP/NIP
particles between two PES layers, which were characterized using
SEM, water permeance, and adsorption tests. Adsorption experi-
ments confirmed that E2- and TST-imprinted membranes exhib-
ited high adsorption capacities when compared to NIP or PES
membranes. The double-target MIP membranes effectively
adsorbed both E2 (0.51 mg mg�1) and TST (0.48 mg mg�1),
confirming successful dual adsorption and enhanced binding
site density. Selectivity testing revealed that TST-imprinted par-
ticles showed characteristics of a multi-adsorptive surface,

capable of binding not only TST but also E2 and BPA, whereas
E2-imprinted particles did not exhibit this broader adsorption
capability. Reusability tests showed improved adsorption over
cycles due to polymer swelling and pore expansion. Future work
should focus on reducing particle agglomeration, enabling their
full incorporation into the MF membrane scaffold through
alternative methods (e.g., via NIPS or EB irradiation), scaling
up production, and testing in real water matrices.
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tion of pharmaceuticals in nanofiltration and reverse osmo-
sis membrane drinking water treatment, Water Res., 2008,
42, 3601–3610.

11 M. Hafiz, A. H. Hawari, R. Alfahel, M. K. Hassan and
A. Altaee, Comparison of Nanofiltration with Reverse Osmo-
sis in Reclaiming Tertiary Treated Municipal Wastewater for
Irrigation Purposes, Membranes, 2021, 11, 32.

12 M. G. Shin, W. Choi, S. J. Park, S. Jeon, S. Hong and
J. H. Lee, Critical review and comprehensive analysis of
trace organic compound (TOrC) removal with polyamide
RO/NF membranes: Mechanisms and materials, Chem. Eng.
J., 2002, 427, 130957.

13 X. Jin, J. Hu and S. L. Ong, Influence of dissolved organic
matter on estrone removal by NF membranes and the role of
their structures, Water Res., 2007, 41, 3077–3088.

14 Z. Niavarani, D. Breite, A. Prager, B. Abel and A. Schulze,
Estradiol Removal by Adsorptive Coating of a Microfiltra-
tion Membrane, Membranes, 2021, 11, 99.

15 S. Chang, T. D. Waite, A. I. Schäfer and A. G. Fane, Adsorp-
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