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A B S T R A C T

Waterborne micropollutants can persist in wastewater effluents even after advanced treatment processes, such as 
membrane bioreactors (MBRs), posing significant risks to aquatic organisms and human. The incorporation of 
ultrafiltration (UF) membranes with adsorbents, such as single-walled carbon nanotubes (SWCNTs), provides a 
low-energy barrier against micropollutants, but water matrices can compromise function. Removal of steroid 
hormone 17β-estradiol (E2) micropollutants in synthetic water and MBR effluent is investigated with SWCNT;– 
UF composites with different configurations of feed- and permeate-side adsorption. Feed-side deposition of 
SWCNTs at a loading of 2.1 g/cm2 in nanofiber mats achieves 96 % removal of E2 from synthetic water, while 
permeate-side deposition yields a lower removal of 73 % due to uneven SWCNT distribution in the non-woven UF 
support. With feed-side adsorption, E2 removal is limited by hydraulic residence time (12–30 milliseconds) 
rather than SWCNT loading (0.5–5.3 g/m2). The removal of E2 that is spiked into MBR effluent was significantly 
lower, at around 47 %. This can be attributed to the direct and/or indirect competition of other micropollutants 
and organic matter in the MBR effluent for the adsorption sites of SWCNTs. The removal of other micropollutants 
that were identified in the MBR effluents was low. These results highlight the strong interference of MBR effluent 
organic matter and potentially other micropollutants to steroid hormone adsorption by composite membranes, 
and suggest permeate-side deposition of adsorbents may be a strategy to partially mitigate this interference.

1. Introduction

Micropollutants, including pharmaceuticals, pesticides, industrial 
additives, steroid hormones, and per- and polyfluoroalkyl substances 
(PFAS), have been detected in domestic, agricultural, hospital, and in
dustrial wastewater. These contaminants pose significant risks to 
aquatic organisms through bioaccumulation which induces deformities 
and reduces their activity, even when present at trace concentrations 
ranging from nanograms to micrograms per litre [1,2]. Among all 
micropollutants, steroid hormone micropollutants are naturally pro
duced from human and livestock excretion [3] or synthetic sources, such 
as contraceptive pills [4]. Steroid hormone micropollutants are the most 
common endocrine-disrupting chemicals. They interfere with the 
human endocrine system at even trace concentrations, increasing the 
risk of prostate, lung, endometrial, and breast cancers [5–7]. Estrone 
(E1), 17β-estradiol (E2), and 17α-ethynylestradiol (EE2) are compounds 

that warrant global attention [8]. In 2011, the European Commission 
proposed limiting E2 and EE2 concentrations in surface water to 0.4 and 
0.04 ng/L, respectively, due to their potential hazards to aquatic life [9]. 
However, this was not enacted into European Union legislation, while a 
recent proposal suggests even lower concentrations of 0.18 and 0.02 ng/ 
L [10]. To comply with these guidelines and prevent steroid hormone 
micropollutants from entering surface water, which often serves as a 
downstream drinking water intake, additional treatment processes are 
required.

In wastewater treatment plants (WWTPs), membrane bioreactors 
(MBRs) combine activated sludge with membrane filtration [11], 
demonstrating advantages such as high water recovery, greater effluent 
quality, and a smaller bioreactor size compared to the conventional 
activated sludge process [11,12]. Although high removal of steroid 
hormone micropollutants has been reported, removal depends on 
various factors, including operating parameters, physicochemical 

* Corresponding author.
E-mail address: andrea.iris.schaefer@kit.edu (A.I. Schäfer). 

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

https://doi.org/10.1016/j.cej.2025.170335
Received 16 June 2025; Received in revised form 27 October 2025; Accepted 29 October 2025  

Chemical Engineering Journal 526 (2025) 170335 

Available online 31 October 2025 
1385-8947/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:andrea.iris.schaefer@kit.edu
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2025.170335
https://doi.org/10.1016/j.cej.2025.170335
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2025.170335&domain=pdf
http://creativecommons.org/licenses/by/4.0/


properties of micropollutants, and influent quality [12–15]. To enhance 
effluent quality, several MBR operating parameters, such as sludge 
retention time, hydraulic retention time (HRT), pH, and temperature are 
adjusted [13,14]. The physicochemical properties of steroid hormone 
micropollutants also play a role. Hydrophilic micropollutants with 
electron-withdrawing groups (e.g., chlorine and amide) groups, are 
usually resistant to biodegradation (< 20 %), whereas micropollutants 
with electron-donating groups exhibit high removal (> 70 %) [12,15]. 
Seasonal variations can further impact partial removal of micro
pollutants; for instance, E2 and testosterone (T) were detected in MBR 
effluent at concentrations of 4 and 17 ng/L, respectively [16]. Incom
plete removal of 85–93 % was also reported by Guo et al., with E1 and 
EE2 present in MBR effluent at concentrations of 81–251 ng/L and 174 
ng/L, respectively [17]. Conventional and biological wastewater treat
ment processes (e.g., activated sludge and MBR) as well as advanced 
treatments (e.g., UV, ozone, and chlorine dioxide ClO2), have been re
ported to be ineffective at removing steroid hormone micropollutants 
[18,19]. Therefore, additional treatment is required to ensure compli
ance with the European surface water guidelines.

Regarding micropollutants in WWTP effluent, in 2022, the European 
Commission proposed implementing ‘quaternary treatment’ as a 
mandatory infrastructure upgrade [20]. This stage, implemented after 
tertiary treatment (e.g., MBR processes), aims to remove emerging 
contaminants [21]. Filtration technologies used in WWTPs, such as 
nanofiltration and reverse osmosis, remove micropollutants through size 
exclusion [22–24], but these processes require high energy input to 
generate the required pressure for permeation [25]. Furthermore, ste
roid hormone micropollutants can be adsorbed and pass through the 
membrane, which requires further treatment [26,27]. Ozonation has 
been demonstrated as an effective tertiary treatment process in WWTPs 
[28–31]. Moreover, this technology has also been implemented in the 
WWTPs in the German states of North Rhine-Westphalia and Baden- 
Württemberg [32]. Emerging advanced oxidation technologies with 
membranes, such as photocatalytic membrane reactors [33–37], and 
electrochemical membrane reactors [38–40], break down the chemical 
structure of steroid hormone micropollutants through reactive oxygen 
species or direct electron transfer. However, the disadvantage of using 
these advanced oxidation technologies is the potential generation of 
oxidation by-products of micropollutants, which require additional 
treatment, such as downstream adsorption [41].

To address the presence of micropollutants in the effluent from ter
tiary wastewater treatment, adsorption is a well-established option. This 
technology is favoured in WWTPs due to its operational simplicity, high 
selectivity of adsorbents, and ease of regeneration [42]. Among adsor
bents, activated carbon is widely used in WWTPs, typically in two forms: 
granular activated carbon (GAC), with particle sizes in the millimeter 
range, and powdered activated carbon (PAC), with particle sizes in the 
mid-micrometer range. GAC is generally applied in fixed-bed reactors, 
whereas PAC is used in slurry systems [42]. For example, at the Neugut 
WWTP in Dübendorf, Switzerland, GAC has been implemented down
stream of ozonation. This configuration has demonstrated effective 
removal of biodegradable ozonation transformation products, oxidation 
by-products, and other micropollutants, maintaining efficiency for up to 
500,000 bed volumes—equivalent to approximately two years of oper
ation [30]. The ‘ozonation + GAC’ combination has also been applied in 
German WWTPs [32,43]. Alternatively, PAC is often applied as a post- 
treatment step following the activated sludge process to enhance 
micropollutant removal [31,32,44,45].

Regarding steroid hormone micropollutants, GAC and PAC achieved 
90 and 98 % removal of E1 and estradiol valerate, respectively [46,47]. 
Polymer-based spherical activated carbon (PBSAC) – which is GAC 
produced via controlled synthesis – offers uniform sizes and pore dis
tribution and has demonstrated good steroid hormone micropollutant 
removal (86–99 %) when packed in a thin layer (with thicknesses be
tween 1 and 6 mm) [48]. A similar (60–90 %) removal of steroid hor
mones was achieved even in the presence of organic matter (humic acids 

and natural organic matter), suggesting that the organic matter might 
not enter the pores of PBSAC to interfere with steroid hormone 
adsorption [49]. Novel carbon-based materials [46–48] are character
ized by a high specific surface area and strong hydrophobicity, and they 
do not release toxic by-products during quaternary treatment. Novel 
nanomaterials, such as carbon-based nanoparticles and some bottom-up 
designed advanced structures, are under various stages of development 
in the laboratory. Many of these materials are facing critical challenges 
for scale-up and real-life application [50,51].

Various carbon-based nanoparticles had been investigated in previ
ous work for the removal efficiency of steroid hormone micropollutants, 
including graphene, graphene oxide, multi-walled carbon nanotubes 
(MWCNTs), single-walled carbon nanotubes (SWCNTs) and fullerene 
[52]. SWCNTs showed very high adsorption capacity and superior 
adsorption kinetics because the micropollutants can easily find the 
adsorption sites on the external surface of adsorbents [52]. SWCNTs 
possess a high specific surface area (200–800 m2/g) [52–54] with half of 
their surface being external surface. Within a short HRT of less than a 
minute (sub-seconds to seconds), typical in membranes [55], the high 
external surface allows rapid adsorption of micropollutants. As a result, 
SWCNTs can be integrated with membranes [56,57] or prepared as 
buckypapers [58] to remove micropollutants in continuous flow. How
ever, organic matter in the water matrices can interfere strongly with 
micropollutant adsorption at the external surface of SWCNTs [56]. This 
can be alleviated by the deposition of adsorbent materials on the 
permeate-side (i.e., into the support structures) where the ultrafiltration 
(UF) membrane can shield the effect of organic matter on micropollutant 
adsorption [56].

When nanomaterials are used, concerns exist regarding SWCNT 
toxicity once leached into the environment [59–61]. At concentrations 
of a few micrograms per litre, SWCNTs can inhibit the metabolism and 
neuroactivity of aquatic organisms [62–65]. Although there are 
currently no regulatory concentration limits for SW-/MWCNTs by the 
US Environmental Protection Agency, the European Union, or the World 
Health Organization, the concentrations of SW-/MWCNTs in surface 
water and even wastewater effluent are expected to be low. The pre
dicted concentrations of carbon nanotubes in surface water and waste
water effluent are 0.001–0.004 and 8.6–14.8 ng/L [66,67]. Because the 
predicted toxicity thresholds are high (sub-milligram- to milligram-per- 
litre concentrations) and SW-/MWCNTs tend to undergo passivating 
transformations in the environment, the overall ecological risk is 
considered low [51]. However, concerns still arise because the SW-/ 
MWCNTs in water are not quantifiable or even detectable owing to the 
large distribution of lengths, conformations, aggregation states, and 
varying capability to partition to colloids and organic matter [68,69]. As 
the valid concerns remain, it is highly unlikely that SW-/MWCNTs will 
be used in potable water treatment. SW-/MWCNTs are restricted to 
fundamental research and model adsorbents for various composite 
membranes, as long as research findings are transferable to materials 
that are more suitable or more ready for industrial application. These 
materials, including PAC, GAC, and other advanced nanoporous mate
rials such as PBSAC, can be generated at a large scale and are much less 
prone to leakage due to the larger sizes.

In fundamental research, several methods have been explored to 
immobilize carbon-based nanoparticles in membrane materials. These 
include coating [70], solution blending [71], vacuum infiltration on the 
surface of UF membranes [72,73] (Fig. 1 A), loading nanoparticles in
side microfiltration membranes pores [74,75] (Fig. 1 B), incorporating 
nanoparticles during fabrication [76] (Fig. 1 C), loading nanoparticles 
onto nanofiber layers [70,77] (Fig. 1 D), and vacuum infiltration in the 
non-woven support of UF membranes (Fig. 1 E) [56]. Among these 
methods, vacuum filtration [77] introduces minimal alterations to the 
surface properties of carbon nanoparticles, making it particularly suit
able for application within membrane pore spaces [56]. When being 
deposited in the support structures (on the permeate-side, see Fig. 1 E), 
the SWCNT distributes unevenly due to aggregation, and as a result, 
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micropollutants in solution may transport dominantly through paths 
with the lowest SWCNT densities [78]. On the feed-side, infiltrating 
SWCNTs into the nanofiber matrix of composite membranes (Fig. 1 D) 
provides space for SWCNT loading while the support membrane pre
vents nanoparticle leakage [79]. However, organic matter interference 
is potentially stronger compared to permeate-side deposition, in which 
case the membrane may remove a significant amount of organic matter.

Effluent organic matter from wastewater treatment plants contains 
soluble microbial products (due to incomplete degradation of poly
saccharides and proteins from cell lysis), humic substances and low- 
molecular-weight acids generated during biological processes [80–82], 
while in MBR effluent, the effluent organic matter is composed of high- 
molecular weight biopolymers, high proportion of humic substances, 
building blocks and low-molecular-weight acids, as characterized by 
liquid chromatography – organic carbon detection (LC–OCD) [83–85]. 
These organic substances can interfere with micropollutant adsorption 
by competing for adsorption sites on SW-/MWCNTs, blocking active 
sites/pores, altering surface properties, and inducing micro
pollutant− organic matter interactions [56,86–88]. The two main 
interference mechanisms are illustrated in Fig. 1 F and G). To minimize 
the negative impacts of MBR effluent organic matter on micropollutant 
adsorption, adsorbents can be deposited on permeate-side of the UF 
membrane (Fig. 1 E). With the permeate-side deposition, membranes 
with a molecular weight cut-off (MWCO) of 3− 10 kDa can effectively 
screen out biopolymers and humic substances [89], but not the low- 
molecular-weight compounds [90]. Such pretreatment will hence only 
partially improve the steroid hormone adsorption capability of SWCNTs 
[56]. Conversely, feed-side deposition of SWCNTs in nanofiber voids or 
on UF membranes introduces potential interference from various con
taminants, including natural organic matter surrogates such as humic 
acid [88,91] and fulvic acid [92]. These surrogates do not fully represent 
the composition of effluent organic matter that contains higher- and 
lower-molecular-weight fractions with varying interference potential.

Using electrospun nanofibers to immobilize SWCNTs on the feed side 
can serve as a microporous substrate (with few micrometer pores) for 
firm incorporation of SWCNTs and enhance the surface-to-volume ratio 

for SWCNT loading, potentially improving the removal of steroid hor
mone micropollutants at the expense of increased fouling potential. 
Permeate-side deposition may be able to remove some of the interfering 
organic matter, depending on the membrane used. Given that an addi
tional membrane is required to avoid SWCNT leaching, the overall flow 
resistance is doubled [56]. While the incorporation of SWCNTs with UF 
membranes can combine tertiary and quaternary treatments for retain
ing pathogens and removing micropollutants, the fouling propensity of 
such a material may be enhanced. A comparison of recent studies using 
SW-/MWCNTs in adsorptive and reactive UF has been provided in 
Table S2.

This work will investigate the removal of steroid hormone micro
pollutants with permeate-side and feed-side SWCNT deposition in UF 
membranes and the interference of the MBR matrix on steroid hormone 
adsorption. The specific research questions are: (i) How much E2 
adsorption is achieved when SWCNTs are incorporated in the permeate 
and feed sides of the UF membrane? (ii) What are the limiting fac
tors—UF membrane properties, SWCNT loading, and HRT—that influ
ence E2 removal from synthetic water using this method? (iii) To what 
extent does MBR effluent reduce E2 removal and uptake?

2. Materials and methods

2.1. Filtration system and protocol

The dead-end Perspex 10 mL stirred cell (Amicon 8010, Millipore, 
Germany) with a membrane of 2.5 cm diameter (effective membrane 
area of 3.8 cm2), shown in Fig. 2, was used for membrane filtration 
experiments. The flux (Eq. S3) was controlled by the pump speed of a 
peristaltic pump (Masterflex L/S, Cole Parmer, Germany) equipped with 
3 easy-load extensions (model 07516–10, Masterflex, Cole Parmer, 
Germany) and precision pump tubing (06442–14, Masterflex, Cole 
Parmer, Germany). A flux of 160 ± 60 L/m2⋅h was selected as a standard 
condition and the filtration protocol is shown in Table S1. The raw data 
of filtration experiments are shown in Fig. S8 to Fig. S11.

Fig. 1. Schematic of (A–F) incorporation of SW-/MWCNTs into membranes and (G, H) interference mechanisms of organic matter and steroid hormone adsorption on 
single-walled carbon nanotubes.
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2.2. Membrane and nanofiber materials

The polyethersulfone (PES) pristine membranes used as substrates 
were provided by ITÜ, Turkey, prepared using the non-solvent induced 
phase separation method [93]. The membrane codes with corresponding 
fabrication parameters and membrane properties are detailed in Table 1. 
It was anticipated that the membranes could be prepared with different 
support structures that hold variable SWCNT loadings. However, the 
support structures were not sufficiently open to enable a lot of nano
particle infiltration (Fig. S1 A). Therefore, the feed-side deposition 
membranes were used for experimental investigation, while permeate- 
side deposition membranes at a relatively low SWCNT loading (2.1 g/ 
m2) were used for comparison.

For the permeate-side deposition membranes (SWCNT sandwich 
membranes), a membrane coupon (the support side facing upward) was 
inserted at the bottom of a loading gadget that was composed of a 25 mm 
diameter stainless-steel filter holder (Millipore, USA) and a stainless- 
steel tube (self-made). A SWCNT solution was prepared by sonicating 
0.1 g/L SWCNT (Elicarb SW Low Residue, Thomas Swan, UK) and 0.1 wt 
% Triton X-100 (Sigma-Aldrich, USA), and then the solution of SWCNTs 
was poured into the loading gadget. The loading gadget was pressurised 
at 2 bar of synthetic air until all SWCNT solution was filtered. After the 
infiltration of SWCNTs, the membrane coupon was kept wet in a plastic 
petri dish and stored in a cool room at 4 ◦C. The same type of PES 
membrane was placed underneath to cover the support side of the 
SWCNT-UF composite membrane to produce a ‘sandwich’ [56]. This 
permeate-side membrane is schematically shown in Figure. S1A.

For the feed-side deposition membranes, nanofibers were electro
spun onto the membrane substrates. To prepare the nanofibers, a 3 mL 

solution of 25 % (w/v) polyethersulfone (PES, 3000P, Solvay, Belgium) 
was prepared by dissolving PES powder in dimethylformamide (DMF, 
99.8 %, Sigma-Aldrich, USA). The solution was stirred magnetically and 
heated on a hot plate (VMS–C7, VWR, Germany) at 50 ◦C for 12 h. 
Nanofibers were electrospun directly onto PES membranes using a high- 
voltage power supply (HPC-14-20000, FuG Elektronik GmbH, Germany) 
set to 17 kV, with a syringe pump (LA100, Landgraf Laborsystem HLL 
GmbH, Germany) operating at a controlled flow rate of 0.8 mL/h. The 
setup included a 19-gauge needle, a tip-to-collector distance of 15 cm, 
and a collector equipped with an x-y controller (SMC 200, MOVTEC 
Wacht GmbH, Germany) [95].

For the feed-side membranes (SWCNT composite nanofiber mem
branes), the composite nanofiber membrane was subjected to the same 
SWCNT infiltration process as the permeate-side deposition membranes. 
The feed-side membrane is shown in Fig. S1 B. A theoretical maximum 
SWCNT loading of 63 g/m2 was estimated within the nanofiber matrix, 
which was electrospun using 3 mL of the electrospinning solution. The 
equations for calculating SWCNT loading are listed in Table S6. The 
electrospinning solutions (volumes of 0.75, 1.5, 3.0, 4.5, 6.0, 7.5 and 
9.0 mL) were electrospun for the corresponding SWCNT loading (0.5, 
1.0, 2.1, 3.1, 4.2, 5.3 and 6.3 g/m2).

2.3. Membrane characterization

A scanning electron microscope (SEM, Supra 60VP, Zeiss, Germany) 
was used to visualize nanofiber morphology and cross-section. Mem
brane sample coupons were coated with a 15 nm gold layer using a 
sputter coating system (MED020, Bal-Tec, Germany). The software 
ImageJ (1.54d, USA) was used to analyze nanofiber diameter and 

Fig. 2. Schematic of the Perspex 10 mL filtration system operated at constant flux.

Table 1 
Membrane code, fabrication parameters and properties [93]. Abbreviations: PES − polyethersulfone; PVP − polyvinylpyrrolidone.

No Membrane 
code

Fabrication parameters Membrane properties

Coagulation temperature 
(◦C)

PES 
(%)

PVP 
(%)

Porosity1 Thickness 
(μm)

Average pore 
diameter2

(nm)

Pore diameter in skin 
layer3

(nm)

Permeability4

(L/m2.h.bar)

1 M1 25 20 8 0.66 90 40 2.9 131
2 M2 25 16 6 0.64 90 53 3.9 232
3 M3 50 16 6 0.73 90 85 4.3 314

1 Calculated by Eq. S5.
2 The average pore diameter was calculated by Eq. S7.
3 Pore diameter was calculated by Eq. S7 assuming 0.5 μm as the skin layer thickness [94].
4 Calculated by Eq. S4.
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membrane thickness. To analyze the void size of the nanofiber matrix, 
SEM images were processed to black and white by ImageJ (v 1.54d), and 
100 random voids were measured to calculate the average void size 
following a previously published procedure [96].

2.4. Solution chemistry and steroid hormone micropollutants

For experiments with synthetic water, a 100 mM NaCl (99.5 %, 
Thermo Scientific) and a 10 mM NaHCO3 (100 %, VWR) stock solutions 
were prepared. Experiments were carried out in a background electro
lyte of 10 mM NaCl and 1 mM NaHCO3 (ten times dilution from the stock 
solutions) with a neutral pH of 8.1 ± 0.2. Ultrapure Milli-Q water (Milli- 
Q® Reference A+, Merck) was used for preparing stock hormone solu
tions, stock background electrolyte solutions, and feed water.

The radiolabeled [2,4,6,7-3H] estrone (E1, 3.48 TBq/mM), [2, 4, 6, 
7-3H] 17β-estradiol (E2, 2.59 TBq/mM), [1,2,6,7-3H] progesterone (P, 
3.63 TBq/mM), and [1,2,6,7-3H] testosterone (T, 2.94 TBq/mM) (Perkin 
Elmer, USA) solutions were prepared by diluting a 10 μg/L stock solu
tion to a final concentration of 100 ng/L with a background solution 
containing 10 mM NaCl and 1 mM NaHCO₃. Similarly, the MBR effluent 
with radiolabeled E2 was prepared by spiking MBR effluent with the 10 
μg/L E2 stock solution to a concentration of 100 ng/L. E2 was selected as 
the specific target of removal because (i) E2 has been widely detected in 
MBR effluent [16], (ii) E2 has high toxicity to aquatic life and humans 
[97,98], and (iii) E2 was suggested in the watch list by the European 
Commission in 2022 [99]. The E2 concentration of 100 ng/L is adopted 
as a representative feed concentration in this study because similarly 
high concentrations in WWTP effluents have been reported [100–102].

2.5. Membrane bioreactor effluents

The MBR effluent samples were obtained from Japan (Soseigawa 
Wastewater Treatment Center, Sapporo), Turkey (Ağva Advanced Bio
logical WWTP, Istanbul), Germany (Nordkanal WWTP, Rhine- 
Westphalia) and France (Pont-du-Casse WWTP, Pont-du-Casse). The 
process design differs for these plants as well as the effluent organic 
matter and the primary purpose was to evaluate the interference with 
steroid hormone adsorption. After transport, all MBR effluent samples 
were stored in a cool room at 4 ◦C to reduce the growth of bacteria prior 
to experiment. The analyzed micropollutant concentrations, effluent 
characteristics and flow diagrams of MBR WWTPs are detailed in Fig. 9, 
Table S4 and Fig. 7 (right), respectively.

The Japanese effluent sample was collected in July 2023 from the 
Soseigawa Wastewater Treatment Center, which processes 140,000 m3/ 
day of municipal wastewater. The designed baffled MBR consists of two 
compartments (aerobic and anoxic zones) and a membrane unit 
installed on one side of the compartments. The membrane element 
contains hollow-fiber membranes made of polytetrafluoroethylene with 
a pore diameter of 0.2 μm. The reported biochemical oxygen demand 
removal exceeds 98 % [103]. The baffled MBR was reported to have 
better nitrogen and phosphorus removal compared to conventional 
submerged MBR [104]. However, a higher concentration of nitrate was 
analyzed from the effluent shown in Table S4, suggesting incomplete 
nitrogen removal in denitrification (anoxic), as it is the limiting step for 
nitrogen removal in the baffled MBR [104,105].

The German effluent sample was collected in November 2023 from 
the Nordkanal WWTP, which treats municipal wastewater from Kaarst 
and is designed for 80,000 population equivalents, equating to 16,000 
m3/day. The influent of Nordkanal WWTP passes through a coarse 
screen; ferric chloride is added to the water to enhance coagulation. 
Then, sand and grit particles are separated from the sand removal pro
cess. The membrane element comprises hollow-fiber membranes made 
of polyvinylidene difluoride (PVDF) with a pore diameter of 0.04 μm. 
The documented biochemical oxygen demand removal is approximately 
98 % [106].

The French effluent sample was collected in March 2024 from the 

Pont-du-Casse WWTP, which treats municipal and industrial wastewater 
from Pont-du-Casse, handling 1857 m3/day. The membrane element 
contains hollow-fiber membranes made of PVDF with a pore diameter of 
0.015 μm [107,108].

The Turkish effluent sample was collected in October 2023 from the 
Ağva Advanced Biological WWTP, which treats 8000 m3/day of 
municipal wastewater. The influent of Ağva MBR advanced biological 
WWTP passes through a series of sand removal stages with decreasing 
particle sizes (20 μm, 6 μm and 1 μm) [109]. The membrane element 
comprises hollow-fiber membranes made of PVDF with a pore diameter 
of 0.04 μm [110,111].

2.6. Water quality analysis

A liquid scintillation counter (LSC, Tri-Carb 4910 TR, PerkinElmer, 
Germany) was used to determine the concentration of radiolabeled 
steroid hormones and calculate the steroid hormone removal. LSC 
calibration was performed by measuring the activity of tritium (Bq) in 
samples of known steroid hormone standard concentrations (0, 0.05, 
0.1, 0.4, 1, 10, 50 and 100 ng/L) which were prepared by dilution of the 
steroid hormone stock solution. The LSC calibration curve is shown in 
Fig. S5 and equations for calculating steroid hormone removal (Eq. S1) 
and mass adsorbed (Eq. S2) are detailed in Table S3.

A pH/conductivity meter (pH/Cond 3320, WTW, USA) with a pH 
sensor (SenTix® 41) was used for pH and conductivity measurement.

A total organic carbon (TOC) analyzer (TOC-L, Shimadzu, Japan) 
with non-purgeable organic carbon mode was used to determine TOC in 
MBR effluents. A UV − Vis spectrometer (Lambda 25, Perkin Elmer, 
USA) with rectangular cuvettes (10 mm path length, 3.5 mL, Agilent, 
USA) was used to measure the absorbance of organic matter in the 
wavelength range of 200–700 nm. The specific UV absorbance 
(SUVA254) was calculated by dividing the UV absorbance at 254 nm by 
the TOC value [112]. The calibration of TOC is shown in Fig. S6.

A liquid chromatography – organic carbon detection (LC − OCD, 
Model 9, DOC-Labor, Germany) was employed to quantify the fractions 
of organic matter components. Liquid chromatography-organic carbon 
detector (LC–OCD) categorizes the dissolved organic carbon into five 
fractions, which are biopolymers (e.g., polysaccharides and proteins, 
molecular weight (MW) > 20,000 Da); humic substances (MW 
500–1000 Da); building blocks (breakdown products of humic sub
stances, MW 300–500); low molecular weight neutrals (mono-oligo
saccharides, alcohols, aldehydes and ketones, MW < 350 Da); and low 
molecular weight acids (monoprotic organic acids, MW < 350 Da) 
[113].

An ion chromatography instrument (IC, Metrohm 580 Professional, 
Metrohm, Switzerland) with an anion exchange column (Metrosep A 
Supp 5, Metrohm) and a cation exchange column with a guard column 
(Metrosep C 4–150/4.0, Metrohm) enabled the determination of anion 
and cation concentrations in MBR effluents and permeate solutions. 
Metals/trace inorganics (Al, As, Ba, Be, Co, Cr, Cu, B, Sr, Fe, Mn, Mo, Ni, 
Se, and U) were analyzed by an inductively coupled plasma mass 
spectrometry (ICP-MS) (model J8403A 7900 Agilent, Japan). The cali
bration curves of different elements are summarized in Fig. S7.

Micropollutant screening for MBR effluents and permeate solutions 
was analyzed by Technologiezentrum Wasser (TZW, Karlsruhe), 
following standard protocols identity of the micropollutants for analysis, 
standard protocols, and limit of quantification (LOQ) are listed in 
Table S5.

3. Results and discussion

To confirm that the SWCNT can be loaded into the permeate-side and 
feed-side deposition membranes, the surface and the cross-section of the 
membranes will be visualized by SEM. Then, following the comparison 
of steroid hormone removal with the two set-ups, several filtration 
factors will be investigated with the feed-side deposition, including UF 
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membrane properties, SWCNT loading, and HRT. Finally, different MBR 
effluents will be spiked with radiolabeled E2 to elucidate the interfer
ence of MBR effluent organic matter on E2 removal.

3.1. Evaluation of the SWCNT loading in permeate-side and feed-side 
deposition

To assess SWCNT accessibility within the non-woven support of 
permeate-side deposition and the nanofiber matrix of feed-side deposi
tion, surface and cross-section morphologies were examined using SEM. 
Fig. 3 A, E illustrates differences in membrane surface composition. The 
feed-side deposition consists of overlapping nanofibers, while the 
permeate-side deposition is composed of tightly packed melted polymer 
and non-woven fabrics, which exhibit low porosity, consistent with 
literature using commercial non-woven fabrics [78,114,115]. The 
nanofiber matrix contains more voids, which are advantageous for 
SWCNT loading. In contrast, SWCNTs cannot be effectively loaded into 
the non-woven fabric due to restricted void access. Nevertheless, both 
membrane surfaces are covered with SWCNTs, as shown in Fig. 3 B, F.

Fig. 3 F, G shows the presence of SWCNTs on the nanofiber surface 
and within the cross-section of the feed-side deposition. The nanofiber 
matrix, with a thickness of 36 ± 1 μm, was successfully loaded with 2.1 
g/m2 SWCNTs. The cross-sectional SEM image in Fig. 3 H confirms 
SWCNT integration within the nanofiber matrix of the feed-side depo
sition. In contrast, two clear layers can be observed in permeate-side 
deposition (Fig. 3 C), the SWNCTs layer on top and the non-woven 
support on the bottom. Nonetheless, the zoom-in image in Fig. 3 D 
shows the absence of SWCNTs in the cross-section of the permeate-side 
deposition, indicating that SWCNTs are primarily restricted to the sur
face of the non-woven support.

The Brunauer-Emmett-Teller specific surface area of free SWCNTs 
has been reported in the previous research (775 m2/g), the zeta potential 
of SWCNTs was reported to be neutral or slightly negative at all pH, and 
the X-ray photoelectron spectroscopy of the SWCNTs showed 98.1 % 
carbon on their surface and 1.9 % oxygen, indicating its hydrophobicity 
while most of the carbon was in sp2 configuration (90.7 %), forming 
aromatic structure [52]. Because the incorporation of SWCNTs in the 
membrane is purely physical and does not involve chemical alterations, 
the physiochemical structure of incorporated SWCNTs may not vary 
from that of free SWCNTs. It is possible that the aggregation state of 
SWCNTs limited the access of micropollutants to the SWCNT surfaces, 
especially within the short HRT in membrane filtration. Additionally, 
some SWCNTs can leak through the UF membrane, although the esti
mated pore diameter of the selected UF membranes is 4.3 nm and can 
retain the SWCNT principally (2–3 nm of diameter and 1 μm of length, 
although the aggregates are much larger) [78].

The SEM images confirm that SWCNTs were successfully loaded into 

the nanofiber matrix of the feed-side deposition. The next step is to 
assess whether the nanofiber matrix enhances E2 removal. Membranes 
with both permeate-side and feed-side SWCNT deposition will be eval
uated for steroid hormone removal.

3.2. Adsorption of estradiol using varied membrane configurations

To compare the E2 removal of the two membrane depositions, 
SWCNTs were incorporated at a loading of 2.1 g/m2. Additionally, ex
periments were conducted using membrane filtration with an E2 con
centration of 100 ng/L and a flux of 160 L/m2.h. The breakthrough 
curves, E2 removal, and mass adsorbed are presented in Fig. 4.

The breakthrough curves in Fig. 4 A, B show that pristine PES 
membranes (M1, M2, and M3) gradually approached the feed concen
tration, suggesting that adsorption was nearing saturation. In contrast, 
permeate-side deposition (P-M1, P-M2, and P-M3) reached equilibrium 
after collecting 150 mL of permeate, while feed-side deposition (F-M1, 
F-M2, and F-M3) exhibited an extremely low concentration profile. The 
permeate-side and feed-side depositions demonstrated a higher E2 
removal than the PES pristine membranes, which achieved only 5 to 20 
% removal. This improvement was attributed to the loaded SWCNTs, 
which provided abundant active sites for adsorption. The specific sur
face area of SWCNTs (775 m2/g) is significantly higher than the 4 to 20 
m2/g reported for self-fabricated and commercial PES/polysulfone UF 
membranes [116–118].

Feed-side deposition achieved 96 % E2 removal, outperforming 
permeate-side deposition, which showed removal of 50 to 80 %. Simi
larly, 60 to 80 % E2 removal was reported from permeate-side deposi
tion using commercial PES UF membranes [78], indicating the 
reproducibility of performance with SWCNT composite membranes. The 
higher E2 removal can be explained by the better accessibility of 
SWCNTs within the nanofiber matrix when deposited on the feed-side, 
as seen in Fig. 3 D. These findings confirm that feed-side deposition 
enhances E2 adsorption due to the improved distribution of SWCNTs in 
the nanofiber matrix. The removal of other steroid hormones (E1, T, and 
P) by feed-side deposition was high and vary between 50 and 80 %, 
following the order E2 > P > T > E1 (Fig. S4).

The results of E2 removal demonstrated feed-side deposition en
hances E2 adsorption owing to the better distribution of SWCNT in the 
nanofiber matrix. In the next section, the SWCNT loading will be varied 
to examine the impact on membrane permeability and whether the 
permeate concentration can be further reduced to meet the European 
Union guideline.

3.3. Estradiol removal and membrane permeability with SWCNT loading

Loading SWCNTs into the nanofiber matrix of feed-side deposition 

Fig. 3. SEM images of (A) surface of permeate-side deposition (M1) without SWCNTs, (B) surface of permeate-side deposition loaded with SWCNT, (C) cross-section 
of permeate-side deposition loaded with SWCNTs, (D) zoom-in of M1, (E) surface of feed-side deposition (F-M1) without SWCNTs, (F) surface of feed-side deposition 
loaded with SWCNT, (G) cross-section of feed-side deposition loaded with SWCNTs and (H) zoom-in of F-M1.
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may decrease permeability due to an increased resistance to water flow 
when some voids in the nanofibers are occupied by aggregated SWCNTs. 
Membrane resistance was calculated by Eq. S8; pure water permeability 
experiments were conducted for pristine membranes (M1), feed-side 
deposition (F-M1), and membranes with varied SWCNT loading (Fig. 5
C). To determine the optimal SWCNT loading for effective E2 removal, 
filtration experiments were performed with an E2 concentration of 100 
ng/L, 160 L/m2.h, and SWCNT loading ranging from 0.5 to 5.2 g/cm2. 
The pure water permeability, membrane resistance, breakthrough 
curves, E2 removal, and mass adsorbed of different SWCNT loadings are 
shown in Fig. 5.

The pristine membrane (M1) exhibited a pure water permeability of 
~200 L/m2.h.bar and a corresponding membrane resistance of 2 • 1012 

m− 1, similar to that of the feed-side deposition without SWCNT loading 
(Fig. 5 B, C). This indicates that the nanofiber matrix does not signifi
cantly increase resistance. Dobosz et al. attached the nanofiber matrix to 
the UF membrane (25 μm thick), without applying heat treatment or 
adhesives, and determined that the pure water permeability was similar 
to that of the pristine membrane [79].

Feed-side deposition (F-M1) with varied SWCNT loadings exhibited 
membrane resistance values comparable to M1, suggesting that the 
major source of resistance comes from the base membrane M1. Further 
SWCNT deposition did not result in a significant increase in membrane 
resistance, likely due to the interconnected nanofiber matrix structure, 
which has relatively large void sizes of 1 μm (Fig. S2), compared to the 

skin layer pore diameter (3–4 nm) (Table 1), allowing efficient water 
flow.

In Fig. 5 B, the E2 removal increased from 85 to 96 % as SWCNT 
loading increased from 0.5 to 2.1 g/m2. A higher loading did not 
improve the E2 removal. Although SWCNT aggregation can reduce the 
effective surface area available for adsorption [119,120], the low con
centration of E2 results in several-order-of-magnitude lower total cross- 
sectional area of E2 molecules compared with the SWCNT surface area, 
suggesting that the SWCNT surface area may not be a limiting factor. 
However, SWCNT aggregates may become trapped on the nanofiber 
matrix, and higher SWCNT loadings may progressively block the 
nanofiber layer and prevent further SWCNT deposition in the depth of 
the layer. The denser the aggregates, the higher proportion of SWCNT 
surface not directly accessible to E2 within the short HRT. In other 
words, the diffusion of E2 molecules to the less accessible surfaces of 
SWCNT aggregates is a limiting factor [120]. However, when the 
loading was increased from 2.1 to 5.3 g/m2, removal plateaued at 
approximately 96 to 98 %. In previously reported static adsorption 
studies, SWCNTs achieved 98 % E2 removal, which is the removal at the 
adsorption equilibrium, within 5 minutes [52]. It is implied that in this 
continuous-flow study, neither the SWNCT surface nor the mass transfer 
of E2 (from the bulk phase in the nanofiber ‘pores’ towards the most 
accessible surface of SWCNTs) are the limiting factors. Instead, 
adsorption was limited by the affinity between SWCNTs and the E2, 
which can be described with the adsorption equilibrium constant/ 

Fig. 4. (A, B) Permeate concentration, (C, D) E2 removal and (E, F) mass adsorbed as functions of permeate volume with various membrane configurations. SWCNT: 
2.1 g/m2 for permeate-side and feed-side deposition, 160 ± 16 L/m2.h, 1 mM NaHCO3, 10 mM NaCl, 22.5 ± 1, pH 8.1 ± 0.2.
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affinity constant in static adsorption [121,122]. Since increasing 
SWCNT loading did not result in a significant improvement in E2 
removal, a loading value of 2.1 g/m2 was selected as the standard 
loading for filtration experiments. To determine whether HRT is a 
limiting factor, membrane filtration experiments will be performed at 
various water fluxes.

3.4. Estradiol removal with varied hydraulic residence time

In micropollutant removal, mass transfer is a common limiting fac
tor. Increasing HRT will enable overcoming mass transfer by allowing 
more time for E2 to diffuse onto SWCNT surfaces or into intra-pores of 
SWCNT aggregates. The pristine PES membrane (M3) was picked as the 
support for feed-side deposition (F-M3) due to its higher pure water 
permeability (Table 1). This ensures that transmembrane pressure re
mains below the filtration cell of 5.2 bar. To calculate the HRT, the 
thickness of the SWCNT nanofiber matrix (without the support mem
brane) was used in Eq. S6. The permeate concentration, E2 removal, and 
mass adsorbed at different flux are shown in Fig. 6. The permeate con
centration reached 20 ng/L as the flux decreased from 1000 to 400 L/ 
m2.h, while E2 removal increased from 78 to 96 %. However, the mass 
adsorbed increased only by 1.3 times, from 3.9 to 5 ng/cm2, as shown in 
Fig. 6 E, F, despite the higher mass flux of micropollutants.

The E2 removal increased with HRT from 3 to 12 milliseconds 

(corresponding to a flux decrease from 995 to 268 L/m2.h), and then 
reached a plateau at 96 % removal at 12 milliseconds of HRT. From 12 
milliseconds onwards (flux <268 L/m2.h), HRT no longer limits 
adsorption, but instead, the affinity between SWCNT and E2 becomes 
the limiting factor. Below 12 milliseconds of HRT (flux >268 L/m2.h), 
adsorption was limited by the transport of E2 from the bulk phase inside 
the pores to the adsorptive SWCNT surface. Although the total SWCNT 
surface is abundant, adsorption at high fluxes and low HRTs was limited 
by the mass transfer of E2 towards the accessible surface of the SWCNT 
aggregates.

Similar removal trends were reported using activated carbon fibers 
and SW-/MWCNTs [75,78,123], where steroid hormone micro
pollutants and organic dye removal plateaued at higher fluxes and 
transmembrane pressures. This phenomenon can be attributed to rapid 
adsorption kinetics, driven by the high surface area and surface prop
erties that facilitate hydrophobic effect and π–π interactions with 
micropollutants [124]. Due to rapid adsorption kinetics, higher micro
pollutant removal can be achieved even with limited HRT. The feed-side 
deposition demonstrated high removal (78–96 %) in the lower flux 
range of 150–400 L/m2.h.

In the next section, the effluents from wastewater treatment plants 
following the MBR step (containing various electrolytes, heavy metal 
ions, micropollutants, and organic matter) will be used instead of syn
thetic water to examine the E2 performance of SWCNT composite 
nanofiber membranes.

3.5. Estradiol removal with interference of MBR matrix using SWCNT 
composite membrane

To evaluate steroid hormone micropollutant removal in an MBR 
effluent matrix, and in particular the interference by other matrix 
compounds, filtration experiments were conducted using feed-side 
deposition (SWCNT loading: 2.1 g/m2) at a flux of about 150 L/m2.h. 
The MBR effluent was spiked with 100 ng/L radiolabeled E2 as the feed 
solution.

Fig. 7 represents the permeate concentration, E2 removal, and mass 
adsorbed, along with flow diagrams of each MBR wastewater treatment 
plant (WWTP) (Fig. 7, right). The breakthrough curves with different 
MBR effluents are shown in Fig. S3 J and the E2 removal is summarized 
in Table S7.

When MBR effluents were used as feed solutions, a significant 
reduction in E2 was observed, as shown in Fig. 7 B, where removal 
dropped from 96 to 50 %. In comparison with current treatment tech
nologies, PAC, GAC, and ozonation have been evaluated in laboratory- 
scale batch adsorption or filtration experiments. Reported E2 removals 
exceed 92 % for PAC [125–127] and 80 % for GAC [128–130]. From 
literature, ozonation with high ozone doses (10 mg/L) has been shown 
to degrade E2 almost completely [131–133]. Higher performance was 
attained with synthetic water matrices, as such the composite nanofiber 
membranes are comparably effective (96− 98% E2 removal). However, 
real water matrices impede the performance of various technologies. In 
WWTPs, a 61 % E2 removal was reported in two large-scale parallel pilot 
trials—one employing ozonation and the other using PAC followed by 
UF [31], while a full-scale GAC plant in a UK WWTP achieved an E2 
reduction of over 50 % [134]. Similar reduction of E2 removal was 
observed in this work due to the water matrix. This indicates that real 
water interference studies, such as this work with SWCNTs as the model 
adsorbents, are important.

Fig. 7 (right), no significant differences were observed in E2 removal 
across the different MBR effluents, despite variations in pre-treatment 
methods, including baffled MBR, submerged MBR, and side-stream 
MBR. This suggests that the different water qualities in the four 
effluent samples did not significantly affect removal.

The specific mechanism (either direct competition for adsorption 
sites or indirect competition due to reduced affinity of E2− organic 
matter complexes for SWCNT surface) responsible for this reduction in 

Fig. 5. (A) Permeate concentration, (B) E2 removal, mass adsorbed and (C) 
pure water permeability and membrane resistance as functions of SWCNT 
loading. F-M1, permeate volume 180 mL, 160 ± 16 L/m2.h, 1 mM NaHCO3, 10 
mM NaCl, 22.5 ± 1 ◦C, pH 8.1 ± 0.2.
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E2 removal remains unclear. To further examine the possible mecha
nism of direct/indirect interference, water quality will first be analyzed 
by LC − OCD for organic matter fractions, followed by an assessment of 
micropollutant composition in the MBR effluents.

3.6. Examination of interference mechanisms from organic matter

To determine whether the reduction in E2 removal is due to 
competition for adsorption by effluent organic matter and other 
micropollutants, the raw MBR effluent, feed (spiked with 100 ng/L 
radiolabeled E2), and permeate samples after membrane filtration 
(permeate volume 180 mL) were analyzed by LC − OCD to compare the 
organic matter fraction. The TOC values of the MBR samples from Japan, 
Turkey, Germany and France are 3.9, 4.6, 4.6 and 6.2 mg/L, respec
tively. Other effluent characteristics are detailed in Table S4.

Among all MBR effluents, the Japanese effluent exhibited the highest 
UV signal, indicating a greater fraction of humic substances (Fig. 8). 
Additionally, the SUVA value for Japan MBR (3.1 L/mgC.m) is higher than 
that of other MBR effluents (1.9, 1.7, and 1.3 L/mgC.m for Turkey, Ger
many and France, respectively) shown in Table S4, suggesting a higher 
fraction of aromatic compounds. This can be attributed to the higher 
degradation of biopolymers in the Japan MBR, where biopolymers 
(aliphatic structures) degrade into humic substances that easily pass 
through the membrane [85,136]. The lower biopolymer fraction in the 
Japanese effluent, as shown in Fig. 8 A, further supports this finding.

In Table S4, significant reductions were observed in certain metal/ 
inorganic concentrations, particularly Fe, Mn, Sr, and Zn, while other 
elements were minimally removed in post-membrane filtration. The 
reduction of Fe, Mn, Sr, and Zn can be attributed to adsorption by 
membrane materials [137], SWCNTs [138], and the formation of met
al–organic matter complexes [139–141].

As shown in Fig. 8 C, D, a decrease in the low-molecular-weight acids 
fraction was observed in the permeate of German and French MBR ef
fluents, but not in those of Japan and Turkey. This may be attributed to 
competition for adsorption sites by low-molecular-weight organic mat
ter [142,143]. Wang et al. reported that low-molecular-weight hydroxyl 
and phenolic compounds compete for PAC adsorption sites, significantly 
reducing micropollutant removal from 86 to 90 % to 37–60 % [143]. 
Similarly, Zietzschmann et al. fractioned organic matter using UF, 
nanofiltration, and reverse osmosis to assess the impact of organic 
matter size on micropollutant removal by activated carbon, where 
findings demonstrated that the major reduction in removal is due to 
adsorption site competition by the smaller organic matter [142].

A slight decrease in the biopolymer fraction was observed in the 
permeate of Turkey and France, as shown in Fig. 8 B, D. However, the 
humic substance fraction, the dominant fraction of organic matter, 
remained unchanged when SWCNTs were deposited on the feed side. 
This suggests that major organic matter does not significantly compete 
for SWCNTs adsorption sites, although the order of magnitude differ
ence in concentration may not enable detection in the appropriate 

Fig. 6. (A, B) Permeate concentration, (C, D) E2 removal and (E, F) mass adsorbed as functions of flux and HRT. F-M3 (SWCNT: 2.1 g/m2), permeate volume 180 mL, 
1 mM NaHCO3, 10 mM NaCl, 22.5 ± 1 ◦C, pH 8.1 ± 0.2.
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range. Guillossou et al. reported that biopolymers and hydrophobic 
molecules cause pore blockage or form micropollutant–organic matter 
complexes that are progressively adsorbed at the PAC surface [135]. 
Neale and Schäfer found that steroid hormone micropollutants can 
partition into humic acid, and steroid hormone removal improved when 
humic acid concentration increased from 0 to 125 mgC/L using 10 and 
100 kDa MWCO UF membranes [88]. Conversely, 10 kDa UF mem
branes have been shown to effectively screen organic matter and facil
itate partial rejection of E2 that partitions into organic matter [56,88]. 
One major mechanism of interference in this study may be the formation 
of E2 − organic matter complexes, which is shown in Fig. 1 F, reducing 
the affinity of E2 for the SWCNT surface and hence results in lower E2 
removal (indirect competition). The contact time between E2 and 
organic matter (at least 30 minutes, as these were mixed in the feed prior 
to the experiment) is significantly longer than the contact time between 
E2 and the SWCNT layer (20 milliseconds), supporting the indirect 
competition mechanism. Another mechanism is direct competition for 
adsorption sites, where organic matter adsorbs onto SWCNTs, thereby 
preventing E2 adsorption [142,143]. However, this mechanism is not 
strongly supported by the data, as SWCNT− UF exhibited negligible 
organic matter removal (see Fig. 8, OCD signals). As indicated above, 
this may be due to the insufficient instrument sensitivity for detecting 
organic matter adsorption. Pore blockage caused by organic matter 
could also hinder the micropollutant passage [135]. However, this 

mechanism is unlikely due to the small hydrodynamic diameter (0.8 nm) 
of E2 and the negligible removal of organic matter observed. Therefore, 
it appears advisable to incorporate adsorbents (SWCNTs) on the 
permeate side of UF membranes that are able to retain organic matter. 
While this approach has been shown to maintain good micropollutant 
adsorption performance, despite the presence of organic matter [56], 
low-molecular-weight fractions cannot be retained and may thus cause 
interference when MBR effluents that contain a very different organic 
matter composition are treated. Given the typically very low concen
tration of low-molecular-weight fractions, this is a challenging 
endeavour to examine.

Although other techniques have been used to characterize in
teractions between micropollutants and organic matter, such as fluo
rescence spectroscopy [144–147] and Fourier-transform infrared 
spectroscopy [148,149] via the shifts in and changes in intensity of 
characteristic peaks when organic matter binds to micropollutants. 
However, these techniques often require higher micropollutant con
centrations than their occurrence in real waters for analysis and do not 
account for the synergistic effects of adsorbents (SWCNTs) in the system.

After analyzing the interference of major organic matter fractions on 
E2 adsorption, it is important to examine whether other micropollutants 
in MBR effluents directly interfere with E2 adsorption. To determine 
whether additional micropollutants in MBR effluents were removed and 
thus competed for adsorption sites, membrane filtration was performed, 

Fig. 7. (A) Permeate concentration, (B) E2 removal and (C) mass adsorbed as functions of Japan (JP), Germany (DE), Turkey (TU) and France (FR) effluents. F-M3 
(SWCNT: 2.1 g/m2), permeate volume 180 mL, 160 ± 16 L/m2.h, 22.5 ± 1 ◦C. The ‘control’ experiment refers to the experiment conducted only with synthetic water 
(cf 100 ng/L E2, 1 mM NaHCO3, 10 mM NaCl). (Right) Flow diagrams of MBR plants.
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Fig. 8. Organic carbon (OCD) signal, UV signal and organic nitrogen (OND) signal of (A, E, I) Japan, (B, F, J) Turkey, (C, G, K) Germany and (D, H, L) France MBR 
effluents. Bypass: By; Biopolymer: Bio; Humic substance: HS; Building blocks: BB; Low molecular weight: LMW acids, LMW neutrals.

Fig. 9. The concentration of micropollutants in (A) feed, (B) permeate solutions and (C, D) total concentration. Permeate volume 1 L for Germany and France water 
samples, permeate volume 700 mL for Japan and Turkey water samples. F-M3 (SWCNT, 2.1 g/m2), 160 ± 16 L/m2.h, all feed samples were spiked with 100 ng/L 
radiolabeled E2. The limit of detection of estradiol and estrone is 0.2 ng/L.
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and a larger permeate volume (700 mL) was obtained for micropollutant 
analysis.

3.7. Micropollutant removal with the interference of MBR matrix using 
composite membrane

To assess the removal of other micropollutants and their competition 
for adsorption sites, water samples were analyzed using standard 
analytical methods. Given the limited availability of MBR effluents (1 L 
from Japan and Turkey, and 4 L from Germany and France), 700 mL of 
permeate was collected for the experiments of Japan and Turkey, while 
1 L was collected for the experiments of Germany and France.

Several micropollutants were detected at high concentrations, 
ranging from 1000 ng/L (for instance, benzotriazole, glyphosate, and 
various pharmaceuticals) to 15,000 ng/L (aminomethylphosphonic acid 
AMPA in the French water sample), exceeding the spiked E2 concen
tration (100 ng/L) by 1–2 orders of magnitude. Other micropollutants 
were present at lower but significant concentrations, including 10–100 
ng/L of various pesticides and pharmaceuticals, and 2–11 ng/L of PFAS. 
BPA, used for producing polycarbonates, has hormone-like properties 
[150] and was present in all samples at concentrations of approximately 
20 ng/L. In Fig. 9 C, it is obvious that the concentrations of micro
pollutants were lower in Japan. It might be attributed to the fact that the 
Soseigawa Wastewater Treatment Center is connected to a combined 
sewer system, where the sewage and stormwater are collected, leading 
to a dilution of micropollutants in wastewater influent [151,152].

The high micropollutant contents in all four MBR effluent samples 
indicated that MBR was ineffective in fully eliminating micropollutants 
from polished wastewater, although the concentrations in the influent 
were not surveyed in this work. The detected PFAS in water samples 
resisted biodegradation in activated sludge within MBR systems due to 
their strong carbon–fluorine bonds [153]. Yu et al. reported that MBR 
treatment removed less than 7 % of perfluorinated compounds, whereas 
PAC dosing achieved 90 % removal [154].

When considering the treatment using the SWCNT composite, anal
ysis of feed and permeate concentrations in Fig. 9 A, B, revealed no 
significant differences for benzotriazole, pesticides, herbicides, and 
pharmaceuticals. In contrast, diuron and BPA exhibited substantial 
removal, with concentrations decreasing to below 10 ng/L. BPA strongly 
resembles steroid hormones in structure and can bind to SWCNTs 
similarly to E2 [155–157]. PFAS concentrations were reduced in all 
permeates, indicating that feed-side deposition effectively removed 
PFAS. This removal can be attributed to adsorption by both the mem
brane material and SWCNTs [158–160]. The low removal of these 
micropollutants can be attributed to their low affinity for adsorption by 
SWCNTs, either as their own intrinsic properties or when they are 
complexed with effluent organic matter, at least within an HRT of 20 
milliseconds. The limited performance of the composite membranes 
indicates that adsorption is not suitable for all micropollutant types.

4. Conclusions

This study demonstrates a potential quaternary treatment for 
micropollutant removal, in which a feed-side deposition membrane was 
evaluated for the removal of steroid hormone (17β-estradiol, E2) 
micropollutants in synthetic background water and MBR effluents 
following the polishing stage.

Two methods for incorporating SWCNTs—permeate-side and feed- 
side deposition—were thoroughly examined for E2 removal. In syn
thetic water, membranes with feed-side SWCNT deposition demon
strated superior E2 removal performance compared to those employing 
permeate-side deposition. Additionally, SWCNT loading and flux 
emerged as two major limiting factors for E2 adsorption. A loading of 
0.5 g/m2 SWCNT significantly improved E2 removal from 20 to 85 %, 
with E2 adsorbed increasing from 2 to 5 ng/cm2.

A wide range of micropollutants was detected in the effluent, and no 

significant removal was achieved for a number of these using feed-side 
deposition. However, several micropollutants, including BPA, were 
removed, as BPA can compete directly with natural steroid hormone 
micropollutants for adsorption sites. Indirect competition from organic 
matter appeared to contribute to the reduced removal of E2 in MBR 
effluent matrices, as E2 was partitioned to the organic matter, forming 
complexes with lower affinity for SWCNTs, which were transported 
through the membrane.

While a SWCNT composite nanofiber membrane with higher SWCNT 
loading, in conjunction with a membrane featuring a molecular weight 
cutoff of ≤10 kDa for organic matter screening, can effectively reduce 
micropollutant–organic matter interactions and enhance the availability 
of adsorption sites following MBR treatment. The SWCNTs serve as 
model adsorbents with high adsorption kinetics and adsorption capacity 
for process evaluation, as results will be transferable to other adsorbent 
materials that may be more suitable or more ready for industrial 
application. However, it is unlikely that such a composite membrane 
will be able to concurrently remove all micropollutants to a significant 
or required level, which is a reality check for the development of novel 
materials. Potential future research directions could involve the incor
poration of alternative adsorbents targeting specific micropollutants on 
the permeate side of the UF membrane and focus more on the interplay 
of effluent organic matter, micropollutants, and adsorbents, as well as 
the shielding effect of the UF membrane.
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[26] L.D. Nghiem, A.I. Schäfer, M. Elimelech, Removal of natural hormones by 
nanofiltration membranes: measurement, modeling, and mechanisms, Environ. 
Sci. Technol. 38 (6) (2004) 1888–1896.
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