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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Steroid hormone degradation in a PVDF- 
BMCN65/fiber membrane was 
quantified. 

• Heterojunction improves sunlight utili
zation, and charge recombination rate. 

• Immobilization on a nanofiber layer in
hibits the self-aggregation of catalysts. 

• Material, water chemistry and opera
tional parameters contributed to 
limiting factors. 

• An estradiol removal of up to 96 % was 
achieved in a continuous-flow reactor.  
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A B S T R A C T   

Photocatalytic membrane reactors (PMRs) are a promising technology for micropollutant removal. Sunlight 
utilization and catalyst surface sites limit photodegradation. A poly(vinylidene fluoride) (PVDF) nanofiber 
composite membrane (NCM) with immobilized visible-light-responsive g-C3N4/Bi2MoO6 (BMCN) were devel
oped. Photodegradation of steroid hormones with the PVDF-BMCN NCM was investigated with varying catalyst 
properties, operating conditions, and relevant solution chemistry under solar irradiation. Increasing CN ratio 
(0–65 %) enhanced estradiol (E2) degradation from 20 ± 10 to 75 ± 7 % due to improved sunlight utilization 
and photon lifetime. PVDF nanofibers reduced self-aggregation of catalysts. Hydraulic residence time and light 
intensity enhanced the photodegradation. With the increasing pH value, the E2 removal decreased from 84 ± 4 
to 67 ± 7 % owing to electrical repulsion and thus reduced adsorption between catalysts and E2. A removal of 
96 % can be attained at environmentally relevant feed concentration (100 ng.L–1) with a flux of 60 L.m− 2.h− 1, 
irradiance of 100 mW.cm− 2, and 1 mg.cm− 2 BMCN65 loading. This confirmed that heterojunction photocatalysts 
can enhance micropollutants degradation in PMRs.  
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1. Introduction 

1.1. Micropollutants in the environment 

Micropollutants, such as endocrine-disrupting chemicals, pharma
ceutical and personal care products, and persistent organic pollutants, 
are a major global challenge and risk to human and environmental 
health [1–3]. Steroid hormones (SHs) are a prominent group of micro
pollutants which can affect the endocrine, immune, and nervous systems 
of humans and animals even at low concentrations, causing endocrine 
disorders and abnormal regulation of normal hormones [4,5]. Conse
quently, the World Health Organization (WHO) proposed a guideline 
concentration (1 ng.L− 1) for estradiol (E2) in drinking water [6], which 
posed a treatment challenge. SHs typically entered surface water, 
groundwater, and drinking water through industrial effluents, agricul
tural run-off, livestock farms, hospital effluents, and discharge of treated 
wastewater [6,7]. SHs were not fully removed by conventional waste
water treatment [1–3]. SHs, including E2, estrone (E1), progesterone 
(P), and testosterone (T), have been widely found at low concentrations 
(below the physiological levels sub-ng.L− 1) in the long-term monitoring 
of wastewater effluent and receiving surface waters [1,2]. 

1.2. Technologies for micropollutant removal 

Various treatment technologies, such as adsorption, membrane 
filtration, advanced oxidation processes, and biological treatment, have 
been employed to remove micropollutants [8]. Membrane separation 
and adsorption technology can remove some micropollutants through 
size exclusion, electrical repulsion, and adsorption. However, removal is 
often incomplete [2] and the disposal of concentrates is challenging [3]. 
Advanced oxidation processes (AOPs), including Fenton oxidation, 
heterogeneous photocatalysis, and ozonation, can produce the reactive 
oxygen species (ROS), which can decompose micropollutants into 
by-products, CO2 and H2O through secondary reactions [8]. However, 
photocatalysts separated from treated wastewater pose a potential risk 
of secondary contamination in the effluent [9]. Thus, a strategy to 
overcome the drawbacks of the photocatalyst suspension reactor is 
combining photocatalysis with a membrane separation process, in form 
of a photocatalytic membrane reactor [10]. 

1.3. Photocatalytic membrane reactors 

Photocatalytic membrane reactors (PMRs) can be categorized into 
two main types; i) the suspension of photocatalyst in the reactor solution 
(slurry-type reactor), and ii) photocatalyst immobilized in/on the 
membrane (photocatalytic membrane) [9]. Lab-scale photodegradation 
studies in slurry-type reactors have demonstrated high treatment effi
ciency of various micropollutants at concentrations ranging from ng.L− 1 

to mg.L− 1 in the different water sources [11]. This was attributed to the 
fact that slurry-type reactors can reduce the self-aggregation of catalysts 
to improve reactive site availability and photocatalytic activity [12,13]. 
However, suspending photocatalysts may negatively impact water 
quality, permeate flux, and membrane lifetime due to membrane fouling 
on the membrane surface [14,15]. In contrast to slurry-type reactors, 
photocatalytic membranes can effectively minimize the loss of the 
photocatalyst, ensure continuous operation and reduce membrane 
fouling, thereby increasing membrane lifetime [16]. Additionally, 
photocatalysts immobilized in/on the membrane has advantages such as 
no need to separate and recycle the catalyst, self-cleaning ability, and 
significantly enhanced mass transfer [17]. 

1.4. Photocatalyst materials 

An ideal photocatalyst can be activated by light with energy (hν) 
equal to or larger than its bandgap energy (Eg) to generate an e-/h+ pair, 
the surface/volume charge recombination, the redox reaction, and 

reactive oxygen species (ROS), as illustrated in Fig. 1 [18]. However, 
photocatalysts in environmental applications are still constrained by 
their poor photocatalytic activity [13]. Hence, developing photocatalyst 
materials with different optical properties, morphologies, and particle 
sizes is necessary to enhance the photodegradation for micropollutants 
[18]. Recently, interest in visible-light-driven photocatalysts such as 
g-C3N4 and bismuth-based materials is growing because the narrow 
band gap can efficiently utilize the solar spectrum [19,20]. Nevertheless, 
visible-light-driven photocatalysts suffer from a short photon lifetime, 
which causes poor photodegradation efficiency [21]. Therefore, prom
ising strategies have been developed in the past decade, including 
decoration by noble metals, doping with additional elements, and 
forming heterojunctions [21,22]. Among the proposed strategies, engi
neering heterojunctions and morphology in photocatalysts have proven 
to be a promising way for environmental applications due to the feasi
bility and effectiveness for separating e-/h+ pairs to enhance the photon 
lifetime [23]. 

Heterojunction photocatalysts involved stacking two or more pho
tocatalytic materials with different band gaps over a short distance, 
which can spontaneously generate electron transfer after light irradia
tion [24]. The heterojunction occurred through the internal electric 
field, which caused electrons to spontaneously transfer from the pho
tocatalyst with the higher Fermi level (EF1) to that with lower Fermi 
level (EF2). Then, the electron transfer reached the equilibrium Fermi 
level (EF3) to form the heterojunction between photocatalyst and 
co-catalyst [23]. In general, the electron transfer pathways of different 
types of heterojunction were described, which can be separated into four 
types [18]; (a) type-I heterojunction, (b) type-II heterojunction, (c) 
Schottky junction, and (d) Z-scheme heterojunction. For instance, the 
combination of g-C3N4 and Bi2MoO6 can form type II or Z-scheme het
erojunction, which significantly enhanced the photocatalytic activity, 
increases solar energy utilization, and accelerates electron transfer [25, 
26]. Although Bi2MoO6/g-C3N4 nanocomposites exhibited the excellent 
photodegradation performance, the leakage of photocatalysts cause the 
possible secondary pollution [27]. Therefore, it is essential to develop a 
photocatalytic composite membrane to prevent leakage of nanoparticles 
[10], while using g-C3N4/Bi2MoO6 to attain higher SHs removal in the 
PMRs. 

1.5. Immobilization of photocatalyst onto/into membrane substrate 

Photocatalyst immobilization methods can influence light penetra
tion, surface-to-volume ratio, and ROS generation [28]. Typically, these 
methods can be categorized into two types; (i) entrapment of photo
catalyst into the membrane matrix and (ii) disposition of photocatalyst 
onto the membrane surface [9]. For entrapment, composite membranes 
were easily fabricated by phase inversion and blending, thus preventing 
membrane fouling via photodegradation and improving the membrane 
hydrophilicity [29]. Nonetheless, catalyst loading and particle sizes in 
the matrix altered membrane morphology and pore size [27], while 
catalyst surface accessibility may be constrained. In contrast, catalyst 
disposition onto the membrane surface through the methods such as, 
chemical grafting, vacuum infiltration, and ALD method, can provide 
controllable catalyst thickness, anti-fouling performance, and superior 
chemical stability [30]. Additionally, this method offered advantages 
such as high catalyst loading, freedom design of morphology, and no 
impact on the pristine membrane morphology [31,32]. Nonetheless, 
high catalyst loading faced challenges such as high mass transfer resis
tance, catalyst self-aggregation, reduced membrane permeability, and 
limited light absorption [33,34]. Upon comparing photocatalyst 
entrapment and disposition methods, Bedford et al. [35] reported that 
TiO2 deposited onto nanofiber had better photodegradation of organic 
dye under UV irradiation. This was attributed to the high dispersion and 
loading of TiO2, which provide excellent photocatalytic activity. More
over, photocatalysts lost the photocatalytic activity because the polymer 
matrix reduced the reactive sites of catalysts [36]. While the 
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immobilized method has been well-established, the nanoparticle size 
needs to be smaller than the pore size of the supporting membrane. 
Effective immobilization requires a good interaction between catalyst 
and support, which mean that it is hard to immobilize a catalyst in the 
pores of an inert membrane [16]. Therefore, it is essential to develop a 
membrane substrate with a large specific surface area, high porosity, 
good affinity for the catalyst and high external mass transfer [37]. 

1.6. Polymer supporting material and morphology 

Polymeric membranes are more widely used as membrane substrates 
than metal- and ceramic-based membranes because they are flexible, 
formable, and low-cost [38]. Multiple polymers such as poly(tetra
fluoroethylene) (PTFE), poly(acrylonitrile) (PAN), and poly(vinylidene 
fluoride) (PVDF) have been applied as support materials [39]. In 
particular, PVDF membrane is a promising candidate for catalytic 
degradation due to its outstanding chemical resistance to ROS [40]. 
When the membrane was immobilized with large photocatalysts, the 
composite membrane will decrease membrane permeability [41]. 
Consequently, electrospun fibers are ideal support materials for large 
catalysts due to their open 3D structure, large surface-to-volume ratio, 
and high porosity [42]. Furthermore, catalysts immobilized onto the 
fiber surface can enhance the contact between catalysts and micro
pollutants and reduce the self-aggregation photocatalyst, which was 
attributed to the well-dispersion onto the fiber surface [43,44]. For 
example, Liu et al. [45] reported that Ag/TiO2 nanofiber supported by 
glass filter (pore size: 0.45 µm) performs higher photodegradation per
formance than P-25 deposited glass filter and TiO2 nanofiber glass filter 
under the solar simulator in a dynamic system. Therefore, photo
catalysts immobilized onto polymer nanofiber supported by PVDF 
membrane can effectively improve photocatalytic activity and 
self-aggregation. 

The research aimed to remove steroid hormone micropollutants 
using photocatalytic membrane under light provided by a solar simu
lator. g-C3N4/Bi2MoO6 nanocomposites were immobilized onto PVDF 
nanofiber composite membrane (NCM) via vacuum filtration method, 
which can effectively reduce the self-aggregation and leakage of cata
lyst, while drastically enhancing mass transfer [46]. The performance 

evaluation using solar simulator and environmentally relevant concen
tration (100 ng.L− 1) can establish material and process limitations. How 
SHs photodegradation efficiency was controlled by i) photocatalytic 
nanomaterials (catalysts ratio and loading), ii) operating conditions 
(water flux and light intensity), and iii) solution chemistry (feed con
centration, pH, and SHs types) was the primary research interest. The 
SHs removal in the flow-through PMR operated in a single-pass 
configuration was investigated as illustrated in Fig. 2. 

2. Materials and methods 

2.1. Chemicals 

Radiolabeled steroid hormones, [2,4,6,7-3H(N)]-Estradiol (3.26 TBq 
mmol− 1), [2,4,6,7-3H(N)]-estrone (3.48 TBq mmol− 1), [1,2,6,7-3H(N)]- 
testosterone (2.94 TBq mmol− 1) and [1,2,6,7-3H(N)]-progesterone (3.63 
TBq mmol− 1) were supplied as ethanol solution by Perkin Elmer LAS 
GmbH, Germany and stored at − 20 ℃. Before filtration experiments, 
the native bottle was diluted with ultrapure water (MilliQ A+ system, 
Millipore Darmstadt, Germany) stock solution (10 μg.L− 1). Feed solu
tion of a radiolabeled hormone with a concentration of 100 ng.L− 1 was 
diluted from the hormone stock solution. For feed concentrations higher 
than 100 ng.L− 1, a non-labeled hormone solution was added to increase 
to obtain the desired feed concentration. Due to the low solubility of SHs 
in water, a non-labeled hormone solution is prepared in methanol at 
multiple concentrations (1, 10, 100, 1000, and 10,000 μg.L− 1). Hence, 
extra methanol (79.2 mg.L− 1) was added to the feed solution to ensure a 
constant methanol concentration, while the final ethanol concentration 
from a native solution was 26.3 mg.L− 1 in each experiment [47]. The 
background solution contained 10 mM NaCl (>99.7 %, Merck Millipore, 
Darmstadt, Germany) and 1 mM NaHCO3 (>99.5 %, Merck Millipore, 
Darmstadt, Germany) to simulate the natural water. However, the 
organic solution and inorganic ions can quench the ROS with quenching 
rate constants (k) for hydroxyl radicals of Cl- (k = 4.3•109 M− 1.s− 1), 
methanol (k = 9.7•108 M− 1.s− 1), and ethanol (k = 2.8•109 M− 1.s− 1). 
Furthermore, the HCO3

- can quench the hydroxyl radicals (k = 8.5•106 

M− 1.s− 1) and electrons (k = 6•105 M− 1.s− 1) [48]. 
For the pH adjustment of feed solutions 1 M HCl (33.7 %, Carl Roth, 

Fig. 1. The mechanism of heterojunction photocatalysts. D electron donor; A electron acceptor; CB conduction band; VB valance band; Fermi energy (EF) is the 
difference between the highest and lowest occupied single-particle states in a quantum system of non-interacting fermions at absolute zero temperature [23]. 
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Karlsruhe, Germany) and 1 M NaOH (99 %, Merck Millipore, Darmstadt, 
Germany) prepared in Milli-Q water are used. 

2.2. Preparation of photocatalyst, nanofiber, and composite membrane 

The g-C3N4 (CN) was prepared through thermal pyrolysis and ther
mal exfoliation. Notably, 10 g urea (J.T.Baker, 99 %, USA) in a boat 
crucible was heated to 550 ℃ at 10 ℃.min− 1 in the muffle furnace 
(DF40, DENG YNG, Taiwan) and kept at 550 ℃ for 2 h to obtain bulk 
CN. The box furnace was cooled by radiation to room temperature. After 
room temperature, the bulk CN was heated to 450 ℃ at 10 ℃.min− 1 for 
2 h in the muffle furnace (DF40, DENG YNG, Taiwan) to obtain CN 
nanosheet [49]. 

Briefly, 2 mmol Bi(NO3)3•5 H2O (Alfa Aesar, 98 %, USA) was mixed 
with 1 mmol Na2MoO4•2 H2O (Alfa Aesar, 98 %, USA) in a 30 mL so
lution (diethylene glycol (Alfa Aesar, 99 %, USA): ethanol (Alfa Aesar, 
99 %, USA) = 1:1) with vigorous stirring for 1 h. It was then transferred 
to 50 mL Teflon tubes at 160 ºC for 4 h. The obtained Bi2MoO6 (BMO) 
precipitate was washed 3 times with Milli-Q (18.2 Ω, Merck, USA) and 
ethanol (Alfa Aesar, 99 %, USA) to remove the no reactant by the 
centrifuge. The BMO particle was dried at 60 ℃ for 12 h [49]. 

A 21 % (w/v) PVDF (1015/1001, Solvay, Belgium) solution was 
prepared by dissolving in DMF/Acetone (9:1) at 65 ℃ on the magnetic 
stirrer (300 rpm, SU1300, Sustainable Lab Instruments, Germany) for 
24 h. After dissolving, the solution was cooled to room temperature for 
1 h. The PVDF nanofiber was electrospun directly onto the PVDF 
membrane (0.22 µm, hydrophobic, Millipore, USA) by an electro
spinning machine, which contained a syringe pump (LA100, Landgraf 
Labor system HLL GmbH, Germany), a collector with an x-y controller 
(SMC 200, MOVTEC Wacht GmbH, Germany), and a power supply 
(HPC-14–20000, FuG Elektronik GmbH, Germany)). The voltage was set 
to 15 kV, the flow rate was set to 0.5 mL.h− 1, and the distance from the 
collector was set to 20 cm. After the fabrication, the PVDF nanofiber 
support PVDF membrane (PVDF-fiber) was dried at 60 ℃ for 12 h in the 
oven. 

For the photocatalysts suspended solution, TiO2 (300 nm, 100 % 
anatase, CD bioparticle, USA), CN, BMO, and mixed BMO/CN solutions 
with various weight ratios of CN: BMO (80:20, 75:25, 70:30, 65:35, 
60:40, 50:50, 40:60, 30:70, and 20:80 wt%:wt%), were measured by the 
balance (Adventurer AX622/E, Ohaus, Germany). The suspended solu
tion was prepared by sonicating a mixture of 0.1 g.L− 1 in Milli-Q water. 
A circular piece of the fiber/PVDF membrane with 66 mm diameter was 
placed on a stainless-steel support layer (Millipore, Germany) inside a 
ceramic funnel. The suspension was loaded onto the membrane via a 
vacuum filtration apparatus (vacuum pump, FB70155, Fisherbrand, 
Germany). The loaded volumes of 34.2–239.4 mL of the 0.1 g.L− 1 sus
pension were related to a photocatalysts loading of 0.25–1.75 mg.cm− 2. 
Each photocatalytic membrane coupon was cut into 4 pieces of 25 mm 
(4.9 cm2) diameter. The composite membranes were generated from 
CN, BMO, and the mixer of BMO/CN. According to the CN, BMO, and CN 
ratio of mixer, photocatalytic composite membranes are named as TiO2, 
CN, BMO, and BMCNX (X = 80, 75, 70, 65, 60, 50, 40, 30, 20), 
respectively. 

2.3. Characterization of photocatalyst, nanofiber, and composite 
membrane 

The cross-section and morphology of photocatalysts and photo
catalytic membranes were determined by a cold field emission scanning 
electron microscope (SEM, SU-8010 Hitachi, Japan), operated at a 
voltage of 15 kV in Fig. S5. Before this analysis, the samples were 
sputter-coated with a 10 nm platinum surface film with a JFC-1600 Auto 
Fine Coater (JEOL, Japan). Powder X-ray diffraction patterns were 
measured by an X-ray diffractometer (D8, Bruker, Germany) with Cu Kα 
radiation (λ = 1.5406 Å) at 40 mA and 40 kV to identify the crystallinity 
and phase of photocatalysts and photocatalytic membranes in Fig. S2. 
The photocatalytic membrane was placed into a Fourier-transform 
infrared spectroscopy (FTIR, Spectrum Two, Waltham, Perkin Elmer) 
to measure the bond formation and functional groups in Fig. S3. The 
surface charge of membranes was determined in the electrolyte 

Fig. 2. Schematic of a photocatalytic membrane reactor and PVDF-BMCN65 NCM for single-pass continuous flow micropollutant photodegradation.  
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containing 0.001 mM KCl with Zetasizer (Nano-ZS ZEN 3600, Malvern, 
UK), where the membrane was placed into Zetasizer Cuvettes (DTS1070, 
Malvern, UK, see Fig. S6). The photocatalytic membrane was place into 
thermogravimetric analyzer (TGA, TG 209 F1 Libra, Netsch, Germany) 
to measure the weight loss of membrane before/after experiment in 
Fig. S14. 

Optical properties characterization of photocatalytic membranes 
was determined by the absorption spectrum and the diffuse reflectance 
spectrum with a UV/visible spectrometer (U-4100, Hitachi, Japan) in 
Fig. S7. The membrane was placed in the circle holder covered with 
quartz glass of 18 mm diameter in the solid mode to measure the ab
sorption and reflectance spectrum. A time-resolved-PL spectrometer (tr- 
PL, iHR550, Horiba Jobin Yvon, Japan), based on a time-correlated 
single-photon counting method, equipped with a laser (405 nm) as an 
excitation source, was employed to characterize excited free-carrier 
dynamics about the pumping intensity. The photocatalytic membrane 
was placed into the glass tube, where a Xe lamp (350 W) was the light 
source to activate the photocatalytic membrane. The CCD detector 
(400–1000 nm) and a cooled InGaAs detector (800–1600 nm) deter
mined the photon lifetime in Fig. S8. Ultraviolet photoelectron (UPS) 
and X-ray photoelectron spectroscopy (XPS) were investigated on ESCA 
PHI 1600, Thermo Fisher Scientific, USA with ultra-violet He source was 
used to determine the position of valence bands and surface chemical 
compositional states of the photocatalytic membrane in Fig. S10A and 
Fig. S4. The photocatalytic membrane was placed onto the copper film 
and is dried at 60 ℃ in the oven for 12 h. The membrane was transferred 
into UPS, which was carried out with a helium discharge lamp 
(hν=21.22 eV) in normal emission) at a high vacuum value. The VB 
position (VB-XPS, Fig. S10B) was determined by linear extrapolation of 
the valance band onset subtracted from the background. UV/Visible 
transmittance spectra (Lambda-950 spectrophotometer, Perkin Elmer, 
Waltham, USA) were measured by placing membranes on the trans
mittance sample holder to determine the light penetration of BMCN 
membranes from 200 to 800 nm in Fig. S12. 

All the electrochemical experiments (Fig. S9) were investigated at 
room temperature by Autolab (Metrohm, USA). After mixing active 
material and Nafion in an isopropanol solution, this mixture was well- 
mixed into a homogeneous slurry by ultrasonication. For the working 

electrode coating, the slurry was pasted onto 1 × 1 cm2 FTO glass via 
the spin-coating method, and the working electrode was dried overnight 
at 60 ◦C under the vacuum. The loading mass of the electrode was 
controlled at 1 mg.cm− 2. Moreover, the Ag/AgCl and Pt electrodes 
served as the reference and counter electrodes. 

10 mM 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was prepared in 
DI water or dimethyl sulfoxide (DMSO) as the scavengers to trap free 
radicals, including •OH and •O2

- , respectively. The photocatalytic 
membrane (1 ×2 cm2) was placed into the DMPO solution, and a Xe 
lamp (350 W, Jiehan SS-1050, Taiwan) was then used as the light source 
to activate the photocatalytic membrane. The solution of 1 mL was 
quickly extracted and transferred into the glass tube. EPR spectra 
(Bruker E-580 spectrometer, Germany) were taken to determine the free 
radicals (Fig. S11). Mercury intrusion porosimetry (MIP, Thermo Sci
entific, USA) analysis provided the pore size, pore volume, and porosity 
(εp) of nanocomposite membrane. The mercury filled the void space on 
the surface of the sample. MIP can characterize pore diameters in the 
size range of 4 nm to 200 µm. Large pores typically require less pressure 
(and time) to fill with mercury than smaller ones. Hence, the pore size 
distribution and porosity (εp) were determined (Table S8). 

2.4. Photocatalytic membrane filtration system and filtration protocols 

The experiments to evaluate the photodegradation of SHs were 
conducted in a custom-built flow-through filtration system (Fig. 3 and 
Fig. S1) and the filtration protocol was shown in Table S2 [47]. The feed 
solution was placed into a 1 L double-jacketed beaker with temperature 
controlled by a chiller (mini-chiller 300 OLE, Huber, Berching, Ger
many). A stainless-steel membrane cell with a quartz window (thickness 
2 cm, active area 2 cm2, Zell Quarzglas, Geesthacht, Germany) was 
designed for illumination of the photocatalytic membrane in-situ. A 
HPLC pump (BlueShadow Pump 80 P, pump head 500 mL, Knauer) 
provided flow and pressure, while a solar simulator (Wavelength from 
350 to 1150 nm, SolSim, SINUS-70, Wavelabs, Germany) served as the 
light source for the illumination of the photocatalytic membrane. The 
spectrum of the solar simulator was described in Fig. S15. The 16-port 
switching valve (Azura, V 2.1 S, Knauer, Berlin, Germany) collected 
the permeate sample at different times. A pressure sensor (Type A-10, 

Fig. 3. Scheme of photocatalytic membrane system, 1) feed tank (double jacketed beaker), 2) magnetic stirrer, 3) chiller, 4) HPLC pump, 5) purge valve, 6) pump 
shut-off valve, 7) low-pressure sensor with shut-off-valve and low-pressure relief valve, 8) Solar simulator 9) photocatalytic membrane cell, 10) retentate needle 
valve, 11) 16 port switching valve, 12) permeate vials, 13) balance, 14) retentate tank, 15) computer. 
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WIKA Alexander Wiegand SE & Co. KG, Klingenberg, Germany) was 
applied to monitor the transmembrane pressure, a conductivity sensor 
(ET131, eDAQ, Colorado Springs, USA) and thermocouple (NI 
USB-TC01, NI, Austin, USA) measure conductivity and temperature in 
the system. The permeate mass was determined by balance, and the 
permeate flow rate calculated. LabVIEW software (version 2016, NI, 
Austin, USA) was used for system control and data acquisition 
(USB-6000, NI, Austin, USA) except pH value and dissolved oxygen 
concentration, which were recorded manually as described below. The 
filtration has been adapted from prior work (Table S3) [46]. After 
membrane compaction, permeability was measured at various flow rates 
prior to experiments to ensure there are no leakages in the system and 
the membrane has no defects. The total permeate volume was 700 mL 
the first 100 mL were filtered in the dark phase to reach SH adsorption 
equilibrium, followed 600 mL after turning on the solar simulator. The 
samples were kept in the light-resistant vials at 4 ℃ fridge prior to 
analysis. 

The standard conditions were set as follows; flow rate 2 mL.min− 1 

(flux 600 L.m− 2.h− 1), E2 concentration 100 ng.L− 1, light intensity 
8 mW.cm–2, pH 8.2 ± 0.4, 23 ± 0.2 ⁰C, 1 mM NaHCO3, and 10 mM 
NaCl. The integrity of the membranes was evaluated by measuring pure 
water flux before and after filtration. 

2.5. Water quality analysis 

Ultra-high-pressure liquid chromatography with flow scintillation 
analysis (UHPLC-FSA, Perkin Elmer, USA) was used for the separation 
and quantification of the radiolabeled steroid hormones. The SHs were 
separated by UHPLC using MeOH/water as eluent with 40–80 % 
gradient of MeOH over 25 mins. This gradient step was followed by 
15 min of washing with MeOH/water with 40 % of the MeOH mobile 
phase. The mobile phase was mixed with scintillation liquid (Ultima-Flo 
M, Perkin Elmer, USA). The samples (200 μL) are injected into the 
UHPLC-FSA system to enhance the LOD [47]. Methylene blue concen
trations were determined with a UV/Vis spectrophotometer (Lambda 
365, Perkin Elmer, USA) equipped with a flow-through cuvette (light 
path of 10 mm, Hellma Analytics) and a reference cuvette filled with 
Milli-Q water. The absorbance was measured at the wavelength of 
664 nm for methylene blue [50]. pH value and dissolved oxygen con
centration data were recorded manually by a pH meter (pH/cond 3320, 
WTW, Germany) equipped with a glass electrode (SenTix81, WTW, 
Germany) and a multiparameter meter (Multiline 3510 IDS, WTW, 
Germany) equipped with an oxygen sensor (FDO-925, WTW, Germany). 
The equations for calculating membrane performance and apparent 
photocatalysis kinetics were detailed in Table S1. 

3. Results and discussion 

The purpose of this work was to investigate if the novel PVDF- 
BMCN65 nanofiber composite membrane (NCM) can achieve 
enhanced performance with solar simulator irradiation compared to 
PVDF-TiO2 photocatalytic membranes. 

3.1. Comparison of E2 removal with the different photocatalytic 
membranes 

In the first instance, it is necessary to know if the heterojunction 
photocatalysts can improve photodegradation performance compared to 
TiO2. For this purpose, a TiO2 with identical particle size (100 % 
anatase), and thus surface area, was chosen and loaded into the NCM. E2 
removal by the PVDF-TiO2 and PVDF-BMCN65 NCM was investigated in 
the flow-through PMR irradiated with both UV (365 nm) light and solar 
simulator (350 - 1150 nm, Fig. 4). 

Prior to exposure to light irradiation, saturation of E2 adsorption was 
achieved by both PVDF-TiO2 and PVDF-BMCN65 NCM, which was 
obvious by permeate (cp) and feed concentration (cf ) becoming equal. 

When turning on the light source, the normalized concentration ratios 
over the PVDF-TiO2 membrane under the solar simulator at 8 or 97 mW. 
cm− 2 decreased to a concentration ratio of 1 ± 0.12 and 0.86 ± 0.1 (R=
0 ± 12 and 14 ± 10 %), respectively, indicating very low removal. With 
the UV lamp at 10 mW.cm− 2, removal efficiency was 10 ± 11 %, sur
prisingly and significantly lower than that of 30 nm TiO2 particles (R =
79 ± 4 %) [51] under the same photocatalytic filtration conditions. This 
lower performance was attributed to the larger particle size and the fact 
that the crystal phase of this TiO2 was anatase. In previous work [46,51], 
TiO2 contained three crystal phases (80 % anatase, 15 % brookite, and 
5 % rutile), and Preethi et al. [52] indicated that triphasic TiO2 can form 
heterojunctions between different crystal phases and enhance the pho
tocatalytic activity. 

The PVDF-BMCN65 NCM was investigated with 8 mW.cm− 2 solar 
simulator irradiation, resulting in a normalized concentration ratio of 
0.25 ± 0.06 (R=75 ± 6 %), this a significantly enhanced degradation. 
These results indicated that BMCN 65 (visible-light-response hetero
junction photocatalyst) has a higher E2 removal efficiency than TiO2 
(UV-light-response photocatalyst), significantly enhancing photo
catalytic activity. This observation confirmed prior reports of the 
methylene blue photodegradation efficiency in a suspension system that 
a g-C3N4/Bi2MoO6 nanocomposite being 5 times higher than that of P25 
TiO2 [25]. 

It is noted that both particle size and heterojunction can contribute to 
the difference in photocatalytic activity. Therefore, optimizing the CN 
ratio of g-C3N4/Bi2MoO6 composites is one important impact factor for 
enhancing the photodegradation performance. 

3.2. Contribution of CN ratio in BMCNX heterojunction photocatalysts 

Heterojunction photocatalyst after light irradiation can form an in
ternal electric field between catalyst surfaces, where the electron 
simultaneously transferred to form a heterojunction. The heterojunction 
can improve the charge recombination rate, solar light utilization, 
photocatalytic activity, and photon lifetime [26]. Heterojunction pho
tocatalysts were fabricated in a certain photocatalyst ratio between CN 
and BMO. To determine the best photocatalyst ratio in removing E2, a 
series of CN ratios in heterojunction photocatalyst were investigated in  
Fig. 5. Normalized parameters (cp/cf , temperature, conductivity and 
transmembrane pressure) as function of permeate volume for 
PVDF-BMCN NCM can be found in Fig. S16, Fig. S17, Fig. S18, and 
Fig. S19. 

The CN ratio of g-C3N4/Bi2MoO6 composites (0 to 100 %) can be 

Fig. 4. E2 Normalized concentration ratio (cp/cf ) of PVDF-BMCN65 NCM and 
PVDF-TiO2 (100 % anatase, 300 nm) as a function of permeate volume. 
(loading 1 mg.cm− 2, solar simulator (SS) irradiance 8 or 97 mW.cm–2 (350 - 
1150 nm), UV (365 nm) irradiance 10 mW.cm–2, flux 600 L.m− 2.h− 1, flow rate 
2 mL.min− 1, pH 8.2 ± 0.4, 24 ± 2 ◦C, E2 concentration 100 ng.L–1, 1 mM 
NaHCO3, 10 mM NaCl, 27.2 mg.L− 1 EtOH, 79.2 mg.L− 1 MeOH.). 
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separated into two regimes in terms of E2 removal and rate of disap
pearance (ŕʹ) (see Eq.S5). When PVDF-BMCNX NCM increased from 0 to 
50 %, the E2 removal increased consistently from 20 ± 10 to 66 ± 7 %. 
Once the CN ratio in BMCNX was more than 50 %, E2 removal over 
PVDF-BMCNX NCM exhibited more than 66 %. This observation was the 
same in that the high ratio of CN can provide higher photocatalytic 
activity [53]. Moreover, ŕʹ was around 4 times higher than “BMO only” 
(ŕʹ= (1.04 ± 0.7)⋅1011 mol.m− 2.s− 1) when the CN ratio was more than 
50 % (ŕʹ= (3.84 ± 0.6)⋅1011 mol.m− 2.s− 1), which was attributed to the 
heterojunction in photocatalysts [54]. To gain deep insight into different 
CN ratios and optimize the CN ratio, the CN ratio experiment was further 
examined by methylene blue (cf=1 mg.L− 1) experiments (Fig. S20), in 
which the PVDF-BMCN65 NCM also exhibited the highest removal ef
ficiency (R= 24 ± 7 %). The above increased removal can be attributed 
to the combination of g-C3N4/Bi2MoO6 nanocomposites. The 
g-C3N4/Bi2MoO6 nanocomposite exhibited an enhancement of optical 
properties in that it enhanced light absorbance in the region of 440 (CN) 
to 483 (BMCN65) nm (Fig. S7A), decreased the band gap significantly 

from 2.8 (CN) to 2.64 (BMCN65) eV (Fig. S7B), and increased photon 
lifetime from 2.36 (BMO) to 5.97 (BMCN65) ns (Fig. S8). Furthermore, 
the photoelectrochemical analysis displayed that BMCN65 has the 
highest photocurrent density (Fig. S9A) and the lowest Rct value 
(Fig. S9B) than CN and BMO. Above results can be attributed to the fact 
that heterojunction in BMCN65 can enhance the photocatalytic activity, 
light utilization, the charge separation efficiency, and the migration of 
charge carriers [54]. 

To further confirm the heterojunction formation in BMCN65, XPS 
analysis was evaluated the surface chemical composition of photo
catalysts. As shown in Fig. S4, all XPS peak positions considerably 
shifted, which can prove the successful formation of heterojunction in 
BMCN65 [25]. To propose a possible photocatalytic reaction mecha
nism, the band structure of photocatalysts was estimated by UPS spec
trum (Fig. S10A), VB-XPS spectrum (Fig. S10B), and DRS spectrum 
(Fig. S7B). As shown in Table S5, the VB positions of CN and BMO were 
respectively + 1.44 and + 2.38 V. Based on the EVB and Eg values, the 
CB position for CN and BMO were calculated as − 1.36 and − 0.19 V, 
respectively. Before contacting BMO and CN, the band structures were 
independent, which indicated that photocatalysts didn’t interact on the 
photocatalyst surface. After establishing contact between the photo
catalysts, the combination can form type-II and Z-scheme hetero
junctions. For type-II heterojunctions (Fig. 6a), the photo-induced hole 
migrated from + 2.38 V (VB of BMO) to + 1.44 V (VB of CN), while the 
photo-excited electron transferred from − 1.36 V (CB of CN) to − 0.12 V 
(CB of BMO). Under these circumstances, the photo-excited electrons 
can react with O2 to produce •O2

- (EO2/•O2-= − 0.33 V vs NHE) and 
photo-induced holes in the VB of CN (+1.44 V vs NHE) cannot react with 
water to generate •OH (EH2O/•OH= +1.99 V vs NHE) [55]. Meanwhile, 
the remaining electrons in these heterojunctions can react with water to 
produce a small amount of •OH. For Z-scheme heterojunctions (Fig. 6b), 
both BMO and CN can produce e-/h+ pairs in their band structures under 
solar simulator irradiation. The photo-excited electron in the CB of BMO 
transferred to the VB of CN, and then reacted with photo-induced hole in 
the VB of CN. Therefore, holes in the VB of BMO can react with water to 
produce •OH and the remaining electron in the CB of CN can reduce O2 
to produce •O2

- , H2O2 and •OH [26]. 
To further confirm which type of heterojunction was formed be

tween CN and BMO, the generation of ROS species was further identified 
by EPR spectra. The EPR spectra were measured in DMSO and DI solu
tion with 10 mM DMPO to detect the presence of •O2

- and •OH, respec
tively. As shown in Fig. S11, the unique peaks of DMPO-•O2

- (signal 

Fig. 5. E2 removal and rate of disappearance as a function of CN ratio. (PVDF- 
BMCNX NCM, loading 1 mg.cm− 2, irradiance 8 mW.cm–2 (350 - 1150 nm), flux 
600 L.m− 2.h− 1, flow rate 2 mL.min− 1, pH 8.2 ± 0.4, 24 ± 2 ◦C, E2 concentra
tion 100 ng.L–1, 1 mM NaHCO3, 10 mM NaCl, 27.2 mg.L− 1 EtOH, 79.2 mg. 
L− 1 MeOH). 

Fig. 6. Possible photocatalytic mechanism scheme of BMCNX heterojunction photocatalyst. A: type-II heterojunction. B: Z-scheme heterojunction. VB: valance band. 
CB: conduction band. 
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splitting1:2:2:1) and DMPO-•OH (signal splitting1:1:1:1) were obvious 
in the spectra after light irradiation [49]. However, the peak of 
DMPO-•OH was very small, indicating that the quantification of •OH 
was low. According to the above description of heterojunctions, the 
heterojunction of BMCN65 can be proved as the type-II heterojunction, 
which can generate •O2

- and the low concentration of •OH. Moreover, 
•O2

- radicals can be considered as the primary reactive radical during the 
photodegradation, which the organic solvents and inorganic salts in feed 
solution may quench the small portion of •OH radicals [55]. 

These above results exhibited that heterojunction photocatalysts can 
effectively enhance photocatalytic activity and improve the charge 
recombination rate [53,54]. The achievable enhancement by increasing 
the BMCN65 loading onto the PVDF nanofiber will be determined in the 
next section. 

3.3. BMCN65 loading onto PVDF fiber composite membrane 

When the photocatalyst loading increased, the photodegradation 
performance was expected to be enhanced due to more ROS being 
generated on the photocatalyst surface. However, excess photocatalysts 
can interfere with the light transmittance and hence deteriorate the 
photodegradation efficiency [56]. Loadings were investigated from 0.25 
to 1.75 mg.cm− 2. 

PVDF-BMCN65 CNM with different BMCN65 loadings achieved 
saturation and the mass adsorbed (mads) increased from 1⋅10− 3 to 6⋅10− 3 

ng.cm− 2 with increased BMCN65 loading (Fig. S16C). This phenomenon 
was attributed to the increased loading providing more active adsorp
tion sites (e.g. amino groups and π-π conjugated aromatic rings of CN) 
for secondary interactions (e.g. hydrogen bonding, Van Der Waal 
interaction, and π-π interaction) [57]. Fig. 7 showed that the 
PVDF-BMCN65 NCM had a removal of around 70 ± 7 % at the loading 
of 0.25 mg.cm− 2. When the loading exceeds 1 mg.cm− 2, removal 
decreased to 54 ± 7 % at 1.25 mg.cm− 2. The apparent rate of disap
pearance ŕʹ followed the same trend as E2 removal in that ŕʹ decreased 
from (4.84 ± 0.6)⋅1011 mol.m− 2.s− 1 to (3.76 ± 0.7)⋅1011 mol.m− 2.s− 1 at 
a loading of 1.25 mg.cm− 2. Two possible reasons can explain this phe
nomenon; firstly the self-aggregation of catalysts, which decreased 
photocatalytic activity [58], and secondly, the contact area of the same 
thickness between the photocatalytic membrane and micropollutants 
remained constant. Once the photocatalyst loading reached a certain 
value, the excessive catalyst hindered the contact area between micro
pollutants and the photocatalytic membrane [59], as well as light 
penetration. To gain deeper insight, the different BMCN65 loadings 

were investigated by SEM and light transmission. Excessive loading 
above 1 mg.cm− 2 caused the self-aggregation of BMCN65 (Fig. S5) and 
the reduction in light transmission with increasing BMCN65 loading 
(Fig. S12), which limited the amount of effective reactive sites and 
decreased the photodegradation efficiency. Loading experiments for 
BMCN65 were verified with methylene blue (cf = 1 mg.L–1, Fig. S21), 
wherein 1 mg.cm− 2 loading exhibits the highest removal efficiency (R =
24 ± 7 %). 

According to the photocatalyst limitations, optical properties, pho
tocatalyst ratio, and loading of photocatalytic nanomaterials signifi
cantly influenced E2 removal. A PVDF-BMCN65 NCM with a loading of 
1 mg.cm− 2 was selected for subsequent experiments to investigate 
environmental factors affecting photocatalytic degradation. These pa
rameters included operating conditions and solution chemistry, which 
were critical for guiding further development of PMRs for environ
mental application. 

3.4. Water flux and hydraulic residence time 

The hydraulic residence time (t) corresponded to the residence time 
between micropollutants and the photocatalytic membrane surface 
without considering adsorption. Adjusted with water flux, t was a 
limiting factor for photodegradation performance and can be calculated 
from Eq.S3 using permeate flow rate and membrane porosity. Mean
while, molar flux, which influenced the amount of the micropollutant 
available on the photocatalytic membrane surface, can be calculated 
using Eq.S6 from water flux and micropollutant concentration. This 
section investigated fluxes with various water flux, ranging from 60 to 
3000 L.m− 2.h− 1 (flow rate from 0.2 to 10 mL.min− 1) with correspond
ing t between 1.57 s and 0.03 s, while the E2 molar flux increased from 
0.6⋅10− 11 to 31⋅10− 11 mol.m− 2.s− 1 (Fig. 8.). 

PVDF-BMCN65 NCM reached saturation with varying water fluxes, 
while the mass adsorbed (mads) decreased from 6⋅10− 3 to 0.4⋅10− 3 ng. 
cm− 2 with increasing water flux (Fig. S16E). A decline in E2 removal can 
be observed from 93 ± 3 to 50 ± 8 % (from 60 to 3000 L.m− 2.h− 1), 
while ŕʹ increased from (0.7 ± 0.3)⋅10− 11 to (17 ± 1.8)⋅10− 11 mol.m− 2. 
s− 1. The reduced removal was attributed to the shortened contact time 
between micropollutants and the photocatalytic membrane surface 
[60]. Moreover, ŕʹ exhibited an opposite trend to E2 removal, because 
the photodegradation process was in the mass-transfer controlled 
regime [61]. A strong linear correlation (R2 = 0.99) was observed when 

Fig. 7. E2 removal and rate of disappearance as function of BMCN65 loading 
(PVDF-BMCN65 NCM, irradiance 8 mW.cm–2 (350 - 1150 nm), flux 600 L.m− 2. 
h− 1, flow rate 2 mL.min− 1, pH 8.2 ± 0.4, 24 ± 2 ◦C, E2 concentration 100 ng. 
L–1, 1 mM NaHCO3, 10 mM NaCl, 27.2 mg.L− 1 EtOH, 79.2 mg.L− 1 MeOH). 

Fig. 8. E2 removal and rate of disappearance as a function of flux (PVDF- 
BMCN65 NCM, MPC: 1 mg.cm− 2, irradiance 8 mW.cm–2 (350 - 1150 nm), 
pH 8.2 ± 0.4, 24 ± 2 ◦C, E2 concentration 100 ng.L–1, 1 mM NaHCO3, 10 mM 
NaCl, 27.2 mg.L− 1 EtOH, 79.2 mg.L− 1 MeOH). 
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t decreased from 1.57 to 0.1 s (water flux from 60 to 900 L.m− 2.h− 1), 
indicating that the photocatalytic degradation kinetics were in the 
mass-transfer-controlled regime at t > 0.1 s. These results indicated that 
molar flux and mass transfer of E2 molecules to the photocatalytic 
membrane surface dominated photodegradation efficiency in the 
flow-through PMR [62]. When t < 0.1 s (water flux > 900 L.m− 2.h− 1), 
the rate of disappearance reached a plateau, indicating that photo
degradation degradation kinetics were no longer diffusion-limited and 
achieve a surface-reaction-controlled regime [63]. 

In this section, the hydraulic residence time (t) was the rate- 
controlling step for the mass-transfer-controlled and surface-reaction- 
controlled regimes during heterogeneous photocatalysis, which was an 
observation similar to the phenomenon in other flow-through PMRs 
over an immobilized photocatalyst [64]. Thus, a flux of 600 L.m− 2.h− 1 

was chosen for other experiments because it balanced the small influ
ence of mass transfer under 900 L.m− 2.h− 1 and provided a fair 
compromise between E2 removal and rate of disappearance (ŕʹ). 

3.5. Solar simulator light intensity 

Light intensity can be defined as the number of photons generated 
per unit of area in the PMR. Higher light intensity can yield more pho
tons from light resources, and a photocatalyst absorbing more photons 
can generate a higher ROS concentration [65]. The experiments with 
various light intensities were investigated from 8 to 100 mW.cm− 2. 

Two regimes of light intensity effects on photodegradation can be 
observed in Fig. 9. When the solar simulator light was off, E2 removal 
was zero, indicating that the photocatalytic membrane cannot remove 
E2 without light activation. When the solar simulator turned on, E2 
removal exhibited 75 ± 7 % at the low irradiance of 8 mW.cm− 2. With 
increasing light intensity, E2 removal increased to 91 ± 3 %, attributed 
to an improved charge recombination rate at high light irradiation [66]. 
Moreover, ŕʹ increased from 4.84 ± 0.6⋅1011 to 5.89 ± 0.3⋅1011 

mol⋅m− 2
⋅ s− 1. This observation was similar to what Herrmann et al. [65] 

demonstrated when the reaction rate followed the first-order kinetic (α 
value = 1) at low light intensity, whereas at moderate light intensity, the 
reaction rate reached a leveled-off state (α value = 0.5). Moreover, the 
reaction rate became constant at a sufficiently high light intensity, 
where kinetics was only limited by mass transfer. 

In this section, light intensity exhibited a slightly positive correlation 
with E2 removal and the rate of disappearance, indicating that reaction 
kinetics didn’t reach the mass-transfer-limited regime. Hence, a light 

intensity of 8 mW.cm− 2 was employed for investigating other water 
quality parameters. Solution chemistry will be explored in the next 
section. 

3.6. Initial steroid hormone concentration 

During the photodegradation experiment, the initial SH concentra
tion determined the number of SH molecules present in the NCM. The 
experiments involved investigating various initial E2 concentrations, 
ranging from 0.05 to 1000 µg.L–1, which ranges from very low envi
ronmental concentrations to near the solubility limit in water (E2 sol
ubility is 1.7–3.9 mg.L− 1 (20–25 ℃) [67]). 

Saturation of the PVDF-BMCN65 NCM was reached with various 
initial concentrations in the dark phase, and the mass adsorbed (mads) 
increased from 1.5⋅10− 3 to 21 ng.cm− 2 in response to the increasing 
initial concentration (Fig. S16G). Fig. 10 illustrated two regimes of the 
effects of the initial concentration on photocatalytic degradation. For 
the initial concentrations from 0.05 to 10 μg.L–1, E2 removal exhibited 
moderate efficiency (R = 60–80 %) with a perfect linear correlation (R2 

=0.999) of ŕʹ, which can also be observed at low E2 concentrations. This 
indicated that the photodegradation kinetic follows apparent first-order 
kinetics (following the Langmuir-Hinshelwood model, L-H model). 
Typically, the L-H model can be separated with correlation (R2) into 
zero-order kinetic (R2 >1), first-order kinetic (1 ≧R2 >0.9), and second- 
order kinetic (R2 <0.9) [68]. At higher E2 concentrations (>10 μg.L–1), 
E2 removal dramatically decreased from 75 ± 7 to 14 ± 11 %, while 
ŕʹincreased from 4.84 ± 0.6⋅1011 to 6.48 ± 0.7⋅108 mol⋅m− 2

⋅ s− 1. This 
was attributed to the membrane saturation with E2 molecules and 
possibly by-products, which result in an apparent reduction in kinetics 
and a transition to a zero-order kinetic [69]. Simultaneously, there ap
pears to be an insufficient amount of ROS produced to degrade 
micropollutants. 

These results showed that increasing the initial feed concentration 
can improve contact between micropollutants and the photocatalytic 
membrane surface, leading to an enhanced rate of ŕʹ during photo
degradation. Nevertheless, the concentration of SHs in environmental 
water resources was below the physiological level (sub-ng.L− 1) [1,2]. 
Thus, the environmentally relevant concentration (100 ng.L–1) was used 
to investigate the various pH and SH types. 

3.7. Feed solution pH 

The pH of feed solution influenced the surface charge of the catalyst 

Fig. 9. E2 removal and rate of disappearance as a function of light intensity 
(PVDF-BMCN65 NCM, loading 1 mg.cm− 2, irradiance (350 - 1150 nm), flux 
600 L.m− 2.h− 1, flow rate 2 mL.min− 1, pH 8.2 ± 0.4, 24 ± 2 ◦C, E2 concentra
tion 100 ng.L–1, 1 mM NaHCO3, 10 mM NaCl, 27.2 mg.L− 1 EtOH, 79.2 mg. 
L− 1 MeOH). 

Fig. 10. E2 removal and rate of disappearance as a function of initial E2 
concentration (PVDF-BMCN65 NCM, MPC: 1 mg.cm− 2, irradiance 8 mW.cm–2 

(350 - 1150 nm), flux 600 L.m− 2.h− 1, flow rate 2 mL.min− 1, pH 8.2 ± 0.4, 24 

± 2 ◦C, 1 mM NaHCO3, 10 mM NaCl, 27.2 mg.L− 1 EtOH, 79.2 mg.L− 1 MeOH.). 
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and micropollutants, which can cause either charge repulsion or 
adsorption [10]. Xu et al. [70] reported that ROS production increased 
with increasing pH values because the high OH- concentration can 
enhance •OH formation in the alkaline solution via the redox reaction 
(EOH-/•OH= 2.38 V vs NHE). Thus, the photodegradation performance of 
E2 on the PVDF-BMCN65 NCM was studied at various pH values from 2 
to 12. 

PVDF-BMCN65 NCM reached saturation irrespective of feed solution 
pH (Fig. S16D). The mass adsorbed (mads) decreased from 6.1⋅10− 3 to 
3.4⋅10− 3 ng.cm− 2 with increasing pH. Zhu et al. [71] determined the 
surface functional group of CN at various pH values using FT-IR spectra, 
thus indicating that the protonation of the amine group at acidic con
ditions can enhance micropollutants adsorption (e.g., hydrogen bonding 
and π-π interaction). Fig. 11 revealed that the removal efficiency 
remained relatively constant between pH 2–6 (R= 84 ± 4 %) and 
decreased somewhat above pH 6 (67 ± 7 % for pH 12). Moreover, 
ŕʹfollowed the same trend and decreased from 6.1 ± 0.3⋅10− 11 to 3.1 

± 7.2⋅10− 11 mol.m− 2.s− 1 as pH increased from 6 to 12. Due to the pKa 

range of E2 (pKa = 10.2–10.7 [72]) and the pHIEP of PVDF-BMCN65 
NCM (pHIEP = 5), the catalyst surface exhibited a negative surface 
charge and E2 was dissociated above pH 10.2–10.7. At pH < 8.2, a slight 
increase in both E2 removal and ŕʹ was observed, which can be attrib
uted to the improvement of E2 adsorption onto the photocatalytic 
membrane surface. Hence, the charge repulsion above pH 8.2 caused a 
reduction in E2 removal efficiency [10]. 

In summary, it can be observed that as pH increases, photo
degradation efficiency decreased slightly due to reduced E2 adsorption 
and charge repulsion between the BMCN65 surface and E2 molecules. 
The WHO guidelines indicated that the pH of drinking water ranged 
from 6.5 to 8.5 [73]. Thus, a pH of about 8 was used for investigating the 
various steroid hormone types. 

3.8. Steroid hormone type 

The chemical structure of steroid hormones can impact the SH 
photodegradation performance. Yost et al. reported the list of SH ac
tivities (a), in which the order was E2 (a=1)>E1 (a=0.02–0.45)> P 
(a=2⋅10− 2)> T (a=<1⋅10− 2) determined through the YES (Yeast Es
trogen Screen) assay with E2 as the reference compound [74,75]. 
Molecule reactivity can be examined by the Frontier Electron Theory 
(FET), in which electrophiles can rapidly and non-selectively attack 
electron-rich sites (e.g., aromatic ring) [76,77]. The different SHs (E1, 

E2, P, and T) were investigated in the same initial concentration. 
Fig. 12 showed that E1 and E2 had a moderate removal (R =

60–75 %) compared to P and T (R = 22–45 %). Meanwhile, ŕʹ followed 
the same trend as SH removal with the order E2 > E1 > T > P. During 
the photodegradation process, the free radical can serve as the electro
phile to degrade the phenolic chemicals (E1 and E2) quickly. For the 
possible degradation pathway, Qing et al. [78] reported that the car
bon/aromatic rings of E2 molecules were hydroxylated or replaced by 
the -OH group to form three different intermediates in the beginning. 
Subsequently, aromatic rings of intermediates were attacked by •OH and 
•O2

- , and then converted into small intermediates, CO2 and H2O by hy
droxylation, ring cleavage, and decarboxylation. Meanwhile, Ali et al. 
[79] reported that the degradation pathway of E1 confirmed that •OH 
and •O2

- can easily attack the aromatic ring to decompose molecules, 
which is similar to the degradation pathway of E2. Even though the 
chemical structure of T and P was without the aromatic ring, the YES 
assay and calculated FET for SHs type indicated that the P and T activity 
were lower than E1 and E2. Hence, the photodegradation performance 
of P and T exhibits low removal efficiency [74,75,80]. Furthermore, 
Qing et al. [78] used Ecological Structure Activity Relationships (ECO
SAR) Predictive Model to evaluate the biotoxicity. The acute and chronic 
toxicity based on intermediates and E2 decreased with the photo
degradation process.  

3.9. Removal of 17β-estradiol at optimized conditions 

To investigate whether the PVDF-BMCN65 NCM can meet the WHO 
guideline of 1 ng.L− 1 for 17β-estradiol in drinking water, the photo
degradation performance was optimized based on the results obtained 
above for a final experiment. 

At optimized conditions a 3.6 ± 2.5 ng.L− 1 E2 permeate concentra
tion near the detection limit was achieved for the single-pass dead-end 
filtration at 60 L.m− 2.h− 1 and 100 mW.cm− 2 with the PVDF-BMCN65 
NCM (catalyst loading 1 mg.cm− 2). Despite the analytical method 
being insufficient for E2 (LOQ = 3.8 ng.L− 1 [81]) to reach the 1 ng.L− 1 

guideline value, this optimized result, clearly demonstrates the signifi
cant potential of photocatalytic membrane treatment for removing SHs 
from water. The specific energy consumption was not calculated for such 
a very small laboratory system, although energy savings from the 
permeability increase compared to dense membranes implies that the 
process should be feasible if efficient light sources are implemented. This 
requires validation at pilot scale. 

Fig. 11. E2 removal and rate of disappearance as a function of pH (2− 12) 
(PVDF-BMCN65 NCM, loading 1 mg.cm− 2, irradiance 8 mW.cm–2 (350 - 
1150 nm), flux 600 L.m− 2.h− 1, flow rate 2 mL.min− 1, 24 ± 2 ◦C, cf : 100 ng.L–1, 
1 mM NaHCO3, 10 mM NaCl, 27.2 mg.L− 1 EtOH, 79.2 mg.L− 1 MeOH.). 

Fig. 12. E2 removal and rate of disappearance as a function of hormone type 
(PVDF-BMCN65 NCM, loading 1 mg.cm− 2, irradiance 8 mW.cm–2 (350 - 
1150 nm), flux 600 L.m− 2.h− 1, flow rate 2 mL.min− 1, pH 8.2 ± 0.4, 24 ± 2 ◦C, 
SH concentration 100 ng.L–1, 1 mM NaHCO3, 10 mM NaCl, 27.2 mg.L− 1 EtOH, 
79.2 mg.L− 1 MeOH.). 
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Additional examples of photocatalytic membranes and their perfor
mance on micropollutant removal are detailed in Table S11. Most of 
these studies utilized a solar simulator, Xe lamp, UV lamp and LED lamp 
as a light source with the removal ranging from 22 to 98 %. In this 
systems a solar simulator was used to irradiate PVDF-BMCN65 NCM for 
the E2 photodegradation at environmentally relevant concentrations 
(100 ng.L− 1). This result highlights that PVDF-BMCN65 NCM can 
effectively photodegrade E2. Furthermore, this enhanced efficiency 
underscored their potential for wastewater treatment processes. 

4. Conclusions 

The photodegradation of SHs using PVDF-BMCN65 NCM in a flow- 
through single-pass PMR was evaluated for SHs removal under solar 
simulator irradiation. The in-depth investigations quantified the envi
ronmental factors at environmentally relevant SH concentrations 
(100 ng.L− 1). The most significant limitation were the photocatalyst 
properties, in which PVDF-BMCN65 NCM exhibited excellent photo
degradation performance due to the improvement of longer photon 
lifetime, broadened wavelength absorption, charge recombination rate, 
and morphology (no self-aggregation) of the photocatalyst. 

Under the chosen operating conditions, the hydraulic residence time 
was found to be an important limiting factor for E2 removal and rate of 
disappearance. At flux values below 900 L.m− 2.h− 1, ŕʹ exhibited a linear 
increasement, which indicated photodegradation kinetics controlled by 
the molar flux. Moreover, the light intensity slightly improved the E2 
removal and ŕʹ, which was attributed to the improvement of the charge 
recombination rate. 

In terms of water chemistry, the removal performance was inhibited 
to some extent in an alkaline solution due to decreased E2 adsorption 
onto a photocatalytic membrane surface via charge repulsion. Mean
while, the experiments with different SH types exhibited moderate 
removal efficiency of E1 and E2 (R=60–75 %) at a water flux of 
600 L m− 2.h− 1 ( t = 0.16 s). At optimized conditions, E2 removal was 
higher than 96 % at an environmentally relevant feed concentration 
(100 ng.L− 1), a flux of 60 L.m− 2.h− 1, 100 mW.cm− 2, and BMCN65 1 mg. 
cm− 2. 

This study confirmed that heterojunction photocatalysts in the PMR 
can enhance the photocatalytic degradation of micropollutants. 
Furthermore, developing the nanoconfined heterojunction photo
catalyst (particle size in 10–30 nm) maybe the most promising strategy 

to further enhance SH removal efficiency at environmentally relevant 
concentrations in the PMR system. 
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Environmental Implications 

Steroid hormone micropollutant are abundant in effluents and pose a 
threat to environment and health. Removal from water is a global 
challenge. Membrane photocatalysis is an effective emerging technology 
that can degrade such micropollutants in situ. A poly(vinylidene fluo
ride) (PVDF) nanofiber composite membrane (NCM) with immobilized 
visible-light-responsive g-C3N4/Bi2MoO6 (BMCN) was investigated. 
Significantly enhanced performance of steroid hormone degradation 
was observed in terms of utilization of sunlight. Up to 96 % of degra
dation was achieved with hydraulic residence times in the order of 
seconds. This results in both high removal of micropollutants and 
potentially significant energy savings through the use of sunlight. 
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