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A B S T R A C T   

Metal-free carbon nitride-based membranes were prepared by embedding bulk or exfoliated graphitic carbon 
nitride (g-C3N4) photocatalysts in a polyvinylidene fluoride (PVDF) matrix. Supported membranes were also 
fabricated by immobilising these photocatalysts on a polytetrafluoroethylene (PTFE) substrate. The membranes 
were tested for venlafaxine (VFX) degradation at a feed concentration of 250 µg L− 1 under continuous flow mode 
operation and using a visible-light emitting diode (LED) as energy source. The reduction of the (002) diffraction 
peak and the increased intensity of the infrared absorption bands confirmed that the exfoliation process 
decreased the number of aligned g-C3N4 layers, with a more ordered packing of tri-s-triazine units. Additionally, 
the small particle size (around 745 and 257 nm for bulk and exfoliated g-C3N4, respectively) and the presence of 
terminal amino groups in the catalysts allowed for homogeneous dispersion in the PVDF matrix. Despite their 
different surface roughness and cross-sectional microstructure, all the fabricated membranes exhibited similar 
photocatalytic filtration performance for VFX degradation, resulting in conversions above 95% after 5 h of 
irradiation (418 nm with an irradiance of 11.2 W m− 2) and keeping the VFX concentration in the effluent 
negligible up to 48 h of continuous operation (mass removal rate of about 6 mg m− 2 h− 1). In a more complex 
water matrix (i.e., surface water), the photocatalytic filtration process led to 50% VFX removal (or 3 mg m− 2 h− 1) 
at the steady state. Moreover, the permeate flux remained at about 25 L m− 2 h− 1 throughout the continuous 
operation, suggesting that fouling did not occur at these conditions.   

1. Introduction 

Organic micropollutants (e.g., pharmaceuticals, pesticides, personal 
care products, industrial chemicals, among others) at trace concentra-
tions (ng L− 1 to µg L− 1) have been considered a threat to the environ-
ment and human health, some exhibiting ecotoxicity, endocrine 
interference and developing antimicrobial resistance [1–3]. Antide-
pressants are used for the long-term cure of depression, and for treating 
other health conditions, such as anxiety, panic, sleep and eating disor-
ders, hyperactivity, and chronic pain. These substances are among the 
most toxic pharmaceuticals to aquatic organisms [4–6]. In particular, 

venlafaxine (VFX) is one of the most widely prescribed selective sero-
tonin/norepinephrine reuptake inhibitors (SNRIs) worldwide to treat 
depression and generalised anxiety disorders, and its presence in the 
inlet of urban wastewater treatment plants (WWTPs) has been already 
reported [7]. Unfortunately, the physicochemical and biological treat-
ments conventionally applied in WWTPs achieve low removal effi-
ciencies of VFX (≈ 40%), resulting in the discharge of VFX into surface 
waters, where this compound might persist [8,9]. Hence, developing 
efficient treatment strategies is essential to effectively remove VFX and 
many other pharmaceutical substances from urban wastewater, and also 
from surface waters such as those supplying drinking water treatment 
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plants (DWTPs). In this context, heterogeneous photocatalysis is a 
possible treatment technology to remove these organic micropollutants 
in WWTPs and DWTPs, due to its cost-effectiveness, high oxidation ca-
pacity and sustainability [10,11]. 

Two-dimensional (2D) carbon-based photocatalysts have numerous 
advantages compared to the commonly used metal oxide semi-
conductors (e.g., titanium dioxide or zinc oxide) for water and waste-
water treatment. Some benefits are the larger surface area, superior 
optoelectronic properties, and thermal and chemical stability, while 
avoiding possible secondary pollution by metal leaching [12,13]. Spe-
cifically, graphitic carbon nitride (g-C3N4) is composed of stable 
tri-s-triazine networks. It has gained great interest in research owing to 
its simple synthesis method from earth-abundant elements and 
visible-light absorption, with a band gap energy of approximately 2.7 eV 
and suitable band positions [14,15], enabling solar-driven photo-
catalysis. Moreover, g-C3N4 allows the formation of hydroxyl radicals 
(HO•) and hydrogen peroxide (H2O2) under oxygenated conditions, 
which are major player species in the abatement of organic pollutants 
[15,16]. Low-cost light-emitting diodes (LEDs) can also be employed as 
visible-light sources to photoactivate g-C3N4, offering the possibility of 
designing more compact photoreactors with reduced power consump-
tion and longer lifespan [17,18]. Despite these advantages, the practical 
application of pristine g-C3N4 is restricted by the fast recombination of 
photogenerated electron-hole pairs and its relatively low surface area 
[15,19]. Multiple approaches, including morphology control, exfolia-
tion treatments, element doping or heterojunction design, have been 
applied to overcome these limitations and, thus, improve the photo-
catalytic performance of this material [3,20]. Among them, thermal 
exfoliation into 2D nanosheets stands out for its simplicity. It has been 
shown not only to increase the availability of active sites, promoting 
faster degradation of pollutants and higher H2O2 generation, but also to 
enhance g-C3N4 dispersibility in the preparation of materials [19, 
21–23]. 

Photocatalytic filtration combines simple physical separation and 
chemical oxidation processes under light irradiation in a single mem-
brane unit. Integrating photocatalysis with membrane technologies 
provides a synergistic strategy to remove target pollutants from 
contaminated waters, solving the challenge of catalyst recovery and 
recycling associated with slurry reactions (usually requiring high 
energy-consuming processes) and allowing operation in continuous flow 
mode. Moreover, the presence of the photocatalyst can effectively pre-
vent membrane fouling, which could lead to decreased flux and 
increased transmembrane pressure [24–30]. Photocatalytic filtration is 
therefore considered a green technology for environmental restoration 
and a potential solution to the growing energy demand, as it gives the 
opportunity to use renewable solar energy or LEDs, and operate under 
mild conditions without the addition of chemical oxidants [31]. 

Photocatalytic membranes can be fabricated by immobilising the 
catalyst on the membrane surface or by embedding it in the polymeric 
matrix. Supported membranes, prepared mainly through a facile vac-
uum filtration procedure, have demonstrated high performance but low 
mechanical strength owing to the poor adhesion between the catalyst 
and the support [32,33]. Conversely, composite membranes, in which 
the catalyst is blended into the polymeric matrix during the fabrication 
process, exhibit superior mechanical properties; however, in some cases, 
this strategy results in a reduction of the photocatalytic activity, as part 
of the catalyst is buried within the polymeric matrix [24,27]. Moreover, 
catalyst aggregation due to the incompatibility of g-C3N4 with the 
polymeric matrix is still a limiting factor in obtaining efficient composite 
membranes [32,34]. Regarding the possible polymers available for 
photocatalytic applications, polyvinylidene fluoride (PVDF) and poly-
tetrafluoroethylene (PTFE) are preferred because of their high me-
chanical stability and resistance to ultraviolet radiation [35]. 

In this work, the photocatalytic filtration performance of membranes 
prepared with bulk or exfoliated g-C3N4 photocatalysts, embedded in a 
PVDF matrix or supported on a commercial PTFE substrate, was 

compared for the first time under the same experimental conditions. The 
antidepressant VFX was chosen as the model compound for the simul-
taneous photocatalytic and membrane filtration processes in continuous 
flow mode operation using a LED emitting at 418 nm (11.2 W m− 2). VFX 
is a contaminant of emerging concern (CEC) included in the current 
Watch List of 19 substances/groups of substances for European Union- 
wide monitoring in the field of water policy, which was published in 
Decision 2022/1307 [36]. The stability of the membranes was assessed 
by conducting long-term adsorption and photocatalytic reactions in 
continuous flow mode (up to 48 h). Furthermore, some VFX degradation 
experiments were carried out using spiked surface water (SW), 
approaching more realistic conditions. This study demonstrates the 
potential of g-C3N4 for application in metal-free photocatalytic 
membranes. 

2. Materials and methods 

2.1. Chemicals and water matrices 

Urea (≥99.3 wt%) was obtained from Alfa Aesar (USA). Poly-
vinylidene fluoride (PVDF; MW: 275,000 g mol− 1), polyvinylpyrrolidone 
(PVP; MW: 40,000 g mol− 1), 1-methyl-2-pyrrolidone (NMP; 99.5 wt%) 
and venlafaxine hydrochloride (VFX; >98 wt%) were supplied by 
Sigma-Aldrich (Steinheim, Germany). For high-performance liquid 
chromatography (HPLC), acetonitrile (HPLC grade) and formic acid (99 
wt%) were acquired from VWR (USA). All chemicals were used without 
further purification. Solutions containing 250 µg L− 1 VFX were prepared 
in (i) ultrapure water (pH = 6.5) produced in a Milli-Q® water purifi-
cation system (Merck, Darmstadt, Germany) and (ii) surface water (SW; 
pH ca. 6–7) collected from Lima River (located in the Northwestern 
region of Portugal). SW was stored at 4 ◦C and decanted for 2 h before 
use to remove larger suspended solids. 

2.2. Synthesis and characterisation of g-C3N4 catalyst powders 

The synthesis of bulk g-C3N4 was performed by thermal decompo-
sition of urea in a Phoenix Microwave Muffle Furnace (CEM Corpora-
tion), according to a previously reported procedure [37]. Briefly, urea 
was placed in semi-closed quartz crucibles and underwent microwave 
heating (2 ◦C min− 1) up to 417 ◦C, remaining for 30 min, and then up to 
526 ◦C, resting at this temperature for 1 h. The obtained powder was 
washed, filtered and grounded, yielding bulk g-C3N4. Exfoliated g-C3N4 
was prepared by calcining the bulk material in a microwave muffle at 
500 ◦C for 2 h. The morphology of the as-prepared photocatalytic ma-
terials was investigated by transmission electron microscopy (TEM/-
STEM, JEOL 2100 F) operating at 200 kV. Additional characterisation of 
the bulk and exfoliated g-C3N4 materials is shown in our previous work 
[37]. 

2.3. Fabrication and characterisation of photocatalytic membranes 

Supported photocatalytic membranes were prepared by simple vac-
uum filtration. To that end, 50 mg of g-C3N4 was added to 100 mL of 
ultrapure water and sonicated for 50 min to obtain a uniformly 
dispersed solution. The resulting dispersion was centrifuged (3500 rpm, 
15 min), and the supernatant was vacuum filtered into Millipore JGWP 
PTFE membranes (0.2 µm pore size; 2.1 cm2 of effective irradiated area – 
diameter of 1.64 cm). The remaining dispersion was dried at 100 ◦C 
overnight and weighted to determine (by mass balance) the concentra-
tion of the vacuum-filtered supernatant. The catalyst surface density of 
the supported membranes was set to 0.2 mg cm− 2 by adjusting the 
volume of the dispersion filtered by vacuum. Dynamic particle size and 
surface charge (ζ-potential) of the catalyst dispersion were measured by 
dynamic light scattering (DLS) at 25 ◦C using a Zetasizer Nano ZS In-
strument (Malvern). 

Polymeric PVDF membranes were fabricated by the phase inversion 
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technique using PVP as the porogen agent and NMP as the solvent, ac-
cording to a procedure described elsewhere [38]. Firstly, 0.3 g of g-C3N4 
catalyst and 0.06 g of PVP were dispersed in 5.04 mL of NMP using an 
ultrasonic bath for 3 h. Then, 0.9 g of PVDF was added to the mixture, 
which was stirred at 40 ◦C for 48 h to polymerise. The resulting poly-
meric solution was kept stagnant overnight at room temperature to 
remove air bubbles. Finally, the degassed solution was spread on a glass 
plate using a casting knife (Elcometer 3580, Warren, MI) with a thick-
ness of approximately 0.50 mm and immediately immersed in distilled 
water for a few seconds for phase inversion. The as-prepared composite 
membrane was stored in distilled water at room temperature until use. A 
reference PVDF membrane (i.e., without photocatalyst) was also fabri-
cated following the same procedure. 

The crystallinity of g-C3N4 catalysts and g-C3N4-PVDF membranes 
was assessed by X-ray diffraction (XRD, PANalytical X′Pert Pro) using 
CuKα radiation. A Fourier transform infrared spectrometer (JASCO FT/ 
IR-6800) equipped with an attenuated total reflectance (ATR) MIRa-
cle™ Single Reflection sampling accessory (ZnSe crystal plate) was used 
to characterise the functional groups of g-C3N4 photocatalysts and g- 
C3N4-PVDF membranes in the 4000–700 cm− 1 range. The morphology 
and thickness of the fabricated membranes were investigated by scan-
ning electron microscopy (SEM, JEOL JSM-IT500 InTouchScope™) at an 
accelerating voltage of 15 kV after gold coating. The wettability of the 
membranes was evaluated by measuring the water contact angles (WCA) 
using the sessile drop technique (Attension Theta optical tensiometer) 
for five independent measurements [39]. 

2.4. Photocatalytic filtration experiments and analytical procedures 

The membrane filtration and photocatalytic experiments were car-
ried out in the dead-end filtration system schematically shown in Fig. 1. 
Briefly, the 250 µg L− 1 VFX solution (pH of 6.2 or 7.5, respectively for 
ultrapure water or SW) was continuously pumped into the membrane 
reactor cell (working volume: 9 mL; 4.5 mL in each side of the cell) using 
a peristaltic pump set at a flow rate of 0.1 mL min− 1. This cell was 
irradiated using a 10 W LED emitting at 418 nm (with an irradiance of 
11.2 W m− 2 measured on the position of the membrane, and through the 
glass wall of the cell, with an Ocean Optics USB2000+ UV–vis spec-
troradiometer). Samples were withdrawn regularly from the reactor. As 
mentioned above, the effective membrane area was 2.1 cm2. For com-
parison purposes, adsorption experiments (without irradiation) and 
photolytic (without membrane) runs were also performed. 

The VFX concentration was determined by ultra-high performance 
liquid chromatography (UHPLC) using a Shimadzu apparatus equipped 

with an autosampler (SIL-30AC), degasser (DGU-20A5), oven (CTO- 
20AC), two pumps (LC-30 CE), fluorescence detector (RF-20AXS), and 
system controller (CBM-20 A Lite). The analysis was conducted at 30 ◦C 
using a Kinetex™ XB-C18 100 Å column (200 × 2.1 mm i.d.; particle 
size of 1.7 µm) provided by Phenomenex Inc. The mobile phase con-
sisted of 0.1% (v/v) formic acid and acetonitrile under gradient mode at 
a flow rate of 0.25 mL min− 1, and the excitation/emission wavelengths 
were 230/300 nm. 

Permeate flux (JW, L m− 2 h− 1) was determined through Eq. (1), 
where V, S and Δt denote permeated volume (L), effective membrane 
area (m2) and permeation time interval (h), respectively. VFX mass 
removal rate (VFXRemoval, mg m− 2 h− 1) was calculated by applying Eq. 
(2), where [VFX]Influent and [VFX]Effluent refer to the VFX concentrations 
in the influent and effluent of the membrane reactor (mg L− 1), 
respectively. 

JW =
V

S × Δt
(1)  

VFXRemoval = JW ×
(
[VFX]Influent− [VFX]Effluent

)
(2) 

Short (2.5 h) quenching experiments were conducted to determine 
the main active species involved in the photocatalytic degradation of 
VFX. To that end, 3 mM of p-benzoquinone (p-BQ), methanol (MeOH), 
disodium ethylenediaminetetraacetate (EDTA) and sodium azide (NaN3) 
were added to the VFX solution in ultrapure water to scavenge super-
oxide (O2

•ˉ), hydroxyl (HO•), photogenerated holes and singlet oxygen 
(1O2) species, respectively. The pH of the scavenger solutions was 
adjusted to 6.2 before the photocatalytic filtration tests. 

3. Results and discussion 

3.1. Characterisation of the g-C3N4 materials 

Bulk and exfoliated g-C3N4 powders were characterised by TEM 
(Fig. 2). 2D single-layered, mostly overlapping, g-C3N4 sheets were 
observed for both bulk and exfoliated materials, displaying remarkable 
morphological differences. Bulk g-C3N4 exhibited a spongy layered 
structure with uniformly distributed pores ranging from 10 to 60 nm in 
diameter (Fig. 2a, c and e). On the other hand, the exfoliated material 
displayed a strongly wrinkled structure with sharpened sheets and 
missing pores (Fig. 2b, d and f). The g-C3N4 photocatalytic powders were 
already characterised in our previous study by other techniques [37]. As 
shown therein, these morphological features resulted in an extraordi-
nary increase in pore volume and surface area from 135 cm3 mg− 1 and 
36 m2 g− 1, respectively, for the bulk catalyst to 1092 cm3 mg− 1 and 
182 m2 g− 1, respectively, for exfoliated g-C3N4 [37]. Ultra-thin and 
porous structures of g-C3N4 have been shown to shorten the charge 
diffusion distance while providing a large surface area for its transfer 
[23,40]. It is worth noting the disorder that the exfoliation treatment 
caused in the polymeric structure, as evidenced by increased porosity 
and surface area, as well as by the strong shifts observed in the ab-
sorption and photoluminescence emission spectra [37]. 

The properties of the g-C3N4 suspensions used in the preparation of 
the supported membranes are presented in Table 1. DLS particle size 
measurements of bulk g-C3N4 suspensions, also shown in Fig. S1a 
(Supplementary Material, SM), displayed bimodal size distribution with 
large aggregates in the micron size range, namely with a 745.3 
± 83.3 nm dominant size of aggregates/agglomerates and a secondary 
peak at 167.8 ± 51.6 nm. Interestingly, the suspensions of the exfoliated 
material (Table 1, and Fig. S1b) exhibited a well-defined single peak at 
257.1 ± 7.8 nm, i.e., about one-third of the dominant size of the bulk 
material. Therefore, the exfoliation process could be advantageous to 
obtain improved membranes, since large aggregates/agglomerates and a 
non-uniform particle size distribution have resulted in cracks when 
preparing films from suspensions of g-C3N4 [41]. Moreover, compared 

Fig. 1. Schematic representation of the dead-end filtration system: (1) feed 
solution bottle (250 µg L− 1 VFX), (2) peristaltic pump (flow rate: 
0.1 mL min− 1), (3) membrane cell (total working volume: 9 mL), (4) g-C3N4- 
based membrane (effective area: 2.1 cm2), (5) 418 nm light source (irradiance: 
11.2 W m− 2), and (6) permeate bottle. 
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Fig. 2. TEM images of bulk (a, c, e) and exfoliated (b, d, f) g-C3N4 in powder form.  
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to the bulk, stable suspensions with 10 times higher concentration were 
achieved with exfoliated g-C3N4 (Table 1). Bulk and exfoliated g-C3N4 
were negatively charged at the pH of the suspensions, exhibiting a 
ζ-potential of − 34.0 ± 1.1 mV (pH = 7.92 ± 0.03) and − 22.8 ± 0.6 mV 
(pH = 6.91 ± 0.06), respectively, in agreement with the isoelectric point 
found in the literature [42,43]. The surface charge of g-C3N4 materials 
depends on the primary, secondary and tertiary amine groups present in 
their structure, since the first two are considered amphoteric and accept 
either protons or hydroxyl ions, while the latter can only react with 
protons [21,43]. As the ζ-potential of PVDF is also negative (ca. − 40 mV 
at pH 6.0–8.0), electrostatic repulsions can occur in the polymeric 
mixture during the fabrication process, which could lead to g-C3N4 being 
placed on the membrane outer surface or on the inner surface of the 
membrane pores (i.e., always in the surface rather than in bulk), thus 
favouring the photocatalytic process [24,44]. 

The crystal structure of the as-synthesised g-C3N4 materials in 
powder form and the respective polymeric composite membranes was 
characterised by XRD (Fig. 3). Both powder materials exhibited the two 
characteristic peaks of graphitic carbon nitride, according to the pat-
terrns of the Joint Committee on Powder Diffraction Standards (JCPDS 
87–1526). The weak diffraction peak observed at 13.3◦ was indexed as 
(100), which is associated with the in-plane structural packing motif of 
tri-s-triazine units, and the strong diffraction peak at 27.4◦ corresponds 
to the (002) plane, attributed to the interlayer stacking of the conjugated 
aromatic system [19,23,45]. The intensity of the (002) peak was 
significantly reduced after the exfoliation process, indicating a decrease 
in the number of aligned layers, more defective structure and a higher 
degree of amorphization [19,22,40]. The PVDF membrane displayed 
diffraction peaks at 18.8◦, 20.5◦, 27.4◦, 33.5◦, 36.3◦, 39.3◦ and 56.6◦, 
which can be ascribed to the (020), (110), (021), (130), (200), (002) and 
(300) reflections of its monoclinic α-phase, respectively [46–48]. PVDF 

membranes prepared with bulk and exfoliated g-C3N4, maintained the 
crystalline characteristics of the powdered materials and the PVDF 
membrane, as seen in their XRD patterns. The more intense (002) band 
for both g-C3N4-PVDF membranes confirmed the presence of g-C3N4, i.e., 
when compared with the reference PVDF membrane without g-C3N4. 

The functional groups of the g-C3N4 powders and g-C3N4-PVDF 
membranes were identified by FTIR spectroscopy (Fig. 4). Regarding g- 
C3N4 powder materials, the broad band between 3400 and 3000 cm− 1 

was ascribed to O− H and N− H stretching vibrations from physically 
adsorbed water and partial hydrogenation of N atoms, respectively [49, 
50]. The multiple bands in the 1650–1200 cm− 1 region were attributed 
to the characteristic stretching mode of C− N and C––N [24,30,51]. 
Specifically, the bands at 1630 and 1560 cm− 1 were assigned to het-
erocyclic C––N stretching, while those at 1460, 1400, 1320 and 
1235 cm− 1 were ascribed to C− N stretching vibration of tri-s-triazine 
[30,51]. The vibration band at 890 cm− 1 was associated with the 
N− H deformation mode of amino groups [19,51]. The band at 807 cm− 1 

corresponds to the breathing mode of tri-s-triazine units [52,53]. Exfo-
liated g-C3N4 displayed bands with higher intensity than the bulk ma-
terial, which may be rationalised by a more ordered packing of 
tri-s-triazine units [23,54]. The more intense IR bands of stretching ar-
omatic carbon-nitrogen bonds can be related to the simultaneous in-
crease of the 890 cm− 1 band associated with terminal nitrogen groups (i. 
e., defects in the matrix). In the FTIR spectra of the polymeric mem-
branes, the corresponding bands of PVDF α-phase were observed, ac-
cording to the XRD analysis. The vibrational bands at 3025, 2975 and 
1065 cm− 1 were assigned to the C− H stretching vibration [55,56]. The 
band displayed at 1655 cm− 1 is characteristic of the C––O stretching of 
PVP [57]. The vibration bands observed at 1400, 975 and 873 cm− 1 

were attributed to the C− H bending, rocking and wagging vibrations, 
respectively [58,59]. The bands located at 1881, 800 and 764 cm− 1 

were ascribed to the C− F symmetric stretching, rocking and bending 
vibrations, respectively [60]. 

The surface morphology of g-C3N4 supported on PTFE and the g- 
C3N4-PVDF polymeric membranes, as well as cross-sectional views of the 
latter, were investigated by SEM (Fig. 5). SEM images of the reference 
PVDF membrane are shown in Fig. S2 (SM) for comparison. Top views of 
the supported membranes (Fig. 5a and b) exhibited a uniformly 
distributed pattern of layered aggregates in the submicron scale without 
cracks completely covering the PTFE substrate, and revealed 

Table 1 
Properties of bulk and exfoliated g-C3N4 suspensions.   

Bulk g-C3N4 Exfoliated g-C3N4 

Concentration (µg mL− 1) 42 414 
DLS particle size (nm) 745.3 ± 83.3 

167.8 ± 51.6 
257.1 ± 7.8 

ζ-Potential (mV) -34.0 ± 1.1 -22.8 ± 0.6 
pH 7.92 ± 0.03 6.91 ± 0.06  

Fig. 3. X-ray diffraction patterns of bulk g-C3N4 and exfoliated g-C3N4 in 
powder form, and PVDF ■, bulk g-C3N4-PVDF and exfoliated g-C3N4-PVDF 

membranes. 

Fig. 4. FTIR-ATR spectra of bulk g-C3N4 and exfoliated g-C3N4 in powder 
form, and PVDF ■, bulk g-C3N4-PVDF and exfoliated g-C3N4-PVDF 

membranes. 
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morphological differences when using different g-C3N4 powders. g-C3N4 
supported membranes prepared with the exfoliated material, consisting 
of remarkably smaller aggregates, displayed a smoother surface than the 
bulk, in accordance with the DLS results (Table 1 and Fig. S1). Thin 
catalytic coatings, as those prepared in this work (catalyst surface den-
sity of 0.2 mg cm− 2), are not only desirable for high water permeability, 
but it has also been reported that increasing coating thickness did not 
significantly enhance the photocatalytic activity because the light 
cannot penetrate from the top layer to the inner layers of the catalyst to 
activate it [61,62]. For composite membranes to be competitive with 
supported membranes, a g-C3N4 loading of 4.7 wt% was used, as very 
high loadings of photocatalysts have been shown to form agglomerates, 
reducing the specific surface area and blocking pores, leading to low 
photocatalytic degradation efficiency [63]. The reference PVDF mem-
brane and the PVDF polymeric membrane prepared with the bulk 

g-C3N4 material, possessed the same morphological features consisting 
of a smooth surface and large finger-like channels with macro-voids 
(Fig. 5c and e; and Fig. S2), suggesting that the bulk photocatalyst was 
effectively embedded in the polymeric matrix. In contrast, the PVDF 
composite membrane prepared with exfoliated g-C3N4 showed signifi-
cantly higher surface roughness and the absence of macro-voids (Fig. 5d 
and f). Both g-C3N4-PVDF membranes presented the typical sponge-like 
asymmetric microstructure of PVDF with a dense top layer, as observed 
in the cross-sectional SEM images (Fig. 5e and f and Fig. S2b for the 
reference PVDF membrane). Macro-voids formation has been attributed 
to the rate increase of solvent (NMP)/non-solvent (distilled water) ex-
change during the phase inversion process in the presence of a hydro-
philic compound (i.e., PVP or the g-C3N4 catalyst) that migrates towards 
the polymer/water interface [64,65]. Although the mass loading of both 
photocatalysts in the polymeric mixture was the same, the volume of the 

Fig. 5. SEM images of bulk (a) and exfoliated (b) g-C3N4 on PTFE membranes; top and cross-sectional SEM images of bulk g-C3N4-PVDF (c, e) and exfoliated g-C3N4- 
PVDF (d, f) membranes. 
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exfoliated g-C3N4 was notably higher, which could have delayed phase 
inversion kinetics due to the increase in the viscosity of the casting so-
lution [66]. The membrane thickness could be estimated from 
cross-sectional SEM images at around 450 µm, barely changing after the 
addition of g-C3N4. 

The wettability of the as-fabricated membranes was determined by 
the sessile drop technique. Regarding g-C3N4 materials supported on 
PTFE membranes, WCA could not be adequately measured as the droplet 
spread instantly on the surface (WCA < 20◦), being considered super 
hydrophilic. PVDF, bulk g-C3N4-PVDF and exfoliated g-C3N4-PVDF 
composite membranes were hydrophilic (WCA < 90◦), yielding WCA 
values of 64 ± 6◦, 68 ± 3◦ and 79 ± 3◦, respectively (Table S1, SM). 
Therefore, the surface hydrophilicity was not affected by incorporating 
the bulk photocatalyst, whereas it became slightly hydrophobic when 
the exfoliated g-C3N4 was added. The amphiphilic character of g-C3N4 
has been previously described so that the conjugated basal plane and the 
edge groups constitute the hydrophobic and hydrophilic sections, 
respectively [67]. The higher WCA values observed for the g-C3N4-PVDF 
membrane prepared with the exfoliated material could also be explained 
by its higher surface roughness [51]. 

It is worth noting that the photocatalytic membranes prepared in this 
work are thermally stable up to the limit imposed by the polymeric 
material (i.e., PTFE or PVDF), as g-C3N4 is thermally stable up to 600 ◦C 
due to the aromatic C–N heterocycles [68] and the addition of the 

catalyst did not lead to changes in crystallinity compared to that of pure 
PVDF for the composite membrane (Fig. 3). It is known that PTFE 
membranes are resistant to temperatures up to 500 ◦C and PVDF 
membranes are stable at least up to 300–500 ◦C, barely changing upon 
the incorporation of a catalyst [69,70]. In terms of mechanical stability, 
supported membranes suffer from a mechanical detachment of the cat-
alytic film from the substrate [32], therein lies the advantage of 
embedding the catalyst in the polymer matrix. For instance, it has been 
reported that the mechanical properties of PVDF membranes can be 
affected by embedding a nanostructured catalyst into the polymeric 
matrix, resulting in an increase in tensile strength and a shift from 
ductile to brittle modes with a concomitant decrease in elongation at the 
breaking point as the catalyst loading increases, but without comprising 
its practical application at catalyst loadings below 5 wt% [71–74]. 

3.2. Photocatalytic filtration performance 

The photocatalytic filtration performance of the metal-free g-C3N4- 
based membranes, prepared both by embedding g-C3N4 in a PVDF ma-
trix and by vacuum filtration on a PTFE substrate, was evaluated for VFX 
degradation under constant flow conditions (Fig. 6). Photolytic and dark 
adsorption experiments were also performed under the same experi-
mental conditions, without membrane (photolysis) and without turning 
on the LED (dark adsorption). As shown in Fig. S3, photolysis led to a 

Fig. 6. Normalised VFX concentration obtained in adsorption and photocatalytic experiments performed with ultrapure water, with the bulk (a) and exfoliated 
(b) g-C3N4 supported on PTFE membranes, and bulk (c) and exfoliated (d) g-C3N4 mixed in PVDF membranes. Permeate flux (JW) is also shown for photocatalytic 
experiments . Experiments performed with [VFX]0 = 250 µg L− 1, pH0 = 6.2, Q = 0.1 mL min− 1 (continuous flow mode), and T = 22 ± 2 ◦C. 
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decrease of less than 10% in VFX concentration, which remained 
approximately constant for 6 h. Adsorption experiments with the 
membranes in dark conditions showed a fast decrease in VFX concen-
tration at the beginning of the process (> 50% removal), which then 
steadily increased until the removal was negligible as the membranes 
became saturated. Concerning adsorption capability, notable differences 
were found between g-C3N4 supported on PTFE and g-C3N4-PVDF 
membranes. VFX adsorption was insignificant after 3 h for both g-C3N4 
(bulk and exfoliated) supported membranes and only after 24 or 46 h of 
continuous operation, respectively, for bulk and exfoliated g-C3N4 
mixed in PVDF membranes. The higher adsorption capability of the 
PVDF membrane prepared with exfoliated g-C3N4 is in agreement with 
its increased surface roughness observed in SEM images, compared to 
the PVDF membrane with bulk g-C3N4 (Fig. 5). After the adsorption 
process, the light was switched on, and the photocatalytic filtration re-
action started, achieving a VFX removal above 95% after the first 5 h of 
visible irradiation for all tested membranes. Furthermore, the VFX 
concentration in the effluent was kept negligible for up to 48 h of 
continuous operation, corresponding to a VFX mass removal rate of 
about 6 mg m− 2 h− 1 (Eq. 2). A pseudo-first order kinetic model was 
fitted to the experimental data for the photocatalytic degradation of VFX 
(Fig. S4, SM). The kinetic constants (k) were respectively found to be 
0.0118 and 0.0122 min− 1 for bulk and exfoliated g-C3N4 supported on 
PTFE membranes, and 0.0113 and 0.0115 min− 1 for bulk and exfoliated 
g-C3N4 mixed in PVDF membranes. As the results indicate, the as- 
fabricated g-C3N4-based membranes did not exhibit significant differ-
ences in the photocatalytic filtration performance for VFX degradation 
despite their different morphological characteristics and adsorption 
capabilities. Moreover, the permeate flux (JW) remained constant after 
the first 30 min of photocatalytic reactions in continuous flow mode 
with a value of approximately 25 L m− 2 h− 1 for all tested membranes 
(Eq. 1), as also shown in Fig. 6. Thereby, fouling (or possible deactiva-
tion) was negligible in these experiments, and the higher hydrophobicity 
of the polymeric membranes compared to those supported did not affect 
the permeate flux. Membrane scale-up depends mainly on the maximum 
volumetric throughput or capacity, which is limited by filter fouling 
[75]. Fouling causes the permeate flux to decrease, restricting the vol-
ume of water that can be filtered with a given membrane area. In this 
work, membranes with an effective area of 2.1 cm2 were used, which is 
in the same range as those employed in other photocatalytic filtration 
studies for water treatment (Table S2). Effective membrane area must be 
increased when the filtration requirements of the process are not met 
due to membrane fouling. Therefore, the design of a dead-end filtration 
system involves estimating the membrane area required for a given fluid 
volume and specified operating conditions [76]. 

The photocatalytic mechanism of metal-free g-C3N4-based materials 
for the degradation of aromatic molecules is mainly attributed to the 
generation of reactive oxygen species (ROS), along with the photo- 
induced holes [77]. Upon irradiation at the appropriate wavelength, 
electrons in the valence band (VB) are promoted to the conduction band 
(CB) of g-C3N4 creating electron-hole pairs (g-C3N4 + hν → eˉ + h+) that 
will be readily available to induce redox reactions. When dissolved ox-
ygen is present, it can be reduced by the photoexcited electrons through 
a one-electron reduction route to superoxide radicals (O2 + eˉ → O2

•ˉ) 
[78]. Additionally, H2O2 can be produced by a two-electron reduction 
pathway from oxygen (O2 + 2eˉ + 2 H+ → H2O2) and subsequently 
reduced to HO• (H2O2 + eˉ → HOˉ + HO•) [14,21,77,79]. O2

•ˉ and HO•

have a strong oxidative capacity and participate in reactions involving 
other oxidants, globally referred to as ROS. It has been demonstrated 
that the thermal exfoliation treatment provides g-C3N4 with increased 
surface area, leading to higher availability of actives sites and, thus, 
faster degradation rates and H2O2 yields [21,23,80–82]. However, the 
influence of this parameter on the photocatalytic performance is mini-
mised when the photocatalyst is immobilised, either supported or 
embedded, which could explain the similar results obtained for bulk and 
exfoliated g-C3N4 photocatalysts in this work. Unexpectedly, the 

photocatalytic filtration performance of g-C3N4-PVDF membranes 
practically equalled that of the supported ones. It is known that a large 
amount of photocatalyst is buried within the polymeric matrix when 
membranes are prepared by embedding/phase inversion, which drasti-
cally diminishes the number of active sites [32,34]. Nevertheless, the 
negative ζ-potential of g-C3N4 and PVDF could have overcome this 
limitation by locating the photocatalyst on the membrane’s outer sur-
face or the inner surface of the pores during the fabrication process, as 
stated previously. The low compatibility of the g-C3N4-based materials 
with the polymer matrix has often led to catalyst aggregation, reducing 
membrane separation properties, which has been counteracted by 
g-C3N4 functionalisation or interface agent addition [83]. 

In this work, g-C3N4 showed good dispersibility in the polymeric 
matrix (PVDF) most probably due to its small particle size (Table 1), 
large surface area (Fig. 2) and high availability of N− H end groups 
(Fig. 4). Furthermore, the fabrication of g-C3N4-PVDF polymeric mem-
branes is scalable and highly reproducible compared to the supported 
membranes prepared by vacuum filtration, which also need a substrate 
and present some challenges regarding their reusability due to the 
relatively poor adhesion of the photocatalyst to the support [32,34]. As 
the energy costs of the exfoliation process do not compensate in this 
case, and since these polymeric membranes are more promising for in-
dustrial applications than the supported ones, PVDF membranes pre-
pared with bulk g-C3N4 were selected for further VFX degradation 
studies using scavengers and surface water (SW) as a matrix. 

The main active species during the photocatalytic degradation of 
VFX using PVDF membranes prepared with bulk g-C3N4 were investi-
gated by short (2.5 h) quenching experiments. As shown in Fig. S5 (SM), 
the addition of p-BQ had little effect on VFX degradation (< 10% at 
150 min) compared to the control (no scavenger), suggesting the minor 
contribution of O2

•ˉ radicals. In contrast, the addition of MeOH and NaN3 
inhibited VFX degradation to some extent (approximately 30%), while 
dosing with EDTA produced an even higher inhibition (> 50%) at 
150 min of reaction. These results suggest that the photogenerated h+

played an important role during the photocatalytic process. In previous 
studies, it was found that O2

•ˉ and h+ were the main reactive species 
responsible for the removal of contaminants [84,85]. For instance, a 
g-C3N4 catalyst, prepared by thermal decomposition of dicyandiamide 
at 550 ◦C and subsequent thermal exfoliation at 500 ◦C, was tested for 
the photocatalytic degradation of two micropollutants, metoprolol 
(MET) and diclofenac (DCF), under visible-light illumination [84]. Ex-
periments using EDTA and tert-butanol (t-BuOH) as scavengers revealed 
that the degradation of both micropollutants (individually or as a 
mixture) was mainly affected by h+ and HO•. Conversely, quenching 
studies indicated that the photocatalytic degradation of ethyl-parabens 
(EP) was significantly inhibited by p-BQ and triethanolamine (TEOA), 
suggesting that O2

•ˉ radicals and photoinduced h+ played a crucial role, 
while barely affected by t-BuOH [85]. In the present study, the mecha-
nism seems different, as O2

•ˉ radicals hardly contributed to VFX degra-
dation, which can be explained as follows. First, as described above, the 
O2
•ˉ generated by g-C3N4 upon light activation may be reduced by 

photoexcited eˉ to H2O2, which can be further reduced leading to HO•. In 
addition, the reaction between O2

•ˉ and h+ generates 1O2 according to 
previous reports [86,87], which has been shown to contribute to VFX 
degradation. Thus, more research is needed in this domain to better 
understand the reaction mechanism. 

The photocatalytic removal of VFX (after the adsorption process) in 
SW using a g-C3N4-PVDF polymeric membrane is shown in Fig. 7, and 
the results were compared to the performance of the same membrane 
under the same experimental conditions but using ultrapure water. 
Pseudo-first order kinetics are also displayed in Fig. S4 (SM). As can be 
observed, the efficiency of the photocatalytic filtration process 
dramatically decreased when using SW (k = 0.0028 min− 1); however, a 
relatively high VFX removal of 50% (corresponding to 3 mg m− 2 h− 1, 
Eq. 2) was achieved at a steady state. Interestingly, the permeate flux 
(JW) was also around 25 L m− 2 h− 1 in this case and did not decrease 
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throughout the experiment, indicating that fouling did not occur or not 
affect the filtration capability after 32 h of continuous operation with 
SW. 

The physicochemical properties of natural water, as well as its con-
tent of organic and inorganic species, have been shown to negatively 
affect the efficiency of photocatalytic filtration processes [32,88]. Nat-
ural organic matter and the target pollutant could compete in the 
adsorption process, while some inorganic ions (i.e., Cl‾, NO3‾, Na+, K+, 
Ca2+, Mg2+, NH4

+ or SO4
2-) [89] that are widely present in SW could 

scavenge photogenerated ROS [90–92]. The present study has been 
carried out under realistic conditions, not only with real water matrices 
(SW), but also with a low micropollutant concentration (250 µg L− 1 

VFX) and a long reaction time (48 or 32 h), when compared with most of 
the previously conducted studies. Effective membrane area and initial 
micropollutant concentration are parameters that could be also studied, 
together with visible-light intensity and flow rate (or retention time) for 
a given water matrix. However, VFX concentrations much higher than 
the one used here are rarely found in the environment [8], and lower 
concentrations would make accurate quantification more difficult. Our 
findings are in line with the limitations mentioned above, highlighting 
the need for research efforts for real water or wastewater treatment 
(instead of simulated water or wastewater) to better understand the 
synergy between membrane filtration and photocatalysis and promote 
their practical applications. 

4. Conclusions 

Carbon nitride-based membranes were shown to be effective for 
venlafaxine degradation by simultaneous photocatalytic and membrane 
filtration processes under visible-light irradiation and in continuous 
flow mode operation. Membranes fabricated by embedding g-C3N4 in 
PVDF, matched the same results obtained for those supported on a PTFE 
substrate, despite their different configurations. The porous nature of 
the synthesised g-C3N4, and the small particle size and available ter-
minal functional groups, are beneficial to obtain good dispersibility in 
the prepared membranes. However, it was demonstrated that the exfo-
liation process of g-C3N4 has little influence when the catalyst is 
immobilised. 

Venlafaxine removals above 95% were achieved after 5 h of visible- 

light irradiation (418 nm with an irradiance of 11.2 W m− 2) for all 
prepared membranes. These high removals were maintained for up to 
48 h of continuous operation. When surface water was used instead of 
ultrapure water, conversions of 50% were reached despite the 
complexity of the real matrix and the presence of competing ions that 
can scavenge the reactive species generated during the photocatalytic 
process. Furthermore, the permeate flux was determined throughout the 
experiments, proving that even after long periods of operation fouling 
was not detected at these conditions for these membranes. 
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Photocatalytic degradation of amitriptyline, trazodone and venlafaxine using 
modified cobalt-titanate nanowires under UV–Vis radiation: transformation 
products and in silico toxicity, Chem. Eng. J. 373 (2019) 1338–1347. 

[7] M. Papageorgiou, C. Kosma, D. Lambropoulou, Seasonal occurrence, removal, mass 
loading and environmental risk assessment of 55 pharmaceuticals and personal 
care products in a municipal wastewater treatment plant in Central Greece, Sci. 
Total Environ. 543 (2016) 547–569. 

[8] H. Rapp-Wright, F. Regan, B. White, L.P. Barron, A year-long study of the 
occurrence and risk of over 140 contaminants of emerging concern in wastewater 
influent, effluent and receiving waters in the Republic of Ireland, Sci. Total 
Environ. 860 (2023), 160379. 
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