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Abstract: In this study, a mixed-matrix method was used to prepare PVDF polymeric membranes
with different amounts of TiO2 P25 photocatalyst embedded, which were employed in filtration
processes in the presence of UV radiation (LED, peak emission at 375 nm) to eliminate two aqueous
micropollutants (MPs) used as model compounds (venlafaxine and metoprolol). The obtained
membranes were characterized to gain insights into their texture, morphology, composition, and
other catalyst-related properties that could affect the photocatalytic filtration process. For that
purpose, N2 adsorption–desorption, contact angle, SEM-EDX, thermal analysis, FTIR, XPS, UV-vis
DRS, and PL spectroscopy were used. Filtration tests were carried out in continuous mode using
a dead-end filtration cell to evaluate the performance of the prepared membranes in removing the
selected MPs. Experiments were performed both in ultrapure water and a secondary effluent from a
municipal wastewater treatment plant. It was found that the synthesized membranes could effectively
remove the target MPs in ultrapure water, achieving up to 99% elimination. Such process performance
decreased drastically in the secondary effluent with removals below 35%. Carbonate/bicarbonate
ions in the secondary effluent were identified as the main scavenging substances. Thus, after the
partial removal of carbonate/bicarbonate ions from the secondary effluent, the removal of MPs
achieved was above 60%.

Keywords: membrane; metoprolol; micropollutant; photocatalysis; titania; venlafaxine; wastewater

1. Introduction

The control of micropollutants of emerging concern (MPs) in wastewater treatment
plants (WWTPs) is one of the major water challenges today [1]. Household and industrial
activities as well as agricultural practices release several classes of MPs into the water,
including polar pesticides, perfluorinated compounds, personal hygiene products, and
drugs, which can act as endocrine disruptors and may have harmful effects on fertility,
growth, metabolism, and hormones [2]. The occurrence of MPs has been repeatedly
reported in effluents from WWTPs as well as in both surface water and groundwater, their
concentration levels depending on the location and weather conditions [3]. Policymakers
show great concern about this issue. Thus, in the last decade, the European Union has
developed some control procedures, such as the Commission Implementing Decision (EU)
2022/1307, establishing a watch list of substances to be monitored in water bodies. Also,
the European Council is likely to launch a new directive for more efficient treatment of
urban wastewater, including a compulsory advanced treatment (i.e., quaternary treatment)
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in WWTPs of over 100,000 population equivalent to remove a broad spectrum of MPs.
Accordingly, the impact of quaternary treatments on the removal of specific MPs is now a
major research topic [4]. In this work, the removal of two MPs chosen as model pollutants,
the antidepressant venlafaxine (VEN) and the β-blocker metoprolol (MTP), by PVDF/TiO2
photocatalytic membranes is studied.

VEN (see Figure 1a) has been often detected in the aquatic environment [5]. In
terms of fate, venlafaxine and its metabolites pose serious ecotoxicological risks to aquatic
ecosystems, being hardly removed in conventional WWTPs [6,7]. In addition, the long-term
effects of its metabolites have not been systematically studied [6]. Likewise, MTP (see
Figure 1b) is a persistent MP with potential ecotoxicological threat to aquatic ecosystems [8].
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Photocatalysis has emerged recently as a promising green technology to remove MPs
from water. Thus, several semiconductor oxides such as TiO2, ZnO, ZrO2, WO3, and
Fe2O3, as well as some carbonaceous materials such as graphene oxide or g-C3N4, have
been widely explored for this purpose, both as single and composite photocatalysts [9,10].
Among them, commercial TiO2 P25 nanoparticles have been extensively studied in water
treatment because of their efficiency in removing MPs, non-toxicity, stability, and low
cost [11]. TiO2 P25 has been reported to be a mesoporous material (60.8 m2·g−1) composed
of irregular shape nanoparticles of sizes largely distributed from 15 to 25 nm and a mean
pore size of 17.8 nm [12]. Its band-gap energy of about 3.2 eV makes it suitable to absorb
UVA radiation in solar detoxification processes [9]. However, a critical limitation reported
for this powdered material is its inability to form stable agglomerates, which could be
easily recovered and reused after the treatment [13]. For this reason, different strategies
have been proposed to immobilize TiO2 P25 onto a variety of materials, thus allowing
for the photoreactor to operate in a continuous mode [14,15] or the easy recovery of the
photocatalyst after its use in batch reactor configurations [16,17]. In this work, TiO2 P25
nanoparticles have been immobilized onto the structure of a polyvinylidene fluoride (PVDF)
membrane to couple the benefits of membrane filtration and TiO2 photocatalytic oxidation
in the removal of MPs from water.

PVDF membranes are prominently used in ultrafiltration owing to their mechanical
strength, thermal stability, good chemical resistance, and low cost [18]. Although pristine
PVDF membranes have shown high efficiency in removing many MPs from water, the con-
trol of membrane fouling and post-treatment of the retentate stream remain challenging [19].
Decoration of filtration membranes with a photocatalyst (i.e., photocatalytic composite
membranes) is a promising strategy to overcome these limitations and improve the overall
process performance [20]. Photocatalytic membranes combine the sieving function of a
polymer-based membrane with a photocatalyst that absorbs radiation to generate reactive
oxygen species (ROS), which can effectively degrade MPs on the membrane surface and the
water bulk into harmless or less toxic molecules. This synergistic effect allows for minimiz-
ing membrane fouling, thus increasing the permeate flux, and reducing the accumulation
of MPs in the retentate, requiring a less intensive post-treatment [9].

The photocatalyst (e.g., TiO2) can be immobilized onto the membrane by different
methods that can be classified as the physical coating, self-assembly, and mixed-matrix
method [21]. In the latter, the photocatalyst is blended with the polymeric solution before
casting [21]. Recent studies have shown that PVDF/TiO2 membranes synthesized by
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blending methods are effective in reducing fouling [22,23], leading to full recovery of the
membrane permeate flux. Synthetic dyes have also been properly removed by PVDF/TiO2
treatment in batch mode (no filtration system) [24,25]. Moreover, the decoration of TiO2
with Ag improved the antimicrobial properties, self-cleaning effect, and permeability [26].
Similarly, the immobilization of g-C3N4 onto PVDF membranes has led to enhanced MP
removal and anti-fouling properties using visible light [27–30]. PVDF/TiO2 membranes
prepared by using a physical coating have also been demonstrated as being beneficial for
the removal of aqueous MPs [9,31]. Thus, for example, Dekkouche et al. achieved up to
94% removal of diclofenac and 17α-ethinylestradiol using a PVDF/TiO2 membrane in the
continuous filtration mode while keeping high permeability [32]. A cross-flow filtration
system proposed by Liu et al. using TiO2 immobilized onto a PVDF membrane led to >95%
removal of 17β-estradiol in the continuous mode [33].

Despite the number of papers published so far on PVDF/TiO2 membranes for the
removal of MPs from water, most of them are focused on their anti-fouling properties and
performed MPs removal tests in a batch configuration. Therefore, there is still a gap in the
research regarding the performance of photocatalytic filtration systems in more realistic
conditions, testing lab-scale continuous-mode membrane reactors for the elimination of
MPs. Additionally, more studies are needed to investigate the performance of photocat-
alytic membranes treating real water matrices as WWTP secondary and tertiary effluents.
Consequently, this work focuses on the preparation of PVDF/TiO2-P25 membranes via a
mixed-matrix method, their characterization, and use in continuous filtration experiments
aimed to eliminate VEN and MTP as probe MPs from UP water and a secondary effluent
from a WWTP.

2. Results and Discussion
2.1. Membrane Characterization

A PVDF membrane and a series of photocatalytic membranes (labeled as PVDF-P25-1,
PVDF-P25-5, and PVDF-P25-8) were prepared by a mixed-matrix method (described in
Section 3.2) and characterized using several techniques. Table 1 shows the BET surface
area, pore volume, water contact angle, and thickness of some membrane samples. Figure 2
depicts the N2 adsorption–desorption isotherms and the BJH pore size distribution of the
synthesized membranes. The typical shape of a type-IV isotherm (H3 hysteresis loop)
according to the IUPAC classification can be observed for all the samples. This implies that
the membranes exhibit very low micropores filling at low relative pressures and behave
mainly as macro- and mesoporous adsorbents. From Table 1, it is apparent that inserting
TiO2 P25 into the PVDF membrane brought about a moderate increase in the BET surface
area and porosity, likely due to the contribution of the area of the catalyst nanoparticles
embedded in the membrane structure [34,35]. However, blending TiO2 with the membrane
has been reported to not significantly affect the typical structure and porosity of PVDF
membranes [9].

Table 1. BET surface area, pore volume, water contact angle, and thickness of the membranes
synthesized in this work.

Membrane Specific Surface
Area (m2·g−1)

Pore Volume
(cm3/g)

Water Contact
Angle (◦)

Membrane
Thickness (µm)

PVDF 11.5 0.025 67.2 ± 3.6 312.8 ± 4.7
PVDF-P25-1 12.4 0.031 66.3 ± 3.1 389.1 ± 6.0
PVDF-P25-5 15.0 0.039 66.6 ± 4.8 180.6 ± 3.6
PVDF-P25-8 14.1 0.036 67.6 ± 1.6 184.5 ± 4.2
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The water contact angle (WCA) provides information about the wetting property of a
membrane. Generally speaking, if the WCA is lower than 90◦, the membrane surface is
considered hydrophilic, while for a larger WCA, the membrane is regarded as hydrophobic.
As it can be seen in Table 1, all the prepared membranes have water contact angles of about
67◦, typical of slightly hydrophilic surfaces. Although PVDF is regarded as a hydrophobic
material, the use of polyvinylpyrrolidone (PVP) for the synthesis of the membrane im-
proved the surface hydrophilicity of the final product [36]. In agreement with this result,
a previous work using a similar synthesis method gave rise to a PVDF membrane with a
water contact angle of 64◦ [27]. Usually, the incorporation of TiO2 into a PVDF membrane
improves hydrophilicity due to the increase in surface hydroxyl groups [32,37,38], though
some authors claim that below 15 wt.% TiO2 the increase in hydrophilicity is expected
to be small [39]. In our case, no effect of TiO2 on the water contact angle was observed,
which may be due to a low concentration of surface TiO2 as shown in the XPS analysis (see
discussion below).

The morphology of the PVDF/TiO2 samples showing TiO2 P25 dispersion and the
cross-section structure of the membranes is depicted in Figure 3. First, it can be said that
the TiO2 P25 nanoparticles were evenly distributed in the PVDF-P25 samples, though in
the PVDF-P25-1 sample the TiO2 snowflake agglomerates can be observed, likely due to
an inefficient dispersion during the synthesis process. Also, changes in the porosity were
observed. While pristine PVDF showed a microstructure with finger-like macropores, the
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incorporation of TiO2 led to a decrease in pore sizes, thus conferring a more mesoporous-
like structure to the membrane. The thickness of the membrane was also affected by the
presence of TiO2. Thus, at a high TiO2 loading, the thickness decreased drastically, which is
in agreement with that observed by others [35].
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Figure 4 displays SEM-EDX images of the PVDF and PVDF/TiO2 samples. From
them, the elemental composition was calculated as shown in Table 2. It can be seen that
the PVDF sample had a minor content of oxygen, likely due to the presence of a small
amount of residual PVP in the material. As seen in Figure 4, the TiO2 was well distributed
in the PVDF/TiO2 membranes, although an accumulation of surface Ti in some areas of
the PVDF-P25-1 sample was observed as a result of the deposition of TiO2 agglomerates.
Considering the titanium concentrations determined via EDX (Table 2), the estimated TiO2
concentration would be 2.42, 11.88, and 15.25 wt.% for PVDF-P25-1, PVDF-P25-5, and
PVDF-P25-8, respectively.

Catalysts 2024, 14, x FOR PEER REVIEW 7 of 22 
 

 

 
Figure 4. SEM-EDX images of membranes (a) PVDF, (b) PVDF-P25-1, (c) PVDF-P25-5, and (d) 
PVDF-P25-8. 

Table 2. Elemental composition (estimated results) of the synthesized membranes as obtained from 
EDX analysis. 

Membrane 
Elemental Composition (wt.%) 

C O F Ti 
PVDF 54.27 ± 0.06 1.14 ± 0.13 44.59 ± 0.09 - 

PVDF-P25-1 50.56 ± 0.27 3.87 ± 0.47 44.13 ± 0.28 1.45 ± 0.03 
PVDF-P25-5 42.50 ± 0.15 10.70 ± 0.04 39.67 ± 0.03 7.12 ± 0.15 
PVDF-P25-8 40.84 ± 0.59 15.84 ± 0.39 34.19 ± 1.17 9.14 ± 0.22 

 
Figure 5. FTIR spectra of fresh membranes and PVDF/TiO2 membranes after their use in long-term 
photocatalytic filtration runs. 

2000 1800 1600 1400 1200 1000 800 600

14
53

13
35

%
 T

ra
ns

m
itt

an
ce

 (a
.u

.)

Wavenumber (cm−1)

 PVDF
 PVDF-P25-1
 PVDF-P25-5
 PVDF-P25-8
 Used PVDF-P25-1
 Used PVDF-P25-5
 Used PVDF-P25-8

11
76

10
70

12
76

14
00

14
31

16
63

87
3

84
0

65
0

76
2

60
0

Figure 4. SEM-EDX images of membranes (a) PVDF, (b) PVDF-P25-1, (c) PVDF-P25-5, and (d) PVDF-
P25-8.

Table 2. Elemental composition (estimated results) of the synthesized membranes as obtained from
EDX analysis.

Membrane
Elemental Composition (wt.%)

C O F Ti

PVDF 54.27 ± 0.06 1.14 ± 0.13 44.59 ± 0.09 -
PVDF-P25-1 50.56 ± 0.27 3.87 ± 0.47 44.13 ± 0.28 1.45 ± 0.03
PVDF-P25-5 42.50 ± 0.15 10.70 ± 0.04 39.67 ± 0.03 7.12 ± 0.15
PVDF-P25-8 40.84 ± 0.59 15.84 ± 0.39 34.19 ± 1.17 9.14 ± 0.22

Figure 5 shows the Fourier transform infrared spectrometer (FTIR) data for the air-
dried membranes, including the pristine PVDF membrane and PVDF/TiO2 membranes
both before and after their use in the photocatalytic filtration runs. A group of characteristic
peaks confirmed the presence of the PVDF polymer in their α and β crystalline forms,
which is in agreement with other studies from the literature [40,41]. In brief, a peak
visible at 762 cm−1, which may be the result of CH2 in-plane bending or scissoring [42],
is characteristic only of the α phase [43]. Likewise, a peak of 1276 cm−1 was reported
to be present only in the β phase [41]. Specific peaks for the γ phase were not detected.
Some other peaks present in the spectra of all the samples are attributed to different
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modes of vibration of CH2, CF2, and C-C groups in PVDF [41–44]. Spectra also display an
additional peak at 1663 cm−1, which may be attributed to C=O groups in residual PVP [45].
Overlapping peaks in the 500–800 cm−1 range in PVDF/TiO2 samples are characteristics of
Ti-O vibrations [46–48].
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Figure 5. FTIR spectra of fresh membranes and PVDF/TiO2 membranes after their use in long-term
photocatalytic filtration runs.

Regarding membrane stability, no apparent spectral changes were observed upon long-
term use of the photocatalytic membranes in agreement with other studies that reported
that PVDF/TiO2 membranes exhibit high chemical stability and durability [22,32].

The surface components and chemical states of the synthesized membranes were
evaluated using X-ray photoelectron spectroscopy (XPS). Figure 6 collects the survey
spectra of the four synthesized membranes. High-resolution spectra of the regions C1s
and Ti2p are also shown for the PVDF-P25-5 sample as an example. In Figure 6a, all the
samples display peaks in the regions C1s and F1s, as expected for PVDF-based materials.
In the region C1s, all the samples exhibit peaks at 284.6 eV, 287.0 eV, and 289.2 eV(see
Figure 6b), attributed to C-C, H-C-F, and CF2 bondings, respectively [49]. Organic and
semi-ionic fluorides were detected in the F1s region showing peaks at 687.4 eV and 684.7 eV,
respectively [49,50]. As shown in Figure 5, the region Ti2p revealed two different peaks at
464.1 eV (attributed to the Ti4+ 2p1/2) and at 458.6 eV (associated with the Ti4+ 2p3/2) [29,51].
Other peaks were found in the region O1s, though their assignment was not straightforward
as some aluminum and silicon contamination might occur during the manipulation of
the membranes. Typically, oxygen-related peaks at 531.5 eV and 529.8 eV are associated
to OH groups absorbed onto the membrane surface and Ti-O bonds in the membrane
structure, respectively [29]. From the Ti2p peaks, the surface TiO2 composition of the
samples could be estimated to be <0.1%, 0.8%, and 0.7% in PVDF-P25-1, PVDF-P25-5, and
PVDF-P25-8, respectively. These low values suggest that almost all the TiO2 was embedded
within the polymeric material with a minor presence on the outer surface. These results are
consistent with the measured WCA, as this parameter did not decrease when the TiO2 P25
nanoparticles were inserted into the PVDF membrane.
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The thermal behavior of the PVDF/TiO2 membranes was studied via thermogravi-
metric analysis (TGA and DTG) as shown in Figure 7. The samples PVDF-P25-1 and
PVDF-P25-5 started to decompose at 355 ◦C, while the membranes PVDF-P25-8 and PVDF
remained stable up to 374 ◦C and 450 ◦C, respectively. A high thermal stability of PVDF has
been reported in the literature [52]. The results suggest that the presence of TiO2 P25 in the
samples catalyzes the thermal oxidation reaction, lowering the decomposition temperature.
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From the ashes collected at the end of the thermal treatments, the TiO2 composition in
the bulk membranes was estimated to be 1.83 wt.% for PVDF-P25-1, 17.6 wt.% for PVDF-
P25-5, and 26.6 wt.% for PVDF-P25-8. These results are different from those obtained via
SEM-EDX. At this point, it should be recalled that an EDX analysis gives semi-quantitative
information. Therefore, the TiO2 composition as obtained from the ash analysis can be
considered more accurate.

Figure 8a shows the diffuse reflectance spectra (DRS) of the PVDF-P25 samples to-
gether with those of the PVDF and pure TiO2 P25. As expected, the sample PVDF did not
absorb UV-vis radiation, while the light absorption of the TiO2-P25 and PVDF-P25 samples
was limited to the wavelength below 400 nm. This means that the photocatalytic mem-
branes prepared in this work are not visible-light photoresponsive materials. To achieve
that goal, TiO2-based heterostructures (e.g., TiO2-Ag and TiO2-graphene oxide) could be
used instead of bare TiO2 [53,54]. The Tauc plot method using the Kubelka–Munk function
was applied to calculate the band-gap energy of TiO2-P25 and PVDF-P25 samples [55]
resulting in similar values for all the samples (Figure 8b). Accordingly, a photocatalytic
activation energy of about 3.2 eV (i.e., radiation below 385 nm) was obtained regardless
of the TiO2 concentration in the membrane. This result agrees with the standard band
gap of TiO2 P25 accepted by other authors [9]. As mentioned before, this limits the light
activation of the catalyst to the UV spectrum. Using visible-responsive materials in the
photocatalytic membrane could lower the band-gap energy. Thus, band-gap energies of
2.7 eV, 2.29 eV, and 2.59 eV have been reported for PVDF membranes loaded with g-C3N4,
TiO2-Ag heterostructures, and TiO2-graphene oxide, respectively [27,53,54].
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Photoluminescence (PL) spectroscopy is useful to investigate electron–hole recom-
bination mechanisms in semiconductor materials. Generally, two PL processes can be
distinguished upon excitation of a semiconductor with the light energy higher than the
band-gap energy. On one hand, there is the band–band PL process due to direct transitions
of excited electrons from the conduction band to the valence band top, releasing energy
radiation of a wavelength equal or lower than that corresponding to the band-gap energy.
On the other hand, there is the excitonic PL process, in which excited electrons go first,
through a non-radiative process, from the conduction band to different surface states (i.e.,
sub-bands) and fall to the valence band top, resulting in a release of energy as radiation of
a wavelength higher than the band gap. While the band–band PL process is directly related
to the electron–hole recombination, the excitonic PL process arises mainly from surface
oxygen vacancies and defects in the semiconductor material [56].

Figure 8c displays the PL spectra of the TiO2 P25 powder and PVDF-P25 membranes.
A broad PL band centered at about 365 nm can be seen in all the materials. According
to the discussion above, it can be associated with electron–hole recombination (i.e., the
band–band PL process), while other peaks at energies lower than the band-gap energy (i.e.,
λ > 387 nm) are excitonic PL bands that could arise from TiO2 surface states [56]. The PL
intensity at 365 nm of the PVDF-P25 samples higher than that of TiO2 P25 suggests that
the entrapment of TiO2 P25 particles in the membrane accelerated the direct electron–hole
recombination, which does not favor the photocatalytic activity. Nevertheless, increasing
the TiO2 loading in the PVDF membrane led to a decreased PL intensity and, therefore, an
enhanced charge separation.

2.2. Ultrapure Water Filtration Experiments

The ultrapure water (UP) permeate flux (Jw) was first determined by filtrating the UP
(no MPs added) through the membranes for at least 4 h. For this purpose, a 1 mL·min−1

flow rate was applied to generate the required transmembrane pressure. Table 3 shows
the values of the Jw, both in the absence and presence of radiation. In general, a negligible
effect of the radiation was observed for all the membranes. Also, in line with other
studies [32,37,38], the UP permeate flux was improved by increasing the TiO2 dose from
PVDF-P25-1 to PVDF-P25-8. Such an enhancement may be explained by the different
thicknesses of the membranes (see Figure 3). Thus, membrane PVDF-P25-1 presented the
lowest value of the Jw in agreement with its largest thickness.

Table 3. Jw measurements for produced membranes.

Membrane
Jw (L·m−2·h−1)

LED Off LED On

PVDF 240.8 238.4
PVDF-P25-1 210.2 204.8
PVDF-P25-5 256.0 258.3
PVDF-P25-8 292.6 286.2

Filtration experiments were also conducted with a solution of MTP and VEN (initial
concentration of 250 µg·L−1) in UP. Each run consisted of two stages. Firstly, a dark stage of
3 h in the absence of radiation (LED off) to allow for MPs to be adsorbed on the membrane
to an extent close to equilibrium. Then, a radiation stage of 24 h (LED on) to allow for the
photocatalytic removal of MPs. The concentration of MPs and the permeate flux (Jv) were
measured over time. A steady-state permeate flux (Jvss) was observed in all the experiments.
To compare the performance of the different membranes, a mass removal rate parameter
(MRR, mg·m−2·h−1) was calculated according to Equation (1):

MRRi = Jvss·
(

C f eed i − Css i

)
(1)
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being i the MP analyzed, Cfeed i the initial concentration of the MP in the feed stream, and
Css i the average concentration of the MP at steady state.

Figure 9 shows the normalized concentration of the MPs (i.e., MTP and VEN) and the
permeate flux during the continuous membrane filtration experiments. It can be seen that
the adsorption equilibrium of MTP was practically achieved in the three-hour dark stage,
measuring a concentration at t = 0 (when the LED was turned on) almost equal to that of the
feed stream. However, the maximum concentration of VEN was not achieved after the dark
stage, suggesting a stronger interaction of this compound with the membrane surface. This
agrees well with the fact that the log Kow of VEN has been reported to be higher than that of
MTP [57] (see Table 4). Accordingly, VEN is more hydrophobic than MTP, which suggests
stronger non-polar interactions with a relatively hydrophobic membrane. This effect was
more noticeable in the filtration experiment with the pristine PVDF membrane, where the
VEN equilibrium concentration was achieved after more than 24 h. Furthermore, small
variations in the adsorption of the MPs were detected among membranes with different
doses of TiO2 P25. In general, the higher the TiO2 P25 concentration in the membrane,
the lower the amounts of MPs adsorbed. The reason for this is probably the hydrophilic
character of TiO2 P25 and the reduction in the adsorption capacity of the membranes due
to the internal presence of TiO2 P25. In line with this, the adsorption of VEN and MTP on
powdered TiO2 P25 has been reported to be negligible [58,59].
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Table 4. Physicochemical properties of the MPs used in this study.

MP Molecular
Formula

Molecular Weight
(g·mol−1) pKa log Kow

Molar Volume
(cm3)

Venlafaxine
(VEN) C17H27NO2 277.40 9.50 3.20 261.6 ± 3.0

Metoprolol
(MTP) C15H25NO3 267.36 9.56 1.88 258.7 ± 3.0

As it is apparent in Figure 9b–d, the concentration of MPs decreased dramatically just
after turning on the UV-LED irradiation. However, the concentration of MPs remained
fairly constant when the pristine PVDF membrane was irradiated (Figure 9a), indicating
the absence of photolysis of the selected MPs at the LED emission wavelength (i.e., 375 nm).
The steady-state removal efficiencies achieved with PVDF-P25-1 and PVDF-P25-5 were
close to each other and very high, achieving up to 99% elimination for both MPs. However,
it is important to notice that the permeate flux was higher using PVDF-P25-5, so the MRR
was also higher (see Table 5). Even though some MP elimination was observed with
PVDF-P25-8, the removal rate was significantly lower than those obtained with the other
PVDF/TiO2 membranes, reaching elimination percentages of around 72% for both MPs at
the steady state (Figure 9d). Nonetheless, it is worth noting that as the Jvss was higher than
in the case of PVDF-P25-1, the MRR results were similar for PVDF-P25-1 and PVDF-P25-8
(see Table 5). These results in UP allow us to state that, among the tested membranes,
PVDF-P25-5 appeared to be the most efficient in terms of the MRR.

Table 5. Permeate flux and MRR results in UP filtration experiments.

Membrane Jvss (L·m−2·h−1) Jvss/Jw
MRR (mg·m−2·h−1)

MTP VEN

PVDF 236.6 0.988 - -
PVDF-P25-1 211.1 1.017 48.3 45.0
PVDF-P25-5 253.7 0.986 66.3 65.3
PVDF-P25-8 254.7 0.880 45.9 49.0

The MRR results obtained in this work cannot be easily compared with others from
the literature due to differences in the permeate flux. Thus, MRR values as low as 19.9
and 20.6 mg·m−2·h−1 are reported for the removal of MTP and VEN, respectively, using
PVDF/g-C3N4 membranes activated with visible light and operating with a permeate flux
of 89.5 L·m−2·h−1. In contrast, Dekkouche et al. observed a faster removal of VEN using a
TiO2-coated PVDF membrane (a permeate flux of about 1200 L·m−2·h−1) [32].

The removal mechanism of the MPs via water filtration through the PVDF/TiO2
membranes in our tests comprised two steps in series: first, the MPs were adsorbed onto
the membrane in the absence of radiation; then, the LED lamp was switched on and,
in addition to the adsorption of MPs, photocatalytic removal took place. As TiO2 P25
was the photoactive species, the illumination of the PVDF/TiO2 membrane allowed for
the embedded TiO2 particles to absorb radiation of enough energy to produce photo-
excited electron–hole pairs. Then, photo-excited charges were transported to the TiO2
surface, where electrons (e−) react with dissolved oxygen to produce superoxide radical
species (•O2

−) while holes (h+) react with H2O/OH− to yield hydroxyl radical species
(HO•). In turn, superoxide radicals participate in a free-radical chain mechanism leading
to the generation of HO• [60]. Therefore, different oxidizing species (i.e., h+, •O2

−, and
HO•) could be responsible for the degradation of VEN and MTP (both adsorbed onto the
membrane and in the water bulk). However, it is thought that HO• is the main reactive
species because its formation is favored and the reaction rate with the MPs is higher than
those of h+ and •O2

− [61]. From Figure 9, it can be seen that, regardless of the PVDF/TiO2
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membrane used, the removal rates of MTP and VEN were close to each other. The similar
reactivity of these MPs with HO• (rate constants of 6.92 × 109 and 8.0 × 109 L·mol−1·s−1

for VEN and MTP, respectively [62,63]) explains these results.
A flux decline may be produced mainly via concentration polarization, gel or cake

formation, adsorption, and pore blocking [64]. In brief, Jv is normally reduced initially
due to either gel or cake formation or pore blocking [65] and can also be affected by the
concentration polarization effect, produced by the accumulation of adsorbed materials
within the boundary region of the membrane [66].

During the UP experiments carried out in this work, the permeate flux resulted close
to 1 mL·min−1 in all cases at the beginning of each test, but soon it dropped and reached a
steady-state value (Jvss). The data of the Jvss and the ratio Jvss/Jw can be found in Table 5.
Jvss/Jw is the ratio between the steady-state permeate flux for the solution containing
the MP and that corresponding to the filtration of UP without an MP. In this regard, the
adsorption of contaminants onto the membranes appeared to be the main cause of fouling,
only evident when using the PVDF-P25-8 membrane (Jvss/Jw of 0.88), while the other
membranes resulted in low membrane fouling (Jvss/Jw close to 1), probably because of the
low pollutant concentration used.

After illuminating the photocatalytic membranes, the permeate flux seemed to slightly
increase, possibly because of the self-cleaning effect of the membrane (i.e., elimination of
adsorbed substances). However, this enhancement was not great as in most cases Jv was
almost equal to Jw.

It is worth noting that the PVDF-P25-5 and PVDF-P25-8 membranes resulted in being
physically damaged after their long-term use (see Figure 10) both in the presence and
absence of radiation (dark or illuminated stage). A reduction in the tensile strength of this
type of material has been reported while increasing the TiO2 composition [35], suggesting
that these membranes might not cope well with the experimental setup and flow conditions
(see Section 3 of this article) applied in this work. To avoid this membrane mechanical
failure, the applied water flow rate could be reduced and/or a mechanical support for the
membrane could be installed in the experimental device.
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2.3. Secondary Effluent Filtration Experiments

After the UP filtration experiments were performed, a secondary effluent (SE) was
used to investigate the effect of the SE matrix on the photocatalytic process. For comparison
purposes, the membrane PVDF-P25-1 was selected as it showed good performance as well
as better mechanical strength than the others. Firstly, the SE was prefiltered with a fiberglass
filter to reduce the suspended solids and avoid cake layer formation on the membrane
surface. In order to test the influence of the carbonate/bicarbonate anions present in the SE,
a modified SE (i.e., SE2) was also prepared. Figure 11 shows the results of the photocatalytic
filtration experiments with SE1 (raw SE) and SE2 (partial removal of carbonate/bicarbonate
from SE).
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In contrast to the UP experiments, the adsorption stage was carried out for 4 h instead
of 3. The reason for this was to potentiate the maximum adsorption saturation of the
membrane before starting the photocatalytic process. The MTP reached the saturation level
within 2 h of filtration, whereas the VEN did not reach adsorption equilibrium, which is
similar to that observed in the experiments with UP. It should be pointed out that the MP
concentration (either MTP or VEN) in the permeate at 3 h of the dark stage was higher than
that achieved using UP, indicating that the organic and inorganic matter present in the SE
negatively affected the adsorption capacity of both MPs.

After the first stage of the experiment, the LED was turned on to start the photocatalytic
oxidation phase, which lasted 6 h as shown in Figure 11. As expected, the removal rate
of both the VEN and MTP was highly affected when using an SE as a water matrix. The
elimination percentage in SE1 was reduced from 99% in UP to 35 and 38% for MTP and
VEN, respectively. Table 6 summarizes the MRR and other filtration parameters obtained
from the UP, SE1, and SE2 experiments. It can be seen that when treating SE1, the MRR
fell more than 60% (with regard to the UP run) for both MPs, confirming that components
of SE1 had a negative impact on the efficiency of the photocatalytic process to remove
the MPs.

Table 6. Permeate flux and MRR results in UP and SE filtration experiments with PVDF-P25-1.

Matrix Jvss (L·m−2·h−1) Jvss/Jw
MRR (mg·m−2·h−1)

MTP VEN

UP 211.1 1.017 48.3 45.0
SE1 181.0 0.872 17.3 18.5
SE2 195.8 0.944 30.7 32.2

Carbonate/bicarbonate anions have been reported to be hydroxyl radical scavengers
naturally present in secondary effluents from WWTPs [67,68]. Accordingly, the elimination
percentages and MRR of the MPs were higher in the SE2 experiment than in the SE1 run,
reaching removals of 61% and 66% for the MTP and VEN, respectively. In addition, the
MRR values were significantly higher than those obtained with SE1, demonstrating that the
carbonate/bicarbonate content constitutes a major scavenging agent in the photocatalytic
process.

The total organic carbon (TOC) was measured at the beginning and at the end of
each experiment, resulting in a negligible variation of this parameter. Considering that SE
organic matter was the major TOC contribution due to the low concentration of the spiked
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MPs, it is possible to state that this process was not able to remove the organic matter
naturally present in the SE to a large extent.

Figure 11 also shows the time evolution of the Jv in the SE1 and SE2 experiments. A
similar flux decline profile was measured compared to the UP experiments. However,
the values of Jvss (see Table 6) were lower with both SE1 and SE2 than with UP, showing
that the effect of fouling was likely produced by the suspended solids present in the SE
as well as DOC. Despite the observed decrease in the Jv with time, it should be noticed
that the permeate remained above 87% of the maximum Jw value in both cases. The
membrane fouling was slightly lower in the experiment performed with SE2. During the
carbonate/bicarbonate elimination process, some suspended solids were also removed,
which could be a reason for the lower fouling observed in the experiment with SE2.

3. Materials and Methods
3.1. Materials

The pollutants VEN (hydrochloride acid salt, CAS 99300-78-4) and MTP (tartrate
salt, CAS 56392-17-7) were purchased from Sigma-Aldrich (Burlington, MA, USA), both
of 98% purity. Their physicochemical properties are summarized in Table 4, with all
values obtained from PubChem (Bethesda, MD, USA) except the molar volumes, which
were estimated using the software Chemsketch v.2023.1.2, from ACD/Labs (Toronto, ON,
Canada). The PVDF pellets (average molecular weight 275,000, CAS 24937-79-9), PVP
(average molecular weight 40,000, CAS 9003-39-8), and 1-methyl-2-pyrrolidone (NMP, CAS
872-50-4, >99% purity) were obtained from Sigma-Aldrich. The AEROXIDE® titanium
dioxide P25 (CAS 13463-67-7) was obtained from Evonik Industries AG (Essen, Germany).
The HPLC-grade acetonitrile (CAS 75-05-08) was acquired from Honeywell Riedel-de Häen
(Seelze, Germany), orthophosphoric acid (CAS 7664-38-2, 85%) was obtained from Panreac
(Castellar del Vallès, Spain), and UP was generated using a Milli-Q system from Millipore
(Burlington, MA, USA).

The SE from a municipal WWTP located in the region of Extremadura (Southwest
Spain) was used as a matrix to test the performance of the photocatalytic membrane
treatment. This effluent was prefiltered using a glass microfiber filter (1.2 µm pore size)
from VWR (USA) to eliminate the solid particles from the matrix and then stored in a
refrigerator at 5 ◦C until further use within 5 days. In addition, to investigate the influence
of carbonate/bicarbonate ions, the SE was modified to adjust its total inorganic carbon
(TIC) to about 10 mg L−1. The main characteristics of both the unmodified SE (SE1) and
modified SE (SE2) are shown in Table 7.

Table 7. Secondary effluent characterization after prefiltration.

Parameter SE1 SE2

pH 7.67 7.37
Electric conductivity (µS·cm−1) 1171 1136

Turbidity (NTU) 2.31 2.16
COD (mg·L−1) 21 24
TOC (mg·L−1) 6.05 6.29
TIC (mg·L−1) 89.7 9.55

Absorbance (254 nm) 0.119 0.123
Total N (mg·L−1) 5.2 5.0
Total P (mg·L−1) 0.29 0.28

3.2. Membrane Synthesis and Characterization

The membranes were synthesized according to a method already described in the
literature [69]. Briefly, the procedure started by mixing 0.1 g of PVP with the desired amount
of TiO2 P25 (0 for pristine PVDF membrane; 0.1 g PVDF-P25-1; 0.5 g for PVDF-P25-5; and
0.8 g for PVDF-P25-8) in 8.4 mL of NMP. Then, the mixture was sonicated in an ultrasonic
bath for 3 h before adding 1.5 g of PVDF pellets. After that, the suspension was stirred at
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250 rpm and 40 ◦C for 48 h. Finally, the resulting suspension was left overnight to allow for
the air bubbles to be removed prior to membrane fabrication.

For membrane production, an Elcometer 3580 (Manchester, UK) casting knife was
used. The polymeric solution was spread onto a glass flat surface with a thickness of
500 µm. The polymeric liquid layer was later soaked into a coagulation UP bath for a few
seconds to carry out a phase inversion process. The membrane sheets were stored in UP
until use, when the membranes were cut into 26 mm diameter circles to fit the filtration cell.

The synthesized membranes were characterized using different analytical techniques.
The surface hydrophobicity was determined by measuring the UP contact angles using
the sessile drop method with an Attension Theta Optical Tensiometer by Biolin Scientific
(Gothenburg, Sweden). The optical band gap was determined via DRUV/Vis on a JASCO
V 560 (Madrid, Spain) spectrophotometer. The photoluminescence spectra were acquired
on a JASCO FP-8300 spectrofluorometer (Madrid, Spain). The functional groups were
studied using a JASCO FTIR FT/IR-6800 spectrometer (Madrid, Spain) equipped with an
attenuated total reflectance MIRacle™ Single Reflection sampling accessory (ZnSe crystal
plate) (from PIKE Technologies, Madison, WI, USA) between 3000 and 500 cm−1. The
nitrogen adsorption–desorption isotherms were produced on a Quantachrome NOVA
4200e (Odelzhausen, Germany) apparatus. A NETZSCH STA 409 PC (Selb, Germany)
thermobalance was used to study the pyrolytic degradation of the membranes at a heating
rate of 5 ◦C·min−1. The morphology and elemental composition of the membranes were
determined by using an SEM-EDX device, model FEI QUANTA 3D FEG (Hillsboro, OR,
USA). In addition, the surface composition was analyzed using the XPS equipment SPECS
FlexPS-ARPES-E (Berlin, Germany).

3.3. Experimental Procedure

The experimental setup used to evaluate the capability of the synthesized membranes
to remove specific MPs (i.e., VEN and MTP) in water is illustrated in Figure 12 [27].
The setup included a 10 W LED (peak emission wavelength of 375 nm according to the
manufacturer). It was placed next to the membrane module wall, separated 24 mm from
the membrane itself. The light emission for characterization purposes was evaluated using
an Ocean Optics USB2000+ Fiber Optic Spectrometer (Orlando, FL, USA). The irradiance
was measured, giving a value of 4.23 W·m−2. In addition, the maximum wavelength of the
emitted radiation was measured to be 375 nm.
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tion module capable of fitting 26 mm diameter membranes (actual filtration surface area of
201.06 mm2; illuminated reactor volume of 4.4 mL). Feed water (spiked with 250 µg·L−1
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Ismatec Reglo Analog, flow rate 1 mL·min−1), which led the fluid to go through the mem-
brane. The tests were conducted at room temperature. The permeate was collected in a
beaker placed on an analytical balance to measure the actual permeate flux. Each experi-
ment run consisted of two sequential stages: the first was in the dark (i.e., LED off) to allow
for the MPs to adsorb into the membrane until equilibrium was approached; second, the
LED was turned on to allow for the photocatalytic process to begin. All these experiments
were replicated at least twice.

3.4. Analytical Methods

The MP concentration was determined via the Ultra-Performance Liquid Chromatog-
raphy technique (UPLC), using a Shimadzu (Kioto, Japan) apparatus equipped with a
diode-array and fluorescence detector. The column used (Kinetex 1.7 µm XB-C18 100 Å
100 × 2.1 mm) was purchased from Phenomenex (Torrance, California, CA, USA). Buffered
UP (0.1% formic acid) and acetonitrile were used as the mobile phase, working in gradient
mode at a 0.25 mL·min−1 flow rate. Both VEN and MTP were detected and quantified via
fluorescence, using an excitation wavelength of 230 nm and an emission wavelength of
300 nm.

In the SE experiments, the TOC and TIC were evaluated on an AnalytikJena TOC-multi
N-C 3100 (Jena, Germany), using the NPOC method.

Other analytical procedures for SE characterization were conducted according to
Standard Methods [70] using Hanna Instruments (Smithfield, RI, USA) test kits.

4. Conclusions

In this work, the TiO2 P25 particles were easily embedded into a polymeric structure
by a mixed-matrix method, giving rise to PVDF/TiO2 photocatalytic membranes. From the
characterization analyses, it was proven that the TiO2 P25 particles were well distributed in
the PVDF matrix rather than remaining on its outer surface. This helped prevent leaching
during the filtration tests. Also, the presence of TiO2 P25 led to high membrane permeability
and anti-fouling behavior. The chemical stability of the prepared PVDF/TiO2 membranes
was demonstrated via an FTIR analysis of the samples after long-term use in the filtration
experiments. However, while the membranes with up to 17.6 wt.% of TiO2 P25 showed
good mechanical resistance, the membranes with higher TiO2 content were at risk of
mechanical failure in the experimental setup used in this study for the continuous-mode
filtration runs.

The VEN and MTP were removed by up to 99% from the UP aqueous solution using the
membranes PVDF-P25-1 and PVDF-P25-5. However, these removal percentages decreased
drastically in the SE due to the effect of naturally present substances in such a complex
matrix. The high concentration of carbonate/bicarbonate ions in the SE was identified as a
major cause of inhibition of the photocatalytic oxidation. Thus, after the partial removal of
these species from the SE, the photocatalytic performance was clearly improved.
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50. Kaspar, P.; Sobola, D.; Částková, K.; Dallaev, R.; Št’astná, E.; Sedlák, P.; Knápek, A.; Trčka, T.; Holcman, V. Case Study of
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