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Abstract

TiO; in situ growth on three commercial membranes (polysulfone, polyvinylidene fluoride -PVDF and
polytetrafluoroethylene —PTFE) and its hydrothermal post-crystallization to transform TiO; into a
photocatalytically-active phase, were investigated under mild synthesis conditions to preserve the
textural properties of the supports. The membranes were successfully prepared and characterized by
scanning electron microscopy, thermogravimetry analysis, N, physisorption, X-ray diffraction, and
water contact angle measurements, among other techniques. Membrane supports with a more opened
porosity and high hydrophilicity allowed to enhance the content and distribution of the anatase TiO»
nanoparticles on the membrane surface. The efficiency and the permeate flux of the developed
membranes were investigated to simultaneously remove diclofenac (DCF) and 17a-ethinylestradiol
(EE2) from water by adsorption and UV-LED (light-emitting diode) photocatalysis under continuous
recirculating mode. All TiO, membranes achieved removal efficiencies above 90 % for both
contaminants, EE2 being always preferentially adsorbed over DCF due to electrostatic repulsions
between the DCF molecules and the surface of these membranes. The permeate flux of TiO, membranes
was enhanced after UV-LED exposure as a consequence of the degradation of the contaminants
adsorbed on the membrane surface during the dark phase. Moreover, the stability of TiO, nanoparticles
on these membranes was studied by static tests under sonication and several consecutive reaction cycles.
The TiO, membrane prepared with PVDF was the most stable, also presenting a high photocatalytic

activity.

Keywords: heterogeneous photocatalysis; polymeric membranes; filtration, pharmaceuticals; water

treatment.



1. Introduction

The production of pharmaceuticals has considerably increased worldwide in the last decades,
including hormones, anti-inflammatories, antiepileptics, antidepressants, antibiotics, among
others [1]. Humans and animals consume these compounds, metabolize them and excrete
through urine and feces, reaching wastewater treatment plants (WWTPs) [1-3]. Conventional
municipal and urban WWTPs are not designed to eliminate these organic micropollutants [4-6]
at trace concentrations, which accumulate in surface and ground waters, and appear even in
drinking water [1, 2, 4].

Diclofenac (DCF) and 17a-ethinylestradiol (EE2) were included in the Watch List of
substances for European Union-wide monitoring to support future prioritization exercises in the
Decision 2015/495/EU of 20 March 2015, which current version is Decision 2020/1161 of 4
August 2020 [7]. DCF is a non-steroidal anti-inflammatory drug prescribed to treat chronic
rheumatism, migraines, fever, and muscle pain [8, 9] At the same time, EE2 is a synthetic
steroid hormone administered as an oral contraceptive to treat prostate, breast cancer, and
alopecia (in hair lotions) [9, 10]. The detection of both DCF and EE2 at very low concentrations
(ng L) in different water matrices has been widely described in the literature [11-13]. Even at
low concentrations, DCF and EE2 can cause cardiovascular complications [9] and negatively
influence the reproduction of specific fish species [12], respectively.

Advanced oxidation processes (AOPs) are an alternative option for the degradation of these
persistent micropollutants in WWTPs through the generation of hydroxyl radicals (*OH) [14],
which are extraordinarily reactive species able to attack most of the organic molecules with rate
constants usually in the order of 10®— 10° M s7! [15]. Among different AOPs, there is a
claimed interest in heterogeneous photocatalysis as a water treatment technology. TiO; is the
most widely employed photocatalyst due to its low cost, low toxicity, good chemical and

thermal stability, and high photo-activity under UV irradiation [16-18]. The degradation of



several micropollutants by the hydroxyl radicals generated from the water oxidation through
valence band holes and reducing dissolved oxygen by the excited electrons under UV
irradiation of the catalyst has been reported [14, 19, 20]. Furthermore, for the XXI century
energy transition requirement, the use of economic light sources is the panacea of the future —
LED sources are at the forefront of any type of application, either consumer-oriented or
industrial applied.

Photocatalysts are often employed as suspended particles (i.e., slurries) in water [8, 16, 21-23],
requiring an additional treatment step for the material retrieval, which may be difficult due to
the high dispersion of the catalyst nanoparticles in the reaction medium. In recent years, hybrid
systems based on integrating AOPs with membrane technologies have been studied to
overcome this limitation. These integrated hybrid systems are known as photocatalytic
membrane reactors (PMRs), and are mainly implemented as two strategies: (i) the photocatalyst
immobilized onto/into the membrane, or (ii) a configuration with the photocatalyst suspended
in water and a membrane acting as a physical barrier for the photocatalyst nanoparticles and
contaminants [24-26]. The second system is the most common, but it is also prone to membrane
fouling originated by organic pollutants, catalyst particles, and other substances. Thus, the
immobilization of photocatalysts into/onto membranes has been investigated to mitigate the
fouling and achieve high fluxes [27-32]. Furthermore, in this case, the membrane acts
simultaneously as catalyst support, selective barrier, and adsorbent for the substances to be
removed. Therefore, the pollutant photodegradation takes place in one-step, saving energy, time
and space.

Nonetheless, photocatalytic membranes present some drawbacks such as possible photocatalyst
leaching, a reduced surface accessible to the irradiation and the pollutants, and a structure
susceptible to be damaged by the irradiation and the reactive oxygen species, in particular when

polymeric membranes are employed instead of ceramic ones [29, 33, 34]. These limitations can



be circumvented by improving the porosity and binding the photocatalyst to the membrane by
specific synthesis methods [29], and controlling the size, dispersion, and crystalline phase of
the photocatalyst into/onto membranes. In fact, concerning the resistance to UV irradiation and
the oxidative environment, ceramic membranes are more resistant than polymeric ones [35],
but they are also more expensive and complex to be fabricated. In the case of polymeric
membranes, the catalyst can be deposited onto the membrane acting as a protective skin [31],
or they can be fabricated by using polymers such as polyvinylidene fluoride (PVDF) and
polytetrafluoroethylene (PTFE), which have demonstrated an excellent resistance under UV
and UV/H20:[35]. Even so, there are still some challenges for the practical application, in either
case, membrane stability being one of them. New membrane compositions with superior
chemical stability and better mechanical strength are sought. In this context, the application of
PMRs for degradation of pharmaceuticals [28, 36] or other organic pollutants [27, 37, 38] in
water has been studied, but only a few works were found for DCF [39-42] and EE2 [43-45].

In this study, we investigate three typical hydrophilic membranes, i.e., PTFE, PVDF and
polysulfone (PS), as TiO> support for the simultaneous removal of DCF and EE2 in water under
UV-LED (light-emitting diode) irradiation. Microfiltration membranes were selected due to
the low operating pressure and energy consumption required compared to nanofiltration or
reverse osmosis membranes. TiO> membranes were developed by a two-step method, which
includes in situ growing of TiO2 on the polymer structure and its post-crystallization by a
hydrothermal treatment. The structure and hydrophilicity of the TiO> membranes and neat
membranes used as reference were studied by different techniques. The efficiency for the
removal of both pollutants was assessed by adsorption and photocatalytic experiments under
continuous recirculating mode. A special attention is given to the membrane fouling and
stability for long-term operation in order to develop practical approaches for reducing this

problem.



2. Experimental
2.1. Materials

PVDF and PTFE membranes acquired from Merck Millipore and PS membranes purchased
from Pall Corporation were used as supports of the TiO; particles. Some properties of these
commercial membranes are summarized in Table 1. Absolute ethanol (CoHsOH, > 99 %) from
Valente e Ribeiro Lda. and titanium (I'V) isopropoxide (TTIP, >97 %) from Sigma-Aldrich were
used during the membrane synthesis. Sodium diclofenac salt, C14H10ClNNaO., (DCF, > 98 %)
acquired from Cayman Chemical and 17a-ethinylestradiol, C20H2402, (EE2, > 98 %) from
Sigma-Aldrich were selected as model pollutants. Ultrapure water (resistivity = 18 mQ cm™)

was supplied by a Milli-Q water system.

Table 1. Structural properties and labels of commercial membranes provided by the

manufacturers.
Nomenclature PS PTFE PVDF
Polyvinylidene
Polymer Polysulfone Polytetrafluoroethylene
fluoride

Membrane HT Tuffryn® JGWP Omnipore® GVWP Durapore®
Diameter (mm) 25 25 25
Pore size (um) 0.2 0.2 0.22
Thickness (um) 163 65 110
Bubble point (bar) 3.5 13.6 >3.5
Water permeability

0.022 0.100 n.p.
(Lh'm2Pa™)

*n.p. = not provided.



2.2.  Development of photocatalytic membranes

PS, PVDF and PTFE membranes were used to prepare the corresponding photoactive
membranes following a sol-gel methodology adapted from elsewhere [28]. In a typical
synthesis procedure, the membrane support was previously activated by soaking in absolute
ethanol for 30 s, then in an aqueous alcoholic solution (1:1) for 1 min and finally, in ultrapure
water for 2 min. After that, the excess of solvent on the membrane surface was removed and
then, it was soaked in an ethanolic solution containing 2 mmol L~! TTIP under moderate stirring
for 2 h, the TTIP hydrolysis taking place directly on the wetted membrane surface. The resulting
TiO2 membranes were rinsed several times with ultrapure water and air-dried overnight. In a
second step, the crystallization of the TiO, membranes was carried out by hydrothermal
treatment with vapor in a Teflon-lined stainless-steel autoclave (Parr Instruments, USA Mod.
4748) using ultrapure water at 110 °C for 2 h, and finally, stored prior to use. The TiO>
membranes were labelled as T-PS, T-PVDF and T-PTFE, indicating the membrane support
used, i.e., PS, PVDF and PTFE, respectively. Neat membranes referred as N-PS, N-PVDF and

N-PTFE were also tested for comparison purposes.
2.3.  Characterization techniques

The morphology of the membranes was examined by scanning electron microscopy (SEM)
using a FEI Quanta 400FEG ESEM/EDAX Genesis X4M instrument (accelerating voltage of
15 kV and a working distance of ca. 10—15 mm). For cross-section observations, the membranes
were frozen and broken under liquid nitrogen. The amount of TiO; assembled on the polymeric
membranes was quantified by thermogravimetric analysis (TGA), following a methodology
adapted from the literature [46], the amount of TiO2 being determined as the mass of the residue
resulting from the complete decomposition of the polymer. TGA was performed in a STA 490
PC/4/H Luxx Netzsch thermal analyzer, by heating the membrane in air from 50 °C to 900 °C

at 20°Cmin!. N, adsorption-desorption isotherms at —196 °C were obtained in a
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Quantachrome autosorb-iQ2 instrument. The apparent surface area (Sget) was determined by
applying the Brunauer—Emmett-Teller (BET) equation [47]. The volume of N> adsorbed at a
relative pressure of 0.95 (Vpore) Was obtained from the adsorption isotherms, which corresponds
to the sum of the micro- and mesopore volumes according to Gurvitch’s rule [46, 48]. The
overall porosity (¢) of the membranes was determined by the gravimetric method described in
detail elsewhere [49]. The densities for the PS, PVDF and PTFE polymers were 1.24, 1.78 and
2.20 g cm™, respectively [31, 50]. X-ray diffraction (XRD) analysis was performed in a
PANalyticalX’Pert MPD equipped with an X’Celerator detector and secondary monochromator
(Cu Ka A =0.154 nm, 50 kV, 40 mA). Rietveld refinement with a PowderCell software was
applied for identification of the crystallographic phases, and the average crystal size (drio2) was
determined using the Scherrer equation. Fourier—transform infrared spectroscopy (FTIR) was
performed in the range of 4000-600 cm™! using a Thermo Scientific™ Nicolet™ iS5 ATR—
FTIR Spectrometer. The surface hydrophobicity of the membranes was studied by water contact
angle measurements using an Attension® Theta optical tensiometer that allowed image
acquisition and data analysis [50]. The measurements were carried out at room temperature,
using the sessile drop method. Each contact angle was measured at least in 5 different locations

on the dried membranes in order to determine an average value.
2.4. Stability tests of TiO> membranes

The binding of TiO> nanoparticles to the membranes was studied by stability tests performed
in an ultrasonication bath (P Selecta). In a typical test, the TiO> membrane was soaked in a glass
baker containing 25 mL of ultrapure water, which was placed in an ultrasonication bath for 30
min and 40 Hz of amplitude. Aliquots were periodically withdrawn at different time intervals
to monitor the amount of TiO» leached by UV-Vis spectrophotometry at 326 nm in a Jasco V-
560 spectrophotometer by using a reference calibration curve (absorbance = 0.036 * [TiO: in

mg L~']) that was obtained by considering the study published by J. Stotzel ef al. [51]. These
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authors found that at a selected wavelength, the absorbance increases with the concentration of

TiO2 nanoparticles suspended in an alcoholic solution of TTIP during hydrolysis.
2.5. Evaluation of membrane performance

The photocatalytic efficiency of the membranes was evaluated under UV-LED irradiation in a
lab-scale setup (Fig. 1). The membrane was placed into a “U-shaped” borosilicate glass
cylindrical reactor (effective area of 2.27 cm?) operating in dead-end filtration mode at room
temperature. A reservoir containing 100 mL of an aqueous solution containing DCF (1.01 pmol
L!) and EE2 (1.01 pmol L™!) was magnetically stirred and continuously purged with air flow.
The selected concentrations of EE2 and DCF (1.01 umol L!) correspond to mass concentrations
in the ppb level (specifically 300 ug L!) to mimic the actual concentrations of these
micropollutants (ng L!) in some wastewaters, while assuring that the limits of detection (0.21
and 0.3 pg L! for EE2 and DCF, respectively) and quantification (0.64 and 0.91 ug L' for EE2
and DCEF, respectively) of the method for these pollutants allowed to quantify removals close
to 100 %.

In a typical run, the spiked solution was continuously pumped through the membrane reactor
in continuous recirculating mode at a flow rate of 5 mL min~! under dark conditions for 24 h.
The irradiation was performed using a 10 W high-intensity UV-LED (15.5 mm X 23 mm)
emitting at 395 nm, located outside symmetrically at 4 cm from the membrane placed in the
photoreactor, whereas diclofenac absorbs up to ca. 325 nm and thus photolysis is not likely to
occur in this system [52]. The average nominal irradiance of UV-LED was 450 W m™
determined taking into account the reactor encasing and using a UV—vis spectroradiometer
(OceanOptics USB2000+). During the adsorption and reaction stages (48 h), small aliquots (1.0
mL) were periodically withdrawn from the reservoir at different time intervals to monitor the
concentrations of pollutants by High Performance Liquid Chromatography (HPLC), using a

Shimadzu Corporation apparatus equipped with a fluorescence detector (RF-20AXS). A
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Kinetex™ XB-C18 100 A column (100 x 2.1 mm i.d.; 1.7 um particle diameter) supplied by
Phenomenex, Inc. (California, USA) was employed. The temperature of the column oven and
autosampler were set at 40 °C and 15 °C, respectively, while the injection volume was 20 pL.
The mobile phase consisted of a mixture of 0.1 % formic acid and acetonitrile (50:50 v/v) at
isocratic mode, with a flow rate of 0.20 mL min!. The excitation wavelength of the
fluorescence detector was 285 nm, while the emission wavelength was 310 nm in the first 4.5
min of the chromatographic run and 360 nm from 4.5 until the end of the run (8.0 min). Blank
experiments were also performed with neat membranes to evaluate the direct photolysis and the

filtration capacity of the membranes.

Feed
pump
Pump Feed reservoir
Membrane
UV-LED Permeate
i i
Photocatalytic reactor Analysis

Fig. 1. Schematic diagram of the photocatalytic lab-scale setup.

The permeate flux (L m2h~!, LMH) was calculated according to the following equation:

14

F=-— (1)

T Axt
where 7 (L) is the volume of the solution permeated during the experiment, 4 represents the

effective membrane area (m?), and ¢ denotes time (h).
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3. Results and discussion
3.1. Membrane characterization and stability

The top surface and cross-section of the different neat and TiO> membranes were studied by
SEM (Fig. 2). As expected, the morphology of the neat membranes is markedly affected by the
type of polymer and the fabrication method. Thus, N-PS shows a smooth surface formed by
spherical-like pores resulting from polysulfone precipitation during its fabrication (Fig. 2a),
while N-PTFE and N-PVDF membranes present a more opened structure formed by polymer
fibers (Fig. 2d) or sheets (Fig. 2g), respectively. In general, a denser surface was observed for
all TiO, membranes (Figs. 2b-c, 2e-f and 2h-i) compared to their corresponding neat
membranes, as consequence of an ultra-thin layer of TiO> nanoparticles successfully assembled
on the membrane surface through the proposed sol-gel method. For instance, it is clearly
observed that pores become narrower in T-PS than those observed in N—PS (Fig. 2b vs. 2a,
respectively). The largest TiO, content seems to be achieved for T-PS (Fig. 2c), which is
homogenously deposited as particle clusters throughout the membrane surface. On the contrary,
these characterization results suggest that T-PTFE and T-PVDF have lower amounts of TiO2
nanoparticles, which were preferably self-assembled on the outer wall of the PTFE fibers (Fig.
2f) or surface of PVDF sheets, respectively (Fig. 21). These differences observed in the location
and content of TiO should be related with the support properties and synthesis procedure used
in membranes, which pursues the direct hydrolysis of the titanium precursor in sifu on the
membrane surface [28]. Thus, the dense structure of N—PS and its reactive sulfone groups and
ether bonds favour, via coordination with Ti*" and H-bonds with hydroxyl groups of TiO», a
significant attachment of TiO; particles on the surface of the membrane [53], while TiO: is self-
assembled on the different opened structures of N-PTFE and N-PVDF by physical bonds due

to the absence of these sulfone groups on their surfaces (Fig. 3) [54]. EDS spectra for selected
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areas of each membrane confirmed the growth and formation of TiO: particles on the membrane

(Fig. 2).
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Fig. 2. SEM micrographs at different magnifications of the top surface for neat and TiO»
membranes prepared over (a-c) PS, (d-f) PTFE and (g-i) PVDF supports. EDS spectra of

selected areas are also included as reference.

Cross-sectional images of neat and TiO, membranes with PS and PVDF supports (Figs. Sla-c
and 4d-f of the supporting information, respectively) corroborate that an ultra-thin layer of the
TiO, material was homogeneously deposited on the corresponding membrane without the
significant presence of cracks, voids or other defects, even if considered that these membranes
were fractured for SEM analysis. PTFE membranes were difficult to fracture for accurate SEM
analysis due to the high thermal resistance of this polymer. Both N-PS and N-PVDF
membranes presented a symmetric structure (Fig. Sla-b and S1d-e, respectively), which is usual

in commercial membranes. In general, TiO> seems well-assembled only on the top surface for

12



T-PS (Fig. Slc), while some particles on the PVDF sheets are observed across the membrane
(Fig. S1f). Therefore, the synthesis method used to prepare the TiO> membranes allowed the
formation of an ultra-thin layer of TiO, well-assembled to the membrane support, which is
crucial to improve the stability in aqueous solution under steady-state flow. For instance, TiO2
membranes prepared by other methods such as dip-coating or vacuum filtering were not

effective enough during consecutive reaction cycles or long reaction periods [31, 55].
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Fig. 3. Schematic representation of the interaction between the PS polymer structure and TiO».

The amount of TiO; in the corresponding membranes was determined by TGA under air
atmosphere (Table 2). The TiO; content incorporated in membranes decreased as follows: T—
PS > T-PVDF > T-PTFE, in agreement with SEM observations. Thus, the dense structure and
the sulfone groups of the PS membrane allows to assemble more TiO: (i.e., 11.0 wt.%) than the
other supports (i.e., 2.7 and 3.3 wt.% for T-PTFE and T-PVDF, respectively). Fig. 4 shows the
TG curves obtained for neat and TiO> membranes. The temperature decomposition of the
membrane depends on the type of polymer used during its fabrication. Thus, N-PS decomposed

at 645 °C, followed by N—PTFE (585 °C) and finally, N-PVDF (551 °C). For N-PS and N-—
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PVDF, another weight loss at a lower temperature (i.e., 532 and 481 °C, respectively) was
observed and it may be ascribed to the decomposition of a co—polymer or additive added during
their fabrication. For instance, polyvinylpyrrolidone (PVP) is commonly used as pore former
agent [49]. For the case of TiO, membranes, different behaviours were observed depending on
the selected membrane support. Thus, the decomposition polymer increased up to 665 °C for
T-PS, while it was comparable for T-PTFE and T-PVDF (i.e., 580 and 546 °C, respectively).
It is well-known that the incorporation of surface modifiers or fillers in membranes may
improve their thermal stability [49, 50]. In our case, TiO: is directly assembled on the polymeric
matrix, protecting the polymer from decomposition and improving the thermal stability of

membranes, in particular when incorporated in larger amounts (i.e., T-PS).
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Fig. 4. TG curves obtained under air atmosphere of neat (uncoated) and TiO> membranes.

The textural properties of all membranes were studied by measurements of overall porosity (¢)
and N2 physisorption at —196 °C. In general, the porosity of the commercial supports was higher

than ~60 %, N—PS being the most porous membrane (Table 2). The assembly of TiO; particles
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on the membranes only produced an evident decrease of porosity for T-PS, since that for T—
PTFE and T-PVDF was comparable to their corresponding commercial supports (e.g., € = ~63
and ~59 % for N-PTFE and T-PTFE, respectively). This fact could be due to an important pore
blockage by TiO»-particle clusters on T-PS membrane. The formation of these clusters could

have been formed during the TTIP hydrolysis and favoured by the highest porosity of N—PS.

Nitrogen adsorption-desorption isotherms for all membranes were analysed and gathered in Fig.
S2 of the supporting information. In general, all adsorption isotherms can be considered of
type—IL, in accordance with [IUPAC classification, typical of macroporous materials or materials
with low porosity [ 14]. In fact, all membranes practically did not possess volume of N adsorbed
at low relative pressures, which is indicative of the absence of micropores filling. On the
contrary, the volume adsorbed at high relative pressures quickly increases due to the filling of
mesopores, which are responsible for the appearance of a hysteresis loop (Fig. S2). From
adsorption data, the apparent BET surface area (Sger) and the pore volume (Vpore) Were
determined (Table 2). All neat membranes presented low Sger values (i.e., 20-51 m? g!), which
are explained by the absence of micropores. Among the commercial supports, N-PTFE
presented the highest Sger (i.e., 51 m? g!) due to the largest Vyore (i.€., 0.10 cm® g™!). When
TiO2 was deposited on these membranes, the surface area was enhanced regardless of the type
of membrane used (e.g., 51 and 71 m*> g*! for N-PTFE and T-PTFE, respectively). It is
noteworthy that T-PS presented a ~2.5-folds Sger compared to the neat PS membrane, although
its overall porosity was lower (Table 2). This fact should be due to the largest amount of TiO>
incorporated, which is a porous material and provides an improvement of the textural properties
when assembled on the membrane surface. Among TiO, membranes, the Sger decreased as
follows: T-PTFE > T-PVDF > T-PS; and thereby, the TiO, assembly on PTFE fibers and
PVDF sheets is preferred to obtain membranes with better textural properties. Taking into

account the results obtained by the gravimetric and N> physisorption methods, the two-step
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method to synthetize the TiO, membranes seems to be adequate to obtain porous membranes,
since the small variations in porosity should be ascribed to the pore blockage by TiO; that

damages the polymeric structure produced during the TTIP hydrolysis or post-crystallization.

Table 2. Characterization of the membranes.

*Ti02 € SBET Vore drioz Contact angle
Membrane
(wt.%) (%)  (m*g') (em’g™) (nm) (6°)
N-PS 0.0 71£1 20 0.03 - 56+ 1
N-PTFE 0.0 63+ 1 51 0.10 - 911
N-PVDF 0.0 60+ 1 30 0.04 - 80+2
T-PS 11.0 35+1 46 0.09 89+1.1 26+ 1
T-PTFE 2.7 59+1 71 0.13 7.0+1.0 86+ 1
T-PVDF 3.3 59+1 56 0.11 6.6+1.0 76 £ 1

* Amount of TiO2 on membranes determined by TGA; € = porosity by gravimetric method; Sser and Vpore estimated

from N2 physisorption data at —196 °C; drio2 = average crystallite size determined from XRD patterns.

After TiO2 growth on membranes without crystallization, TiO2 was amorphous as corroborated
by the absence of peaks in the corresponding XRD pattern shown in Fig. 5. Thus, a
crystallization process was performed to transform amorphous TiO: particles into a
photocatalytically-active phase, like anatase [28, 56], since different studies reported the less
photoactivity of amorphous TiO2 nanoparticles compared to those in the crystalline form [57].
The crystallization of TiOz is usually performed by calcination at temperatures exceeding 500
°C [17], but this pre-treatment is not suitable taking into account the thermal sensitive
characteristics of the selected polymeric supports (Fig. 4). A strategy to crystallize TiO at mild
conditions consists in the hydrothermal treatment with in situ vapor generated. Thus, TiO>

membranes were hydrothermally treated with vapor. XRD patterns of the crystallized
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membranes clearly showed the presence of anatase (JCPDS Card no. 21-1272) with peaks
placed at 26 values of 25.3° 36.8° 47.6° 54.2°, 56.3°, 62.4° and 69.1, which correspond to
(101), (004), (200), (105), (211), (204) and (116) crystal planes. This crystallization method is
based on the adsorption of water vapor on the amorphous TiO, leading to the rearrangement
of TiO¢* octahedral units and leading to the formation of anatase crystallites [56]. The peaks
placed at 28.7° and 31.7° for T-PTFE should be ascribed to the commercial PTFE support [58].
On the other hand, the average crystal size (drio2) for TiO, membranes was obtained from
diffraction patterns using the Debye—Scherrer equation (Table 2). In general, the crystallite sizes
determined were small in the range of ~6.5 — 9.0 nm with no large differences for the different
TiO2 membranes, although slightly lower values were obtained for T-PTFE and T-PVDF.
Therefore, the hydrothermal treatment with vapor was effective to form small TiO> crystallites

of anatase and to preserve the textural properties of the membranes.
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Fig. 5. XRD patterns of TiO> membranes prepared on PS, PVDF and PTFE supports. The as-

grown T-PS (without crystallization) was also included for comparison.
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ATR-FTIR spectra for TiO», neat and TiO, membranes (fresh and spent) are shown in Fig. S3
of the supporting information. Regarding Fig. S2a (bare TiO), the broad bands at high
wavenumbers (3700-3000 cm™) can be ascribed to the stretching vibration of hydroxyl groups
(O-H), as a consequence of the high affinity of TiO, nanoparticles to water molecules [59]. The
band at 1643 cm™! is related to the stretching vibration of O—H bending of Ti-OH [60, 61],
whereas low—intensity peaks between 1500 and 875 c¢cm™' can be attributed to the lattice
vibration of TiO> [62]. In the range of 1000-600 cm™!, the peaks can be assigned to Ti-O, O—
Ti—O and Ti—O-Ti [38, 63]. Concerning the N-PS membrane (Fig. S3b), some peaks relative
to O—H in the range of 3700-3200 cm™! were observed from the possible interactions between
C=C (in aromatic rings of PS) and water [64]. The peaks appearing at 3161, 3053, 1020 and
838 cm™!, and those at 2960 and 2886 cm™! can be assigned to the stretching vibration of C-H
of the aromatic rings, and alkanes, respectively, in the structure of PS [65, 66]. The aromatic
links appeared also at 1582 and 1490 cm™! [35]. Asymmetrical and symmetrical stretching
vibration of sulfone groups (S=0), and stretching vibration of ether groups (C—O-C), can be
also observed at 1308 and 1154 cm™!, and at 1238 cm ™!, respectively [67]. Comparing the ATR—
FTIR spectrum of T-PS—Fresh to that of N—PS (Fig. S3b), some clear differences are observed.
For instance, the bands between 3500 and 3000 cm™ and at 1643 cm™' in the T-PS—Fresh
spectrum are more similar to those observed for bare TiO; (Fig. S3a) than for N-PS (Fig. S3b),
which can be associated to surface hydroxyl groups and to water moisture. Moreover, the T—
PS—Fresh spectrum has more intense bands at wavenumbers of <1000 ¢cm™!, corresponding to
strong TiO2 modes (Fig. S3a), these observations confirming the presence TiO: in the PS
structure. However, differences were not observed when the ATR—FTIR spectra of spent and
fresh membranes are compared. In general, these conclusions were quite similar for the other
membranes under study (Fig. S3c and d). As additional information, regarding the ATR-FTIR

spectra of N-PTFE and T-PTFE-Fresh (Fig. S3c¢), the characteristic peaks of N-PTFE at 1444
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cm! (CF, combined asymmetric stretching and rocking deformation [68]), 1206 and 1149 cm™
!'(CF, asymmetric and symmetric stretching vibration, respectively [69]) appeared also in the
spectrum of T-PTFE-Fresh but with lower intensities. This decrease in the intensity of the
peaks could be caused by the TiO; assembled on the surface of PTFE [70]. In the case of PVDF
membranes containing mainly o—crystalline phase (Fig. S3d), the peaks corresponding to the
asymmetrical and symmetrical stretching, and deformation vibration of CH> groups were
exhibited at 3022 and 2990 cm™!, and at 1395 cm™!, respectively [71], while the peak attributed

to —CF» groups was observed at 1177 cm™.

The surface hydrophilicity is a featured property for membranes used in pressure-driven
processes and other water treatment systems. The hydrophilicity of neat and TiO> membranes
was assessed by water contact angle measurements (Table 2 and Fig. 6). The neat PTFE and
PVDF membranes can be considered moderately hydrophilic with contact angles in the range
of 80-91° (Table 2), while N-PS was the most hydrophilic membrane with a contact angle of
56°. In general, TiO2 membranes presented lower contact angles than their corresponding neat
membranes (e.g., 80° and 76° for N-PVDF and T-PVDF, respectively). It is well-know that the
addition or deposition of TiO on/into a membrane enhances its surface hydrophilicity [72-75].
In our study, not only the addition of TiO, was important, but also the amount and the location
where it was assembled on the membrane. Thus, large amounts of TiO> (i.e., 11.0 wt.%)
forming particle clusters on the membrane markedly decreased the contact angle from 56° to
26° for PS membranes, while T— PTFE and T-PVDF with lower TiO contents (i.e., 2.7 and
3.3 wt.%, respectively) assembled on the corresponding polymer structure presented a slightly

lower hydrophilicity than their corresponding neat membranes (Fig. 6).
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Fig. 6. Contact angle for the neat and TiO, membranes.

The binding of TiO2 nanoparticles to the membrane is a crucial factor to hinder particle leaching
and membrane fouling, which in turns would decrease of membrane performance during
adsorption and photocatalytic experiments. Thus, the amount of TiO; leached from the
membranes was determined during stability tests carried out in an ultrasonication bath for 30
min. In general, all TiO, membranes exhibited a good stability with a TiOz loss lower than 10
wt.% (Fig. 7) proving a strong attachment of TiO2 nanoparticles to the membrane structure. The
Ti0; leached for 30 min varied as follows: T-PTFE (9.1 %) > T-PVDF (8.4 %) > T-PS (6.5 %),
T-PS being the most stable membrane, even presenting the highest TiO> content. This enhanced
binding of TiO> should be due to coordination bonds of the sulfone groups and ether bonds of
the PS membrane and the hydroxyl groups of TiO» nanoparticles [53]. It is noteworthy than
most of TiO; leached in both T-PVDF and T-PTFE was obtained in the first 2—5 min and then,
it was maintained almost invariable. In the case of T-PSThe immobilization of TiO>
nanoparticles in these hydrophilic membranes should be explained by coordination bonds

between Ti*" of TiO, and the hydroxyl groups of the membranes [76], which were pre-
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hydrophilized by the manufacturer with carboxyl groups [28]. In the case of T-PS, a sudden
increase of the TiO; leached was observed after 10 min, which could be due to some changes
in the membrane structure as a consequence of the applied ultrasounds and/or increased
temperature of the bath. Otherwise, T-PS was the most stable membrane, the TiO; leaching

being always lower than that obtained for T-PVDF and T-PTFE.
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Fig. 7. Amount of TiO> leached for TiO2 membranes during ultrasonication tests.

3.2. Removal of diclofenac and 17a-ethinylestradiol under continuous recirculating mode

3.2.1.Pollutants adsorption in dark phase

The capacity of adsorption or retention for neat and TiO> membranes was studied with an
aqueous solution containing both DCF and EE2 pollutants, at room temperature, under
continuous recirculating mode and for 24 h (Fig. 8). The dark phase was performed to saturate
most of the membrane surface and consequently, to assess separately the photocatalytic activity
of TiO2 membranes. Considering that the molecular size of the studied pollutant molecules
(0.414 nm [77] and 1.53 nm [78] for DCF and EE2, respectively) is much smaller than the
nominal pore size of the PS, PTFE and PVDF membranes (nearly 0.2 um, Table 1), the removal
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of the pollutants in the dark should be more likely due to the adsorption ability of the membranes

rather than physical retention of these pollutants.
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Permeate flux of the TiO> membranes measured initially (at 0.5 h), under dark conditions (at

24 h) and UV-LED irradiation (at 48 h).

In general, TiO2 membranes prepared with PVDF and PTFE supports exhibited higher removals
(%) by adsorption for DCF (39 and 25 % for T-PVDF and N-PVDF, respectively) and EE2
(67 and 56 %, respectively) than their corresponding neat membranes (Figs. 8b-c), which could

be attributed to the enhanced hydrophilicity of these membranes after immobilizing TiO:
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nanoparticles on their structures, favouring the contact between pollutant molecules in aqueous
solution and the membranes surface. Moreover, T-PVDF with a lower water contact angle
(Table 2) presented higher removals by adsorption than T-PTFE. On contrast, the pollutants
adsorption over N—PS was higher than that obtained for T-PS (Figs. 8a) and although the TiO>
deposition enhanced its hydrophilicity, the significant decrease in porosity detected for T-PS
(from 71 % to 35 %, Table 2) affected considerably the adsorptive behaviour.

On the other hand, the removal by adsorption of the EE2 contaminant was always higher than
that of DCF regardless of the type of membrane tested (Figs. 8a-c). This competitive adsorption
is explained by the interactions established between the pollutant molecules and the membrane
surface. Taking into account that the pKa values of EE2 and DCF are 10.3 [45] and 4.2 [39],
respectively, and the pH in experiments with ultrapure water was ca. 6.5, EE2 molecules are
mostly neutral while DCF ones are negatively charged. Furthermore, the pH of the point zero
charge (pHpzc) for TiO>» membranes could be considered close to the bare TiO, material (pHpzc
~ 6.0 [31, 79]) and thereby, all TiO> membranes are expected to present a negatively charged
surface at the conditions of the experiments, explaining the preferential adsorption of EE2
instead of DCF (electrostatic repulsions). Besides, DCF is a pharmaceutical slightly more
hydrophobic than EE2, i.e., log Kow = 4.51 [39] and 3.63 [45] for DFC and EE2, respectively,
which would also explain the lower DCF adsorption detected in the hydrophilic TiO>

membranes.

3.2.2.Removal efficiency of DCF/EE2 at 24 h (Dark) and 48 h (UV) for all membranes.

Photocatalytic degradation of DCF and EE2

The efficiency of the neat and TiO2 membranes for the simultaneous photodegradation of DCF
and EE2 in aqueous solution under UV-LED irradiation is also shown in Fig. 8. All membranes
were almost saturated during the dark phase at 24 h, although a slight increase in the removal

of both pollutants is still detected for neat membranes after turning on UV-LED (Fig. 8). All

23



TiO2 membranes were able to photodegrade DCF and EE2 with efficiencies above 90 % after
24 h of UV-LED irradiation (e.g., 96, 94 and 92 % for EE2 using T-PS, T-PVDF and T-PTFE,
respectively), as clearly shown in Fig. 8a for T-PS, where the evolution of the pollutants
concentration dropped quickly after turning on the UV-LED irradiation. On contrast, these
curves for neat membranes followed the same profile than those obtained during the dark phase
(Figs. 8a-c), indicating the absence of photolysis of the tested pollutants at 395 nm, and that the
decrease in the concentration of DCF and EE2 was due to the adsorption ability of the
membranes, which allows the pollutants accumulation on the membrane surface and is favoured
by a large overall porosity and/or hydrophilicity.

Among the developed TiO> membranes, T-PS was the most active for the removal of DCF
(93 %) and EE2 (96 %), followed by T-PVDF (92 % and 94 % for DCF and EE2, respectively)
and finally T-PTFE (89 % and 92 % for DCF and EE2, respectively), for 24 h under UV-LED
irradiation (Fig. 8a-c). As pointed out, the EE2 removal was always higher than that for DCF
regardless of the type of the membrane, and the activity trend seems be directly correlated with
the TiO> content attached in the membranes, since T-PS possessed the highest content
(11.0 wt.%, Table 2). It is noteworthy that T-PTFE was much less photoactive than the other
TiO2 membranes during short reaction times (i.e., 0.5 — 3 h), although its TiO; content is similar
to that of T-PVDF, which exhibited a reaction kinetic similar to T—PS. This fact could be
explained by the difference in wettability among TiO> membranes, T-PTFE being the least
hydrophilic. Thus, photoactivity of T-PS was similar to that of T-PVDF despite the large
difference in the TiO> content between these two membranes (11.0 and 3.3 wt.%, respectively,
cf. Table 2), suggesting that the photoactivity is also related to the way as the catalyst is
deposited on the membrane, where the self-assembling of TiO: in the form of clusters on the
surface of the PS membrane could reduce the number of TiO; particles accessible to UV-LED

irradiation.
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Finally, the permeate flux of all membranes was measured initially and after dark and UV-LED
irradiation stages, as shown in Fig. 8d for TiO> membranes. The permeate fluxes for neat
membranes (results not shown) were higher than those measured for the corresponding TiO>
membranes, which was attributed to the pore blockage occurring in membrane supports after
the TiO> deposition. For instance, the initial water flux varied from 1413 to 1264 LMH for N—
PS and T-PS respectively. As described in Section 3.2.1, DCF and EE2 pollutants were
adsorbed on the membrane surface during the dark phase, this contaminant accumulation
affecting on the membrane permeability. Thus, a decrease of the permeate flux at 24 h was
always obtained for all membranes tested, this permeability lost being correlated with the
amount of adsorbed contaminants, since T-PTFE was the least affected (Fig. 8d), i.e., 1331
LMH for T-PTFE in comparison with 1164 and 1144 LMH for T-PS and T-PVDF,
respectively. Otherwise, the fluxes of TiO2 membranes were high enough to be employed in
UV-LED photocatalysis under continuous recirculating mode. Thus, by switching on the UV—
LED, the permeate fluxes with the T-PS and T-PVDF membranes increased (Fig. 8d),
suggesting the photocatalytic degradation of contaminant molecules adsorbed on the membrane
surface due to the activity of the photocatalyst deposited on the membrane [31]. This
enhancement of the water permeability could also be attributed to the high hydrophilicity of
TiO2 membranes resulting from the strong interaction of the TiO» particles with water
molecules under UV irradiation [74, 80]. In addition, the increase of water permeate flux in T—
PS and T-PVDF was higher than that recorded for T-PTFE, which could be correlated with the
photoactivity of the membranes, since T-PS and T-PVDF were more photocatalytic active
(Fig. 8a-c). On the other hand, the permeate flux for T-PTFE and T-PVDF at 48 h was slightly
lower than that determined initially (at 0.5 h), which it increased for T-PS. Most probably, the
continuous increase in the flux for T-PS was related to the deterioration of the membrane

structure and its fracture (as shown below in Fig. 9¢), due to the low resistance of polysulfone
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polymer against UV irradiation and hydroxyl radicals generated during the photocatalytic

reaction [35].

3.2.3.Membrane stability during consecutive reaction cycles

The efficiency and stability of TiO> membranes were investigated for the simultaneous removal
of DCF and EE2 during three consecutive adsorption-photocatalysis cycles, maintaining the
same membrane and without applying any cleaning or regeneration step (Figs. 9a-b). As
concluded, T-PS was the most active membrane but it was excluded from this study because it
was damaged after first adsorption-photocatalysis cycle (Fig. 9c), as a consequence of the TiO>
leaching for 48 h and the low resistance of the polysulfone polymer to UV exposure and
hydroxyl radicals generated during reaction [35]. In fact, the permeate flux measured for this
membrane after UV-LED irradiation was higher than that initially determined for the fresh
membrane (Fig. 8d), corroborating possible particle leaching and possible damages in the
membrane structure. On the other hand, both T-PTFE and T-PVDF were stable during all the
reaction cycles, without any appreciable damages on their structures, as corroborated by
comparing fresh and spent membranes (Fig. 9c). Both membranes were active in the
consecutive reaction cycles for the removal of DCF and EE2. However, a significant decrease
of the membrane performance was detected after first cycle, particularly for T-PTFE (Fig. 9a
vs. 9b and Table 3), which may be ascribed to the pollutant adsorption on the membrane surface
[30, 31] and partial TiO> leaching. These photocatalytic results can be correlated with the
permeate flux measured at the end of each irradiation cycle, where an increased flux was
detected after the first cycle of irradiation (Fig. 9d). On the contrary, T-PVDF presented the
highest activity for removing both DCF and EE2 and excellent stability under UV-LED
irradiation for 4 days (Figs. 9b-d and Table 3). In addition, the permeate flux at 96 h was
comparable to the initial one, suggesting that all contaminant adsorbed on the membrane surface

can be degraded by UV-LED exposure. Overall, the TiO> membrane prepared on the PVDF
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membrane resulted as a good option for treating water polluted with pharmaceuticals during
long operation times. Thus, this PMR with the photocatalyst immobilized onto PVDF
membranes has the advantage to mitigate the fouling, to achieve high fluxes, to be reasonable
stable and highly active for the simultaneous degradation of water pollutants under UV-LED
and continuous recirculating mode, being easily scaled up since it does not require the recovery

and regeneration of the catalyst, which would be time and energy-consuming and costly.
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Fig. 9. Membrane performance during three consecutive reaction cycles for (a) T-PTFE and
(b) T-PVDF. (c¢) Images of the fresh and spent TiO> membranes. (d) Permeate flux of T-PTFE
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4. Conclusions

TiO2 membranes were prepared by in situ growth of TiO; over PS, PTFE and PVDF supports.
The content of TiO; in these membranes is affected by the corresponding structure and surface
hydrophilicity of the support. The highest amount of TiO> was achieved on the PS surface, but
a significant decrease in the porosity was also observed.

Anatase TiO; crystalline phase was formed on these supports by hydrothermal treatment at mild
conditions, which allowed the preservation of the original structure of the polymeric support
and increased the surface hydrophilicity. Neat and TiO2 membranes were then studied for the
simultaneous removal of DCF and EE2 in an aqueous solution under adsorption and
photocatalytic experiments.

Neat membranes could not wholly remove the pollutants, but a higher porosity and
hydrophilicity favoured their adsorptive behaviour. EE2 was preferentially removed over DCF
regardless of the membrane tested due to the electrostatic repulsions between the DCF
molecules and the surface of these membranes.

All TiO> membranes achieved efficiencies above 90 % for both pollutants under UV-LED
irradiation; their performance is improved as the TiO> content and the hydrophilicity increased.
The permeate flux of both neat and TiO> membranes decreased under dark conditions,
suggesting that the contaminants are adsorbed and accumulated on the membrane surface.
However, the permeate flux enhanced when TiO» membranes were exposed to UV-LED
irradiation. From the stability assays during several consecutive reaction cycles, it was

concluded that the TiO, membrane with PVDF presents the highest stability.
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