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ABSTRACT

In the current study, we explore the use of an eco-friendly laser-based methodology to fabricate
Ag/TiO nanoparticles (NPs) with a highly controlled chemical composition, which serve to decorate the
surface of Polyvinylidenefluoride (PVDF) nanofibrous membranes. Since these NPs can enhance the
membranes’ oil-water separation performance and independently act as catalysts with the ability to
purify water, we studied the samples’ separation capacity and, in parallel, the NPs pollutant
degradation ability. Our findings evidence that membranes decoration by NPs with medium size (6.6 +
2.2) nm, element composition 93.8 wt% Ti and 6.2 wt% Ag, where Ag locates in the surface, lead to a
membranes’ loading of 1.31 - 10! particles/cm? or 0.13 pg/cm?. Such superficial modification provides
the membranes super-hydrophilicity resulting in improved oil-water separation performance through
time and oil rejection percentage while the membrane’s fouling is negligible. Besides, the unique
composition of these NPs brings a highly competitive catalytic activity (k. factor) of 2.82 L - gt - s,
implying that their multifunctional nature could expand the cleansing capabilities of nanofibrous
membranes by separating water from oily polluted sources and separately catalyze the degradation of
water dissolved organic pollutants. Thus, providing a groundwork for future developments in the truly
cleansing of oily polluted water.

Keywords: Oil-water separation, organic pollutants, laser ablation method, TiO, Ag nanoparticles PVDF
membrane



1. Introduction

Every year thousands of oil tons are leaked and spilled into the oceans worldwide during the extraction
and transportation of oil, making it the principal source of water pollution [1]. The toxic compounds in
the oil represent serious health problems for humans and other living species [2]. As the oil sector
represents an essential percentage of the global economy, the effective recovery of clean water from
the oily polluted sources is a top priority for the scientific community. To date, the most common
strategies used to treat oily polluted water are flotation, adsorption, gravity separation, coagulation,
electrocoagulation, flocculation, membrane filtration, and very recently, oil capturing by the structural
modification of surfaces and selective absorption and retention of water by the employment of super-
amphiphilic materials like attapulgite (APT) [3-6]. Among the different alternatives, membrane
filtration is the most popular because, in comparison with other systems, its usage is more accessible,
cost-effective, and its employment leads to a minimal carbon footprint. However, the membranes
need to fulfill essential characteristics to be useful in real situations like mechanical robustness, high
flexibility, and chemical stability against harsh chemicals like halogens, oxidants, inorganic acids,
aromatic, aliphatic, or chlorinated solvents, which are often involved in the water treatment [7].

Nanofiber-based membranes composed of highly resistant polymers like Polyvinylidene fluoride
(PVDF), and Polyacrylonitrile (PAN), among others, substantially fulfill such requirements providing
good oil-water separation performance driven by high porosity and low liquid flow resistance.
However, they also get easily fouled because their structure allows the attachment and proliferation
of bio-matter and macromolecules’ allocation, among other foulants [8]. One of the primary ways to
tackle such an issue is through the membrane’s surface decoration with various kinds of NPs, among
which those based on Ag and Ti stand above the rest. On the one hand, Ag NPs promote the
membrane’s surface charge change, super-hydrophilicity, and antibacterial behavior [9]. Ti-based NPs,
on the other hand, provide super-lyophobicity, antifouling, antibacterial, and under ultraviolet
illumination self-cleaning properties [10-12]. Thus, the membranes’ decoration with these two NPs can
significantly improve their oil-water separation performance. In the current work, we take a step
forward, exploring the implications of tightly mixing these two NPs before the membranes’ decoration.
As it is well known, Ti-based NPs can act as supports for noble metals, providing them metal-support
interactions (MSI) that are usually exploited in heterogeneous catalytic reactions like the degradation
of organic pollutants [13,14]. When treating oily-polluted water, such an opportunity can provide the
membranes a multifunctional surface that separately enhances their oil-water separation performance
and contributes to organic pollutants’ catalytic degradation. This overall can result in a critical benefit
for the truly cleansing of polluted water, especially considering that most of the organic pollutants that
contaminate all water sources easily dissolve in fats and oils [15].

To date, the methodologies that enable the tight combination of these two nanomaterials still fail in
outshining their ecological benefit due to the employment of extreme conditions (high temperature
and pressure) or toxic chemicals [16]. We are overcoming this barrier by employing reactive laser
ablation in liquids (RLAL), a nanomaterials synthesis strategy not yet explored in the field that can bring
many benefits. Its safety of operation and pollution suppressing nature make it suitable for such an
environmentally conscious application [17]. Moreover, its most significant advantages over the
classical synthesis approaches lie in the possibility of achieving tight junctions between almost any
element, regardless of their miscibility, and due to the lack of capping or reducing agent usage, promise
to get nanomaterials of the highest purity [18].



In short, when an ultra-short pulsed laser source (pulses in fs, i.e., 10 s) is used in RLAL, a solid target
immersed in a liquid containing NPs-precursors (e.g., metal salts) absorbs the laser radiation, and due
to a multiphoton-ionization mechanism, a plasma plume forms over the irradiated solid. The electrons
in the plasma can induce the direct reduction of the NPs-precursors and create radicals that can also
act as reducing agents. During and after the plasma lifetime, the species detached from the solid target
and the reduced ones from the NPs-precursors combine, forming tight junctions. After the plasma
extinguishes, a cavitation bubble forms containing all the plasma-constituent species; the bubble acts
as a reactor where all these species keep experiencing coalescence, evolving into NPs that are released
to the liquid medium when the bubble finally collapses [19].

Since the produced NPs are per se ligand-free [20], they can be anchored over nanofibrous
membranes, finally permitting that when recovering water from oily polluted sources, the membrane’s
separation properties improve, and separately, the NPs-prompted degradation of organic pollutants
dissolved in the oil and water takes place, resulting in the bettering of recovered water’s quality.
Overall, the current work presents the ad hoc design of a non-polluting solution for the possible deep
cleansing of oily-polluted water, a global problem that is gradually leading to one of the worst crises in
humankind history; the run-out of clean water.

2. Materials and methods
2.1. Membrane preparation

The membranes were prepared according to a previous study [21]. In brief, a needleless
electrospinning system (Nanospider NS 851600U, Elmarco) was employed to make nanofibers of PVDF
(13 wt %, Solef 1015), which was dissolved in N,N-dimethylformamide (DMF, Penta s.r.0.). The
electrospun nanofibers were collected on a silicon paper and laminated by a heat-press at 130 °C
(Pracovni Stroje, Teplice, Czech Republic) [22] to a supporting fabric with an adhesive web.
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Fig. 1. Scheme depicting the elements of the experimental setup. Inset five images representing the follow-up of
nanocomposite formation in RLAL. (i) absorption of laser radiation by the Ti solid target, (ii) creation of plasma plume above
the irradiated area and reduction of NPs-precursors dispersed in the solvent, (iii) creation of the cavitation bubble, (iv)
expansion of cavitation bubble, coalescence and formation of NPs, (v) final NPs released to the liquid medium.



The selected supporting fabric was a 100 g/m? spunbond PET nonwoven fabric with extremely high
tensile strength and difficult to tear apart [23]. According to our previous studies, such robust support
can transmit its mechanical stability to the PVDF nanofibrous membranes [22], thus, providing the
possibility to get mechanically robust membranes. The surface of the membranes was further modified
by their immersion for 1 h in a 1.8 M solution of potassium hydroxide (KOH, Fluka) in isopropanol (IPA,
Fluka) at room temperature. The immersion in the KOH solution allowed the dehydrofluorination of
the PVDF membrane and with this, its decoration with OH groups that enable the NPs attachment [21].

The Ag/TiO NPs were synthesized through the experimental set up displayed in Fig. 1. In brief, a Ti foil
with a thickness of 0.025 mm (99.98% trace metals basis, Sigma-Aldrich) was selected as the solid
target due to its ablation energy threshold is very low for fs pulses (0.5 w per pulse [24]), and the liquid
medium was composed of a solution of silver nitrate (AgNQOs, Sigma-Aldrich) in deionized water (18.2
MQ-cm). Since RLAL can assist the reduction of metal salts but it is still not completely understood how
their concentration influences the atomic ratio of the final products, we employed a set of 6 different
solution concentrations, where the resulting materials were labeled according to the used
concentration: 0 mM (S1), 0.001 mM (S2), 0.01 mM (S3), 0.1 mM (S4), 1 mM (S5), and 10 mM (S6).

For performing RLAL, a laser beam was focused over the Ti foil placed in a holder immersed in 40 mL
of the appropriate liquid solution while magnetically stirred at 100 rpm in a glass container. The laser
beam came from a High-energy industrial fs laser Onefive Origamy XP-S (pulse duration 400 fs, central
wavelength 1030 nm, and repetition rate 1 MHz). It was moved in a raster-like pattern at a velocity of
2 m/s by a scanning head (intelliSCAN 14, SCANLAB) and focused over the Ti foil surface by an f-theta
lens with a focal length of 160 mm. The average power used was 150 mW, and the energy per pulse,
1.5 W, slightly overpassed the Ti ablation threshold to ensure that the AgNO3 reduction would be a
consequence of its interaction with the plasma plume and not due to other non-linear optical effects
related to the use of high energies. After the irradiation of the whole Ti foil’s surface (the process took
15 min), the solid target was removed from the glass container, and the membrane was placed inside
in a vertical position. The recently produced nanocolloid kept being magnetically stirred for 2 h to
ensure the maximum number of NPs anchor over the membrane. Afterward, the membrane was
placed in a new glass container filled with deionized water, which was placed in an ultrasonic bath
(SONOREX DIGITEC DT 510 H, 35 kHz, 9.7 L), and underwent ultrasonication for 10 min to get rid of the
non-properly attached NPs. The labels used for the membranes decorated with the different NPs
follow the syntax: M+S1, M+S2, M+S3, M+S4, M+S5, and M+S6.

2.2. NPs and membrane characterization

The NPs morphology was determined by transmission electron microscopy (TEM) using a microscope
(JEM-2100Plus, JEOL) operated at an acceleration voltage of 200 kV. Their elemental composition was
evaluated through energy-dispersive X-ray spectroscopy (EDX) using an analytical detector (X-Max 80,
Oxford Instruments) attached to the TEM instrument. Likewise, an annular dark-field (HAADF) detector
was employed to take dark-field images in Scanning TEM (STEM) mode and perform EDX fast mapping
(FS mapping) and EDX line scans. Moreover, this information was ratified by single-particle inductively
coupled plasma-mass spectrometry (spICP-MS) using a spectrometer (NexION 3000D, Perkin Elmer),
which has a detection limit of 0.5 ng/L. The crystalline phases of the NPs were determined by X-ray
powder diffraction (XRD) using a diffractometer (Miniflex 600, Rigaku) equipped with Co Ka radiation
(A = 0.1788 nm). The patterns were taken in a 20 range 30-90° at a speed of 1° min™. The sample’s
absorbance was measured by visible spectroscopy using the same spectroscope employed in the
degradation tests, but in this case, the absorbance was acquired in a range of 320-1000 nm in 1 nm



steps, and the samples’ zeta potential values were acquired by a Zetasizer (Nano ZS90, Malvern
Instruments Ltd).

The membranes’ morphology was inspected by scanning electron microscopy (SEM) using a
microscope (Vega3 SB, Tescan) operated at an acceleration voltage of 30 kV. The same micrographs
were employed to roughly calculate the amount of NPs loading in the membranes. The membranes’
pore size was determined through the bubble point method using a pore size analyzer (Porometer 3G,
Anton Paar GmbH). The sample’s wettability was determined by contact angle in air and underwater
using a Drop Shape Analyser (DSA30E, Kruss GmbH). In the air, the droplets consisted of deionized
water, and the measurements were taken at six different points of the sample’s dry surface at room
temperature. Underwater, the droplets consisted of kitchen oil and n-hexane; the measurement
protocol was similar to the one in the air, except because the membranes were fixed to the bottom of
a glass cuvette filled with deionized water by a double face tape, and the oil droplets were delivered
through the tip of a 200 pL pipette after got in direct contact with the membrane. Finally, a
complementary study was performed to assess the chemical stability of the PVDF nanofibrous
membranes under harsh chemical conditions. For this, pristine PVDF membranes were immersed in an
aqueous solution of 50% (w/v) NaOH [25], pure H.0,, and pure HCl for 3 weeks at room temperature.
This test was not performed on the samples decorated by NPs because these chemicals at that
concentration can digest the NPs [26]. After 3 weeks, the membranes were taken out, washed several
times with distilled water, and dried at room conditions. Further, SEM images of the samples were
taken to detect damages on the membrane surface.

2.3. Separation tests

Each sample’s oil-water separation performance was evaluated by a custom-made dead-end filtration
unit powered by gravity. The selected oil-water system was emulsion-type, where two of the most
utilized oil-types in the field [27,28] served as the basis of the emulsion; sunflower kitchen oil from the
market (100%, Goldplus), which physicochemical properties are not well controlled, but its use is
widely extended, and n-hexane (pureness 99.0%, Penta s.r.o.), an oil with well known physicochemical
properties.
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Fig. 2. Schematic representation of custom-made dead-end filtration unit powered by gravity. Inset it is displayed the
position of the sample where the oil passage is avoided, and only the water is filtrated.



The preparation of each emulsion was done by mixing 400 mL of deionized water with 0.4 mL of the
nonionic surfactant Triton X100 (laboratory-grade, Sigma-Aldrich) and 1 mL of the corresponding oil.
The mixtures were stirred overnight at 600 rpm until a uniform emulsion was obtained. An optical
microscope was employed to measure the emulsion uniformity and drop sizes (Axio Imager M2, Carl
Zeiss), where the average oil droplets’ diameter was (6.6 + 3.1) pm for kitchen oil, and (2.0 £ 0.7) pm
for n-hexane (Fig. S.1 in the Supporting Material).

The emulsion was used to feed the filtration unit from the open-top, and the level of feed was kept 30
cm above the membrane (diameter of 20 mm) as shown in Fig. 2. The emulsion filtration test was
repeated 10 times (10 cycles) without changing the membrane to evaluate the sample’s fouling
resistance. Note that all the samples filtered 30 mL of deionized water before the emulsion test and
between cycles. After separation, the permeate was analyzed by non-purgeable organic carbon (NPOC)
measurements through a total carbon analyzer (MULTI N/C 2100S, Jena) to determine the residual
amount of oil permeating through the membranes.

The membrane’s permeate flux (F ) and the permeability (k) were calculated according to the following
set of formulas:

(1)

k=— (2]

where A represents the membrane area (m?), V the permeate volume (in L units), p the trans-
membrane pressure (0.03 bar in our case), and t the time of filtration (in h units). The sample’s fouling
was determined by the difference between the permeability values’ at the first (k;) and last filtration
cycle (ky) [29]:

k: - k
i ) x 100% (3)

Decline  in permeability (%) = (

The calculation of rejection ratio (R(%)) was done through the formula:

" Cy . .
R-.-m:(J—_-) x 1005 (4)
. C;

where C; is the carbon content in the original feed and Cr the one in the final permeate liquid after
completing the separation cycles. Note that the Cr was taken after the tenth cycle to assess the
robustness of the sample’s filtration.



2.4. Catalytic tests

The NPs’ catalytic activity was evaluated by reducing 4-nitrophenol (4-NP) to 4-aminophenol (4-AP), a
model reaction to examine the power of metal-based catalysts. For this, the minimal required catalyst
concentration was first assessed by a screening routine, where 0.12 mM of 4-NP (> 99% ReagentPlus,
Sigma-Aldrich), 12 mM of sodium borohy-dride (NaBHs, > 98%, Sigma-Aldrich), and various
concentration of the nanocomposite (100.0, 50.0, 25.0, 12.5, and 6.3 mg/L) were mixed in deionized
water at a volume of 1 mL and transferred to quartz cuvettes. The resultant liquid was analyzed by
observing the intensity differences recorded at 400 nm by a spectrometer (DR 3900, Hach Lange). The
continuous absorption decrement at this wavelength denotes the 4-NP reduction [30].

After identifying the sample displaying the best catalytic performance at the lowest concentration,
three different concentrations of this catalyst (25.0, 12.5, and 6.3 mg/L) were used again to carry the
4-NP reduction. However, this time, the reaction mixtures with the same chemical ratios in a volume
of 20 mL were magnetically stirred at 180 rpm and room temperature for the entire experiment.
Aliquots were taken from the mixture at different intervals and filtered using syringe filters with a pore
size of 0.22 um (CHS Filterpure PTFE). The filtered aliquots were analyzed by high-performance liquid
chromatography (HPLC) using a chromatograph (UltiMate 3000, Thermo Fisher Scientific) to observe
in real-time the transformation from 4-NP into 4-AP. Both organic compounds were separated in the
instrument through a Reprospher C18 column (150 mm length x 4.6 mm i.d., 3 um particle size) at 40
°C. The mobile phase was composed of a 1:1 solution of deionized water and methanol (> 99.9% HPLC
grade, Fisher Scientific), while the injection volume was 30 pl, and the flow rate 1 mL/min. The
ultraviolet-visible (UV-Vis) detector (VWD-3100, Thermo Fisher Scientific) attached to the
chromatograph was set to 230 nm to observe the simultaneous degradation of 4-NP and
transformation into 4-AP [31]. The 4-NP degradation efficiency, conversion, and selectivity were
calculated for the three employed catalyst concentrations through the following set of formulas:

J. % 100% (5)

G —

Degradation e f ficiency(%) = [:

I"-I

amotint o f generated 4 — AP

Caonversion (%) = ( ) w» 100%  (B)

amouni of 4 — NP used in the reaction

J. % 100% (7)

conlersion

Selectivity (%)= (
degrad ation e f ficiency

In formula (5), ¢; represents the initial 4-NP concentration and ¢;: the concentration at a t time. In
formula (5), ct represents the initial 4-NP concentration and ct the concentration at a t time. Finally,
we implemented the so-called “activity parameter” k., which corresponds to the change of kinetic rate
constants as a function of the catalyst dose to identify the total catalytic efficiency in our catalysts.

3. Results and discussion
3.1. Morphology and structure

Fig. 3 that displays representative images of the NPs indicates that, in general, the synthesis
methodology leads to the production of principally small NPs surrounded by a low amount of larger



NPs, whether the liquid contains silver nitrate or not. hen using a laser with comparable pulses to the
typical electron-phonon coupling time in metals (~ ps), this type of morphology is found in NPs coming
from the laser ablation in liquids. hen no metal salt is dispersed in the liquid environment, as the
sample labeled S1, big particles’ generation is due to hydrodynamic instabilities at the plasma plume-
liquid interface and the small particles due to a subsequently expanding metal-liquid mixing region
[32]. In the metal salts’ presence, this kind of size distribution can be enriched by monometallic or
bimetallic NPs. As recently explained by Tibbetts group [19] , when the laser intensity exceeds the
liquid’s optical breakdown (10** /cm? for water), the liquid’s molecules split, leading to many species
like solvated electrons and hydrogen radicals that can reduce the metal salt for extended periods (~10
ns - us) resulting in the formation of large monometallic NPs.
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Fig. 3. List of representative TEM images, their size histograms considering the manual counting of at least 500 particles,
and the EDX scan lines displaying only Ti and Ag elements to assess their distribution in the NPs. Inset the EDX scan line
graphs it is displayed the particles where the corresponding scans were performed.

Small bimetallic particles in the counterpart arise from the interaction between the recently created
NPs and the liquid medium after their ablation-driven ejection. During the interaction with the liquid,
the NPs can rapidly oxidize, providing nucleation sites for the metal salts.



Since the laser intensity employed during the current work, ~ 1.3-10%° /cm?, did not reach the value
required to split the water molecules, it is more probable to find the Ti and Ag elements in the smaller
particles and only Ti in the larger once. Besides, according to the spICP-MS results extracted from
individual particles (Tab. S.1 in the Supplementary Material), silver nitrate concentrations below the
mM unity result in NPs containing less than 10 wt% of Ag, explaining in this way their lack of
visualization in the EDX-Maps and EDX scan lines (Fig. S.2 in the Supplementary Material). Moreover,
the maximized salt’s abundance in the sample 10 mM results in overexpression of Ag in the composites
by more than 80 wt%. This fact indicates that the initial salt concentration has a critical impact on the
final NPs chemical composition when using laser intensities lower than the one required to reach the
liquid’s optical breakdown, being 1 mM the threshold for fine chemical composition control.

As observed in Fig. 4, the NPs chemical composition also has a critical influence on the membrane’s
decoration, where those having a more extensive content of Ag seem to get more firmly attached to
the membrane’s surface, leading to a final loading of 2.32-10! particles/cm? or 0.36 pg/cm? for S6,
1.86-10"! particles/cm? or 0.38 pg/cm? for S5, 1.31:10™ particles/cm? or 0.13 ug/cm? for 54, 7.12-10%
particles/cm? or 0.25 pg/cm? for S3, 9.20-10° particles/cm? or 0.03 pg/cm? for S2, and 4.34-10%°
particles/cm? or 0.04 ug/cm? for S1.

Fig. 4. List of representative SEM images of the membranes decorated with the NPs.

Note that the approximate weight loading values are calculated considering that the atomic radius and
weight of Ag and Ti are 144 pm, 107.87 g/mol, and 176 pm, 47.87 g/mol, respectively. The circular
membranes’ diameter is 2 cm, and the NPs size and element ratio correspond to those obtained by
spICP-MS and TEM analysis. Thus, given the structural and morphological variations among the
samples, the weight loading does not increase continuously as the number of attached particles does.

As revealed by the XRD measurements (Fig. S.3 in the Supplementary Material), the detected
crystalline phases in the samples are the face-centered cubic crystalline phase TiO1 04 (JCPDS database:
PDF-00-043-1296), the rhombohedral crystal phase Ti,O3 (JCPDS database: PDF-10-63), and the face-
centered cubic phase of Ag (JCPDS database: 00-004-0783). Since hydroxyl groups are the
functionalities employed to immobilize the particles, it is expected that the samples with a more
extensive content of Ag attach more strongly to the membranes. This is due to stronger covalent



binding between Ag and the OH- groups [33], in contrast to the weaker hydrogen bonding between
the membrane’s OH- groups and those formed around the Ti oxides when exposed to water [34].

Although the particles’ load is more prominent when the Ag content increases, the membranes’ pore
size, which directly impacts the oil droplets’ free passage due to the “size-sieving” effect, does not
seem to be heavily affected. As observed in Table 1, the modified membranes have a slightly smaller
average pore size in comparison to the pristine PVDF one. This pore size minimal reduction can be
attributed, as previously reported [21], to the membrane’s microstructural shrinkage resulting from
the dehydrofluorination process. Even though the pore size reduction is minimal, such modification
can enhance the oil rejection mechanism based on the size-sieving effect to avoid the passage of the
kitchen oil and n-hexane droplets, which sizes exceed the samples’ pore sizes by one order of
magnitude. Note that if necessary, the pore size can also be increased by exposing the membranes to
increments in temperature [21], thus, allowing a modification in the membranes’ droplet-size
selectivity.

Besides, the samples’ wettability, which constitutes the second mechanism involved in the free-
passage of water and repellence of oil droplets, shows a very different behavior between samples. As
displayed in Table 1, contrary to previous studies, the massive inkrement of Ag in the NPs does not
seem to have a beneficial impact on the dried membrane’s hydrophilicity.

Table 1 Average pore size and contact angle measurements in air and underwater for kitchen oil and n-hexan

Sample Pare size (pm) Contact angle (7]

In air Underwater

kitchen oil n-hexane

PVDF 040 = 001 125.9 w7 0.0
PVDE-OH 037 £ 001 Q25 434 56.3
M-+51 037 =001 a0.4 305 .7
M52 034 = 001 a5.4 475 50.0
M453 032 £ 001 Q9.9 45 0.0
M54 0.34 £ 001 L] Mo adhesion Mo adhesion
M+E5 032 =+ 001 Q1.7 Mo adhesion Mo adhesion
M+E6 038 = 001 110.1 Mo adhesion Mo adhesion

As described elsewhere, Ag NPs can be oxidized by dissolved oxygen in water according to the following
reaction [35], followed by Ag* release:

2Ag, + —;D:.:d_?]+ MY, = 2Agl +Hy0 (8)
where Ag, refers to the Ag NPs, and the subscript (ag) dissolved in water. After their release, the
hydrated ions eventually adsorb over the membrane’s surface, enhancing its hydrophilicity [36]. Since
the key factor that renders the membranes’ hydrophilic behavior is the adhesion of the polar water
molecules over a positively charged surface, the larger amount of Ag should also mean a larger amount
of adsorbed Ag* over the membrane’s surface and enhanced hydrophilicity. This effect is only visible
in the M+S4 sample, which, aside from providing super-hydrophilicity (0° contact angle), also turn the
membrane’s surface oleophobic regardless of the type of oil. Conversely, in contrast with our previous
study [21], the larger NPs load found in M+S5 seems to be disadvantageous for breaking the water
droplet’s surface tension by providing many low contact area sites [37]. However, as proven by the
underwater oil contact angle data, it is advantageous for providing oleophobicity. A larger NPs load,



like the one found in M+S6 seems to provide a larger number of low contact area sites, finally turning
the membrane into both hydrophobic and oleophobic. Therefore, as observed in Table 1, the limit of
NPs load number to avoid turning dry membranes into hydrophobic, which may be potentially harmful
to the membranes’ oil-water separation performance is 1.31-10*! particles/cm?.

Finally, the side membranes’ chemical stability study demonstrates that the exposure of the pristine
PVDF membranes to harsh chemical conditions does not seem to result in their degradation (see Fig.
S.4 in the Supplementary Material). Thus, allowing us to ratify their parallel suitability for water
recovery from oily polluted sources and usefulness as support in processes such as the catalytic
degradation of organic pollutants dissolved in water and oil, which take place in chemically demanding
conditions.

3.2. Oil-water separation performance

The emulsion membranes' permeability and oil rejection presented in Fig. 5 shows that the
permeability of all the samples starts in high values, following the tendency M+S5 > M+S2, M+S3 >
M+S4, M+S1, PVDF-OH > M+S6 > PVDF for kitchen oil, and M+S1 > M+S5 > PVDF-OH > PVDF, M+S2,
M+S3, M+S6 > M+54 for n-hexane. However, it later decreased through the time exponentially during
the first 8 cycles and then stabilized at permeability values with the tendency M+S5 > PVDF-OH, M+S1,
M+S2, M+S3 > PVDF, M+5S4, M+S6 for kitchen oil, and PVDF-OH > PVDF, M+S1, M+S2, M+S3, M+S5,
M+S6 > M+S4 for n-hexane. The permeability decrement can be attributed to the concentration of oil
droplets near the membrane difficulting the water's free pass. Since the gravity force powers the
separation setup, the oils can form a layer of separated small oil droplets. Thus, when the oil layer
reaches its saturation thickness, the permeability reaches its stability. Given the current results, a NPs
load of 1.86-10"! particles/cm2 or 0.38 pug/cm? composed of 31.22 wt% of Ag and 68.78 wt% of Ti seem
to be ideal for reaching the maximum membrane's permeability, additionally demonstrating that a
pressure value of 0.03 bar can effectively overcome the water's surface tension, and with this, get
access to the wettability properties provided by both elements. Membranes’ surface charge increment
by Ag* adsorption and hydroxyl groups formed over the Ti oxides. As discussed above, in the case of
Ag+, they can increment the positive charge in the membrane, and in the case of the Ti oxides’ hydroxyl
groups, they can increment the membranes’ surface positive or negative charge depending on the
medium’s pH (positive for small pH and negative for a high one) [38]. Since the emulsion elements do
not change the deionized water’s pH (pH = 7), the S5 NPs should overall provide a positive surface
charge to the membrane boosting the attraction of the polar water molecule and subsequent
permeability.

The decline in permeability (Fig. 5) and the rejection rate data (Table 2) enables understanding that
even when M+S5 displays the best permeability performance regardless of the oil, it is not the best
option for long-term use. According to these data, S4 NPs with a load of 1.31-10* particles/cm? or 0.13
ug/cm? seem to provide the overall best antifouling performance and oil rejection, thus, leading to
improved long-term stability. This fact demonstrates that even when an element combination of 31.22
wt% of Ag and 68.78 wt% of Ti in the decorating NPs provides the most considerable permeability to
the PVDF membranes, rendered by an optimal combination of surface wettability and small pore size,
this can be spoiled by a small increment in the NPs load. As observed in the contact angle tests, the
slight difference of 5.50-10° particles/cm? between M+S4 and M+S5 can lead to a rougher surface,
which can permit the allocation of foulants over the membrane’s surface. Even when the membranes’
wettability and pore size oppose the oil leaching through them, this oil allocation can also result in the
opposite [39]. As displayed in Fig. S1 (in the Supplementary Material), the emulsified oils present a



wide droplet size distribution. Thus, during the oil allocation, a large number of oil droplets of similar
size to the membranes’ pores could concentrate over the membranes’ surface, and with the help of
the trans-membrane pressure, overcome the rejection barrier imposed by the size-sieving and water
adsorption effects. Such a fact is exalted by the rejection rate difference between oils, where n-hexane
with the droplets’ smallest size generally leads to the lowest rejection rate values, except for M+54,
whose ability to avoid oil allocation enhances its rejection rate. Besides, the further loading increment
of 4.60-10% particles/cm? found in M+S6 compared to M+S5 can provide sufficient roughness to avoid
the oil droplets allocation but also, due to the hydrophobicity, impose resistance to the free pass of
water, reducing both the membranes’ permeability and fouling.
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Fig. 5. Graphs summarizing the permeability and decline in permeability results from each sample. On the left side, it is
possible to observe the data after separation from kitchen oil, and on the right side, the data after separation from n-
hexane.

Table 2 Membranes’ rejection rate R(%) of kitchen oil and n-hexane.

Sample Rejecton rate (%)
kitchen odl r-hexane

PVDE BRT B0.7
PVDE-OH a7 810
M451 a6 4 800
MHE2 arn 873
M4E3 a6.1 Q1.4
M+54 ara ar3
M+E5 Q30 0.7

M4E6 43 a4




Therefore, the current data provide the valuable lesson that the combination of the membranes’ pore
size and surface chemistry of the NPs has a positive effect on the long-term oil-water efficiency when
the loading does not exceed the NPs number limit of 1.31-10! particles/cm?.

3.3. NPs’ catalytic performance

The performed screening routine (Fig. S.5 in the Supplementary Material) enables understanding that
the sample labeled S4 displays the best kinetic reaction constant for the lowest concentration when
used as the catalyst in the transformation from 4-NP to 4-AP by catalytic hydrogenation where NaBH4
acts as the hydrogen donor. As it is widely accepted, the core role of metal NPs when acting as catalysts
in this reaction relies on the hydrogen adsorption from the sodium borohydride and 4-NP over their
surface. The catalyst then enables a 6-electron powered reaction where the 4-NP reduces to a nitroso
compound, that later reduces to its corresponding hydroxylamine, and finally to 4-AP [40] as
represented in Fig. 6. Note that, since NaBH, was used in a large amount compared to 4-NP, it can be
considered constant during the reaction.

OH

Fig. 6. Sketch representing the stepwise reduction of 4-NP to 4-AP when Ag/TiO NPs act as the catalyst agent, and NaBH4 as
the hydrogen donor.

As recently recognized by Imran M. and co-workers [14], when a nonstoichiometric crystal with a large
concentration of oxygen vacancies like TiO1.04 acts as the support of noble metal NPs, the delocalized
electrons in the TiO vacancies facilitate the dissociative adsorption of H, from NaBH, over Ag NPs,
boosting in this way the material’s catalytic power in the transformation from 4-NP to 4-AP. Since the
larger amount of these MSI should lead to the best catalytic performance, it is understandable that 54
revealed itself as the best catalyst. On the one hand, EDX line scans display together with their
absorbance spectra (Fig. S.6 in the Supplementary Material) that only the samples S4, S5, and S6 seem
to have a core-shell type elemental distribution where Ag forms part of the NPs shell and the Ti species
the core. Note that in case of S4, the minimal presence of Ag does not allow to observe the Ag signal
by the EDX detector, but the surface plasmon resonance (SPR) activity, which requires the presence of



a noble metal in the surface to occur, evidences the elemental distribution in this sample. On the other
hand, as exhibited by XRD and spICP-MS measurements, TiO presence is maximized for S4, thus, the
number of MSI, and with this the overall catalytic activity.

Fig. 7 showing that in general, the S4 NPs can convert the 4-NP to 4-AP with 100% efficiency and
selectivity, even at a minimum concentration of 6.3 mg/L, points out that this sample has a competent
catalytic behavior for large or low concentrations. Thus, they can be suitable candidates to provide
catalytic activity to the membranes understudy, which require minimal NPs loading. Finally, as the k.
parameter extracted from the slope of the fitting line in Fig. 7d) is 2.82 L g* s}, it is possible to say that
the absolute catalytic activity of S4 is comparable to that of the latest Ag catalysts found in the
literature [41-43]. Therefore, such nanomaterial employment in nanofibrous membranes’ decoration
can not only improve their oil-water separation performance by providing optimal wettability, loading,
and antifouling properties, but due to the many catalytic active sites in Ag/TiO NPs it can potentially
lead to the simultaneous catalytic removal of pollutants dissolved in oily polluted sources.

4. Conclusions

To summarize, we have employed the light-powered synthesis methodology known as RLAL to produce
for the first time Ag/TiO NPs with controlled elemental composition while suppressing chemical waste
production, which is often associated with the creation of such nanostructures.
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Fig. 7. Evolution of 4-NP transformation to 4-AP using S4 NPs as catalysts, (a) corresponds to the concentration of 25.0
mg/L, (b) to 12.5 mg/L, and (c) to 6.3 mg/L. Besides, (d) displays the change of kinetic rate constants as a function of the
catalyst dose.

Since Ag and Ti-oxide species have properties in high demand for improving robust membranes
exploited in the recovery of clean water from oily polluted sources, we took the decoration of the
highly resistant against harsh conditions PVDF nanofibrous membranes by these two elements as the
study subject. However, unlike the plain perspective where separate NPs of distinct nature are



employed for the decoration, we decided to take a step forward by exploring the implication of using
NPs that tightly mix these two elements. Our results indicate that NPs with an average size of (6.6 +
2.2) nm, an element composition of 93.79 wt% Ti, and 6.21 wt% Ag, where the Ag is located at the NPs
exterior side, can bring the most improving qualities to the membranes. On the one hand, this
elemental composition and morphology enable the optimal loading of 1.31-10"! particles/cm? or 0.13
ug/cm?, which brings an ideal wettability that, in combination with the membranes’ pore size, results
in avoiding the long-term pass of oil droplets through the membranes regardless of the oil’s nature.
However, it is essential to recognize that given the mechanisms involved in the oil-water separation,
i.e., water adsorption and size-sieving effects, the oil rejection barrier formed by the NPs decorated
membranes could be potentially surpassed by oil droplets with comparable or tinier sizes than the
membranes’ pores. On the other hand, these same NPs also display the most potent catalytic
performance reaching a remarkable kc value of 2.82 L g s, presumably because their element
composition and distribution vastly increase the number of MSI compared to the rest of the samples,
translating into enhanced catalytic activity. Therefore, the antifouling properties provided to the
membranes understudy and the possibility of employing them as supports for degrading, in parallel,
organic pollutants commonly found in polluted water, open up the prospect of recovering clean water
from oily polluted sources. Given these findings, the current study brings new insights to the efficient
design of ad hoc nanomaterials for the improvement of membranes and establishes the ground for
future developments in the truly cleansing of oily polluted water.
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