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Abstract: Advanced oxidation processes, including photocatalysis, have been proven effective at organic dye
degradation. Tailored porous materials with regulated pore size, shape and morphology offer a sustainable
solution to the water pollution problem, by acting as support materials to grafted photocatalytic nanoparticles
(NPs). This research investigates the influence of pore and particle sizes of photocatalytic MICROSCAFS®, on
the degradation of methyl orange (MO) in aqueous solution (10 mg/L). Photocatalytic MICROSCAFS®are made
of binder-less supported P25 TiO2 NPs within MICROSCAFS®, which are silica-titania microspheres with
controlled size and interconnected macroporosity, synthesized by an adapted sol-gel method that involves a
polymerization-induced phase separation process. Photocatalytic experiments were done both in batch and
flow reactors, these latter ones targeting real-life conditions. Photocatalytic degradation of 87% in 2 hours
(batch) and 29% in 5 hours (flow), was achieved, using a calibrated solar light simulator (1 sun) and a
photocatalyst/pollutant mass ratio of 23. This study introduces a novel flow kinetic model which provides the
modeling and simulation of the photocatalytic MICROSCAFS® performance. A scavenger study was
performed enabling in-depth mechanistic understanding. Finally, the transformation products resulting from
the MO photocatalytic degradation were elucidated by high-resolution mass spectrometry experiments and
subjected to in-silico toxicity assessment.

Keywords: microspheres; macroporosity; sol-gel; titania; heterogeneous photocatalysis; kinetics

1. Introduction

Water pollution is one of the biggest ecological problems that humanity currently faces.
Synthetic dyes are used in many industries, such as textile processing, pharmaceutical sector, and
food production, and approximately 80% of the resulting wastewaters are released untreated into the
environment [1].

Water remediation is therefore one of the priorities in present-day scientific research. Among
the explored methods for this purpose, heterogeneous photocatalysis offers many advantages, such
as low cost, high flexibility of the process, the use of natural energy sources, relatively low quantity
of required catalyst and, depending on the photocatalyst nature, high physical stability and
recyclability of the materials employed, which make it an environmentally friendly technique [2—4].
However, the typical nanometric size of the photocatalysts, when used unsupported, in the powder
form, makes complex their removal after the reaction, which is a significant drawback of this
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technique, being currently among the major limitations for the application of photocatalysis in a real-
life scenario.

One solution for facilitating the photocatalysts recovery is their immobilization, preferably by
grafting, into inert supports of relatively greater proportions. Binder-less processes enable to
overpass issues regarding the decrease of reactive sites due to hydrophobic effects and low surface
area that result from organic or inorganic binders [5]. They are also preferred to achieve stable
supported photocatalysts.

Undoped TiO2 NPs, such as Aeroxide P25, is still a viable photocatalyst in today’s standards,
due to its low cost and high commercial availability. TiO2 NPs have been supported in multiple
materials like biochar [6], silica spheres [7], natural clays [8], cellulose nanofibrils [9], poly(methyl
methacrylate) (PMMA) [10] and polyvinyl alcohol (PVA) films [11], and fly ash [12] to degrade MO.
Additionally, TiO2 aerogel was deposited over silica-coated bacterial nanocellulose scaffolds with
relatively fast photocatalytic degradation of methylene blue using UV-Vis light in a continuous flow
reactor [13].

The majority of reported photocatalytic experiments is still made in batch conditions, which
have some drawbacks if a real-life application is envisioned, like finite volume and non-continuous
processing. Seldomly reported, the photocatalysts are susceptible to mechanical stress and eventual
fracture caused by the stirring in the batch reactor, generating smaller particles and higher surface
area, which overestimates the photocatalytic performance, and jeopardizes the claimed easy removal
of the photocatalysts after a test. Also, porosity data, like specific surface area and pore diameter,
are not properly discussed or even totally or partially missing in some papers in the literature [14-
22], neglecting possible synergies and effects granted by the catalytic supports, in what regards e.g.
mass transfer. Concerning the particle size, most of the reported microspherical supports are usually
very small ranging from 0.5 to 3 um [18-21,23-25] which may impose problems and extra complexity
and costs in a real-life application, in what regards the set-up and recovery aspects.

Lucchini et al. [9] have employed a continuous-flow reactor design, with total recirculation to a
tank, consisting of a cylindrical PMMA cell topped by a quartz window, where the simulated sunlight
impinges at a constant irradiance. The reactor chamber was filled with a cellulose nanofibrils (CNF)-
based monolith loaded with synthesized TiO2 NPs for the degradation of MO and paracetamol in
liquid solution, which were made to circulate in a tube system connected to the bottom of the chamber
and the tank. Then, in our previous study reported by Marques et al. [7], we applied the same reactor
design and procedure using photocatalytic silica microspheres, instead of a CNF monolith. These
silica microspheres, namely SiO2 MICROSCAFS®, were for the first time applied as supports for
synthesized Trizma® functionalized TiO2 NPs. Their inorganic nature provides them high thermal
and chemical stability.

Herein, we study in detail the effect of pore and particle sizes of supported photocatalytic
systems, called photocatalytic MICROSCAFS®, in batch and continuous flow-type reactors, on the
photocatalytic degradation of MO in aqueous solution (10 mg/L). The MICROSCAFS® in the present
work are made of a multicomponent oxide composition, silica-titania (5iO2-TiO2 at ca. 80%-20%
(molar)) and were obtained by sol-gel reaction inside the water droplets of a water-in-oil emulsion
(W/O). As before, the tailored interconnected macroporosity of the MICROSCAFS® was achieved
through polymerization-induced phase separation [26-29]. The resulting MICROSCAFS® were
loaded with well-known, commercial P25 TiO2 NPs using a simple binder-less process in which the
NPs were at first physically entrapped inside the porosity of the MICROSCAFS®, forming a layer on
the surface and inner pores of the full particle, followed by a covalent binding promoted by heat
treatment. Therefore, photocatalytic MICROSCAFS®, in this paper, are composed of MICROSCAFS®
with immobilized photocatalytic P25 NPs. These latter ones are the active phase of our photocatalytic
system. A similar preparation was followed in our previous paper, including additional gold
nanoparticles, but, contrary to the present paper, only addressed a batch reactor for photocatalysis
experiments [30]. Moreover, a new kinetic model for the flow reactor is herein proposed, and the
solar light-driven degradation of MO using the photocatalytic MICROSCAFS® is simulated using the
proposed model and compared with experimental results. Finally, the MO degradation is followed
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by liquid chromatography-tandem high resolution mass spectrometry (LC-HRMS/MS) to identify
and characterize its by-products, thus providing a deeper understanding of the degradation process.

2. Results & Discussion

2.1. Characterization of the MICROSCAFS® Before and After Heat Treatment and Photocatalyst (P25 TiO2
NPs) Loading

MICROSCAFS® of silica-titania composition are herein shown to be a versatile type of materials
that can be obtained with high reproducibility via a relatively simple two-step, fast and low energy,
adapted sol-gel process. Their final characteristics, like pore and particle diameter, and mechanical
properties have been recently reported to be easily tuned by changing the synthesis parameters [27].
In this work, we aim to assess the effect of pores size and particles diameter on the photocatalytic
performance of P25 TiO2 NPs loaded MICROSCAFS®.

All the MICROSCAFSP® particle size distributions before and after calcination (HT) are shown in
Figure 1, obtained from the SEM images present in Figure S3. The average particle diameter tends to
increase with the quantity of GPTMS, and the span or the dispersion was found to decrease,
particularly when using +25% GPTMS (Table S1). GPTMS precursor slows the condensation reaction
of the titania and silica precursors due to steric hindrance caused by the relatively big aliphatic chain.
This might provide a steady formation of siloxanes and Si-O-Ti bonds inside the water droplets of
the emulsion, producing particles with lower size dispersions. The diameters of S- particles were
mostly within the range of 20 to 40 um, which was expected due to the sieving procedure applied in
this sample. As expected, after the first HT, most of the samples decreased in size, with sample P-
being the only exception. Despite a non-linear change in the average diameter, the particle diameter
mode did not change, meaning that the HT had no significant effect on its size, and the difference in
the distribution might be due to sampling heterogeneity. This fact is linked to the lower porosity of
the P- samples, demonstrated below, so that there are less pores to collapse during calcination.

Optical microscopy photographs of the P25 TiO2 NPs loaded and unloaded MICROSCAFS® used
in this work are presented in Figure S4. A concentration of P25 TiO2 NPs equal to ~23 wt% was
achieved in most samples, except for sample S-/HT/P25, which achieved 22 wt%, and sample P-
/HT/P25, where such concentration corresponds to 25 wt%, being very close to the nominal
concentration at 26 wt%. The different colors of the MICROSCAFS® after the HT are a direct result of
the internal porosity of the samples, dictated by the different content of TEOS and GPTMS (Figure
S4). Spheres with smaller pore sizes, namely P- sample, exhibit a darker color because of the
entrapment, inside the pore network, of generated gases resulting from organics degradation.
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Figure 1. Particle size distributions of the MICROSCAFS® before (left) and after HT (right) at 900 °C
during 30 min.

The porosity exhibited by the dried, heat-treated and P25 TiO2 NPs loaded MICROSCAFS® was
analyzed using SEM, MIP (Figure 2) and N2 adsorption-desorption isotherms (Figure S5). A higher
quantity of GPTMS precursor yielded spherical particles with significantly greater macropore size
and cumulative pore volume (Figure 2a), which means that the domains of the separated phases,
oxide-based xerogel-rich phase (containing Si-O-S5i, Si-O-Ti and Ti-O-Ti bonds) and water-rich phase,
are larger. The presence of GPTMS simultaneously affected the phase separation and condensation
processes, without requiring any phase separation inducer [27]. The N2 adsorption isotherms of all
the dried MICROSCAFS® were of type III (IUPAC classification) further corroborating, in the present
case, their macroporous morphology, exhibiting specific surface areas (SSA) that ranged from 4.19 to
46.10 m¥/g (Figure S5a). Samples S- and PO exhibit the largest SSA, suggesting the presence of
mesopores, which is in agreement with the findings from MIP (Figure 2a). They were both prepared
with the same amount of GPTMS, however sample S- shows less macropores, probably because of
the larger content of surfactants (10 g), which might contribute to the disruption of the phase
separation due to lower interfacial tension, breaking the skeleton particles as the macropores domains
were forming. The presence of Pluronic® P123 is also responsible for the formation of mesopores.
Additionally, this sample is found to consist of smaller particles with a rough and fragmented
morphology (Figure S3 and 54). As expected, after the HT at 900 °C for 30 min, the pore diameters
and cumulative pore volumes, as well as the SSA, decreased in almost all the samples (Figure 2b),
suggesting the occurrence of some sintering or pore collapse, however, the presence of meso and
macropores is retained (Figure S5b). On the other hand, the loading with P25 TiO2 NPs resulted in
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the appearance of a peak at the mesoporosity range, between 30 and 50 nm (Figure 2c), and an
increment of the SSA (Figure S5c) and did not significantly affect macroporosity. The employed P25
TiO2 NPs have an average diameter of about 27.4 + 0.9 nm (Figure S6), so that the interparticle spaces
contribute to the mesoporosity exhibited by the P25 TiO2 NPs loaded MICROSCAFS®.
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Figure 2. SEM images of the internal porosity (left), and corresponding MIP pore size distributions
(right) of the MICROSCAFS® (a) dried at 45 °C, (b) heat-treated at 900 °C and (c) loaded with P25 TiOz
NPs and heat-treated at 500 °C.

As for elemental composition, EDS data in Table S2 revealed that P+ sample is the one with a Si
and Ti at. % closer to the nominal Si and Ti precursor molar ratio of 80/20. Also, it is clear that
MICROSCAFS® present higher Ti/Si at. % ratios after loading with the P25 TiO2 NPs, as expected.
Interestingly, P+ sample, the one exhibiting large interconnected macroporosity, has less loading of
P25 TiO2 NPs, given by the lower Ti/Si at. % ratio, compared to P- and PO samples, for the same
loading conditions. This might be due to the facilitated flow of the P25 TiO: NPs dispersion
throughout the large pores, and therefore, less clogging of the pores, which may be beneficial for the
wastewater flow throughout the MICROSCAFS®in the photocatalytic tests.

The FTIR spectra of the MICROSCAFS® after drying at 45 °C (Figures S7a and S7b) contain
multiple bands characteristic of the oxides network, but also of other organic compounds from the
reactional mixture, including some residues of precursors (alkoxides), surfactant and decalin. The
band at 1267 cm! is characteristic of the epoxy group of the GPTMS [31,32], however the peaks at 906
and 850 cm™, ascribed to C-O and C—O-C stretching of the GPTMS’ epoxy (oxirane) are hard to detect
because they might be hidden by the intense band at 915 cm™ (5i-OH, or Si-O- from Si-O-Ti units).
After the heat treatment at 900 °C (Figures S7c and S7d), the organic groups completely disappeared.
The intensity of the band at around 934 cm which includes the silanol (OH groups) vibrations,
becomes lower, probably because of the OH elimination during heat treatment and some degree of
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phase separation, i.e. Si-O-Ti conversion to Si-O-5i and Ti-O-Ti links. An intense band at 1065 cmis
related to S5i-O-Si asymmetric stretching vibration. After loading with P25 TiO2 NPs (Figures S7e and
S7f) the I(Ti-O-Ti, 450 cm1)/I(Si-O-Si, 1065 cm!) ratio increased in all samples (Table S3), as expected,
meaning that higher amount of titania is present in the photocatalytic MICROSCAFS®. Again, the
higher the pore size (P+/HT/P25), the lower the amount of Ti (TiOz), corroborating the EDS results
(Table S2).

2.2. Photocatalytic Studies on the P25 TiO2 NPs Loaded MICROSCAFS®

Photolysis of MO resulted in no degradation over the 2 hours of light exposure, whereas the
photocatalytic P25 TiO2 NPs (non-supported) were able to fully degrade the pollutant in the same
period (Figure 3a). No adsorption was detected for the photocatalytic NPs, nor for the heat-treated
unloaded MICROSCAFS®. Also, these latter ones exhibited no significant photocatalytic activity
(Figure 3a), which means that TiO2 NPs are the active phase of our photocatalytic system.

Regarding the loaded MICROSCAFS®, photocatalytic degradation data using the batch reactor
showed that overall, larger pores proved to be better, with sample P+/HT/P25 degrading 87% of the
MO dye in 2 hours of exposure to simulated solar light (Figure 3b). Larger interconnected pores
improved the accessibility and the diffusion of both the reactants and products to and from the active
sites, speeding up the reaction and promoting the photocatalytic degradation of MO species. Also,
similar results are achieved for PO/HT/P25 and S-/HT/P25, which reveals that the difference in size of
these particles does not play an important role in the photocatalytic performance.

The MO UV-Vis spectra had two major absorption bands, around 464 and 271 nm, which are
from the aromatic ring in the MO molecule (Figure 3c) [33]. UV-Vis absorption spectra intensity at
~464 nm decreased as the reaction proceeded during light exposure, suggesting some degree of
degradation. The characteristic orange color of the solution clearly faded over time with the exposure
to the simulated solar light, proving the photocatalytic MICROSCAFS®’s efficacy (Figure 3d).

The presence of silica in the MICROSCAFS® hindered the absorption of the photocatalyst (Figure
S8). Its effect was higher for sample P+/HT/P25 sample which had the highest amount of Si atoms by
EDS (Table S2). Silicon dioxide is known for its wide bandgap of ca. 9 eV, which plays the effect of
an energetic barrier for the solar radiation (in particular visible light), thus not generating excited
electrons and holes, which inhibits photocatalytic activity [34]. On the other hand, the photocatalytic
activity exhibited by sample P+/HT/P25 was the highest, demonstrating that other factors such as the
presence of wider and interconnected pores, played an important role in the achievement of
photocatalytic activity. The presence of pores has been reported to increase the absorbance of the
light in e.g. aerogels [35]. In this case, it has been reported that the pore network traps the photons,
which then diffuse over a few millimeters and thus increase the probability of the light to be absorbed.
We propose that a similar effect might be happening with our MICROSCAFS®. Compared to a dense
bead, the macroporous network extends the pathway of the photons, increasing their probability to
be absorbed by P25 TiO: NPs located in the inner surface of the pores, thus yielding higher
photocatalytic activities.
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Figure 3. (a) Plots of C/Co versus time of the heat-treated unloaded MICROSCAFS?®, i.e. without
photocatalyst (P-/HT, PO/HT and P+/HT), P25 TiO2 NPs (13 mg) and photolysis of the MO dye; (b)
Plots of C/Co versus time of the photocatalytic P25 TiO2 NPs loaded MICROSCAFS®; (c) UV-vis spectra
of MO solution aliquots taken during the light phase of a P+/HT/P25 experiment; (d) Photos of MO
solution aliquots at the starting of the illumination and after 120 minutes when using the P+/HT/P25.
Experiments done in batch conditions at 19 °C, pH = 7, mass(TiO2 NPs)/mass(MO) = 23, 50 mL of 10
mg/L MO agq. solution, 50 mg of P25 TiO2 NPs loaded MICROSCAFS® (11 - 12.5 mg TiOz), irradiance
=1000 W m2 (1 sun).

Regarding the tests in the continuous flow reactor, the same parameters (pH, irradiance,
temperature, and photocatalyst/pollutant mass ratio) were employed and indeed, the same tendency
was observed as in the batch reactor: the greater the interconnected pores size (P+/HT/P25), the higher
the pollutant (MO) degradation. MO suffers a 29% degradation within 6 hours (Figure 4a) using
P+/HT/P25 as photocatalytic MICROSCAES®.

It should be noted that the reaction was significantly slower than that in the batch reactor, which
is explained by the different reactor designs. First, the flow reactor allows for a much smaller
exposure area (3.14 cm?) to solar light than the batch reactor (12.57 cm?). In the flow reactor, the
pollutant solution passes under the quartz glass, inside the chamber, going through the thin layer of
porous photocatalytic MICROSCAFS® (Figure S9). Despite the thin layer of MICROSCAFS®, of only
ca. 1.5 mm thickness, the particles at the top, closer to the quartz glass, are more exposed to the solar
light than the particles beneath, whereas in the batch reactor, all the particles are constantly exposed
to the light, in a free flow fashion. In contrast, in batch, all the MO solution is in permanent contact
with the light and photocatalyst over the full extent of the reaction. Moreover, the fraction of the MO
solution exposed to the solar light in the flow set-up, and therefore partially degraded, returns to the
intercalated tank, that contains MO solution in a higher concentration. On the other hand, the
continuous flow system is somewhat similar to a real case scenario, and greatly facilitates and enables
the recyclability of the photocatalytic MICROSCAFS®, preserving their mechanical integrity during
numerous cycles (does not involve stirring) and their easy removal/collection. Figure 510 shows
samples P-/HT/P25 and P+/HT/P25 after a photocatalytic test in flow and batch set-ups. Compared to
the SEM images of Figure S3, we can see that the denser (stiffer [27]) sample, P-/HT/P25, is fully
preserved whatever the set-up employed for photocatalysis, whereas the largely porous P+/HT/P25
MICROSCAFSP® are fully preserved after the continuous flow tests but tend to fracture when stirring
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at a high rate is applied. The higher compressibility, or flexibility, of the P+/HT/P25 spheres did not
influence the photocatalytic efficiency because the same trend occurred both in batch and in flow.
Sample S-/HT/P25 was not studied in the flow reactor due to its relatively small particle diameter,
which clogged the filter employed in the experiment.
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Figure 4. (a) Plots of C/Co versus time of the P25 TiO2 NPs loaded MICROSCAFS® using a continuous
flow set-up; (b) MO degradation evolution achieved for 6 consecutive cycles with solar light
irradiation for 6 hours using sample P+/HT/P25; (c) UV-Vis spectra of the final MO solution after each
cycle in the range of 190 to 600 nm; (d) UV-Vis spectra of the final MO solution after each cycle in the
range of 230 to 300 nm. Experiments done in flow conditions at 19 °C, pH = 7, mass (P25 TiO2
NPs)/mass(MO) = 23, 200 mL of 10 mg/L MO aq. solution, 200 mg of P25 TiO2 NPs loaded
MICROSCAFS® (46-50 mg TiO2), volumetric flow = 10 mL min, irradiance = 1000 W m=2 (1 sun).

As observed in Figure 4b, the final degradation of MO with P+/HT/P25 increased slightly after
the first cycle and stayed relatively stable during the subsequent five tested flow cycles. The UV-Vis
absorbance spectra in Figure 4c and d were very similar from the 27 cycle onward, whereas in the 1st
cycle, not only the 271 nm band absorbance is higher, but it is shifted to lower wavelengths,
suggesting a (minor) release of TiO2 NPs, probably those in excess and not covalently bonded to the
MICROSCAES® surface. Also, the lower MO degradation achieved in the 15t cycle might have been
due to some congestion of the pores of the P+/HT/P25 sample (Figure 4b), which after the 1st cycle
does not happen anymore due to the release of the NPs in excess. In this sense, a better flow
throughout the MICROSCAFS® and more access to active sites is promoted, leading to the observed
better performance after the 1st cycle. On the other hand, we cannot disregard variability issues, and
such difference in MO degradation for the various cycles could be simply within the error of the
analyses. Finally, the flow reactor was more suitable for the recyclability studies than the batch
reactor since the same particles stayed inside the reactor in every cycle without the need for any
separation process, like centrifugation or filtration, which avoided the loss of some photocatalyst
mass inherent to these separation processes.

2.3. Kinetics Studies

The kinetics of MO degradation was assessed using a small laboratory batch reactor with
stirring, in which the approximation to perfect mixing inside the reactor, is considered very
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reasonable. The MO concentration evolution with the reaction time (t) is fitted by Equation 1, stated
in the Materials and Methods section. The results of the corresponding adjustments are shown in
Figure 5, where the quality of all the fittings reinforces the fact that the degradation of MO occurs
according to a first-order reaction (A — B).

12 12
P-/HT/P25 PO/HT/P25
104 Batch 10 Batch
.8 . 8
] -
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E 6 E 6
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o, o ,]
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Figure 5. Adjusted kinetic models in batch using the photocatalytic MICROSCAFS® with different
porosities and size. Kinetic rate constant values (k) are indicated for each case.

It is worth noting that the P+/HT/P25 sample shows the highest reproducibility among all the
photocatalytic MICROSCAFS®. This is possibly due to the large pore size, which possibly enabled
well-distributed and dispersed photocatalytic NPs and ensured a good flow of the pollutant solution,
increasing the contact between active sites and pollutant species and avoiding the formation of
concentration gradients.

Regarding the continuous flow set-up, whose diagram is shown in Figure 11, and taking into
account the considerations well-described in the Materials and Methods section, the modeling and
fitting of the MO concentration evolution with the reaction time (t) was carried-out, using Equations
2 and 3.

The best adjusted models of the flow reactor are displayed in Figure 6 in triplicate for the
photocatalytic MICROSCAFS® with different porosities.
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Figure 6. Adjusted kinetic models of the flow reactor using the photocatalytic MICROSCAFS® with

different porosities, and a constant tank volume of 200 mL. Apparent flow (adjusted) kinetic rate
constant values (kapp) are indicated for each case.

Table 1 lists the average kinetic rate constant values, obtained from experiments in batch
conditions, and the average apparent flow (adjusted) kinetic rate constant values, obtained from
experiments in flow conditions for the photocatalysts under study. The constant obtained from the
batch reaction studies (min') was multiplied by the batch reactor volume (50 mL) and divided by the
mass of active phase to be comparable with the apparent flow kinetic rate constants (expressed in mL
min' mg7). In this way the kinetic constants better characterize the activity of the catalyst.

Table 1. Average kinetic rate constants (batch) and apparent flow reactor rate constants of the
photocatalytic MICROSCAFS®.

Average Kinetic Rate Constant
k
(mL min? mg?)

Average Apparent Flow Reaction Rate
Constant kapp
(mL min? mg?)

Sample Acronym

P-/HT/P25 (347 +0.1) x 102 (2.28 +0.3) x 10°
PO/HT/P25 (4.40 +0.3) x 102 (3.01 + 0.5) x 10
P+/HT/P25 (6.45 + 0.08) x 102 (4.19 +0.7) x 10°
S-/HT/P25 (4.99 +0.7) x 102 n. a.

The MO degradation graphs from the flow reactor modeling (Figure 6) clearly show that the
adjusted model is able to describe very well the experimental data during the timeframe of the
experiment (6 hours of reaction). In this case, the fitting process shows that the apparent velocity
constant values, kapp, are lower than those (k) obtained at the batch experiment (Table 1), which is
also in agreement with Figure 3b and Figure 4a.

Since the reaction in study is a photocatalytic heterogeneous transformation, the reactant has to
be adsorbed onto the active sites of the solid surface of the photocatalyst and, simultaneously, the
available light and effective irradiance at the solid surface is also essential for the reaction to proceed.
There is probably a lower efficiency of mass transfer of the reactant from the fluid to the solid surface
and a less favored interaction of the radiation with the active sites of the catalyst in the continuous
flow set-up, when compared to the batch set-up. The photocatalytic MICROSCAFS® are densely
packed inside the flow reactor chamber, whereas, in batch, they are free-flowing and well dispersed,


https://doi.org/10.20944/preprints202404.1455.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2024 d0i:10.20944/preprints202404.1455.v1

11

facilitating their exposure to solar radiation. Also, the surface area exposed to the simulated solar
light is much less than in the batch set-up. Thus, despite the benefit of the flow set-up for real-life
applications, the observed reaction rate for the photocatalytic heterogeneous transformation is
expected to be reduced, when compared to the batch set-up. A design optimization of the reactor
targeting a larger surface area of exposure to solar light might approximate the flow reactor
performance to that of the batch reactor.

A full degradation of the MO species present in solution was achieved for ca. 50 hours using our
continuous flow set-up, which is slightly less than the model (Figure 7). This fact suggests that other
effects not considered in the model might become relevant, particularly the effect of MO solution
volume, which is made to decrease along the experiment due to removing aliquots, to ca. 13% of the
initial volume, and possibly some evaporation. Additionally, the circular shape of the reactor
chamber might be less favorable than, for instance, the well-known tubular reactors, these latter ones
promoting better contact between the solid photocatalyst and liquid pollutant solution. Therefore,
the probability for concentration gradients generation inside our flow reactor chamber might be
considerable. For longer reaction times these effects might be significant, having a cumulative effect.

104 P+/HT/P25
Flow

C, (mglL)

L]
k,, =3.83x10°mL min"mg”" " "wa "

0+ "
0 4 8 12162024 28 32 36 40 44 48 52
Time (hours)

Figure 7. Adjusted kinetic model of the complete MO degradation using the continuous flow
reactor.

Table 2 compiles various supported photocatalyst systems in the literature and the
corresponding rate constant values factorized to the reactor volume and mass of the active phase.
The relevant experimental conditions are described as well. We have only taken into consideration
literature works where the photocatalytic MO degradation was carried out using supported TiO2NPs
[6-12,36].

Table 2. Experimental conditions, MO degradation and kinetic rate constants (k or kapp) of supported
TiOz2 photocatalyst — comparison of the present study with the literature.

Reactor
Volume and Photocatalyst k (Batch)
Supported . ,. _Reactor . . MO or kapp
Radiation Initial (Active . Ref.,,
Photocatalyst ype . Degradation (Flow)
Svstem Source nd HConcentratlonPhase)/Pollutant £464 nm (mL min Year
yste ancp of MO Mass Ratio me-)
Solution &
P25 TiO2 N?s ' Solar Batch 50 mL, 87% in 120 (6.45 =
supported in  simulator 7 10 me/L 23 min 0.08) x 10-
SiO»TiO:  Xelamp, P & ‘ © present
MICROSCAFS® 100 W, stud
(11.5 mg batch; 1000 Flow 0.47 mL, 23 29%in 360 (4.19+ y
46 mg flow) (23 W/m?(1 pH=7 10 mg/L min. 0.7) x 103

wt% loading) sun)
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Commercial
anatase TiO:2 (11
mg, 2-3 um) He lam Batch

, 30 mL, ~99% in 60
supported in pH= 6 . 1.39 x 107 [6], 2023
biochar 500 W 63 60 mg/L min.
(75% wt%
loading)
. Solar
Synthesized simulator
anatase TiO2 (66 Xe lamp
mg).sup.ported 100 W, Flow 100 mL, 33 30% 1.n 375 136 x 10° [7], 2021
in 5iO:2 1000 pH=7 20 mg/L min.
MICROSCAFS®, W/me (1
(22 wt% loading) sun)
Synthesized
anatase TiO2 (2
mg) supported Xe lamp, Batch 20 mL, 90% in 150 "
onnatural clays 500 W pH=n/d 10 mg/L 10 min. 1.20>107 [8], 2019
(~11 wt%
loading)
. Solar
Synthesized simulator
anatase TiO:z (19 Xe lamp
ted " Fl 1 L 21%in 2
mg) supported - Flow 100 mL, 10 P in200 579,104 [9], 2018
on cellulose 1000 P =7 20mg/L min.
nanofibrils (17 Wime (1
wt% loading) sun)
P25 TiO:2 (16 mg)
supported in Batch o e
porous PMMA UV-LED pH 60 mL, 27 28%in 30 og w102 1O
10 mg/L min. 2015
wafers =n/d
(loading n/d)
Black
P25 TiO: (50 mg) h;flt
supported on fly lamps Batch 200 mL, 76 50% in 170 6.40 x 10 [12],
ash (25 wt% 3904 46 pH=85 3.27 mg/L min. 2014
loading) m
Anatase TiO2
layer (~9.8 mg) .

. Xe lamp, Batch 90 mL, 90% in 120 L [36],
depos.lted on 500 300W pH=n/d 20 mg/L, 5 min. 1.65 x 10 2012
nm SiO: spheres
(10 wt% loading)

UV 300
P25 TiO2 (10 mg) nm
supported ona lamps, Batch 10 mL, 7 ~100% in 300 1.30 x 102 [11],
PVA film 6x8 W, pH=n/d 15mg/L min. ’ 2012
(loading n/d) 90 +10
uW/cm?

We found that the kapp achieved in the current work, for continuous flow experiments, was
higher than that achieved for SiO2 MICROSCAFS® ((4.19 + 0.7) x 10-3 vs. 1.36 x 10-3) [7], even for a
smaller photocatalyst/pollutant mass ratio (23 vs. 33). It is suggested that the small extra amount of
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TiO2 already present in the SiO2-TiO2 MICROSCAFS® of the current work might contribute to a
more efficient photocatalytic process, as well as the larger interconnected macropores which have a
size distribution peaked at ~1.95 um (almost 20 times higher than the reported for SiO2
MICROSCAFS®). Also, as an extra variable, SiO2 MICROSCAFS® had been loaded with synthesized
TiO2 NPs (anatase) and not P25 TiO2 NPs, contrary to SiO2-TiO2 MICROSCAFS® where P25 TiO2
NPs were employed. Ljubas et al. have reported higher photocatalytic activity achieved by P25 TiO2
than anatase [37]. Compared to a work which used a similar continuous flow reactor and cellulose
nanofibrils supports [9], the MICROSCAFS® are still behind, possibly because of their lower
transparency to the UV-Vis radiation. However, in what regards chemical and mechanical resistance
and durability, MICROSCAFS®, due to their inorganic nature, are expected to display a better
performance.

Notably, the present work fits the experimental photocatalytic behavior in flow using the
equations for the specific employed continuous flow set-up, which is a more accurate methodology
to calculate kapp, than using a batch reactor as a model. Another best practice of the present work is
the type of solar source and conditions employed. The 1 sun AM 1.5G reference spectrum was used
as standard for the photocatalytic tests in our work. Also, full experimental conditions under which
the photocatalytic tests were carried out were revealed, with special attention for the active area of
the device, the calibration protocol and properties of the illumination including spectral irradiance
and intensity. Other works herein referred for comparison used unfiltered Hg lamps or even UV
lamps, not mimicking sunlight, which does not really comply with the critical need of using solar
light in a real application, to minimize energy consumption. Some other works [8,36] used Xe lamps
without filters, which emit more UV radiation than the present work lamp, which might explain the
higher degradations and photocatalytic activities reported for TiO2 NPs. P25 TiO2 when immobilized
on a PVA film [11] has demonstrated higher activity than the present work, however the
photocatalyst/pollutant mass ratio was three times higher, a UV radiation source was used and pH
value was not disclosed, which is known to greatly affect the photocatalysis activity, with acidic
media being more favorable in this case. For instance, works [6,8,10,12,36], where a batch set-up was
employed, did not refer experimental conditions, such as the irradiance, which is crucial to compare
results. Nevertheless, it is worth noting that the present work still yielded higher reaction rate
constant than some UV-irradiated batch systems [10,12]. Systematic computational investigations on
TiO2 NPs [38], have revealed that thermal annealing leads to amorphization (disorder) of the anatase
NPs’ surface, inducing valence band edge broadening and higher photoactivities. In our work,
besides thermal annealing at 500 °C, P25 TiO2 NPs are grafted to the silica-titania MICROSCAFS®
and, therefore, in very close contact with amorphous, low coordination, titania species existent in the
MICROSCAFS®. This, together with the wide and interconnected macropores characteristic of the
MICROSCAEFS®, might suggest a reason for the relevant photocatalytic MICROSCAFS® activity,
achieved in the present work, when exposed to solar radiation, which includes only a very small
fraction of UV radiation.

2.4. Study of the By-Products from Photocatalytic MO Degradation

The transformation products (TPs) formed during the photocatalytic degradation of MO using
sample PO/HT/P25 were analyzed by LC-HRMS/MS. Figure 8 shows the formation of MO TPs over
irradiation time in the presence of the photocatalytic MICROSCAFS® PO/HT/P25 using a batch
(Figure 8a) and flow (Figure 8b) reactor. The analysis was carried out up to a solar exposure time of
120 min (batch) and 360 min (continuous flow), which corresponds to a partial MO degradation at 72
% and 27 %, respectively (by UV-Vis).

Five by-products were identified in total, whose chemical structure is included in Table 3, in
agreement with a degradation mechanism proposed in the literature [39-42]. More specifically, five
by-products were found using the batch reactor, where a more extended MO degradation process
was achieved, and three of them using the flow reactor. The proposed ionic formulas for the TPs
(Table 3) were supported by tandem mass spectrometry experiments, and the fragmentation
pathways, for the precursor ions of MO and their TPs, are presented in SI (Figures S11 — 516). TP320-
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a and TP320-b are isomers, although showing different fragmentation patterns (Figures S12 and S16).
These isomers are formed because the MO molecular structure contains two benzene groups, and the
addition of a hydroxyl radical can occur in two positions.

Figure 8a shows that MO degradation (in the batch reactor) starts with its partial conversion to
the compounds TP290 and TP320-a, following a similar pattern to a previously reported one [30],
whose amount starts to decrease after around 60 min of exposure to simulated solar light. The
formation of these by-products, TP320-a and TP290, occurs due to the addition of a hydroxyl radical
at a benzene group of MO, and to the cleavage of a methyl in the dimethylamine group of MO,
respectively. After 30 min of irradiation the formation of the compounds TP306 and TP320-b were
detected, due to the cleavage of a methyl in the dimethylamine group of TP320-a, and isomerization
of TP320-a, respectively. In the meantime, the loss of both methyl units of the dimethylamine group
of MO occurs, and the formation of the compound TP276 was observed. It should be noted that the
formation of the compounds TP320-b and TP276 was in a very small amount. Although it was not
possible to remove all the TPs, a decrease was observed after around 60 min of irradiation. After 120
min of irradiation, we still identify residual MO species, which were expected because of the
incomplete MO degradation at this stage, together with the just mentioned 5 TPs in solution.
Therefore, a longer irradiation time will be necessary to achieve the complete degradation of both
MO and by-products.

As for the flow reactor results (Figure 8b), it should be noted that only the initial stages of MO
degradation are being analyzed, i.e. until 27% MO degradation. Indeed, MO degradation was found
to be slower than in batch conditions, which might explain the lower number of TPs (TP290, TP320-
a and TP276) identified in this case. So, it is found to begin with MO’s conversion to compound TP290,
followed by the formation of compound TP320-a after 120 min of irradiation. After 150 min of
irradiation compound TP276 appears in a very small amount. After 360 min of irradiation, which
corresponds to 27% MO degradation (by UV-Vis), we still have TPs and MO species in solution, as
expected, suggesting that a longer irradiation period is required for the complete degradation of MO.
Comparing the same level of MO degradation at 27%, determined by UV-Vis spectroscopy, i.e. 30
min (batch) and 360 min (flow), a similar trend is observed, with the same TPs being identified, except
for TP306 (that appears just in batch).
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Figure 8. TPs identification of MO photocatalytic degradation, during 120 and 360 min using
PO/HT/P25 MICROSCAFS® on the (a) batch and (b) flow reactor, respectively. The MO degradation
values (%) indicated were obtained by UV-Vis spectroscopy.

Table 3. LC-HRMS/MS identification of MO and their degradation by-products (TPs).

tr Proposed [M-HI-
Compound Structure . .. .
(min) empirical formula [m/z (A ppm) mSigma]
2
MO ”°'§‘©‘”N_©_N;°”3 9.5 C11Hi15sN3058 [304.0770 (-2.9; 6.5)]
CHj
? OH
TP320-a HO-EGN\‘N—Q—'{CHS 10.9 C1aH1sN304S [320.0722 (-3.7; 9.2)]
CHg
OH
TP306 Ho_‘;s’; N @ M, 9.0 Ci:HisN:04S [306.0562 (-2.7;12.5)]
(]
(e}
P20 wo il )i O "B, 7.8 CisHiN:055 [290.0614 (-3.2; 10.5)]
(e}
[}
TP276 Ho-§_©_N"N O 58 CiHiNsOsS [276.0453 (-3.2; 21.6)]
° OH
CHg
TP320-b 9 ,.NGM 39 C1uHi15N304S [320.0712 (-0.2; 9.7)]
HO-S N CH
5_©_ 8

Finally, regarding toxicity of the TPs, Ecological Structure Activity Relationships (ECOSAR)
prediction was carried out, and the results are presented in Table 4 [46]. As can be seen all the TPs
are harmless for fish and for green algae (except TP276) in terms of acute toxicity. Regarding chronic
toxicity for fish species, TP290 remains harmless, TP320-a, TP320-b and TP306 are harmful, whereas
the by-product found in residual quantity (TP276) is toxic. For green algae, TP320-b, TP306 and TP290
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are harmless, while the remaining TPs are harmful, as MO is. It should be stressed that the by-product
found in higher amount, TP290, is a non-toxic (harmless) by-product for fish, daphnid and green
algae, in what regards both acute and chronic toxicity.

Table 4. Toxicological assessment of MO and their TPs by ECOSAR.

Acute Toxicity Chronic Toxicity
Compoun (mg/L) (mg/L)
d Fish Daphnid Green Algae Fish Daphnid Green Algae

(LCso) (LCs0) (ECso) (ChV) (ChV) (ChV)

MO 61.88 92.88
TP320-a 39.22 15.97 91.02
TP320-b 97.78 49.07 18.64

TP306 76.62 36.73 14.60
TP290

TP276 2.07

Harmful - 100 >
LC50/EC50/ChV > 10

2.5. Scavenger’s Study on the Photocatalytic MICROSCAFS® and Photocatalysis Mechanistic Study

To go further in this study and to analyze whether the MO photocatalytic degradation takes
place via oxygen radical species, such as *Oz, *OH or via direct positive holes (h*) or electron (e’)
transfer, radical scavengers were added to the MO aqueous solution to remove the corresponding
reactive species and compared with the photocatalytic reaction without scavenger (Figure 9). In
particular, BQ, EtOH and EDTA were used as *O27, *OH and h* scavengers, respectively. Considering
the photocatalytic performance results discussed above, the P+/HT/P25 sample was chosen for this
study. The obtained results revealed that using EtOH, an *OH scavenger, no significant differences
in the pollutant removal were observed. On the other hand, the most pronounced photodegradation
suppression can be seen when BQ was added to the MO solution. The addition of this well-known
*Oz scavenger, during MO photocatalytic degradation, reduced by around 49% the MO removal
(absolute value). On the other hand, the degradation of MO was enhanced in the presence of EDTA.
When this h* scavenger was added to the system an increase by 22% (absolute value) in the MO
removal was obtained comparing to the case without scavengers. Similar results were already
published by other authors, such as Liu et. al. [43] who used EDTA as a scavenger in the degradation
of dyes. This obtained result can be justified because EDTA acts both as a h* scavenger and also an e-
donor [44]. In this sense, the recombination of the e-/h+ was reduced, since the EDTA was used as a
scavenger to quench h*, and consequently more e can react with the O: present at the surface to
produce *O:. Furthermore, we could see that the superoxide radicals, *Oz, are the main oxidant
species involved in this photocatalytic process. Therefore, in the presence of EDTA we have more e
in the system able to provide O2/Oz*- reduction in the conduction band (CB), enhancing the MO
degradation under solar irradiation. Therefore, we can conclude that MO degradation does not take
place directly through *OH and h, but through *Oz which are the main oxidant species involved in
this photocatalytic process.
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Figure 9. MO degradation evolution after 120 min of solar irradiation using photocatalytic
MICROSCAFS® P+/HT/P25, when in the presence of selected scavengers: EtOH, BQ and EDTA to
quench *OH, *O2-, and h+, respectively.

A mechanism for the solar light activation of the P+/HT/P25 MICROSCAFS® is proposed in
Figure 10. When the MICROSCAFS® are exposed to solar radiation with energy enough to promote
the photogeneration of charge carriers, e- and h* will be generated in the CB and valence band (VB),
respectively. The excited electrons in the CB will react with the adsorbed O: and reduce them into
*Oz~. This superoxide radical plays an active role in the photodegradation of MO as concluded by the
scavenger’s study, and also contributes to a longer lifetime of the charge carriers. Furthermore, the
*O2” can also produce H20: derived from the O: photo-reduction that also enhances the
photodegradation of MO. On the other hand, in the VB the photogenerated h* react with either the
adsorbed H>0 or OH-, resulting in the formation of *OH radicals. These reactive species do not play
an active role in this photodegradation system; however, they are responsible for the formation of
two TPs detected by HRMS, the isomers TP320-a and TP320-b, formed due to the hydroxylation of
MO. In our previous work we also observed a hydroxylation of the antidepressant amitriptyline
forming three isomers, during their photocatalytic degradation, due to the addition of hydroxyl
radicals in different positions on the amitriptyline molecule [45]. Similar results were also published,
during the photodegradation of several compounds, such as sulfaclozine, sulfonamides and
sulfachloropyridazine, reporting that the photocatalytic degradation of the studied pollutants starts
with their hydroxylation, due to the addition of *OH to the aniline ring [46—49].

P+/HT/P25 e
MICROSCAFS®

|

TP320-a and TP320-b

Figure 10. The photoactivation mechanism proposed for photocatalytic MICROSCAFS® P+/HT/P25,
used as catalyst for the photodegradation of MO under solar light irradiation. Photocatalytic
MICROSCAFS® P+/HT/P25, are composed of MICROSCAFS® P+HT with immobilized
photocatalytic P25 NPs.
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3. Materials and Methods
3.1. Materials

Tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich, USA), (3-glycidyloxypropyl) trimethoxy
silane (GPTMS, Xiameter OFS-6040, >98.5%, kindly supplied by Dow, USA), titanium (IV)
isopropoxide (TiPOT, 98%, Acros Organics, USA), glacial acetic acid (299%, Fisher Chemical, USA),
decahydronaphthalene (decalin, mixture of cis and trans isomers, 98%, Merck, Germany), sorbitan
monooleate nonionic biodegradable surfactant (Span® 80, HLB: 4.3, Merck, Germany), Pluronic® P-
123 nonionic surfactant, a copolymer comprising poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) in an alternating linear fashion (HLB: 8, Sigma-Aldrich, USA), ammonia 25% aqueous
solution (Chem-Lab, Belgium), Aeroxide® P25 Degussa TiO2 NPs (Acros Organics, USA), methyl
orange (MO, Fisher Chemical, USA), p-benzoquinone (BQ, Merck, Germany),
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, Panreac) and ethanol (EtOH,
>99.8%, Fisher Chemical, USA).

3.2. Synthesis of the MICROSCAFS®

MICROSCAFS® were synthesized using the same method recently published by our research
group [27,50]. It consisted of two main steps: step 1 — silane precursors hydrolysis and simultaneous
complexation of the titania precursor, and step 2 — alkaline condensation in the water droplets of the
emulsion medium and MICROSCAFS® formation.

In step 1, 16.3 mL of TEOS, 13.8 mL of GPTMS, and 11.6 mL of HCl 0.28 M (aq. solution) were
mixed in a closed container under constant vigorous stirring (hydrolysate solution), for 65 minutes.
In parallel, 10 mL of TiPOT and 8 mL of glacial acetic acid were mixed in a different container and
left under stirring at room temperature (RT) for 45 minutes.

In step 2, the mixture of both hydrolysate solution and chelated TiPOT solution (silica-titania
precursor solution) was transferred to a three-neck round bottom flask, which contained a W/O
emulsion, at 50 °C. The emulsion consists of 45 g of water, 114 mL of decahydronaphthalene, and 6
mL of Span® 80 previously mixed using a high energy dispersing instrument IKA T18 digital ULTRA-
TURRAX® (IKA, Germany) at 13 000 rpm for 10 minutes. This was followed by the addition of 16 mL
of ammonia 25% aqueous solution at 600 rpm of mechanical stirring. Finally, after 1 hour and 30
minutes, the formed MICROSCAFS® were collected through vacuum assisted filtration with acetone
and then dried at 45 °C overnight. The MICROSCAFS® synthesis was relatively straightforward and
quick (2 hours and 35 minutes) and it required no more than 50 °C to reach solid porous
microspheres.

Four different MICROSCAFS® were prepared and studied in this work. Sample “P0” followed
the previous procedure as described and was considered the reference in this paper. Samples “P-”
and “P+” were synthesized using lower and higher volume of GPTMS than the reference,
respectively. Sample “S-” was synthesized using a higher volume of Span® 80 together with another
surfactant, Pluronic® P-123, both added to the water phase of the emulsion. Table 5 lists the four
different samples of study, and corresponding variable synthesis parameters.

Table 5. MICROSCAFS® synthesis parameters, which suffered variation.

Volume of GPTMS Volume of Span®

Sample Acronym Mass of Pluronic® P123 (g)

(mL) 80 (mL)
P- 10.4 6.0 0
PO (reference) 13.8 6.0 0
P+ 17.3 6.0 0

S- 13.8 7.7 2.3
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3.3. Preparation of the Photocatalytic MICROSCAFS®

All the four samples of MICROSCAFS® were used as a scaffolding or support to commercial
Aeroxide® P25 Degussa TiO2 NPs using a wet impregnation method adapted from [7], forming the
photocatalytic MICROSCAFS®. First, all the MICROSCAFS® were heat-treated for 30 min at 900 °C,
to confer an inorganic nature to the support material and provide higher mechanical, chemical and
thermal stability during the final application. These particles are indicated by the acronym “HT”
throughout this paper. Sample S-/HT was sieved and the fraction between 25-45 um of diameter was
collected and used in the subsequent studies. All the other samples were sieved <354 pm to ensure
the absence of any agglomerate of MICROSCAFS® in the tests. Then, 372 mg of MICROSCAFS® were
placed in 2.1 mL of a 62.5 mg mL"' aqueous dispersion of P25 TiO2 NPs in a small glass vial, targeting
at a loading of 26wt% relative to the total weight of MICROSCAFS® and P25 TiO: NPs. This
dispersion was submitted to ultrasound sonication for 2 minutes, dried at 60 °C for 15 h, and finally
subjected to a heat treatment at 500 °C for 1 hour. P25 TiO: NPs are driven into the pores of the
MICROSCAES® by capillary action, and chemical bonds (e.g. Si-O-Ti) are formed during the
subsequent heat treatment. These particles are indicated by the acronym “P25” throughout this

paper.
3.4. Characterization

The morphology and the elemental composition of the MICROSCAFS® were evaluated through
scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDS) data
acquired using a Phenom ProX G6 benchtop SEM (ThermoScientific, USA). Internal porosity was
observed on purposedly broken particles. Prior to observation, a 15 nm gold-palladium layer was
sputtered onto the samples using a turbomolecular pumped coater Q150T ES from Quorum
Technologies (Lewes, UK). The MICROSCAFS® diameter was measured manually using the Image]
software as previously reported [27]. The transmission electron microscopy (TEM) images of the P25
TiO2 NPs (shown in supplementary information) were obtained using a microscope (H8100, Hitachi,
Japan) operating at 300 kV.

Dried, P25 TiO2 NPs loaded and unloaded MICROSCAFS® porosity was assessed by mercury
intrusion porosimetry (MIP) using an Autopore IV 9500 Mercury Porosimeter (Micromeritics, USA)
and N2 adsorption/desorption isotherms using an ASAP 2010 adsorption analyzer (Micromeritics,
USA), in the same fashion as in [27].

The chemical structure of the samples was assessed through Fourier-transform infrared
spectroscopy (FTIR) using a Spectrum Two spectrometer (PerkinElmer, USA) coupled with a
universal attenuated total reflectance (ATR) accessory (PerkinElmer, USA). The spectra were
obtained at 4 cm™! resolution, and 8 scans of data accumulation.

The UV-Vis diffuse-reflectance spectra (UV-Vis DRS) was measured by a V-750 UV-Vis
spectrophotometer (JASCO, USA) equipped with an integrating sphere and converted in absorption
units (Fxm) using the Kubelka-Munk function, which is related to the diffuse reflectance by the
expression Fkm(R)=(1-R)%/2R [51-53].

3.5. Photocatalytic tests

The photocatalytic MICROSCAFS® were tested in a batch and continuous flow reactor. The batch
reactor was a 100 mL jacketed vessel connected to a water recirculatory bath at 19 °C. In each batch
test 50 mg of photocatalytic MICROSCAFS® were dispersed in 50 mL of a MO aqueous solution with
an initial MO concentration of 10 mg/L and pH of 7, under magnetic stirring. The system was kept in
the darkness for 1 hour, to study possible adsorption, followed by illumination during 2 hours with
a solar lamp. For this purpose, a Newport 94011A-ES solar simulator (Newport Corporation, USA)
was employed, with a 100 W Xe lamp with reflector (Newport Corporation, USA), that produces a
3.8 cm x 3.8 cm collimated beam. This solar simulator includes an AM1.5G air mass filter which
provides Class A spectral performance based on current applicable standards. The solar lamp’s
distance from the solution’s surface was adjusted to correspond to the irradiance of 1 sun (1000
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W/m?). The simulated solar light goes inwards the reactor through a quartz window of 4 cm diameter
(12.57 cm?) placed at the top of the reactor. The transmission spectrum of the quartz window is shown
in the Supporting Information (Figure S1). It transmits at ca. 92% from 380 to 900 nm. Aliquots of 1
mL were taken every 20 minutes during the dark phase and every 15 minutes during the light phase
and centrifuged. The MO solution concentration at each specific time was then determined by
measuring the absorbance at 464 nm using a JASCO V-750 UV-Vis spectrophotometer (JASCO, USA).
All the experiments were conducted for three replicates at 19 °C, and the mean results were reported.

Additionally, photocatalytic experiments (in batch) were carried out using distinct radical
scavengers. EtOH was employed as *OH scavenger in the photocatalysis reaction, EDTA was chosen
as h* quencher, and BQ was added to the system as °*O: scavenger. The MO photocatalytic
experiments were performed using the same conditions described above while using separately 0.5
mM of each scavenger.

The flow tests were carried out using a set-up built to allow a continuous flow with recirculation
to an intercalated tank (Figure S2). The photoreactor employed was adapted from the one previously
reported [7,9]. This reactor comprises three separate acrylic pieces that, when assembled, form a
chamber (solar reactor) where the photocatalytic MICROSCAFS® sample can be placed, and the
solution can circulate throughout the sample. The top of this chamber displays a quartz window of 2
cm of diameter (3.14 cm?) and transmission spectrum shown in Figure S1, on which the solar light
will impinge, and the back contains the inlet and outlet of the circulating solution. 200 mg of
photocatalytic MICROSCAFS® were inserted and compressed inside this chamber, around ~1.5 mm
thick, resulting in a chamber volume of 0.47 cm?®. We placed a filter paper (1318 from FILTER-LAB®,
Spain) at the back of the chamber, where the inlet and outlet of the circulating solution were placed,
to prevent the MICROSCAFS® from exiting the chamber. The reactor was connected to a tank with
two 78 cm long TYGONE® hoses (Hirschmann Laborgeréte, Germany), and 200 mL of MO solution (10
mg/L) were made to circulate at a constant flow at 10 mL/min with the help of a Rotarus® standard
50 peristaltic pump (Hirschmann Laborgeréte, Germany) during the tests. The reactor was exposed
to a constant 1000 W/m? (1 sun) at the exterior surface of the quartz window over 6 hours, after 1 hour
of darkness, to account for any possible adsorption. The concentration of the pollutant was checked
every 30 minutes by measuring the absorbance at 464 nm of 1 mL MO agq. solution aliquots. The same
solar simulator and reference solar cell from the batch tests were used. All the experiments were
conducted for three replicates at 25 °C, and the mean results were reported.

In the stability (recyclability) tests, six consecutive cycles were performed, by simply replacing,
in the stirred tank, the degraded MO solution by a new one at 10 mg/L, and the corresponding MO
degradation was recorded to examine the stability and reusability of the photocatalytic
MICROSCAFS® at a catalyst/pollutant mass ratio of 23, pH of 7, under solar light (1 sun) exposure
and 25 °C.

3.6. Kinetics Modeling of the Photocatalytic Performance

The kinetics for MO photocatalytic degradation was analyzed in batch and flow conditions. By
assuming that it follows a first order transformation, with the reaction rate given by r = kCa, the MO
concentration evolution with the reaction time (t) can be described by Equation 1:

CA = CAOe_kt (1)

where k is the kinetic rate constant, Ca is the MO concentration inside the reactor at time t under light
irradiation, and Cao is the initial MO concentration before irradiation. The batch reactor is known to
allow a good efficiency of mass transfer from the fluid to the surface of the solid photocatalyst, where
the transformation takes place; for heterogeneous catalysis to occur, the MO pollutant dissolved in
the liquid medium must contact and be adsorbed on the active sites of the photocatalyst.

The constant k was determined by fitting Equation 1 to the experimental points of Ca as a
function of time, using the sum of the square’s deviations minimization method.

To model the experimental MO photodegradation system using our continuous flow set-up
(continuous flow with recirculation to an intercalated tank), the following process flow diagram,
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shown in Figure 11, was employed, exhibiting the small continuous flow chamber (solar reactor) (2)
with complete recirculation. The reactor, exposed to the solar simulator (3), is connected to the stirred
tank (4) with 200 mL of volume in a closed circuit pumped by a peristaltic pump (1) at a constant
volumetric flow rate of 10 mL/min.

@ © o

Solar light
(1000 W/m2)

/11

1) <> Q = 10 ml/min

A

Cr(® Cr(t)

Figure 11. Process flow diagram of the flow reactor. (1) Peristaltic pump; (2) continuous flow chamber
(solar reactor, side view) containing the photocatalytic MICROSCAFS®; (3) solar simulator (Xe lamp),
and (4) stirred tank.

Homogeneous conditions were considered inside the solar reactor (chamber), which is a
reasonable approximation when the conversion of the reactant, for each pass of a volume element of
fluid through the reactor, is low. The inlet concentration of the solar reactor is the same as the outlet
concentration of the tank (Cr(t)), while the inlet concentration of the tank is equal to the outlet
concentration of the solar reactor (Cr(t)), both changing over time.

After the peristaltic pump starts, the MO solution enters the reactor and flows throughout the
photocatalytic MICROSCAFS® interparticle spaces and internal pores. We consider that the flow solar
reactor works in differential conditions, at constant flow and almost negligible concentration gradient
inside, since the pollutant solution quickly flows through it (~2.8 s as mean residence time). The
pollutant fluid stream leaving the reactor is mixed with the solution that remains behind in the dark,
in the stirred tank (Figure 11).

The mass balance equations describing the transient behavior of the reactor, and of the tank
where no reaction occurs, are given by Equations 2 and 3 respectively.

dCp
28O _ o) - 0ca® - koW @
X 0,0 - 06 ©)

dt
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where VR is the volume of the flow reactor in L, Vr is the tank volume in L, Q is the volumetric flow
in L/min, Cr(t) is the MO concentration in the reactor (mg/L), Cr(t) is the MO concentration in the
tank (mg/L) and W is the mass of the photocatalytic MICROSCAFS® placed inside the reactor (200
mg). The kinetic rate constant, k, is the variable parameter of this mathematical model.

The simultaneous resolution (integration) of Equations 2 and 3 was accomplished using the
Euler method, allowing the determination of the evolution of Cr(t) and Cr(t). Several integrations
were carried out until the best value of k is reached (kapp), yielding the lowest sum of the squared
deviations between the experimental and model Cr(t) values.

3.7. Analytical Methods for Photocatalysis By-Products Determination

The transformation products (TPs) formed during the photocatalytic degradation of MO were
analyzed by LC-HRMS/MS. The MO solutions were analyzed on an UHPLC Elute system interfaced
with a QqTOF Impact II mass spectrometer equipped with an ESI source, operating in the negative
mode (Bruker Daltonics, Germany). Chromatographic separation was carried out under gradient
conditions using a RF-C18 Kinetex column 100 A (150 mm x 2.1 mm, 2.6 pum particle size,
Phenomenex). Detailed settings on LC-HRMS/MS settings were described in our previous work [30].
The TPs peak areas (A) were normalized with respect to MO at t = 0 minutes (A/A¢), and their
variation as a function of irradiation time is shown in 3D bar graphs. The TPs are identified by HRMS
based on their accurate m/z values released as deprotonated molecules ([M-H]"), considering the
accuracy and precision of the measurement parameters such as error (ppm) and mSigma. The
molecular formulas were validated by extracting the ionic chromatograms from the raw data, and
accurate mass isotopic patterns and fragmentation paths were evaluated, supporting the respective
proposed chemical structures. Detailed equipment specifications and experimental protocol for
calibration, data acquisition and processing are described elsewhere [54].

Lastly, the toxicity of the TPs was assessed by in silico predictions using the free available tool
Ecological Structure Activity Relationship (ECOSAR v1.11) to estimate ecotoxicity. From the
ECOSAR prediction of toxicity, three different organisms were selected, fish, daphnid and green
algae, for the acute and chronic ecotoxicity. Detailed specifications on toxicity prediction by ECOSAR
are described in our previous work [55] for a different system and other chemical pollutants.

4. Conclusions

Silica-titania MICROSCAFS® with pore sizes at different scales, and different particle size
diameters were successfully developed with high reproducibility using an adapted sol-gel method,
involving polymerization-induced phase separation. They were loaded with commercial
photocatalytic P25 TiO2 NPs, whose immobilization within the MICROSCAFS® was promoted by HT
at 500 °C. MICROSCAFS® characteristics, mainly macropore size, directly affected the photocatalytic
performance in what regards the organic dye MO degradation. MICROSCAFS® with greater
interconnected pore sizes exhibited higher photocatalytic activity both in batch and in flow set-ups.
Their engineered macroporous network favors mass transport, and therefore the flow of the pollutant
solution throughout the pores, confers higher accessibility of the pollutant molecules to the active
sites, and provides conditions to spread the photons” pathway inside the pore channels. The size of
the particles appears not to have such a relevant effect on the photocatalytic performance.
MICROSCAFS® are herein shown to be a viable solution for environmental remediation (e.g.
wastewater purification), using straightforward flow conditions, does not requiring any separation
step, like centrifugation or filtration, which otherwise would be very expensive on an industrial scale,
or of high complexity in remote areas such as rural villages. A modeling study of our flow set-up was
developed and tested, which yields more accurate results and successfully predicts the reaction
evolution. There are other works from the literature that have reported higher degradation rates than
the present work, however the employed photocatalyst/pollutant ratio was generally higher and/or
they used UV light (instead of solar light) which gives rise to high photo-efficiency, or relevant
information on the experimental conditions was missing. Our process used solar light as the light
source, which has only ~5% UV. Finally, the design of a new larger scale flow reactor, with higher


https://doi.org/10.20944/preprints202404.1455.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 April 2024 d0i:10.20944/preprints202404.1455.v1

23

photocatalyst/pollutant/light contact, is promising to further enhance photocatalytic activity and
allowing the application of this system in an industrial scale, providing a viable solution for the global
water pollution problem.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Transmission spectrum of the silica quartz window employed in the
continuous flow reactor, and also to cover the batch reactor; Figure S2: Continuous flow reactor with total
recirculation to a tank. 1 — Solar simulator;.2 — Sample chamber (solar reactor); 3 — Peristaltic pump; 4 - MO
solution stirred tank; Figure S3: SEM images of the MICROSCAFS® used for the particle size distributions, before
(left column) and after (right column) being heat treated at 900 °C for 30 minutes; Figure S4: Optical microscopy
photographs of the MICROSCAFS® in three subsequent stages: 1 (first column) — dried MICROSCAEFS®; 2 -
(second column) MICROSCAFS® after being heat treated at 900 °C for 30 minutes; 3 (third column) —
MICROSCAFS® after being loaded with the P25 TiO2 NPs; Figure S5. N2 adsorption-desorption isotherms of the
MICROSCAES® (a) dried at 45 °C, (b) heat-treated at 900 °C and (c) loaded with P25 TiO2 NPs; Figure S6: (a)
TEM image of the P25 TiO2 NPs; (b) their respective particle size distribution; Figure S7. ATR-FTIR spectra of all
the MICROSCAFS® (a, ¢ and e) and respective magnification in the range of 1500 to 400 cm™! (b, d and f); Figure
S8: Kubelka-Munk transformed UV-Vis DRS absorption spectra of the P25 TiO2 NPs loaded MICROSCAFS® and
P25 TiO2 NPs; Figure S9: Side and top views of the continuous flow reactor’s sample chamber; Figure S10: SEM
images of the P-/HT/P25 (left column) and P+/HT/P25 (right column) photocatalytic MICROSCAFS® after one
cycle in batch and in flow; Figure S11: Proposed fragmentation mechanism for the precursor ion m/z 304.0770, tr
9.5 min, assigned to the deprotonated molecule of MO; Figure S12. Proposed fragmentation mechanism for the
precursor ion m/z 320.0712, tr 10.9 min, attributed to the deprotonated molecule of TP320-a; Figure S13: Proposed
fragmentation mechanism for the precursor ion m/z 306.0562, tr 9.0 min, attributed to the deprotonated molecule
of TP306; Figure S14: Proposed fragmentation mechanism for the precursor ion m/z 290.0614, tr 7.8 min,
attributed to the deprotonated molecule of TP290; Figure S15: Proposed fragmentation mechanism for the
precursor ion m/z 276.0453, tr 5.8 min, attributed to the deprotonated molecule of TP276; Figure S16: Proposed
fragmentation mechanism for the precursor ion m/z 320.0712, tr 3.9 min, assigned to the deprotonated molecule
of TP320-b; Table S1: Particle size distribution data of the treated and non-heat-treated MICROSCAFS®; Table S2:
EDS atomic concentration data of the MICROSCAFS®. Ti/Si is the atomic % ratio; Table S3: FTIR peak intensity
ratio “Ti=0=Ti,
Isi-0-si
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