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Abstract: Photocatalysis is an advanced oxidation process that is an environmentally friendly option
and one of the most critical technologies in green chemistry today. This work studied the upscaling
of photocatalysis as a suitable process for wastewater treatment to remove emerging pollutants. For
this purpose, unsupported and supported TiO, photocatalysts were tested in the photodegradation
of ciprofloxacin as a model molecule of an emerging wastewater component, using visible, UV
radiation, and solar light. The suitability of TiO, as a photocatalyst to decompose ciprofloxacin was
confirmed in batch photoreactor under Visible and UV radiation, with degradation rates up to 90%
after 30 min of irradiation and low adsorption values. TiO, as a photocatalyst coated in glass support
material at the packed bed photoreactor showed good photoactivity for emergent contaminants
degradation (95%) under solar radiation. It has been possible to verify that the photocatalytic reactor
system constitutes a viable process for eliminating emerging contaminants through environmentally
sustainable treatments. Our results corroborate the possibility of degrading emerging contaminants
by solar radiation using a packed bed photoreactor, providing a more effective option from a practical

and economical point of view for wastewater effluent treatments.

Keywords: photocatalysis; wastewater; emerging contaminants; endocrine-disrupting compounds;
ciprofloxacin; packed-bed reactor

1. Introduction

According to the World Health Organization (WHO), over 2000 million people used a
contaminated drinking water source in 2020. Moreover, climate change and population
growth are expected to exacerbate this dramatic situation. On 23 October 2000, the European
Parliament and Council adopted the EU Water Framework Directive (WFD—2000/60/EC),
establishing a community action in water policy. In this context, at the beginning of 2022
(19 January), the EU Commission updated the “watch list” for emerging water pollu-
tants [1-4]. The study of emerging contaminants, including pharmaceutical compounds,
has become one of the biggest concerns in current environmental research. Pharmaceutical
and personal care products are organic micropollutants present in wastewater and the
aquatic environment due to their wide use in human and veterinary medicine.

Conventional wastewater purification treatments are inefficient for the complete re-
moval of emerging contaminants. The composition profile and levels of concentration
found in wastewater vary depending on the country and consumption of pharmaceutical
and personal care products. The lethal effects suggest a low ecotoxicological risk, although
considering sublethal and chronic effects the situation is more serious. Aquatic organisms
are exposed to low concentrations continuously during their life cycle, observing adverse
associated effects (e.g., on growth and reproduction, morphological alterations, and geno-
toxicity, among others). Although these pollutants do not yet pose an immediate risk to
humans, are being incorporated into lists of drinking water quality standards.
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Fluoroquinolones (FQs) are a class of broad-spectrum antibiotics that are commonly
used in both human and veterinary medicine. They inhibit key bacterial enzymes that are
involved with unwinding the DNA helix for replication and transcription. FQs are widely
used in Europe and are not readily biodegradable by microorganisms [5]. They are not
completely metabolized in the human body and approximately 20-90% of FQs ingested
are excreted in their pharmacologically active forms, which leads to significant loads being
discharged into domestic sewage [6].

Furthermore, conventional wastewater treatment in wastewater treatment plants
generally results in prolonged exposure of wastewater-borne bacteria to higher concen-
trations of emergent pollutants than those present in treated effluents because of the
extended biomass solid retention times at which plants usually operate. Extended exposure
of bacterial communities to minimal inhibitory concentrations levels of some emergent
pollutants (antibacterial compounds) can result in a bad environment for developing
wastewater treatment.

Ciprofloxacin (CIP), a second-generation FQ and one of the most prescribed drugs in
the world is a broad-spectrum antibiotic (effective against gram-positive and gram-negative
bacteria) and it has been regularly found in wastewater at levels that could induce bacterial
resistance. Therefore, there are some incentives for removing CIP, as well as other FQs and
pharmaceuticals, from wastewater. To achieve this objective some treatment technologies
capable of selectively and efficiently eliminating emergent pollutants must be implemented.
Advanced oxidation processes are viable treatment methods for degrading or completely
removing CIP and other emergent pollutants from drinking water and wastewater.

Removing these new water pollutants means a challenge to traditional wastewater
treatments [7-10]. Thus, it is mandatory to develop and study modern and more efficient
water cleaning technologies that ensures the removal of these water pollutants, miner-
alizing them, and keeping the quality of drinking water and aquatic environments for
future generations [11,12].

In recent years, photocatalysis has become a promising approach to decomposing
water pollutants [13-18]. This fact is based on several factors, such as its low cost, easy
operation without side products, and promising efficiency in converting pollutants into
CO; and HyO [19,20]. This advanced oxidation process (AOP) consists of the degradation
of the pollutants through the reaction with a hydroxyl radical (-OH), generated in the
presence of a light source, water, and a photo-active catalyst [21,22]. Figure 1 shows a
simplified scheme of the photocatalytic reaction mechanism between the hydroxyl radical
and pollutants [23]. Photocatalytic degradation starts with the activation and migration of
electrons from the valence band to the conduction band when the semiconductor material,
acting as a photocatalyst, is illuminated under the same energy as the bandgap of the
photocatalytic material. In the second stage, the positive holes in the valence band gener-
ate hydroxyl radicals from the water molecules. Due to their high oxidizing properties,
these radicals decompose the organic molecules (normally pollutants in wastewater). In
addition, the excited electrons in the valence band react with dissolved oxygen species,
able to decompose any substance adsorbed on the photocatalytic surface [24]. Similar
to other catalytic processes with environmental purposes, the catalyst plays the most
significant role [25].

In photocatalysis, metal-transition oxides such as TiO,, ZnO, Fe;O3, SnO, and V;,05
have been pointed as the most photo-active materials due to their physicochemical proper-
ties, together with high chemical stability and non-toxicity [26-30]. TiO,, with a bandgap
of 3.2 eV, is one of the most studied photocatalysts in the last years, with a broad range
of organic compounds such as hydrocarbons, and aromatic compounds, among others.
However, despite its significant activity, there are several limitations of this material, such
as low surface area and poor sensitivity under solar irradiation [31-34], necessary to over-
come by implementing new operational strategies. In this context, the immobilization
of the TiO, over support by a hydrothermal method seems to be the most feasible one.
This way allows for the reusing of the catalytic materials from the treated effluent stream



Catalysts 2023, 13, 1023

30f13

and the continuous operation, which are critical factors from an industrial point of view
and scale-up [35,36]. Nevertheless, most of the current photocatalytic tests are only per-
formed in batch photoreactors [37-42]. This experiment stage is the first step of catalyst
testing. However, it is mandatory to develop an accessible and valuable packed bed
reactor system that allows scaling and studying the possible industrial applications of
photocatalytic materials.

Solar Irradiation

@~ ar 02 — 02_ — HzOz

TlOz ‘
- . Emerging
Photocatalyst J Polluntants

Figure 1. Mechanism schema of photocatalytic degradation of organic pollutants into CO, and HyO
in a TiO; catalyst.

This study builds upon our previous investigations in the field of photocatalysis [23,43—45]
aiming to advance the understanding of removing emerging water pollutants. To achieve
this objective, we have developed a novel and optimized packed bed photoreactor. For this
purpose, we impregnated TiO, in a glass of several geometries using artificial UV /visible
light and natural sunlight to treat polluted water with ciprofloxacin (an emergent pollutant
in wastewater) in a laboratory and pilot plant scale. Our results show the viability of the
packed bed reactor proposed to test photocatalytic materials to decompose emerging water
pollutants, supporting the upscaling of photocatalysis at the industrial level.

2. Results and Discussion
2.1. Adsorption Properties of the Photocatalytic Material

As mentioned in the references of this field of study [18], water pollutants can be
adsorbed on the surface of some materials with adsorbent properties, decreasing its content
in the wastewater. However, it is necessary to distinguish between the adsorption phe-
nomenon and the photocatalytic activity of the material to corroborate the total degradation
(mineralization to CO; + H;O) of the pollutant. Figure 2 shows the pollutant decrease in
the absence of any light source in the unsupported (i.e., batch photoreactor) and supported
TiO, (i.e., Raschig cylinders and rings) photocatalytic materials.

From the data in Figure 2, it is clear that there is a decrease in ciprofloxacin content in
wastewater due to the adsorption effect on the catalytic surfaces. The higher values were
found when the packed bed photoreactor was tested, particularly with the glass cylinders,
which offer a higher surface available to support the photocatalytic active material.
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Figure 2. Pollutant adsorption capacity in the absence of a light source. (a) Batch photoreactor (pho-
tocatalytic material as TiO; suspension); (b) Packed bed photoreactor (photocatalytic bed configured
by TiO, supported-Raschig cylinders or TiO, supported- rings.

The extent of adsorption of the emergent contaminant onto the photocatalytic material
does not directly correlate with pollutant degradation, as the adsorbed molecules may
persist on the catalytic surface without undergoing degradation. In this way, an FT-IR
analysis of the material surface would reveal the presence of the pollutant adsorbed [45].
A comparison between the emergent pollutant content decrease in wastewater during
photocatalytic degradation by activation with the light of the semiconductor photocatalytic
material might allow distinction between both phenomena; being the complete degradation
of the contaminant the desired phenomenon.

2.2. Degradation by Photolysis

Before evaluating the photocatalytic activity of the studied material, it is also necessary
to determine the photolytic effect of the light sources on the ciprofloxacin molecule. This
series of experiments are considered blank runs, simulating the illumination operating
conditions of the photocatalytic tests but without any photocatalyst addition. Figure 3
shows the contaminant degradation by photolysis under UV and visible radiation in the
batch photoreactor and under natural solar light in the packed bed photoreactor.
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Figure 3. Pollutant degradation by photolysis. (a) Batch photoreactor; (b) Packed bed photoreactor.

At the laboratory scale, UV-radiation (Hg-lamp) seems to be more efficient than visible
radiation from a lamp [46,47], with a pollutant degradation of up to 95% after 80 min of
irradiation. However, as confirmed by the packed bed photoreactor experiments, the solar
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Pollutant degradation (%)

light was not enough to degrade the ciprofloxacin, with a value lower than 40% after more
than 5.5 h of irradiation at the studied operating conditions. This fact is indicative that most
of the contaminant content would remain in the wastewater, affecting the environment in
which it would be in contact.

According to these results, it is possible to claim the need for catalytic materials that
accelerate the pollutant degradation processes to decrease the effect of these emergent
contaminants on the environment. Moreover, it is necessary to implement an accessible and
valuable packed bed reactor system that allows studying possible photocatalytic materials
at operating conditions similar to industrial needs and operations.

2.3. Photocatalytic Activity

Based on references [18], it is expected that the use of TiO, as a photocatalyst will
significantly increase pollutant degradation at laboratory and pilot plant scales. At the same
operating conditions as the photolysis experiments, the unsupported (TiO; in a powder
suspension in wastewater) and supported TiO, (configured in a packed bed photoreactor)
were tested. Figure 4 shows the pollutant degradation in the batch reactor (under UV and
visible radiation) and using the catalytic material in a packed bed configuration (under
solar radiation).
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Figure 4. Pollutant degradation by photocatalysis: (a) Batch photoreactor (using several radiation
sources: UV or Visible lamps); (b) Packed bed photoreactor (TiO, supported on Raschig cylinders or
TiO, supported on rings).

As mentioned in the photolysis study, the photocatalytic activity in the batch re-
actor strongly depended on the type of radiation. In this way, pollutant degradation
under UV radiation was much faster than under visible radiation. This behavior was
expected considering the nature of UV radiation [47] and its role in the activation of the
semiconductor material used as a photocatalyst. Thus, after 15 min (25 min for visible radi-
ation), the pollutant content in wastewater decreased to up to 90%, which is a significant
degradation rate.

On the other hand, the experiments developed using the packed bed photoreactor
configuration seem to need more contact to degrade the pollutant at the same percentage
as a laboratory scale. It makes sense considering the unit’s configuration, which is more
complex and with higher volumes of wastewater to process. Nevertheless, the obtained
pollutant degradation rates were always similar, with values up to 95% with TiO, supported
in a packed bed. The most striking observation to emerge from the data analysis was the
faster degradation of the pollutant in the glass rings than in the cylinders. This finding
suggests that the packed bed configured with rings offers better light distribution conditions
into the bed than the packed bed with cylinders [48], increasing the light available to
activate more photocatalytic material, the contact area among substances and providing
better conditions for the photocatalytic pollutant degradation in a pilot plant scale.
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To distinguish between adsorption, photolysis, and photocatalytic reaction phenom-
ena, Figure 5 shows the pollutant adsorption in the photocatalytic surface and the emergent
pollutant degradation by photolysis and photocatalysis.

Table 1. Description of tests and operating conditions.

Experiment Photoreactor Type Photocatalyst, g Feedstock, mL Reaction Time, h
Adsorption Batch 0.2 250 15
Photolysis Xe-lamp Batch - 250 2.0
Photolysis UV-lamp Batch - 250 2.0
Photocatalysis Xe-lamp Batch 0.2 250 0.5
Photocatalysis UV-lamp Batch 0.2 250 0.5
Adsorption-1
. Batch 15.9 500 15
(Rings)
Adsorption-2
(Raschig cylinders) Batch 224 500 15
Photolysis Solar light Packed bed - 500 5.5
Photocatalysis
Solar light-1 Packed bed 159 500 55
(Raschig cylinders)
Photocatalysis
Solar light-2 Packed bed 224 500 5.5
(Rings)
100 = 100
Photocatalysis Uv Photolysis -
90 + UV-radiation 90 Photocatalysis Ings
80 - 80 Cylinders
Tkl Photolysis 3_9, 70 1 Adsorption /*
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Figure 5. Emerging pollutant removal in wastewater: (a) Batch photoreactor; (b) Packed bed photore-
actor. (Operating conditions described in Table 1).

At batch scale experiments, the presence of TiO, significantly promotes emergent
contaminant degradation in wastewater, decreasing the ciprofloxacin content in wastewater
at low irradiation times. This result matches those of references studying the photocatalytic
effect of TiO, for some other emerging pollutants degradation [13-18]. The kind of radiation
(UV or visible) plays the most critical role in photocatalytic kinetics [47], increasing the
pollutant degradation rate when UV radiation is used, as could be expected for TiO, acting
as a photocatalyst. Comparing the photocatalytic and photolytic phenomena, it is also clear
that the presence of TiO, significantly increases the degradation ratio, which confirms the
photocatalytic activity.

As mentioned in the bibliography, titanium oxide is a photocatalyst that is used in
powder form, with the consequent problems that this can cause when separating the
photocatalyst from the treated wastewater effluent. Therefore, a solution to this separation
problem is the use of supported TiO;.

The selection of support for the photocatalytic active material must meet a series of
requirements and properties. It must favor a strong physical-chemical interaction with
TiO, without negatively affecting the chemical properties of the photocatalyst. It must
be structured to favor its separation from the water to be treated. It must have a suitable
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geometry so that the configuration of the reactor facilitates the mass transfer processes. It
should be transparent, ideally, to radiation. It should have a high surface area and a high
adsorption capacity for the pollutant to be treated and it must be chemically inert.

For this reason, the aim of this work was to test the photocatalytic material immobilized
on support as an adequate configuration for a packed bed photoreactor with continuous
flow operation, avoiding the subsequent filtrations necessary to separate the photocatalyst
from the effluent if a suspended photocatalyst is used. In addition, the use of catalytic
material in a packed bed would avoid deterioration problems in the photocatalyst particles.

When the photocatalytic active material, TiO;, is supported on glass structures, the
photocatalytic activity was also significant under solar radiation using the packed bed pho-
toreactor. At this scale, the photocatalytic activity is much more noticeable than adsorption
or photolysis phenomena, with a photocatalysis activity of up to 95% by using the rings
after 300 min of solar irradiation.

The experiments developed using the packed bed photoreactor configuration seem to
need more contact to degrade the pollutant at the same percentage as the batch photoreactor.
It makes sense considering the unit’s configuration, which is more complex and with higher
volumes of wastewater to process. Furthermore, it is well known that TiO; requires UV
radiation to overcome the band gap, and in solar radiation, only a small portion is UV [43,
45,49,50]. Under these findings, it is possible to claim that the used pilot plant schema was
valid for establishing a suitable photocatalytic system for wastewater treatment [49].

3. Materials and Methods
3.1. Feedstocks and Photocatalytic Material

The feedstock consisted of synthetic wastewater (pH in the neutral range) containing
50 mg/L of ciprofloxacin (Alter—500 mg film-coated tablets) as a model molecule of
emerging contaminants (considered as an endocrine disrupter and microbial growing
inhibitory), compounds significantly discharged and accumulated in domestic wastewater
and that have been shown to pass through conventional wastewater treatments without
being degraded. The studied concentration is even higher than the usual found in real
wastewater effluents [51]. The photocatalyst consisted of TiO, (Degussa P25) powder form
(Sper 50 m? /g and mean particle size 21 nm). This photocatalytic material has been widely
described in the bibliography [23,43—45] (including XRD, XPS, and Hg-porosimetry), so
here it is only described the impregnation process into glass Raschig cylinders and rings
and pilot plant operation.

The first step of impregnation consisted of increasing the superficial area and rugosity of
the glass structures serving as catalytic support. For this purpose, the material acting as support
was dipped in acetic acid 96% for 72 h. After washing with distilled water, the supports were
dried at 105 °C. Later, they were dipped in a suspension of TiO, in water/acetone (20 g of
TiO,, 200 mL of water, and 4 mL of acetone) and dried for 30 min at 350 °C. This part of the
process was repeated two times to obtain a thicker TiO, layer on the surface of the supports [52].
Figure 6 shows rings and Raschig cylinders after TiO, impregnation.

3.2. Experimental Setup

The photocatalytic experiments were carried out on both: bench-top and pilot plant
scales. The bench-top experiments aimed to evaluate the suitability of TiO, to decompose
ciprofloxacin as a model for an emerging contaminant in wastewater. The bench-top
unit consisted of a stirred batch photoreactor of 500 mL (1000 rpm) with a thermometer
for manual temperature control and an air inlet to optimize oxidative conditions. The
light source consisted of a 150 W medium pressure Hg vapor lamp (Heraeus TQ-150,
150 W—Hanau, Germany) for UV-radiation experiments and a 150 W Xe-lamp (Hamamatsu
L2274, Ammersee, Germany) for simulating solar radiation (visible range). Figure 7 shows
a schematic diagram of the unit used in these experiments.
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Figure 6. Structures impregnated with TiO, to configure the packed bed photoreactor: (a) Rings;
(b) Raschig cylinders.
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Figure 7. Schematic diagram of the experimental unit used for photocatalytic reaction study at
bench-top scale.

The experiments on the pilot plant photoreactor aimed to evaluate the suitability of a
packed bed photoreactor configuration to study the photocatalytic behavior of supported
photocatalytic material under a recirculation regime. This unit consisted of a packed bed
quartz reactor (18 cm length and 1 cm outlet diameter) filled with glass Raschig cylinders
or glass rings coated with photo-catalytically active material, TiO,. The photoreactor unit
was placed on the reflecting surface with an inclination of 45°. The polluted water was
pumped from a stirred deposit with an oxygen supply and covert by foil to protect it
from solar radiation. The photocatalytic system structure has the capacity of up to six
quartz-packed bed photoreactors, so it is possible to increase the capacity of the wastewater
decontamination treatment system, or duplicate experiments if required. In this pilot
plant, the light source consisted of solar radiation towards the photoreactors and indirect
reflection to activate all the photocatalytic particles inside the bed. Figure 8 shows a
schematic diagram and some photographs of the photoreactor unit.
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Figure 8. Packed bed photoreactor: (a) schematic diagram; (b) photo of packed bed photoreactor
system—side detail; (c) photo of packed bed photoreactor system—front detail.

3.3. Photocatalytic Tests

Photocatalytic experiments were performed in order to evaluate the activity of the TiO,
supported on glass structures, specifically for the degradation of emergent contaminants
in wastewater. The first point consisted of evaluating the adsorption properties of the
photocatalytic material, capturing the pollutant on its surface. Later, the photolysis activity
has to be evaluated without the intervention of photocatalysts. The last experimental step
evaluates the photocatalytic activity under an artificial light source and solar radiation.

For the bench-top scale experiments, the photocatalytic activity (including adsorption
and photolysis) was evaluated using the stirred bath photoreactor with 250 mL of the
synthetic wastewater (50 mg/L of ciprofloxacin) and 0.2 g of TiO; (Degussa P25) as a
suspension in water. The reaction time changed depending on the aim of the experiment
stage (adsorption, photolysis, or photocatalysis). For the pilot plant scale experiments,
the synthetic wastewater was continuously pumped into the packed bed photoreactors
with a flow rate of 0.005 L/s. Photocatalytic experiments were performed simultaneously
with both TiO,-coated structures in two separated packed bed photoreactor systems, using
filling the photocatalytic packed bed reactor with glass cylinders and glass rings (in the
range of 16-22 g). All the experiments were performed at ambient temperature and Solar
radiation was measured and monitored during pilot plant scale experiments. Tables 1 and 2
gather the experiments performed and operating conditions details.

Table 2. Solar radiation during Packed-bed experiments (CMP-21 pyranometer, Kipp and Zonen, Holland).

Time (min) Solar Radiation (W/m?2)
15 619
30 1366
40 1386
55 837
60 959
75 1351
80 844
90 603
105 884
115 815
120 455

The solar radiation-packed bed experiments were carried out under variable atmo-
spheric weather to study real operating conditions when developing the photocatalytic
treatment under solar radiation and with insolation and variable cloudiness.
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During each experimental run, wastewater aliquots were sampled every 15 min
(5 min in case of 0.5 h time duration experiments) to monitor the pollutant degradation.
Then, the sample was centrifugated to remove solids particles in some cases and analyzed
by using a UV-Visible spectrophotometer (Varian—Cary 50 UV-Vis Spectrophotometer,
Agilent Technologies, Santa Clara, CA, USA). The instrument was calibrated at different
ciprofloxacin concentrations in the range of 1-20 mg/L to determine the concentration
based on the absorbance. The absorption spectrum of the emergent contaminant was
performed in a range between 200 and 400 nm, resulting in the maximum absorption peak
of ciprofloxacin corresponding to a wavelength value of 275 nm [53,54].

4. Conclusions

This work studied the upscaling of photocatalysis as a suitable process for wastewater
treatment to remove emerging pollutants and non-degradable contaminants by conven-
tional wastewater treatment processes. For this purpose, unsupported and supported TiO,
as photocatalyst were tested, at laboratory and pilot plant scale, in the photodegradation
of ciprofloxacin as a model molecule of an emerging pollutant in domestic wastewaters,
using visible, UV radiation and solar light.

From the photolysis, adsorption, and photocatalytic studies carried out for both stirred
batch photoreactor and packed bed photoreactor, it can be affirmed that the effective
elimination of emerging contaminants as ciprofloxacin is possible using solar radiation
in a packed bed photoreactor. The efficacy of TiO, Degussa P25 as a photocatalyst for
emergent pollutants degradation and mineralization is confirmed since contaminant degra-
dation values very close to 100% in relatively short periods have been obtained in all the
photocatalytic reactions.

After the studies were carried out, it can be affirmed that both supports are good
options since they allow the adequate immobilization of the photocatalytic material on
its surface using a simple and effective immobilization method. On the other hand, it
should be noted that glass rings achieve higher degradation values in the same operating
conditions as cylinders. This point may be due to the fact that the packed bed constituted by
rings shows a greater contact surface between the photocatalyst and the wastewater, which
leads to better yields of the photodegradation of the pollutant. In addition, it constitutes a
better disposition to allow the passage of light into the interior of the photocatalytic bed,
achieving a better activation of the photocatalytic active material with sunlight.

The suitability of TiO, as a photocatalyst to decompose emerging pollutants as
ciprofloxacin was confirmed in experiments developed in the batch photoreactor under
Visible and UV radiation, with degradation rates up to 90% after 30 min of irradiation
and low adsorption values (less than 30%). In this way, at the packed bed photoreactor
configuration, the supported TiO, photocatalysts showed significant ratios of pollutant
degradation under solar radiation, up to 95%, with glass rings acting as support for probed
photocatalytic material. The glass support seems to be useful favoring the operating vari-
ables that set limits to the photoactivity of the material when direct solar light is used in
a continuous flow reactor configuration. Our results enabled us to validate our scaling
process from the laboratory scale (bench top) to a pilot plant scale used for decomposing
emerging pollutants in wastewater, such as ciprofloxacin. Simulating industrial conditions
for treating high volumes of wastewater offers an actual scene for the wastewater decon-
tamination process, especially with emergent pollutants, a critical factor in the challenging
target of UE and World commitments for a better environment.
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