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Abstract: This work examined the influence of UV-A light modulation on the photocatalytic process
coadjuvated with HyO, to mineralize phenol in an aqueous solution. A fixed-bed batch photocatalytic
reactor with a flat-plate geometry, irradiated by UV-A LEDs, was employed. The successful deposition
of commercial TiO, PC105 on a steel plate (SP) was achieved, and the structured photocatalyst was
characterized using Raman spectroscopy, specific surface area (SSA) measurements, and UV-vis DRS
analysis. These analyses confirmed the formation of a titania coating in the anatase phase with a
bandgap energy of 3.25 eV. Various LED-dimming techniques, with both fixed and variable duty
cycle values, were tested to evaluate the stability of the photocatalyst’s activity and the influence
of operating parameters during the mineralization of 450 mL of a phenol solution. The optimal
operating parameters were identified as an initial phenol concentration of 10 ppm, a hydrogen
peroxide dosage of 0.208 g L1, and triangular variable duty cycle light modulation. Under these
conditions, the highest apparent phenol degradation kinetic constant (0.39 min~!) and the total
mineralization were achieved. Finally, the energy consumption for mineralizing 90% phenol in one
cubic meter of treated water was determined, showing the greatest energy savings with triangular
light modulation.

Keywords: photocatalysis; phenol mineralization; structured photocatalyst; light-dimming techniques;
flat-plate photoreactor; energy saving

1. Introduction

Nowadays, an urgent problem affecting the biosphere is represented by water pollu-
tion, generated by the huge growth of the population, which has led to a significant increase
in the water demand for industrialization, urbanization, and agriculture [1]. This has led to
environmental degradation and pollution, which has negatively impacted water bodies
and, consequently, human health and ecosystems [2]. Numerous industrial organic pollu-
tants are responsible for reducing water quality and contaminating ecosystems, including
phenolic compounds [3].

In particular, water pollution by phenol is a critical environmental issue that poses
significant risks to both ecosystems and human health. Phenol, a toxic aromatic compound,
commonly finds its way into water bodies through industrial discharges, agricultural
runoff, and inadequate waste management practices. Industries such as petrochemical,
pharmaceutical, and plastics manufacturing are major contributors, releasing phenol into
rivers, lakes, and oceans [4]. Once in the aquatic environment, phenol can adversely affect
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aquatic life, disrupting biological processes and leading to the bioaccumulation of harmful
substances in the food chain [5]. For humans, exposure to phenol-contaminated water can
result in serious health issues, including respiratory problems, skin irritation, and long-
term effects on the liver and kidneys [6]. Addressing phenol pollution requires stringent
regulatory measures, effective wastewater treatment technologies, and public awareness to
mitigate its detrimental impact on the environment and public health [7]. In particular, the
EPA has considered 1 ppm and 0.001 ppm as the permissible limits of phenol in wastewater
and water, respectively [8], while the maximum phenol concentration in drinking water is
limited to 0.5 ppb by European Union regulation no. 80/778/EC [9].

For the removal of phenol from wastewater, three different types of processes are
used in traditional treatment plants: (i) physicochemical processes (flocculation, chemical
precipitation, and chlorination), (ii) physical processes (volatilization, ion exchange resins,
and membrane filtration), and (iii) biological processes [10]. These processes are neither
environmentally nor economically sustainable. Indeed, for the first two types of processes,
the main disadvantages are the high treatment costs, incomplete mineralization of the
pollutant, excessive sludge production, and high energy consumption [11]. Biological
treatments are also not suitable for removing phenol from water because they require high
retention times and present difficult conditions for the adaptation of microorganisms [12].

For these reasons, research is increasingly driven toward identifying innovative, eco-
nomical, and highly efficient solutions to completely degrade phenol from wastewater. In
the literature, many different techniques for treating wastewater have been developed to
effectively remove this compound and avoid its negative impacts on both humans and
marine life. In particular, they are (i) physical adsorption [13], (ii) solvent extraction [14],
and (iii) advanced oxidation processes (AOPs) [15-19]. Among them, a promising solution
for phenol removal is represented by the advanced oxidation process (AOP), which uses
reactive oxygen species (ROS) to mineralize phenol into carbon dioxide (CO;) and water
(H2O) [20-23]. Despite the possibility of releasing reactive oxygen species (ROS) from
dissolved precursors, such as hydrogen peroxide (H,O,), photocatalytic processes have
garnered significant interest [24]. Particularly, the photocatalytic process conducted using
titanium dioxide (TiO;) as a catalyst for the degradation of organic contaminants is widely
used, as TiO; is economical, non-toxic, stable, and allows the process to take place under
mild conditions (ambient pressure and room temperature) [25]. However, due to its high
energy band gap (approximately 3.2 eV), TiO, needs ultraviolet radiation (UV-A light) to
form electron-hole pairs, which are then used to produce ROS from the dissolved oxygen
and hydroxyl ions present in the water [26]. The anatase phase is frequently considered the
most effective polymorph for photocatalytic applications presenting a higher conduction
band edge, with a greater reduction potential for electrons and an extended lifetime of
photogenerated charge carriers [27].

Even though the TiO; photocatalytic process is effective on its own, it has been
demonstrated that it can provide synergistic effects when coadjuvated with HyO,, which
enhances the formation of ROS and subsequent oxidation of organic pollutants present in
the treated water [28,29].

Another important aspect to take into account to intensify the photocatalytic process
is the reactor configuration [30]. In general, the most used configuration is that of slurry
photoreactors, in which the photocatalytic nanoparticles are suspended within the solution
to be treated [31], but it shows several disadvantages [32]: (i) the difficulty of separat-
ing the photocatalyst from the treated wastewater downstream of the treatment process;
(ii) aggregation and agglomeration phenomena of photocatalytic powders in the case of
a high photocatalyst dosage, (iii) the recirculation pumps have a limited lifetime due to
corrosion phenomena, and (iv) the difficulty of implementing a continuous process. For
this reason, to increase the efficiency of the process it is better to use a fixed-bed reactor
with a structured photocatalyst [33-36].

In addition, controlled periodic illumination represents an effective technique for
increasing photonic efficiency and, therefore, achieving the intensification of the photocat-
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alytic process [37,38]. The best sources to apply this technique to are LEDs [39,40]. Indeed,
they can be controlled electronically using dimming techniques, which allow the light to be
turned on and off on a microsecond time scale. In our previous studies [38,41-45], it was
demonstrated that irradiation with the dimming duty cycle LED modulation significantly
enhanced the mineralization efficiencies regarding methylene blue, urea, terephthalic acid,
acid orange 7, and ceftriaxone.

The aim of this work was to analyze the mineralization of phenol through a photo-
catalytic process assisted with hydrogen peroxide, conducted in a fixed-bed photoreactor
with a planar geometry with a light source modulated using the LED-dimming technique.
There is no work reported in the literature that has carried out this type of study. For this
reason, a structured photocatalyst was synthesized consisting of commercial TiO, (P105)
deposited on a steel plate, and its activity was analyzed as the operating parameters of the
photo-reactor changed (the initial concentration of the pollutant, the dosage of hydrogen
peroxide, the intensity of the light incident on the surface of the photocatalyst, and the type
of light modulation).

2. Results and Discussion
2.1. Physicochemical, Morphological, and Optical Characterizations
2.1.1. Raman Spectra Evaluation

As seen in Figure 1, Raman vibrational spectroscopy was used to examine the presence
of the crystalline phase of TiO; on the support.

—PC105/SP
—PC105
SP

Intensity [a. u.]

100 200 300 400 500 600 700 800
Raman shift [cm™]

Figure 1. Raman spectra of PC105/SP, PC105, and SP samples.

A strong characteristic spectrum of the TiO, anatase phase was confirmed in the
PC105/SP, with Raman peaks centered at 143 cm~! (Eg), 199 cm~! (Eg), 398 cm~! (Blg),
516 cm~! (Alg + Blg), and 642 cm~! (Eg) [46-48]. No Raman scattering characteristic
peak (Figure 1) was present on the stainless-steel plate due to its flat trend. As expected,
observing the PC105/SP spectrum, the nano-powder deposition method employed did
not lead to changes in the TiO, particle signals. From the Raman data, there was no
sign that any component of the alloy substrate chemically reacted on the surface with
the photocatalyst.

2.1.2. UV-Vis DRS Spectra and Energy Bandgap Calculation

Figure 2 displays the PC105/SP and SP samples’ diffuse reflectance spectra (DRS) in
the range of 200-600 nm.
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Figure 2. UV-vis diffuse reflectance spectra of PC105/SP and SP samples.

With a wavelength of 400 nm, the PC105/SP exhibited an absorption edge in the UV
zone [49], proving the effectiveness of the photocatalyst’s deposition on the support. The
SP support constantly partially absorbed the visible light and reflected the ultraviolet light.

As shown in Figure 3, the measurement of the bandgap energy, Eg, is performed
using the Tauc plot on the linear portion of (F(Roo)hv)™ vs. hv (where n = 1/2 for the
indirect bandgap).

[F(Roo) h v]'2

0 T T T T 1
2.6 2.8 3 3.2 34 3.6

hv [eV]

Figure 3. Tauc plot for the energy bandgap estimation of PC105/SP sample.

This allows one to observe the intercept of the straight line with the photon energy,
which corresponds to 3.25 eV and is in excellent agreement with the literature [49].

2.2. Photocatalytic Tests
2.2.1. Preliminary Tests: Evaluation of Stability of Structured Photocatalyst

Initially, the stability of the PC105/SP sample was verified by irradiating the structured
photocatalyst with UV-A light under FD-dimming modulation. In detail, the fixed on-state
LED current and the dimming duty cycle were set to 200 mA and 0.5, respectively, to
achieve a @ value equal to 221 4- 5 W m 2. Five stability cycles were carried out. For each
test, the initial phenol concentration was set at 10 ppm.
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The results in Figure 4 confirmed the stability of the structured photocatalyst. Indeed,
across various tests, the pollutant concentration showed consistent behavior over the
irradiation time (Figure 4a), achieving an average phenol removal of about 45% after
180 min of irradiation. Additionally, the mineralization efficiency after 180 min of UV-A
light exposure was approximately 36%, with an apparent kinetic degradation constant of
around 0.0036 min~! throughout all the reused cycles (Figure 4b).

0.4 1 —o—1 Cycle

II Cycle
0.2 4 =—&—III Cycle
=1V Cycle
0 \Y Cyclel . .
0 60 120 180
Irradiation time [min]
(a)
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Figure 4. (a) Phenol degradation under UV-A light registered with FD light modulation for five reuse
cycles; (b) mineralization efficiency after 180 min of irradiation and apparent kinetic degradation
constant values obtained with FD light modulation for five reuse cycles.

2.2.2. Preliminary Tests: Influence of Initial Phenol Concentration

The influence of the initial phenol concentration on its degradation and mineralization
throughout the photocatalytic process was investigated. Experimental tests were con-
ducted with initial pollutant concentrations ranging from 10 to 50 ppm, using FD-dimming
modulation with a ® equal to 221 W m~2. The results are reported in Figure 5 below.
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Figure 5. (a) Phenol degradation under UV-A light registered for different initial phenol concen-
trations; (b) mineralization efficiency after 180 min of irradiation and apparent kinetic degradation
constant values obtained for different initial phenol concentrations.

Based on the tests, the maximum photocatalytic activity was enhanced in correspon-
dence to 10 ppm of the phenol initial concentration, with a degradation efficiency of about
61% (Figure 5a) and a TOC removal of 53% (Figure 5b) after 180 min of UV-A light ex-
posure. As expected, the degradation degree was higher at low initial concentrations of
phenol, while it decreased at high initial concentrations. With the increase in the initial
concentration, an overall reduction in the mineralization efficiency occurred because the
higher phenol adsorption on the photocatalysts hindered the photons from reaching the cat-
alyst surfaces. Hence, the productions of hydroxyl and superoxide radicals were reduced;
therefore, the photocatalytic efficiency was decreased [50,51]. In particular, at a lower initial
concentration (10 ppm), an apparent degradation kinetic constant of 0.0053 min~! was

registered (Figure 5b).
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2.2.3. Effects of UV-A, UV-A + HyO,, PC105/SP + UV-A, and PC105/SP + HyO, + UV-A
on Phenol Degradation

Subsequently, the effects of different reaction conditions were evaluated: only UV-A
light (photolysis), UV-A light with hydrogen peroxide (H,O,), the structured photocatalyst
irradiated by UV-A light (PC105/SP), and the photocatalyst irradiated by UV-A light
in the presence of hydrogen peroxide (PC105/SP + H,O;). These tests were conducted
by irradiating the structured photocatalyst with FD-dimming modulation and fixing the
following operating conditions: (i) co = 10 ppm and (ii) a ® value equal to 221 W m~2.

For tests involving hydrogen peroxide, the initial dosage was set stoichiometrically
based on the phenol total oxidation reaction (Equation (5)). This dosage was determined to
be 0.05g L.

The results are shown in Figure 6a,b. Photolysis resulted in negligible phenol degrada-
tion, with approximately 4% after 180 min of UV-A irradiation. In contrast, the photocat-
alytic process significantly improved phenol degradation. The structured photocatalyst
achieved a 48% degradation of the pollutant after 180 min of UV-A light irradiation.

C¢Hs0OH + 14 H,O, — 17 H,O + 6 CO;, (1)

*Jf

ok

0.75

/e,

05 - —>—Photolysis
H202
—4&—PC105/SP
0.25 1 ——PC105/SP + H:0:
0 L 4 ¢ ¢
0 60 120 180
Irradiation time [min]
(a)
r 0.2
Min. Efficiency (30 min) [%]
—8—k [min']
_ 100
§ - 0.15
)
g 754
4 —_
e IR
g 50 E
E =
= - 0.05
£ 25 4
=
0 - -0

Photolysis PC105/SP  H:0. PC105/SP
+ H.0:

(b)

Figure 6. (a) Phenol degradation under UV-A light registered for different reaction conditions;
(b) mineralization efficiency after 30 min of irradiation and apparent kinetic degradation constant
values obtained for different reaction conditions.
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A notable improvement in phenol degradation and mineralization was observed when
the process was conducted in the presence of HyO, under UV-A irradiation, achieving
a 40% TOC removal efficiency after 180 min with an apparent phenol degradation rate
constant of 0.0298 min~!.

Furthermore, the photocatalytic process with the PC105/SP sample coadjuvated
with hydrogen peroxide significantly enhanced phenol degradation, reaching a pollutant
removal efficiency of 99% after just 30 min of irradiation. This resulted in an apparent
phenol degradation rate constant approximately 46 times higher than with the structured
photocatalyst alone. This enhancement was due to hydrogen peroxide accelerating phenol
degradation by increasing the formation of hydroxyl radicals, which are the main reactive
oxygen species (ROS) involved in phenol mineralization [52-55]. Based on the literature, a
possible reaction mechanism for the PC105/SP + HyO, process is described as follows:

PC105

57P+hv—>h++e’ )

OH  +ht — OH* (3)

Oy+e —0° 4)

HyOy + hv —» 20H® (5)

CeH50H + OH®* — intermediates — CO, + H,0O (6)

2.2.4. Influence of H,O, Dosage

The influence of the initial dosage of hydrogen peroxide on the PC105/SP activity was
analyzed by varying the dosage from 0 to 0.416 g L~ 1. These experiments were conducted
under previously determined optimal conditions (c = 10 ppm and & =221 W m~2).

The effect of the hydrogen peroxide dosage on photocatalytic activity is related to the
generation of hydroxyl radicals (*OH) and their conversion into hydroperoxide radicals
(HO7°®). The side reaction of HyO, decomposition into O, and water occurs parallel to this.

As shown in Figure 7a,b, increasing the H,O, dosage from 0 to 0.208 g L' led to
the enhanced degradation and mineralization of the pollutant, attributed to the increased
production of hydroxyl radicals. No residual HyO; up to this dosage was evinced.

—A—0gL"
—>—0.052gL"
0.104 gL
=—0.208 gL
0312gL"
0416 gL

0 60 120 180
Irradiation time [min]

@)
Figure 7. Cont.
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Figure 7. (a) Phenol degradation under UV-A light irradiation registered for different initial H,O,
dosages; (b) mineralization efficiency after 30 min of irradiation and apparent kinetic degradation
constant values obtained for different initial HyO, dosages.

However, further increasing the dosage beyond 0.208 g L~! negatively affected phenol
mineralization. This was due to the auto-decomposition of hydrogen peroxide into oxygen
and water, and the transformation of hydroxyl radicals into less-oxidizing hydroperoxide
radicals [23,56] (Equations (11)-(13)):

2 H,Op — HO+ 0Oy (7)
OH*® + H,O, — HOE + H,O (8)
20H* — HzOQ (9)

Therefore, the optimal initial dosage of hydrogen peroxide was 0.208 g L. At this
dosage, complete oxidant consumption (Figure 8), the highest apparent phenol degradation
kinetic constant (0.17 min—!), and maximum mineralization efficiency (98%) after 30 min of
UV-A light irradiation were achieved.

2 EEN
g | [
§757

2 50

:

g

O 25

Q

=

0,

0 0.052 0.104 0.208 0.312 0.416
Initial H,0, dosage [g L]

Figure 8. H,O, consumption after 180 min under UV-A irradiation on PC105/SP by varying initial
H,0O, dosage.
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2.2.5. Influence of UV-A Light Modulation

Several tests were conducted to analyze the influence of different light modulations
on the photocatalytic activity of the reaction system. These experiments were performed
under the previously identified optimal operating conditions.

The light modulations studied included: (i) triangular variable duty cycle (T-VD)
(triangular variable irradiation), (ii) square-wave variable duty cycle (SW-VD) (square
wave variable irradiation), (iii) saw-tooth variable duty cycle (ST-VD) (sawtooth variable
irradiation), and (iv) pulse variable duty cycle (P-VD) (pulse variable irradiation).

Each modulation was evaluated by supplying an average current between 33.33 and
167.67 mA (Pppin = 33 £ 5 W m~2 and ®pax = 311 £ 5 W m~2) with a period of 3 s.

The optimal modulation for the photodegradation of the pollutant was T-VD, which
achieved the highest phenol degradation (98%) after 10 min of UV-A light exposure. Further-
more, as shown in Figure 9, the reaction system demonstrated rapid pollutant degradation
and mineralization across all modulations. Notably, the highest mineralization removal
efficiency value after 10 min of UV-A light exposure (96%) and the highest apparent degra-
dation kinetic constant (0.39 min—!) were achieved with S-VD modulation. Moreover, the
total hydrogen peroxide consumption after 180 min of irradiation was recorded for all
activity tests.

Min. Efficiency (10 min) [%]
—&—k [min]
< 100 - - 04
7 [
E s Iy | o3
S L —
z E
§ 50 - 02 E
2]
= =
=
£ 25 0.1
=
0 - -0
FD S-vD T-VD SW-VD ST-VD P-VD
Light Modulation

Figure 9. Mineralization efficiency after 10 min of irradiation and apparent kinetic degradation
constant values obtained using different light modulation.

Following the experimental tests, the electric energy consumption for achieving 90%
photodegradation of phenol in 1 m? of contaminated water was evaluated using the
correlation proposed by Bolton et al. [57]:

P toqe, 1000
Epjo= — ——_ (10)

- veom(d4)

where P is the nominal power of the light source (kW), g9, is the irradiation time to achieve
90% phenol removal (min), V is the volume of the solution treated (L), c(¢y) is the phenol
concentration at the initial irradiation time (ppm), and c(¢) is the phenol concentration at
irradiation time f (min).

The electric energy consumption values obtained from the experimental data for the
different light modulations are shown in Table 1. The calculated Eg,o values highlight
that the S-VD modulation reduced electric energy consumption by about 56% compared
with FD LED-dimming modulation. Therefore, light modulation significantly enhances the
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photocatalytic process, coadjuvated with H,O,, for phenol photodegradation under UV-A
irradiation, as it substantially reduces electrical energy consumption.

Table 1. Electrical energy consumption values for reduction of 90% phenol in 1 m® of solution for
the following UV-A light modulations: FD, S-VD, SW-VD, T-VD, ST-VD, and P-VD, with T =3s,
IAVG min = 33.33 rnA, and IAVG max — 166.67 mA.

Light Modulation P [kW] VL] k [min—1] Ego [KkWh m—3]
FD 0.036 0.45 0.17 7.84
S-VD 0.036 0.45 0.34 3.92
SW-VD 0.036 0.45 0.36 3.70
T-VD 0.036 0.45 0.39 3.42
ST-VD 0.036 0.45 0.32 417
P-VD 0.036 0.45 0.28 4.76

3. Materials and Methods
3.1. Chemicals and Photocatalyst

Tetraethylorthosilicate (TEOS, 98%, Sigma-Aldrich), hydrochloric acid solution (HCI,
37% (w/w) in HyO, Carlo Erba), 2-propanol (HPLC, VWR Chemicals, Dresden, Germany),
hydrogen peroxide solution (H,O,, 30% (w/w) in HyO, Sigma Aldrich ITALIA, Milano,
Italy), titanium(IV) oxysulfate solution (TiIOSO4~15% (w/w) in dilute sulfuric acid >99.99%,
Sigma Aldrich), phenol (C¢Hs;OH, Sigma Aldrich, >99%), the steel plate (Officina elet-
tromeccanica Mormile, Caivano, Italy), distilled water, and PC105 (TiO; anatase, 78 m?2/ g,
from Millennium Inorganic Chemicals Hunt Valley, Cockeysville, MD, USA) were pur-
chased. All reagents were used without further purification treatment. The molecular
structure of phenol is shown in Figure S1.

3.2. Preparation of the Structured Photocatalyst PC105/SP

The PC105 nanopowders were deposed onto a wide steel plate (30 cm x 10 cm;
A =300 cm?) using a sol-gel method with a silica binder reported in the literature [29]. The
stainless-steel plate was (Figure 10a) chosen for the favorable reflection of radiation if the
latter overcomes the photocatalyst whole layer.

(@) (b)

Figure 10. (a) Picture of the steel plate before deposition of the photocatalyst; (b) picture of the
PC105/SP-structured photocatalyst after deposition of the photocatalyst.
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For the preparation of the silica binder, 45 mL of TEOS was mixed under stirring
with 935 uL of hydrochloric acid solution. Subsequently, about 205 mL of 2-propanol was
added dropwise, and the solution was stirred for 8 h. For the photocatalyst deposition,
10 mL of the silica binder was placed in a beaker with 1.6 g of PC105, adding 33 mL of
2-propanol dropwise. The suspension was stirred for 8 min. Subsequently, the suspension
was brushed onto the plate layer by layer. After passing the single layer, the sample was
placed in an oven for 30 min at 100 °C. This procedure was repeated 6 times. The theoretical
TiO, coating on the structured photocatalyst was equal to 2.23 mg cm 2 (Figure 10b).

3.3. Raman Spectra Acquisition

An integrated confocal micro-Raman system (Invia Micro-Raman, Renishaw, Wotton-
under-Edge, UK) was used to acquire the Raman spectra. It had three internal lasers that
were used as excitation wavelength sources: a diode (785 nm), HeNe (632.8 nm), and
Nd:YAG (514 nm). Notch filters are used in the spectrometer to filter out the Rayleigh
excitation line. Radiation at 514 nm was used for the measurements, with an actual output
power of 25 mW. A Si wafer was used for the Raman shift calibration. At a magnitude of
20x, the spectra were obtained on focalized powder and stainless-steel layered samples
under atmospheric conditions. The surface was examined at at least four points.

3.4. Determination of Specific Surface Area

The specific surface area (SSA) was measured using a Costech Sorptometer 1042 in-
strument (Costech International s.r.I., Pioltello (MI), Italy) after dynamic N, adsorption at a
low temperature (—196 °C) by the samples. The samples were pre-treated in a He flow for
30 min at 150 °C before the measurements.

3.5. UV-Vis DRS Analysis

Using ultraviolet—visible diffuse reflectance spectroscopy (UV—-vis DRS), the light
absorption properties of the synthesized photocatalysts were examined. A Perkin-Elmer
spectrophotometer Lambda 35 (PerkinElmer, Waltham, MA, USA) equipped with a reflec-
tion sphere with a 0° sample positioning holder (Labsphere Inc., North Sutton, NH, USA)
was used to produce the reflectance spectra. A certified Teflon blank sample was used as a
reference. As a function of the wavelength, the reflectance data were expressed in terms of
the Kubelka-Munk values (F(Roo)). (F(Reo) hv)?? vs. hv (eV) plotting was used to calculate
the samples’ indirect bandgap.

3.6. Experimental Setup Used for Phenol Mineralization Tests

The tests for the mineralization of phenol with a photocatalytic process coadjuvated
with hydrogen peroxide were conducted using a batch reaction system consisting of a
recirculating flat-geometry photoreactor illuminated by a matrix of UV-A LEDs with an
emission peak at 365 nm.

A simplified scheme of the experimental setup is shown in Figure 11. The photocat-
alytic system used for the tests included the photoreactor (height: 20 cm, length: 10 cm,
and thickness: 1 cm), a UV-A LED matrix, an LED driver (Power Stage), a peristaltic pump
for liquid recirculation, a tank containing the solution to be treated, and a reactor cooling
system. In detail, for each experimental activity test, the stirred tank (equipped with a mag-
netic stirrer) was filled with 450 mL of an aqueous solution containing a fixed initial phenol
concentration. A peristaltic pump maintained a recirculation flow rate of 28 mL min~!,
ensuring the liquid stream flowed over the surface of the structured photocatalyst. The
liquid then emerged from the top of the photoreactor and returned to the stirred tank.

The photoreactor was designed and implemented by the spin-off IPERA s.rl. It
was made with a flat geometry to ensure that the photon flow and, consequently, the
intensity of the incident light within the reaction system were uniform and to maximize
the efficiency of excitation of the structured photocatalyst [38]. There were two distinct
operating compartments in the reactor. In each of them, there was a Pyrex window that
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transmitted UV-A light. To avoid light leaks outside the system, and uniformly excite the
structured photocatalyst, an array of UV-A LEDs was placed next to the Pyrex windows. It
was fixed on a heatsink and connected to an LED driver with digital control. Specifically,
the light source was made up of a 30 x 15 cm single-layer aluminum printed circuit with
240 LEDs placed on it in 24 parallel rows, each with 10 LEDs separated by 1.05 cm. In
addition, the LEDs were arranged into different strings that were individually accessible
via 12 connectors that were placed on the board’s sides. Each LED string had its own power
source, and the LED driver controlled the light modulation. Details of the light modulations
tested are provided in Section SM1 and Figure S2 of the Supplementary Material.

Tank

P
ad |

Photoreactor Magnetic Perista ltic
Stirrer Pump

Figure 11. Experimental setup scheme.

The photocatalytic activity experiments were conducted using LTPL-C034UVH365
UV-A LEDs (supplied by Exeling s.r.l., Avellino, Italy) with a typical forward voltage
drop of 3.5 V at 200 mA DC. The arrangement of the LEDs in the matrix was designed
to optimize the uniformity of the light incident on the structured photocatalyst [58]. In
particular, a triangular pattern with a 1.1 cm reticule distance was adopted. The matrix
fitted only the transparent window of the photoreactor and was very closely placed, so the
loss of radiation was negligible. The relationship between the incident light intensity on the
photocatalyst’s surface () and the average current supplied to the LEDs was measured
using a StellarNet Inc. (14390 Carlson Circle | Tampa, FL 33626, USA) spectroradiometer, as
depicted in Figure 12.

300 i i +

h [
g 200
3
& .

100

[ |
om
0 50 100 150 200
I[mA]

Figure 12. Values of the incident light intensity inside the reactor by varying the feed current to
UV-A LEDs.
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As the supplied current intensity increased, the saturation effects became evident,
indicating a decrease in the light source’s reactivity and efficiency [59]. This analysis
demonstrated that using a current greater than 133 mA to power the light source was not
advantageous, as the LEDs’ luminous efficiency showed minimal improvement.

3.7. Analytical Techniques Used for the Test Results Analysis

Each experimental test lasted 300 min in total, starting with a 120 min dark phase.
After this period, the LEDs were turned on, beginning the light phase. During the following
180 min of irradiation, aqueous samples were collected at intervals of 15, 30, 60, 120, and
180 min. No pH changes in all tests were induced concerning the spontaneous pH of the
phenol solution, equal to 6.4.

The residual phenol concentration in these samples was measured using a Perkin—
Elmer UV-vis spectrophotometer at a wavelength of 270 nm [23]. The total organic carbon
(TOC) in the aqueous solutions was measured using the high-temperature combustion
method in a tubular-flow microreactor. The reactor, operated at 680 °C, utilized a Pt-Al,O3
catalyst and a stream of hydrocarbon-free air to oxidize the organic carbon [60]. A kinetic
analysis of the photocatalytic degradation of phenol was conducted using the Langmuir—
Hinshelwood model, a standard approach for describing the kinetics of photocatalytic
processes [61]. The degradation rate (r) was derived and expressed as follows:

_de  kKyc

"TU T 11K, e

(11)
where k;, K3, and c represent the kinetic constant, the adsorption equilibrium constant,
and the pollutant concentration, respectively.

Given that the pollutant concentration was low, the above equation could be simplified
to a first-order kinetics expression with an apparent degradation kinetic constant (k):

r=k Kyc=kc (12)

The apparent degradation kinetic constant (k) could be determined from the slope of
the straight line obtained by plotting In(cy/c) vs. the irradiation time (f). In addition, the
TOC removal (mineralization) and phenol removal (degradation) efficiencies at a given
irradiation time were evaluated using the following relationships:

o ey B TOC(t)
Mineralization ef ficiency (t) = (1 ~ Tog, ) -100 (13)
. .. c(t)
Degradation ef ficiency (t) = (1 — ) 100 (14)
0

where TOC(t) is the total organic carbon at a specific irradiation time (ppm), TOCy is the
initial total organic carbon (ppm), c(t) is the phenol concentration at a specific irradiation
time (ppm), and cy is the initial phenol concentration (ppm).

4. Conclusions

In this study, the effectiveness of heterogeneous photocatalysis assisted by hydrogen
peroxide for the mineralization of phenol in aqueous solution was analyzed. The exper-
imental setup consisted of a fixed-bed photocatalytic reactor with a flat-plate geometry,
utilizing UV-A LEDs for irradiation. The commercial TiO, PC105 photocatalyst was immo-
bilized on a steel plate (SP) using a sol-gel method with a silica binder to create a structured
photocatalyst (PC105/SP), which was then loaded onto the photoreactor.

The structured photocatalyst was characterized using Raman spectroscopy, specific
surface area measurements, and UV-DRS analysis, revealing the formation of a titania
coating in the anatase phase with a bandgap energy of 3.25 eV, and an almost uniform
distribution on the SP surface. The responsiveness and efficiency of the LEDs relative
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to the current intensity were evaluated with a StellarNet Inc. spectroradiometer. The
stability of the photocatalysts” activity and the influence of the operating parameters were
examined during the mineralization of 450 mL of the phenol solution. Various LED-
dimming techniques were tested, including a fixed duty cycle, sinusoidal variable duty
cycle, triangular variable duty cycle, square-wave variable duty cycle, saw-tooth variable
duty cycle, pulse variable duty cycle, and pseudo-sinusoidal variable duty cycle.

The optimal operating parameters were found to be an initial phenol concentration
of 10 ppm, a hydrogen peroxide dosage of 0.208 g L~!, and triangular variable duty cycle
light modulation with an average current between 33.33 and 166.67 mA, and a period of
3 s. Under these conditions, the highest apparent phenol degradation kinetic constant
(0.39 min~!) and the highest mineralization efficiency after only 10 min of ultraviolet
irradiation (96%) were achieved.

Finally, the energy consumption for the mineralization of 90% phenol in one cubic
meter of treated water (Eg/p) was determined. The analysis demonstrated a significant in-
tensification of the process through light modulation, with the triangular variable duty cycle
modulation reducing the electrical energy consumption by approximately 56% compared
with FD LED-dimming modulation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ catal14080544/s1, Figure S1: Molecular structure of phenol; Paragraph
SM.1: Dimming techniques for light modulation; Figure S2: Diagram of the LED driver module;
Paragraph SM.2: Influence of incident light intensity [38,62]; Figure S3: (a) Phenol degradation under
UV-A light irradiation registered for different ® values; (b) mineralization efficiency after 180 min of
irradiation and apparent kinetic degradation constant values obtained for different ® values.
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