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A photocatalytic process under visible light irradiation (LED lamp 13 W) assisted by ultrasound and hydrogen
peroxide was investigated, aiming at enhancing the hydroxyl radical production compared to simple photo-
catalysis. Several parameters, including ultrasound power and H;O» concentration, were investigated in the
degradation of Rhodamine B. Fe doped TiO; synthesized by the solid-state method was used as the photocatalyst.
The synergistic effects between photocatalysis, ultrasound, and HyO, were studied, and the absence of synergy

between photocatalysis and ultrasound was demonstrated. Instead, a synergistic effect was observed between
photocatalysis and hydrogen peroxide addition, in fact, the combination of photocatalysis with HyO2 was
demonstrated to totally remove the Rhodamine B (5 ppm) in 2 h, as contaminant removal was greater (by 50 %)
when the two treatments were used simultaneously than the removal observed in the individual treatments,
attributable to the Fenton reaction that promoted the hydroxyl radicals production.

1. Introduction

Photocatalysis is a very promising technique for the purification of
wastewater contaminated by drugs, dyes, and other organic substances
that are recalcitrant to the most common treatments. However, the
uncontrolled development of human activities and the increasing pro-
duction of these substances, combined with the increased demand for
drinking water, led to the development of new techniques that assist
photocatalysis, to reduce operating times and the overall cost of the
treatment (Mahendran and Gogate, 2021). The degradation of con-
taminants occurs, due to the production of hydroxyl radicals (Yegane
Badi et al.,, 2022) (radicals with a high oxidizing power of 2.8 eV
(Majeed, 1998) when the catalyst surface is irradiated with light of an
appropriate wavelength. The radical’s production is due to the forma-
tion of a photogenerated positive hole-electron pair when the radiation
photo-exciting the electron (the formation of the species responsible for
the total mineralization of organic pollutants occurs) according to the
following reaction steps (Lingzhiiwangg and Juyingglei, n.d):
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Such conditions promote the degradation of highly persistent pol-
lutants to classical treatments. However, because of the adoption of UV
light sources, this process is expensive, and the reduction of the opera-
tive time can be considered the solution to mitigate this problem that
limits the implementation in large-scale applications. In recent years has
been paid attention to new methodologies for the synthesis of photo-
catalysts active under visible light sources (Mahendran and Gogate,
2021). Several Titanium dioxide synthesis methods are reported in the
literature, each of them providing a product with a different structure
and crystallinity. The preparation method strongly influences the sur-
face characteristics of the photocatalyst. The most widely used synthesis
techniques are precipitation, solvothermal method, and sol-gel method
(Kuriakose et al., 2013). However, although they have advantages and
peculiarities, they require several steps of synthesis and doping, the use
of complex and dangerous instrumentation such as autoclaves (Sub-
ramaniam et al., 2020) but, more importantly, the use of hazardous
reagents (such as nitric acid (Anirudhan et al., 2014) cyclohexane
(Lavand et al., 2019).

In any case, the production of waste substances is unavoidable and
strategies involving a multi-step approach are used. To avert the pro-
duction of wastewater (at the doping stage), the “solid-state” method
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has been employed, which is a simple, inexpensive approach, does not
involve the use of hazardous reagents, and is, therefore, free from the
problems of the previously mentioned synthesis methods (Rosa et al.,
2023a).

Although the high reactivity of such materials has been already
proven (Oliveira et al., 2020; Mohan et al., 2021), due to the length
required for the treatment, the need of assessing a strategy to comply
with high levels of removal requirement in a short time (Litter and Quici,
2010).

It is well known that photocatalysis can be assisted by other pro-
cesses involving the further production of hydroxyl radicals.

Among such processes, ultrasound appears a promising technique.
When a sound wave passes through a fluid, it undergoes a series of ex-
pansions and compressions. Such cyclical pressure variations lead mol-
ecules to get closer and to step away: if the ultrasounds are sufficiently
intense, the vapor pressure of the liquid is exceeded and cavities con-
taining gas are created within the liquid itself (Laborde et al., 1998). The
cavitation bubbles undergo oscillation, growth, contraction, and
collapse in a very short period, forming a high temperature and high-
pressure hot spot around the cavitation nucleus (Yegane Badi et al.,
2022) at a temperature of 1900-1500 K and a pressure of 50 MPa (same
authors even reported a temperature of 5000 K and a pressure of 100
Mpa (Mahendran and Gogate, 2021). After entering the cavitation
bubbles, water molecules decompose to produce highly oxidizing radi-
cals according to the following equations (Monteagudo et al., 2014):

H,0 + ultrasound — -OH + -H (5)
-OH + H- -H,0 (6)
H- 4+ 0, » HO;, )
2HO- — H,0, (8)
2HO,- — Hy05 + O, (€)]
H- + H,0, — HO- + H,0 (10)

In several studies, the addition of hydrogen peroxide was success-
fully used as a photocatalysis auxiliary method (Yegane Badi et al.,
2022; Zuorro et al.,, 2019): in the presence of light irradiation Hy0o
undergoes a direct photoscission, thus producing hydroxyl radicals ac-
cording to the following reactions (Monteagudo et al., 2014; Feilizadeh
et al., 2019):

H,0, + hv — 2HO an
HO- + HO- — H,0, 12)
H,0, + HO- - HO,- + H,0 13)
HO,- + HO- —» H,0 + O, a4
HO,- + HO»- —» H,0, 4 05 (15)

Therefore, the present study is concerned with the experimental
evaluation of the effect of ultrasound-assisted photocatalysis and
hydrogen peroxide with the aim of reducing the cost of applying the
process to wastewater treatment (by reducing its operating time),
reducing the production of hazardous byproducts (by realizing a reac-
tion environment with greater oxidizing power than photocatalysis
alone), and overcoming the limits of applicability for example in a wider
pH range (photocatalysis is heavily influenced by this parameter
(Lingzhiiwangg and Juyingglei, n.d.).

Titania doped with iron (1 %Fe-TiO,) was used as the photocatalyst
(Rosa et al., 2023b), working under visible light irradiation (Mahendran
and Gogate, 2021).

Rhodamine B and methylene blue were used as model contaminant
to simulate wastewater.
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2. Materials and methods
2.1. Chemicals

Titanium diisopropoxide bis-acetylacetonate (75% in isopropanol,
Alfa Aesar), ethanol (absolute, >99.8 %, Honeywell), hexahydrate ferric
chloride (FeCl3*6H20, Sigma Aldrich), hydrochloric acid (HCl, 37 %,
Honeywell), sulfuric acid (H2SO4, 98 %, Honeywell), Rhodamine B
(CogH31CIN,03, Carlo Erba), Methylene Blue (MB, C14H;8N3SCI*3H50,
Sigma Aldrich), hydrogen peroxide (H202 30 % Honeywell), tert-butyl
alcohol (>99.5% Honeywell). All reagents were used without any
further purification. Deionized water was used as a solvent for preparing
all necessary solutions.

2.2. Photocatalysts synthesis and characterization

The 1 %FeTiO; catalyst was prepared via “solid-state” method as
reported in previous work in which it was also characterized by XRD,
SEM, UV-Vis DRS, and BET analysis (Rosa et al., 2023a). An iron load of
1 % was chosen because it has been proved to be the optimal dosage of
doping agent on contaminant removal performance.

The 1 %FeTiO2-HCI catalyst was prepared by soaking the 1 %Fe-TiO,
catalyst in a 0.5 M hydrochloric acid solution with a solid-to-liquid ratio
of 1:10 for 18 h to leach the surface iron (Zhang et al., 2021). (Fig. 1).
UV-vis diffuse reflectance spectroscopy (DRS) using Shimadzu 754
UV-Vis spectrophotometer was employed to determine the light ab-
sorption properties of 1 %FeTiO2-HCI nanoparticles. The surface areas,
pore sizes, and pore volumes were quantified utilizing the Brunauer-
Emmett-Teller (BET) method through N, adsorption at 77 K using
Quantachrome Autosorb-1. To eliminate residual moisture, a pre-
liminary vacuum treatment at 150 °C was administered to the samples
prior to measurements.

In addition, the iron content was evaluated by performing Atomic
Absorption Spectroscopy (AAS) analysis on the leachate produced by
immersing 0.5 g of 1 %Fe-TiO3 and 1 %FeTiO,-HCl samples in a 20 (v/v)
% sulfuric acid solution with a solid-liquid ratio of 1:10 for 18 h at 60 °C.

2.3. Photocatalytic evaluation

The experiments were performed in glass bechers (Fig. 2a), filled
with 20 ml of Rhodamine B (RB) aqueous solution (5 ppm and 40 ppm)
and 20 mg of catalyst (corresponding to the optimal solid-liquid ratio of
about 1 g/L (Rosa et al., 2023a). Methylene Blue (MB, 5 ppm) was
employed to check the photocatalytic activity. The photocatalyst sus-
pensions were kept under agitation with a mechanical stirrer at a con-
stant rate of 400 rpm (except for ultrasound tests, shown in Fig. 2b). The
effect of ultrasound power (ARGO LAB, 30, 50, and 120 W), Hy04
dosage (0.25, 0.50, and 1.00 ml), and irradiance (9 W/mz, 41 W/mz, 82
W/m?) were investigated and the optimal conditions were adopted also
for the degradation of Methylene Blue (MB) as a comparative study. The
light source adopted was a 13 W LED visible lamp (Osram). Before the
activation of light irradiation, the suspension was kept in the dark for 30
min to attain adsorption-desorption equilibrium.

To confirm the effect of hydroxyl radicals on contaminant removal,
further tests were carried out by introducing 1 ml of 1 mM tert-butyl
alcohol (TBA) solution just before activating the lamp.

RB and MB concentrations were determined by UV-vis spectrometry
(PG Instruments T80 + UV/Vis spectrophotometer) by measuring the
absorbance at 553 nm and 664 nm of the liquid stream separated from
the catalyst by centrifugation (10000 rpm for 10 min) At a specific time
(0-240 min).

The removal rate was calculated as following:

_ Ag —A(l‘)

0

*100 (16)
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Fig. 1. Materials synthesized: on the left titanium dioxide synthesized (TiO3) according to the procedure given in, in the middle titania doped with 1% of iron
according to the “via solid-state” method (1 %Fe-TiO,), on the right 1 %Fe-TiO, washed with HCI solution 0.5 M for 18 h (1 %FeTiO»-HCI).

Fig. 2. Experimental setup of (a) photocatalytic tests and (b) photocatalytic
tests assisted by ultrasounds.

where 1 was the pollutant removal efficiency (%), Ag was the pollutant
absorbance after the adsorption/desorption equilibrium was achieved
and A(t) was the pollutant absorbance of the solution at a selected time t.

3. Results and discussion
3.1. Material characterization

The results of UV-Vis-DRS analysis, the surface area, pore volume
and pore size values from the BET analysis were shown in Fig. 3 and in
Table 1, respectively.

From Fig. 3, which presents the UV-Vis spectra of the nanoparticles,
it is evident that the absorption edge of these samples exhibits a sig-
nificant shift towards the visible range (1 %Fe-TiO2 and 1 %FeTiO,-HCl
samples) in comparison to pure titanium dioxide (TiO2). This phenom-
enon can be primarily attributed to the incorporation of Fe>" ions within
the titanium dioxide’s structure, either within interstitial positions or by
occupying specific lattice sites of Ti*".

Furthermore, in the case of the 1 %Fe-TiO, sample, the presence of a
peak between 450 and 500 nm has been observed that can be due to a
segregated form of iron, likely hematite (FexO3) (Ambrus et al., 2008;
Santos et al., 2012); as not all the iron employed for doping was incor-
porated into the crystalline lattice of titanium dioxide. Indeed, this peak
was not observed in samples with lower iron content (0.5 %), as
investigated in our previous study (Rosa et al., 2023a). The peak dis-
appeared following the acid treatment to which the sample 1 %FeTiO»-
HCl was subjected, an indication that the surface iron oxide was
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Fig. 3. Diffuse reflectance spectra of titanium dioxide (TiO,), titanium dioxide
doped with iron (1 %Fe-TiO,), and titanium dioxide doped with iron and
treated with HCl (1 %FeTiO,-HCI).

Table 1
BET analysis: specific surface area (SSA), pore volume, mean pore size of 1 %Fe-
TiO5 and 1 %FeTiO,-HCL.

Sample SSA (m?/g) Pore volume (cm®/g) Pore size (nm)
1 %Fe-TiOy 10.235 0.031 6.855
1 %FeTiO,-HCl 10.949 0.044 7.124

solubilized.

From the BET analyses, it is evident that all observed surface pa-
rameters experienced an increase after the acid treatment. Particularly
notable is the augmentation in pore volume. This observation aligns
with our previous discussion, suggesting that the segregated iron
occluding the pores was solubilized because of the treatment, leading to
an enlargement in pore volume.

The leaching tests carried out utilizing sulfuric acid aimed at eval-
uating the iron content in the samples. The results indicated that the 1 %
Fe-TiO, sample exhibited a solid iron concentration of approximately
9.0 mg/g. In contrast, the 1 %FeTiO,-HCl sample had an iron concen-
tration of 8.1 mg/g. This suggests that approximately 10 % of the iron
was solubilized through the hydrochloric acid treatment, revealing its
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presence as an aggregate on the catalyst surface.

3.2. Photocatalytic degradation: Irradiance effect and kinetic study

In our previous study, the pivotal role of Irradiance was pointed out,
and, also in the case of RB photodegradation, the effect of different
Irradiance energies in the range 0-82 W/m? was investigated (Rosa
et al., 2023a). The optimal conditions found in our previous study were
adopted in the present work: pH = 7, catalyst dosage = 1 g/L, iron
content = 1 %. The results of RB degradation are reported in Fig. 4 at
two different RB initial concentrations (5 ppm in Fig. 4a and 40 ppm in
Fig. 4c). Data show that for the 5 ppm RB solution, after 4 h a degra-
dation of 90 % under visible light irradiation of 82 W/m? was observed,
compared to the 5 % removal recorded when no-light is applied and
when adsorption is the only mechanism for RB removal. The strong
enhancement in RB removal observed under irradiation was due to the
increased production of positive hole-electron pairs caused by light
energy and the resulting increase in hydroxyl radicals production (Li
et al., 2008).

Fig. 4c shows that the lower removal was observed for the highly
concentrated solution (40 ppm): the darker color of the solution due to
the higher organic content affected photon penetration into the liquid
bulk to reach the catalyst surface (Lingzhiiwangg and Juyingglei, n.d).

A comparison between RB and MB was then performed. Fig. 4d
shows that the same behavior was observed for both contaminants, but
the removal rate of MB dye was higher than that of RB dye, due to their
different chemical structures, which resulted in differences in both
adsorption properties and susceptibility to photodegradation (the more
complex chemical structure of RB makes it less photodegradable). In
addition, the absorption of light photons by the dye leads to fewer
photons being available for hydroxyl radical generation. In fact, RB
strongly absorbs visible radiation ([RB] = 5 ppm: Absorbance = 1.30 at
Amax = 554 nm) compared to MB ([MB] = 5 mg/1: Absorbance = 1.10 at
Amax = 664 nm), leading to a lower photodegradation. The strong
adsorption of light by the dye molecules is believed to have an inhibitory
effect on the photogeneration of holes or hydroxyl radicals, due to the
lack of direct contact between the photons and the photocatalyst. Dye
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molecules adsorb light, and the photons do not reach the surface of the
photocatalyst, thus reducing the efficiency of photodegradation. More-
over, the adsorption of the target molecule onto the nanoparticle surface
is a critical step toward efficient photocatalysis. Tests performed to
evaluate the adsorption rate showed that, for a 5 mg/1 solution, at
equilibrium conditions, removal of RB was 5 % (Fig. 4a) while for MB 15
% was achieved. Since hydroxyl radicals have very short half-lives,
about 70 ns, so they can react only near the surface of the catalyst: ac-
cording to the Einstein-Smoluchowski equation given below:

AX = 2Dt 17
with D = 2.3 x 107> em?s~! for hydroxyl radicals, so they can only
diffuse through an average distance of 180 A. A side reaction may also
occur between the hydroxyl radical and the hydrogen atoms of the side
chains. This reaction competes with the destruction of the chromophore
of the dye, without leading to a decrease in the absorbance of the so-
lution (Hashemzadeh et al., 2013).

A pseudo-first order kinetic was observed, which accurately repre-
sented the data (Fig. 4b), in agreement with other literature studies (Wei
et al., 2018; Yu et al., 2009; Khasawneh et al., 2021), according to the
equation:

In (@) =kt
Ct

where C; is the actual concentration at different times, Cy is the con-
centration at time 0 (measured after 30 min of stirring in dark condi-
tions), and k is the kinetic constant (min~ ).

18)

Table 2
Kinetic constant and R? values for the photocatalytic degradation of RB (Co = 5
ppm) at different Irradiance values.

Irradiance (W/m?) k (min™ %) R?

9 0.0012+0.0001 0.959+0.012
41 0.0030+0.0001 0.974+0.009
82 0.0079+0.0006 0.971+0.010
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Fig. 4. % Removal of RB at an initial concentration of 5 ppm (a) and their kinetic study (b) and 40 ppm (c), at different irradiance values. d) Comparison between RB
and MB, both at an initial concentration of 5 ppm, 1 g/L of the catalyst (1 %Fe-TiO,) at different irradiance values after 180 min.
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Table 2 shows the kinetics constants (k) of photochemical degrada-
tion obtained from Eq. (18) (Yegane Badi et al., 2022; Hashemzadeh
et al., 2013).

A linear correlation was then found between irradiation and kinetic
constant: in the investigated range (9-82 W/m?) the formation electron-
positive hole was predominant while their recombination was negligible
for both RB and MB, as shown in Fig. 5.

A linear correlation between light source and reaction rate was
observed, although the kinetic k values are lower than those reported in
other works (Li et al., 2008).

Nadir Abbas et al. (2016) (Abbas et al., 2016) by employing an iron-
doped titania catalyst synthesized by the sol-gel method and a 100 W
Halogen Lamp light source with an irradiance of 850 W/m? obtained a
first order k = 0.0162 (min~!), almost double the value of the k reported
in this work.

Youji et al. (2008) (Hashemzadeh et al., 2013) also reported in their
work a kinetic constant k = 0.017 (min~!) employing a titania-based
catalyst supported with activated carbon (AC/TiO2) and by using a UV
lamp with an irradiance of 250 W/m? as the light source.

This difference can be attributed to the use, in the present study, of a
lower irradiance light source so it is reasonable to assume due to the
linearity relationship between Irradiance and k kinetics that the 1 %Fe-
TiO catalyst could have performance comparable to that of the catalysts
mentioned above.

3.3. Assisted photocatalysis tests

The results of tests of US-assisted photocatalysis, HoO», and a com-
bination of US and Hy0, are below reported.

3.3.1. Ultrasound-assisted

To assess the interaction between photocatalysis and ultrasound,
ultrasonic tests were carried out both with and without hydroxyl radical
scavenger (1 ml of 1 mM TBA solution), as illustrated in Fig. 6a. It was
observed that ultrasound treatment alone (at 120 W) removed approx-
imately 9% of the contaminant after 30 min of treatment. The removal
rate exhibited a slight increase with time; indeed, after 180 min, the
removal rate reached 12 %. The introduction of the scavenger led to a
drastic reduction in removal efficiency (4 % after 180 min), implying

Chemical Engineering Science 282 (2023) 119290

that the observed decolorization was primarily attributed to the pro-
duction of hydroxyl radicals by ultrasound, as represented by Equation
(5).

The effect of ultrasound at different power was also evaluated. From
Fig. 6b is possible to observe that the removal rate was enhanced by
increasing US power. However, at the lowest powers adopted (35 and
50 W), a lower removal rate is observed with respect to the tests carried
out only with photocatalysis under the same conditions (25 % after 90
min). This could be attributed to inadequate agitation: US tests were in
fact carried out in the ultrasonic bath, without using a magnetic stirrer
(as generally in photocatalytic tests occurs). To investigate the stirring
effect, tests were carried out with the sonicator off, showing a significant
decrease in the removal percentage. With an initial concentration of RB
5 ppm and Irradiance 41 w/m?, only a 5 % removal was achieved,
compared with 24 % removal obtained at the same conditions but under
continuous stirring. Conversely, at an irradiance of 120 W, a significant
improvement in contaminant removal was observed, becoming more
pronounced as the treatment duration increased. Specifically, after 30
min of ultrasonic treatment, a difference of approximately 1 % was
noted, while after 180 min, this difference increased to around 10 %
(Fig. 6¢). This phenomenon could be due to reduced nanoparticle ag-
gregation, as corroborated by Dynamic Light Scattering (DLS) analyses.
Notably, the DLS results revealed a decrease in nanoparticle aggregation
due to ultrasonic treatment. Initial hydrodynamic diameter measure-
ments of 160 nm decreased to 100 nm after 30 min of exposure to 120 W
ultrasonic power, and further reduced to 60 nm after 180 min. As a
result, US 120 W was then used to assist photocatalysis.

Tests carried out with US 120 W showed that ultrasounds contrib-
uted to contaminant removal through the production of hydroxyl radi-
cals produced by water decomposition (Mahendran and Gogate, 2021;
Monteagudo et al., 2014). The same tests were performed on MB and the
same behavior was observed (Fig. 6d).

3.3.2. Hydrogen peroxide addition assisted

Experimental tests were performed with different amounts of HoO»
30 v/v% to evaluate the optimal dosage: the results are reported in
Fig. 7.

An increase in dye removal at increasing hydrogen peroxide dosage
was observed, due to hydrogen peroxide oxidizing effect onto the
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Fig. 5. Kinetics constant (k) as a function of irradiance for MB and RB (Cy = 5 ppm): tests performed at 1 g/L of catalyst (1 %Fe-TiO5), and with an Osram LED lamp

of 13 W.



D. Rosa et al.
20
-8 -US a)
- -& - US+TBA
15 |
N e |
=~ - .
élo - ,,%-"E"'i’
& K
5 /’
r ., eeee=—-- -
’ _-8-
/,, ,‘*’—'---%
0 -~ 1 1 1 1 1
0 30 60 90 120 150 180
Time (min)
100
90 | - -® - 1%Fe-TiO,+US ) »
80 | --e - 1%Fe-TiO, g
70 t A
Tsu 60 /,;”/,,
g 50 r -8 __=s
U - -
< 40 | ,iz——-?
® P
30 F [
0} /7
4
10 .7
y
0 L 1 1 1 1 1
0 30 60 90 120 150 180
Time (min)

Chemical Engineering Science 282 (2023) 119290

40
- -o- - 120W b)
--e-50W -1
30 I --e-35W -7
3 ¥
5] - -9
£20 | A .-
< , e
X e .-
e -7 _®
0F - e~ -7
fiez Tl -
«=""
o . .
0 30 60 90
Time (min)
100
9 | d) _I_
80 —:[—
70
S 60 |
g
s 50
< 40
30
20
10
0

Photocatalysis US assisted

Fig. 6. a) Hydroxyl radical production verification, irradiance 41 W/m?, RB 5 ppm, US 120 W (without catalyst), and 1 ml of 1 mM TBA added. % Removal of RB 5
ppm using 1 g/L of catalyst (1 %Fe-TiO,), b) Irradiance 41 W/m?, ¢) Irradiance 82 W/m? using US 120 W and the same conditions without US, d) US 120 W effect:

comparison between RB and MB (Irradiance 82 W/m? after 180 min).

100

90 | @without TBA
80 |

_1_

B with TBA

50

% Removal

a0 |
30 |
20 |
10 _ -
0 |
0 0.25 0.5 1
H,0,30 % (v/v) solution (mL)

Fig. 7. % Removal of RB at the initial concentration of 5 ppm using 1 g/L of
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of 20 ml without and with 1 ml of 1 mM TBA solution addition.

organic contaminant, by producing hydroxyl radicals through decom-
position (Eq. (19)) (Feilizadeh et al., 2019).

HO5 + hv — 2HO 19

Another significant factor to consider in hydroxyl radical production
is the Fenton effect. This is a recognized advanced oxidation process
wherein iron-based semiconductors like Fe;O3 are employed (S. HU -S U
NGLINand ANDMIRA, 1998). In the presence of hydrogen peroxide
and a light source, these semiconductors generate hydroxyl radicals,
which are valuable for decontaminating organic substances (Thomas
et al., 2021).

The general mechanism of the Fenton process can be represented as

follows:
Fe’*+ H,0, » F**+ -OH + OH™ (20)

F&**+ H,0, » Fét+ -00H + H* (21)

Hydrogen peroxide reacts with Fe?* to generate hydroxyl radicals.
However, the production of Fe>" poses a challenge due to the inherently
slow kinetics of the reduction of Fe3* to Fe?* (Wang, 2008). Conse-
quently, various studies suggest that the utilization of light energy (Feng
et al., 2006) could offer an advantageous and cost-effective alternative
to expedite the regeneration of Fe?* in the Fenton reaction (Rubio et al.,
2013). A heterogeneous Fenton system can generate hydroxyl radicals
through two distinct pathways. It can involve a genuine heterogeneous
catalytic mechanism or a homogeneous Fenton reaction that occurs due
to iron leaching from the solid catalyst (He et al., 2017), in any scenario,
this process can be utilized in conjunction with photocatalysis.

To confirm this catalyst-free mechanism, additional tests were car-
ried out with scavenger addition and with and without light radiation:
significant contaminant removal was observed in both cases, thus con-
firming the oxidizing capability of hydrogen peroxide. However, in the
presence of light radiation, a higher removal efficiency was obtained,
due to hydrogen peroxide faster degradation under light radiation. The
addition of the hydroxyl radical scavenger markedly diminished the
contaminant removal, thereby confirming that a significant portion of
the degradation is indeed attributed to the hydroxyl radicals formed
from hydrogen peroxide.

Conversely, hydrogen peroxide could also act as a scavenger of hy-
droxyl radicals thus reducing their availability in decomposing the
organic contaminant (Lingzhiiwangg and Juyingglei, n.d.; Monteagudo
etal., 2014; Feilizadeh et al., 2019). Another radical species less reactive
than hydroxyl radical is in fact formed, the hydroxyperoxyl radical HO,-
(E® = 1.7 vs 2.8 V) (Litter and Quici, 2010).

To prevent this drawback, the following photocatalysis-assisted tests
were performed with the addition of hydrogen peroxide at the optimal
dosage (0.5 ml per 20 ml of solution). The results of such tests are shown
in Fig. 8a and b.

It is evident from Fig. 8 that the addition of hydrogen peroxide brings
a significant improvement in contaminant removal compared to pho-
tocatalysis alone, due to above mentioned increased production of hy-
droxyl radicals (Feilizadeh et al, 2019). Complete removal was
achieved within 3 h (41 W/m?). Higher irradiance conditions greatly
enhanced the removal kinetics (Majeed, 1998): in fact, in only 2 h a
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Fig. 8. Effect of hydrogen peroxide addition (dose: 0.5 ml H,O2 30 % v/v per 20 ml solution): RB removal at the initial concentration of 5 ppm, 1 g/L of catalyst (1%
Fe-TiO,). a) irradiance value of 41 W/m?. b) Irradiance 82 W/m?. ¢) RB removal at the initial concentration of 40 ppm, irradiance value 41 W/m?. d) Comparison

between MB and RB at irradiance value 82 W/m? after 60 min.

complete removal of the contaminant was obtained, at an irradiance of
82 W/m?.

Tests performed at a higher contaminant concentration (40 mg/1)
showed the same beneficial effect by hydrogen peroxide addition, as
shown in Fig. 8c.

In this case, complete removal of the contaminant is not achieved in
the 240 h test, and longer times of treatment are required. The same
behavior was also shown by tests performed with MB, as shown in
Fig. 8d, where the removal efficiency of the two selected dyes is
compared at the same experimental conditions.

In agreement with the above reported results, MB showed higher
removal rates than RB.

3.3.3. Photocatalysis assisted by US and H202

Tests of ultrasound-assisted photocatalysis with hydrogen peroxide
addition under the optimal conditions discussed above were then carried
out. It can be seen from Fig. 9 how the simultaneous combination of the
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two techniques further reduces (to 1 h only) the time to achieve a
complete contaminant removal.

Treatment efficiency in a pH range of 3-10 was tested, (the pH was
adjusted by the addition of appropriate amounts of NaOH or HCI solu-
tion), showing promising results; in fact, almost complete removal of the
contaminant in the investigated range was observed after 1 h in a wide
range of pH (Fig. 10).

This is an important result that showed that such treatment is not
affected by pH but worked in the whole investigated pH range (3-10) as
opposed to what obtained by some where pH values have been shown to
heavily affect the performance of the catalyst and the whole treatment
(Dariani et al., 2016; Uddin et al., 2012; Monteagudo et al., 2014). This
can be explained by a combination of different effects that contribute to
contaminant removal. At alkaline pHs, the degradation of both the
added H30 and the HyO produced by US is favored, according to Egs.
(8) and (9), (Meng et al., 2022) so there is increased production of hy-
droxyl radicals responsible for contaminant degradation. In addition,
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Fig. 9. A) Effect of US and H,O, combinate with photocatalysis: Removal of RB (Cy = 5 ppm): tests performed at 1 g/L of catalyst (1% Fe-TiO»), irradiance value =
82 w/mz, US = 120 W, and H,0, 30 % v/v solution 0.5 ml/20 ml solution. b) Comparison between RB and MB after 60 min of treatment.
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Fig. 10. Effect of pH on the Removal of RB (Co = 5 ppm): tests performed at 1
g/L of catalyst (1% Fe-TiO,), irradiance value = 82 w/m?, US = 120 W, and
H20, 30 % v/v solution 0.5 ml/20 ml solution for 60 min.

under acidic conditions, Fenton reaction between iron and HyO, is
favored (Merouani et al., 2022); allowing hydroxyl radical production
according to Eq. (20). Since contaminant removal depends on the nature
of the contaminant and the interaction with the catalyst surface, another
important effect is related to the electrostatic interaction between RB
and the catalyst. At pH higher than 4.1, RB possesses a deprotonated
carboxylic group, negatively charged, while a positive surface charge is
observed on the catalyst surface at pH below 7.3 (zero charge pH
measured for the 1 %Fe-TiO; catalyst). Consequently, in the pH range
between 4 and 7, the electrostatic interaction is strongly enhanced, thus
allowing better adsorption of the contaminant, and favoring the reaction
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(Methylene Blue, MB) at the natural pH of the solution (pH 7), (Fig. 9b):
the same behavior was observed, although, as expected, rhodamine B
was more difficult to degrade given the greater chemical complexity of
the molecule (Hashemzadeh et al., 2013).

3.4. Synergistic effect study on photocatalysis assisted with US and H202

To evaluate the synergy between photocatalysis, US, and hydrogen
peroxide, tests were carried out using hydrogen peroxide only, US only
(in the absence of catalyst), and photocatalysis tests. These last tests
were carried out with a 1 %FeTiO,-HCl catalyst (suitably treated to
remove surface Fe) both alone and assisted with HyO5 addition. The
results are shown in Fig. 11.

From Fig. 11, it was possible to observe that hydrogen peroxide alone
had an oxidizing power in agreement with Eq. (19) responsible for the
degradation of the contaminant due to the formation of hydroxyl radi-
cals obtained by the decomposition of hydrogen peroxide. The 1 %Fe-
TiOy and 1 %FeTiO,-HCl photocatalysts also showed contaminant
removal capacity but by adding hydrogen peroxide the removal
increased significantly, the effect was more pronounced for the 1 %Fe-
TiO catalyst and less for 1 %FeTiO,-HCI, therefore, it was not possible
to attribute the large increase in contaminant removal rate to hydrogen
peroxide degradation alone otherwise the same benefit should have
been observed for both catalysts. An attempt was therefore made to
understand the reason for this difference; experimental data reported in
Fig. 11 were then processed by plotting the synergy factor (S) as a
function of time in Fig. 12. S was defined as the removal rate of the
combined treatments versus the summation of the removal rate of the
individual treatments according to the equation below (Yegane Badi
et al., 2022; Fernandes et al., 2020).

_ %Removal(Combinatetreatment)

with radicals near the catalyst surface (Chen et al., 2003). §= S~ %uRemoval(Singletreament) (22)
A comparison was also made with the other selected contaminant
According to this definition (Eq. (22)), when S is <1, the degradation
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Fig. 11. Removal of RB (Co = 5 ppm): tests performed at 1 g/L of the catalyst (1% Fe-TiO and 1 %FeTiO»-HCl), irradiance value = 82 w/m?, H,05 30 % v/v solution

0.5 ml/20 ml.
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Fig. 12. Synergy factor (S) as a function of the time: Removal of RB (Co = 5 ppm) (a) using 1 g/L of the catalyst (1 %Fe-TiO) at irradiance value 41 w/mz, H,0, 0.5
ml/20 ml, US 120 W, b) using 1 g/L of the catalyst (1 %Fe-TiO, and 1 %FeTiO,-HCl) at irradiance value 41 w/m?, Hy0, 0.5 ml/20 ml.

rate of the combined process is lower than the sum of the processes
considered individually, which means that there is no advantage in
using the two treatments simultaneously but is even disadvantageous as
they may conflict with each other. When if S is about 1 it means that
there is no synergistic effect between the two treatments. When Sis >1 a
positive synergistic effect between the treatments considered is
observed.

Fig. 12a shows that no positive synergy in using photocatalysis and
ultrasound simultaneously occurred, (S is always <1), since photo-
catalysis and ultrasound act as sources of hydroxyl radical production
independently of each other. At the beginning of the tests, a worsening
attributable to a diffusion problem is even noticed since the tests per-
formed with the US were carried out in the US bath without magnetic
stirring. The addition of HyO, to photocatalysis achieved about 60 %
more benefit in contaminant degradation that did not occur when
photocatalysis and hydrogen peroxide are separately tested (Yegane
Badi et al., 2022).

Fig. 12b shows that using the 1 %FeTiO,-HCI catalyst washed with
hydrochloric acid (and, therefore, without iron on the catalyst surface),
the synergistic effect due to the addition of hydrogen peroxide was
completely nullified. This means that the observed synergism is due to
the iron on the catalyst surface, that, according to the analysis per-
formed on the leachate by atomic absorption spectrophotometer (AAS),
accounted about to the 10 % of the total iron employed for doping. In
fact, in the absence of surface iron, the catalyst and hydrogen peroxide
acted as a source of hydroxyl radicals independently of each other. It is
also interesting to notice that as the irradiance increased, the positive
synergistic effect decreased, probably because photocatalysis tends to
override all other effects that contribute to contaminant degradation and
are not dependent on the irradiance employed.

The increased production of hydroxyl radicals by surface iron and
hydrogen peroxide could be explained through the heterogeneous photo
Fenton effect (Dariani et al., 2016).

4. Conclusions

In this work, the optimal conditions were found to assist photo-
catalysis with ultrasound and the addition of hydrogen peroxide by
employing a simple-to-synthesize and inexpensive catalyst capable of
working under visible light. It was demonstrated that the use of US,
H,0,, and catalysts can remove the tested contaminants (RB and MB 5
ppm) within 60 min of treatment.

Hydrogen peroxide and US-assisted photocatalysis effectiveness was
slightly affected by pH in the explored range (from 3 to 10); in fact,
despite the maximum contaminant removal efficiency was observed at
pH 5.5, satisfactory removal rates (>90 %) were obtained in the whole
investigated range (pH 3-10). Synergistic effects were also studied
demonstrating how there is no positive synergy between photocatalysis
and ultrasound and better clarifying the nature of the significant syn-
ergism between catalyst and hydrogen peroxide addition.

The linear dependence between the kinetic constant of the reaction
and the irradiance employed was also demonstrated, thus being able to
affirm the competitiveness of the material compared to other works
where they employ different light sources.

Future developments will be aimed at testing the catalyst on other
contaminants and more chemically complex solutions while also
investigating its reusability.
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