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Abstract: Herein, we report a comparative study of photocatalytic (Xe-lamp) and sonocatalytic
(345 kHz power ultrasound) degradation of Ethylenediaminetetraacetic acid (EDTA) and Rhodamine
B (RhB) in the presence of Ti0 and Ti@TiO2 core-shell nanoparticles (NPs). Ti@TiO2 NPs have been
obtained by sonohydrothermal treatment (20 kHz, 200 ◦C) of commercially available Ti0 NPs in
pure water. The obtained material is composed of quasi-spherical Ti0 particles (30–150 nm) coated
by 5–15 nm crystals of anatase. In contrast to pristine TiO2, the Ti@TiO2 NPs exhibit the extend
photo response from UV to NIR light region due to the light absorption by nonplasmonic Ti core.
EDTA can be oxidized effectively by photocatalysis in the presence of Ti@TiO2 NPs. By contrast,
air passivated Ti0 nanoparticles was found to be inactive in the photocatalytic process for both
EDTA and RhB. Photocatalytic degradation of EDTA over Ti@TiO2 NPs exhibits strong photothermal
effect, which has been attributed to the higher yield of oxidizing radicals produced by light at
higher bulk temperature. The efficiency of RhB photocatalytic degradation depends strongly on RhB
concentration. At [RhB] ≥ 1 × 10−3 M, its photocatalytic degradation is not feasible due to a strong
self-absorption. At lower concentrations, RhB photocatalytic degradation is observed, but at lower
efficiency compared to EDTA. We found that the efficient sonochemical degradation of RhB does
not require the presence of any catalysts. For both processes, EDTA and RhB, sonochemical and
photocatalytic processes are more effective in the presence of Ar/O2 gas mixture compared to pure
Ar. The obtained results suggest that the choice of the optimal technology for organic pollutants
degradation can be determined by their optical and complexing properties.

Keywords: organic pollutants; rhodamine B; EDTA; photocatalysis; photothermal; sonocatalysis;
environmental remediation; titanium; nanoparticles

1. Introduction

Within the progressive increase in the level of wastewater contamination, more efforts
are directed towards finding promising methods for the removal of organic substances,
such as dyes, chlorinated organics, antibiotics, complexing agents and other pollutants
from wastewater [1,2]. Among the most common water contaminants are organic dyes.
For instance, Rhodamine B (RhB) poses a major threat to human health, aquatic life and
environmental safety. It is widely used in industry and its uncontrolled disposal into the
environment can cause serious health problems, including major irritation to skin eyes
and respiratory tract. Conventional wastewater treatment methods like ion exchange,
ozonation, membrane separation, biological treatments and adsorption suffered from
certain limitation concerning the high cost compared to their slow kinetics and low perfor-
mance [3]. In addition, strong complexing reagents, like EDTA, are also of environmental
concern since their release increases the mobility of heavy metals and radionuclides in
groundwater [4]. EDTA removal throughout conventional aerobic biodegradation is hardly
accessed [5] and hydrothermal thermolysis is energy consumable [6]. For such reasons,
advanced oxidation processes (AOPs) have attracted a lot of attention, among which
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ultrasound-based degradation and photocatalysis seem quite promising [7,8]. Ultrasound
technology has proven to be an efficient treatment method for toxic waste removal, either
when used alone or in combination with other oxidation methods [9]. In some cases, or-
ganic waste decomposition under the action of ultrasound (US) is almost 10,000 times faster
than the conventional natural aerobic oxidation [10]. Once liquids are subjected to US in the
frequency range of ca. 20 kHz–1 MHz, microbubbles are formed in solution, they grow and
eventually collapse releasing a large amount of energy inside, and around, the cavitation
bubble [11]. The energy released from so-called the cavitation process is sufficient to split
water vapor molecules, allowing the in situ production of hydroxyl radicals (OH·) [12].
The combination of US with catalysts, referred as sonocatalysis, often allows to enhance
the efficiency of US treatment, but the mechanism of sonocatalysis is not fully understood
and may differ depending on the catalyst [13].

Photocatalysis also emerged as a powerful AOPs towards the degradation of organic
pollutants. This process originates from charge separation induced in catalytic materials by
photon absorption. The electrons (e−) and holes (h+) generated on the surface of catalysts
upon photoexcitation can react with water and oxygen to form radicals, such as OH· and
O2
−. These radical species have a strong oxidative/reductive potential providing breaking

down organic pollutants [14]. Several studies have reported the kinetics and mechanisms
of EDTA photocatalytic degradation on a typical semiconducting photocatalyst P25 TiO2
loaded by metallic nanoparticles (NPs) or doped by cations or anions for better catalytic
performance [15]. Despite significant efforts, preparation of TiO2-based photocatalysts
highly efficient under visible light is still a challenge. Other works reported the enhanced
photocatalytic degradation of RhB using CdS NPs as a catalyst [3]. However, high toxicity
does not allow its application in environmental remediation [16].

In general, photocatalysis and sonocatalysis are often considered as competing tech-
nologies. However, the comparative studies of these techniques are scarce in the literature.
The aim of this work is to probe sonocatalysis driven by 345 kHz power US and photocataly-
sis under Xe lamp white light irradiation, as a simulator of the sunlight, for the degradation
of RhB and EDTA molecules in aqueous solutions. Herein, air passivated titanium (Ti0) and
Ti@TiO2 core-shell NPs were investigated as catalysts in selected systems. Very recently,
sonocatalytic degradation of EDTA over these catalysts has been reported [17]. It was found
that the combination of 345 kHz US with the metallic Ti0 NPs enhances the degradation of
EDTA (C0 = 5 × 10−3 M) under Ar/20% O2 atmosphere, and the presence of TiO2 anatase
NPs on the surface of the Ti0 reduces slightly its efficiency towards EDTA degradation.
The suggested mechanism of EDTA sonocatalytic degradation involves the sonochemical
oxidation of EDTA molecules by OH./HO2 radicals in solution and EDTA oxidation at
the surface of Ti0 NPs in the presence of O2 activated by the cavitation event [17]. These
results are being compared herein with those of the photocatalytic EDTA degradation
results. Moreover, a detailed comparison between the photocatalytic and sonocatalytic
RhB degradation mechanism is presented.

2. Results and Discussion

2.1. Structural, Chemical and Optical Properties of Ti0 and Ti@TiO2 NPs

TEM images show a quasi-spherical morphology of air-passivated Ti0 particles with
an average size of around 30–150 nm without any crystals at the surface (Figure 1a). SHT
treatment leads to the formation of nanocrystalline shell composed of 10–20 nm TiO2
particles (Figure 1d). The oxide layer, detected by EDX/STEM on the surface of initial Ti0

NPs, contributes to the presence of metastable Ti3O suboxide (Figure 1b), which has been
proven upon Rietveld refinement of powder XRD data (Figure 1c, Table 1). On the other
hand, the oxide layer on the surface of SHT treated Ti0 NPs corresponds mainly to TiO2
anatase (Figure 1d,e). Based on the phase composition shown in Table 1, we related the
formation of TiO2 to the oxidation of both Ti3O (Equation (1)), and Ti0 (Equation (2)):

Ti3O + 5H2O→ 3TiO2 + 5H2 (1)
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Ti + 2H2O→ TiO2 + 2H2 (2)
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Figure 1. TEM images, STEM/EDX mapping and XRD diffraction patterns of air passivated Ti0 NPs
(a–c) and Ti@TiO2 NPs (d–f). Green dots—Ti, red dots—O.

Table 1. Variation in the composition of air passivated Ti0 NPs and Ti@TiO2 obtained from the
Rietveld refinement of their XRD patterns [18].

Samples
mol.%

Ti Ti3O TiO2

Air passivated Ti0 86 14 -
Ti@TiO2 62 3 35

Recently, it has been reported [18] that the XPS spectrum of air passivated Ti NPs
exhibits the presence of Ti0 and lower oxidation states of titanium (TiO, TixOy and Ti2O3) at
the particle surface in agreement with the XRD analysis revealed the presence of titanium
suboxide in Ti0 NPs. SHT treatment causes disappearance of Ti0, TiO, TixOy and Ti2O3
peaks, and the experimental XPS spectrum of Ti@TiO2 NPs can be fitted by defect-free TiO2
spectrum, indicating effective coating of metallic titanium core.

As also reported in our previous work [18], diffuse reflectance spectra for both Ti0

and Ti@TiO2 NPs exhibit a broad band in the UV-NIR spectral range corresponding to the
interband transitions of metallic Ti0. The presence of TiO2 on the surface of the metallic NPs
promotes the formation of a characteristic absorption peak around 298 nm. In addition,
recent EIS study indicated a faster charge transfer at the interface of the particle and
electrolyte for Ti@TiO2 compared to Ti0 NPs. In general, the presence of TiO2 enhances
the charge transfer in such materials, which explains the higher photocatalytic activity of
Ti@TiO2 NPs compared to that of Ti0 NPs [18].

2.2. EDTA Study
2.2.1. Kinetics of Photocatalytic EDTA Degradation

Degradation of EDTA under the white light of Xe lamp was studied in the presence
of both air passivated Ti0 and Ti@TiO2 NPs under two different gas atmospheres Ar and
Ar/20% O2. The kinetics of EDTA photocatalytic degradation tends to vary based on the
choice of the catalyst, gas atmosphere and bulk temperature. Regardless of the chosen
experimental conditions, all kinetic curves related to the photocatalytic degradation of
5 mM EDTA solution are fitted with the zero-order kinetic model. We have chosen this
model in agreement to the previous study of EDTA photocatalytic degradation in the
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presence of TiO2 upon which the profiles for the time course of EDTA degradation at
different concentrations were linear in the range of 3 to 5 mM [15].

The significant degradation of EDTA in the presence of Ti@TiO2 NPs was proven
possible only when operating under Ar/20% O2 atmosphere (Figure 2a). Using Ar leads to
a very low change in EDTA concentration throughout the 4 h of light treatment (Figure S1).
Therefore, oxygen is a crucial factor for the efficient photocatalytic EDTA degradation pro-
cess. The rate of photocatalytic EDTA degradation tends to increase within the increase of
the reaction temperature: 3.6 ± 0.9 µmol L−1·min−1 at 40 ◦C, 5.8 ± 0.3 µmol·L−1·min−1 at
60 ◦C and 12± 0.1 µmol·L−1.min−1 at 80 ◦C. On the other hand, the rate of EDTA oxidation
recorded with Ti0 NPs (Figure S2a) at 60 ◦C in Ar/20% O2 (1.62 ± 0.3 µmol·L−1.min−1) is
approximately 4 times smaller than that recorded with Ti@TiO2 in the presence of Ar/20%
O2. It is noteworthy that the photothermal effect in the process of EDTA degradation
is somewhat similar to what was observed for the photocatalytic H2 production with
Ti@TiO2 photocatalyst [18]. In contrast to EDTA degradation, the kinetics of TOC removal
(Figure 2b) shows only a small decrease of ≤ 5%, indicating accumulation of intermediate
products during EDTA photocatalytic degradation.
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solutions under Ar/20% O2 atmosphere at 3 different temperatures in the presence of Ti@TiO2 NPs (catalyst concentration
0.12 g·L−1, V = 65 mL, Plight = 9.5 W).

The stability of Ti@TiO2 catalyst was evaluated by measurements of Ti ionic species in
solution after the photocatalytic experiment using ICP-OES analysis. Table 2 shows the
high stability of Ti@TiO2 catalyst in the entire temperature range studied.

Table 2. Concentration and percentage of Ti species leached into treated EDTA solution after 4 h of
Xe light irradiation with Ti@TiO2 catalyst in Ar/O2 atmosphere.

Temperature (◦C) [Ti] (mg·L−1) %Ti (± 5%)

40 0.26 0.27
60 0.32 0.33
80 0.4 0.41

2.2.2. Gaseous Products Formation upon Photocatalytic EDTA Degradation

The photocatalytic degradation of EDTA in the presence of Ti@TiO2 NPs and Ar/O2
gas mixture is accompanied only by CO2 release (Figure S3) and hydrogen formation is
not observed in this case. In pure Ar, some CO2 and H2 are formed in almost equal
amounts (Figure S4). No significant release of CO2 gas is observed when using Ti0

NPs as the photocatalyst in Ar/O2, which agrees with the low EDTA degradation rate
(Figure S2b). As shown in Figure 3, the calculated CO2 yields increases ca. 2 times when
the bulk temperature increases from 40 to 80 ◦C confirming photothermal effect in studied
system. The percentage of CO2 released within the temperature range 40 to 80 ◦C are
estimated from TOC curves (Figure 2b) to be between 2 to 5.8% of the initial EDTA content
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while that calculated from the CO2 emission curves (Figure S3) is between 3.2 to 6%. It
is worth noting that the pH increases from 4.6 to 5.8, 5.9 and 6.2 at 40, 60, and 80 ◦C,
respectively during 4 h of photocatalytic process. As for sonochemical and sonocatalytic
EDTA degradation, the increase of pH can be related to the reaction of reducing superoxide
anion O2

· (Equation (9)) with EDTA yielding tertiary iminium Schiff bases, which rapidly
hydrolyses into aldehydes and strongly basic secondary amines [19]. Formation of H2 in
pure Ar most likely can be attributed to the photocatalytic water splitting with EDTA as an
electron hole scavenger. In the presence of O2, hydrogen atom produces oxidative HO2

·

radical as it will be discussed below.
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tained upon photocatalytic degradation of 5 mM EDTA solution over Ti@TiO2 catalyst under Ar/20%
O2 and Ar at different temperatures (catalyst concentration 0.12 g·L−1, V = 65 mL, PXe = 9.5 W).

2.2.3. Effect of Temperature

Arrhenius plot for EDTA photocatalytic degradation is shown in Figure 4. The ap-
parent activation energy Eact equal to 28 ± 8 kJ.mol−1 is quite similar to that of other
photocatalytic processes studied with Ti@TiO2 NPs, and assigned to the diffusion of chemi-
cal species at the catalyst surface, rather than to the activation of the chemical bonds [20].
On the other hand, sonocatalytic EDTA degradation with the same catalyst shows very
low temperature effect (Eact = 5.0 ± 1.2 kJ·mol−1) [18], indicating essential difference in the
reaction mechanisms of photocatalytic and sonocatalytic processes.
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2.2.4. Comparison of Sonocatalytic and Photocatalytic EDTA Degradation

In this section, we compare the photocatalytic EDTA degradation studied in this
work in the presence of Ar/O2 gas mixture and the sonocatalytic EDTA degradation
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reported recently at similar conditions [17]. The overall efficiency of photocatalysis and
sonocatalysis can be evaluated upon comparing the yield of EDTA degradation, Y, using
the following equation: Y = M·P−1·m−1, where M is the amount of degraded EDTA (µmol),
P is the energy consumption (kJ), and m is the mass of catalyst (g). From the calculations
summarized in Table 3, one can conclude that photocatalyisis over Ti@TiO2 NPs is much
more efficient towards EDTA degradation than sonocatalysis with Ti@TiO2 and Ti0 NPs.
On the other hand, Ti0 NPs show better sonocatalytic performance compared to that
of photocatalysis.

Table 3. Calculated yields of EDTA degradation using Ti@TiO2 and Ti0 NPs at 40 ◦C under Ar/20%
O2 atmosphere in two different processes. Time of treatment was 4 h for each system.

Process Catalyst M (µmol) P (kJ) m (g) Y (µmol·kJ−1·g−1)

Photocatalysis Ti@TiO2 60 118 7.8 × 10−3 65
Ti0 <1 118 7.8 × 10−3 <1

Sonocatalysis [17] Ti@TiO2 354 720 0.4 1.5
Ti0 780 720 0.4 2.7

The mechanism of EDTA sonocatalytic degradation with Ti0 and Ti@TiO2 NPs re-
ported previously involves the degradation of EDTA by hydroxyl (OH), hydroperoxyl
(HO2

·) and superoxide (O2
−) radicals in solution and bubble/solution interface or by the

catalytic degradation of EDTA at the surface of the catalyst (Ti or Ti@TiO2) by oxygen
activated initially by the power US at the surface of titanium [17]. It was reported that
sonocatalytic EDTA degradation yields several intermediate products shown in Figure
S5a [21]. On the other hand, photocatalytic EDTA degradation process is initiated upon
photon absorption by Ti@TiO2 NPs in a similar manner reported previously for the pho-
tothermal production of H2 using the same catalyst [18]. The photocatalytic mechanism
can be expressed by Equations (3)–(10):

Ti@TiO2 + EDTA � Ti@TiO2·EDTA (3)

Ti@TiO2·EDTA + hν→ [e−Ti@TiO2
h+]·EDTA (4)

EDTA + 2h+ → Degradation products + 2H+ (5)

H2O + h+ → OH + H+ (6)

OH· + EDTA→ Degradation products (7)

e−+ O2 → O2
− (8)

O2
− + H+� HO2

·, pKa = 4.8 (9)

HO2
· + EDTA→ Degradation products (10)

After the electron-hole separation step (Equation (4)), the photogenerated hole (h+)
can oxidize EDTA molecules directly into the degradation products (Equation (5)) or it
can initially convert H2O molecules into hydroxyl radicals (OH·), which in return, ox-
idize EDTA molecules [22]. In the presence of O2 adsorbed at the surface of catalyst,
the photo-generated electons would yield superoxide anion-radicals (O2

− Equation (8)),
which in return, can react with EDTA [23]. On the other hand, scavenging of e- would
increase the yield of electron holes leading to the enhancement of EDTA photocatalytic
degradation. It is worth noting that superoxide anion-radical can be converted to HO2

·

radical (Equation 9), which can oxidize EDTA (Equation (10)). Furthermore, the reaction
of O2

− with EDTA gives tertiary iminium Shiff-bases which rapidly hydrolyses into alde-
hydes and strongly basic secondary amines [19]. This process can explain the increase
of pH during EDTA photocatalytic degradation similar to that reported for sonocatalytic
process [17]. Some similarity should be mentioned in the composition of intermediates for
both processes, those are iminodiacetic acid, formic acid, oxalic acid, glycolic acid and acetic
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acid [15,21]. The principal schemes of intermediate products formation are shown in
Figure S5. Recent studies highlighted a crucial role of photogenerated h+, OH· and O2

−

species [24,25] for efficient photocatalytic degradation of organic pollutants in agreement
with the proposed mechanism.

The photothermal effect of EDTA degradation is a major finding of this work. In a
previous research, the photothermal effect in the process of H2 production over Ti@TiO2
photocatalyst has been attributed to the diffusion of intermediates formed after hole scav-
enger degradation [18,20]. Alternatively, the improved photocatalytic degradation of EDTA
at higher temperatures in Ar/O2 atmosphere can also be related to the higher concentration
of OH· and HO2

· radicals produced. To verify this assumption, we studied the formation
of H2O2 during photocatalytic treatment of aqueous solutions saturated with Ar or Ar/O2
over Ti@TiO2 NPs at different temperatures. H2O2 is a stable product of OH· and HO2

· rad-
icals recombination and can be quantified in situ as TiO(O2) complex [26]. To assess TiO(O2)
measurements, photocatalytic experiments were performed using 0.02 M TiOSO4/0.25 M
H2SO4 solutions and Ti@TiO2 photocatalyst in the absence of EDTA. After irradiation
with Xe lamp, the samples have been withdrawn and analysed spectrophotometrically
after removal of catalytic particles with PTFE filter. As shown in Figure 5, the amount of
H2O2 produced in the presence of Ar atmosphere is much lower than that produced in
the presence of Ar/O2 at 40 ◦C in agreement with kinetics of EDTA photodegradation.
Moreover, the initial rate of H2O2 formation in Ar/O2 at 60 ◦C is ca. 2 times higher than
that produced at 40 ◦C. This observation clearly indicates that the observed photothermal
effect is related to the improvement of photogenerated radical production with the increase
of bulk temperature. In addition, Figure 5 reveals a plateau of H2O2 concentration reaching
upon photolysis. Perhaps this is because of Ti@TiO2 NPs photocorrosion in acid medium.
Figure S6 demonstrates the increase of titanium in 0.25 M H2SO4 solution upon irradiation
with Xe lamp, and the rate of metallic titanium core dissolution increases with temperature.
Dissolution of titanium metal in H2SO4 leads to the formation of Ti(III), which is rapidly
oxidized by H2O2. Superposition of H2O2 formation and consumption yields, finally, its
steady-state concentration. It is worth noting that in the absence of light Ti@TiO2 NPs are
quite stable in 0.25 M H2SO4 solution.
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Figure 5. H2O2 concentration produced during photocatalytic experiments with 0.02 M TiOSO4/
0.25 M H2SO4 solutions over Ti@TiO2 NPs at different temperatures (catalyst concentration 2 g L−1,
V = 65 mL). Concentration of TiO(O2) complex equal to that of formed H2O2 was monitored at
410 nm (ε = 626 cm−1·M−1) [26].

2.2.5. Rhodamine B Degradation
RhB Sonochemical Degradation

To evaluate the effect of 345 kHz power US on the kinetics of RhB degradation, a set
of experiments have been carried out taking into account the initial concentration of RhB,
the nature of the saturating gas, and the nature of catalyst.
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At (RhB)0 ≤ 0.2 mM, only 15–20 min of ultrasonic treatment was sufficient for the total
removal of RhB as it can be seen from the Figure S7a–d. On the other hand, at (RhB) = 1 mM
(500 ppm), RhB degradation is observed over a longer time scale and follows zero-order
kinetics (Figure 6). In fact, the kinetics of RhB removal is not influenced by Ti0 or Ti@TiO2
NPs (Figure 6 and Figure S8), indicating the absence of sonocatalytic effect in this system
in contrast to EDTA sonochemical degradation [17].
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Figure 6. Kinetic curves of RhB evolution upon sonolysis of homogeneous RhB solution and sono-
chemical oxidation of RhB in the presence of Ti0 and Ti@TiO2 NPs in Ar/20% O2 at (catalyst
concentration 2 g L−1, T= 40 ◦C).

Figure 7 shows better performance of the sonochemical process in the presence of
Ar/O2 atmosphere compared to pure Ar or air. In addition, sonochemical degradation of
RhB is more rapid than that of EDTA even in Ar and air (Table 4). In general, kinetic data
point out significant difference in sonochemical mechanisms for RhB and EDTA, which
can be assigned to the difference in physico-chemical properties of these molecules. It is
well known that RhB readily forms dimers in aqueous solutions [27]. These relatively large
and hydrophobic dimers enable to accumulate at cavitation bubble/solution interface thus
providing RhB degradation not only by oxidizing radicals but also by interfacial pyrolytic
decomposition [28].
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Table 4. Comparison of RhB and EDTA degradation rate (R) obtained upon sonolysis by 345 kHz
power US at 40 ◦C obtained under Ar, Ar/20% O2 and Air.

Ar 20%O2 Ar Air

RRhB (µmol−1 L−1 min−1) 16 ± 1.3 10 ± 0.3 12 ± 0.6
REDTA (µmol−1 L−1 min−1) 6.42 ± 0.43 4 ± 0.03 Not calculated

2.2.6. RhB Photocatalytic Degradation

In contrast to sonochemistry, at (RhB) = 1 mM photocatalytic degradation is not
observed regardless of the chosen experimental conditions, such as temperature, nature
of the catalyst and gas mixture (Figure S9). This can be related to the strong light self-
absorption by RhB molecules (Figure S7a). It was previously reported that the initial
concentration, in this case of RhB, is an important parameter determining the efficiency of
photodegradation of the organic pollutant. The high concentration of RhB in photocatalytic
processes can result in the decrease of light penetration into the suspension, thus, decreasing
the overall efficiency of RhB degradation [29]. At (RhB) = 0.1 mM, some degradation is
observed in the presence of Ar/O2 gas mixture with the rate ≤0.6 ± 0.1 µmol·L−1.min−1

(Figure S10). However, in pure Ar photocatalytic removal of RhB is not feasible at this
concentration.

As the concentration of initial RhB solution is decreased to 0.01 mM, the photocatalytic
process over Ti@TiO2 NPs and under Ar/O2 atmosphere becomes clearly observable. The
initial degradation rate only weakly varies with temperature (Figure 8a) and is equal to
0.5 µmol.L−1.min−1. On the other hand, photothermal effect is observed for TOC removal
(Figure 8b) and CO2 emission (Figure 9). Such a difference can be explained by the fact that
CO2 emission (TOC removal) originates from intermediate product degradation, rather
than from primary RhB molecule defunctionalisation.
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The reaction intermediates of RhB photocatalytic degradation includes 4-(methoxycarbonyl)
benzoic acid, 2-(methoxycarbonyl) benzoic acid, phthalic acid, isophthalic acid terephthalic
acid, phthalic anhydride, 2-hydroxypentanedioic acid and maleic acid, etc [30]. Then, the
products were further transformed to smaller organic products, CO2 and H2O following
the similar mechanism as for photocatalytic EDTA degradation (Equations (3)–(10)). It
is noteworthy to mention that the photothermal effect is less pronounced with RhB than
with EDTA. Replacing Ar/O2 by Ar or Ti@TiO2 by Ti0 leads to a significant drop in RhB
degradation rate (Figure S10). In general, the efficiency of RhB photocatalytic degradation
is lower than of EDTA, which can be attributed to weaker complexing ability of RhB (or
RhB dimer) compared to EDTA. According to the proposed mechanism of photocatalytic
process (Equations (3)–(10)), the formation of surface complexes is important for efficient
charge transfer after catalyst photoexcitation step.
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Figure 9. Calculated CO2 yield from the photothermal treatment of 0.01 mM RhB solutions in
the presence of Ti@TiO2 photocatalyst under Ar/20% O2 atmosphere at 40, 60 and 80 ◦C (catalyst
concentration 0.12 g−1·L−1 V = 60 mL, PXe light = 9.5 W). Emission profiles of CO2 emission are
shown in Figure S14.

3. Materials and Methods
3.1. Chemical Reagents

Na2H2EDTA·2H2O (98%, Fluka AG, Hamburg, Germany), Rhodamine B (C28H31ClN2O3,
for fluorescence, Sigma Aldrich, India), titanium nanopowder (Ti, 99%, Nanostructured
& Amorphous Materials, Inc., Los Angeles, CA, USA), TiO2 anatase (99%, 95% anatase,
5% rutile, US Research Nanomaterials, Inc., Houston, TX, USA) were used as received
without further purification. All solutions were prepared with deionized water (Milli-Q,
18.2 MΩ.cm at 25 ◦C, Darmstadt, Germany). Air, Ar and Ar/O2 gas mixture with 20 vol.%
of O2 and Ar of 99.999% purity were supplied by Air Liquide (Paris, France).

3.2. Catalyst Preparation

Ti@TiO2 core-shell nanoparticles (NPs) have been obtained by sonohydrothermal
treatment (20 kHz, 200 ◦C) of commercially available Ti0 NPs in pure water [18,20]. It is
worth noting that Ti0 NPs are potentially pyrophoric and cannot be used in catalysis as such.
In this work, Ti0 NPs were passivated by storage in contact with air at room temperature
for ca. 48 h. In a typical synthesis procedure, 2 g of air passivated Ti0 NPs are dispersed in
50 mL deionized H2O for 5 min using an ultrasonic bath. The dispersion is then transferred
into the sonohyrothermal reactor (Figure S13) and heated at 200 ◦C (autogenic pressure
P = 19 bar) under simultaneous ultrasonic treatment (f = 20 kHz, Pac = 17 W) for 3 h. After
cooling, the treated particles are recovered by centrifugation (12 min, 9000 rpm), washed
with deionized water and dried at room temperature under reduced pressure.

3.3. Catalyst Characterization

The crystal phase identification of the as-synthesized particles and air passivated Ti0

NPs was performed by X-ray diffraction (XRD) analysis. The XRD measurement was done
using Bruker D8 Advance X-ray diffractometer equipped with a linear Lynx eye detector
(Cu Kα1,2 radiation, λ = 1.54184 Å). The patterns were collected at room temperature
in the range of 10–90 2θ degrees with a step size of 0.02 2θ degree and a counting time
of 1.8 s·step−1. Rietveld refinement was performed on the XRD patterns to determine
the different phase composition of our particles. The structure and morphology were
examined by high-resolution transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM) coupled with EDX mapping (SDD Oxford detec-
tor, High Wycombe, UK). The analysis was performed using Jeol 2200FS (200 kV, Tokyo,
Japan) microscope.
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3.4. Experimental Setups
3.4.1. Photocatalytic Experiments

Photocatalytic degradation of EDTA and RhB has been performed using commercial
anatase TiO2, air passivated Ti0 NPs and the as-synthesized Ti@TiO2 core-shell NPs. The
experiments were carried out in a thermostated glass-made gas-flow cell (Figure S14a)
adapted to mass spectroscopic analysis of the outlet gases [18]. For a typical experiment,
7.8 mg of the catalyst was dispersed in an ultrasonic bath (Pel = 100 W, f = 40 kHz) in
65 mL of 5 Mm EDTA solution or in 65 mL of 2.10−3 to 1 mM (1 to 500 ppm) RhB solutions
and then placed into the photoreactor. Photolysis was performed using the white light
of ASB-XE-175 W xenon lamp equipped with ozone blocking coatings. The lamp was
placed at 8 cm away from the reactor and the light power at this distance was measured
by X1-1 Optometer (Gigahertz-Optik GmbH, Türkenfeld, Germany) using UV-3710-4
(300–420 nm) and RW-3705-4 (400–1100 nm) calibrated detectors. The obtained values of
light power were equal to 8.9 (1.07 W·cm−2) and 0.6 W (0.07 W·cm−2) for vis/NIR and UV
spectral ranges respectively, which provides the close spectral match to solar spectrum.
The solutions inside the reactor were stirred continuously and the temperature was kept
constant at 40, 60 or 80 ◦C during photolysis. The gas flow (Ar or Ar/20% O2) through the
reactor was kept constant at 58 mL·min−1 and controlled by a volumetric flowmeter. The
gaseous products in the outlet gas were analysed using a Thermo Scientific PRIMA BT mass
spectrometer. The H2 and CO2 formation rate was quantified using external calibration
curves prepared with standard gas mixtures in argon (Messer). During photolysis, sample
aliquots are taken at specified time intervals filtered using 0.2 µM PTFE filters and used for
TOC and UV-vis spectroscopic analysis. The kinetics of RhB photocatalytic degradation
are studied following the change in RhB absorption peak at 532 nm. On the other hand,
EDTA kinetics are followed following the change in the absorption peak of (Fe-TPTZ)2+

complex where TPTZ stands for Bis (2,4,6-tripyridyl-s-triazine). Fe-TPTZ has an intense
violet blue color. EDTA in the presence of Fe-TPTZ reacts with iron to form a complex,
which decreases the color intensity of the mixture. The absorbance is directly proportional
to the concentration of EDTA, as shown recently [31].

3.4.2. Sonocatalytic Experiments

For RhB degradation experiments under ultrasonic irradiation, a homemade ther-
mostated glass reactor (Figure S14b) similar to the one reported in our previous work
regarding the sonocatalytic degradation of EDTA was used [17]. High frequency ultrasonic
treatment is supplied by 345 kHz transducer (25 cm2

, ELAC Nautik, Kiel, Germany) fixed at
the bottom of the glass reactor and connected to a generator with a maximal electric power
of 125 W (T&C Power Conversion Inc., Rochester, NY, USA). For a typical degradation
process, we use 200 mL of RhB solution with initial concentration of 5–500 mg·L−1. An
additional amount of 2 g·L−1 of Ti0 NPs or Ti@TiO2 NPs is added to the RhB solution
and the mixture obtained is dispersed for at least 5 min in an ultrasonic bath (Pel = 100 W,
f = 40 kHz) and then transferred into the glass reactor. Prior sonochemical treatment, the
mixture was saturated with the desired gas (Ar, Ar/20% O2 or air) for at least 20 min by
bubbling through thin plastic tube at 200 mL.min−1 and kept constant throughout the
entire experiment time. External control of the reaction temperature was provided by a
Huber Unistat Tango thermo-cryostat (Offenburg, Germany). The internal temperature
of the reaction mixture was kept constant at 40 ◦C through the entire ultrasonic treatment
and monitored with a Pt 100 probe. Continuous mechanical stirring at a rate of 300 rpm
was applied to maintain homogeneous suspension of the catalyst particles in solution. At a
defined time interval, sample aliquots were taken and filtered with a 0.2 µm PTFE filter
to remove solid particles. The filtered solution is then used to follow total organic carbon
using a Shimadzu TOC-VCSH analyser calibrated with standard potassium phthalate
solution and RhB concentration by absorption peak at 520 nm using a Thermo Scientific
Evolution 220 UV-vis spectrophotometer.
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4. Conclusions

In summary, this study pointed out that the choice of a suitable treatment process,
sonochemistry, sonocatalysis or photocatalysis, for the degradation of organic pollutants
in wastewater is highly dependent on the nature of chosen pollutant and the catalyst. For
strongly complexing but weakly light absorbing species, like EDTA, photocatalysis is more
efficient than sonocatalysis, and the use of catalyst influences greatly the kinetics of both
processes. Faster sonocatalytic degradation is obtained in the presence of air passivated Ti0

NPs under Ar/20% O2 [17], while photocatalytic degradation of EDTA molecules is more
efficient when using a core-shell photocatalyst, Ti@TiO2, also in the presence of Ar/20% O2.
On the other hand, for strongly light absorbing, but weakly complexing, pollutants, like
RhB, sonochemistry is much more efficient than photocatalysis. However, the presence of
oxygen is required for both systems. The interesting finding of this work is a photothermal
effect observed for EDTA, and, in less extent, for RhB degradation. Complementary studies
have revealed that the observed photothermal effect of EDTA degradation can be attributed
to the enhanced production of oxidizing radicals at higher temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11080928/s1, Figure S1: Kinetic curves of EDTA evolution during photolysis of 5 mM
initial EDTA solutions under Ar atmosphere at 40 and 60 ◦C in the presence of Ti@TiO2 NPs; Figure S2:
Kinetic curves of EDTA evolution (a) and CO2 emission profile (b) during photolysis of 5 mM initial
EDTA solutions under Ar20%O2 atmosphere at 60 ◦C in the presence of Ti0 NPs; Figure S3: Typical
carbon dioxide emission profiles obtained upon irradiating 5 mM EDTA solution under the white
light of the Xe lamp and in the presence of Ti@TiO2 catalyst under Ar20%O2; Figure S4: Typical
carbon dioxide (a) and hydrogen(b) emission profiles obtained upon irradiating 5 mM EDTA solution
under the white light of the Xe lamp and in the presence of Ti@TiO2 catalyst under Ar; Figure S5: By-
products of sonocatalytic [21] (a) and photocatalytic [15] (b) EDTA degradation; Figure S6: Evolution
of titanium concentration in solution during photocatalytic experiments with 0.25 M H2SO4 solutions
over Ti@TiO2 NPs at different temperatures in the presence of Ar/20%O2; Figure S7: Absorption
spectrum of 10-2 mM (a), 10-1 mM (b) and 2 10-1 mM (c) RhB solution during sonolysis at 40 ◦C with
345 kHz in Ar20%O2. Major absorption peak of RhB is at 553 nm. [RhB] degradation profiles as a
function of time 10-1 and 2 10-1 mM are shown in graph (d); Figure S8: Kinetics of RhB evolution
upon ultrasonic treatment under Ar (a) and under Air (b) flux in the presence of solid particles;
Figure S9: Variation of RhB concentraion upon photothermal treatment of 1 mM RhB solution with
and without catalyst under Ar flux at 40 ◦C (a) and with Ti@TiO2 at 40 ◦C and 60 ◦C with Ar and
Ar/20%O2; Figure S10: Variation of RhB concentraion upon photothermal treatment of 0.1 mM
RhB solution with Ti@TiO2 catalyst under Ar (a) and under Ar/20%O2 (b); Figure S11: Variation of
0.01 mM initial RhB concentration upon photocatalytic treatment with Ti@TiO2 under Ar atmosphere
(a) and with Ti0 under Ar/20%O2 atmosphere (b); Figure S12: Carbon dioxide emission profiles from
photothermal treatment of 0.01 mM RhB solutions in the presence of Ti@TiO2 photocatalyst under
Ar/20%O2 atmosphere at 40, 60 and 80 ◦C; Figure S13: Graphical sketch of sonohydrothermal reactor;
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