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Abstract: Visible light-sensitive TiO2-based nanomaterials are widely investigated for photocatalytic
applications under high power (≥300 W) UV and visible light. The formation of charge transfer com-
plexes (CTCs) between bidentate ligands and nanocrystalline TiO2 promotes visible light absorption
and constitutes a promising alternative for environmental remediation under reduced visible light
power. However, the efficiency of photodegradation, the volatilization profile of bidentates, and the
role of reactive oxidizing species (ROS) are not fully understood. In this study, thermogravimetric
analyses coupled with mass spectroscopy (TGA-MS) were performed on TiO2-Acetylacetone (ACAC)
CTC. TiO2-ACAC CTC calcined at 300 ◦C (TiO2-A300) was applied for the photocatalytic degradation
of chlorophenol (4-CP) and tetracycline (TC) under low power visible light (26 W). Furthermore, the
ROS scavengers isopropanol and benzoquinone were added for studying the photocatalytic role of
•OH and •O2

− radicals. The TGA-MS showed the release of ACAC fragments, such as ethyl ions and
acetone, in the range between 150 ◦C and 265 ◦C, while between 300 ◦C and 450 ◦C only CO2 and
H2O were released during oxidation of ACAC. The photocatalytic abatement of tetracycline (68.6%),
performed by TiO2-A300, was ~two times higher than that observed for chlorophenol (31.3%) after
6 h, indicating a distinct participation of ROS in the degradation of these pollutants. The addition
of the ROS scavenger revealed •O2

− radicals as primarily responsible for the high efficiency of
TiO2-ACAC CTC under reduced visible light. On the other hand, the •OH radicals are not efficiently
generated in the CTC. Therefore, the development of heterostructures based on TiO2-ACAC CTC can
increase the generation of ROS through coupling with semiconductors capable of generating •OH
under visible light.

Keywords: ligand-to-metal charge transfer; anatase; oxygen-based bidentate diketone; sol-gel; TGA-
MS; remediation of aqueous pollutants

1. Introduction

The intensive use of drugs for the treatment of human health and industrial wastewater
disposal are potential sources of contamination of aqueous effluents [1–4]. Currently, water
treatment plants are not designed for the remediation of pharmaceutical and personal care
products (PPCPs) [1,2]. An example of PPCPs is the antibiotic tetracycline, used to prevent
bacterial infections, found in sewage from the pharmaceutical industry, hospitals, and
livestock [5,6]. The remediation of organic compounds, such as chlorophenol, is a priority
due to its high toxicity, low biodegradability, and carcinogenic and endocrine disruptive
properties [4,7].

In this context, photocatalysis (an advanced oxidative process) is an alternative and
sustainable technology for the remediation of these pollutants. The development of new
photocatalysts mainly seeks to increase the capacity of the absorption of sunlight, i.e., to
expand absorption from the ultra-violet (UV) region to the visible spectrum, since the
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visible region comprises ~45% of the solar spectrum [6,8–12]. In addition, the maximization
of the photogeneration of reactive oxygen species (ROS), such as •O2

− and •OH, plays a
key role in photocatalytic activity [13,14]. This maximization occurs through the increase
in the formation of e−/h+ pairs and, consequently, their interaction with the O2 and H2O
molecules to generate •O2

− and •OH, respectively.
Thus, the visible light sensitization mechanism denominated as the ligand-to-metal

charge transfer (LMCT) has gained recognition in the development of TiO2-based nano-
materials [15], although the effect of point defects should also be considered [16–18]. The
LMCT mechanism promotes, in theory, the efficient photogeneration of superoxide radicals
under visible light [16] and consists of the direct injection of e− from the highest occupied
molecular orbital (HOMO) of a chelating ligand into the conduction band (CB) of a semi-
conductor, such as TiO2 [19]. The LMCT mechanism occurs via bonds formed between the
chelating ligands (small organic molecules) and the TiO2 surface [15,16,19].

The LMCT complex based on TiO2 and acetic acid (monodentate ligand) showed pho-
todegradation of phenol higher than 90% after 1.5 h exposure to a blue light-emitting diode
(LED) lamp (20 W) [20]. In addition, another LMCT complex, made of TiO2 and salicylic
acid (bidentate ligand), revealed the potential for the selective aerobic oxidation of amines
to imines under blue LED irradiation (3 W), having a selective yield of 92% of the desired
product, N-benzylidenebenzylamine [21]. Other LMCT complexes of TiO2 and bidentate
ligands, such as glucose [22] and alizarin [23], showed ~100% photocatalytic reduction of
Cr (VI) during 1 h under visible light irradiation (Xenon lamp 300 W). Furthermore, the
nanocrystalline charge transfer complex (CTC) between TiO2 and acetylacetone (bidentate)
calcinated at 300 ◦C in air revealed ~100% NOx gas photodegradation for 2 h under visible
light irradiation (24 W) [16]. Another study on the amorphous TiO2-Acetylacetone complex
revealed ~90% degradation of 2,4-dichlorophenol after 24 h in the absence of irradiation
in the presence of high catalyst concentration (1 g·L−1) [24]. However, as the authors are
aware, a CTC such as TiO2-bidentate has not been investigated thus far for photocatalytic
applications in drug degradation.

Moreover, the understanding of the role of reactive radicals on the photocatalytic
activity of these complexes is not fully understood. Experimental analyses performed by
electron paramagnetic resonance (EPR) [16,25] and theoretical studies based on density
functional theory (DFT) reported for the TiO2-Acetylacetone [25] and TiO2-Thiosalicylic
acid [26] complexes demonstrate the capacity of the LMCT mechanism to produce super-
oxide (•O2

−). On the other hand, Fourier transform infrared (FTIR) analysis reveals the
presence of adsorbed hydroxyls on the surface of these LMCT complexes [16,20–22,25] that
may participate in the formation of •OH if electronic holes exist in the valence band (VB) of
TiO2. However, to the best of our knowledge, the individual potential of ROS in the LMCT
systems has not been evaluated for photocatalytic applications. The ROS scavengers have
been, however, already employed to other photocatalysts in photocatalytic measurements
in the liquid medium to assess the individual potential of each ROS [4,6,27–30].

The measurements of photocatalytic degradation of chlorophenol and tetracycline
by CTC, combined with the use of •O2

− and •OH scavengers, would clarify the actual
potential of each ROS in the photocatalytic abatement.

Photocatalytic degradation in a liquid medium under visible light irradiation is mostly
carried out with a light power superior to 300 W [30–33]. The high energy consumption of
the lamps follows the opposite path to the sustainable nature of photocatalysis. Therefore, a
lamp with reduced power such as residential lamps of 26 W will be applied in this research
for the degradation of aqueous pollutants.

This study has as the main goals (1) the evaluation of the potential of TiO2-Acetylacetone
CTC calcinated at 300 ◦C in air for the photodegradation of chlorophenol and tetracycline
under reduced power visible light (26 W) and (2) an understanding of ROS (•O2

− and
•OH) roles in photocatalysis performed by TiO2-Acetylacetone using scavengers, such as
benzoquinone and isopropanol. Furthermore, the volatilization profile of TiO2-ACAC CTC
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was studied up to 550 ◦C by thermogravimetric analysis coupled with mass spectroscopy
(TGA-MS) to confirm the presence of acetylacetone at temperatures above 150 ◦C.

2. Results
2.1. Evaluation of TiO2-ACAC CTC Volatilization Profile by TGA-MS

TiO2-A-RT, TiO2-ACAC, and TiO2-A300 were analyzed by TGA-MS to confirm the
presence of ACAC above 150 ◦C through the release of ACAC fragments or the release of
the entire ACAC molecule on heating.

The TGA curve of the TiO2-A-RT sample (Figure 1a) revealed an expressive mass loss
of 29.5 wt.% at temperatures below 150 ◦C due to dehydration of the material. Furthermore,
the mass loss between 150 ◦C and 450 ◦C is associated with the release of acetylacetone,
as documented by TGA-MS results (Figure 1b). The mass loss of organic species between
150 ◦C and 450 ◦C was ~15 wt.% and approximately equal to the mass loss of the TiO2-
ACAC xerogel for the same temperature region [16]. The TGA curves of TiO2-ACAC and
TiO2-A300 and their first derivatives (DTG) (Figure S1, see Supplementary Materials) were
in accordance with the results previously reported by Almeida et al. [16].
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Figure 1b illustrates the evolution profiles of released gases as a function of temper-
ature for the TiO2-A-RT sample. In the first temperature stage of volatilization between
30 ◦C and 150 ◦C, species with m/z of 17, 18, 19, and 20, corresponding to water were
detected [34]. In the second temperature stage between 150 ◦C and ~265 ◦C, the m/z of
43, 44, and 58 were identified, owing to the release of acetyl ions (CH3C≡O+), CO2, and
acetone, respectively [35]. Bowie et al. [35] showed that m/z of 43 and 58 are associated
with the fragmentation of the ACAC molecule, where the most intense peak of the ACAC
volatilization in the mass spectrum is m/z 43, belonging to acetyl ions. Acetone and CO2
release in this temperature range are in accordance with Acik et al. [36] who observed the
release of both species from the amorphous TiO2-ACAC xerogel. In the third temperature
region of mass loss between 300 ◦C and 450 ◦C, an increase of CO2 release was identified
(m/z = 44 and 45) together with water release, which is in accordance with the observa-
tion of Acik et al. [36] and Madarász et al. [37] for amorphous TiO2-ACAC xerogel and
crystalline titanium oxobis(acetylacetonate), respectively.

The profiles of gaseous species released from nanocrystalline TiO2-ACAC and TiO2-A300
samples are shown in Figure 2. The volatilization stages of TiO2-ACAC (Figure 2a) follow a
similar path as TiO2-A-RT (Figure 1). TiO2-ACAC water release occurs in the temperature
range between 30 ◦C and 150 ◦C, followed by a two-stage release of molecules due to
ACAC oxidation above 150 ◦C. In the interval from 150 ◦C to ~265 ◦C, only acetyl ions
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(m/z = 43) and CO2 (m/z = 44) were released. In addition, in the third temperature stage
(300–450 ◦C), CO2 (m/z = 44 and 45) and water release were reported. The absence of
acetone release in the TiO2-ACAC xerogel probably occurred due to overnight drying at
100 ◦C, reducing the excess ACAC content in the sample.
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On the other hand, the TGA-MS data of the TiO2-A300 sample (Figure 2b) revealed
only two distinct temperature stages of gases volatilization. The first stage between 30 ◦C
and 150 ◦C was related to a release of water (m/z = 17, 18 e 19, and 20), while the second
stage between 300 ◦C and 450 ◦C was due to CO2 and water release. The volatilization step
of the ACAC oxidation products above 300 ◦C, for all studied TiO2-ACAC CTC samples,
indirectly contributes to proving that the ACAC is responsible for the sensitization of TiO2
in visible light in the samples calcined at 300 ◦C, as previously reported [16].

2.2. Chlorophenol Photodegradation and ROS Efficiency under Reduced Power Visible Light

Figure 3 shows the photocatalytic degradation of chlorophenol using TiO2-A300 CTC
during the period of 6 h. Photolysis did not promote pollutant degradation (green curve).
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The TiO2-A300 CTC revealed photocatalytic abatement of 31.3% ± 3.1% for 4-CP after
6 h (Figure 3). Li et al. [32] quantified visible light abatement of 4-CP as 29.9% after 2 h
using graphene grafted titania/titanate nanosheets under UV-Vis light of 500 W for the
same concentrations of pollutants and photocatalyst used in our study. Furthermore, 4-CP
degradation using TiO2-A300 was nearly half of the degradation reported by Li et al. [32]
after 2 h, however, with a light source with 20 times lower power.

The addition of the •OH radical scavenger (IPA) did not significantly impact the
degradation efficiency of TiO2-A300 (Figure 3). The observed photodegradation of 4-CP
was 32.8% ± 3.1% after 6 h and was within the error of the degradation measured for
TiO2-A300 without the addition of the IPA scavenger. On the other hand, Moraes et al. [4]
revealed that with the addition of the IPA, the degradation of 4-CP (10 mg·L−1) using
nanometric anatase (0.2 g·L−1) was about two times lower in comparison to the degradation
without the addition of the IPA, however, under UV light and after 3 h. Therefore, these
data indicate that hydroxyl radicals played an important role in the degradation of 4-CP
for TiO2 under UV light, since it promoted the formation of e−/h+ pairs and, consequently,
•OH radials. The results reported by Moraes et al. [4] are in accordance with studies
that show that •OH radicals have a dominant role in photodegradation of 4-CP [32,38].
However, for TiO2-A300 CTC under visible light, it was not possible to detect the role of
•OH radicals in the photodegradation of 4-CP. Therefore, our results strongly indicate that
TiO2-A300 CTC does not efficiently generate •OH radicals under visible light.

On the other hand, the addition of the •O2
− scavenger (BQ) caused a strong reduction

of the photodegradation potential of TiO2-A300 (Figure 3). The 4-CP abatement after
the addition of BQ was only 10.9% ± 2.1% after 6 h interval. Therefore, the •O2

− plays
an important role in the photocatalytic activity of TiO2-A300 during the degradation of
4-CP. According to Su et al. [39] and Fónagy et al. [40], benzoquinone is predominantly
reduced by •O2

− radicals and e− and, consequently, degraded. Therefore, •O2
− generated

by TiO2-A300 CTC preferentially degrades BQ molecules instead of degrading 4-CP, as
illustrated in Figure 4. The expressive 76.7% ± 2.1% BQ degradation and low 4-CP degra-
dation after 6 h demonstrate the efficient generation of •O2

− radicals under visible light
from TiO2-A300.

Catalysts 2022, 11, x FOR PEER REVIEW 5 of 13 
 

 

The TiO2-A300 CTC revealed photocatalytic abatement of 31.3% ± 3.1% for 4-CP after 
6 h (Figure 3). Li et al. [32] quantified visible light abatement of 4-CP as 29.9% after 2 h 
using graphene grafted titania/titanate nanosheets under UV-Vis light of 500 W for the 
same concentrations of pollutants and photocatalyst used in our study. Furthermore, 4-
CP degradation using TiO2-A300 was nearly half of the degradation reported by Li et al. 
[32] after 2 h, however, with a light source with 20 times lower power. 

The addition of the •OH radical scavenger (IPA) did not significantly impact the 
degradation efficiency of TiO2-A300 (Figure 3). The observed photodegradation of 4-CP 
was 32.8% ± 3.1% after 6 h and was within the error of the degradation measured for TiO2-
A300 without the addition of the IPA scavenger. On the other hand, Moraes et al. [4] re-
vealed that with the addition of the IPA, the degradation of 4-CP (10 mg·L−1) using nano-
metric anatase (0.2 g·L−1) was about two times lower in comparison to the degradation 
without the addition of the IPA, however, under UV light and after 3 h. Therefore, these 
data indicate that hydroxyl radicals played an important role in the degradation of 4-CP 
for TiO2 under UV light, since it promoted the formation of e–/h+ pairs and, consequently, 
•OH radials. The results reported by Moraes et al. [4] are in accordance with studies that 
show that •OH radicals have a dominant role in photodegradation of 4-CP [32,38]. How-
ever, for TiO2-A300 CTC under visible light, it was not possible to detect the role of •OH 
radicals in the photodegradation of 4-CP. Therefore, our results strongly indicate that 
TiO2-A300 CTC does not efficiently generate •OH radicals under visible light. 

On the other hand, the addition of the •O2− scavenger (BQ) caused a strong reduction 
of the photodegradation potential of TiO2-A300 (Figure 3). The 4-CP abatement after the 
addition of BQ was only 10.9% ± 2.1% after 6 h interval. Therefore, the •O2− plays an im-
portant role in the photocatalytic activity of TiO2-A300 during the degradation of 4-CP. 
According to Su et al. [39] and Fónagy et al. [40], benzoquinone is predominantly reduced 
by •O2− radicals and e– and, consequently, degraded. Therefore, •O2− generated by TiO2-
A300 CTC preferentially degrades BQ molecules instead of degrading 4-CP, as illustrated 
in Figure 4. The expressive 76.7% ± 2.1% BQ degradation and low 4-CP degradation after 
6 h demonstrate the efficient generation of •O2− radicals under visible light from TiO2-
A300. 

 
Figure 4. The absorbance of the BQ band situated at 246 nm and the 4-CP band at 224 nm, over time. Figure 4. The absorbance of the BQ band situated at 246 nm and the 4-CP band at 224 nm, over time.



Catalysts 2022, 12, 116 6 of 13

2.3. Tetracycline Photodegradation and ROS Efficiency under Reduced Power Visible Light

Figure 5 shows the photocatalytic degradation of tetracycline using TiO2-A300. The
photolysis (green curve) did not show pollutant degradation during the test time.
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The TiO2-A300 CTC showed a high photocatalytic degradation of 68.6% ± 3.4% of
TC after 6 h (Figure 5). In addition, the maximum photodegradation of TC up to the
abatement stabilization was 83% after 11 h (Figure S2). This maximum abatement of TC
from TiO2-A300 was similar to the 86.7% degradation reported by Wang et al. [6] for the
WO3-TiO2 core-shell heterostructure decorated by Pt nanoparticles (0.08 g·L−1) under
UV-Vis light at 300 W after 2 h. However, the performance of TiO2-A300 was achieved with
11.5 times lower light power with the use of visible instead of UV light and without the use
of precious metals.

The use of isopropanol as the •OH scavenger revealed an abatement of 74.6% ± 8.7%
after 6 h, within the error bars of the degradation without the addition of the IPA scav-
enger. In contrast, TC degradation under UV-Vis light by heterostructures, such as
ZnO/GO/Ag3PO4 [41], Ag3PO4/AgBr/g-C3N4 [42], and Bi2W2O9/g-C3N4 [43] revealed
a decrease in TC abatement due to the addition of IPA. These results reported for the
heterostructures indicate that •OH radicals contribute to the degradation of TC when
generated [5]. Therefore, the result obtained for TiO2-A300 suggests that TiO2-A300 is not
capable of producing •OH under visible light.

The TC photodegradation with the addition of BQ was significantly reduced to
21.8% ± 7.6% using TiO2-A300 after 6 h (Figure 5). The reduction observed in our study
agrees with the literature, where different ceramic heterojunctions showed low TC degra-
dation efficiency with the addition of BQ under high power UV or UV-Vis light sources
(>300 W) [6,42,44]. He et al. [5] reported that •O2

− and H2O2 radicals are capable of attack-
ing the benzene ring of tetracycline, oxidizing the N-dimethyl group and the -C(O)NH2
group, suggesting that •O2

− plays an important role in the photodegradation pathway
of TC. Therefore, the TC degradation behavior observed in Figure 5 is mainly due to the
efficient generation of •O2

− radicals by TiO2-A300 CTC.
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3. Discussion

The TGA-MS results of TiO2-A-RT, TiO2-ACAC, and TiO2-A300 samples evidenced the
fragments of ACAC oxidation release, such as acetyl ions, acetone, CO2, and water between
150 ◦C and ~265 ◦C, while only CO2 and water release were detected at higher temperatures
between 300 ◦C and 450 ◦C (Figures 1b and 2). Two distinct steps of ACAC fragments
release for TiO2-A-RT and TiO2-ACAC, between 150 ◦C and 450 ◦C, are in accordance with
the TGA-MS and FTIR-MS analysis reported by Acik et al. [36] for amorphous TiO2-ACAC
xerogel. The volatilization profile of ACAC from TiO2-A300 (Figure 2b) converges well with
the mass loss reported by Almeida et al. [16] for the same material since CO2 and water
were released as ACAC oxidation products above 300 ◦C. Therefore, it is worth noting
for the understanding of the CTC mechanism that nanocrystalline TiO2-ACAC samples
preserved a part of ACAC when calcined at temperatures higher than 150 ◦C, such as
300 ◦C, as applied for TiO2-A300.

The results on the photocatalytic activity of TiO2-A300 support the hypothesis that a
TiO2-ACAC CTC would be able to degrade aqueous pollutants under reduced power visible
light. The TiO2-A300 showed photocatalytic potential for degradation of both aqueous
pollutants 4-CP and TC. In addition, TiO2-A300 did not show adsorption of pollutants in
the dark 1 h before turning on visible light (Figure S3). Therefore, the abatement of all the
pollutants was the result of the photocatalytic activity of TiO2-ACAC CTC.

In our previous study [16], TiO2-A300 revealed a high efficiency (~100%) for pho-
todegradation of NOx gas (100 ppm) during 2 h under reduced power visible light (24 W).
Therefore, the results presented in the current research additionally increase the photocat-
alytic applicability of TiO2-ACAC CTC.

Zhu et al. [41] reported 96.3% degradation of TC (30 mg·L−1) after 75 min, with ~50%
of the reported degradation values associated with the adsorption phenomenon in the
dark. The authors used for this purpose ZnO/GO/Ag3PO4 photocatalyst (1 g·L−1) under
low power visible light (65 W). Therefore, photodegradation of TC reported in our study
after 6 h (68.6%) was higher than documented by Zhu et al. (46.3%) [41] with 2.5 lower
visible light power and using four times less photocatalyst. Additionally, the capacity of
degradation of TC is ~two times higher than that observed for 4-CP using TiO2-A300, after
6 h, indicating a distinct participation of ROS in the degradation of these two pollutants.

ROS Generation Efficiency in TiO2-A300 CTC

One of the main goals of our study was understanding the roles of ROS (•O2
− and

•OH) in photocatalysis performed by TiO2-A300 CTC, using BQ and IPA scavengers. The
photodegradation of 4-CP and TC under visible light with the addition of •O2

− scavenger
confirms the efficient generation of •O2

− radicals by TiO2-ACAC CTC (Figures 3 and 5),
in accordance with the EPR characterization and DFT studies carried out on LMCT com-
plexes [16,25,26]. On the other hand, the •OH radicals were not efficiently generated
by TiO2-A300 CTC under visible light, resulting in the lower photodegradation of 4-CP
than the photodegradation of TC, since •OH radicals are the dominant ROS in the 4-CP
photodegradation [4,7,32], while •O2

− radicals play a key role in TC degradation [5].
Figure 6 represents an update of the photocatalytic reactions conducted by TiO2-A300

CTC for the ROS generation and consequent degradation of 4-CP and TC. Additionally, the
photocatalytic reactions for hydrogen production are also presented in Figure 6.
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Figure 6. Scheme of electronic bands in TiO2-A300 CTC and photocatalytic reactions for ROS
generation. The position of BV and BC of anatase at redox potential scale, in accordance with normal
hydrogen electrode (NHE), was adopted from literature [8,9], as well as the positions of the ROS
species. The position of HOMO of acetylacetone was previously established in [16]. The position
of LUMO of acetylacetone was arbitrarily added, since it does not have a role in photocatalytic and
water splitting events and is higher than 3.2 eV.

Figure 6 shows the electron transfer from ACAC HOMO to TiO2 (anatase) CB and,
consequently, the formation of •O2

− radicals due to the reaction between O2 adsorbed on
the surface of anatase and free e− from CB (Equation (1)).

O2 + e− → •O2
−, (1)

The efficient •O2
− generation is also a consequence of a high O2 presence in the

reaction medium [9]. A possible additional explanation for the O2 presence in an aqueous
solution is the water splitting mechanism (Equation (2)) [8,9]. The h+ generated in the
HOMO of the ACAC may promote water splitting, i.e., decomposing H2O into O2 and H+

through an oxidation half reaction as shown in Figure 6.

2 H2O + 4 h+ → O2 + 4 H+, (2)

Additionally, the efficient production of •O2
− radicals can also form H2O2 [9,45],

which is another ROS capable of degradation of aqueous pollutants due to its ability to
attack benzene rings and the N-dimethyl group [5]. The energy barrier of the formation
of H2O2 from •O2

− radicals (Equation (3)) is 0.3 eV below the normal hydrogen electrode
potential (NHE) [13]. Therefore, a part of •O2

− generated by TiO2-A300 can be transformed
into H2O2 and can continue to degrade 4-CP and TC.

•O2
− + e− + 2 H+ → O2 + H2O2, (3)

As seen in Figure 6, the arrangement of CB of TiO2 and HOMO of ACAC in the TiO2-
ACAC CTC may provide photocatalytic production of H2 from water splitting. The electron
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holes from HOMO of ACAC are capable of oxidizing water, forming H+ (Equation (2)),
and the e– in the CB of TiO2 may reduce H+ to H2 (Equation (4)).

2 H+ + 2 e− → H2, (4)

Finally, some previous studies demonstrated the photocatalytic potential of Z-scheme
heterostructures based on WO3 [6,46], SnO2 [47], and BiVO4 [48] for TC and NOx degrada-
tion and hydrogen production under UV-Vis light. These low-bandgap semiconductors
can absorb visible light and generate •OH radicals via VB and CB with positive redox
potential. The Z-scheme heterojunction consists of the recombination of the CB electrons of
these low-bandgap semiconductors with the VB of another semiconductor with a lower
positive redox potential, providing a reduction in the recombination rate of e−/h+ pairs
in the low-bandgap semiconductors, such as WO3, SnO2, and BiVO4 and, consequently,
an increase in the formation of •OH radicals. Therefore, coupling TiO2-ACAC CTC with
semiconductors capable of generating •OH radicals under visible light may maximize the
generation of ROS and increase of photocatalytic efficiency of these new heterojunctions.

4. Materials and Methods
4.1. Materials

All reagents were purchased from Sigma-Aldrich and used as obtained. Titanium
isopropoxide (Ti(OiPr)4, 97%), acetylacetone (ACAC, ≥99%), ethanol (≥99.8%), and nitric
acid (65%) were used for the synthesis of TiO2-ACAC CTC nanoparticles. The aqueous
pollutants were chlorophenol (4-CP, ≥99%) and tetracycline (TC, ≥98%). Benzoquinone
(BQ, ≥98%) and isopropanol (IPA, ≥99.5%) were used as ROS scavengers.

4.2. Synthesis of TiO2-Acetylacetone Charge Transfer Complex

The synthesis of TiO2 anatase nanoparticles coupled with acetylacetone (CTC) was
carried out by the sol-gel route as reported by Scolan and Sanchez [49]. In addition,
as previously reported [12,16], the molar ratios for hydrolysis (H = [H2O]/[Ti]), acid-
ity (H+ = [H+]/[Ti]), and complexing (A = [ACAC]/[Ti]) were kept at 100, 0.027 and 2,
respectively, to produce TiO2-ACAC xerogel with mean crystal size ~2.5 nm.

In the adopted procedure, 30 mL of Ti(OiPr)4 was added dropwise into a solution of
20 mL of ACAC with 100 mL of ethanol (1:5 v/v). The obtained yellow solution remained
under magnetic stirring for 40 min at room temperature. Afterward, 180 mL of HNO3 solu-
tion (0.015 M) was dropped slowly into the yellowish solution under continuous stirring.
The dark orange solution obtained was heated to 60 ◦C and kept under magnetic stirring
for 8 h. Next, the sol of TiO2 was dried overnight in Petri dishes at room temperature, and
a gel was formed (TiO2-A-RT). Finally, the gel was dried at 100 ◦C overnight to obtain
a red-yellowish xerogel of TiO2-Acetylacetone (TiO2-ACAC). The TiO2-ACAC xerogel,
grounded in an agate mortar, was calcined in air at 300 ◦C for 2 h in a Tubular Maitec-INTI
FET 1600/H furnace. The as-prepared powder was denoted TiO2-A300.

4.3. Thermogravimetric Analysis Coupled with Mass Spectroscopy (TGA-MS)

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
performed on a Perkin-Elmer Simultaneous Thermal Analyzer STA-6000 under synthetic
air flow (130 mL·min−1) with a heating rate of 10 ◦C·min−1 and within the temperature
range between 30 ◦C and 550 ◦C. A mass of ~25 mg was used.

To identify the volatilized species from TiO2-ACAC and confirm the presence of ACAC
in the TiO2-A300 sample, a mass spectrometer OmniStar/ThermoStar-GSD 320 O3 (Pfeiffer
Vacuum) was coupled to the STA-6000. The m/z range until 105 was scanned with the
measuring time of 0.5 s·amu−1.
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4.4. Measurement of the Photodegradation of Chlorophenol and Tetracycline and the Efficiency
of ROS

The photocatalytic potential of TiO2-A300 for degradation of 5 mg·L−1 of 4-CP and
TC under visible light irradiation was evaluated. In accordance with [16], the inorganic
part of TiO2-A300 CTC is composed of nanocrystalline anatase. Two other materials, TiO2-
A-RT and TiO2-ACAC (where the inorganic part also consists of nanocrystalline anatase),
were not evaluated since they previously showed inferior photocatalytic efficiency [16]. In
addition, a measurement of the TC photodegradation until stabilization of TC abatement
was performed.

All measurements were performed with 0.2 g·L−1 of the photocatalyst. The light
source used was a DULUX D/E 26 W residential fluorescent lamp with an irradiance of
0.23 W·cm−2 and an emission of light in the wavelength range from 400 nm to 700 nm. The
photocatalytic system is shown in Figure S4. The lamp is housed in a cylindrical quartz
bulb (length 11 cm, internal diameter 3.2 cm, and thickness 0.15 cm) unable to absorb visible
light. The photoreactor was immersed in a bath with cold water circulation to maintain
the system at room temperature. The photocatalytic tests were carried out under vigorous
magnetic stirring in two stages. In the first stage, the pollutant and the photocatalyst were
kept in the dark for 1 h to attain the absorption–desorption equilibrium. After this period,
the lamp was turned on, and 5 mL aliquots of supernatant were acquired at intervals of
1 h for 6 h. The supernatant was filtered through a Merck Millipore filter (0.45 µm) and
analyzed by an Agilent UV-Vis spectrophotometer (model 8453). The absorption at the
wavelengths of 224 nm and 358 nm was accompanied for photodegradation of 4-CP and
TC during the test time, respectively. The observed reduction in these wavelengths for each
pollutant was used as input to determine the percentage of photodegradation performed
by TiO2-A300 CTC, as seen in Figure S5 and Table S1. The degradation data obtained
were presented through the mean value together with the respective standard deviations
(Table S1) since all photocatalytic tests were performed in triplicate to ensure repeatability
of results.

The ROS efficiency in TiO2-ACAC CTC was evaluated by adding the scavenger
molecule BQ (5.4 mg·L−1; 0.05 mmol·L−1) to inhibit the participation of the •O2

− radical
in the degradation of 4-CP and TC. On the other hand, the addition of the IPA scavenger
(6.0 mg·L−1; 0.1 mmol·L−1) was performed to inhibit the participation of the •OH radical.
The scavengers were added to the 5.0 mg·L−1 solutions of 4-CP or TC before starting
the photocatalytic tests to ensure a mass ratio close to 1:1 between the pollutant and
the scavenger.

5. Conclusions

The TGA-MS indirectly proved the presence of ACAC on TiO2-A-RT, TiO2-ACAC
xerogel, and TiO2-A300 at temperatures higher than 150 ◦C. The release of acetyl ions and
acetone between 150 ◦C and ~265 ◦C was detected, while at temperatures above 300 ◦C,
and not higher than 450 ◦C, the release of CO2 and water was detected as the products of
ACAC oxidation.

The TiO2-A300 photodegrades 4-CP and TC under reduced power visible light. The
photocatalytic abatement of tetracycline (68.6%) was ~two times higher than that observed
for chlorophenol (31.3%) after 6 h, indicating a distinct potential of ROS in the degradation
of these pollutants.

The addition of BQ scavenger on the photocatalytic degradation of 4-CP and TC
proved TiO2-A300 CTC to be a powerful source of superoxide (•O2

−) radicals under visible
light, promoting a high photodegradation of TC (68.6%) after 6 h. However, the •OH
scavenger does not promote the reduction in photodegradation of 4-CP and TC, proving
TiO2-ACAC CTC is not an efficient generator of •OH radicals under visible light.

The photocatalytic potential reported for TiO2-A300 may stimulate new studies on
hydrogen production process from water splitting under visible light due to the redox
potential arrangement of CB of TiO2 and HOMO of ACAC. Furthermore, the development
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of heterostructures based on TiO2-A300 CTC, and similar CTC, can increase the generation
of ROS through coupling with semiconductors capable of generating •OH under visible
light and, therefore, capable of formation of more powerful photocatalysts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal12020116/s1, Figure S1: TGA and DTG curves of (a) TiO2-ACAC xerogel and (b) TiO2-
A300 sample, Figure S2: Tetracycline photodegradation by TiO2-A300, Figure S3: Curves of adsorp-
tion (1 h in dark) and photocatalytic activity of 4-CP and TC using TiO2-A300 of (a) 4-CP and (b) TC
by TiO2-A300 without scavengers addition during 6 h, Figure S4: Photocatalytic system for aqueous
pollutants degradation, Figure S5: Absorbance of (a) 4-CP band, situated at 224 nm and (b) TC band
at 358 nm, over the time, Table S1: 4-CP and TC degradation data obtained in the first repetition of
the photocatalytic test using TiO2-A300.
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