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A B S T R A C T   

TiO2 nanoparticles were efficiently doped with Mn applying microwave-assisted synthesis method. Anatase 
phase was confirmed by XRD pattern, which did not exhibit the peaks associated with MnOx contamination. 
Raman spectroscopy showed a displacement of up to 5 cm− 1 in the O-Ti-O vibrational mode, suggesting that Ti 
was replaced by Mn. Oxidation state (Mn3+) was confirmed via high-resolution XPS spectrum of Mn 2p energy 
level. Incorporation of Mn into the TiO2 network resulted in increased surface area (64.6 m2 g− 1), average 
particle size up to 16 nm, and bandgap reduction of up to 43 %. The photocatalytic properties of the materials 
were investigated through Prozac® degradation and improvement of up to 14 % (Ti-0.73 Mn) and 26 % (Ti- 
0.38 Mn) was seen on comparing doped TiO2 versus pure TiO2 during photocatalysis. Furthermore, after Prozac® 
photodegradation, TFMP was identified as the main by-product while MAEB and PPMA (other by-products) were 
seen to compete with each other in the degradation mechanism. In addition to the quantitative analysis done for 
Prozac®, TFMP, MAEB, and PPMA, LC MS-Q-TOF analysis was performed, confirming that in the presence of Mn- 
doped TiO2, specific by-products were formed, probably due to more oxidizing species being present in this 
reaction system. The present study has shown unprecedented evidence that the application of TiO2 nanoparticles 
efficiently doped with Mn promotes Prozac® degradation by specific mechanisms.   

1. Introduction 

Charge transport has been one of the most researched properties of 
nanomaterials in recent years due to its importance to different appli-
cations such as electrochemical sensors [1], fuel cells [2], photovoltaic 
devices [3], and photocatalysts for environmental remediation [4]. In 
light-irradiated materials, photon absorption promotes the valence 
electron into the conduction band, giving rise to oxidation (h+) and 
reduction (e− ) sites in their structures [5,6]. However, electron excita-
tion is dependent upon many factors, such as the crystalline structure of 
the material, bandgap energy, incident photon energy, transport 
mechanism, and recombination of photogenerated charge carriers [7,8]. 
Considering that most solar radiation is in the visible region, semi-
conductors that are able to absorb a wider range of electromagnetic 

radiation have broader applications [9,10]. 
TiO2 is a semiconductor that absorbs UV radiation to promote elec-

tronic excitation [11]. When it was modified with dopant elements, its 
charge transference efficiency and visible light absorption were opti-
mized [9,12–14]. When ZnO, TiO2, or ZrO2 semiconductors were doped 
with Mn and applied in the photocatalytic degradation of dyes, bandgap 
reduction was achieved, thereby improving semiconductor performance 
[15–17]. This is because Mn can be incorporated into the TiO2 network 
at different oxidation states (2+, 3+, or 4+), distorting its crystalline 
structure [13,18–20] and optimizing its optical properties. A search of 
the literature on TiO2 doped with Mn1+ to 6+ confirmed that the Mn4 +

dopant had the highest stability [21]. Moreover, Mnx+ doping in any 
TiO2 oxidation state exhibited enhanced photocatalytic properties [21, 
22], showing that obtaining materials with reduced bandgap energy 
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may prove to be a potential solution in the control of environmental 
pollution [23,24]. According to the literature, Mn-doped TiO2 has been 
efficiently applied to reduce Cr6+ to Cr3+ [25], in chemical speciation of 
metals/non-metals in environmental and food samples [26,27], and in 
photocatalytic oxidation of emerging contaminants such as pharma-
ceuticals [28]. 

To obtain these materials with optimized electronic optical proper-
ties, different synthetic routes have been proposed for doping ceramic 
materials, particularly the microwave-assisted hydrothermal method 
(MHM) [29,30]. Compared to other synthesis methods, MHM enabled 
shorter synthesis times, lower processing temperatures and less waste 
generation [31,32]. Yet, the current methods of choice for obtaining 
Mn-doped TiO2 are still the sol-gel method and the hydrothermal 
method in autoclave [33–36]. Therefore, considering the advantages of 
MHM and the few reports in the literature for obtaining Mn-doped TiO2 
[37], investigation into this method of synthesis is shown to be 
promising. 

Photoactive materials have been widely applied in the chemical 
oxidation of environmentally-persistent organic compounds, also 
denominated emerging contaminants (EC). One of these ECs is fluoxe-
tine, commonly known as Prozac® and used as an antidepressant. Due to 
the persistence of Prozac® in the environment [38,39], it is an emerging 
contaminant that has attracted widespread interest in the field of envi-
ronmental protection and, consequently, has been investigated in 
advanced oxidation processes [40,41]. Its high consumption has led to 
the presence of residues in aquatic ecosystems [42] since Prozac® is 
photochemically stable under visible radiation [43]. However, Prozac® 
can be oxidized to different intermediates on application of different 
advanced oxidation processes [41,44]. Literature data have so far only 
described qualitatively the formation of these intermediates [41,45], 
limiting progress in the characterization of Prozac®-contaminated eco-
systems. One of the Transformation Products (TPs) reported during 
Prozac® degradation was 4-(Trifluoromethyl)phenol (TFMP) by the 
following reaction: 

Reaction: TFMP formation mechanism after Prozac® degradation 
[45,46]. 

Considering that many of these TPs may be formed in different 
ecosystems, a quantitative approach to this degradation mechanism of 
Prozac® is deemed urgent and mandatory. In view of the harmful effects 
Prozac® exerts on aquatic organisms [38,39], quantitative studies of the 
main TPs formed are scientifically and environmentally relevant. Also, 
this approach involving both mechanistic and quantitative aspects is of 
great importance to understanding the influence that different degra-
dation processes have on the Prozac® degradation mechanism and its 
relationship to the TPs. This work therefore consists of a quantitative 
investigation of the photodegradation mechanism of Prozac® using 
Mn-doped TiO2 photocatalysts obtained by MHM. This degradation 
mechanism has been quantitatively investigated using 
high-performance liquid chromatography (HPLC UV) and LCMS-Q-TOF 
techniques. It must be underlined that three of the by-products formed 
were defined as major in the degradation mechanisms studied since such 
delineation allows for a better understanding of how Prozac® behaves in 
the environment. Finally, our results showed that the approach to het-
erogeneous photocatalysis cannot be restricted to the physical-chemical 
nature of the material or degradation of the main compound since the 
by-products formed are also scientifically and environmentally relevant. 

2. Experimental 

2.1. Nanoparticle synthesis 

For the synthesis of manganese-doped TiO2 nanoparticles, 12.6 mL 
of titanium tetraisopropoxide (Sigma-Aldrich) was dispersed in 60 mL of 
20 % (v v− 1) aqueous isopropanol solution (99 %, Sigma-Aldrich). 
Manganese acetate tetrahydrate (98 %, Vetec) was added as a source 
of Mn ions at different molar levels in relation to Ti (Mn/Ti): 0.09, 0.44, 
0.87, 2.6, 4.4 mol%. Since isopropanol decreased the dielectric constant 
of the solution and consequently the microwave heating rate, synthesis 
was conducted in an alcoholic medium [47]. 

The mixture was stirred for 1 h under ambient conditions. After the 
stirring period, the solution was fractionated into 3 portions and trans-
ferred to a Teflon® vial (MARSXpress), separately. The reaction system 
was then subjected to microwave radiation using Mars6 equipment 
(CEM) applying the three stages of the program: 40 ◦C, from 0 to 20 min; 
60 ◦C from 21 to 40 min, and 200 ◦C from 41 to 60 min. 

After the heating stage, the samples were washed with methanol 
(Sigma-Aldrich, centrifuged, and heat-treated (Table 1) in a muffle 
furnace. The obtained materials were identified as Ti-XMn, where X 
represents the experimental molar ratio (Mn/Ti) expressed in (%). 

2.2. Characterization 

The crystalline nature of final powders was analyzed by X-ray 
diffraction (XRD), using a Shimadzu XRD 6000 diffractometer with a 2θ 
range from 10◦ to 70◦. Crystallite sizes were estimated by the Scherrer’s 
equation, according to the literature [48]. The chemical bonds type and 
the crystal lattice disorder degree were identified by Raman spectros-
copy, using a Horiba Jobin-Yvon Lab RAM Raman micro-spectrometer 
equipped with an Olympus TM BX41 microscope. The equipment was 
operated with an argon laser (λ = 514.5 nm) and a 7 mW source exci-
tation power. The scan was performed in the 77 – 700 cm− 1 range with a 
5 cm− 1 resolution. The surface area of the samples was studied by ni-
trogen physisorption in Micromeritics Gemini VII equipment. About 
500 mg of the powder was previously treated at 100 ◦C under vacuum in 
a Micromeritics Vap Prep 061 Sample Degas System. The specific surface 
area was obtained by using the Brunauer-Emmett-Teller (BET) method 
for a region of P/P0 ≤ 0.3. The morphology was characterized by Field 
Emission Scanning Electron Microscopy (FEG-SEM) (JEOL, 
JSM-6701 F). Diffuse reflectance UV–vis spectra were obtained using a 
spectrophotometer LAMBDA 1050 UV/Vis/NIR System with Integrating 
Sphere, applying the range of 200–800 nm. The concentration of Mn and 
Ti was determined by Optical Emission Spectroscopy with Inductively 
Coupled Plasma (ICP-OES), the analytical details being listed in the 

Table 1 
Heat treatment steps.  

Step Initial/final 
temperature (◦ C) 

Length of stay at maximum 
temperature (h) 

Heating/cooling 
rate (◦C/min) 

1 27 / 200 2 5 
2* 27 / 600 2 5  

* Before undergoing step 2, the samples were deagglomerated in an agate 
mortar. 
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supplementary material. 
The chemical analysis of the samples surface was performed by X-ray 

photoelectron spectroscopy (XPS) using a conventional XPS spectrom-
eter (Scienta Omicron ESCA +) with a 128-channel hemispheric 
analyzer (EAC2000) with monochrome Al Kα radiation (h ν = 1486.6 
eV) as the excitation source. The high-resolution XPS spectra were 
recorded at a constant pass energy of 20 eV with 0.05 eV per step. During 
the measurements, a charge neutralizer was used to avoid electrically 
charging the samples. The XPS spectra were calibrated by the C 1s peak, 
the binding energy which is located around 284.8 eV. The XPS data were 
analyzed using the Casa-XPS software. 

2.3. Photocatalytic investigation 

Standard solutions of Prozac® (98,5%, Santa Cecilia pharmacy), 4- 
(Trifluoromethyl)phenol (TFMP), α-[2-(Methylamino)ethyl]benzyl- 
alcohol (MAEB) or (3-phenylpropyl)methylamine (PPMA) (all reagents 
Sigma-Aldrich with purity > 97 %) 1000 mg L− 1 were prepared by 
dissolving the reagents in methanol HPLC grade (JT Backer, USA). 

Photolytic experiments in the UV region were performed in a 
wooden reactor, at 20 ◦C and 0.94 mW cm− 2 (254 nm), according 
described by Moreira et al. [44]. To investigate the influence of initial 
pH on the photodegradation step, 20 mg L-1 Prozac® solutions were 
prepared with different pH values (2, 5, 7, and 9) using HCl and/or 
NaOH 0.1 mol L- 1 to adjustment. Prozac® solutions were subjected to 
UV photolytic degradation at the different reactions time (from 3 up to 
100 min), and after, Prozac®, TFMP, and fluoride concentration was 
determined. 

The photocatalytic essays were conducted by dispersing 10 mg of the 
semiconductor in 10 mL of the 10.0 mg L− 1 Prozac® solution. Before 
irradiation, the samples were subjected to 30 min for the Prozac® 
adsorption. After this step, under constant stirring, the samples were 
irradiated at times from 3− 120 min. The first sample was collected in 
3 min and the other collection intervals were: every 5 min (up to 
30 min), every 15 min (up to 60 min), every 30 min (up to 120 min). 
After each irradiation period, the samples were filtered and analyzed by 
chromatographic techniques. Here, an HPLC UV/Vis (Agilent 1220 In-
finity LC) and a chromatography column Zorbax Eclipse Plus C18 set to 
250 × 4.6 mm, 5 μm were used. Under an mobile phase flow rate of 
1 mL min− 1, and 30 ◦C temperature, an concentration gradient of formic 
acid (0.001 % v v-1) (A) / acetonitrile (ACN) was used in the separation, 
being: 0 min, 95 % (A)/5% (ACN); 0–2 min, 80 % (A)/20 % (ACN); 
2–4 min, 50 % (A)/50 % (ACN)/; 4–10 min, 100 % (ACN). The detection 
was performed at 205 nm and, the figures of merits for the calibration 
curves were: LOD =0.825 mg L-1 / R2 = 0.999 for Prozac®, LOD 
=0.348 mg L− 1 / R2 = 0.995 for TFMP, LOD =0.387 mg L-1 / R2 = 0.999 
for PPMA, and LOD =0.189 mg L-1 / R2 = 0.999 for MAEB. LC–MS QTOF 
analysis was performed according to the conditions described in a pre-
vious study [44]. 

All measurements were performed in triplicate (n = 3) and the mean 
standard deviation added in all graphs. Note that due to the sensitivity 
and precision of the analytic measurements, in some situations the 
geometric symbols overlap the calculated deviations. Also, calculations 
of the first-order kinetic constant were performed using the equation ln 
(C/C0) = kt, with C being the Prozac® concentration at time t, C0 the 
initial concentration, and t the time in min [44,45]. Kinect constant was 
calculated for the time interval of up to 30 min since in previous studies 
it was determined that after this time, the by-products influence the 
degradation kinetics of Prozac® [44]. 

For identification of hydroxyl radicals, a probe assay with coumarin 
(COU) was utilized in this study. According to the literature, COU is 
hydroxylated in the presence of •OH and forms a photoluminescent by- 
product (umbelliferone), which exhibits emission peak in 452 nm 
when excited at 332 nm [49,50]. Therefore, 10 mL of COU solution 
(1.5 mg L− 1) was irradiated in the absence and the presence of 
Ti-0.38 Mn, Ti-0.73 Mn, or Ti-2.8 Mn, using the reactor and conditions, 

as described previously. After irradiation and filtration, umbelliferone 
formation was monitored by molecular fluorescence, using a spectro-
fluorophotometer (RF-5301 PC, Shimadzu). Excitation was 332 nm, and 
emission was monitored at 400–600 nm interval with slit = 5 nm. In 
addition, an assay was performed by adding 100 μL of •OH radical 
scavenger (DMSO, 98 % Sigma Aldrich) to the reaction system, after 
which irradiation and photoluminescent analysis were carried out, as 
described previously. 

3. Results and discussion 

3.1. Photocatalytic degradation of Prozac® 

3.1.1. Effect of pH solution 
To investigate pH influence, 20 mg L− 1 Prozac® solution with pH 

adjusted to different values was submitted to UV irradiation from 3 to 
100 min in the absence of a semiconductor and the results were as 
shown in Fig. 1. 

As can be seen in Fig. 1a, Prozac® degradation was over 90 % up to 
20 min at different pH values and as Prozac® began to precipitate in the 
9–10 pH range [51], we limited our investigation to pH ≤ 9. Thus, the 
data showed that after TFMP formation reached its maximum in 20 min 
(Fig. 1b), there was a decrease in Prozac® concentration and almost 100 
% removal was achieved upon 40 min of irradiation. However, for the 
other pH conditions, TFMP presence was significant therefore these re-
sults formed the basis for the photodegradation mechanism proposal, 
illustrated in Fig. 2. 

This mechanism suggests that besides TFMP formation, the presence 
of fluoride in the reaction medium (Fig. 1c) was due to the formation of 
HF, corroborating the decrease in pH seen in all the conditions studied 
(Fig. 1d). Therefore, Prozac® photodegradation in the 2–9 pH range 
does not have a significant influence on the photochemical process and 
natural conditions (pH ~ 6.0) may be selected in further studies. Pro-
zac® degradation reactions were represented by Eq.s 1 to 4, by-products 
were monitored and the influence of materials was evaluated. For 
clarity, the molecular formulas of the compounds have been shown: 
Prozac® (C17H18F3NO), TFMP (C7H5F3O), MAEB (C10H15NO) and 
PPMA (C10H15N)  

C17H18F3NO + H2O + hv → C7H5F3O + C10H15NO                            (1)  

C17H18F3NO + 2H+ + 2e− + hv → C7H5F3O + C10H15N                     (2)  

C17H18F3NO + hv → C7H5F3O + by-products                                     (3)  

C17H18F3NO + hv → by-products                                                      (4)  

3.1.2. Characteristics and effect of substrates 
To evaluate substrate effect on the degradation mechanism of Pro-

zac®, TiO2 nanoparticles doped with different Mn concentrations were 
synthesized. EDX analysis showed that Mn distribution was homoge-
neous throughout the ceramic material (Fig. S1). Also, real Mn content 
was quantified using ICP OES and a linear correlation (R2 = 0.992) was 
shown between Mn/Ti molar ratio (experimental versus theoretical) 
(Fig. S2). It can thus be stated that application of the microwave-assisted 
hydrothermal method was efficient when doping with Mn. In Table 2, it 
was possible to compare the efficiency of substitutional doping of TiO2 
with Mn when different synthesis methods were utilized [13,19,52]. 
Application of different reagents and synthesis times were also 
compared. The results showed that the method used in this work not 
only presented high substitutional doping efficiency, but also shorter 
synthesis times, and use of fewer reagents. To standardize identification 
of nanoparticles that had had their Mn/Ti molar ratio experimentally 
quantified, the following representation will be employed from this 
point onwards: Ti-0.00 Mn (pure TiO2), Ti-0.11 Mn (0.11 % Mn), 
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Ti-0.38 Mn (0.38 % Mn), Ti-0.73 Mn (0.73 % Mn), Ti-1.9 Mn (1.9 % 
Mn) and Ti-2.8 Mn (2.8 % Mn). 

On degrading Prozac® in the absence and presence of different 
nanomaterials, for the photolytic process, degradation was over 90 % in 
40 min, while Ti-0.38 Mn or Ti-0.73 Mn achieved the same removal in 
20 min. Herein, the results show that the best performance was obtained 
from the Ti-0.38 Mn and Ti-0.73 Mn samples. Note that in Fig. 3 only 

the data relative to Photolysis, Ti-0.00 Mn, Ti-0.38 Mn, and Ti- 
0.73 Mn were shown, in order to avoid visual confusion; nonetheless, 
the results for all materials were presented in Fig. S3. 

Catalyst influence on different reaction times was compared with the 
photolytic process during Prozac® degradation. It is important to note 
that after up to 3 min of irradiation, removal of 28 % (photolysis), 46 % 
(Ti-0.00 Mn), 47 % (Ti-0.11 Mn), 72 % (Ti-0.38 Mn), 60 % (Ti- 

Fig. 1. Influence of initial pH on Prozac® (a) degradation process, TFMP formation (b), fluoride formation (c) and deprotonation (d) after UV irradiation. Being, 
pH = 2 (◼), pH = 5 ( ), pH = 7 ( ), pH = 9 ( ). 

Fig. 2. Possible mechanism of Prozac® photolytic degradation, TFMP formation, dehalogenation and deprotonation.  
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0.73 Mn), 46 % (Ti-1.9 Mn), and 41 % (Ti-2.8 Mn) was confirmed. This 
improved performance for the photocatalytic process was expected since 
the anatase phase of TiO2 was obtained for all materials, as shown in the 
XRD patterns (Fig. 4a). Moreover, all doped samples exhibited sym-
metrical peaks and high crystallinity. 

XRD peaks indicating the presence of manganese oxides in the doped 
samples were not observed, and as a result, substitutional doping was 
suggested. This substitutional mechanism has been reported in previous 
studies [20] and the doping mechanism justified by the similarity be-
tween the ionic radius of Mn4+/3+ and that of Ti4+. The TiO2 anatase, 
rutile, and brookite phases, characterized by diffraction peaks at 
2ɵ = 25.4◦, 27.5◦, and 30.8◦, respectively, were identified in all the 
samples. However, the rutile phase confirmed for Ti-0.00 Mn and 
Ti-0.11 Mn had been suppressed with increasing doping while the 
diffraction peak associated with the brookite phase became more 
evident (Fig. S4). Crystallinity of the materials, characterized by 
better-defined peaks in the XRD pattern, decreased as Mn content 
increased and this was confirmed by decreasing the symmetry of the 
anatase peaks (37.0◦, 37.9◦, 38.6◦, 54.0◦, 55.1◦). Since the highest 
degradation rates for Prozac® occurred in theTi-0.38 Mn and 
Ti-0.73 Mn samples, a further study investigated the influence of Mn on 
the crystalline properties of the material. To this end, Raman spectros-
copy was used to investigate short-range structural changes along the 
crystal lattice of both pure and doped TiO2. According to Fig. 4b, Raman 
active modes for anatase were confirmed at 144 cm− 1 (Eg), 197 cm− 1 

(Eg), 399 cm− 1 (B1g), 516 cm− 1 (A1g), and 639 cm− 1 (Eg). The highest 
active Eg mode (144 cm− 1) corresponds to the symmetrical stretching of 
the O-Ti-O bonds [37]. As the amount of Mn in the samples was 
increased, a 5 cm-1 decrease in vibration frequency was observed 
comparing Ti-0.00 Mn and Ti-2.8 Mn. These results confirmed the 
symmetry change in TiO2 crystal structure, reinforcing the proposal that 
Ti4+ ions were replaced by the dopant. Also, Raman vibrational mode 

Table 2 
Comparative results of substitutional doping efficiency when different synthesis methods of TiO2 nanoparticles were applied.  

Synthesis method/ 
time (h) Synthesis reagents 

molar% (Mn/Ti) Quantification 
Method 

Doping 
efficiency (%) Reference 

Theoretical Experimental 

Sol-gel / 29 Tetrabutyl titanate, ethanol, glacial acetic acid, nitric acid, 
manganese nitrate 

3.45 3.14 EDX 91 [19] 

Sol-gel / 83 Tetraisopropyl titanate, manganese (II) acetate tetrahydrate, 
sodium hydroxy, ethanol, hydrochloric acid 

4.4 2.5 EDX 57 [52] 

Anodization / 10 Titanium foils, acetone, ethanol, ammonium fluoride, 
phosphoric acid, potassium permanganate 

5.1 1.3 XPS 25 [13] 

Microwave 
hydrothermal/ 10 

Isopropanol, titanium tetraisopropoxide, manganese (II) acetate 
tetrahydrate 

0.44 0.38 

ICP OES 

86 

This work 
0.87 0.73 84 
2.6 1.9 73 
4.4 2.8 64  

Fig. 3. Prozac® concentration variation during degradation process. Photolysis 
(◼), Ti-0.00 Mn ( ), Ti-0.38 Mn ( ), Ti-0.73 Mn ( ). 

Fig. 4. X-ray diffraction (a) and Raman spectroscopy (b) obtained for the nanomaterials. Ti-0.00 Mn ( ), Ti-0.11 Mn ( ), Ti-0.38 Mn ( ), Ti-0.73 Mn ( ), Ti- 
1.9 Mn ( ) and Ti-2.8 Mn ( ). 
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did not reveal Mn-oxide-associated absorption. 
X-ray photoelectron spectroscopy (XPS) was used to investigate the 

surface properties of Ti-0.73Mn, Ti-1.9Mn, and Ti-2.8Mn samples. The 
XPS high-resolution spectra of O 1s, Ti 2p, and Mn 2p3/2 is shown in 
Fig. 5, while Fig. S5 shows the high-resolution XPS spectra of C 1s. 
Table S1 summarizes the binding energies (eV) of all components 
studied. The O 1s XPS spectrum peaked at 529.0 and 531.0 eV, which 
corresponds to the O-(Mn, Ti) lattice oxygen and C–O binding energies, 
respectively [19,37,53]. The peak at 532.8 eV, according to the litera-
ture attributed to O–H bonds or oxygen vacancies, presents higher in-
tensity for the Ti-0.73 Mn sample, indicating that the number of oxygen 
vacancies in this sample could be higher [53–55]. Adventitious carbon 
originating either from incomplete Ti (isopropoxide) decomposition or 
from Mn (acetate) precursors in the heat treatment stages was found in 
the material according to C 1s binding energy, with peaks exhibited at 
285.0 eV (C–O bond) and 287.8 eV (C––O bond) [56]. The XPS spec-
trum of Ti 2p showed peaks at 458.1 and 464.0 eV, which were attrib-
uted to Ti 2p3/2 and Ti 2p1/2 levels, respectively, confirming the 
presence of Ti4+, as reported in the literature [19,20]. Additionally, the 
difference between the two energy levels was approximately 6.0 eV and 
a near-471.0 eV satellite peak is characteristic of TiO2 compounds [19]. 
XPS spectra showed that the peak intensity attributed to levels Mn 2p3/2 
and Mn 2p1/2 was easily measured in Ti-1.9 Mn (Fig. 5f) and Ti-2.8 Mn 
samples (Fig. 5i), but at noise level for the Ti-0.73 Mn sample (Fig. 5c) 
due to its low dopant content. However, Mn doping in all samples was 
confirmed by quantitative analysis using ICP OES. The XPS spectrum of 

Mn 2p exhibited peaks at 641.4 and 653.5 eV, which were attributed to 
the Mn 2p3/2 and Mn 2p1/2 levels, respectively, a finding that bears out 
the presence of Mn3+ [13,19]. 

After confirming deformation in the crystalline lattice of the samples 
doped with Mn3+ using diffuse reflectance analysis, we investigated how 
the presence of Mn affects light absorption (Fig. S6). While visible 
(500 nm) absorption was 25 % for Ti-0.00 Mn, by increasing Mn in the 
semiconductor, absorption values also increased, to the order of 45, 60, 
69, 70, and 76 % from Ti-0.11 Mn up to Ti-2.8 Mn, respectively. This 
change corresponded to an increase of up to 51 % in the visible spectrum 
absorption rate for Ti-2.8 Mn compared to Ti-0.00 Mn. Bandgap values, 
calculated using the Kubelka–Munk (K–M) function, are shown in 
Table 3. 

Bandgap results (Table 3) showed that if the amount of dopant is 
increased, the energy required for electronic transition is reduced by up 
to 43 %, thereby improving its photocatalytic activity. Thus, the phys-
ical properties of nanomaterials were examined against first-order ki-
netic constant (k = min− 1), which was calculated according to 
parameters in the existing literature [44,45]. It is worthy of note that in 
this step, the photocatalytic assays were performed under UV light since, 
according to Yin et al. [43], Prozac® is highly stable under visible light. 
Thus, considering that the central focus of this study was to assess 
semiconductor influence on the Prozac® degradation mechanism, only 
UV light was able to provide the necessary by-products for the 
comparative discussion. Therefore, in this work, these materials were 
not applied in the visible region. 

Fig. 5. XPS spectra of O 1s, Ti 2p, or Mn 2p of the Ti-0.73Mn (a, b, c) T-1.9Mn (d, e, f), and Ti-2.8Mn (g, h, i) samples.  
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First-order kinetic constants were 25 and 23 % higher for Ti-0.38 Mn 
compared to photolysis and photocatalysis with Ti-0.00 Mn, respec-
tively. Likewise, k showed an increase of up to 19 and 17 % for Ti- 
0.73 Mn when compared to photolysis and photocatalysis with Ti- 
0.00 Mn, respectively. These results were in accordance with the larger 
surface areas observed for Ti-0.38 Mn and Ti-0.73 Mn, and corrobo-
rated the reduced bandgap values found for these samples (Table 3). The 
Mn-doped samples displayed larger surface areas compared to the 
undoped ones which suggested that the addition of Mn had inhibited 
grain growth and had promoted this increment. Thus, larger surface 

areas in the doped samples may be associated to the smaller atomic 
radius of substitutional Mn3+ whose presence on the ceramic network 
wasconfirmed by XPS analysis. According to the literature, when an 
Mn3+ ion replaces a Ti4+ ion, there is a decrease in cell volume [17] that 
results in a decrease in particle size and consequent increase in BET 
surface area. 

Fig. 6 confirmed that mean particle size decreased as dopant con-
centration increased, on a range from 28 ± 5 nm (Ti-0.00 Mn) to 
16 ± 2 nm (Ti-2.8 Mn). These data were also supported by surface area 
results and crystallite sizes calculated by Scherrer Equation (Table 3), 
demonstrating that each particle was indeed a crystallite. Further, a 
noticeable trend was observed in which BET surface area tended to in-
crease and crystallite/particle size to decrease as larger amounts of 
dopant (up to 1.9 % mol) were added. With respect to the only material 
that does not follow this trend (Ti-2.8 Mn), it is important to take into 
account that doping efficiency was calculated at 63 %, which repre-
sented the lowest value among all the doped materials. 

As photocatalytic performance improved for Ti-0.38 Mn and Ti- 
0.73 Mn, hydroxyl radical (•OH) formation was investigated. Photo-
luminescence spectra showed peaks centered at 452 nm for Ti-0.38 Mn 
and Ti-0.73 Mn, confirming umbelliferone formation (Fig. S7a). These 
assays were also performed for the photolytic process and Ti-2.8 Mn. 
However, no peak was shown for the photolytic process (as expected) 
and Ti-2.8 Mn, indicating that in this material with reduced bandgap, 
recombination processes had inhibited •OH formation at levels unde-
tectable by PL. Thus, improved photoactivity for Ti-0.38 Mn and Ti- 
0.73 Mn showed greater efficiency in producing the oxidizing species 

Table 3 
Characteristics of doped and undoped nanoparticles.  

Sample k x 10− 2 (min-1) 
/ R2 

Band gap 
(eV) 

BET surface area 
(m2 g− 1) 

Crystallite size 
(nm) 

Photolysis 6.62 ± 0.21 / 
0.996 

– – – 

Ti- 
0.00 Mn 

6.76 ± 0.22 / 
0.948 

2.88 30.5 24 

Ti- 
0.11 Mn 

5.97 ± 0.19 / 
0.995 

2.77 31.0 21 

Ti- 
0.38 Mn 

8.80 ± 0.28 / 
0.981 

2.29 36.1 20 

Ti- 
0.73 Mn 

8.14 ± 0.26 / 
0.980 

2.10 49.2 15 

Ti-1.9 Mn 6.99 ± 0.22 / 
0.888 

2.00 64.6 13 

Ti-2.8 Mn 6.53 ± 0.20 / 
0.837 

1.65 47.6 15  

Fig. 6. FEG-SEM images and their respective particle mean diameter measurements (a) Ti-0.00 Mn, (b) Ti-0.11 Mn, (c) Ti-0.73 Mn and (d) Ti-2.8 Mn.  
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(•OH), responsible for reacting with COU (C9H6O2) and forming 
umbelliferone (C9H6O3), according to Eqs. 5 to 8. As reported in the 
literature, COU is also converted to other species during chemical 
oxidation [49,57]. Thus, when a photogenerated electron is abstracted 
on the catalyst surface by molecular O2, superoxide radicals (•O2

− ) are 
produced, as shown in Eq. 8 [58]. The high reactivity of •O2

− then pro-
motes COU oxidation in other byproducts (Eq. 9), thus completing the 
photocatalytic mechanism. Furthermore, these suggested •O2

− may be 
responsible for forming the Prozac® oxidation by-products shown in 
Eqs. 3 or 4.  

Ti-0.38 Mn or Ti-0.73 Mn + հν → h+ (VB) + e− (CB)                         (5)  

H2O + h+ (VB) → •OH + H+ (6)  
•OH + C9H6O2 → C9H6O3 + H+ (7)  

e− (CB) + O2 → •O2
− (8)  

C9H6O2 +
•O2

− + 2H+ → byproducts                                                  (9) 

Hydroxyl radical production in the presence of Ti-0.38 Mn and Ti- 
0.73 Mn corroborate the optimized physicochemical properties of these 
materials, such as high doping efficiency, reduced bandgap, and high 
surface area. In order to fully elucidate the formation of •OH, Fig.S7b 
shows that the peaks centered at 452 nm were absent in the added 
DMSO solutions which act as a hydroxyl radical scavenger [40,59]. With 
increased irradiation time, Prozac® removal attained 88 % (photolysis) 
and 95 % (Ti-0.73 Mn) after 30 min. It is important to point out here 
that the literature does not have many studies associated with the 
photocatalytic degradation of Prozac® and the quantitative monitoring 
of its by-products. Nonetheless, Table 4 shows the few reports found for 
Prozac® degradation [60–62] allowing for comparison with the syn-
thesized materials applied in this study. 

3.1.3. Main transformation products 
Prozac® degradation was always accompanied by the formation of 

TFMP, MAEB, and PPMA (Fig. 7). 
According to Eq.s 1,2, and 3, TFMP byproduct was present in more 

than one degradation mechanism pathway (Eqs. 1,2 and 3), while PPMA 
and MAEB were each suggested in only one mechanism (Eq. 1 and 2, 
respectively). Therefore, TFMP molar concentration was expected to be 
higher than the concentrations of MAEB and PPMA. On the other hand, 
in the Prozac® degradation mechanism, MAEB and PPMA proceeded 
along different paths and their molar concentrations (formation) were 
expected to be inversely proportional, that is, if one increased the other 
would decrease. The quantitative data obtained in our study confirmed 
that TFMP concentration reached values 3.6 ± 0.11 times higher than 
the concentrations determined for MAEB and PPMA. This unexpectedly 
high concentration could be justified by the fact that the concentrations 
of MAEB and PPMA decrease after 20 min, while that of TFMP begins to 

decrease after 40 min. Such behavior indicated that TFMP was less 
susceptible to photocatalytic degradation than MAEB and PPMA. We 
also found that the PPMA / MAEB molar ratio reached 0.9, indicating 
that the formation mechanism of these by-products does not have a 
preferential route in the photolytic process for the evaluated time 
(30 min). For clarity purposes, Table 5 shows maximum conversion 
rates (μmol L− 1 min− 1) of Prozac® in MAEB, PPMA, and TFMP. These 
rates were calculated by determination of the ratio using the highest 
molar concentration formed by the TP over its respective time period, 
expressed in min. 

Maximum conversion rates to TFMP were approximately 2 times 
higher than those calculated for MAEB and PPMA in the photocatalytic 
process, reinforcing the mechanisms described by Eqs. 1 and 2. It is 
noteworthy that the maximum conversion rates were influenced by the 
secondary degradation mechanisms since MAEB, PPMA, and TFMP by- 
products were also degraded in the process, as depicted in Fig. 7. 
Thus, PPMA and TFMP degradation were greater for photocatalysis 
applying Ti-0.38 Mn and Ti-0.73 Mn. This finding suggests that the 
degradation of these by-products cannot be neglected from the very 
moment they are first formed. Therefore, it is correct to state that these 
by-products compete with Prozac® in the degradation process, which 
justifies the low linear correlation of the kinetic constant calculated for 
Ti-1.9 Mn and Ti-2.8 Mn. All the same, this influence was more sig-
nificant after 30 min of process. In order to clearly certify no other 
Prozac® degradation by-products besides MAEB, PPMA, and TFMP were 
present, we performed an HPLC/MS Q-TOF analysis of samples 
degraded with Ti-2.8 Mn at 3 and 60 min. 

3.1.4. Degradation mechanism of Prozac® 
Photocatalytic degradation efficiency was higher for Ti-0.73 Mn 

samples (Fig. 3), and the number of TPs formed was equal for all doped 
materials. However, for mass spectrometric identification of the com-
pounds, samples with higher peaks were selected so as to improve 
detection. Therefore, an aliquot of the photodegraded samples in the 
presence of Ti-2.8 Mn was subjected to HPLC MS Q-TOF analysis. Fig.S8 
shows the chromatograms obtained after photocatalytic degradation at 
3 min or 60 min which identified 17 TPs formed from Prozac® degra-
dation. At 3 min degradation, 8 peaks were identified (Fig.S8a) and, at 
60 min degradation, a significant decrease in TP12 (Prozac®) was 
confirmed. At the same time, TP6 and TP14 increased, and a new TP was 
formed (Fig. S8b). These results therefore bear out the hypothesis that 
the amount of TP formed early in the Prozac® degradation process is not 
restricted to MAEB, PPMA, and TFMP (quantified in this study), thus 
confirming Eqs. 3 and 4. 

After mass spectra identification (Table 6), proposed mechanisms for 
Prozac® degradation were shown (Fig. 8). In Mechanism 1, trihalo-
genated carbon (TP12) goes through a hydroxylation process, forming a 
carboxylic acid group (TP6). As the process progresses, TP6 undergoes 
gradual hydroxylation and/or de-alkylation processes, forming struc-
tures with a higher number of hydroxyls, and absent from the methyl 
group initially bound to aminic nitrogen (TP5, TP7, TP10, TP11, TP13 e 
TP16). Mechanisms 2 and 5 were both direct and simple since only one 
compound was formed by each route. Even so, for Mechanisms 2 and 5, 
the process of hydroxylation was present, as well as those of de- 
alkylation and de-amination, the latter confirmed by the presence of 
TP14. Mechanism 3 confirmed Eq. 1 wherein MAEB and TFMP were 
formed after breaking the ether bond in TP12 by a radical attack. 
Finally, Mechanism 4 has a high number of hydroxylated structures 
which suggests the likelihood of a radical hydroxylation mechanism, 
corroborating the results that proved •OH formation (Fig. S7). It is 
important to highlight that TP8, TP10, TP11, and TP13 were obtained 
exclusively when Prozac® was degraded by application of Mn-doped 
TiO2, reinforcing the influence of the material on the degradation 
mechanism. 

Table 6 shows structure suggestions for the different TPs that inte-
grate the degradation mechanism referred to in Fig. 8. These molecules 

Table 4 
Comparative results of Prozac® degradation through photocatalytic processes.  

Material / 
suspension 
(g L− 1) 

Prozac® 
mg L− 1  

* 

Prozac® 
degradation 
(%) / time (h) 

k x 
10− 2 

(min- 

1) 

monitored 
by- 
products? 

Reference 

TiO2(P25) / 
0.7 

20 21 / 1 0.39 

no 
[60] TiZnSiO2 / 

0.7 
20 21 / 1 0.39 

TiO2 / 1 0.2 90 / 0.5 ** [61] 
HAPTi / 4 8 80 / 25 0.13 [62] 
Ti-0.00 Mn / 

1 10 91 / 0.5 6.8 yes  
Ti-2.8Mn / 1 95 / 0.5 8.1 This work  

* initial concentration of Prozac®. 
** not available. 
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were suggested after interpretation of their respective mass spectra (m / 
z [H+]), calculated mass, elemental composition, and relative error, 
obtained by the MassHunter software. 

4. Conclusions 

In the present study, Mn-doped TiO2 nanoparticles were obtained by 
the microwave-assisted hydrothermal method. Using only 3 reagent 
types and microwave irradiation time of only 1 h, it was possible to 
achieve ≥ 64 % doping efficiency. Substitutional doping of TiO2 by 
Mn3+ was confirmed using Raman spectroscopy, XRD, ICP OES 
elemental analysis, and XPS analysis. Increased doping resulted in 

smaller particle sizes (16 nm) and increased BET surface area (up to 64.6 
m2 g− 1). It was also confirmed that the dopant enhanced the capacity of 
the material to absorb electromagnetic radiation in the UV–vis region, 
thus broadening the range of its potential applications. When Ti- 
0.38 Mn was applied in the photocatalytic degradation process of Pro-
zac® under UV radiation in 3 min, a 44 % increase in efficiency was 
confirmed. First-order kinetic constant also showed an increase of up to 
25 %, indicating Ti-0.38 Mn had performed best. Prozac® degradation 
mechanisms for MAEB, TFMP, and PPMA were quantitatively discussed, 
whilst 16 by-products were identified on qualitative analysis. Through 
this combined quali-quantitative approach it was possible to correlate 
the influence of the different materials on Prozac® degradation and on 
TP formation/degradation. The data gathered herein may prove valu-
able for future studies seeking to better understand the behavior of 
Prozac® and its TPs in different aquatic ecosystems. 

CRediT authorship contribution statement 

Ailton J. Moreira: Investigation, Writing - review & editing. João O. 
D. Malafatti: Investigation. Tania R. Giraldi: Writing - review & edit-
ing, Validation. Elaine C. Paris: Writing - review & editing, Validation. 
Ernesto C. Pereira: Writing - review & editing. Vagner Romito de 
Mendonça: Writing - review & editing, Validation. Valmor Roberto 
Mastelaro: Investigation, Writing - review & editing. Gian P.G. Fre-
schi: Conceptualization, Resources, Writing - review & editing. 

Fig. 7. TFMP (a), PPMA(b) and MAEB(c) concentration variation during degradation process. Photolysis (◼), Ti-0.00 Mn ( ), Ti-0.38 Mn ( ), Ti-0.73 Mn ( ).  

Table 5 
Conversion maximum of Prozac® into MAEB, PPMA and TFMP, expressed in 
μmol L− 1 min− 1 after photocatalytic degradation.  

Process 
Convertion maximium rates (μmol L− 1 min− 1) 

Prozac®→MAEB Prozac®→PPMA Prozac®→TFMP 

Photolysis 0.69 0.83 1.21 
Ti-0.00 Mn 0.66 0.90 1.94 
Ti-0.11 Mn 0.51 0.68 1.21 
Ti-0.38 Mn 0.80 0.91 1.85 
Ti-0.73 Mn 0.86 1.01 2.08 
Ti-1.9 Mn 0.77 0.89 1.95 
Ti-2.8 Mn 0.46 0.56 1.02  
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Table 6 
TP identified by HPLC-MS/Q-TOF after photocatalytic degradation of Prozac®.  

Transformation Product tr (min) (m/z) [H+] Elemental composition Calculated mass Error (ppm) Molecular structure 
(Suggestion) 

TP1 0.26 143.0037 C7H4F2O 142.0229 
* 

TP2 

0.36 166.1253 C10H15NO 165.1180 − 15.85 

TP3 

0.81 178.1250 C11H15NO 177.1177 − 13.23 

TP4 

1.05 117.0731 C6H9FO 116.0657 − 17.22 

TP5 
2.45 310.1427 C16H21O6 309.1355 − 5.39 

TP6 

2.55 286.1452 C17H19NO3 285.1379 − 5.01 

TP7 

3.65 300.1607 C15H22FNO4 299.1534 − 0.47 

TP8 

4.3 402.0838 C16H16FNO10 401.0761 − 0.57 

TP9 

4.70 310.1429 C16H20FNO4 309.1357 6.39 

TP10 

5.02 246.2446 C14H14O4 246.2586 
* 

TP11 

5.16 290.2698 C16H19NO4 289.3264 
* 

TP12 

5.33 310.1425 C17H18F3NO 309.1353 − 4 

TP13 

6.21 274.2755 C16H19NO3 273.3270 
* 

TP14 

6.32 317.1373 C16H19F3O3 316.1301 − 4.6 

TP15 

6.94 337.2362 C17H20FNO5 336.2283 
* 

TP16 

7.44 291.2541 C16H20NO4 290.3337 
* 

TP17 

8.11 305.2731 C16H16O6 304.2652 
* 

TP18 ** 

– 161.0221 
(-ESI) 

C7H5F3O 162.0293 − 0.54 

* The suggested elemental composition for the TP are not followed by the MassHanter Aquisition Data software. 
** The compound is only detected in the ESI(-) mode, and thus, its retention time (tr) is not being reported. 
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L. Escobar-Alarcón, J.M. Peralta-Hernández, B. Pawelec, J.L.G. Fierro, Microwave- 
assisted synthesis of (S)Fe/TiO2 systems: effects of synthesis conditions and dopant 
concentration on photoactivity, Appl. Catal. B Environ. 140–141 (2013) 213–224, 
https://doi.org/10.1016/j.apcatb.2013.03.047. 

[31] Y. Zhao, Z. Huang, W. Chang, C. Wei, X. Feng, L. Ma, X. Qi, Z. Li, Microwave- 
assisted solvothermal synthesis of hierarchical TiO2 microspheres for efficient 
electro-field-assisted-photocatalytic removal of tributyltin in tannery wastewater, 
Chemosphere 179 (2017) 75–83, https://doi.org/10.1016/j. 
chemosphere.2017.03.084. 

[32] A.N. Kadam, R.S. Dhabbe, M.R. Kokate, Y.B. Gaikwad, K.M. Garadkar, Preparation 
of N doped TiO2 via microwave-assisted method and its photocatalytic activity for 
degradation of Malathion, Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 133 
(2014) 669–676, https://doi.org/10.1016/j.saa.2014.06.020. 

[33] V. Binas, V. Stefanopoulos, G. Kiriakidis, P. Papagiannakopoulos, Photocatalytic 
oxidation of gaseous benzene, toluene and xylene under UV and visible irradiation 
over Mn-doped TiO2 nanoparticles, J. Mater. 5 (2019) 56–65, https://doi.org/ 
10.1016/j.jmat.2018.12.003. 

[34] K. Umar, M.N.M. Ibrahim, A. Ahmad, M. Rafatullah, Synthesis of Mn-doped TiO2 
by novel route and photocatalytic mineralization/intermediate studies of organic 
pollutants, Res. Chem. Intermed. 45 (2019) 2927–2945, https://doi.org/10.1007/ 
s11164-019-03771-x. 

[35] Z. Chen, Y. Li, M. Guo, F. Xu, P. Wang, Y. Du, P. Na, One-pot synthesis of Mn-doped 
TiO2 grown on graphene and the mechanism for removal of Cr(VI) and Cr(III), 
J. Hazard. Mater. 310 (2016) 188–198, https://doi.org/10.1016/j. 
jhazmat.2016.02.034. 

[36] A.E. Shalan, M.M. Rashad, Incorporation of Mn 2+ and Co 2+ to TiO 2 
nanoparticles and the performance of dye-sensitized solar cells, Appl. Surf. Sci. 283 
(2013) 975–981, https://doi.org/10.1016/j.apsusc.2013.07.055. 

[37] Z.P. Tshabalala, K. Shingange, F.R. Cummings, O.M. Ntwaeaborwa, G.H. Mhlongo, 
D.E. Motaung, Ultra-sensitive and selective NH3 room temperature gas sensing 
induced by manganese-doped titanium dioxide nanoparticles, J. Colloid Interface 
Sci. 504 (2017) 371–386, https://doi.org/10.1016/j.jcis.2017.05.061. 
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