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H I G H L I G H T S  

• First study using TiO2/SBA-15 for CECs oxidation in an annular FluHelik photoreactor. 
• Removal of sulfadiazine (SDZ) from pure water and urban waste water (UWW) spiked with SDZ. 
• The activity of TiO2/SBA-15 in UWW was higher than that of standard TiO2–P25 for SDZ degradation. 
• Adsorption and/or photocatalysis were able to remove other 65 CECs detected in the UWW matrix.  
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A B S T R A C T   

The photocatalytic activity of TiO2 nanoparticles (NPs) supported on mesoporous silica SBA-15 (TiO2/SBA-15) 
was evaluated for the photodegradation of sulfadiazine (SDZ), as target contaminant of emerging concern (CEC), 
using either pure water solutions (PW) or a real secondary urban wastewater (UWW) spiked with SDZ. For this 
purpose, TiO2/SBA-15 samples with 10, 20 and 30% TiO2 (w/w) were prepared by the sol-gel post synthetic 
method on pre-formed SBA-15, using titanium (IV) isopropoxide as a precursor. The TiO2/SBA-15 materials were 
characterized by HRTEM, SAXS and XRD, nitrogen adsorption isotherms and UV–vis diffuse reflectance spec-
troscopy. TiO2 NPs were shown to be attached onto the external surface, decorating the SBA-15 particles. The 
TiO2/SBA-15 catalysts were active in SDZ photodegradation using the annular FluHelik photoreactor, when 
irradiated with UVA light. The 30% TiO2/SBA-15 sample presented the best performance in optimization tests 
performed using PW, and it was further used for the tests with UWW. The photocatalytic activity of 30% TiO2/ 
SBA-15 was higher (56% SDZ degradation) than that of standard TiO2–P25 (32% SDZ degradation) in the 
removal of SDZ spiked in the UWW ([SDZ] = 2 mg L− 1). The photodegradation of SDZ with 30% TiO2/SBA-15 
eached 90% for UWW spiked with a lower SDZ concentration ([SDZ] = 40 μg L− 1). Aside of SDZ, a suit of 65 
other CECs were also identified in the UWW sample using LC-MS spectrometry. A fast-screening test showed the 
heterogeneous photocatalytic system was able to remove most of the detected CECs from UWW, by either 
adsorption and/or photocatalysis.   
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1. Introduction 

The shortage of good quality water supplies for the world population 
has become one of the main challenges of the 21st century. In addition to 
the pollutants commonly found in water, a new class of contaminants 
has gained increasing attention in recent years. The so-called contami-
nants of emerging concern (CECs) are synthetic or natural substances 
found at low concentrations (ng L− 1 to μg L− 1) in water bodies, and 
which are suspect of causing hazardous effects to the ecosystem and to 
the human health (Krzeminski et al., 2019; Rivera-Utrilla et al., 2013; 
Rodriguez-Narvaez et al., 2017). Pharmaceutical products, antibiotics, 
hormones and pesticides are relevant examples of CECs. CECs are not 
regularly monitored in the environment, as there is no regulation for 
their control in most countries. They are usually not eliminated by 
conventional water treatment methods, and are then disposed into the 
environment, where they may accumulate in living organisms. More-
over, wastewater reuse for agriculture might lead to the introduction of 
CECs in the food chain. Urban wastewater treatment plants (WWTPs) 
are the main sources of CECs released into the environment, which can 
induce bacterial resistance and cause damage to aquatic ecosystems 
(Kovalakova et al., 2020; Kümmerer, 2009a, 2009b). 

Different methods for advanced wastewater treatment have been 
considered in attempt to remove CECs from WWTPs, including adsorp-
tion, membrane filtration, ozonation and advanced oxidation processes 
(AOPs) (Krzeminski et al., 2019; Mohammad et al., 2017; Rivera-Utrilla 
et al., 2013; Rodriguez-Narvaez et al., 2017). Among AOPs, TiO2-based 
photocatalysis has been acknowledged as a promising alternative for 
CECs removal (Fagan et al., 2016; Miranda-García et al, 2010, 2014). 
TiO2 NPs are low-cost, nontoxic, chemically and physically stable. 
However, commercially available TiO2 (e.g. P-25) poses some draw-
backs, such as low surface area and a tendency to agglomerate in 
aqueous media. Moreover, small TiO2 particles are difficult to recover by 
filtration or centrifugation, leading to a difficult separation and recycle, 
thus limiting its application in industrial scale (Dong et al., 2015). To 
avoid those problems, in this work it was adopted a strategy reported by 
several authors, namely the immobilization of TiO2 onto mesoporous 
silica SBA-15 (Acosta-Silva et al., 2011; Araújo et al., 2016; Besançon 
et al., 2016; Busuioc et al., 2006; Calzada et al., 2019; Conceição et al., 
2017; Lachheb et al., 2011; Liou et al., 2018; Liu et al., 2016; 
López-Muñoz et al., 2005; Mehta et al., 2016; Salameh et al., 2015; 
Tseng et al., 2012; Van Grieken et al., 2002; Wei et al., 2018; Yang et al., 
2006; Yuan et al., 2020). Different techniques have been employed for 
the functionalization of SBA-15 with TiO2, including incipient wet 
impregnation (Calzada et al., 2019), microwave assisted technique 
(Mehta et al., 2016), direct synthesis (Liou et al., 2018) and sol-gel 
post-synthetic method (Conceição et al., 2017; Yang et al., 2006), 
which was the technique employed in the present work. In general, 
TiO2/SBA-15 materials have shown good efficiency for the degradation 
of CECs such as dyes (Acosta-Silva et al., 2011; Calzada et al., 2019; 
Tseng et al., 2012) and other industrial organic contaminants (Con-
ceição et al., 2017; Mehta et al., 2016; Yuan et al., 2020). 

To our knowledge, however, all those investigations were limited to 
batch reactors and synthetic solutions of the contaminant, which are 
hard to scale up to real systems. In this context, a new concept of light- 
driven scalable reactor, the annular FluHelik reactor (Espíndola et al., 
2019; Moreira et al., 2019) (Fig. S1), which consists of a cylindrical 
stainless steel shell with inlet and outlet pipes located perpendicularly to 
the fluid flow on opposite sites and tangentially to the reactor tube in 
horizontal plane. The single and cylindrical UV lamp is located in a 
concentric inner quartz sleeve. This design leads to a helicoidal flow 
around the quartz sleeve allowing a more intense macromixing dy-
namics, as well as homogenous UV fluence (Fig. S1). Furthermore, the 
design of the FluHelik photoreactor favors the implementation of several 
reactors in series, promoting their application on an industrial scale 
(Espíndola and Vilar, 2020). The FluHelik photoreactor has been suc-
cessfully employed for homogenous photochemical reactions, such as 

UVC/H2O2, UVC/O3 and photo-Fenton, targeting the treatment of 
leachates from sanitary landfills (pre-industrial scale) (Gomes et al., 
2018), slaughterhouse wastewater and CECs removal from secondary 
urban wastewaters (Alfonso-Muniozguren et al., 2021; Gomes et al., 
2021; Barbosa et al., 2020; Espíndola et al., 2019; Espíndola et al., 
2021). However, the FluHelik reactor has not yet been tested for AOPs 
involving heterogeneous catalysis. 

In the present work, the FluHelik reactor was used to promote het-
erogeneous photocatalysis, using a functionalized silica consisting of 
TiO2 nanoparticles (NPs) supported on SBA-15 mesoporous silica. The 
system was tested for the photodegradation of sulfadiazine (SDZ) 
selected as a model of CEC. An example of sulfonamide antibiotics, SDZ 
is predominantly eliminated in its original form; due to its high stability, 
about 30–90% of the ingested dose is not absorbed by the body. As a 
weak acid, SDZ has high solubility (77 mg L− 1) and water mobility and 
has been found in water bodies and wastewater (Balakrishnan et al., 
2006; García-Galán et al., 2011). In addition to being able to induce 
bacterial resistance, SDZ can also cause toxic effects and act as an 
endocrine disruptor in several living organisms and possibly in humans 
(Baran et al., 2011; Paulus et al., 2019). 

The photocatalytic efficiency of TiO2/SBA-15 in the FluHelik pho-
toreactor was optimized for SDZ oxidation using pure water solutions. 
Furthermore, the TiO2/SBA-15 photocatalysts were also active in the 
degradation of SDZ spiked in real urban wastewater (UWW), collected 
after secondary treatment and tested as a real matrix. 

Recently, new analytical methods employing high-resolution mass 
spectrometry combined with liquid chromatography-quadrupole-time 
of flight mass spectrometer (LC-QTOF) have allowed the screening of 
a large number of CECs in water bodies at the ng L− 1 to μg L− 1 level in a 
single run (Paíga et al., 2019; Schymanski et al., 2014; Castro et al., 
2021; Wilson et al., 2021). Using LC-QTOF, we were able to detect 65 
other CECs present in the UWW sample. Remarkably, irradiation of the 
UWW in the FluHelik reactor with the TiO2/SBA-15 photocatalysts led 
to a reduction in the concentration of most of these CECs initially present 
in the UWW. 

2. Experimental 

2.1. Chemicals 

The following reagents were obtained from Sigma-Aldrich: Pluronic 
P123 (amphiphilic triblock copolymer, average molecular weight 5,800, 
97% purity), tetraethyl orthosilicate (TEOS), sulfadiazine (SDZ, 99% 
purity) and titanium (IV) isopropoxide (TTIP, 97% purity). Hydrochloric 
acid and isopropanol were purchased from Baker. Standard TiO2 (Aer-
oxide® P-25; purity ≥99.5%; specific surface area 55 m2 g− 1) was ob-
tained from Evonik. The real wastewater sample was collected after the 
secondary treatment of an urban wastewater (UWW) from Portugal in 
October 2019. Its physicochemical characteristics are summarized in 
Table S1. 

2.2. Catalysts synthesis 

2.2.1. Synthesis of pristine SBA-15 
The pure SBA-15 matrix was synthesized according to the standard 

procedure (Zhao et al., 1998), as follows: 4.1 g of Pluronic P123 was 
dissolved in 30 mL of deionized water under stirring at 35 ◦C, then 120 g 
of 2 M HCl aqueous solution was added, and the mixture was stirred for 
2 h. In the sequence, 8.5 g (41 mmol) of tetraethylorthosilicate (TEOS) 
was added and the system was maintained at 35 ◦C for 24 h under 
constant stirring. Thereafter, the formed gel was transferred to a mini 
autoclave, which was sealed and subjected to hydrothermal conditions 
at 100 ◦C for 24 h. The sample obtained was washed with 2 L of 
deionized water, and the precipitated solid was filtrated under vacuum, 
washed once again with 1 L of deionized water and dried under vacuum 
for 48 h. Finally, the resulting material was subjected to calcination at 
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500 ◦C under N2 atmosphere for 4 h with a heating rate of 10 ◦C min− 1 to 
decompose the triblock copolymer and obtain the SBA-15. 

2.2.2. Functionalization of SBA-15 with titanium dioxide 
The titanium dioxide crystals were deposited onto the SBA-15 sur-

face via sol-gel processing according to the procedure described by Yang 
et al. (2006). For this purpose, SBA-15 (1.0 g) was sonicated in 50 mL of 
isopropanol. Different amounts of TTIP were then added, in order to 
produce samples with different TiO2 contents, as given in Table 1. 
Deionized water was slowly added to the resulting mixture (TTIP/water 
with volumetric ratio of 1/10) to guarantee the hydrolysis of the TTIP. 
The mixture was stirred for 2 h at room temperature, followed by 
centrifugation and washing with deionized water. The solid product was 
dried at 80 ◦C overnight and then calcined in air at 700 ◦C for 2 h to 
obtain the x%TiO2/SBA-15 catalysts, where x% represents the wt% of 
titania loading (Table 1). 

2.3. Catalysts characterization 

The pristine SBA-15 and TiO2/SBA-15 materials were structurally 
characterized by N2 physisorption at 77 K using the Nova 2200 Surface 
Area and Pore Size Analyzer (Quantachrome). The surface areas were 
obtained by the BET method, pore volumes were calculated at P/P0 =

0.97 and average pore diameters were obtained by the BJH method 
(desorption branch). 

High resolution transmission electron microscopy (HRTEM) images 
were obtained with a JEOL JEM 2100 microscope operating at 200 kV. 
Samples for HRTEM were prepared by drop-casting on aqueous sus-
pension of the mesoporous materials over a carbon-coated copper grid, 
followed by drying under room conditions. Average particle sizes were 
calculated from the TEM images with the aid of ImageJ software, by 
averaging over a large number of individual particles (typically 50–250 
NPs). 

Small angle X-ray scattering measurements (SAXS) were carried out 
using a Xeuss 2.0 equipment, with a generating source Xenocs with 
CuKα (λ = 0.15406 nm) radiation. All the samples were scanned under 
the same conditions in the range 2θ = 0–3◦. The hexagonal cell 
parameter (a0) was determined according to Equation (1), where d100 
corresponds to the Bragg’s distance reflection at the (100) crystallog-
raphy plane. 

a0 =
2d100

̅̅̅
3

√ (1) 

The TiO2 nanocrystals present on the TiO2/SBA-15 materials were 
characterized with wide-angle XRD patterns recorded on a Bruker (D8- 
Discover) powder X-ray diffractometer using CuKα radiation of wave-
length 0.15406 nm (40 KV, 30 mA), LynxEye detector and Ni filter in the 
2θ range 10◦–100◦ with a scanning velocity of 0.75◦ min− 1. From the 
line broadening of the corresponding X-ray diffraction peaks, the TiO2 
crystallite size was estimated using the Scherrer equation (Equation (2)), 
where L is the average crystallite size in nm, λ is the wavelength of X-ray 
radiation (CuKα = 0.154056 nm), K is shape factor, taken as 0.9, β is the 
broadened profile width at half maximum height in radians and θ is the 
diffracting angle. 

L=
Kλ

βcosθ
(2)  

2.4. Photocatalytic assays 

2.4.1. Apparatus 
Experiments were carried out in the annular FluHelik reactor 

(Espíndola et al., 2019; Moreira et al., 2019) (Fig. S1) consisting of an 
outer tube made of borosilicate glass (length = 196.0 mm, internal 
diameter = 65.6 mm; thickness = 1.8 mm) and an inner quartz sleeve 
(external diameter = 23.0 mm; thickness = 1.0 mm) filled with an UVC 
lamp. The reactor is equipped with one inlet and one outlet pipes 
(length = 43.0 mm, internal diameter = 7.0 mm) located perpendicu-
larly to the fluid flow and tangentially to the shell in horizontal plane 
and at the top in opposite sides with 3.0 mm distance from reactor ends. 
The lamp employed was a UVA Philips TL 6 W blacklight blue (λmax =

365 nm) providing a photonic flow in the annular reaction zone of 0.62 
± 0.02 W (Webler et al., 2019). The FluHelik photoreactor was con-
nected to a recirculated cylindrical glass vessel thermostatically 
controlled and magnetically stirred. 

2.4.2. Experimental procedure 
The photocatalytic activity of the TiO2/SBA-15 samples was evalu-

ated for the photodegradation of SDZ in the annular FluHelik reactor in 
multiple pass flow mode (batch system). For this purpose, 1.5 L of a SDZ 
solution in pure water solution (PW) with [SDZ]0 = 2 mg L− 1 was stirred 
for 24 h (25 ◦C) with 150 mg of the photocatalyst, in the dark, to reach 
the adsorption equilibrium. The resulting suspension was placed in the 
recirculation glass vessel of the reactor, which was pumped to the Flu-
Helik photoreactor by means of a gear pump (Ismatec, model BVP-Z) at a 
flow rate of 75 L h− 1. In all the experiments, the temperature set-point of 
the refrigerated thermostatic bath was adjusted to keep the solution at 
25 ◦C, and the initial pH was adjusted to 7.0 (after spiking with SDZ) 
using either H2SO4 or NaOH solutions (1.0 mol L− 1), but was not cor-
rected over time. After switching on the lamp, aliquots of 10 mL of the 
aqueous suspensions were collected from the recirculation tank and 
filtered through a 0.45 μm membrane filter to remove the catalyst 
powder for further HPLC analysis. The SDZ concentration was moni-
tored by reversed-phase HPLC using a VWR Hitachi ELITE LaChrom 
apparatus. Details of the analytical system are given as Supplementary 
Information (SI). 

Control experiments with non-modified SBA-15 and with standard 
TiO2–P25 were also carried out in the same conditions, as well as in the 
absence of any catalyst. The pseudo-first-order kinetic constants for SDZ 
concentration decay (kSDZ) in min− 1 was calculated by a nonlinear 
regression method according to Equation (3), where [SDZ]t and [SDZ]0 
are the concentrations of SDZ at time t and t = 0, respectively. 

[SDZ]t = [SDZ]0 × e− kSDZ t (3) 

The material that demonstrated the best photocatalytic performance 
in the previous experiments was chosen for the evaluation of the effect of 
catalyst mass (50, 150, 200, 300, 500 and 600 mg). 

Reusability tests were performed for the best catalyst dose during 4 
consecutive cycles. At the end of each cycle, the spent catalyst was 
filtered off and oven-dried for 24 h (50 ◦C) before being used for the next 
run with a fresh SDZ solution. 

The matrix effect was evaluated using a real UWW (Table S1) spiked 
with 2 mg L− 1 of SDZ. A control experiment was run in the SDZ-spiked 
UWW using standard TiO2–P25 as photocatalyst, in similar conditions, 
but replacing the 500 mg of 30% TiO2/SBA-15 by 150 mg of P-25 (which 
contains the equivalent TiO2 dosage). 

A new SDZ-spiked UWW sample was prepared, as above, but with a 
lower concentration of SDZ ([SDZ] = 40 μg L− 1), and irradiated in the 
same conditions (with 500 mg of 30% TiO2/SBA-15). In this experiment, 
only three aliquots (200 mL each) were collected for analysis: (1) before 

Table 1 
Description of the TiO2/SBA-15 samples prepared.  

Sample Volume TTIP (mL)a Weight % TiO2 Ti/Sib 

10% TiO2/SBA-15 0.37 10% 0.08 
20% TiO2/SBA-15 0.74 20% 0.15 
30% TiO2/SBA-15 1.11 30% 0.23  

a Added to 1 g of SBA-15 (dTTIP = 0.96 g cm− 3). 
b Molar ratio. 
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catalyst addition; (2) after 24 h in the dark (adsorption period); (3) after 
180 min irradiation (photodegradation period). SDZ was extracted from 
the aliquots by solid-phase extraction (SPE). Briefly, the 200 mL aliquots 
were filtered (0.45 μm polyamide filters) and passed through 500 mg 
Oasis HLB cartridges (Waters). After washing and drying the cartridge, 
the analyte was recovered in 10 mL of methanol. Due to the low SDZ 
concentration, a more accurate detection system was necessary. The 
methanolic extracts were then analyzed for SDZ content at the Institute 
of Research on Chemical and Biological Analysis (IAQBUS) of the Uni-
versity of Santiago de Compostela, using a Liquid Chromatography- 
triple quadrupolote-Tandem Mass Spectrometry (LC-QQQ-MS/MS) sys-
tem. More details about the instrumental setup are given in the SI file. 
Besides SDZ, the samples were also screened for further CECs that were 
originally present in the UWW sample by LC-high-resolution- 
quadrupole-time of flight mass spectrometer (LC-QTOF) as detailed in 
the SI. In this way it was possible to preliminarily evaluate, both the 
adsorption and photocatalytic potential of 30% TiO2/SBA-15 for the 
removal of other CECs. More experimental details are given in the SI file. 

3. Results and discussion 

3.1. Characterization of the photocatalytic materials 

Wide-angle diffraction patterns of the synthesized catalysts confirm 
the formation of crystalline TiO2 (Fig. 1A). Pristine SBA-15 shows only a 
broad peak centered at 2θ = 20◦, corresponding to amorphous silica. In 
the presence of TiO2, new diffraction peaks appear at 2θ = 25.3◦, 37.8◦, 
48.1◦, 55.2◦ and 62.5◦, which become more intense with the increase in 
TiO2 content. The observed diffraction pattern corresponds to the 
anatase phase of TiO2 (JCPDS card n◦ 21–1272, space group I41/amd). 
The peaks correspond to (101), (004), (200), (105) and (204) lattice 
planes of anatase, respectively. Diffraction peaks due to rutile were not 
observed, evidencing that anatase was the only TiO2 phase formed. The 
average crystallite sizes L, as obtained from the Scherrer equation 
assuming spherical particles (Equation (2)), range between 6 and 8 nm 
(Table S2), which favors the photocatalytic activity (Van Grieken et al., 
2002). 

SAXS patterns of SBA-15 and of the TiO2/SBA-15 catalysts (Fig. 1B) 
show the typical reflections of 2D-hexagonal mesostructures (space 
group p6mm), showing that the mesoporous framework survived the 
functionalization procedure. Five well-resolved diffraction peaks can be 
seen in the 2θ range 0.5–3.0◦, which can be indexed as the (100), (110), 
(200), (210) and (300) reflections. The hexagonal lattice parameter a0 
(which corresponds to the center-to-center pore distance) can be ob-
tained from the d100 spacing using Equation 1, and is given in Table S2. A 

slight contraction of the silica framework in the TiO2/SBA-15 samples 
can be observed, which can be attributed to the calcination at 700 ◦C to 
form TiO2 particles. 

HRTEM images of SBA-15 and TiO2/SBA-15 are shown in Fig. 2 
(additional images are given in Fig. S2). Pristine SBA-15 presented the 
expected hexagonal array of parallel 1D channels (Fig. 2A and B) (Zhao 
et al., 1998). In contrast, the images of the TiO2/SBA-15 materials 
(Fig. 2C, E, G) showed TiO2 NPs decorating most of the surface of the 
SBA-15 particles. The observed surface coating could account for the 
disappearance of the amorphous silica band (2θ = 20◦) in the XRD 
pattern (Fig. 1A). Some of the NPs appear to be inside the pores, 
although their precise location cannot be ascertained. Moreover, some 
parts of the surface were not covered by the NPs, revealing the naked 
SBA-15 structure underneath. This finding confirms that the SBA-15 
matrix resisted the post-synthesis modification with TiO2, which is in 
agreement with the SAXS measurements (Fig. 1B). 

The high magnification HRTEM images of the TiO2/SBA-15 mate-
rials (Fig. 2D, F, H) revealed individual TiO2 NPs on the surface. The 
diameters calculated from the TEM images for the NPs were 8.1 ± 2.2 
nm (10% TiO2/SBA-15), 10.5 ± 2.6 nm (20% TiO2/SBA-15) and 7.6 ±
1.6 nm (30% TiO2/SBA-15), which in general agree with the values 
determined by the Scherrer equation (Table S2). Some of the NPs show 
clear diffraction patterns, with a d-spacing compatible with that calcu-
lated from the (101) diffraction peak (Fig. 1A) at 2θ = 25.3◦ (d101 = 3.5 
Å). 

The TiO2/SBA-15 samples were further characterized by nitrogen 
adsorption isotherms (Fig. 3A). The corresponding pore size distribu-
tions are shown in the insert of Fig. 3A. Textural parameters are given in 
Table S2. All the materials presented type IV(a) isotherms with H1 
hysteresis loop, which are typical of 2D-hexagonal SBA-15 materials 
(Zhao et al., 1998). The data in Table S2 suggest that the TiO2 NPs were 
mainly attached to the external surface of the SBA-15 particles, as seen 
in the TEM images (Fig. 2), since specific surface areas, pore volumes 
and pore diameters did not decrease substantially in comparison with 
SBA-15, as would be expected if the NPs were inside the pores. The 
surface areas and pore volumes actually increased, which is likely due to 
the extra external area impinged by the presence of the coating NPs. The 
large surface areas are beneficial for contaminant molecules to access 
the exposed active sites, thus favoring photocatalytic performance. 

The presence of TiO2 in the samples was further detected in the 
powder diffuse reflectance spectra of the catalysts (Fig. 3B). The spectra 
show the typical UV absorption band of TiO2, which is not seen in the 
spectrum of SBA-15. The spectra end at about 415 nm, corresponding to 
a bandgap energy of 3.0 eV, and are shifted to longer wavelengths 
compared to the TiO2–P25 spectrum, showing that the absorption of 

Fig. 1. (A) Wide-angle XRD patterns of SBA-15 and TiO2/SBA-15 catalysts. (B) Small-angle XRD patterns of SBA-15 ( ); 10% TiO2/SBA-15 ( ); 20% TiO2/SBA- 
15 ( ); 30% TiO2/SBA-15 ( ). 
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Fig. 2. HRTEM images of pristine SBA-15 (A, B), 10% TiO2/SBA-15 (C, D), 20% TiO2/SBA-15 (E, F) and 30% TiO2/SBA-15 (G, H).  
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UVA radiation by the synthesized TiO2/SBA-15 materials is favored. 

3.2. Photocatalytic activity 

3.2.1. Effect of TiO2 content on SDZ degradation 
The photocatalytic activity of the TiO2/SBA-15 materials was 

monitored using SDZ as a model CEC. Fig. 4 shows the influence of the 
TiO2 content on the SDZ degradation kinetics, and the results of the 
experiments are summarized in Table 2. Note that direct photolysis of 
SDZ, in homogeneous solution, was almost negligible, reaching only 
1.6% of SDZ degradation after 180 min (Table 2). When the non- 
functionalized SBA-15 was present, ca 14% of the SDZ was removed 
by adsorption, and only 3% of the SDZ was removed by photo-
degradation. In the presence of TiO2, however, most of the SDZ was 
removed by photocatalysis, rather than adsorption; in fact, only 2–6% of 
the SDZ was adsorbed on the TiO2/SBA-15 materials. The photocatalytic 

degradation of SDZ, on the other hand, increased with TiO2 content from 
32% (10% TiO2/SBA-15) to 65% (20% TiO2/SBA-15) and to 73% (30% 
TiO2/SBA-15). Reaction rates also increased with increasing TiO2 con-
tent. A four-fold increase in the pseudo-first order kinetic constant was 
observed as going from 10% to 30% TiO2 (Table 2). 

A relevant issue is whether the SDZ is deactivated by the irradiation 
treatment, forming decomposition products with no capability of 
inducing bacterial resistance. The photocatalytic degradation of SDZ 
and other sulfonamides over TiO2 has been studied by several authors 
(Baran et al., 2009; Batista et al., 2014; Calza et al., 2004; Castanheira 
et al., 2018; Huang et al., 2015; Liu et al., 2018). The main pathway 
reported begins with the breakdown of the S–N bond, followed by sec-
ondary fragmentation reactions. Baran et al. (2006) and Zessel et al. 
(2014) have shown that the photolytic products of SDZ degradation 
were devoid of antibacterial activity, and therefore could not cause 
bacterial resistance. Moreover, those reports suggest that total miner-
alization is not necessary for SDZ deactivation. The characterization of 
the degradation products, however, is out of the scope of the present 
work. 

3.2.2. Effect of the mass of catalyst employed 
Considering that 30% TiO2/SBA-15 showed the best photocatalytic 

performance among the three samples, this material was selected for 
further experiments. Fig. 5 shows the effect of varying the mass of 30% 
TiO2/SBA-15 catalyst on SDZ photodegradation. Table 2 shows the 
corresponding parameters obtained from the experiments. The adsorp-
tion of SDZ increased with the increase in the catalyst content, reaching 
the limiting value of 8% SDZ adsorption. Furthermore, photocatalytic 
performance was also improved, with the best performance obtained for 
500 mg of the 30% TiO2/SBA-15 catalyst, resulting in complete SDZ 
removal after 120 min of irradiation. A further increase in catalyst mass 
did not result in a better performance (Fig. 5), both in terms of removal 
percentage and removal rate, which can be attributed to the increasing 
turbidity of the suspensions, partially blocking the penetration of the 
radiation. 

3.2.3. Photocatalyst reutilization 
From the previous results, the mass of 500 mg of the 30% TiO2/SBA- 

15 catalyst was selected for the reutilization studies. Fig. 6 shows SDZ 
photodegradation over three cycles with the selected sample, and 
Table 2 shows the corresponding parameters. As seen in Table 2, the 
adsorptive capacity of the material decreased after the first cycle. This 
result may be an indication that the remaining sulfadiazine, or in-
termediates formed during photodegradation remain on the surface of 
the photocatalyst material after the end of the first cycle. The photo-
activity, however, remained high in the subsequent cycles, regardless of 

Fig. 3. (A) Nitrogen adsorption isotherms of the TiO2/SBA-15 catalysts. Inset: Pore size distributions (BJH from adsorption branches). Data for pristine SBA-15 are 
included for comparison. SBA-15 ( ); 10% TiO2/SBA-15 ( ); 20% TiO2/SBA-15 ( ); 30% TiO2/SBA-15 ( ). (B) Absorbance spectra (from diffuse reflectance 
measurements) of the SBA-15, TiO2–P25 and TiO2/SBA-15 catalysts. 

Fig. 4. Photolysis ( ), and the photocatalytic performance of SBA-15 ( ), 
10% TiO2/SBA-15 ( ), 20% TiO2/SBA-15 ( ) and 30% TiO2/SBA-15 ( ) 
for SDZ photodegradation in the FluHelik photoreactor. Conditions: mphotocat =

150 mg; Vsol = 1.5 L; [SDZ]0 = 1.88 ± 0.11 mg L− 1; pH0 = 7.0; T = 25 ◦C. Time 
values below zero represent the adsorption time in the dark (before turning on 
the lamp) and are out of scale (the actual adsorption time was 24 h). 
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the lower adsorption capacity. More than 90% of freshly added SDZ was 
photodegraded in the second and third cycles, and with nearly the same 
rate constant as the first cycle (Table 2). The possibility of reutilization is 
essential for any practical large-scale application. 

3.2.4. Performance of TiO2/SBA-15 catalysts in urban wastewater matrix 
The degradation of SDZ was also evaluated using a sample of UWW 

(Table S1), spiked with 2 mg L− 1 of SDZ. The best condition from the 
previous experiments, 30% TiO2/SBA-15 (500 mg), was employed here. 

The photocatalytic performance of this sample was compared to that of 
commercially available TiO2–P25. As observed in Fig. 7, TiO2–P25 was 
more efficient for SDZ degradation than 30% TiO2/SBA-15 in PW. In the 
UWW, however, the opposite behavior was observed, with TiO2/SBA-15 
showing better performance than TiO2–P25.56% SDZ degradation was 
obtained after 180 min, with 30% TiO2/SBA-15 in the UWW, as 
compared to 32% SDZ degradation with TiO2–P25 (Table 2). Moreover, 
SDZ degradation was faster with 30% TiO2/SBA-15, as indicated by the 
rate constants in Table 2. These results may be due to the reported 
agglomeration of TiO2–P25 NPs when suspended in wastewater sam-
ples, arising from the combined effect of high ionic strength and dis-
solved organic matter (Romanello and Cortalezzi, 2013; Zhou et al., 

Table 2 
Percentage of adsorption (% SDZads), percentage of photodegradation (% SDZdeg), pseudo-first order reaction rate constant (kSDZ), determination coefficient (R2) of the 
nonlinear data fit and initial reaction rate (r0,SDZ) values obtained in the degradation experiments of SDZ with TiO2/SBA-15 catalyst in the FluHelik photoreactor.  

Experimenta Matrixb photocatalyst mphotocat (mg) CTiO2 (mg L− 1) pHf %SDZ ads %SDZ deg kSDZ (10− 2 min− 1)c R2 

Homogeneous (photolysis) PW – – – 7.4 – 1.6 – – 
Heterogeneous 

(photocatalysis) 
Influence of TiO2 content 
PW SBA-15 150 0 7.4 13.8 3.1 0.05 0.97 
PW 10% TiO2/SBA-15 150 15 7.4 5.6 31.6 0.20 0.96 
PW 20% TiO2/SBA-15 150 30 7.2 2.4 65.2 0.61 0.99 
PW 30% TiO2/SBA-15 150 45 7.4 4.9 73.2 0.81 0.99 
Effect of the mass of photocatalyst employed 
PW 30% TiO2/SBA-15 50 15 7.3 1.4 40.7 0.23 0.98 
PW 30% TiO2/SBA-15 200 60 7.0 6.2 82.5 1.26 0.99 
PW 30% TiO2/SBA-15 300 90 7.1 8.6 87.3 1.86 0.98 
PW 30% TiO2/SBA-15 500 150 7.1 8.4 88.8 2.36 0.99 
PW 30% TiO2/SBA-15 600 180 7.3 8.7 86.2 1.85 0.99 
Photocatalyst reutilization 
PW 30% TiO2/SBA-15 (1st cycle) 500 150 7.2 9.7 87.3 1.87 0.99 
PW 30% TiO2/SBA-15 (2nd cycle) 500 150 7.1 2.7 94.5 1.72 0.99 
PW 30% TiO2/SBA-15 (3rd cycle) 500 150 7.3 3.1 94.0 1.66 0.99 
Matrix influence 
PW TiO2–P25 150 150 6.6 2.2 95.0 6.09 0.99 
UWW TiO2–P25 150 150 7.2 1.6 31.6 0.25 0.97 
UWW 30% TiO2/SBA-15 500 150 7.6 0.6 (0)d 56.4 (90.0)d 0.43 0.99  

a Conditions: Vsol = 1.5 L; Irradiation range: 0–180 min; Q = 75 L h− 1; [SDZ]0 = 2 mg L− 1 (nominal value); pH0 = 7.0 (PW), 7.5 (UWW). 
b PW: Pure water; UWW: Urban wastewater. 
c Apparent first-order rate constant (kapp) of the photocatalytic SDZ degradation. 
d Data in parenthesis are for the experiment with [SDZ]0 = 40 μg L− 1 in UWW. 

Fig. 5. Photocatalytic performance of 50 mg ( ), 150 mg ( ), 200 mg 
( ), 300 mg ( ), 500 mg ( ) and 600 mg ( ) of 30% TiO2/SBA-15 for 
SDZ photodegradation in the FluHelik photoreactor. Conditions: Vsol = 1.5 L; 
[SDZ]0 = 1.88 ± 0.11 mg L− 1; pH0 = 7.0; T = 25 ◦C. Time values below zero 
represent the adsorption time in the dark (before turning on the lamp) and are 
out of scale (the actual adsorption time was 24 h). 

Fig. 6. Reuse of 30% TiO2/SBA-15 for SDZ photodegradation in a FluHelik 
photoreactor. Conditions: mphotocat = 500 mg; Vsol = 1.5 L; [SDZ]0 = 1.88 ±
0.11 mg L− 1; pH0 = 7.0; T = 25 ◦C. 
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2015; Ren et al., 2017; Xu, 2018). Zhou et al. (2015), for example, 
showed that TiO2 NPs with 21 nm diameter formed aggregates with sizes 
greater than 200 nm when dispersed in real wastewater samples. Thus, 
dispersion of the TiO2 NPs onto the SBA-15 support helped to avoid 
catalyst nanoparticles agglomeration, leading to a better performance 
than the standard TiO2–P25 in the real water studied. 

The SDZ concentration ([SDZ]0 = 1.88 mg L− 1) employed in the 
optimization experiments reported above is much higher than the [SDZ] 
expected to be found in real wastewater. Therefore, a new SDZ-spiked 
UWW sample, with [SDZ] = 40 μg L− 1, was prepared and irradiated in 
the FluHelik, with 500 mg of 30% TiO2/SBA-15 (other conditions as 
above). For this sample, although the adsorption was null, 90.0% of the 

SDZ was removed by photodegradation (Table 2, last entry), stressing 
the high efficiency of the present system in conditions similar to real 
conditions. 

3.2.5. Removal of other CECs from UWW 
The LC-QTOF screening (Castro et al., 2021; Wilson et al., 2021) 

allowed the detection of 65 other CECs (Table S3), which were originally 
present in the UWW (not spiked in) (Paíga et al., 2019; Schymanski 
et al., 2014). The CECs response was then determined in the original 
UWW (before adding the catalyst), after 24 h in contact with 500 mg of 
30% TiO2/SBA-15 and after irradiating the mixture in the FluHelik for 
180 min, in the presence of 30% TiO2/SBA-15. The results are displayed 

Fig. 7. Comparison between 30% TiO2/SBA-15 ( ) and TiO2–P25 ( ) for SDZ photodegradation from (A) PW and (B) UWW matrices in the FluHelik photo-
reactor. Conditions: mphotocat = 500 mg; Vsol = 1.5 L; [SDZ]0 = 1.88 ± 0.11 mg L− 1; pH0 = 7.0 (PW) and 7.5 (UWW); T = 25 ◦C. Time values below zero represent the 
adsorption time in the dark (before turning on the lamp) and are out of scale (the actual adsorption time was 24 h). 

Fig. 8. Radar charts of the response ratios (A/A0) initially present ( ) and after adsorption ( ) and photocatalysis in the presence of 30% TiO2/SBA-15 ( ), 
for all detected CECs. (A) Pharmaceuticals for nervous system. (B) Antibiotics and pharmaceuticals for cardiovascular, respiratory and urinary system. (C) Phar-
maceuticals for dermatological treatment and other contaminants. 
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in Fig. 8, in the form of radar charts (Paíga et al., 2019), where the 
contribution of adsorption and photocatalysis for the removal of each 
drug can be easily visualized, as a percent of the original response 
(A/A0). More information is presented in Table S3. With these data, a 
fast screening can be performed on the activity of TiO2/SBA-15 for the 
removal of the different CECs, in a single experiment. 

In one hand some of the CECs adsorbed strongly onto the catalyst, 
but were not photodegraded, and on the other hand, other CECs did not 
adsorb on the catalyst, but were efficiently degraded by photocatalysis 
(Fig. 8). Since the characterization of the catalyst showed the TiO2 NPs 
to be located outside the SBA-15 particles, TiO2/SBA-15 presumably acts 
as a dual-action material for CECs removal, with independent adsorption 
(mesopores) and photocatalytic (NPs) sites. 

The list of CECs found in UWW includes predominantly pharma-
ceutical drugs used for the neurological system, whose results are dis-
played in Fig. 8A. It is worth noting that around 70% of neurological 
drugs were reduced to less than 50% of the original concentration, after 
adsorption followed by photocatalysis in the FluHelik reactor. 

Drugs used as anti-infective and antibacterial agents (Fig. 8B), such 
as clarithromycin (CR), sulfapyridine (SPy), sulfamethoxazole (SMX), 
levofloxacin (LVX) and trimethoprim (TMP), did not show adsorption 
affinity for the surface of the TiO2/SBA-15 catalyst (similarly to SDZ), 
the same occurring with the cardiovascular drugs losartan (LOS), peri-
ndopril (PRD), propranolol (PRN), sotalol (STL), and telmisartan (TEL). 
However, most of these drugs were efficiently removed after photo-
catalysis (except for SMX), with nearly complete photodegradation in 
some cases (SPy, TMP, PRN) (Fig. 8B). 

Drugs for dermatological use (Fig. 8C) such as climbazole (CLZ) and 
fluconazole (II) (FLC), and substances which are not part of the drug 
class − fipronil (FIP), nitrophenolate (NP), ritalinic acid (RA), sucralose 
(SUC), terbutrin (TB), and toluene 2-sulfonamide (TSN), were also not 
adsorbed on the surface of 30% TiO2/SBA-15, and were only partially 
degraded after photocatalysis. On the other hand, thiemonium (TI), 
sitagliptin (SGN), levorphanol (LEV), denatonium (DE), and dietilto-
luamide (DEET), which are drugs used for other treatments, were 
completely eliminated after 180 min of irradiation (Fig. 8C). 

4. Conclusions 

The combination of the FluHelik photoreactor with the TiO2/SBA-15 
photocatalyst synthesized in this work was shown to be very promising 
for the removal of CECs present in UWW. The TiO2/SBA-15 samples 
were synthesized by the sol-gel post-synthetic method and subsequently 
characterized by a collection of techniques, such as XRD, SAXS, TEM, 
nitrogen adsorption-desorption and UV–Vis DRS. Among all candidate 
catalysts, 30% TiO2/SBA-15 showed the highest catalytic performance 
under optimal conditions. Moreover, the 30% TiO2/SBA-15 sample was 
more efficient than standard TiO2–P25 for SDZ degradation in UWW, 
showing that supporting the TiO2 NPs on SBA-15 effectively inhibited 
TiO2 agglomeration in this high ionic strength matrix. Furthermore, the 
FluHelik+30% TiO2/SBA-15 combination was able to remove 90% of 
the SDZ when spiked at concentrations in the μg L− 1 range, similar to 
SDZ concentrations found in the environment. Additionally, tens of 
other pharmaceutical drugs detected in the UWW sample studied here 
were also partially or totally removed from the UWW using the 
FluHelik+30% TiO2/SBA-15 system. 
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