Journal of Hazardous Materials 443 (2023) 130224

Contents lists available at ScienceDirect

HAZARDOUS
MATERIALS

Journal of Hazardous Materials

o %

ELSEVIER journal homepage: www.elsevier.com/locate/jhazmat

Research Article , 1) :
Periodic mesoporous organosilicas containing naphthalenediimides as Spies

organic sensitizers for sulfadiazine photodegradation

Bruna Castanheira ™", Sergio Brochsztain b Larissa Otubo ¢, Antonio Carlos S.C. Teixeira ™"

2 Department of Chemical Engineering, University of Sao Paulo, Av. Prof. Luciano Gualberto, tr. 3, Sao Paulo 380, SP, Brazil
b Federal University of ABC, Av. dos Estados, 5001, Santo André, SP 09210-580, Brazil
¢ Nuclear and Energy Research Institute (IPEN), Av. Prof. Lineu Prestes, 2242, Sao Paulo, SP 05508-000, Brazil

HIGHLIGHTS GRAPHICAL ABSTRACT

¢ PMOs functionalized with naph-
thalenediimides (NDI) are efficient

photocatalysts. Type2y o, s B LB Tpet
e The potential of PMONDI to degrade an A ot
antibiotic (sulfadiazine) was @/ ouw fecton
demonstrated. sifadiazine (SPT) Oy e L
o Sulfadiazine can be degraded by 'O, 0: KISCI o . .
and triplet naphthalenediimide (®NDI®). o K~ [{”\’M_E‘Q }‘Mmdmon -
e PMONDI performed better than TiO, rdaton producs e - "
supported on SBA-15 mesoporous silica.
o The stability of the PMONDI photo- i

catalysts was demonstrated by reuse
tests.

=
.

1,4,5,8- naphtalencdiimides (NDI)

ARTICLE INFO ABSTRACT

Editor: Dr. C. Baiyang In this work, periodic mesoporous organosilicas (PMO) functionalized with the organic sentisizer naph-
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of the aniline ring to nitrobenzene. In conclusion, the great potential of the PMONDI materials as photocatalysts
for CECs degradation was demonstrated in this work, encouraging further research on these materials for the

degradation of pollutants.

1. Introduction

Contaminants of emerging concern (CECs), such as pharmaceutical
active compounds, synthetical and natural hormones, pesticides, per-
sonal care products and food additives, have been continuously intro-
duced in the environment by anthropogenic sources in the last decades
(Rivera-Utrilla et al., 2013; Tijani et al., 2016; Rodriguez-Narvaez et al.,
2017; Ahmed et al., 2017; Krzeminski et al., 2019; Rizzo et al., 2019;
Parida et al., 2021). Consequently, CECs have been frequently detected
in rivers, lakes and reservoirs at the ng L™! to pg L1 levels, or even
higher. In spite of the risks CECs pose to the environment and human
health, they are in general not monitored and there is no regulation for
their control in most countries (Rivera-Utrilla et al., 2013; Tijani et al.,
2016; Rodriguez-Narvaez et al., 2017; Ahmed et al., 2017; Krzeminski
et al., 2019; Rizzo et al., 2019; Parida et al., 2021). The presence of
antibiotics in the environment is particularly concerning, since they can
induce bacterial resistance and can also interfere with the metabolism of
fish and other living beings (Kiimmerer, 2009a, 2009b; Kovalakova
et al., 2020). Among antibiotics, sulfonamides, such as sulfadiazine
(SDZ, Fig. 1), are of special interest, because of their wide veterinary use
in the prevention of diseases in livestock (Baran et al., 2011). Most of the
administered dose of SDZ (90%) is not absorbed by the living organisms,
and is excreted unmodified into the environment. SDZ is highly soluble
in water, and therefore accumulates in water bodies.

Most CECs are not removed in conventional urban wastewater
treatment plants. Therefore, there has been a renewed interest in
methods for degrading/inactivating CECs. Among the different
methods, advanced oxidation processes (AOPs), consisting in the pho-
tocatalytic degradation of the pollutant in the presence of heterogeneous
catalysts, have attracted extensive attention in the past few decades
(Miklos et al., 2018; Lee et al., 2021). Several studies have shown that
SDZ and other sulfonamides are susceptible to photocatalytic degrada-
tion by AOPs (Zessel et al., 2014; Rivas-Ortiz et al., 2017; Yang et al.,
2017). Titanium dioxide (TiO2) nanoparticles have been by far the most
used photocatalyst in AOPs (Miranda-Garcia et al., 2014; Fagan et al.,
2016). TiOy nanoparticles, however, show a strong tendency to
agglomerate in aqueous media. A solution to overcame this drawback,
adopted by several authors, is the dispersion of TiO nanoparticles in
mesoporous silicas, such as SBA-15 (Fig. 2A), which features
well-organized pores with diameter in the range of 8-12 nm (Lopez--
Munoz et al., 2005; Yang et al., 2006; Acosta-Silva et al., 2011; Salameh
et al., 2015; Conceicao et al., 2017; Castanheira et al., 2022). Further-
more, the organized 1D pore system in mesoporous silicas provides a
confined environment, working as a nanoreactor for photoinduced re-
actions. In addition, mesoporous silicas can be post-synthetically func-
tionalized with organic groups, which can act as sensitizers in the
photodegradation of pollutants, as an alternative to inorganic sensitizers
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such as TiO, (Castanheira et al., 2017).

Post-synthetic functionalization of mesoporous silicas, however,
often leads to pore blockage. In this context, periodic mesoporous
organosilicas (PMOs) (Hoffmann et al., 2006; Mizoshita et al., 2011; Van
Der Voort et al., 2013; Park et al., 2014; Karimi et al., 2022) are very
attractive materials to support sensitizers in the photocatalytic removal
of CECs. PMOs are hybrid materials synthesized by a
surfactant-templated method, using bis-silylated bridging organosilanes
of the type (RO)3Si—R’—Si(OR)3 as silica sources (Fig. 2B). As a result,
the organic moiety is incorporated as an integral part of the pore walls,
leaving the pore voids unblocked, in contrast to post-synthetic grafting,
where the organic groups adhere to the interior of the pores. Thanks to
those qualities, PMOs have recently found important environmental
applications, including pollutant removal by adsorption and photo-
catalysis (Esquivel et al., 2017; Deka et al., 2014; Chongdar et al., 2022).

In the present work, we demonstrate that PMOs functionalized with
naphthalenediimides (NDI) as organic sensitizers are quite efficient
materials for the photodegradation of SDZ. The synthesis of these ma-
terials, which were named PMONDI, has been recently accomplished by
our group (Castanheira et al., 2018; Andrade et al., 2020; Moraes et al.,
2018). They are synthesized by the co-condensation of tetraethoxysilane
(TEOS) with N,N’-bis(3-triethoxysilylpropyl)—1,4,5,8-naph-
thalenediimide (TESP-NDI), a NDI-based bridged silsesquioxane, in the
presence of the surfactant Pluronics P123 as a template (Fig. 2B). NDI
(Fig. 1) are n-type organic semiconductors with a variety of applications,
such as in solar cells, light emitting diodes, photochromic devices and
photocatalysis (Kumar et al., 2018; Bhosale et al., 2021). NDI de-
rivatives, when irradiated, form triplet states that readily react with
molecular oxygen, generating singlet oxygen (*O,), which can then
degrade different organic substrates (Type II photodegradation mecha-
nism) (Aveline et al., 1997; Rogers and Kelly, 1999). Triplet excited
states of NDI can also accept electrons from the pollutant molecules,
generating reactive species, leading to further degradation (Type I
photodegradation mechanism) (Kumar et al., 2018; Bhosale et al., 2021;
Aveline et al., 1997; Rogers and Kelly, 1999).

In this work, the photocatalytic activity of PMONDI was compared
with that of a mesoporous silica SBA-15 impregnated with TiOs. This
material, containing 16% (w/w) TiOg, was named 16% TiO3/SBA-15,
and prepared by post-synthetic modification of pristine SBA-15
(Fig. 2A). It was designed to have the same active photocatalytic ma-
terial content as the PMONDI-16 sample, which contains 16% (w/w)
NDI. We show that the PMONDI photocatalysts perform better than the
TiOy-based catalyst for SDZ degradation under similar irradiation
conditions.

0 0
7
R—N N—R
7 0

Naphtalenediimide (NDI)

Fig. 1. Structures of the antibiotic sulfadiazine, used here as a CEC model, and of the naphthalenediimide photosensitizer.
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2. Experimental part
2.1. Materials

Sulfadiazine (99% purity) and titanium (IV) isopropoxide (TTIP,
97% purity) were obtained from Sigma-Aldrich. Ethanol and acetic acid
(HPLC grade) were purchased from Baker. Furfuryl alcohol (FFA) was
obtained from TCI America. All solutions used throughout this study
were prepared with deionized water. Pristine SBA-15 was prepared ac-
cording to a standard literature procedure (Zhao et al., 1998) 16%
TiO2/SBA-15 was prepared via sol-gel hydrolysis and condensation of an
isopropanol solution of TTIP in the presence of pre-synthesized SBA-15
silica support (Fig. 2A), according to reported methods (Lopez-Munoz
et al., 2005; Yang et al., 2006; Acosta-Silva et al., 2011; Salameh et al.,
2015; Conceicao et al., 2017). The detailed procedure is given in the
Supplementary Information.

The PMONDI photocatalysts were synthesized and characterized as
previously reported (Castanheira et al., 2018). Briefly, the precursor
TESP-NDI (Fig. 2B) was synthesized by the reaction between 1,4,5,
8-naphthalenetetracarboxylic dianhydride and 3-aminopropyltriethoxy-
silane. Co-condensation of TESP-NDI with tetraethoxysilane (TEOS) in
acidic media, in the presence of the surfactant Pluronic P123 as a tem-
plate, resulted in the formation of the PMONDI (Fig. 2B), containing
variable amounts of the NDI sensitizer. The samples employed here
contained either 8 wt% NDI (PMONDI-8) (molar ratio = 82 SiO,: 1 NDI)
or 16 wt% NDI (PMONDI-16) (molar ratio = 38 SiO5: 1 NDI). The NDI
contents were calculated from elemental analysis (more details are given
elsewhere) (Castanheira et al., 2018).

2.2. Characterization of the photocatalysts

High resolution transmission electron microscopy (HRTEM) images
were obtained with a JEOL JEM 2100 microscope operating at 200 kV.
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N adsorption-desorption isotherms were measured at 77 K using a Nova
2200 Surface Area and Pore Size Analyzer (Quantachrome). The surface
areas were obtained by the Brunauer-Emmett-Teller (BET) method. Pore
volumes were calculated at P/Py = 0.97. Pore diameters were obtained
by the Barrett-Joyner-Halenda (BJH) method (desorption branch).
Diffuse reflectance spectroscopy (DRS) was performed with a Cary 50
UV-visible spectrophotometer, using an external optical fiber accessory
(Barrelino).

Small angle X-ray scattering measurements (SAXS) were carried out
using a Xeuss 2.0 equipment, equipped with a generating source Xenocs
with CuKa (A = 0.15406 nm) radiation. All the samples were scanned
under the same conditions in the range 20 = 0-3°. The hexagonal cell
parameter (ap) was determined according to Eq. (1):

_ 2dwo

a,
V3

Where djgo corresponds to the Bragg’s distance reflection at the (100)
crystallographic plane. In addition, the TiO2 nanocrystals present on the
TiO9/SBA-15 materials were characterized with wide-angle XRD pat-
terns recorded on a Bruker (D8-Discover) powder X-ray diffractometer
using CuKa radiation (40 KV, 30 mA), LynxEye detector and Ni filter in
the 20 range 10°—100° with a scanning rate of 0.75° min~'. From the
line broadening of the corresponding X-ray diffraction peaks, the TiO,
crystallite size was estimated using the Scherrer equation (Eq. 2), where
L is the average crystallite size in nm, A is the wavelength of X-ray ra-
diation (CuKa = 0.154056 nm), K is shape factor, taken as 0.9, j is the
broadened profile width at half maximum height in radians and @ is the
diffracting angle.
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Fig. 2. Schematic representation of the synthesis and structure of (A) TiO»/SBA-15 and (B) PMONDI. TEOS = tetraethoxysilane; P123 = Pluronics P123 (surfactant);
TTIP = titanium tetraisopropoxide; TESP-NDI = N,N’-bis(3-triethoxysilylpropyl)—1,4,5,8-naphthalenediimide.
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2.3. Irradiation experiments

Photocatalytic reactions were carried out in a jacketed beaker as a
batch reactor (Fig. 3). The temperature was kept constant at 25 °C by
recirculating water through a thermostatic bath. The pH of the solutions
was not controlled, and remained close to 7.0 during the experiments.
The photocatalyst suspensions in SDZ solution were stirred for 24 h in
the dark before irradiation, in order to establish the adsorption/
desorption equilibrium between SDZ and the surface of the catalysts.
The irradiation was performed using an Omnicure S1000 Hg lamp
(100 W, bandpass filter: 320-500 nm), containing an optic fiber guide.
The irradiance spectrum of the lamp (Fig. S1) was registered using a
Luzchem SPR-02 spectroradiometer. The distance between the tip of the
optic fiber and the solution was 15 cm, and the surface area of irradiated
liquid was 36.3 cm? (Fig. 3).

In a typical run, 25 mg of catalyst was dispersed in 50 mL of SDZ
solution. The initial concentration of SDZ and the lamp intensity were
varied in each run, according to Table 1. Initial SDZ concentrations were
established based on wastewater from pharmaceutical production and
formulation facilities, where contaminants of environmental concern
can be found at concentrations at the low level of mg L1 (Parida et al.,
2021; Kiimmerer, 2009a, 2009b; Kovalakova et al., 2020; Baran et al.,
2011). Furthermore, this choice allows direct quantification of the an-
alyte by liquid chromatography, without the need for pre-concentration
steps, avoiding the introduction of additional variability in the data.

During irradiation, aliquots of 0.5 mL were taken at 15 min intervals
from the irradiated solution, filtered through a 0.45 um membrane filter
and analyzed by HPLC. Control experiments, such as photolysis and
irradiation with non-functionalized mesoporous silica (SBA-15), were
also carried out under the conditions in Table 1. The experimental error
and the standard deviation of the experiment performed in triplicate
(central point conditions) were considered equal for all experiments.

Pseudo-first-order kinetic constants (kspgz, min 1) for the decay of
[SDZ] with time were calculated by Eq. 2, where [SDZ] and [SDZ] are
the concentrations of SDZ at time t and t = 0, respectively.

[SDZ] = [SDZ], x e *svz! 3

The reusability of PMONDI-16% and 16% TiO,/SBA-15 catalysts was
evaluated over three consecutive cycles using the conditions of experi-
ment B (Table 1). 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.

-

,7 closed cabinet

optic fiber guide
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Table 1
Initial SDZ concentrations and irradiances used in the experiments.

Experiment I (mW em ™ 3) [SDZ]o (ng LY
A 3 7.5

B 3 125

C 8 5

Da 8 10

E 8 15

F 13 7.5

G 13 12.5

@ performed in triplicate.
2.4. Quantification of singlet oxygen species

The 10, at steady state concentration ([*'0q] ss) was measured using
FFA as probe. For this, the same amount of the PMONDI-16 used in the
irradiation tests (25 mg) were dispersed in 50 mL of FFA at an initial
concentration of 10~% mol L™, The suspension was stirred during 24 h
at 25 °C to guarantee adsorption of the probe solution onto photo-
catalytic materials. The light source was set at I = 12.5 mW cm 2 and
turned on. Aliquots of 1 mL of the aqueous suspension were collected
from the reactor and filtered through a 0.45-um membrane filter to
remove the catalyst powder and stored at freezer for HPLC analysis.

The reaction between FFA and 'O, is controlled by diffusion ac-
cording to the following equation: (Mostafa and Rosario-Ortiz, 2013)

—d[FFA]

dt = klOZ.FFA [102] SS [FFA] (4)

where, [10,] and [FFA] are the concentrations of 102 and FFA, respec-
tively and kjogpra = 1.2 X 1078 L mol ™! s7! is the second order rate
constant of the reaction between 0, and FFA.

If the illumination intensity is constant and the FFA concentration is
sufficiently low (£ 2 x10~* mol L™1), the steady-state concentration of
10, can be calculated from the following equations:

—d[FFA

ZAPEA] _ g frA) )

[102]ss = o ©)
klOZ.FI"A

where kgps corresponds to the observed specific pseudo-first order
degradation rate of FFA.
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O

Fig. 3. Experimental arrangement for the irradiation studies.
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2.5. Detection of SDZ, FFA and degradation products

SDZ and FFA concentrations were monitored by ultra-fast liquid
chromatography, using a Shimadzu LC 20 CE chromatograph, equipped
with a C18 column (Phenomenex Synergy Fusion-RP 80 A,
150 mm x 4.60 mm, 4 um) and a UV-visible detector (SPD 20 A). SDZ
was determined at 266 nm by an isocratic elution with 80% acetic acid
(1%) and 20% acetonitrile, FFA was monitored at 234 nm using 50%
methanol and 50% acetic acid as mobile phase. The oven temperature,
sample injection volume and flow rate were 40 °C, 50 pL e 1 mL min 7,
respectively for all the methods. Under these conditions, the limits of
detection and quantification were 0.03 mg L' and 0.09 mg L™ for SDZ
and 0.01 mg L' and 0.05 mg L™! for FFA, respectively.

Degradation products of SDZ formed during irradiation were
analyzed with a Shimadzu LCMS-IT-TOF High Speed Liquid Chromato-
graph - Mass Spectrometer (LC-20 CE with an electrospray ionization
source), employing the same column, injection volume and eluents as
described above, and flow rate of 0.3 mL min~*. The mass-spectral data
were obtained in positive mode between m/z 50 and 500 and the
operating conditions were as follows: 11 L min~! for desolvating gas
flow; source and desolvation temperatures: 200 °C both; capillary
voltage: 4.50 kV. The collision energy (CE) was held at 50% for MS
analysis; the collision gas applied was argon (> 99.99% purity). The
error between experimental and calculated m/z ratios was less than
1 mg L™ for all identified compounds.

3. Results and discussion
3.1. Characterization of the photocatalysts

HRTEM images of pristine SBA-15, 16% TiO3/SBA-15 and PMONDI-
16 are shown in Fig. 4. The presence of organized parallel mesochannels

is evident in all the materials. The modified SBA-15 materials, however,
presented less organized pore structures than pristine SBA-15 (Fig. 4A),
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as well as smaller grain sizes. TiO, nanoparticles of 5-10 nm size are
clearly seen attached to the SBA-15 grains in the 16% TiO2/SBA-15
material (Fig. 4B). Some of the nanoparticles seem to be inside the
mesopores, although this fact cannot be ascertained. In the case of
PMONDI-16, wide pores can be seen in the image (Fig. 4C), in agreement
with the placement of the NDI units within the pore walls, leaving a
large void space suitable for the catalytic activity.

All catalyst samples presented SAXS patterns consistent with a 2D-
hexagonal mesoscopic structure, typical of SBA-15 type materials
(Fig. S2A). The N3 adsorption isotherms are shown in Fig. S2B, which are
typically of the type IV(a) with H1 hysteresis loop, which also are typical
of 2D-hexagonal SBA-15 materials (Zhao et al.,, 1998). The corre-
sponding textural parameters are shown in Table 2. Note that the spe-
cific surface area (Spgr), pore volume (Vp) and pore diameter of 16%
TiOo/SBA-15 were nearly unchanged as compared to pristine SBA-15,
indicating that the TiO, NP were deposited on the external surface of
the SBA-15 grains, in agreement with the TEM image (Fig. 4B). In the
case of the PMONDI, on the other hand, a decrease in Sger and Vj, was
observed at high organic loadings, although the pore diameter
increased, since the NDI precursor acts as a micelle swelling agent
during PMO synthesis (Castanheira et al., 2018). The large pore sizes
presented by the PMONDI catalysts can favor the mass transfer into the
pores, so enhancing the photocatalytic activity.

The XRD of 16% TiO2/SBA-15 (Fig. S2C) confirmed the presence of
TiOs in the anatase form. The average crystallite size was determined by

Table 2
Textural parameters of the catalysts studied.

Catalyst Sger (cm? g7 1) Vp (em® g ™) Pore size (nm)
SBA-15 594 0.87 5.2

16% TiO5/SBA-15 592 0.78 5.2
PMONDI-8 562 1.08 12.6
PMONDI-16 441 0.64 10.2

Fig. 4. HRTEM images of pristine SBA-15 (A), 16% TiO,/SBA-15 (B) and PMONDI-16 (C).
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the Scherrer formula as 5.24 nm, which agrees with the TEM image
(Fig. 4B).

Fig. S1 shows the diffuse reflectance spectra of the catalysts
PMONDI-16% and 16% TiO2/SBA-15. As noticed, the absorption of the
PMONDI catalysts extends into the visible range, until ca. 440 nm,
corresponding to a bandgap of 2.8 eV, whereas the absorption of the
TiO catalyst vanishes at 400 nm (bandgap of 3.1 eV). Absorption in the
visible is a desirable characteristic for a photocatalyst, since it will
enhance the absorption of solar light. Also note the greater overlap of the
lamp emission with the absorption of PMONDI-16 as compared to the
absorption of the TiO, catalyst (Fig. S1). The visible absorption tail can
be attributed to n-stacking of the NDI units in PMONDI-16, since NDI
derivatives in homogeneous solutions do not absorb in the visible
(Castanheira et al., 2018).

3.2. Photodegradation of SDZ

Fig. 5 shows the decay of SDZ concentration with time, in the pres-
ence of the different photocatalysts, before and after the beginning of
irradiation with the Hg lamp, in the conditions that gave the best results.
The vertical dashed line represents the time the lamp was turned on. The
period in the dark corresponds to SDZ removal by adsorption. It can be
observed that the amount of SDZ removed by adsorption was much
smaller than the amount removed by photocatalysis, reaching a
maximum of only 9%, observed with PMONDI-16.

The PMONDI photocatalysts were clearly more efficient than the
TiO, based material under these conditions. SDZ was no more identified
after 45 min irradiation with PMONDI-16, and after 90 min with
PMONDI-8. In contrast, complete SDZ degradation was observed only
after ca 150 min with 16% TiO2/SBA-15. Accordingly, the pseudo first-
order specific degradation rate for SDZ (Eq. 2) increased from
3.1 x 10 2 min "' in 16% TiO2/SBA-15-4.5 x 10~2min~! in PMONDI-8
and 5.8 x 10~2 min~' in PMONDI-16 (Table S1). Direct photolysis was
also observed in these conditions (Fig. S3), which is due to a small
overlap of SDZ absorption with the lamp emission (Fig. S1). This effect
was more pronounced in the presence of pristine SBA-15, but the extent
of SDZ degradation in these cases was much smaller than with the

Cspz/Co,sDZ

0 30 60 9 120 150 180

time (min)

Fig. 5. Decay of [SDZ] in the presence of different photocatalysts: 16% TiOz/
SBA-15 (—%—), PMONDI-8 (— A-—), PMONDI-16 (4 ) and pristine
SBA-15 (—@ —). Direct SDZ photolysis is also shown (— Jll —). The dashed
line represents the time the lamp was turned on, after 24 h stirring in the dark.
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PMONDI and TiO; photocatalysts (Fig. 5).

Fig. S3 shows equivalent experiments performed in different condi-
tions of irradiance and initial SDZ concentration. As observed, the
PMONDI catalysts were more efficient then the TiO; catalyst in most
conditions tested, except for the lowest intensity employed (I =
3 mW cm’z).

The photodegradation rate was found to increase with increasing
irradiance for all photocatalysts, as expected. The rate constant
increased nearly five times in the presence of the PMONDI catalysts and
three times in the presence of 16% TiO2/SBA-15, upon increasing the
irradiance from 3 to 13 mW cm 2 ([SDZ]p = 7.5 mg L1 in both cases).
Fig. 6 shows the effect of varying [SDZ], at constant lamp irradiance (I
= 8 mW cm~2), on the rate constant of SDZ degradation. As observed,
lower [SDZ]( values favored photodegradation. Degradation was almost
twice as fast when [SDZ], was reduced to 5 mg L1

3.3. Photocatalyst reutilization

The 16% TiO2/SBA-15 and PMONDI-16 photocatalysts were also
evaluated in reutilization experiments. For this, each material was
reused in three different SDZ photodegradation cycles. The conditions
selected were the highest initial concentration of SDZ ([SDZ]y =
12.5 mg L™ and lower irradiance (I = 3 mW cm’z), since in these
conditions there was no pronounced photolysis (Fig. S3B). As seen in
Fig. 7, the PMONDI-16 photocatalyst performed better than 16% TiOy/
SBA-15 in the reuse experiments. In the presence of PMONDI-16, 97% of
the SDZ was degraded in the first cycle, 78% in the second cycle and
57% in the third. With 16% TiO5/SBA-15, on the other hand, 81% of the
SDZ was degraded in the first cycle, 71% in the second and 43% in the
third. Therefore, the TiO, based catalyst lost activity faster than the
PMONDI based catalyst upon reutilization.

Identification of photodegradation products. Transformation products
were elucidated by LC-MS analyses of aliquots collected before irradi-
ation and after 180 min of irradiation, in the presence of 16% TiO5/SBA-
15 and PMONDI-16 catalysts (Fig. S4). The chromatogram before irra-
diation shows only the peak corresponding to SDZ, with retention time
of 6.2min (Fig. S4A) and m/z = 251, which is assignable to SDZ
[M+H]" (Baran et al., 2006). After irradiation with 16% TiO5/SBA-15,

0.05

0.04

0.03

kgp, (min'l)

0.02

0.01

0.00

nh

[SDZ], (mg L)
Fig. 6. Effect of initial SDZ concentration on the pseudo-first order rate con-
stants of SDZ photodegradation (I = 8 mW cm 2). PMONDI-8 (Q);
PMONDI-16 (FRR); 16% TiO,/SBA-15 (FR0).
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Fig. 7. Extent of SDZ degradation upon reutilization of the catalysts over three
photocatalytic cycles. PMONDI-16 (FB); 16% TiO./SBA-15 (NED.

82.8% degradation of SDZ was observed, with the appearance of three
new peaks, corresponding to degradation products (Fig. S4B). The
degradation products could be identified based on their m/z ratio
(Fig. S4) and by comparison with published data. The peak identified as
P1, with retention time of 3.5 min (m/z = 187), corresponds to the
extrusion of SO, followed by rearrangement, forming 4-(2-amino-
pyrimidine-1(2 H)-yl)-aniline (Scheme 1). This product has been re-
ported in the literature by several authors (Boreen et al., 2005a, 2005b;
McNeill and Canonica, 2016; Batista et al., 2016a, 2014; Ji et al., 2017).
Oxidation of the aniline ring in this intermediate to nitrobenzene
(Scheme 1) produces the product identified as P2 (retention time:
2.2 min, m/z = 219). The peak identified as P3 (retention time: 5.3 min,
m/z = 267) corresponds to SDZ [M+H]" with the addition of 16 mass
units, indicating hydroxylation of SDZ (Scheme 1). Hydroxylation oc-
curs preferentially in the aniline ring, being less likely in the pyrimidine
ring due to its higher electron density (Baran et al., 2006).
Remarkably, irradiation in the presence of PMONDI-16 led to almost
complete degradation of SDZ (93.8%) (Fig. S4C). The peak of SDZ was
replaced by three new peaks after irradiation, corresponding to P1 and
P2, along with a third peak with retention time of 2.8 min and m/
z = 187. This peak can also be attributed to the product P1, since it has
the same m/z ratio as the peak with retention time of 3.5 min. Other

SDZ ﬁ
NH—S
N\ g SOz extrusion
|
m/z =251
hidroxilation
M OH
N NH-—ﬁ
(T
N NH,
- m/z =267
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authors have associated the SOy extrusion product to two different
retention times (Perisa et al., 2013; Ma et al., 2015).

The absence of the peak P3 after irradiation with PMONDI-16 sug-
gests different sensitization mechanisms for the two catalysts. Hydrox-
ylation is a result of attack by hydroxyl radicals, whereas SO, extrusion
and oxidation are the products of 102 attack (Ji et al., 2017; Boreen
etal., 2005b; Batista et al., 2016b). Both processes apparently took place
with 16% TiO,/SBA-15, but only 10, attack occurred with PMONDI-16.
This finding is in agreement with the generally accepted mechanism for
NDI sensitization (Castanheira et al., 2017, 2018; Andrade et al., 2020;
Moraes et al., 2018; Bhosale et al., 2021; Aveline et al., 1997; Rogers and
Kelly, 1999) which involves intersystem crossing of the singlet excited
state of NDI to the triplet state. Triplet NDI readily reacts with molecular
oxygen by energy transfer, giving 105, as shown in Scheme 2 (Type I
mechanism). This route could be confirmed through the 10, photopro-
duction measurements using FFA as a probe compound in the presence
of PMONDI-16 catalyst. Fig. S6 shows the decline in FFA concentration,
giving 102 at a steady state concentration ([102] ss) on the order of 10712
mol L_l, which is in accordance with the literature (Ribeiro et al., 2015).
Triplet NDI can also oxidize SDZ directly by electron transfer, giving
NDI* and SDZ*"", followed by decomposition of the SDZ radical (Type I
mechanism) and the regeneration of NDI by O,.

4. Conclusions

The immobilization of the organic sensitizer naphthalenediimide
within the pore walls of a PMO resulted in a catalyst which efficiently
degraded SDZ under UV/visible irradiation. The activity of the PMONDI
materials rivals that of standard photocatalysts, such as TiO; nano-
particles. The good performance of PMONDI can be attributed to the
large, unobstructed pores, as well as the absorption up to 450 nm. In
addition, the stability of the PMONDI catalyst was demonstrated by the
reuse tests. The present results demonstrate the great potential of
PMONDI photocatalysts in the degradation of SDZ, encouraging the
evaluation of these materials with other CECs.
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Environmental Implication

Sulfonamide antibiotics are waterborne persistent pollutants. Con-
ventional techniques for the water treatment are not efficient to elimi-
nate such pollutants due to their high chemical stability. In this context,
the heterogeneous photocatalysis was investigated for the degradation
of sulfadiazine (SDZ). For this, novel photocatalytic materials consisting
of periodic mesoporous organosilicas (PMO) functionalized naph-
thalenediimide (NDI) were used. PMONDI showed a great potential to
eliminate the SDZ from the water. Given that, we do believe that the
present work constitutes an important contribution to advanced mate-
rials/technologies dedicated to the removal of hazardous contaminants,
particularly those related to antimicrobial resistance.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2022.130224.
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