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Organic photocatalysts could employ visible light to produce photodegradation of pollutants; however, their low
photostability prevents their reuse even when they are supported on solid materials. Herein, to obtain a Ribo-
flavin (RF)-based photocatalyst robust and recyclable, RF has been covalently anchored to silica particles,
converting the known homogeneous photocatalyst into a new heterogeneous one (SiO2-RF). To enhance the
photostability of SiO2-RF, generation of the RF triplet excited state and subsequent singlet oxygen were pre-

vented by ensuring a complete shell of RF moieties on the silica spheres. Moreover, adsorption of organic pol-
lutants such as phenol, ortho-phenylphenol, 2,4,6-trichlorophenol and pentachlorophenol on the surface of SiO2-
RF is favored in aqueous media, facilitating electron transfer from the pollutants to the short-lived first singlet
excited state of RF. Photophysical measurements provided evidence on the photocatalytic mechanism for SiOz-

RF.

1. Introduction

The exponential growth of world population brings about with
environmental problems due to the intensive exploitation of agriculture
and the rapid industrial development required to face societal demands.
The massive use of pesticides and fertilizers along with unrestricted
industrial emissions are the main cause of surface water and ground-
water contamination [1,2]. In this context, phenyl derivatives such as
chlorophenols containing one or more chlorine atoms have extensively
been used as pesticides and wood preservatives. They are additionally
formed as by-products of water chlorination, combustion of organic
matter, and even by incineration of municipal waste. They constitute a
family of recalcitrant pollutants with a high biological risk due to its
toxicity and poor biodegradation through the biological step in local
wastewater treatment plants [3,4]. Moreover, they have been classified
as toxic contaminants by the US Environmental Protection Agency (EPA)
and the EC Environmental Directive (2455/2001/EC). Among them,
2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol and penta-
chlorophenol have been included in the Priority Pollutants List of the
EPA [5,6]. Other derivatives, like 2-phenylphenol are included in the
WHO Recommended Classification of Pesticides by Hazard [7].

Advanced Oxidation Processes (AOPs) are based on the formation of
highly reactive chemical species, which subsequently react with organic
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matter to produce more biodegradable molecules [8]. AOPs include a
variety of treatments that have been applied for removing organic
bio-recalcitrant pollutants and/or pathogens from wastewaters. Among
the AOPs, photocatalysis, in which reactive species are created via light
activation, constitutes an example of economical and green AOP, with
high potential for wastewater remediation [9]. Photocatalytic processes
can be homogeneous (e.g., photo-Fenton, or mediated by excited species
derived from organic photocatalysts), or heterogeneous (often based on
the combination of solid semiconductors and light). The two main ad-
vantages of using organic photocatalysts in pollutants degradation are: i)
their capacity to use visible light, and ii) the opportunity to elucidate the
reaction mechanisms, based on the analysis of the kinetic behavior of the
photogenerated transient species [10,11]. However, one of the major
drawbacks of homogeneous organic photocatalysts is associated with
their limited photostability, as they can suffer photobleaching or sol-
volytic attack in the reaction medium, thus its practical use is limited.
A representative example of organic photocatalysts is Riboflavin
(RF), the water-soluble vitamin B, precursor of flavin mononucleotide
and flavin dinucleotide in living-organisms [12]. RF can be found in
water courses, where it could be responsible for the “naturally” occur-
ring abatement of pollutants, including chlorophenols [10,13-23]. The
chemical structure of RF is composed by a tricyclic system with a 7,
8-dimethyl substitution and a ribityl chain at the N-10 position. The
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extended aromatic system in its tricyclic structure confers this photo-
catalyst the ability to absorb UV and visible light, showing two defined
maxima at ca. 370 and 450 nm (see RF chemical structure in Scheme 1).

Redox potential of RF (Ereq = -0.29 V vs NHE), combined with the
energy of its excited states (Es =2.48 eV and Ey =2.17 V), turns RF into
a moderate oxidant from its singlet and triplet excited states, with values
of 2.19 V and 1.88 V, respectively [24-26].

Moreover, singlet oxygen (*0y), an important intermediate species in
oxidation processes, is efficiently produced (@, = 0.49) through energy
transfer between °RF* and molecular oxygen (see Scheme 1) [12,24,
26-28]. Kinetics studies carried out in RF-photocatalyzed degradation of
several phenolic and chlorophenolic pollutants in homogeneous media,
revealed efficient degradations. In these reactions, the participation of
different species such as l02, superoxide radical anion (O3 ) and/or the
singlet and triplet excited states of RF was envisaged [13,15,29-31].

However, RF displays low photostability associated with an intra-
molecular hydrogen rearrangement from the *RF* and also with the
oxidation of the tricyclic system of RF by the generated singlet oxygen.
As a consequence, reuse of RF is negligible, cutting down its suitability
as a photocatalyst [32-34]. Thus, although 3RF* is a key intermediate
for most of the photocatalytic processes associated to RF, it is also
responsible for its own photodegradation.

With this background, the aim of the present work is to design a
recyclable and robust organic photocatalyst for wastewater remediation
based on RF. Therefore, to achieve the first goal, RF will be incorporated
into a heterogeneous support. In this sense, silica particles (SiO2) will be
used because they are cheap, easily available and offer high mechanical
stability and well-known surface chemistry that would allow derivati-
zation [35-37]. Moreover, to design a robust heterogeneous photo-
catalyst, a large number of RF molecules will be covalently anchored on
the surface of the silica particles to prevent formation of SRF*. As a
result, RF moieties will be close enough to produce, upon excitation, a
quick deactivation from their singlet excited states, effect that has pre-
viously been described when agglomeration of RF molecules gives rise to
the formation of RF dimers [38]. Thereafter, a fully photophysical
characterization of this novel heterogeneous photocatalyst will be per-
formed. Next, its photocatalytic potential and its photostability will be
tested in the photodegradation of pollutants such as phenol (P), ortho--
phenylphenol (OPP), 2,4,6-trichlorophenol (TCP) and pentachloro-
phenol (PCP), see Fig. 1. Moreover, a detailed kinetic study will help
establish the mechanism of the observed photodegradations. Finally, a
comparison between the performance of heterogeneous vs homogeneous
RF will highlight the need for photophysical experiments in heteroge-
neous media, rather than assuming a similar mechanism to that in the
homogeneous medium.
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2. Experimental
2.1. Chemicals

Phenol (P), orto-phenylphenol (OPP), 2,4,6-trichlorophenol (TCP),
pentachlorophenol (PCP), tetraethyl orthosilicate (TEOS), p-xylene,
anhydrous triethylamine, perchloric acid, glacial acetic acid, acetic an-
hydride, dichloromethane, chloroform, magnesium sulfate and peri-
naphthenone were purchased from Sigma Aldrich. Anhydrous N,N-
dimethylformamide and ammonium hydroxide (28-32 %) were pur-
chased from Fischer. Riboflavin (RF), 3-(triethoxysilyl)propyl isocya-
nate (TPI), deuterated chloroform (CDCl3) and deuterium oxide (D50)
were purchased from TCI. Water used in the photodegradations was
distilled grade, acetonitrile and ethanol of HPLC quality, dry toluene and
acetone were purchased from Scharlab.

2.2. Instrumentation
All the instrumentation employed is described in Section 1 of SI.
2.3. Synthesis of SiO2-RF

First, the synthesis of SiO, particles was carried out according to the
Stober method [39]. Thus, TEOS (1 mmol) was added to EtOH (500 mL)
in the presence of NH4OH (6.5 mmol) at 15 °C. After 2 h at this tem-
perature, the reaction was conducted at room temperature for further
24 h. Afterwards, the obtained SiO, particles were centrifuged
(4000 rpm for 5 min) and then washed with EtOH (3 x 150 mL). The
resulting SiO; particles were dried under vacuum.

In parallel, the TPI4RF intermediate was synthesized following a
described procedure [35]. Briefly, a solution of RF (102 mg, 0.27 mmol),
TPI (298 mg, 1.2 mmol) and Et3N (250 pL, 1.8 mmol) in anhydrous DMF
(50 mL) was heated at 70 °C for 48 h in a dry anaerobic atmosphere in
the dark. Afterwards, the solvent was removed under vacuum and the
crude product was submitted to the following step without any further
purification.

Finally, a suspension of the above synthesized SiO, particles
(1000 mg) with crude TPI4RF (195 mg) and Et3N (3 mL) in dry toluene
(150 mL) was refluxed for 72 h, under Ny, in the dark. Afterwards, the
functionalized particles were centrifuged (4000 rpm for 5 min) and then
washed with acetone (3 x 10 mL). This crude was subsequently dried
under vacuum to yield SiO»-RF as a pale-yellow powder.

2.4. Quantification of the RF on the surface of SiO2-RF

The percentage of RF on SiO2-RF was made using two different
methods: UV-vis absorbance and thermogravimetric analysis.

1RF* Q
isc
! Q.+ RF-
+ 0O,
02 RF + 02'-

Scheme 1. Main reactive intermediates arising from Riboflavin (RF) photoexcitation.
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Fig. 1. Chemical structures of the selected phenolic pollutants.

2.4.1. Quantification of the RF on the surface of SiO2-RF from UV-vis
absorbance

The UV-vis absorbance of SiO5-RF was compared to that obtained
for riboflavin tetraacetate (RFTA, previously prepared according to a
procedure already described in the literature [40], see Section 1 in the
SI). For that purpose, the dispersion due to the heterogeneous SiO5-RF
(at 0.8 mg mL~! in EtOH) was subtracted from its absorption spectrum
applying the protocol detailed in Section 2 of SI. The resultant absor-
bance was 0.16 at 445 nm, which corresponds to a concentration of
1.37 x 107> M RF and consequently, the percentage of RF in the het-
erogeneous SiO»-RF photocatalyst is 0.62 % (w/w).

2.4.2. Quantification of the RF on the surface of SiO2-RF from
thermogravimetric analysis

Thermogravimetric analysis (TGA) on SiO3 and SiO2-RF were also
performed to quantify the percentage of RF. Hence, by comparing the
observed loss in both materials, the estimated RF loading was 0.84 %
(see more details in the SI Section 2 and Fig. S4).

2.5. Photophysical assays

2.5.1. Fluorescence measurements

Fluorescence quantum yields of SiO2-RF and RFTA in EtOH:H;0
(4:1) were determined using RFTA in MeOH as reference [41]. Thus, the
corresponding slopes of the linear fittings of the graphs emission versus
absorbance for RFTA in EtOH:H;0 (4:1) and RFTA in MeOH, were
compared to determine the fluorescence quantum yields of SiO2-RF and
RFTA in EtOH:H50 (4:1). Details are provided in Section 3 of the SI.

Reactivity of singlet excited state of SiO2-RF was determined using
steady-state and time-resolved emission experiments. Hence, suspen-
sions of SiO2-RF (0.4 mg mL~}, absorbance ca. 0.04 at Aexe = 375 nm) in
EtOH:H,0 (4:1), were treated with increasing concentrations of the
phenolic contaminants, up to 90 mM. Parallel studies were performed
using RFTA at the same absorbance.

When dynamic quenching is the only quenching mechanism, the
Stern-Volmer equation, from steady-state experiments, is given by Eq. 1
[42]:

I°/T =1+ Kgy [Q] (@)

if time-resolved experiments are performed, another expression for
the Stern-Volmer equation is given by Eq. 2:

™/t =1+ kg 1° [Q] ®))

In such case, the Stern-Volmer quenching constant (Kgy) from steady-
state measurements is coincident to kq t°.

If quenching is also observed along with the decrease of the steady-
state fluorescence (formation of a ground-state complex), an upward
curvature would be observed for the plot I°/I versus [Q]; thus, a modified
Stern-Volmer equation applies (Eq. 3):

I°/1= (1 + Ksy [Q]) x (1 + K, [Q]) 3

Where K, is the association constant for the formation of the “dark”
complex. Rearrangement allows getting K, from the linear fitting of ((I°/

D) -1)/[Q] versus [Q], see Eq. 4:
(@M -D/Q] = (kg T° + Ka) + kg 7° K4 [Q] 4

In the case that quenching only occurs through the decrease of the
steady-state emission (k; = Ksy = 0), plot I°/I versus [Q] would give a
linear plot; however, the slope corresponds to K,. See how Eq. 3 sim-
plifies to Eq. 5:

IPT=1+K,[Q] (5)

2.5.2. Laser flash photolysis experiments (LFP)

LFP measurements were performed using deaerated mixtures of
SiO2-RF (0.8 mg mL~!, absorbance ca. 0.1 at Aexe = 355 nm) in EtOH:
H0 (4:1). Control experiments were performed using a solution of
RFTA in EtOH:H50 (4:1) at the same absorbance with and without the
silica particles.

Reactivity of triplet excited state of RFTA with pollutants was
analyzed using deaerated solutions of RFTA (4 x 10~ M, absorbance of
0.3 at Aexe = 355 nm) in CH3CN:H,0 (4:1), upon increasing concentra-
tions of the phenolic pollutants (up 1 mM).

2.5.3. Singlet oxygen measurements

Two kinds of experiments were conducted:

On one hand, the ability of SiO4-RF to form singlet oxygen (105) was
tested. Thus, singlet oxygen generation from SiOs-RF was measured
under aerobic conditions using a suspension of 0.8 mg mL~! in CH3CN:
D50 (4:1). Control experiments were performed using a solution of
RFTA in CH3CN:D5O (4:1) at the same absorbance with and without the
silica particles.

On the other hand, reactivity of 0, independently generated, with
pollutants or RFTA was analyzed. Thus, aerated solutions of perinaph-
thenone (5.5 x 107° M) in CH3CN:D,0 (4:1) were used as singlet oxygen
generator due to its high singlet oxygen quantum yield. Then, lifetime of
10, was recorded at 1270 nm upon increasing concentrations of the
pollutants (up to 9 x 102 M) or RFTA (up to 2 x 10 M).

2.6. Adsorption of the pollutants on SiO,-RF surface

The values were determined as follows: a suspension of SiO-RF
(2.4mg mL~ D in the presence of P, OPP, TCP and PCP (5 x 105 M each)
was stirred for 1 h in darkness. Then, two aliquots of 0.5 mL each were
taken. The first one was filtered, diluted with 0.5 mL of EtOH and sub-
mitted to HPLC analysis (vide infra). The second aliquot was firstly mixed
with 0.5 mL of EtOH and stirred for 10 min (to extract the adsorbed
pollutants), then it was filtered and submitted to HPLC analysis. Thus,
the adsorption values were determined from the difference of pollutants
concentrations obtained between the two aliquots. Moreover, a solution
of the four pollutants without the photocatalyst was used as a reference.

2.7. Photocatalytic degradation of the phenolic pollutants

Photochemical reactions were performed on a homemade
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photoreactor built with 2.5 m strip blue-LEDs Samsung SMD5630 IP20
of 15 Wm™!, spiral-shaped with the irradiation band centered at
Aem = 450 nm. The photoreactions were performed in test tubes with
magnetic stirring under the specified atmosphere. To perform the pho-
todegradations in the absence of oxygen, we proceed as follows: prior to
irradiation No was bubbled through the reaction mixture for 30 min.
After that, the reaction tubes were sealed.

Aqueous mixtures (10 mL) containing one pollutant (2 x 1074 M) or
a mixture of the four pollutants (P, OPP, TCP and PCP, 5 x 1075 M each,
2 x 10~* M in total) and SiO2-RF (2.4 mg mL’l, 20 mol%) were stirred
for 30 min in dark prior to irradiation, to reach the adsorption equilib-
rium between the pollutants and the photocatalyst. The progress of the
photodegradations was monitored at different irradiation times by
HPLC. For this purpose, 180 pL of a CH3CN:H30 (4:1) solution of p-
xylene (3.2 x 10* M) as internal standard and 0.5 ml of EtOH were
added to aliquots of 0.5 mL. The mixtures were stirred for 10 min to
recover the adsorbed pollutants from the photocatalyst surface (see
Section 2.6). Finally, each mixture was filtered with a CLARIFY-PTFE
13 mm syringe filter with 0.22 pm porous prior to HPLC analysis. All
the experiments were performed in triplicates. A Mediterranean Sea 18
column (25cm x 0.46cm, 5 pm particle size) was employed for the HPLC
studies. The mobile phase was fixed at 1.5 mL min~! with an isocratic

a)
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mixture of water at pH 3 (55 %) and acetonitrile (45 %). Aliquots of
90 pL were injected and the detection wavelength was fixed at 215 nm.
With this sample treatment, monitoring by HPLC ensures detection of
the real concentration of remaining phenol derivatives, adsorbed or in
solution.

Photodegradations performed in acidic media (pH 3): For this pur-
pose, a 10 mL solution of P, OPP, TCP and PCP (5 x 107> M each) was
acidified with HCl 1 M until pH 3 prior to addition of SiOs-RF
(2.4 mg mL™D). Then, the suspension was stirred for 30 min in darkness
to allow adsorption to occur. After that, the reaction was conducted as
described above for three consecutive runs. Before and after each
consecutive run, the pH was monitored by a pH-meter to ensure that the
pH of the suspension remain between 3.03 and 3.10.

Turnover numbers (TON) for the photocatalytic durability of the
photocatalyst were calculated from the results of each consecutive run
according to Eq. 6:

moles of photodegraded pollutant

TON = (6)

moles of photocatalyst

Similar photoreactions were performed in homogenous aerated
media. They were carried out under the same experimental conditions
described for the heterogeneous ones but using acetylated riboflavin

1) NH,OH (32%), EtOH,
15°C, 2 h; RT, 24 h

Tetraethyl orthosilicate

(TEOS)
b)
(0]
;@[N\ NH CHj
NSNS0 J S
\OH + 7O~ CH,
X ,,N\/\/S"O—/
HO™NOH
OH
3-(triethoxysilyl)propyl
Riboflavin isocyanate
(RF) (TPI)

TPI4RF , Et3N, toluene
_—
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o
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R=L‘¢¢‘ H/\/\Si\o CHj3
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N\ CHs
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Scheme 2. Synthesis of the novel heterogeneous photocatalyst SiO»-RF in three steps: a) SiO, particles preparation; b) RF derivatization; c) covalent linkage to get

SiO.-RF.
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(RFTA, 4 x 107> M, 20 mol%) as photocatalyst. Degradation of the
pollutants was also monitored by HPLC as described above.

2.8. Recyclability of SiO2-RF

To evaluate the recyclability of SiO2-RF, the mixture of the four
pollutants and the SiO2-RF was submitted to irradiation as described
above and aliquots were taken up to 3 h. Then the reaction mixture was
centrifuged (4000 rpm for 5 min); the supernatant was removed and the
heterogeneous photocatalyst was washed with EtOH (3 x 20 mL).
Finally, the photocatalyst was dried under vacuum for 2 h prior to the
following use.

3. Results
3.1. Synthesis and characterization of the novel SiO-RF photocatalyst

The novel heterogeneous SiO2-RF photocatalyst was synthesized as
shown in Scheme 2. On one hand, SiO, particles were synthetized
following the Stober method [39], see Scheme 2a. In parallel, the ribityl
side chain of the RF was derivatized by treatment with 3-(triethoxysilyl)
propyl isocyanate (TPI) to get TPI4RF, see Scheme 2b. The 'H NMR of
the crude was in agreement with the data previously described [35].
Finally, with the aim of synthesizing SiO2-RF particles with their

100 nm
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surfaces completely covered by RF, TPI4RF was covalently attached to
the surface of the SiOg particles upon treatment with EtsN in dry
refluxing toluene under anoxic atmosphere, for 72 h in dark, see Scheme
2c. The SiO2-RF particles were obtained as a pale yellow powder.

Fig. 2 shows the TEM images corresponding to the SiO, particles (left
column) and the SiO»2-RF photocatalyst (right column). The uncoated
SiOy microparticles displayed spherical shape with a soft surface and an
average diameter of 437 + 8 nm (Fig. 2, left). Upon derivatization, the
Si0,-RF photocatalyst kept the spherical shape with a more roughness
surface (right column) and a similar diameter (440 + 15 nm, Fig. 2,
bottom right).

The presence of RF on the photocatalyst was initially verified upon
recording its diffuse reflectance spectrum. The absorbance (F(R)) was
obtained by the Kubelka-Munk function (Fig. 3). The absorption spec-
trum of SiO5-RF exhibits the characteristic bands of the RF chromophore
(see Fig. S1): a strong band in the visible region peaking ca. 446 nm, and
a less strong but still well-defined band in the UVA with a maximum at
ca. 348 nm. The RF existence on the heterogeneous photocatalyst was
also confirmed from the UV-vis spectrum of a suspension of SiO2-RF in
EtOH (Fig. S2). Moreover, a loading of 0.62 % RF (w/w) on the SiO2-RF
was estimated upon subtracting the dispersion obtained in this spectrum
(see detailed procedure in the experimental Section 2.4.1. and Section 2
in SI). A slightly higher value (0.84 %) was obtained from TGA (see
Section 2 in the SI).

@ 35

0_
400 410 420 430 440 450 460 470 480
Particle size (nm)

35

30 7
25+
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10+

N
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54

0 , ! ] e gy
400 410 420 430 440 450 460 470 480
Particle size (nm)

Fig. 2. TEM images and particle size distribution of the synthesized SiO, microparticles (left) and the SiO,-RF photocatalyst (right).
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Fig. 3. UV-vis diffuse reflectance spectrum of the SiO»-RF photocatalyst.

300 600

Additionally, with the aim at determining the proximity among the
RF chromophores on the surface of the heterogeneous photocatalyst, we
estimated the area occupied by the RF moieties covalently linked to the
surface of SiO2-RF (in nm? g_l) and compared this value to the total area
of the particles. The detailed procedure followed to obtain both areas is
described in Section 2 of the SI. Hence, a value of 5.80 x 10'® nm? of RF/
g was calculated assuming the loading of 0.62 % RF (w/w) on the SiO»-
RF, while a total area of 5.14 x 10'® nm%g was determined for the SiO-
RF particles. These area values ensure that the surface of the photo-
catalyst is completely covered by the RF moieties.

3.2. Photophysical properties of SiO2-RF

Systematic photophysical experiments were carried out in order to
evaluate if the formation of the triplet excited state of SiO»2-RF is
prevented.

3.2.1. The singlet excited state of SiOz-RF

Initially, the single excited state of the heterogeneous SiO2-RF was
characterized and compared to the homogenous RFTA. Surprisingly,
when their steady-state emission spectra were compared under the same
conditions, the emission intensity found for SiO»-RF was lower than that
obtained for RFTA in solution or in the presence of a suspension of SiO5
(0.4 mg mL’l, Fig. 4A). In fact, fluorescence quantum yield (®p)
determined for SiO2-RF in EtOH:H50 (4:1) was 0.02, while ®¢ for RFTA
was 0.4 (see Section 3 of the SI). Besides, the emission maximum was
red-shifted upon heterogeneization (531 nm vs 516 nm).

When time-resolved fluorescence experiments were performed in

A)
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<
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aerated EtOH:H0 (4:1) media, the fluorescence lifetime (tg) deter-
mined for SiOz-lRF* was within the lamp pulse (Fig. 4B), which is much
shorter than the value determined for RFTA in the same mixture of
solvents (tg = 7.6 ns) or those reported for the RF in aqueous media or
acetonitrile (ca. 5 ns and 6.8 ns respectively) [43,44].

3.2.2. The triplet excited state of SiO2-RF

Transient absorption spectrum of RFTA obtained from laser flash
photolysis (LFP) displays a narrow band between 340 and 380 nm and a
broad intense band from 500 to 700 nm, in agreement with the transient
species reported in the literature for SRF* (see inset of Fig. 5) [25].
However, no signals were observed when the same experiment was
performed using SiO»-RF particles suspended in EtOH:H,0 (4:1). This
result suggests that 3RF* is either not generated or too short-lived to be
recorded in a nanosecond time scale, when RF is linked to SiO5 particles.
Nonetheless, to discard the generation of >RF* with a very short lifetime
due to the interaction of this transient species with the surface of SiO5
particles, decay traces at 680 nm were monitored from RFTA solutions
with and without the presence of SiO, particles (0.8 mg mL™) and using
suspensions of Si02-RF (0.8 mg mL™1). Results showed in Fig. 5 revealed
that the absence of the triplet excited state in the case of SiO»-RF in this

1.0
3.0 1to 157 ps |
0.8- 15
S oo
0.6- s
< 3.0 |
<4 0.4 300 400 500 600 700
0.2-
004
0 25 50 75 100 125 150
Time (us)

Fig. 5. Transient absorption decay traces recorded at 680 nm after laser pulse
of a suspension of SiO,-RF (orange), a solution of RFTA (black) and a solution of
RFTA in a suspension (0.8 mg mL™1) of the synthesized SiO, particles (red). All
the experiments were carried out in deaerated EtOH:H,0 (4:1). Inset: Transient
absorption spectra obtained upon LFP excitation of RFTA in deaerated ETOH:
H20 (4:1) (Abs = 0.3 at Aexe = 355 nm). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article).

B)

1.0
0.8
0.6
0.4
0.2

Emission (AU)

0.0+

0 20 40 60 80 100
Time (ns)

Fig. 4. Steady-state (A) and time resolved (B) emission of SiO»-RF (orange), RFTA (black), RFTA in a suspension of the synthesized SiO, particles (red) and SiO,
particles (0.4 mg mL ™!, dashed blue). Inset: zoom of the emission corresponding to SiO,-RF and SiO, respectively. (Abs = 0.04 in EtOH:H,0 (4:1) at Aeye = 375 nm).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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time scale is not connected to the presence of the SiO, particles. In fact,
decay traces obtained from the RFTA solution do not show any change in
absorption intensity or lifetime in the presence of SiO5 particles.

3.2.3. Formation of 105 from SiO-RF

In agreement with the results obtained for SiOs-RF in LFP, the
characteristic phosphorescence of !0, which shows an emission
maximum at 1270 nm, was not observed when a suspension of SiO2-RF
(0.8 mg mL’l) was analyzed (Fig. 6). By contrast, a clear emission
corresponding to !0, was observed from RFTA solutions, even in the
presence of a suspension of SiOj particles, see black and red traces,
respectively in Fig. 6. In fact, singlet oxygen quantum yield (®,) of RF in
acetonitrile is reported to be 0.47 [28].

3.3. Adsorption of the pollutants on SiO,-RF surface

The potential adsorption of the selected pollutants to the surface of
the heterogeneous photocatalyst was tested. For this purpose, a sus-
pension of $iO2-RF (2.4 mg mL™!) and P, OPP, TCP and PCP (5 x 10> M
each) was stirred for 1 h in darkness to allow adsorption to occur, results
are shown in Fig. 7. Thus, at the concentrations tested, OPP was
completely removed from the solution, PCP showed ca. 80 % of
adsorption of the initial concentration, while in the cases of P and TCP
their affinity to the surface of SiO2-RF was much lower (ca. 24 % and 22
% for P and TCP, respectively). These values revealed a relevant asso-
ciation between the heterogeneous photocatalyst SiO2-RF and the pol-
lutants which could be crucial to understand the mechanisms involved
in the photodegradation of the contaminants.

3.4. Photocatalytic degradation of phenolic pollutants

The performance of the SiO,-RF photocatalyst was evaluated in the
removal of the selected phenolic pollutants in aqueous aerobic media
under visible LED light irradiation.

A mixture of each pollutant independently (P, OPP, TCP or PCP,
2 x 10~* M each) or all the pollutants together (P, OPP, TCP and PCP,
5 x 10~° M each) and SiO5-RF (2.4 mg mL~1, 20 mol%) were irradiated
under LED light centered at 450 nm, see Fig. 8. Selected pollutants were
removed within 12 h. Even more, in the first 4 h, the removal percent-
ages were as high as: 83 %, 88 %, 98 % and 97.5 % for P, OPP, TCP and
PCP respectively, when they were irradiated separately (Fig. 8A), and
slightly higher (84 %, 100 %, 99 % and 98 % for P, OPP, TCP and PCP,
respectively), when they were irradiated together (Fig. 8B). Values

1.0+

0.8+

0.6+

0.4+

0.2+

Emission (counts)

0.0‘ . : : T n T i 1
0 50 100 150 200 250 300
Time (us)

Fig. 6. Emission decays recorded at 1270 nm after laser pulse of a suspension
of SiO2-RF (orange), a solution of RFTA (black) and a solution of RFTA in a
suspension of the synthesized SiO, particles (red). All the experiments were
carried out in aerated CH3CN:D,0O (4:1) (Abs = 0.1 at Aeye = 355 nm in all
cases). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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1.0
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0.6+

C/C adsorbed pollutants

0.0-
P OPP TCP PCP

Fig. 7. Fraction of the four phenolic pollutants (C, = 5 x 107> M each one)
adsorbed on the surface of SiO,-RF photocatalyst (2.4 mg mL™1).

shown in the graphs of Fig. 8 are the averages of three independent runs.

Irradiation of the mixture of contaminants was also performed in the
absence of oxygen (see Fig. 9). Although the abatement of the pollutants
was eventually completed upon 12 h irradiation, the smaller percent-
ages of removal achieved in the first 4 h (62 %, 94.5 %, 26 % and 21 %
for P, OPP, TCP and PCP, respectively) is in agreement with the
involvement of Oj. Furthermore, a plausible explanation for the
different photodegradation of the phenol derivatives in the absence of
O3 could be found on the basis of the oxidation potentials of the phenol
derivatives [45]. Hence, upon reaction with the singlet excited state of
RF, the generated radical cations, in the absence of O3, would take an
electron from the derivatives with lower oxidation potential, eventually
giving rise to the formation of dimers.

Control experiments showed no photodegradation at all in the
absence of light (Fig. S13 in SI). Furthermore, in an attempt to investi-
gate the advantages of SiO2-RF versus RF, similar studies were carried
out in aqueous media using RFTA, as a more stable RF derivative in
homogeneous media [43]. The results of the homogeneous photo-
degradations, performed under the same experimental conditions (each
pollutant separately or all together), are shown in Fig. 10.

Homogeneous photodegradations exhibited faster degradation rates
than the heterogeneous ones during the first hour (see Figs. 8 and 10);
however, even after 12 h irradiation, the pollutants did not reach 100 %
abatement, except in the case of OPP when the pollutants were irradi-
ated separately (Fig. 10A), and PCP when they were irradiated simul-
taneously (Fig. 10B). Even using the more stable RFTA as homogeneous
photocatalyst [43], decoloration of the irradiation mixtures was
observed in few hours. Thus, in agreement with degradation of the ho-
mogeneous photocatalyst, the abatement of the pollutants seems to stop
before the third hour, contrarily to the SiO2-RF. A further advantage of
the heterogeneous SiO»-RF relies on their potential reusability. For this
purpose, the efficiency of the novel photocatalyst was evaluated up to
three runs (Fig. 11). The phodegradation of the pollutants mixture was
stopped after 3 h irradiation. Upon, centrifugation, filtration, washing
and drying, the photocatalyst was employed in two further consecutive
runs, keeping in the third one up to the 62 % of its original activity. In
other words, the calculated TON upon 3 h photodegradation decreased
from 4.5 to 3.1 and 2.8 in three consecutive runs. Deactivation of the
photocatalyst due to a partial degradation of the RF linked to the SiOy
surface could not be discarded due to the organic nature of the RF
molecule.

The heterogeneous photocatalytic degradation using SiO2-RF pho-
tocatalyst was also evaluated under acidic media. The adsorption of the
phenol derivatives on the SiO,-RF surface was clearly pH dependent
(see Fig. S14). In fact, P, OPP and TCP showed negligible affinity for the
photocatalyst surface, while the affinity of PCP was lower than the one
observed at neutral pH 60 % vs 80 %). Under this scenario the efficiency
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Fig. 8. Heterogeneous photocatalytic degradation of P (M), OPP (e), TCP (A) and PCP (V) irradiated separately (C, = 2 x 1074 M each, A) and simultaneously
(Co =5 x 107> M each, B) with LED light centered at 450 nm in aerated aqueous solutions, in the presence of SiO2-RF (2.4 mg mL™).

1.0+
0.81
0.6+

o

0.4-

C/IC

0.2
0.01

4 6 8 10 12
Time (h)

Fig. 9. Heterogeneous photocatalytic degradation of P (M), OPP (e), TCP (A)
and PCP (V) (C, = 5 x 107> M each) irradiated with light centered at 450 nm
simultaneously in deaerated aqueous solutions, in the presence of SiO,-
RF (2.4 mg mL™1).
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of the photocatalytic degradations at pH 3 was clearly lower than at
neutral pH (see Fig. S15).

3.5. Involvement of the excited states of SiO2-RF/RFTA and participation
of singlet oxygen

First, the interaction between the singlet excited state of $iOy-'RF*
and the contaminants was examined on the basis of steady-state and
time-resolved emission experiments. Thus, aerated suspensions of the
photocatalyst in EtOH:H50 (4:1) were excited at 375 nm in the absence
and in the presence of increasing concentrations of the pollutants
(Fig. 12). Hence, efficient steady-state quenching emissions were ob-
tained for each pollutant (the corresponding I°/1 versus [Q] plots are
shown in the inset of each graph and the obtained constants are in
Table 1). However, time-resolved experiments performed with SiO2-RF
did not show any fluorescence lifetime change upon increasing con-
centrations of the pollutants, which indicates that the dynamic contri-
bution to the quenching process is negligible. Consequently, formation
of ground state complexes between the SiO,-RF and the pollutants is
inferred, and the determined association constants (K,) from steady-
state measurements, indicated that they are particularly favored in the
case of PCP.

By contrast, results from the steady-state and time-resolved experi-
ments performed using RFTA in homogeneous media (Fig. S8 in SI)
showed an upward curvature in the I°/I versus [Q], revealing the exis-
tence of dynamic and static fluorescence quenching processes (see
experimental section). From the time-resolved experiments, the rate
constants for the quenching of 'RFTA* by the pollutants were diffusion

B)

CiC

0o 2 4 6 8 10

o J»

Fig. 10. Homogeneous photocatalytic degradation of P (M), OPP (e), TCP (A) and PCP (V) irradiated separately (C, = 2 X 10~* M each, A) and simultaneously
(Co = 5 x 107> M each, B) with LED light centered at 450 nm in aerated aqueous solutions, in the presence of RFTA (4 x 107> M).
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Fig. 11. Heterogeneous photocatalytic degradation of P (W), OPP (), TCP (A) and PCP (V) (C, = 5 x 107> M each) irradiated simultaneously with light centered at
450 nm in aerated aqueous solutions in the presence of SiO,-RF (2.4 mg mL ™) for 3 h for three consecutive runs.
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Fig. 12. Steady-state emission quenching of SiO»-RF in an aerated EtOH:H,0 (4:1) suspension upon addition of increasing concentrations of P (A), OPP (B), TCP (C)
and PCP (D) (Abs = 0.04 at Aexe = 375 nm). Insets: Corresponding Stern-Volmer plots.

Table 1
Constants values determined for the quenching of the emission of $iO,-'RF* and
IRFTA* by the phenolic pollutants in aerated EtOH:H,0 (4:1).

SiO,-'RF* 'RFTA*
Contaminant Steady-state Steady-state Time-resolved
K, (M) K, (M) kgx 102 M s
P 4.2 6.3 4.3
OPP 8.8 12.2 4.8
TCP 11.0 9.1 3.7
PCP 116.2 138.0 -

controlled in all cases, except from PCP (Table 1) [46]. Moreover, plot of
((°/1) - 1) / [Q] versus [Q] allowed determining the association con-
stants in homogeneous media (Table 1). The obtained results in the case

of PCP would be due to its low solubility in the experimental conditions.

Participation of the SRFTA* in the homogeneous photodegradations
was investigated by LFP. The determined quenching rate constants for
the different pollutants are quite similar (see Table 2). Kinetic traces of
the experiments and the Stern-Volmer fittings are show in Fig. S9.
Moreover, the formation of the corresponding reduced species of RFTA

Table 2

Rate constants for quenching of SRFTA* or 10, by P, OPP, TCP and PCP in
CH3CN:H,0 (4:1) or CH3CN:D,O (4:1), respectively.

Contaminant 3kq x107°° M s kq,102 X 105 M s
P 0.57 1.6

OPP 1.31 3.4

TCP 0.93 2700

PCP 1.41 2700
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(RFTA™) was detected from these LFP experiments through its charac-
teristic transient absorption spectrum (see Figure S10 in SI) [10,47].
Finally, reactivity of 10, with the pollutants, as well as with RFTA,
was evaluated. Interestingly, the quenching rate constants for TCP and
PCP were higher than those obtained for P and OPP (see values in
Table 2 and the kinetic traces and the corresponding Stern-Volmer
fitting in Figs. S11 and S12 of the SI). Besides, a 10, quenching rate
constant of 1.1 x 107 M~! s™! was determined for RFTA, which is similar

to that described in the literature [48].
4. Discussion

TEM images of the synthesized SiO2-RF showed a homogeneous
surface (see Fig. 2); the diameter of the particles, before and after the
covalent junction, exhibited a Gaussian distribution, with the expected
increase upon derivatization. SiO,-RF exhibited the characteristic
UV-vis spectrum of the RF chromophore as shown in Fig. 3. Loading
studies revealed that the percentage of RF (w/w) on the SiO2-RF may be
between the 0.62 %, determined using a comparative method of the
UV-vis spectra of the RFTA and SiO»-RF, and the 0.84 % estimated by
comparing the TGA of SiO; particles with that obtained for SiO2-RF (see
details in Section 2.4 and in the SI). Interestingly, even the minimum
loading value determined (0.62 %, w/w), guarantees a complete cover
of the surface of the SiO, particles according to our estimations (see
details in the Section 2 of the SI).

To analyze the expected changes in the photophysical properties of
RF when linked to the surface of SiO2-RF, photophysical experiments
were performed with suspensions of the heterogeneous SiO2-RF and
compared to those carried out with solutions of RFTA. Hence, steady-
state and time-resolved fluorescence studies performed with SiOy-RF
and RFTA revealed great differences in the emission properties (see
Fig. 4). In fact, the fluorescence quantum yield of SiOg-lRF”"' (®r=0.02)
and its lifetime (within the lamp pulse) were clearly smaller than those
of 'RFTA* (& = 0.4 and t° = 7.6 ns, similar to the reported ones for RF)
[43]. As expected, these differences indicated that a new and very effi-
cient fluorescence deactivation pathway appeared upon linking the
chromophore to the surface of the SiO; particles. Moreover, the emission
maximum was red-shifted upon heterogeneization (531 nm vs 516 nm)
indicating an increase of the electronic delocalization for the first singlet
excited state of SiO,-'RF*. These results acted as an unambiguous evi-
dence of the expected pi-pi stacking interactions between chromophore
dimers. Thus, the most likely deactivation pathway of the first singlet
excited state of the heterogeneous photocatalyst (SiOo-'RF*) seems a
charge transfer interaction with close ground state RF moieties. Next,
formation of the triplet excited state was investigated by means of the
laser flash photolysis technique. In this case, no signal was observed
from SiO2-RF, indicating that the deactivation of the singlet excited
state follows an efficient pathway that prevents intersystem crossing to
the triplet excited state (Fig. 5). Accordingly, 10, was not generated
(Fig. 6). The achieved photophysical properties of SiO2-RF indicated
that its photostability should have been improved in comparison with
RF or RFTA.

Nevertheless, to work as a photocatalyst from its short-lived
Si0,-RF¥, it is crucial to exhibit a high adsorption capability. This
property was evaluated from aqueous mixtures of the four pollutants (P,
OPP, TCP and PCP, 5 x 10> M each) and SiO5-RF (2.4 mg mL’l, 20 mol
%). Results shown in Fig. 7 revealed that ca. 56 mol% of the pollutants
were adsorbed on the surface of the photocatalyst. This result validated
the excellent adsorption capability of the new photocatalyst and ensured
a high proximity between RF chromophore and the pollutants. In fact, at
the employed photocatalyst concentration (2.4 mg mL™}, 20 mol%) a
ratio RF:pollutants is ca. 1:3 on the surface of SiO2-RF. Moreover, it
could be anticipated that other contaminants, in general with higher
molecular size, will show at least similar adsorption affinity.

The photocatalytic performance of SiO,-RF in the removal of the
selected phenolic pollutants, see Fig. 8, revealed complete abatement of
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the contaminants within the first 4 h, regardless the photodegradations
took place with a mixture of all the pollutants or with each individual
one. It should be noted that, when photodegradation was performed
with the mixture of the four pollutants, there is a clear correlation be-
tween the pollutants’ photodegradation half-lives and the percentage of
pollutant adsorbed to the surface (see Figs. 7 and 8B). This fact clearly
confirmed that photodegradation mediated by SiO»-RF is always pro-
duced on the adsorbed pollutants. The different degradation half-lives
showed by the pollutants when they were irradiated independently in
the presence of SiO2-RF, could be attributed to different efficiencies of
back electron transfer processes.

By contrast, when the photocatalyzed degradation was performed in
the presence of homogeneous RFTA, fast pollutants’ degradation was
observed in the first 30 min; however, the photocatalytic activity
stopped after the first one-two hours without achieving complete pho-
todegradation (Fig. 10).

Systematic photophysical experiments were carried out in order to
establish the mechanism operating in the heterogeneous/homogeneous
photocatalyzed degradation of the phenolic pollutants. Specifically, the
involvement of the excited states of SiO2-RF/RFTA and the formation of
singlet oxygen was investigated.

Thus, static and dynamic fluorescence quenching of SiOo-'RF* and
IRFTA* by the pollutants was evaluated to determine the reactivity of
both singlet excited states (see Table 1). The steady-state studies
revealed that static quenching is operating in homogeneous and het-
erogeneous media (Table 1). However, when the lifetime of SiOz-lRF*
was analyzed in the presence of the pollutants, no changes were detec-
ted, probably due to its very low lifetime, thus a dynamic interaction
between the pollutants and SiOy-!RF* must be a minor process. By
contrast, high values, close to the diffusion limit, were found for the
dynamic quenching of 'RFTA* by P, OPP and TCP but not by PCP. The
result of the homogeneous experiments were not unexpected, since
thermodynamic calculations anticipated exergonic electron transfer
from phenol derivatives (with oxidation potentials between 0.7 and
0.9V) to IRFTA* (redox potential of RF ca. -0.29 V and Eg ca. 2.48 eV)
[24,25,45,49].

Furthermore, since SiO,-3RF* is not formed, the photodegradation
of the pollutants by SiO2-RF cannot be attributed to the triplet excited
state nor to 102. On the contrary, SRFTA* was detected (see Fig. 5) and it
is efficiently quenched by all the pollutants with kinetic quenching
constants close to the diffusion limit (Fig. S9 and Table 2) [46]. Besides,
the corresponding transient spectra obtained from mixtures of RFTA and
the pollutants revealed the formation of the corresponding reduced
species (RFTA ™) (see Fig. S10) [10]. Moreover, generation of 102 from
RFTA was confirmed thought time-resolved emission studies (Fig. 6) and
its quenching by the pollutants revealed higher reactivity for chlor-
ophenols than for P and OPP (see Fig. S11 and Table 2). It is worth to
mention that the reactivity of 0, with RFTA is higher (1.1 x 107
M~Is7!, Fig. S12) than that of P or OPP which means that, in homoge-
neous media, this reactive oxygen species would produce a faster
oxidation of RFTA than that of P or OPP.

All these photophysical results clearly demonstrate that the oper-
ating mechanism in the photocatalytic behavior of SiO2-RF cannot be
predicted from the behavior of the homogeneous RFTA.

The photodegradation tests agreed with the different behavior
observed for RF chromophore in the photophysical studies of RFTA and
Si0,-RF. More specifically, a kinetic analysis of the data obtained in the
photophysical studies of RFTA taking into account the initial concen-
tration of the pollutants (2 x 10~* M) and the molecular oxygen in
aqueous media (2.7 x 10~* M) indicates that an electron transfer re-
action between *RFTA* and the pollutant Q to generate RFTA ™ and Q"
would be the main photodegradation pathway during the first minutes
(Scheme 3). A similar analysis has been clearly explained in a precious
study using RF with phenol [15]. Thus, the slow photodegradation
observed using SiO»-RF, where similar radicals (SiOo-RF — and Q'") are
generated, would be attributed to a higher back electron transfer process
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Scheme 3. Postulated mechanism to explain the photodegradation of the selected phenolic pollutants (Q) by RFTA (A) and SiO,-RF (B) under visible light

irradiation.

for these radicals than for RFTA™ and Q" This is not surprising because
of the short distance between the adsorbed Q and RF on the SiO»-RF.
Concerning recyclability, the oxidative degradation of RFTA occur-
ring mainly in 1—2 h, would occur mainly via 10, reaction. In fact, the
10, generation increases at the Q concentration decreases, because O,
and Q are competing for >RFTA*; therefore degradation of RFTA is
accelerated upon irradiation time. The absence of all these processes in
the photodegradation performed using SiO2-RF explains the reuse
capability of the new synthesized heterogeneous photocatalyst.
Scheme 3 summarizes the main photocatalytic processes involved in
the pollutants degradation (Q) photocatalyzed by SiO2-RF, as well as
those produced by homogeneous RFTA. Consequently, electron transfer
from the pollutants to Si0,-!RF* is the key process in the heterogeneous
photodegradation. In this context, the participation of molecular oxygen
was evidenced performing the study under anaerobic conditions. In fact,
the absence of oxygen produces longer half-lives for all pollutants
(Fig. 9). Although the participation of 10, was discarded from the
photophysical experiments, direct reaction between O3 and the radical
cations of pollutants (Q'"), and formation of the reactive superoxide

11

radical anion (037) from molecular oxygen reduction by SiO2-RF™
would be involved in the photodegradation of Q. Interestingly, in the
absence of adsorbed pollutants, the SiOz-sRF* is not formed due to a
deactivation pathway mediated by electron transfer between a RF
moiety in its singlet excited state and a close ground state RF (see the
bottom cycle of Scheme 3B).

5. Conclusions

SiO,-RF, a novel, robust and recyclable organic heterogeneous
photocatalyst based on RF is presented. Silica particles have offered a
suitable surface to allow covalent derivatization of RF, converting the
already known homogeneous photocatalyst into a new and more reliable
heterogeneous one. Because of a careful design, formation of the triplet
excited state and the subsequent singlet oxygen is prevented, which
results in enhanced photostability. Adsorption of the pollutants on the
surface of SiO2-RF allows electron transfer from the pollutants to the
short-lived first singlet excited state of RF, which is consistent with the
observed photocatalytic behavior. Photophysical experiments have
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provided clear evidence of a new operating photocatalytic mechanism
for riboflavin chromophore in SiO2-RF. Moreover, it has been demon-
strated that the behavior of anchored RF cannot be predicted from the
photophysical and photochemical behavior of RFTA in homogeneous
media. Finally, it is noteworthy that these findings open opportunities to
design new robust heterogeneous organic photocatalysts for abatement
of pollutants in aqueous media.
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