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There is a current concern, among the scientific community, on the pollutants classified as “persistent organic
pollutants (POPs)”. Pharmaceuticals and personal care products (PPCPs) belong to this family of contaminants;
therefore, it is necessary to find more efficient techniques able to achieve their removal from the environment.
This study focuses on two different pharmaceuticals: carbamazepine and atenolol, chosen for their widespread
use and their different chemical and medical properties. In this work, an organic dye, acetylated riboflavin, has
been used in combination with visible light to achieve the photodegradation of these two POPs in <2 h.
Moreover, photophysical experiments demonstrated the involvement of the singlet and triplet excited states of
acetylated riboflavin and the generated singlet oxygen in the removal of these drugs. Besides, a detailed UFLC-
MS-MS analysis of the photoproducts confirmed the oxidation of the drugs. Finally, a plausible mechanism has

been postulated.

1. Introduction

In current life, pharmaceuticals and personal care products (PPCPs)
are commonly found ingredients [1]. They comprise mainly organic
molecules with different biological and toxicological properties that
eventually end unaltered or partially metabolized spread in the sewage
water. Recent works reported levels of PPCPs in untreated effluents
range from ng/L to pg/L [2,3]. Although, they have been detected in
concentrations far below the therapeutic doses, they could still have side
effects on humans and/or wildlife, because they may chronically affect
living organisms in different stages of development. Moreover, as they
are in complex mixtures, they can participate in unknown processes
giving rise to additional collateral effects [4,5].

Advanced oxidation processes (AOPs) are the basis of efficient ap-
proaches for the treatment of wastewater containing reluctant contami-
nants that are not degraded by conventional technologies. AOPs rely on
the generation of reactive oxygen species (ROS), which can unselectively
oxidize organic pollutants belonging to different chemical families. AOPs
include different techniques, such as those based on ozone, radiolysis, UV,
photo-Fenton, photocatalysis, etc. [6-8]. Among these methodologies,
visible-light photoredox catalysis constitutes an environmentally green

* Corresponding author.
E-mail address: marmarin@qim.upv.es (M.L. Marin).

https://doi.org/10.1016/j.jphotobiol.2021.112250

alternative, which has received considerable attention in the last years
[9]. Among the advantages, the photocatalysts could absorb sunlight,
which is a unique natural energy resource, abundant, non-polluting,
cheap, clean and endlessly renewable [10]. Although metal-based pho-
tocatalysts such as Ru(bpy)3" have been widely explored, other kind of
dyes, such as metal-free organic molecules are receiving increasing
attention as greener options for the photocatalytic abatement of con-
taminants in wastewaters [11-15]. In this context, Riboflavin (RF) widely
exists in fruits, vegetables or microorganisms, has been explored as a
natural photocatalyst (Fig. 1) [16]. This dye absorbs visible light, gener-
ating excited states and reactive oxygen species (ROS), which can sub-
sequently degrade pollutants via photocatalysis [17-19]. Although RF
suffers degradation upon sunlight exposure, derivatization of the hydroxyl
groups of the lateral chain as 2/,3',4',5'-tetraacetylriboflavin (RFTA) re-
sults in a marked improvement of its photochemical stability making it
more appropriate for in-lab use (Fig. 1) [20-23].

To explore the potential of RFTA as an organic photocatalyst in the
abatement of PPCPs, we have selected two currently used drugs that
exhibit different chemical structures, and are administered for different
medical diseases: carbamazepine (CBZ) and atenolol (ATN) (Fig. 1). Car-
bamazepine is a dibenzoazepine widely used as antiepileptic agent. Since
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it is readily biotransformed in the liver, it mostly arrives in the environ-
ment after conversion into its metabolites [24]. It is resistant not only to
natural bio and photo-reactions but also to the conventional wastewater
treatment plants, so it is easily detectable in the environmental aqueous
systems: some studies proved that carbamazepine is one of the most
resilient pharmaceuticals in the environment [25,26]. Atenolol is one of
the most extensively used p-blocker drug: it is administered to treat car-
diovascular diseases, coronary heart disease, hypertension, sinus tachy-
cardia, arrhythmias or myocardial infarction [27]. Although recent
reports have shown that atenolol is unlikely to cause acute toxicity at low
concentrations, this drug is persistent in the environment due to its high
stability and continuous release as a result of extensive human use [28].

With this background, in this contribution we have investigated the
photocatalytic potential of RF derivatives to remove carbamazepine and
atenolol from the environment, with special stress on the mechanistic
details. To improve the stability of RF it has been used as RFTA and a
solar simulator with a filter to remove UV and prevent direct photolysis of
the drugs has been employed. Interestingly, photophysical experiments
have allowed determining the role of the two excited states of RFTA and
singlet oxygen in the postulated photodegradation mechanism.

2. Experimental
2.1. Chemicals

Carbamazepine, atenolol and 2,4,6-triphenylpyrylium tetra-
fluoroborate (TPP) were from TCI Chemicals and Sigma-Aldrich.
Acetonitrile was from Scharlau. Acetylated riboflavin was synthe-
tized from commercial Riboflavin (from TCI Chemicals) [21]. Water
was Milli-Q grade. All other reagents were of analytical grade and used
as received.

2.2. Photodegradation Experiments and Analytical Procedures

Aqueous solutions (5 mL) containing 10 mg L ™! of every drug and 1
mg L1 of RFTA (from a stock solution of 50 mg L1in acetonitrile)
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underwent irradiation in cylindrical closed Pyrex cells under stirring (40
mm i.d. 25 mm high) using a 1500 W Xenon lamp and a cutoff filter at
400 nm. The concentration of substrates over time was tracked using a
Merck-Hitachi HPLC with a L-4200 UV-Vis detector and a reverse-phase
RP-C18 column (Lichrospher, 4 mm i.d. x 12.5 mm length and 5 pm
particle diameter from Merck). Elution was carried out in isocratic con-
ditions using phosphoric acid (3 mM) and acetonitrile with a ratio 65:35
v/v for CBZ and RFTA, and 40:60 v/v for ATN at 1 mL min~! flow rate.
ATN, CBZ and RFTA were detected at 215 nm, 285 nm and 460 nm,
respectively.

Separation and identification of the intermediate photoproducts
were carried out by a UFLC-SHIMADZU combined with QTRAP LC-MS/
MS 3200 from SCIEX (Framingham, MA, USA). Electrospray ionization
(ESI) was used in positive ion mode (50-600 m/z range) and the oper-
ating parameters for each molecule were reported in the Supplementary
information (Section 1 UFLC-MS procedures).

The phototransformation products were tentatively identified based
on their MS? spectra collected by enhanced product ions (EPI) mode,
which was triggered by enhanced mass resolution (EMS) and enhanced
resolution (ER) steps in agreement with the information depend acqui-
sition (IDA) mode with a threshold of 500,000 cps.

Additional experimental data were obtained irradiating aqueous
solutions (10 mL) containing 10 mg L™ of every drug and 1 mg L™* of
RFTA in H30 and D50 under LED lamps centred at 460 nm. Moreover,
aqueous solutions (10 mL) containing 10 mg L ™! of every drug and 1 mg
L~! of TPP were irradiated under lamps centred at 420 nm. All the so-
lutions were irradiated in test tubes under air. Aliquots of 0.5 mL of
treated solution were sampled at different irradiation times and
analyzed at the UPLC-HRMS to identify the main photoproducts. The
concentration of substrates over time was tracked using an HPLC in-
strument (Agilent 1100 Series model with quaternary pumpG1311 A,
photodiode detector VWD G1314 A, standard liquid auto-sampler
G1313 A and degasser G1322 A). A Teknokroma C18 Mediterranea
Sea analytical column (25 x 0.46 mm and 5 pm particle size) was used
and a mixture of acetonitrile/water was used as eluent working in iso-
cratic mode (70% acetonitrile:30% H3O pH 3 at a flow rate of 1 mL
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Fig. 1. Structure of Riboflavin (RF), Acetylated Riboflavin (RFTA), Carbamazepine (CBZ) and Atenolol (ATN).
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min~! for CBZ and 20% acetonitrile:80% H,0 pH 3 at a flow rate of 0.8
mL min~! for ATN).

Exact mass values were determined by means of a QToF spectrom-
eter coupled with a liquid chromatography system. Separations were
accomplished by UPLC on a Zorbax Eclipse Plus C18 column (4.6 x 100
mm, 3.5 pm). See more details in the Suplementary Material Section 2.

2.3. Toxicity Tests

To evaluate the acute toxicity through the process, the samples taken
at different irradiation times were submitted to a Microtox Model 500
Toxicity Analyzer (Milan, Italy). This bioluminescence inhibition assay
monitors the natural emission changes of the marine bacterium Vibrio
fischeri in the presence of toxic substances. Freeze-dried bacteria,
reconstitution solution (2% NaCl) and an adjustment solution (non-toxic
NaCl 22%) were obtained from Azur (Milan, Italy). Luminescence was
recorded after 5, 15, and 30 min of incubation at 15 °C. Since no sig-
nificant variations were observed among the three contact times, only
the results corresponding to 5 min are given. The percentage of lumi-
nescence inhibition was calculated by comparison with a toxic-free
control according to the accepted protocol by means of the Microtox
calculation program.

2.4. Photophysical Experiments

For the steady-state and time-resolved fluorescence experiments, a
Photon Technology International (PTI) LPS-220B and an EasyLife V
(OBB) fluorimeter were used, respectively. Time-resolved fluorescence
was measured upon excitation at 460 nm with a diode LED, using a
cutoff filter (50% transmission at 475 nm). All the solutions were pre-
pared in aerated acetonitrile with absorbance lower than 0.15 at 460
nm. Fluorescence quantum yield (@) for RFTA in acetonitrile was ob-
tained using RF in water as a standard (®p = 0.26) [29,30]. ®jsc was
calculated as 1- ®g. A pulsed Nd:YAG SL404G-10 laser (Spectron Laser
Systems) was used for the laser flash photolysis experiments (Aexcitation =
355 nm, 20 mJ pulse™!). The laser flash photolysis system was formed
by the described laser, a pulsed Lo255 Oriel Xenon lamp, a 77,200 Oriel
monochromator, an Oriel photomultiplier tube (PMT) housing, a 70,705
PMT power supply and a TDS-640A Tektronix oscilloscope. Experiments
were performed using acetonitrile solution under nitrogen atmosphere
with absorbance ca. 0.3 at 355 nm. Singlet oxygen quenching experi-
ments were performed with the same LFP equipped with a Hamamatsu
NIR emission detector. The characteristic emission signal of 'O, was
monitored at 1270 nm upon increasing concentrations of drugs in
aerated acetonitrile. Quartz cuvettes of 1 x 1 cm were used for all the
photophysical experiments, which were performed at 298 K.

3. Results and Discussion
3.1. Photodegradation of RFTA

Preliminary irradiation tests were performed on RFTA aimed to
establish its degradation rate and acute toxicity over time under visible
light (with a filter at 420 nm) and are shown in Fig. 2. The complete
disappearance of RFTA occurred within 2 h, whereas RFTA toxicity was
very low (EC50 calculated for RF in water was 195 mg L) and no sig-
nificant changes in the acute toxicity were observed during the irradia-
tion, so suggesting that under these experimental conditions, the toxicity
effects both RFTA and its phototransformation products are low. Photo-
degradation of RFTA could not be considered a drawback for photo-
catalytic wastewater remediation, since natural incomes of vitamin B
could be compensating the loss of the photocatalyst.

Along with RFTA degradation, six main phototransformation prod-
ucts were formed and detected by LC-MS; MS? product ions and pro-
posed chemical structures are reported in Table S1. The compound 558
with m/z 559 is consistent with an oxidation of the molecule that can
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Fig. 2. Degradation profile for RFTA and acute toxicity over time under visible
light irradiation.

involve one of the methyl groups on aromatic moiety, taking into ac-
count the similarity (correspondence) of fragmentation pattern occur-
ring on the allylic structures with the RFTA molecule. Analogous
considerations can be remarked for compound 574 arising from a
further hydroxylation that could take place on the isoalloxazine struc-
ture. Hydroxy-byproducts were not detected in previous works investi-
gating the phototransformation of RF [31] and its derivatives [32]. An
alternative route of degradation involves the loss of N-alkyl substituent,
which is supported by the detection of 7,8-dimethylalloxazine (photo-
product 242), generally identified also as the main transformation
product for RF photodecomposition (Lumichrome) [33,34]. The data
obtained for phototransformation products 461, 413 and 415 seem to
involve the rupture of the ring and the side chain. The cleavage of the
pyrimidine ring to form quinoxaline derivatives has been previously
reported for photodegradation of RF products [35].

3.2. Phototransformation of Pharmaceuticals in the Presence of RFTA

Next, solutions of RFTA containing one of the pharmaceuticals were
irradiated in a solar simulator with a 420 nm filter to ensure that only
RFTA absorbs (see UV-visible spectra of each drug and RFTA, Fig. 3A-C),
and the abatement of the drugs and RFTA was monitored vs time
(Fig. 3D).

As shown in Fig. 3D, photocatalyzed degradation of the investigated
drugs by RFTA proceeded efficiently under visible light in short times.

For instance, removal of up to 85% of CBZ in the presence of RFTA
was accomplished within 10 min, while it is scarcely abated in waste-
water treatment plants [26,36,37]. The removal of ATN was slower, but
its initial concentration decreased to a 30% after 20 min of irradiation.
Moreover, the complete abatement of CBZ and ATN occurred in 20 min
and 120 min, respectively. The stability of RFTA was enhanced in the
presence of the drugs, although eventually it was completely photo-
degraded after 120 min of irradiation.

Furthermore, all the irradiated samples were analyzed by LC-MS in
order to identify the main transformation products. For CBZ, five pho-
todegradation products were detected whose m/z and corresponding
proposed structures are shown in the Table S2. The structural assign-
ment was performed on the basis of MS? spectra and the data reported in
the literature about the transformation products obtained upon treat-
ment by different AOPs [24,38]. The possible transformation mecha-
nism of CBZ is outlined in Scheme 1 and accounts basically for
hydroxylation of the drug with the formation of two isobaric species,
namely 252A and 252B. For the 252B, the formation of hydrox-
ycarbamazepine can be hypothesized, whereas the compound 252A, N-
aminocarbonylacridine-9-carboxaldehyde, would probably derive from
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Fig. 3. UV-Vis spectra of (A) Carbamazepine, (B) Atenolol, and (C) Acetylated Riboflavin in aqueous solutions. (D) Disappearance of drugs in the presence of RFTA
(solid traces and symbols) and evolution of the concentration of RFTA in each experiment (dashed traces and empty symbols): Carbamazepine (blue), Atenolol (red).
(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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Scheme 1. Proposed pathway for the phototransformation of CBZ assisted by RFTA.
hydroxylation and ring contraction of CBZ, as previously observed with concomitant cyclization. However, structures of quinonoid de-
[24,39]. An intramolecular cyclization occurring on 252A would lead rivatives of CBZ for 250 and 266 as suggested by Martinez et al. cannot
the formation of 250 and acridine (179) [24]. The proposed structure be excluded [38].
for photoproduct 266 is consistent with a double hydroxylation of CBZ During the phototransformation of ATN in the presence of RFTA,
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four products were detected and identified (see Table S3) thanks to Ms?
obtained data and the support of literature [40-42]. The photoinduced
transformation of this drug (Scheme 2) occurs by: (1) hydroxylation,
leading to the formation of 282 [40]; (2) loss of amide group and the
formation of a keto derivative (237), also detected by Radijenovic et al.
[41] upon solar photocatalytic ATN degradation and justified by addi-
tion of oxygen to the benzylic radical; and (3) detachment of alkyl chain,
O-dealkylation, leading to 3-(isopropylamino)propane-1,2-diol (133)
[40,42]. A further oxidation of 282 would give 280 [41].

3.3. Singlet Excited State Involvement

The possible involvement of the singlet-excited state of RFTA in the
photodegradation of the drugs was evaluated on the basis of fluorescence
measurements. Actually, both the emission intensity and the lifetime of
RFTA decreased with the increasing drug concentration (Fig. 4). The
Stern-Volmer constants (Kgy) were determined from steady-state exper-
iments according to Eq. (1). Furthermore, the quenching rate constants
(kgs) were determined from time-resolved experiments, applying another
expression of the Stern-Volmer relationship (Eq. (2)) (Table 1). High
values for the quenching constants k45 were obtained for both drugs. If
the quenching was only dynamic Ksy = ks Ts; nevertheless, in the case of
CBZ and ATN the values determined for Kgy are much higher than the
corresponding kgs Ts, indicating partial contribution of the static mech-
anism in the quenching of the singlet excited state of RFTA (i.e. formation
of a ground-state complex) [43].

Iy/I = 1+Ksy [Q] 1)

ro/‘r = 1+kg Ts [Q] @

3.4. Triplet Excited State Participation

Laser flash photolysis (LFP) measurements allowed investigating
the contribution of the excited triplet state to the photodegradation
processes.

Initially, the typical signal corresponding to the triplet-triplet tran-
sition of RFTA (a band peaking at 380 nm and a broad absorption in the
region 500-700 nm) was observed upon LFP of RFTA in deaerated
acetonitrile (Fig. 5).

Next, LFP experiments were carried out in the presence of the drugs.
Firstly, the transient absorption spectrum of RFTA and carbamazepine
(2 x 1072 M) is shown in F ig. 6A. Some triplet excited state was still
present, as revealed by the shape of the region between 500 nm and 700
nm. Increasing concentrations of carbamazepine accelerated the decay
at 680 nm; however, the quenching of >RFTA* seems slow, in fact the
rate constant kqr determined at 680 nm was 9.1 x 106M1s! (Fig. 6B
and C).

CH;  OH CHj
HyC N - Hsc*NYo
H dn H OH
133 ATN
CHy QAO
H;;C*NYO
H' oH
237

Journal of Photochemistry & Photobiology, B: Biology 221 (2021) 112250

At 380 nm, increasing concentrations of carbamazepine at the
beginning led to a faster decay, but after some ps the decay was slowed
down; this tendency revealed the presence at 380 nm of two species. As a
matter of fact, the fast decay could be related to the quenching of the
triplet, while the longer-lived signal could be related to the formation of
RFTAH", the protonated radical anion of RFTA, suggesting an electron
transfer oxidation of the drug under these conditions. Unfortunately, the
signals of triplet and RFTAH" could not be resolved in the transient
absorption spectrum, since they overlap at 380 nm.

In the case of atenolol (Fig. 7), the situation was similar: the transient
absorption spectrum of RFTA and atenolol (1.9 x 1073 M) presented
again two signals, one of them in the region 500-700 nm and the other
centered at 380 nm (Fig. 7A).

In particular, the quenching of >RFTA* was studied at 680 nm
(Fig. 7B). A progressive shortening of the decay was observed with the
increasing drug concentration. From the Stern-Volmer plot (Fig. 7C), a
kqr value of 3.7 x 108 M~! s7! was determined. At 380 nm, as in the case
of CBZ, the growth of a new signal was observed upon addition of ATN,
which could be assigned to RFTAH', the reduced species of the photo-
catalyst. Hence, quenching of the triplet excited state of RFTA happens
by an electron transfer mechanism.

3.5. Singlet Oxygen Involvement

Laser flash photolysis (LFP) was also useful for the investigation of
the role of O in the photodegradation of CBZ and ATN. First, from the
quenching of >RFTA* by O, a quenching constant value of kqro2 = 9.5
x 10° M~ ! s~ ! was determined (Fig. S1).

Next, the interaction of the drugs and 10, was investigated. 10, was
obtained from a solution of RFTA in aerated acetonitrile upon laser flash
photolysis excitation (Aexe = 355 nm) and its typical phosphorescence
was recorded at 1270 nm vs time in the presence of CBZ and ATN, at
different concentrations. The quenching rate constants were determined
for both drugs (kq102 = 6.4 x 10° M s7! for CBZ and kqio2=1.4 x 107
M~! 57! for ATN) from the respective Stern-Volmer plots (Fig. 8).

3.6. Overdll Discussion

The quenching of the IRFTA*, RFTA* and 0, by CBZ an ATN has
been demonstrated through photophysical experiments. Even more,
formation of RFTAH" resulting from e~ transfer followed by H transfer
has been evidenced in the absence of O,. The relative weight of the
different reaction pathways in the photodegradation of the drugs has
been evaluated based on the determined quenching constants versus
drugs concentration, using acetonitrile as solvent to provide higher
dynamic range.

First, we calculated the contribution of the singlet excited state of
RFTA at different drugs concentration, according to the following equa-

NH2
g Jor

282

CHj

H

CHj3

NH,

] & o

Hsc)\NYO
H OH

280

Scheme 2. Proposed phototransformation route of ATN in the presence of RFTA.
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Fig. 4. Steady-state (left) and time-resolved emission (right) quenching experiments of RFTA upon increasing concentrations of CBZ (A and B) and ATN (C and D), in
aerated CH3CN. Aexc = 445 nm for steady-state and Aexe = 460 nm for time-resolved experiments.

Table 1
Constants for the quenching of 'RFTA* by the drugs determined from steady-
state (Stern-Volmer constant) and time-resolved measurements (rate constant).

Drugs Ksy kgs (M~ s7Y) from time-resolved
™ measurements
Carbamazepine 24.62 6.7 x 108
(CBZ)
Atenolol (ATN) 29.15 1.1 x 10°
tions:
Quenching of '(RFTA) (%) = q“%x 100 3
B4 Bt k0]
1 - 73
(RFTA) intrinsic decay (%) = o x 100 “@

%F T ll%u + kg (O]

where: kqs is the quenching constant of the singlet excited state of RFTA,
[Q] is the concentration of the pollutants, ®r and ®js. are the quantum
yields of fluorescence and intersystem crossing and 75 is the lifetime of
the singlet excited state of RFTA.

Next, the quenching of the 3RFTA* and the intrinsic decay of SRFTA*
were calculated according to the following equations:

15+
o]
538
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5
210
15-

-20-
300

B--—o

AA x 10°
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700

Fig. 5. Transient absorption spectra of RFTA recorded at different delay times
after the 355 nm laser shot in deaerated acetonitrile (absorbance ca. 0.3 at the
excitation wavelength).
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Fig. 6. LFP of RFTA in the presence of carbamazepine (2 x 1072 M), recorded at different times after the laser pulse from 350 nm to 700 nm, (Aexe = 355 nm) (A).
Transient absorption decays of RFTA with increasing additions of CBZ, recorded at 680 nm (B) and 380 nm (D). [CBZ] = 0-2 x 10~2 M. Stern-Volmer plot cor-
responding to data registered at 680 nm (C). The experiments were carried out in deaerated acetonitrile.

where kqs and kqr are the quenching constants of the singlet and triplet
excited state of RFTA, [Q] the concentration of the drugs, ® and ®j are

b HRETAY byOo (%) — ‘DT— ko,7[01] 100 the quantum yields of fluorescence and intersystem crossing, ts and Tt

Quenching of *( ) by0:(%) _ﬂ+h+kqs [Q]XL+qu Q] +k02T[02]x are the lifetime of the singlet and triplet excited state of RFTA, koot is the

Ty Ty T
©) quenching constant of oxygen (Fig. S12, kqro2 = 9.5 x 10°M s and
[O2] is the concentration of oxygen in aerated acetonitrile ([O2] = 2.42
3 O 1 x 1073 M) [44].

(RFTA) intrinsic decay (%) = g X z x100 Furthermore, considering the most optimistic situation in which
Oy g 0] Lk, ko,r[O » con Hmistl :
et kelOl arl0) + ko.r[02] 100% of the quenching of >RFTA* by O, gives rise to 1Oy, the contri-

™ bution of the quenching of !0, by CBZ and ATN versus 0, intrinsic
decay was calculated according to the following equations:
e kqr0,105] kq10,10]
Quenching of '0, by the pollutants(%)= L x 470 72 x 410, x100 8)
g of "Orbythe p %) % Bt &y [0] 5+ Kyr[Q] + k10,02 t'*‘kqloz[Q]
D
. - kq10,(07] 710,
Intrinsic decay of '0, (%) = I X 22 X 2 x100 9
> o0 D = 0 T kr 0] + ke, 03 2+ Ko 0]
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Fig. 7. Transient absorption spectra of RFTA and atenolol (1.9 x 1073 M), recorded at different times after the laser pulse from 300 nm to 700 nm (Aexc = 355 nm).
(A) Transient absorption decays of RFTA in the presence of increasing additions of ATN, recorded at 680 nm (B) and 380 nm (D), ([ATN] = 0-3 x 10~3 M). Stern-
Volmer plot resulting from the quenching experiment at 680 nm (C). The experiments were performed in deaerated acetonitrile.

A)

Emission (AU)

N
(@)

- - N
o a0 o
I 1 I

100 200
Time (us)

300

B)

Emission (AU)

0 100 200 300
Time (us)

Fig. 8. Transient emission decays of 10, generated upon laser flash excitation (Aexe = 355 nm) of RFTA, and monitored at 1270 nm upon addition of different
concentrations of CBZ (A) and ATN (B), ([CBA] and [ATN] = 0-1.1 x 10~2 M). Insets: corresponding Stern-Volmer plots. The experiments were performed in aerated

acetonitrile.
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Table 2
Relative weight of the quenching of the excited singlet and triplet states of RFTA and 10, in the photolytic degradation of the drugs, at the indicated concentrations in
acetonitrile.
[Q] Pollutant Quenching of 1(RFTA)* intrinsic Quenching of 3(RFTA)* intrinsic Quenching of 3(RFTA) Quenching of 10, by 10, intrinsic
(M) L(RFTA)* (%) decay (%) 3(RFTA)* (%) decay (%) * by Oz (%) the pollutants decay
102 CBZ 0.49 52.74 0.02 0.13 46.62 2.32 44.30
ATN 0.81 52.57 0.45 0.13 46.03 24.90 21.13
10°° CBZ 0.00 53.00 0.00 0.13 46.86 0.02 46.84
ATN 0.01 53.00 0.00 0.13 46.86 0.55 46.31
1078 CBZ 0.00 53.00 0.00 0.13 46.87 0.00 46.87
ATN 0.00 53.00 0.00 0.13 46.87 0.00 46.87
Photodegradation Q 10 o
products - 2 2
hv isc
RFTA — » IRFTA _— 3RFTA

Q[O] Q

¥

Photodegradation
products

Scheme 3. Proposed photocatalytic degradation route of CBZ and ATN (Q) in the presence of RFTA and visible light.

where kg1 02 is the quenching constant of singlet oxygen by each pollutant
(from experimental data kq102= 6.4 x 10° M~ ! s7! for CBZ and kqro2=
1.4 x 10” M s7! for ATN), T102 is the experimentally determined
lifetime for 102 in acetonitrile (81 ps), in good agreement with literature
data [45], and [Q] is the concentration of each pollutant.

Taking into account the value of @ = 0.53 determined for RFTA in
acetonitrile (see experimental section); ®;sc = 0.47 (calculated as 1- ®);
the experimentally determined kqs and kqr for CBZ (6.7 x 108 M 157!
and 9.1 x 105 M~ s71) and for ATN (1.1 x 10° M~ 5! and 3.7 x 10®
M! s’l); 15 =7.40 x 10~° s and T7 = 1.5 x 107> s of RFTA in aceto-
nitrile, from emission and transient absorption time-resolved experi-
ments; the relative contribution of 'RFTA*, RFTA* and 'O, in the
quenching of the drugs is given in Table 2.

As expected, the efficiency of the excited states quenching decreases
with decreasing drug concentration. From these results we can postulate
a degradation mechanism as depicted in Scheme 3, in which RFTA upon
absorption of light reaches the first singlet excited state that suffers
partial quenching by the pollutants. Nevertheless, most of the singlets
are converted into the triplet excited state upon intersystem crossing. On

one hand, the triplet excited state accepts an electron of CBZ and ATN
(Q) giving rise initially to a radical ion pair 3(RFTA-‘/Q-*) that lives
long enough to separate into the radical anion of the photocatalyst
(RFTA-") and the radical cation of the drug (Q-"). The photocatalyst is
recovered by subsequent reduction of molecular oxygen to reinitiate the
cycle, while the radical cations resulting from the drugs react with Oq
starting a radical chain process responsible for the observed photo-
degradation products.

On the other hand, the 3RFTA* reacts with oxygen in a triplet-triplet
energy transfer process, giving rise to the ground state of RFTA and
singlet oxygen, which is highly reactive, especially with ATN. Never-
theless, although Table 2 shows that photodegradation is mainly medi-
ated by singlet oxygen, we are assuming that quenching of >RFTA* by O,
results mainly in the formation of l02. Besides, reaction between singlet
oxygen and drugs is stoichiometric, while triplet excited state quenching
by the drugs involves the formation of reactive radicals, able to initiate a
chain reaction. Therefore, quenching of RFTA* by the drugs is the chain
initiation step and, depending on the chain length, could eventually lead
to oxidation products much more efficiently than suggested at first sight
by the numbers appearing in Table 2.
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To better investigate the real contribution of electron transfer/
singlet oxygen mechanisms we paid attention to the photodegradation
rate and photoproducts obtained when photodegradation was per-
formed in D20 vs H20 (to increase the prospects of 10y, since its life-
time in D50 is ca. 51 ps vs 3.5 ps in Hy0) [45,46]. Results obtained
showed that the photodegradation was slightly slower when per-
formed in D20. Moreover, the main photoproducts were the same in
the two solvents (see Section 2 in the Supplementary material,
Figs. S2-S11). Furthermore, photodegradation of the drugs was per-
formed in the presence of triphenylpyrylium a photosensitizer known
to produce photooxygenation of 1,2-diarylethylenes although it does
not generate singlet oxygen nor superoxide anion [47,48]. In this case,
the same photoproducts profile was observed, which acted as a proof of
evidence of the main contribution of the electron transfer mechanism
in the photodegradation of CBZ and ATN (see Figs. S2-S10).

4. Conclusions

Acetylated riboflavin (RFTA), in the presence of solar light, works as
an excellent photocatalyst able to produce photodegradation of recal-
citrant drugs, such as carbamazepine and atenolol, in <2 h. Specifically,
two oxidative pathways operating at a time are responsible for the
degradation: i) direct oxidation of CBZ and ATN by singlet oxygen, and
ii) e~ transfer to the triplet excited state of RFTA, giving rise to the
formation of photooxidized radical cations, that in the presence of ox-
ygen are able to participate in chain reactions and eventually evolve to
the photoproducts. Experiments performed in D0 or in the presence of
triphenylpyrylium as a photocatalyst gave rise to the same photoprod-
ucts profile, supporting the main contribution of the electron transfer
mechanism in the photodegradation of CBZ and ATN. A detailed analysis
of the resulting products performed by UFLC combined with MS? is in
agreement with the postulated photocatalytic degradation mechanism.
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