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ABSTRACT: This study evaluates the potential application of tin
porphyrin- and C60 aminofullerene-derivatized silica (SnP/silica
and aminoC60/silica) as 1O2 generating systems for photochemical degradation of organic pollutants. Photosensitized 1O2
production with SnP/silica, which was faster than with aminoC60/
silica, eﬀectively oxidized a variety of pharmaceuticals. Signiﬁcant
degradation of pharmaceuticals in the presence of the 400-nm UV
cutoﬀ ﬁlter corroborated visible light activation of both
photosensitizers. Whereas the eﬃcacy of aminoC60/silica for
1
O2 production drastically decreased under irradiation with λ >
550 nm, Q-band absorption caused negligible loss of the
photosensitizing activity of SnP/silica in the long wavelength region. Faster destruction of phenolates by SnP/silica and
aminoC60/silica under alkaline pH conditions further implicated 1O2 involvement in the oxidative degradation. Direct charge
transfer mediated by SnP, which was inferred from nanosecond laser ﬂash photolysis, induced signiﬁcant degradation of neutral
phenols under high power light irradiation. Self-sensitized destruction caused gradual activity loss of SnP/silica in reuse tests
unlike aminoC60/silica. The kinetic comparison of SnP/silica and TiO2 photocatalyst in real wastewater eﬄuents showed that
photosensitized singlet oxygenation of pharmaceuticals was still eﬃciently achieved in the presence of background organic
matters, while signiﬁcant interference was observed for photocatalyzed oxidation involving non-selective OH radical.

■

INTRODUCTION

The underlying mechanisms of such photosensitized oxidation
reactions, especially those induced by natural precursors of
•
OH (e.g., iron polycarboxylates, clay minerals), oﬀer potential
insights into photochemical remediation strategies to treat
industrial and municipal eﬄuents contaminated with recalcitrant substances.9,10
It is well recognized that photochemically generated 1O2 acts
as a primary oxidant in the photosensitized transformation of
organic substances11,12 and inactivation of viruses13−15 in
natural waters. Organic pollutants including polycyclic aromatic

Photochemical production of reactive oxygen species (ROS) by
a number of diverse natural materials under sunlight irradiation
can initiate the transformation of organic compounds in
waters.1−4 For example, sunlight-induced photochemical
reactions of ferric ion or its carboxylate complexes present in
the environment are involved in formation of hydrogen
peroxide and its catalytic decomposition to hydroxyl radical
( • OH), resulting in the oxidation of aquatic organic
substances.3,5 Nitrate-induced production of OH radical leads
to pollutant degradation in atmospheric and surface waters
upon sunlight irradiation.4 Natural organic matter (NOM), a
prevalent constituent of natural waters, causes oxidative
transformation through the photochemical reactions involving
production of ROS such as •OH6,7 and singlet oxygen (1O2).1,8
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hydrocarbons,16 chlorophenols,17 and pesticides18 were found
to be considerably vulnerable to singlet oxygenation, which
occurs through the energy transfer from the photoexcited
NOM to oxygen. Previous ﬁndings demonstrated that 1O2
produced upon irradiation of NOMs with sunlight was
responsible for the enhanced inactivation of MS-2 coliphage
in natural waters under sunlight illumination.13,14 On the basis
of the high reactivity of 1O2 and its widespread occurrence in
the naturally-occurring photooxidation reactions, photochemical remediation approaches, exploiting the oxidizing capacity of
1
O2, have signiﬁcant application for water treatment and
disinfection processes.
As electrophilic 1O2 preferentially oxidizes electron-rich
oleﬁns, dienes, sulﬁdes, and aromatic hydrocarbons,19−21 1O2
production capability of photosensitizers such as macrocyclic
dyes, aromatic hydrocarbons, and transition metal complexes
enables photochemical pollutant oxidation and microbial
disinfection. Among various photoactive 1O2 generating agents,
porphyrin and fullerene derivatives (both are highly eﬀective for
1
O2 production in response to visible light) have been
employed for photosensitized phenol oxidation,22 dye decoloration,23 and bacterial/viral disinfection24 in water. Photochemical 1O2 generation by functionalized porphyrins led to
oxidative degradation of endocrine-disrupting contaminants
(e.g., pentachlorophenol, butylparaben),25,26 as aqueous dispersions of C60 fullerenes surface-modiﬁed with hydrophilic
groups enabled photodynamic disinfection of Escherichia coli
and MS-2 bacteriophage.27 Our recent ﬁndings28,29 also
demonstrated that C60 aminofullerenes chemically anchored
to the functionalized silica induced rapid degradation of
pharmaceuticals (e.g., ranitidine and cimetidine) and inactivation of MS-2 bacteriophage.
Photosensitized singlet oxygenation potentially oﬀers advanced opportunities for oxidation processes in terms of (1)
rapid degradation of electron-rich moieties ubiquitously present
in organic pollutants, (2) eﬀective 1O2 production through the
visible-light-induced photosensitization, and (3) targeting of
high priority pollutants in complex water matrices due to the
selective nature of 1O2. Whereas previous studies have
demonstrated the possible singlet oxygenation of pollutants
and microbes by photosensitizing agents,22,24−26 the potential
applicability has not been systematically investigated. In order
to address the critical knowledge gap in the applicability
assessment, this study shows application of tin porphyrin and
hexakis C60 aminofullerene (as representative 1O2 photosensitizers) immobilized on silica support (referred to herein
as SnP/silica and aminoC60/silica, respectively) for photochemical degradation of diverse pharmaceutical and endocrinedisrupting pollutants. In addition to the eﬃcacy of 1O2 yield,
the activity of both photosensitizing agents in the photochemical oxidation is evaluated in terms of (1) the kinetics for
visible-light-induced degradation of pharmaceuticals, (2) active
wavelength region for photosensitized 1O2 production, (3)
charge transfer mechanism for photoinduced phenol oxidation,
and (4) potential for multiple use scenarios as photocatalyst. In
particular, we compare performance of SnP/SiO2 as a 1O2
photosensitizer versus TiO2 photocatalyst (Degussa P25)
capable of OH radical-mediated oxidation based on the kinetics
of pharmaceutical degradation in the presence of background
dissolved organic matter associated with wastewater treatment
plant eﬄuents.
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MATERIALS AND METHODS

Preparation of 1O2 Photosensitizers and Immobilization onto Silica Support. AminoC60/silica was prepared and
characterized according to our previously published procedure.29 The aminofullerene content of 0.05 mmol/g was
conﬁrmed using thermogravimetric analysis (TGA: SDT Q600,
TA Instruments), conducted under air with a heating rate of 10
°C/min. Weight loss of 11.2 ± 1% in temperature range of
200−420 °C was observed, corresponding to decomposition of
organic moieties with SiO2 remaining through the end of the
TGA run (at 900 °C). The preparation of trans-dihydroxo[5,10,15,20-tetraphenylporphyrinato]tin(IV) [Sn(OH)2(TPP)]
and the immobilization of Sn(OH)2(TPP) onto silica support
were similarly performed according to the reported procedures.23,30 The Sn content in SnP/silica was estimated to be ca.
1.85 atom % from the XPS analysis. The particles of 3-(2succinic anhydride)propyl functionalized silica (for aminoC60
immobilization) are in the size range of 37 to 75 μm, while the
particle size for the bare silica support (for SnP immobilization)
ranges between 33 and 75 μm.
Photochemical Experiments. Experiments with variable
light sources (ﬂuorescent lamp, black light blue (BLB) lamp,
and Xe-arc lamp) were carried out in a magnetically-stirred
cylindrical quartz reactor under air-equilibrated conditions at an
ambient temperature (22 °C). Detailed descriptions of light
irradiation conditions are available in the Supporting
Information, SI. The emission spectra of the light sources
and transmittance proﬁles of the cutoﬀ ﬁlters are presented in
Figures S1 and S2, SI.
Typical reaction suspensions of photosensitizer-derivatized
silica, buﬀered with 10 mM phosphate at pH 7.5, were prepared
at a concentration of 50 μM photosensitizing agent (0.5 g/L
SnP/silica with a porphyrin content of 0.1 mmol/g and 1 g/L
aminoC60/silica with a fullerene content of 0.05 mmol/g) and
were dispersed by simultaneous sonication and shaking for 30 s
in an ultrasonic cleaning bath. Substrate stock solution (1 mM)
was added to the suspension, diluting to the desired
concentration (typically 0.1 mM). Sample aliquots of 1 mL
were withdrawn at constant time intervals from the photoirradiated reactor using a 1-mL syringe, ﬁltered through a 0.45μm PTFE ﬁlter (Millipore), and injected into a 2-mL amber
glass vial for further analysis. More than duplicate photolytic
experiments were performed for a given condition. Quantitative
analyses of the residual concentrations of target substrates were
performed using a HPLC (Shimadzu LC-20AD) equipped with
a C-18 column (ZORBAX Eclipse XDB-C18) and a UV−vis
detector (SPD-20AV). The mobile phase comprised a binary
mixture of 0.1% (v/v) aqueous phosphoric acid solution and
acetonitrile (typically 70: 30 by volume), while quantiﬁcation of
cimetidine, furfuryl alcohol, and ranitidine was done with a 40%
aqueous methanol eluent. The analysis of trimethoprim was
performed using an water eluent containing 25 mM ammonium
acetate/acetonitrile (70:30 v/v). The HPLC analyses for all
target compounds were carried out at the detection wavelength
of 230 nm.
Nanosecond Laser Flash Photolysis (LFP). Nanosecond
LFP experiments were carried out to monitor transient
formation and subsequent decay of triplet state and radical
anion in aqueous solutions of SnP and aminoC60. The
experimental solutions were saturated with ambient air and
buﬀered at 7.5. The samples were excited using the second
harmonic (532 nm, 10 mJ/pulse, 5 ns FWHM) of a Q-switched
9607
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Nd3+:YAG laser (Continuum, Surelite II-10) operated with
temporal control by a delay generator (Stanford Research
Systems, DG535). The transmitted probe light was focused on
a monochromator (Nikon G250). The output of the
monochromator was monitored using a silicon avalanche
photodiode detector (Hamamatsu Photonics, S5343). The
transient signals were recorded by a digitizer (Tektronix, TDS
580D). Triplet state decay kinetics of SnP and aminoC60 were
measured based on the time-resolved data using absorbance at
610 and 650 nm, respectively. Upon laser irradiation,
immediate formation of SnP radical anion and subsequent
decay were monitored by recording the transient absorption at
680 nm.
Wastewater Characterization. Samples of secondary
wastewater eﬄuents were obtained from the municipal
wastewater treatment plants located in Pankyo and Uijeongbu,
Gyeonggi-do, Korea. The sample of the wastewater eﬄuent
from Pankyo contained 9.9 mg/L DOC, 6.2 μM NH4+, 520.5
μM NO3−, 1.1 μM HPO42−, and 94 mg/L alkalinity (as
CaCO3). The eﬄuent sample from Uijeongbu had a DOC of
8.4 mg/L, 5.5 μM NH4+, 3.4 μM NO2−, 730.0 μM NO3−, 11.3
μM HPO42−, and 64 mg/L alkalinity (as CaCO3) . The initial
pH of each wastewater eﬄuent sample from Pankyo and
Uijeongbu was 8.8 and 7.07, respectively.

Figure 1. Photochemical degradation of pharmaceutical compounds
by tin porphyrin immobilized on silica (SnP/silica) under ﬂuorescent
light irradiation. Curves represent nonlinear regression ﬁts to pseudo
ﬁrst-order decay. Error bars indicate ± one standard deviation from
the mean of at least three replicate reactors ([SnP/silica]0 = 0.5 g/L;
[pharmaceuticals]0 = 100 μM ([naproxen]0 = [losartan]0 = 40 μM);
[phosphate]0 = 10 mM; pHi = 7.5).

in faster photochemical decay (e.g., furan in ranitidine;
imidazole in cimetidine and losartan, pyrrole in atorvastatin
and tolmetin). The vulnerability to electrophilic attack by 1O2
seems to change depending on substituents on the aromatic
ring. For example, photosensitized degradation kinetics of
propranolol (k = 4.152 ± 0.090 h−1; R2 = 0.998) and naproxen
(k = 0.330 ± 0.006 h−1; R2 = 0.993) by SnP/silica were
signiﬁcantly diﬀerent, even though both contain a naphthalene
moiety. Despite preferable singlet oxygenation of aminophenols
(e.g., k(4-aminophenol + 1O2 in D2O) = 1 × 108 M−1s−1 21),
acetaminophen and amoxicillin were not noticeably degraded in
photoirradiated aqueous suspensions of SnP/silica, which may
be due to the presence of electron-withdrawing substituents.
Visible-Light-Induced Oxidation. UV−vis reﬂectance
spectra of SnP/silica and aminoC60/silica with similar content
of photosensitizing agents show signiﬁcant visible light
absorptions (Figure 2a), implying the possible photoactivation
and associated 1O2 production under visible light irradiation.
While aminoC60/silica exhibits a broad absorption feature in
the spectral range of 400 to 550 nm, SnP/silica has an intense
absorption band at 420 nm (Soret band), followed by a few
moderate to weak absorption peaks at 519, 550, and 590 nm
(Q bands). To identify the visible light region to allow the
photosensitizers to be photochemically active for 1 O 2
production, the eﬃcacy of SnP/silica and aminoC60/silica for
photosensitized FFA degradation was compared under diﬀerent
wavelengths of visible light, which were controlled by using a
set of optical ﬁlters cutting oﬀ below the speciﬁc wavelengths
(Figure 2b). The photosensitizing activity of aminoC60/silica
for 1O2 generation was gradually reduced with increasing
wavelength and nearly disappeared under illumination by
wavelengths longer than 645 nm. In particular, irradiation by
visible light above 550 nm caused a ca. 50% decrease in eﬃcacy
of the photosensitized FFA degradation (i.e., 1O2 production)
compared to light irradiation under wavelengths longer than
420 nm. However, high photochemical activity of SnP/silica for
1
O2 yield was maintained in response to light of wavelengths up
to 550 nm, which implies that the macrocylic conjugated
system enables SnP/silica to utilize a broader range of visible
light wavelengths for 1O2 production. Figure 3 demonstrates

■

RESULTS AND DISCUSSION
Rapid Photosensitized Oxidation of Pharmaceutical
Compounds. The photochemical activity of SnP/silica was
compared to that of hexakis aminoC60/silica under ﬂuorescent
light irradiation using photochemical furfuryl alcohol (FFA)
degradation as a direct indication of photosensitized 1O2
production.1 FFA degradation was monitored in suspensions
containing identical amounts of photosensitizing agents (i.e.,
[SnP]0 = [aminoC60]0 = 50 μM). Whereas sorption or direct
photolysis caused negligible FFA reduction, FFA was eﬀectively
degraded in the presence of SnP/silica or aminoC60/silica
under ﬂuorescent light, conﬁrming their activity for photochemical 1O2 production (Figure S3 of the SI). In particular,
more rapid FFA degradation (5.4-fold faster based on the
comparison of pseudo ﬁrst-order rate constants (k values), with
k = 2.358 ± 0.163 h−1 (mean ± standard deviation) for SnP/
silica (R2 = 0.998) and k = 0.435 ± 0.038 h−1 for aminoC60/
silica (R2 = 0.989)) implies higher eﬃcacy of SnP/silica for 1O2
generation relative to aminoC60/silica.
Similar to our earlier work28 showing high photochemical
activity of aminoC60/silica toward oxidation of pharmaceuticals,
Figure 1 demonstrates eﬃcient degradation of diverse
pharmaceutical compounds by SnP/silica photosensitization
under ﬂuorescent light illumination. No detectable degradation
of pharmaceuticals occurred by light irradiation alone (data not
shown), although photochemical reactivity of several compounds (e.g., atorvastatin and propranolol) to produce ROS
resulted in self-sensitized degradation has been proposed.31,32
No signiﬁcant adsorption of pharmaceuticals on SnP/silica was
observed (Figure S4 of the SI). Eﬃcient production of 1O2 and
substrate-speciﬁc degradation kinetics (reﬂecting the selective
nature of 1O2) combined suggest that 1O2 was the primary
oxidant in the photochemical oxidation with SnP/silica. In
particular, the presence of chemical moieties that are very
susceptible to singlet oxygenation in the structures of
pharmaceuticals (e.g., k(furan + 1O2 in CH2Cl2) = 1.4 × 107
M−1s−1;21 k(imidazole + 1O2 in H2O) = 3.4 × 107 M−1s−1;21
k(pyrrole + 1O2 in C6H5CH3) = 1.7 × 108 M−1s−1 21) resulted
9608
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Figure 3. Degradation of pharmaceuticals by (a) SnP/silica and (b)
aminoC60/silica in water under visible light irradiation. Error bars
indicate ± one standard deviation from the mean of at least three
replicate reactors (λ > 400 nm) ([SnP/silica]0 = 0.5 g/L; [aminoC60/
silica]0 = 1 g/L; [pharmaceuticals]0 = 100 μM ([naproxen]0 =
[losartan]0 = 40 μM); [phosphate]0 = 10 mM; pHi = 7.5).

Figure 2. (a) UV−vis diﬀuse reﬂectance spectra of SnP/silica and
aminoC60/silica; (b) Photosensitized degradation of furfuryl alcohol by
SnP/silica and aminoC60/silica under diﬀerent irradiation wavelengths
(controlled by a set of long-pass ﬁlters transmitting λ > 420, 495, 550,
or 645 nm) ([SnP/silica]0 = 0.5 g/L; [aminoC60/silica]0 = 1 g/L;
[FFA]0 = 100 μM; [phosphate]0 = 10 mM; pHi = 7.5). The dashed
lines indicate the transmittance proﬁles of the cutoﬀ ﬁlters.

that photochemical oxidation of selected pharmaceutical
compounds on SnP/silica and aminoC60/silica was signiﬁcant
under visible light irradiation (λ > 400 nm). Furthermore, there
is no marked diﬀerence in the rate of photosensitized oxidation
of pharmaceuticals by SnP/silica between ﬂuorescent and
visible light irradiation, which could be attributed to the
negligible loss of photochemical activity under irradiation of
long-wavelength visible light.
Alternative Oxidation Pathway Involving Direct
Charge Transfer. Figure 4 shows the eﬃcacy of SnP/silica
for photosensitized degradation of phenolic compounds
including amoxicillin, acetaminophen, bisphenol A, and
trichlorophenol after 2 h of UV-A irradiation (4W BLB
lamp) as a function of initial pH. Our earlier work28 showed
that alkaline pH conditions favored photosensitized oxidation
of phenols by tetrakis aminoC60/silica as electrophilic 1O2 more

Figure 4. Eﬃciency (deﬁned as the concentration reduction after 2 h
photosensitized reaction) in photochemical degradation of phenolic
compounds by SnP/silica as a function of initial pH under UV-A light
irradiation. Error bars indicate ± one standard deviation from the
mean of at least three replicate reactors ([SnP/silica]0 = 0.5 g/L;
[phenolics]0 = 100 μM).

readily oxidizes phenolate anion than neutral phenol
(k(phenolate anion + 1O2 in H2O) = 1.8 × 108 M−1s−1;21
k(phenol + 1O2 in H2O) = 3 × 106 M−1s−1 21). Shifting
9609
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the predominant form at neutral pH) toward 1O2.33 However,
SnP/silica initiated signiﬁcant photochemical degradation of
neutral phenolics, suggesting the oxidative degradation pathway
not involving singlet oxygenation but through 3SnP*-mediated
electron transfer.
Triplet state decay of aminoC60 and SnP (suspended in
water, not immobilized on silica) was monitored in the absence
and presence of oxygen using a laser ﬂash photolysis (Figure S6
of the SI). Rapid quenching of the triplet state by the dissolved
oxygen (k(3SnP* + O2) = 9.5 × 108 M−1s−1, and k(3aminoC60*
+ O2) = 9.9 × 108 M−1s−1) indicates eﬀective energy transfer to
oxygen, subsequently leading to 1O2 production. Figure S7 of
the SI shows the fate of the triplet state in the presence of
cimetidine, 4-chlorophenol, and triethylamine under airequilibrated conditions. Whereas the presence of cimetidine
and triethylamine did not change the decay kinetics of 3SnP*,
the presence of 4-CP decelerated its decay (Figure S7a of the
SI), which could be attributed to the appearance of SnP•− that
has an overlapping absorption spectrum with 3SnP*. The
kinetic retardation in the presence of 4-CP was more signiﬁcant
when transient absorption decay was monitored at 680 nm as
the detection wavelength of SnP•− 34 (Figure 5b). Such
transient spectroscopic evidence may suggest that the electron
transfers from 4-CP to 3SnP*, which would then result in the
oxidation of 4-CP and the formation of SnP•−.
Stability as Catalyst. To explore the possible use of SnP/
silica as the photoactive catalyst for oxidative degradation,
photochemical FFA oxidation was repeated in aqueous
suspensions of SnP/silica over 5 cycles as described in our
previous study.29 Figure 6 demonstrates that the rate of

equilibrium from phenol to phenolate anion under alkaline pH
conditions caused the drastic enhancement in the rate of
phenol degradation by SnP/silica, which implies that singlet
oxygenation provides a crucial reaction pathway in the
photosensitized degradation by SnP/silica. However, adsorption of phenolics on SnP/silica decreased with increasing pH
(trichlorophenol and bisphenol A) or was insigniﬁcant over the
applied pH range (amoxicillin and acetaminophen) (Figure S5
of the SI).
Due to the high charge on Sn(IV), the photoexcited triplet
state of SnP (3SnP*) undergoes facile reduction in the presence
of adequate electron donors to form the radical anion (SnP•−),
indicating the possible degradation through the direct electron
transfer from organic pollutants to 3SnP*.23 To identify the
alternative reaction route for oxidative degradation, photosensitized degradation of amoxicillin, acetaminophen, and 4chlorophenol (4-CP) using SnP/silica and aminoC60/silica was
initiated at neutral pH under 300W Xe-arc lamp irradiation
with a UV cutoﬀ ﬁlter (λ > 420 nm) (Figure 5a). Such high

Figure 5. (a) Photosensitized degradation of phenolic compounds by
SnP/silica and aminoC60/silica in neutral pH condition ([SnP/silica]0
= 0.5 g/L; [aminoC60/silica]0 = 1 g/L; [phenolics]0 = 100 μM;
[phosphate]0 = 10 mM; pHi = 7.5); (b) Normalized time traces of SnP
recorded at 680 nm after the laser ﬂash photolysis (532 nm) in the
absence and presence of triethylamine, cimetidine, and 4-chlorophenol
([SnP]0 = 50 μM; [triethylamine]0 = 10 mM; [cimetidine]0 = [4chlorophenol]0 = 1 mM; air-equilibrated). Error bars indicate ± one
standard deviation from the mean of at least three replicate reactors.

Figure 6. Repeated degradation of furfuryl alcohol by SnP/silica under
visible-light illumination ([SnP/silica]0 = 0.5 g/L; [FFA]0 = 100 μM;
[phosphate]0 = 10 mM; pHi = 7.5). Error bars indicate ± one standard
deviation from the mean of at least three replicate reactors.

photosensitized singlet oxygenation by SnP/silica is gradually
retarded during the repeated catalytic cycle, which could be
attributed to a self-destructive reaction via 1O2-induced
oxidation (k(porphyrin + 1O2 in CHCl3) = 4.2 × 108 M−1s−1
21
) or direct electron transfer. In particular, formation of SnP•−,
conﬁrmed by the transient absorption spectrum in laser ﬂash
photolyzed aqueous solutions of SnP, suggests the possible
oxidative degradation through the electron abstraction from the

power light irradiation can produce triplet state transient at a
high concentration to enhance the direct electron transfer.
Visible-light-induced oxidation of the selected phenolic
compounds negligibly occurred in aqueous suspensions of
aminoC 60/silica under neutral pH condition, which is
compatible with low reactivity of the protonated phenols (as
9610
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photochemical oxidation of cimetidine and propranolol in the
secondary eﬄuents from Pankyo and Uijeongbu wastewater
treatment facilities (PSWE and USWE). The selected
pharmaceuticals were more rapidly degraded by SnP/silica
under UV light irradiation than by TiO2 photocatalyst, which
conﬁrms that photosensitized 1O2 generation enables eﬀective
destruction of organic pollutants. The comparison of pseudo
ﬁrst-order rate constants for photosensitized degradation of
cimetidine and propranolol in the wastewater eﬄuents and
distilled water shows moderate loss of photosensitizing activity
of SnP to participate in oxidative degradation processes under
real world condition (i.e., k(cimetidine) = 12.47 ± 0.28 h−1 for
distilled water (R2 = 0.998), versus k(cimetidine) = 10.34 ±
0.28 h−1 for PSWE (R2 = 0.999), versus k(cimetidine) = 8.34 ±
0.27 h−1 for USWE (R2 = 0.996); k(propranolol) = 7.53 ± 0.10
h−1 for distilled water (R2 = 0.999), versus k(propranolol) =
4.24 ± 0.16 h−1 for PSWE (R2 = 0.996), versus k(propranolol)
= 3.90 ± 0.13 h−1 for USWE (R2 = 0.997)) (Figure 7a). The
results imply that electron-rich background organic substances
present in PSWE and USWE scavenge photochemically
generated 1O2 to a certain degree.
In comparison, the photocatalytic degradation of pharmaceuticals by TiO 2 was drastically retarded when TiO 2
photocatalysis in which OH radical as the primary oxidant
initiates oxidative degradation36 was applied into the secondary
eﬄuents (Figure 7b). The rate for the photocatalytic oxidation
of cimetidine by TiO2 in USWE decreased by up to 4.6-fold
compared to that in distilled water (i.e., k = 0.65 ± 0.03 h−1 for
distilled water (R2 = 0.973), versus k = 0.14 ± 0.01 h−1 for
USWE (R2 = 0.953)). The rate retardation was more signiﬁcant
for TiO2-mediated photodegradation of propranolol in the
wastewater eﬄuents, with k = 1.81 ± 0.16 h−1 for distilled water
(R2 = 0.966), k = 0.52 ± 0.03 h−1 for PSWE (R2 = 0.944), and k
= 0.17 ± 0.01 h−1 for USWE (R2 = 0.910). Such activity
reduction is attributed to the competition for OH radicals
between the matrix organics and the pharmaceutical compounds. The non-selective reactivity of OH radicals37 continues
to hinder the oxidation of target substance as long as the
background organic substances remain in the wastewater
eﬄuents. Alternatively, 1O2, being a selective oxidant, preferably
reacts with electron-rich organic substances despite the
presence of background organic matters.
Environmental Applications. This study assesses photochemical reactivity of fullerene- and porphyrin-based photosensitizing agents for oxidative degradation of organic
pollutants in water. The activity evaluation suggests considerations for further photocatalyst development. In addition to
facile physical separation from treated water for subsequent
reuse, the ease of functionalization enables chemical linkage of
fullerenes and porphyrins to diverse surfaces (e.g., magnetic
particles, pH-responsive polymers), to achieve eﬀective
sensitizer recovery strategies (using magnetic force or pH
adjustment). The photosensitization capability of SnP/silica
and aminoC60/silica to yield 1O2 resulted in relatively fast
degradation of electron-rich organics. In particular, the
competitive reactions for 1O2 with a complicated water matrix
did not cause a signiﬁcant decrease in pollutant degradation
kinetics by 1O2 photosensitizers, which is in marked contrast to
TiO2 photocatalyzed oxidation involving OH radical as a
primary oxidant. To overcome the applicability limits associated
with substrate-speciﬁc reactivity of 1O2, further studies are
required for process integration (e.g., enzymatic hydroxylation
of aromatic compounds, followed by 1O2-induced oxidation) or

ground state of SnP by the excited triplet state. Contrary to
such a loss of photosensitizing activity of SnP/silica during the
multiple uses, our earlier work29 showed that repeated uses
through 5 cycles did not cause any decrease in the eﬃcacy of
aminoC60/silica for photochemical FFA oxidation, which
implies superior catalytic activity of C60 fullerene-based
sensitizers based on the high structural stability.
Comparison to OH Radical Oxidation in the Presence
of Background Organic Matter in Wastewater Treatment Eﬄuents. As the fate of ROS in complex water matrices
involves oxidation reactions with background organic substances, oxidation of high priority micropollutants by OH
radical as non-selective oxidant can be kinetically retarded in
real water and wastewater treatment. Lee et al.35 demonstrated
that selective oxidants such as O3 and ferrate lead to faster
degradation of organic contaminants in the secondary wastewater eﬄuents compared to OH radical-mediated oxidation
because the eﬃcacy of oxidant sensitively depends on the
competition for oxidant between a target substrate and
background organic matter. Considering the selective nature
of 1O2 in oxidative degradation, it is probable that 1O2
photosensitizers could be more eﬃcient in the oxidation of
organic pollutants in wastewater matrices than photoactive
materials capable of generating OH radical.
Figure 7a and 7b compares the activity of SnP/silica
(generating singlet oxygen as a main oxidant) and TiO2
(generating OH radical as a main oxidant) in terms of

Figure 7. Degradation of cimetidine and propranolol by (a) SnP/silica
and by (b) TiO2 (Degussa P25) in distilled water and secondary
wastewater eﬄuents from wastewater treatment plants located in
Pankyo and Uijeongbu under UV-A light irradiation. Curves represent
nonlinear regression ﬁts to pseudo ﬁrst-order decay ([SnP/silica]0 =
[TiO2]0 = 0.5 g/L; [pharmaceutical compound]0 = 20 μM; pH not
adjusted). Error bars indicate ± one standard deviation from the mean
of at least three replicate reactors.
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material hybridization (e.g., C60 fullerene-TiO2 to concurrently
enable non-selective oxidation by OH radical in addition to
rapid singlet oxygenation). Development of metalloporphyrins
with the enhanced activity for direct electron transfer may also
provide a complement to the photosensitized singlet oxygenation. In an eﬀort to promote the fullerene and porphyrin
derivatives as alternatives to semiconductor photocatalysts for
solar-powered water remediation technologies, material modiﬁcation via incorporation of metal ions or attachment of
organic addends to extend the photoresponse of the photosensitizers (to the long-wavelength visible light region) could
further enhance the utilization of the solar energy spectrum.
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