
S
s

M
F

a

A
R
R
A
A

K
T
S
P
R
S

1

o
r
i
r
(
F
i
c
[
q
s
s

r
p
a
i
a
o

1
d

Journal of Photochemistry and Photobiology A: Chemistry 213 (2010) 158–163

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journa l homepage: www.e lsev ier .com/ locate / jphotochem

inglet oxygen generation in the presence of titanium dioxide materials used as
unscreens in suntan lotions

arta Buchalska, Gabriela Kras, Marcin Oszajca, Wiesław Łasocha, Wojciech Macyk ∗

aculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060 Kraków, Poland

r t i c l e i n f o

rticle history:
eceived 15 February 2010
eceived in revised form 13 May 2010
ccepted 25 May 2010
vailable online 4 June 2010

eywords:

a b s t r a c t

The goal of this study was to test photoreactivity of commercially available suntan lotions and their
components (mainly TiO2). Isolated water insoluble components containing titanium dioxide appeared
almost non-active in the tests of 4-chlorophenol degradation, however a fast UV-light induced degra-
dation of azur B and oxidation of ˛-terpinene to ascaridol in the presence of these materials was
observed. The photoreactivity of suntan lotions and their components was compared to the photoactiv-
ity of phenalenone (an efficient 1O2 photosensitizer). The results have proven a relatively low efficiency
itanium dioxide
untan lotion
hotosensitizer
eactive oxygen species
inglet oxygen

of hydroxyl radicals formation, however significant rates of reactions involving singlet oxygen were
observed in the presence of either the components of the cosmetics or the suntan lotions used as
received. Moreover, an efficient photocurrent generation by photoelectrodes made of isolated TiO2 mate-
rials reflects their photoredox properties. Although singlet oxygen scavengers used as additives in suntan
lotions might decrease the risk related to generation of this reactive oxygen species, producers of cosmet-
ics containing titanium dioxide should consider testing TiO2 photoactivity in reference to 1O2 generation.
. Introduction

Topical sunscreens can be divided into two main categories:
rganic and inorganic. The category of inorganic sunscreens is rep-
esented by titanium dioxide and zinc oxide. These compounds
n the nano- or microcrystalline forms constitute an opaque bar-
ier reflecting and scattering, but mainly absorbing ultraviolet light
both UV-A and UV-B). Titanium dioxide has been registered (US
ederal Register, 43FR38206, 25 August 1978) to be a safe phys-
cal sunscreen [1]. TiO2 is photostable and inert towards organic
omponents of suntans [2] and shows no skin irritating properties
3]. Micronisation and encapsulation of titanium dioxide improve
uality of inorganic sunscreens since such materials show lowered
cattering of visible light and shift of the onset of absorbed light to
horter wavelengths (quantum-size effect) [4].

Titanium dioxide occurs in three crystalline forms: anatase,
utile and brookite. Absorption properties of anatase and rutile are
erfectly fitted to their applications as sunscreens [5–7] since their

bsorption onsets around 400 nm fall to the frontier between vis-
ble and UV-light. Anatase shows usually a better photocatalytic
ctivity as compared to rutile and is used as an active component
f the self-cleaning and self-sterilizing surfaces [8,9]. Rutile, used
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as a white paint pigment, whitener in a toothpaste and UV absorber
in sunscreens [10] in general shows a lower photoactivity although
the mixtures of anatase and rutile appear to be particularly effi-
cient photocatalysts. Photocatalytic processes at TiO2 are based on
an electron–hole pair photogeneration followed by the interfacial
electron transfer (IFET) or energy transfer processes resulting in
reactive oxygen species (ROS) formation [8,9,11]. Hydroxyl rad-
icals OH•, superoxide O2

•−, hydrogen peroxide H2O2 are main
representatives of ROS formed as a result of IFET. Another reac-
tive oxidant, singlet oxygen 1O2, can be a product of the energy
transfer to adsorbed oxygen molecule [12–14] or a superoxide-
hole recombination [15]. ROS may be responsible for oxidation of
organic components of suntan lotions [16] as well as for ageing and
destruction of skin. Previous studies on TiO2 isolated from com-
mercial suntan lotions have proven, that titanium dioxide used as
a sunscreen may be photoactive—photocatalyzed phenol oxidation
and DNA damage were observed [1,17]. Therefore sunscreens based
on titanium dioxide or zinc oxide should contain additional antiox-
idants, e.g. glutathione, ˛-tocopherol (vitamin E), ascorbic acid or
ˇ-carotene (an excellent 1O2 quencher [18]). A particularly good
protection against unwanted ROS can be achieved by a smart tita-

nium dioxide modification which might inhibit its photocatalytic
activity. An example of such system was recently described by Lee
et al. who applied a hydrophobic multicomponent polymer coat-
ing for nanocrystalline TiO2, containing natural antioxidants from
grape seeds [19]. The resulting composite material showed good

dx.doi.org/10.1016/j.jphotochem.2010.05.019
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Table 1
Carbon content, XRD analysis and band-gap energies (Eg) of studied materials.

Sample C content, % (±0.1) XRD analysis Eg, eV (±0.05)

S1 6.4 TiO2 (rutile) + ZnO (wurtzite) 3.10
S2 15.9 TiO2 (rutile) 2.94
S3 37.5 TiO2 (rutile) 3.02
M. Buchalska et al. / Journal of Photochemistry

creening properties against UV protecting DNA from a photodam-
ge.

Penetration of inorganic materials into the skin is still discussed.
here are reports confirming ZnO [20], TiO2 [21,22] and micronized
iO2 [23] penetration, but on the other hand various in vivo and

n vitro studies disproved the penetration of titanium dioxide into
he skin [3]. Aggregation of nano- and microparticles into larger
tructures should prevent from the unwanted penetration.

In this paper we present tests of photocatalytic activity of insol-
ble components containing TiO2 isolated from three different
ommercial suntan lotions. Their photoreactivity was compared to
he photoreactivity of the whole composition of the lotions and
hotoreactivity of phenalenone commonly used as an efficient sin-
let oxygen photosensitizer. Our goal was to check a possibility
f ROS generation as a result of electron and/or energy transfer
echanism. In particular, our efforts were directed to answer the

ollowing question: can TiO2 – as a component of suntan lotions –
e responsible for singlet oxygen generation?

. Materials and methods

.1. Materials

TiO2 samples were isolated from three suntan lotions avail-
ble in drugstores (samples S1, S2 and S3). In order to isolate
igher amounts of titanium dioxide the suntan lotions of high SPF
ere selected (30–50). Most of the organic content of the lotions
as washed out with chloroform or methanol. Remaining white

esidues after washing were dried at room temperature and ground
n the agate mortar.

.2. Methods

Diffuse reflectance spectra of the isolated TiO2 samples were
ecorded at Perkin Elmer Lambda 12 spectrophotometer equipped
ith the integrating sphere (5 cm dia.). Samples were ground with
aSO4 (used also as a reference) in the agate mortar (weight ratio
a. 1:50, sample:BaSO4). Recorded reflectance spectra were con-
erted by Kubelka–Munk function F(R) = (1 − R)2/2R, where R is
reflectance. Crystal structures of investigated materials were

onfirmed by XRD phase analysis using an X’PERT PRO MPD diffrac-
ometer, X’PERT Highscore software and PDF-4+ database.

Photocatalytic activity was tested by monitoring the progress of
-chlorophenol (4-CP) or azur B (AB) photodegradation. The sus-
ensions of titanium dioxide samples (20 ml, 1 g dm−3) in aqueous
olutions of 4-CP (0.25 mmol dm−3) or AB (0.25 mmol dm−3) were
onicated for 15 min. pH of the suspensions varied between 6.0
nd 6.8. The samples were irradiated with high pressure mercury
amp HBO-200 through the 10 cm water filter and 320 or 495 nm
ut-off filters. During irradiation suspensions were stirred mag-
etically in an opened cuvette facilitating a good contact with air.
amples collected during irradiation were filtered through the Mil-
ipore filter and subjected to the analysis. The degradation progress

as evaluated monitoring the absorbance changes recorded at 225
nd 650 nm for 4-CP and AB, respectively. Absorption spectra were
ollected at Hewlett Packard HP8453 spectrophotometer. Photo-
atalytic activities of the isolated titanium dioxide samples were
ompared to those of Degussa P25 TiO2 (composed of 70% anatase
nd 30% rutile) and Kerr-McGee Tronox TR (exclusively rutile
hase). In addition, analogous experiments with phenalenone

0.1 mmol dm−3, water/methanol 1:1 mixture used as a solvent,
> 320 nm) instead of TiO2 material were performed under oth-
rwise identical conditions.

Photoactivity of studied samples was also tested in the pro-
ess of ˛-terpinene oxidation (1 mmol dm−3 methanolic solution).
P25 – TiO2 (anatase + rutile) 3.12
TR – TiO2 (rutile) 3.03

Irradiation was performed under conditions applied in 4-CP and
AB degradation tests through the 320 nm cut-off filter. After fil-
tration, collected samples were subjected to HPLC analysis (Perkin
Elmer Series 200 with UV–vis detector, C18 column, methanol as
the eluent, detection–absorbance at 220 nm).

A three-electrode set-up was used for photoelectrochemical
measurements. The electrolyte solution, 0.1 mol dm−3 KNO3, was
air-equilibrated. The working electrodes, prepared by casting an
appropriate material sample onto the ITO (indium–tin oxide) foil,
were irradiated from the backside (through the ITO-foil) in order to
minimize the influence of the material layer thickness on the pho-
tocurrent values. Platinum and Ag/AgCl were used as counter and
reference electrodes, respectively. Irradiation of the working elec-
trode was realized with 150 W XBO lamp (Osram) equipped with
a water cooled housing, LPS 200 power supply (Photon Technol-
ogy International) and an automatically controlled monochromator
with a shutter. The electrochemical measurements (CV + chopped
light, photocurrent action spectra) were controlled by a BAS 50W
(Bioanalytical Systems) electrochemical analyzer. Cyclic voltammo-
grams were recorded at 10 mV s−1 scan rate. Photocurrent action
spectra were recorded under potentiostatic conditions at 700 mV
vs. Ag/AgCl and were not corrected for changes in light intensity.

3. Results

3.1. Materials

White solid materials were isolated from suntan lotions by
washing out the organic components of lotions. S1 and S3 sam-
ples appeared fine-crystalline powders while S2 was coarse and
slightly glitter. All materials were insoluble in water. The elemental
analysis has shown relatively high contents of organic compounds
remaining in the samples (Table 1).

XRD measurements confirmed presence of rutile-TiO2 in every
sample (Fig. 1). The S1 sample contains also certain amounts of ZnO
(wurtzite type of structure). Zinc oxide is also listed by the producer
as an ingredient of the corresponding suntan lotion. Peaks present
at 38.39◦ and 44.60◦ 2� in the dataset for sample S1 (highlighted
with stars) result from X-ray scattering on the sample holder. The S2
sample contains small amount (approximately 4 vol.%) of anatase
as determined by analysis of small peaks (highlighted with arrows
in Fig. 1) present in the diffractogram. Unidentified peaks in diffrac-
tograms may be attributed to the organic content present in every
sample. Using Scherrer’s equation the size of rutile-TiO2 crystal-
lites was estimated to be within the range of 30–50 nm for S1 and
S3 samples. In the case of S2 sample the line broadening may sug-
gest an anisotropic shape of the crystallites (most probably platelets
like).

The electronic absorption spectra shown as Kubelka–Munk
functions are presented in Fig. 2. Table 1 summarizes band-gap
energies of all tested samples estimated from the plots of (F(R)h�)0.5
vs. h� (plots are not shown) [24]. The low band-gap energies of S2
and S3 samples confirm the rutile structure of these materials. The
larger band-gap energy measured for S1 may result from the ZnO
content in this material.
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Fig. 1. XRD analysis of isolated S1–S3 samples and reference patterns for rutile-TiO2

and wurtzite-ZnO.
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Fig. 4. Photodegradation of AB (squares), 4-CP (circles) and ˛-terpinene (triangles)
in the presence of phenalenone (� > 320 nm).

titanium dioxide samples or phenalenone, both 4-CP and AB were
photostable under applied irradiation conditions. 4-chlorophenol
appeared to be relatively stable also in the presence of irradiated
S1–S3 and TR materials (Fig. 5). Only P25 induced a fast degradation
ig. 2. Electronic spectra (Kubelka–Munk function) of materials isolated from sun-
an lotions.

.2. Photocatalytic degradation of 4-CP and AB

Selection of organic compounds for photocatalytic tests was
ased on their reactivity with various reactive oxygen species
hat may be generated upon titanium dioxide irradiation. 4-
hlorophenol can be oxidized by hydroxyl radicals or holes
hotogenerated in the valence band of TiO2 [25,26]. Azur B (Fig. 3),
dye belonging to the same group of thiazine dyes as methylene
lue [27], is also degraded by these oxidants, however it might be
lso oxidized with singlet oxygen. This can be demonstrated in

he test with any photosensitizer capable of singlet oxygen gen-
ration. Fig. 4 shows the results of AB and 4-CP degradation tests in
he presence of phenalenone, a sensitizer that generates 1O2 with
he quantum yield of ca. 0.9 [28]. Moreover, photogeneration of

Fig. 3. Azur B.
Fig. 5. Photodegradation of 4-chlorophenol in the presence of materials
(� > 320 nm).

hydroxyl radicals in the presence of irradiated phenalenone is neg-
ligible. While 4-CP degradation was not observed under applied
conditions, oxidation of AB proceeds very efficiently. This experi-
ment demonstrates the selectivity of 1O2 reactivity towards 4-CP
and AB.

In the timescale of experiment (up to 3 h) in the absence of either
Fig. 6. Photodegradation of azur B in the presence of isolated materials and refer-
ence samples (� > 320 nm).
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Fig. 7. Formation of ascaridol—oxidation of ˛-terpinene with singlet oxygen.

f 4-CP. In contrast to 4-CP, photodegradation of AB was signifi-
ant in the presence of most of the tested TiO2 samples (Fig. 6).
ll samples S1–S3 appeared to be more active than rutile-TiO2,
R. The observed highest rate of AB photodegradation in the pres-
nce of P25 is associated with the highest efficiency of various ROS
eneration by this material.

.3. Photocatalytic oxidation of ˛-terpinene

Oxidation of ˛-terpinene with singlet oxygen results in forma-
ion of ascaridol (endoperoxide, Fig. 7), according to the Diels–Alder

echanism [29,30]. Oxidation of ˛-terpinene in the presence of
henalenone is very fast and efficient (Fig. 8). The oxidation of
-terpinene was monitored both as a disappearence of the sub-
trate and formation of ascaridol. Similarly this process proceeds

fficiently in the presence of P25 and rutile form of titanium diox-
de (Fig. 8), but also S1–S3 samples induced analogous changes
Fig. 9). Photoactivity of S1, the sample containing both TiO2 and
nO, was the highest. The lowest yields of ascaridol formation were

ig. 8. Oxidation of ˛-terpinene (a) and formation of ascaridol (b) in the presence
f reference samples (� > 320 nm).
Fig. 9. Oxidation of ˛-terpinene (a) and formation of ascaridol (b) in the presence
of tested samples (� > 320 nm).

observed in the case of S3, the sample of the highest content of
organic residue.

Tests made for one of the suntan lotions (used for the S1
sample extraction) have shown also a considerable photoactiv-
ity of this cosmetic. Although smaller than those observed for
extracted S1 material, the yields of ascaridol formation were not
negligible.

3.4. Photoelectrochemical measurements

Photoinduced interfacial electron transfer is responsible for for-
mation of reactive oxygen species as well as for a photocurrent
generation. Photoelectrochemical measurements were performed
with electrodes covered with S1, S3 and P25 materials. Photoelec-
trodes covered with the S2 sample appeared to be unstable and
therefore they could not be applied in these measurements.

Similarly to P25, the S1 and S3 samples generated anodic pho-
tocurrents in a broad range of potentials (0–1000 mV; Fig. 10a).
Although smaller than those measured for P25, the photocur-
rents were well developed proving a relatively efficient interfacial
electron transfer process. A similar conclusion comes from the
photocurrent action spectra (not corrected for changes in light
intensity) presented in Fig. 10b. Although the highest photocur-
rents were observed for all materials upon UV irradiation, the S3
sample showed also a detectable photoactivity extending up to
ca. 480 nm. Visible light-induced photocurrents were not observed

either for S1 or P25 samples. The difference must be related to
organics present in S3 that sensitize titanium dioxide. This type
of photosensitization was observed for TiO2 modified with surface
TiIV complexes [31].
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ig. 10. (a) CV + chopped light (� = 350 nm) recorded for electrodes made of tested
aterials. (b) Photocurrents generated at photoelectrodes upon irradiation with
onochromatic light (constant potential, 700 mV vs. Ag/AgCl).

. Discussion

Isolated materials generate photocurrents, therefore the interfa-
ial electron transfer processes at TiO2 proceed relatively efficiently
eading to formation of organic radicals and reactive oxygen
pecies. On the other hand 4-CP photodegradation in the presence
f S1–S3 samples is negligible. These observations point at low effi-
iencies of hydroxyl radicals and superoxide anions generation by
1–S3 most probably due to effective quenching of generated OH•

nd O2
•− by organic content of the samples. Therefore due to low

oncentrations of available OH• and O2
•− under tested conditions

bserved degradation of AB can result either from its photooxida-
ion associated with an electron injection from the excited state
f AB to the conduction band of titanium dioxide (so called indi-
ect photocatalysis [32]) or from its oxidation with singlet oxygen,
s observed in the presence of phenalenone. In order to exclude
possibility of the indirect photocatalysis the suspensions were

rradiated through the cut-off filter 495 nm. Under these condi-
ions AB can be excited within its absorption band extending from
a. 550 to 700 nm, but not titanium dioxide. Only a negligible
iscoloration of the AB solution was observed within 3 h of irra-
iation (data not shown) disproving a possibility of the electron

njection from the excited state of AB to the conduction band of

iO2. Therefore photodegradation of azur B should result mainly
rom its oxidation with photogenerated singlet oxygen. The other
edox processes, involving direct substrate oxidation with valence
and holes or reaction with ROS other than 1O2 present at low
oncentrations, may additionally take part in photodegradation
hotobiology A: Chemistry 213 (2010) 158–163

of AB. The yields of these reactions and their relative efficiencies
depend on the tested sample—most likely in the case of S2 and S3
samples they are more efficient than in the case of S1 (compare
Figs. 6 and 9a).

A further evidence for the crucial role of singlet oxygen in the
process of AB degradation comes from the results of AB bleach-
ing in the presence of TiO2 samples in water/ethanol suspensions.
Alcohols are good OH• scavengers, but on the other hand they also
increase the lifetime of singlet oxygen. In the presence of ethanol AB
discoloration was very efficient supporting a major role of singlet
oxygen in AB bleaching in our tests (data not shown).

Formation of ascaridol also supports the hypothesis of singlet
oxygen photogeneration in the presence of S1–S3 samples and their
parent lotions. However, an alternative mechanism of ascaridol for-
mation involving electron transfer processes and oxygen radicals
[30,33,34] cannot be completely ruled out. In this process the pho-
tosensitizer in its excited state forms an adduct with diene and
induces dislocation of its �-electrons. In the next step superox-
ide reacts with ˛-terpinene forming ascaridol and other oxidation
products [34]. Nevertheless in our studied systems this mechanism
seems unlikely since in the presence of oxygen radicals 4-CP would
also undergo an efficient oxidation.

Our previous studies have shown, that surface modification of
titanium dioxide may enhance singlet oxygen formation [12]. In
the case of complex mixtures of organic and inorganic components
of suntan lotions and other cosmetics, the TiO2 surface is certainly
bound with various organic species since it shows a high affinity to
carboxylic acids, catechol and salicylic acid derivatives, phosphates
and many others [31]. Although all suntan lotions used in our stud-
ies contain substances used as antioxidants (e.g. ˛-tocopherol) the
photoactivity of titanium dioxide (in one case in combination with
zinc oxide) is not completely suppressed.

5. Conclusions

The results of 4-CP photodegradation in the presence of TiO2
isolated from suntan lotions prove a low efficiency of hydroxyl rad-
icals and superoxide anions photogeneration by these materials.
Nevertheless, as demonstrated in photoelectrochemical measure-
ments, the photoinduced electron transfer takes place in the case
of all tested samples. This process might be responsible for other
side redox reactions. Independently on low yields of O2

•− and OH•

photogeneration, singlet oxygen can be produced quite efficiently.
While O2

•− and OH• are formed in the processes of photoin-
duced electron transfer, formation of 1O2 might proceed either via
electron [15] or energy transfer mechanisms [35]. Previously we
demonstrated, that surface or structural modifications of titanium
dioxide resulting in decreased efficiencies of interfacial electron
transfer may enhance yields of energy transfer processes leading
to formation of harmful singlet oxygen [12]. Application of rutile-
TiO2 in suntan lotions, i.e. the form of titanium dioxide generally
regarded as significantly less photoactive than anatase-TiO2, does
not prevent from photogeneration of all reactive oxygen species,
especially in combination with photoactive zinc oxide. Although
singlet oxygen scavengers used as additives in suntan lotions might
decrease the risk related to this reactive oxygen species, producers
of cosmetics containing titanium dioxide should consider testing
TiO2 photoactivity in reference to 1O2 generation.
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12] A. Jańczyk, E. Krakowska, G. Stochel, W. Macyk, Singlet oxygen photogen-
eration at surface modified titanium dioxide, J. Am. Chem. Soc. 128 (2006)
15574–15575.
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