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Abstract

We studied the aquatic environmental fate of 2{a#wyl 4-(dimethylamino)benzoate (OD-
PABA), a widespread sunscreen, to assess its emn@otal persistence and photoinduced
transformation. Direct photolysis is shown to p&key role in phototransformation, and this fast
process is expected to be the main attenuatioe fudD-PABA in sunlit surface waters.

The generation of transformation products (TPs) felswed via HPLC/HRMS. Five (or four)
TPs were detected in the samples exposed to UVBJWA) radiation, respectively. The main
detected TPs of OD-PABA, at least as far as HPLOA3Rpeak areas are concerned, would

involve a dealkylation or hydroxylation/oxidatiomogess in both direct photolysis and indirect
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phototransformation. The latter was simulated bpggiO.-based heterogeneous photocatalysis,
involving the formation of nine additional TPs. Mad them resulted from the further degradation
of the primary TPs that can also be formed by dipwtolysis. Therefore, these secondary TPs

might also occur as later transformation intemediat natural aquatic systems.

Keywords. OD-PABA,; sunscreen; photolysis; titanium dioxide; transfaroraproducts.

1. Introduction

Sunscreens are widely used compounds that plag\weptiive action against the damage caused by
exposure to ultraviolet light. They are often addedpersonal care products such as shampoos,
body creams, sprays and hair dyes. Furthermorg,alse found several industrial applications to
prevent photodegradation of polymers and pigménig. to their widespread use, the occurrence of
sunscreens in the environment has been reporteciy studies that took into account water, solid
and biota samples (Poiger et al., 2004; Rodil arwkdér, 2008; Magi et al., 2013; Kupper et al.,
2006; Balmer et al., 2005; Bachelot et al., 2012mi€da et al., 2011; Goksoyr et al., 2009). In the
present study, we focused on 2-ethylhexyl 4-(diiylathino)benzoate (OD-PABA), also known as
Padimate O or Escalol 507, produced upon condemsati2-ethylhexanol and para-amino benzoic
acid (PABA). PABA itself was among the first compaols to be used as sunscreens, but in 2008 it
was removed from the list of permitted organic su@sns in the European Union because of the
increasing evidence of its involvement in phot@ic reactions and estrogenic effects (Schlumpf
et al., 2001; Gomez et al., 2005). For the samsorealso the PABA derivatives, including OD-
PABA, are gradually being replaced by other orgdni¢ filters. A recent study identified OD-

PABA metabolites in human urine following its amgaliion on skin (Leon-Gonzalez et al., 2011).
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OD-PABA can reach surface waters through incomplietgradation in wastewater treatment
plants, or directly upon skin contact with wateraasonsequence of the use of sunscreen lotions
during recreational activities. This compound hasrbfound in wastewater and tap water at levels
of 2-100 ng/L (Magi et al., 2013; Diaz-Cruz et 2D12). In environmental waters, in addition to
biotransformation, photodegradation by direct amdlirect photochemistry is a potentially
important attenuation pathway for many xenobiot@sect photolysis implies the transformation
of a compound upon absorption of sunlight, whichgerse.g.bond breaking, photoionisation or
excited-state reactivity. In the case of indirelsbfmchemistry, sunlight is absorbed by photoactive
compounds (photosensitisers, such as nitratefeniimd chromophoric dissolved organic matter,
CDOM) that produce reactive transient species sscthe hydroxyl radicat@QH), singlet oxygen
(!O2) and CDOM triplet stateSCDOM?*) (Canonica et al., 2005; Canonica et al., 0Penner et
al., 2013; Mostafa et al., 2013; Mostafa et al140 These reactive transients can be involved in

the degradation of xenobiotics, b\@H is also scavenged by natural water componeruls as

DOM, carbonate and bicarbonate (Vione et al., 20lontrast, unless the water DOC is very
high (Wenk et al., 2013), the mal@®. sink is the thermal deactivation upon collisiorthvihe
solvent, while’CDOM* mainly react with @in aerated surface waters to prodt©g (Vione et al.,
2014).

The present work aims at assessing the main daedtor indirect pathways involved in the
photochemical attenuation of OD-PABA in sunlit suwd waters. This goal was fulfilled by a
combination of laboratory studies and photocheminalelling. Such an approach has already
proven its suitability to assess the photodegradatinetics of compounds, for which field data of
photochemical attenuation are available for congpari(Vione et al. 2011; De Laurentiis et al.,
2012; Marchetti et al., 2013; Fabbri et al., 20F)rthermore, the main intermediates arising from
the prevailing processes of OD-PABA photodegradatwere identified. The environmental

degradation upon indirect photochemistry was sitedl®dy the use of heterogeneous photocatalysis
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with titanium dioxide (TiQ). This approach has already permitted the ideation in natural
aguatic samples of several transformation prodiactsed through indirect photolysis processes, as
documented in several studi€Salza et al., 2010; Calza et al., 2011; Calzalet2813). We
preferred TiQ-based photocatalysis over alternative approachestlie use of triplet sensitisers)
to avoid possible interferences potentially aridimogn the sensitiser transformation products, and t

minimise the direct photolysis process under iatdn {ide infra).

2. Experimental section

2.1. Materials and reagents

OD-PABA (CAS 21245-02-3, purity grade 98%), methar®9,9%), acetonitrile99,9%), formic
acid (99%), NaClX 99.5%), acetaminophen (APAP 99.0%) and anthraquinone-2-sulphonic acid,
sodium salt (AQ2S, 97%) were purchased from Sigrdai¢h (Milan, Italy). Rose Bengal was
purchased from Alfa Aesar (Karlsruhe, Germany).

Experiments on heterogeneous photocatalysis wemeed¢aout using Ti@P25. The TiQ
powder was irradiated and washed with distilledewaintil no signal due to chloride, sulphate or
sodium ions could be detected by ion chromatographgrder to avoid possible interference from

ions adsorbed on the photocatalyst.

2.2. Irradiation procedures

2.2.1. Direct photolysis



111
Due to the low OD-PABA solubility in water, the apus solutions were prepared by methanol

112

spiking (Rodil et al., 2009). The aqueous solutiohthe sunscreen were prepared by adding, to 100
113

mL water, a 0.4 mL aliquot of a concentrated methaolution of OD-PABA (1000 mg/L), in
114

order to have a final concentration of 4 mg/L (104° M).
115

Five millilitres of the thus obtained aqueous solg were introduced into cells of Pyrex glass

116

for the irradiation experiments. UVA irradiation svearried out under a Philips TLK 05 40W lamp,
117

with maximum emission at 365 nm. UVB irradiationdeause of a Philips TL 20W/01 RS lamp,
118

with emission maximum at 313 nm. Lamp radiationchea the irradiated solutions mainly from
119

the top. After the scheduled irradiation time, ttlentent of the cells was recovered with 5 mL
120

methanol to desorb the analytes from the cell wll®t al., 2007). The use of methanol allowed a
121

nearly quantitative recovery. Alternative tests evearried out with acetonitrile spiking, obtaining
122

fully comparable results as for methanol.
123

The time evolution data of OD-PABA were fitted withhe pseudo-first order kinetic equation

124

C =C,e™, whereC; is the substrate concentration at titn€, the initial concentration arkithe
125 . . . . . . .

pseudo-first order degradation rate constant (wfits). The initial transformation rate (units of M
126

s1) is Roo_pasa = k Co. The reported error on the rategy mainly depended on the uncertainty on
127

k, which represents the average of replicate ruhe.direct photolysis quantum yield (unitless) was
128

calculated as (D()D_pABA - ROD_pABA( PaOD—PABA)—l . PaOD—PABA — J’ po(A) [1_1O—EOD,pABA(/1) b[OD—PABN] dA

A

129 . o .

(units of Einstein t* s?) is the photon flux absorbed by OD-PABA (BraslaysR007), where
130

p°(A) [Einstein L1 st nmY] is the incident spectral photon flux density afnp radiation into the
131

solution. For these measurements it was used thp Rhilips TL 20W/01 RS (see Figure 1).
132

Morever, £, _p.sa(4) M -1 cmr] is the molar absorption coefficient of the subattr(Figure 1)b =
133 : . S : -

0.4 cm is the optical path length of radiation atusion, and [OD-PABA] = 1.410-° M is the initial
134 '

concentration of the substrate.
135
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2.2.2. Indirect photochemistry

The above-described technique of methanol spikiag used in the case of indirect photolysis as
well. To determine the second-order reaction ratestants of OD-PABA withrOH, 'O, and
CDOM triplet states, acetaminophen (APAP) was @sethodel compound because its reaction rate
constants with the above transients are known (Bw@dntiis et al., 2014). In this case, solutions
containing OD-PABA and APAP at equal initial contation (10 uM for both) were irradiated
under suitable conditionwifle infrg to produce the transient species ®H, 1O, or 3SCDOM*).

The time evolution of the OD-PABA and APAP was niored, and the concentrativa time data

were fitted Withc;t =C,e™, calculating the initial rates as already desctibe

If the degradation of the two substrates is maarlgxclusively accounted for by reaction with

X, the ratio of their initial transformation ratean be expressed as follows:

ROD—PABA - kOD—PABAX [X] [OD - PABA] — kOD—PABAX (1)
RAPAP kAPAP,X [x] [APAH kAPAP,X
where Kob-pagax and k apapy are the second-order reaction rate constantsXvahOD-PABA and

APAP, respectively, [X] is the steady-state concdign of the transient (note that OD-PABA and
APAP are in the same solution), and [OD-PABA] = ¥ = 10 uM are the initial concentration
values of the two substrates. The equation canlibuEmplified, and one gets that the ratio of the
initial rates is equal to the ratio of the secondeo rate constants. Therefore, by knowing the rate

constantk (De Laurentiis et al., 2014) and by measuringiitel degradation rates, one gets

APAP, X

kOD—PAB/—\X = kAPAP,X R()D—PABA(RAPAP)_l'
The radicatOH was produced by irradiating 1 mM®: under the TLK 05 or the TL 01 RS

lamp, while anthraquinone-2-sulfonate (AQ2S) wasduas CDOM proxy to study the reactivity of

SCDOM* (De Laurentiis et al., 2014). In this casenM AQ2S was irradiated under the TLK 05
7
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lamp. Measures of reactivity withtD, were performed using a lamp Philips TL D 18W/1@hwi

emission maximum at 545 nm. The dye Rose BengalufdGnitial concentration) was chosen as
the 1O, source. Also in the indirect photolysis experinsesat the end of the irradiation, the content
of the cells was recovered with 5 mL methanol. lirtree cases, the pH of the irradiated solutions

was 6-6.5.

2.2.3. Heterogeneous photocatalysis

A stock solution of OD-PABA was prepared in methaab a concentration of 60 mg/L. The
photocatalyst in powder form was then added toioldiC, loading of 200 mg/L, after which the
methanol solvent was evaporated in a Blchi Rotavagstem to allow the deposition of OD-
PABA onto TiQ. The recovery of the dry powder was carried outhwiltrapure water. Five
milliliters of the suspension thus obtained werteoduced into cells of Pyrex glass and subjected to
irradiation with a lamp Philips TLK 05 40 W, withméssion maximum at 365 nm. After irradiation
the content of the cells was recovered with 5 mithaseol (same reason as above) and filtered on a
0.45 uM syringe filter (hydrophilic PRFE, Milliporgo remove TiQ. OD-PABA recovery was

>90%.

2.3. Analytical techniques

2.3.1. High Performance Liquid Chromatography coupled with UV-vis detection

OD-PABA was monitored by using a VWR-Hitachi LaChrdclite chromatograph, equipped with
L-2300 autosampler (injection volume 60 pL), quadey pump module L-2130, L-2300 column
oven (temperature 40 °C), DAD detector L-2445, andeverse-phase column (VWR RP-C18

LiChroCART, 4 mmx 125 mmx 5 um). To determine both OD-PABA and APAP it wagd a

gradient of methanol and 3 mM phosphoric acid (mh flow rate), increasing the methanol
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percentage from 15 to 90% in 15 min. The retentioves were 3.1 and 12.4 min for APAP and

OD-PABA, respectively; the column dead time wasrhia.

2.3.2. High Performance Liquid Chromatography coupled with High-Resolution Mass
Spectrometry

HPLC-HRMS runs were carried out to identify the nsBrmation intermediates. The
chromatographic separations were run on a Phenomema 150 x 2.1 mm reverse-phase column
(Phenomenex, Bologna, Italy), using an Ultimate BBOPLC instrument (Dionex, Milan, Italy).
Injection volume was 2(L and flow rate 20QL/min. The elution used a gradient of the mixture A
(acetonitrile) and B (0.05% v/v formic acid in wateghen run in ESI+ mode, 0.1 mM ammonium
acetate in water for ES), passing from 5% to 100% A in 35 min.

A LTQ Orbitrap mass spectrometer (Thermo Scientleemen, Germany) equipped with an
atmospheric pressure interface and an ESI ion sowas used. The LC column effluent was
delivered into the ion source using nitrogen a$ lsbieath and auxiliary gas. The tuning parameters
adopted for the ESI source were: capillary voltag®O0 V, tube lens 65 V. The source voltage was
set to 3.5 kV. The heated capillary temperature mamtained at 275°C. The used acquisition
method was optimised beforehand in the tuning sestifor the parent compound (capillary,
magnetic lenses and collimating octapole voltages)chieve maximum sensitivity. Mass accuracy
of the recorded ionw§. calculated) was = 10 millimass units (mmu) (withouernal calibration).

Analyses were run using full MS (50-1060zrange), MS and MS acquisition in the positive
ion mode, with a resolution of 30000 (500 m/z FWHNIFTMS mode. The ions submitted to MS
acquisition were chosen on the basis of full MScpeabundance, without using automatic
dependent scan. Collision energy was set to 3(ti@np units) for all of the MS acquisition
methods. The MSacquisition range was between the values of iap tut-off andm/z of the
fragmented ion. Xcalibur (Thermo Scientific, Bremd&aermany) software was used for both

acquisition and elaboration.
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2.4. Photochemical modeling

The assessment of the phototransformation kinetias carried out with the APEX software
(Aqueous Photochemistry of Environmentally-occugridenobiotics). It predicts photochemical
half-life times as a function of water chemistrydadepth, for compounds with known direct
photolysis quantum yields and second-order reactta constants with transient species. APEX is
based on a photochemical model, validated by cosgwamwith field data of phototransformation
kinetics in surface freshwaters (Bodrato and Vi&tg,4).

APEX results apply to well-mixed water bodies, udihg the epilimnion of stratified lakes.
The absorption of radiation by photosensitisers Q8D nitrate and nitrite) and xenobiotics is
computed by taking into account competition forlgin irradiance in a Lambert-Beer approach.
Data obtained with APEX are averages over the waikimn of given depth, and they include the
contributions of the well-illuminated surface layand of darker water at the bottom. Therefore,
results as a function of depth are not depth meflbut rather the comparison between different
water bodies.

Sunlight irradiance is not constant in the nateralironment, because of meteorological issues
(not included in APEX) and of diurnal and seasanalles. To allow easier comparison between
model results and environmental conditions, APEXsuas time unit a summer sunny day (SSD),
equivalent to fair-weather 15 July at 45° N lat@udnother issue is that sunlight is not vertically
incident over the water surface, but refractionthed interface deviates the light path in water
towards the vertical. The light path lengttiepends on the depthon 15 July at 45°N it is= 1.05
d at noon andl = 1.17d at+3 h from noon, which is a reasonable daily ave(&gelrato and Vione,

2014).

10
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3. Results and Discussion

3.1. Assessment of OD-PABA phototransfor mation in surface waters

When irradiated alone under the TL 01 RS lamp (simmsmaximum at 313 nm) undeneutral pH
conditions, 10 pM OD-PABA showed an initial degrtéoia rateRop-pasa = (3.48+ 0.24)10°1° M

s L. The photon flux absorbed by OD-PABA w&S" ™" = 45108 Einstein L-* s, which gives
a direct photolysis quantum yiel®, ., = (3.8 0.3Y102 Because the used lamp shows an

emission maximum that is very near the absorpti@ximum of OD-PABA (see Figure 1) and
because the relevant band is also responsibleuidiight absorption, the calculated photolysis
guantum yield would be representative of OD-PABAfldegradation under sunlight (Turro et al.,
1978).

The reaction rate constant between OD-PABA idwas measured by irradiating 10 uM OD-
PABA and 10 uM APAP under the TL D 18W/16 lampihie presence of 10 uM Rose Bengal as

10, source. Under the reported conditions it \Ras.pasa = (4.14+ 0.62Y10° M s andRapap =

(1.23+ 0.23Y10%° M s. Considering that the second-order reaction ratstantk = (3.68

APAPO,

+ 0.73110° M~* st (De Laurentiis et al., 2014), one gé¢§D_PABA102 = kApAR102 Rop-pasa(Rapap) - =

(1.32+ 0.71A0° M s,

Unfortunately it was not possible to measure tlaetien rate constants of OD-PABA wit®H
and AQ2S* (taken as representative ¥DOM?*), because irradiation under UVB and UVA
caused an important direct photolysis of OD-PAB#eit Under such circumstances, equation (1)
cannot be applied and the reaction rate constamtaot be determined. In the casel®, the
measurement was allowed by the fact that the wm®@ Emits yellow light that is not absorbed by

OD-PABA (which, therefore, underwent negligible estit photolysis under such conditions). In

11
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spite of the experimental difficulties, reasonalbbdues and upper limits for the reaction rate
constants of OD-PABA withOH and*CDOM* will be considered in photochemical modelling

Figure 2 reports the modelled half-life time of ®IABA (in SSD units, namely summer sunny
days equivalent to 15 July at 45°N latitude) asurction of water deptld and of the dissolved
organic carbon (DOC). The relevant calculationssadered only the direct photolysis and the
reaction with'Op, thus the results are actually upper limits fa lifetime of OD-PABA. Anyway,
OD-PABA appears to be a rather photolabile compounith lifetimes of less than one week even
in reasonably deep (10 m) and high-DOCLE mgC L?') conditions. Interestingly, the
phototransformation of OD-PABA would be almost estvely accounted for by direct photolysis:
the relative importance of tH®, process would be always below 1%.

The figure shows that the half-life time increaseth increasing depth and DOC. The former
happens because the bottom layers of deep wateéesbace poorly illuminated by sunlight and,
therefore, they are poorly photoactive (Loiselleakf 2008; Loiselle et al., 2009). On the other
hand, high-DOC waters usually contain abundant CDtkt competes with the pollutants for
sunlight irradiance, thereby inhibiting the dirptiotolysis processes (Vione et al., 2014).

As mentioned above, the reaction rate constant®PABA with *OH and3CDOM* are
unfortunately not available. They cannot have tptaindom values, however, because bimolecular
reaction rate constants in aqueous solution hawaliffusion control as an upper limit (Buxton et

al., 1988). Therefore, an upper limit for the inpoce of OD-PABA phototransformation bQH

can be obtained by assuming ..~ = 210° M™ s (diffusion-controlled reaction).

Moreover, becaus8CDOM?* is usually less reactive tha@H (Vione et al., 2014)k

OD-PABA’CDOM*
was assumed to vary betwedh® and T10'° M~* s, Figure 3 reports the fractions of the different
photochemical pathways of OD-PABA as a functiorthed water DOC (assuming constaht 5

m), with k = 210° Mt st and k

= 0 -1 &1 .
OD-PABA'OH OD-PABASCDOM* 110° M1 s (3a), as well as with

12
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k =210°M1tstandk

- 1 1 .
OD-PABA“OH OD-PABAYCDOM: = 110° M1 s (3b). In the former case the relative

role of*OH would always be lower than a few percent, avdoitild decrease with increasing DOC
(because ofOH scavenging by DOM), while the role 8DOM* would increase with DOC
becaus€éCDOM?* is formed upon CDOM irradiation. Reaction WtCDOM* would account for
about one-quarter of OD-PABA phototransformatio®&@C = 10 mgC EX. The direct photolysis
fraction would be maximum for DOC = 0.5-1 mgC'Lbecause of the role played 19H at lower
DOC and by’"CDOM?* at higher DOC. In the case of Figure 3b, direct photolysis is predicted to
always account for >95% of the OD-PABA phototransfation. In both cases, the minor role of
*OH implies that depth and DOC would be the main ewaparameters to control the
phototransformation of OD-PABA. Other parameterdrdte, nitrite, inorganic carbon) would
mainly affect the OH reactions and their expected role is minor.

Overall, one may conclude that the direct photslygbuld be the main pathway leading to OD-
PABA photoattenuation in sunlit freshwaters, witlp@ssibly significant role ofCDOM* under
high-DOC conditions. Therefore, first of all, therisformation intermediates arising from OD-

PABA direct photolysis were investigated.

3.2. OD-PABA transformation inter mediates arising upon direct photolysis

Direct photolysis experiments were performed byjetting an aqueous solution of OD-PABA to
UVA or UVB irradiation. Analysis was carried out ihe ESI positive mode, which appeared to be
more sensitive and suitable for both the parent pmjamd and most of the photogenerated
intermediates. Due to the low OD-PABA solubility water, the agueous solutions were prepared
by spiking with methanol or acetonitrile. As exptfrom substrate absorption and lamp emission,
UVB radiation was more effective than UVA to indudegradation: after 4 hours of irradiation,

90% of OD-PABA was degraded under UVB and only 208der UVA.
13
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Table S1 in the Supplementary Material (hereaffd) Shows the M3 and MS OD-PABA
product ions, useful to better identify the unknotransformation intermediates. A pattern of OD-
PABA fragmentation, based on the information olsdinin MS and MS spectra, is shown in
Scheme 1. The M3pectrum shows the formation of a product ion & a862m/z(formed by the
loss of the alkyl chain) and of one at 151.062/Z derived from the combined loss of the alkyl
chain and a methyl radical.

The MS study on the precursor ion 166.0862zleads to the formation of the ion 151.068&
as base peak, resulting from the loss of a me#dital, and of the ion at 122.096#zdue to the
loss of a molecule of carbon dioxide. The M8udy on the precursor ion 151.0627zleads to the
product ion 134.060@n/z formed through the loss of an OH radical. It km®e underlined that
radical losses are not very common in a soft iditieatechnique such as ESI (Geisow, 1990),

although some cases have been recently documeviestha et al., 2011; Sakkas et al., 2011).

ms® CgHiN
<o 122.0964

NH
PN

[e] OH

NH

ugr v =
CgH1g  CoH1NO,

166.0862
L)
N i
3
MS C
,/C"@ \ CaHsNO

134.0600
C17HaNO,

2782115 O oM |
NH @'
PN
* ms? -OH* NH
I -
-CH3z*
S

CgHgNO,
151.0627

Scheme 1. Proposed fragmentation pathways of OD-PABA.
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3.2.1. I dentification of transformation intermediates

Five transformation intermediates were found undéB irradiation (named fronh to V) and four
under UVA ( to V). They are listed in Table 1, while their evolutiprofiles over time are shown
in Figure 4. In all cases the most abundant comg®uas far as areas are concerned) Wwere
(250.1799m/2), 11 (292.1901) andlV (264.1954).

Compoundd, 111, 1V, V involved a dealkylation processandlV, with respective empirical
formulas GsH24NO2 and GeH26NO2, showed in their M5 spectra the respective product ions
138.0546 and 152.070&/z due to the loss of the unmodified alkyl chain.e$& structural-
diagnostic ions suggest that dealkylation involtteelamino group, with the detachment of one (or
two) methyl groups (see Schemes S1 and S2 and E4dbie the SM). Converselyll (180.1014
m/2 andV (166.0863m/2, with respective empirical formulasiéEl1aNO> and GH12NO2, were
formed through the detachment of the alkyl chaiongidering compoundl |, the presence in its
MS? spectrum of the structural-diagnostic ion with D¥&0m/zand empirical formula §410NO is
crucial for the structure attribution. This produch derives from the loss of methanol, thereby
implying the presence of a methyl ester. Compounshows a key product ion at 151.062&,
due to the loss of a methyl radical. Its furtheigimentation leads to the formation of 120.04%14
resulting from the rearrangement of the moleculé wlimination of a methoxy-radical. Therefore,
compounadv would result from OD-PABA by dealkylation of thikgl chain and demethylation on

the amino group. The proposed fragmentation pathaay66.0863n/zis shown in Scheme 2.

O
0] O\ O O\ H
C

3

2 MS
MS. 3 —
-CH3 -CH3O
/+ NH2 + I}IHZ + NH2
166.0863 151.0628 120.0444

Scheme 2. Fragmentation pathway of 166.08®3z(compoundV).
15



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

Compound I, with empirical formula &H2eNOs, is well-matched with a
monohydroxylated/oxidised derivative. The main pretdon in the M3 spectrum is 180.0658/z
resulting from the loss of the unmodified alkyl sharherefore, the hydroxylation/oxidation takes

place on the aromatic moiety of the molecule, reabty involving one of the two methyl groups.

3.3. Transformation inter mediates upon heter ogeneous photocatalysis

Heterogeneous photocatalysis in the presence of iiGltrapure water led to complete elimination
of OD-PABA within 8 hours of irradiation. In thessonditions (UVA irradiation) the direct
photolysis would be a secondary pathwayprtiori when taking into account the competition for
lamp irradiance between OD-PABA and Bi@long with substrate degradation, the formatién o
fourteen intermediate compounds occurred and thatution profiles are plotted in Figure 5. In
addition to the intermediates formed upon UVB iraéidn, nine new compounds were identified
(Table 1). In this case as well, the highest peaksawere observed forll andlV.

An additional dealkylated compoundV/I{), with 152.0706 m/z and empirical formula
CsH10NO2, was identified. The kinetic profiles suggest thathay be formed from following a
further demethylation. Compoundl, with 264.1594m/z and empirical formula H22NO3, was
formed through the detachment of the two N-bondedthgi groups and an additional
monohydroxylation/oxidation. The latter would prbbaoccur on the alkyl chain, as suggested by
the presence, in the MSpectrum, of the product ion at 138.058( (see Table S1 in SM). The

proposed fragmentation pathway is reported in Sehgm
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387

(@] OH
O O
MS? C;HgNO,
138.0550
-CgH1e
C15H20NO;
264.1594
NH3
NH; 0 +
+ MS? /
H,0
-CgH16
CHENO
120.0444
NH;
+

Scheme 3. Fragmentation pathway of 264.1594z (V1).

Four species with 266.174t/z and empirical formula GH24NO3z (VII1-XI) can be attributed to
dealkylated-hydroxylated derivatives. We attempted-haracterise the four isobaric specis
MS" experiments. CompoundégllI-X share the same product ions, but with differeratire
intensities. They all have the structural diagrogin 138.0550m/z formed through the loss of
CsH160, which allowed to locate the hydroxylation on #ikeyl chain. It was not possible, however,
to discriminate the three isomers. Conversely ctimpoundXl, the presence in its MSpectrum
of the product ion 154.050@/z (Figure 6) allowed to locate the hydroxyl group tbe aromatic
moiety (see Table S2 in SM). The higher retentioretof XI compared td/111-X may be caused
by the formation of a hydrogen bond between therdgeh of the OH group and the carbonyl
oxygen, which would be feasible only if the hydr@ation occurred on theneta position (with
respect to NE) of the aromatic ring.

Three compounds with 306.1688/z and empirical formula GH24NOs were identified and
attributed to dihydroxylated/oxidised derivatived (-X1V). We attempted to characterise the three
isomers through experiments of k&d MS, and the product ions obtained are reported ifeTab
S2 in SM. However, despite the abundance of inftionaobtained from MSspectra, it was not

possible to propose definite structures for theseners.
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3.4. OD-PABA transformation pathways

Figure 7 reports the proposed transformation pagewhat link together all the characterised
intermediates, resulting from OD-PABA photoinducgelgradation under direct photolysis and
heterogeneous photocatalysis.

The paths A (N demethylation), B (methyl group @tidn) anda (further demethylation) were
the main transformation routes in all experimentaiditions. Under UVA and UVB photolysis, the
degradation of OD-PABA mainly occurred through teats of demethylation. The identified
intermediates would be formed following pathwaysaA#), B (1), C (11), A (1V), and C< (V),
where C is chain dealkylation amdis N demethylation. An analysis of the moleculaucures
leads to the suggestion thatvould derive fromVV andV fromI1l. The photocatalysis experiments
showed the formation of nine additional compounds-XIV), not found upon direct photolysis.
These additional TPs would arise from dealkylafjosthc’), oxidation (pattb) and demethylation-
hydroxylation (pathg', a"). Interestingly, the addition of Tgwould not induce the appearance of
new primary transformation pathways for OD-PABAisithypothesised that the primary routes (A,
B, C) would be the same as for the direct photslyBhe fact that different transformation pathways
(photolysis vs. hydroxylation/oxidation) may yield similar intergiates has been frequently
reported in this field of research (Vione et a012; De Laurentiis et al., 2012; De Laurentiislet a
2014). However, in the presence of Ti@here would be the additional transformation afto VI,
VI, 11X, X andXI, of V into VII, and ofll into X1, X111 andX1V. The additional intermediates
detected under photocatalytic conditions would the£ompounds formed by secondary or tertiary
transformation. The fact that they were not detkdatedirect photolysis experiments could arise
from the circumstance that, differently from OD-PABsome of the early intermediates (and

particularlyl, Il andV) might not undergo direct photolysis with elevagficiency.
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In the natural environment, where direct photolysigl possibly triplet-sensitised oxidation are
expected to be the main OD-PABA transformation eésuthe relevant pathways would be A, B, C
to producdl, 111, IV, followed bya andc to givel andV, respectively. Moreover, these primary
and secondary intermediates might undergo a rahgelimect photochemistry processes (reaction
with *OH, 1O, and3CDOM*) to a variable extent. The hydroxylation aoxidation reactions are
expected to be well foreseen by heterogeneous pdtalysis (Calza et al., 2010; Medana, et al.,
2011b; Calza et al., 2013), probably yieldMg-X1V as additional intermediates in surface-water

environments as well.

4. Conclusions

The sunscreen OD-PABA is expected to undergo dipbctolysis as its main photochemical

attenuation pathway in surface waters (with quanyietd & = (3.8:0.3)x10-?). Reactions

OD-PABA
with O, and*OH are certainly minor and/or negligible, while thesent study is silent as to the
precise importance of triplet-sensitised procesklesvever, an upper limit fofCDOM*-induced
reactions can be placed at ~25% of total transfoomaford = 5 m and DOC = 10 mg C / L (the
additional ~75% or higher of OD-PABA transformatiaould be accounted for almost exclusively
by direct photolysis).

The main detected transformation intermediates DfFABA, at least as far as HPLC-HRMS
peak areas are concerned, would Ibell and IV (where | is expected to arise upolrV
transformation) in both direct photolysis and iedir phototransformation (the latter was simulated
by using TiQ-based heterogeneous photocatalysis). In the dadieeat photolysis, an additional
but less important pathway would yieltl and, upon its transformatioV,. A similar process

would take place under photocatalytic conditiondhiclv would also induce the following,
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additional transformation processés: (VI + VIII +1X + X + X1); V - VII, andll - (XII +

X111 + XI1V). Photocatalysis was used here as a model systeindirect phototransformation, and
intermediated/1-X1V could be formed for instance by triplet-sensitigsiation. Further studies
will be needed to confirm this assumption. The nmiediatesVI-XIV were not detected under
direct photolysis, probably becausd| andV undergo direct photodegradation to a much lesser
extent compared to OD-PABA. However, indirect plpptzesses are also operational in surface-
water environments, where compound4-XIV might be formed as late transformation

intermediates.
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571 Tablel. List of [M+H]* obtained from OD-PABA and its intermediate compasi(the time trends

572 of the latter are reported in Fig. 4 and 5).

573

574
[M+H]* and empirical | Name Isomer | Ammu tr (mMin)
formula
278.2115 G/H28NO2 OD-PABA 0.665 36.0
250.1799 @H24NO; I - 0.294 30.7
292.1901 G7H26NO3 [ - -0.380 314
180.1014 @H14NO2 [l - -0.495 22.3
264.1954 @H26NO2 v - -0.376 334
166.0863 @H12NO> \Y - -0.635 18.7
264.1594 @H22NO3 VI - -1.190 235
152.0706 GH10NO2 VIl - -0.535 14.3
266.1741 @H24NO3 VI 266 A | -0.940 19.9
266.1741 @H24NO3 IX 266 B -0.940 21.7
266.1741 @H24NO3 X 266 C | -0.940 224
266.1741 @H24NO3 Xl 266D | -0.940 27.5
306.1685 G7H24NO4 X1 306 A |-1.525 21.7
306.1685 G7H24NO4 X1 306 B -1.525 22.8
306.1685 G7H24NO4 X1V 306 C |-1.525 23.8

575
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Figure 1. Absorption spectrum (molar absorption coefficiefigp-pasald) ) of OD-PABA.
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Figure 2. Modelled half-life time of OD-PABA (units of SSD summer sunny days equivalent to
15 July at 45°N latitude) as a function of watepttieand DOC. Other water conditions:
0.1 mM nitrate, 1 uM nitrite, 1 mM bicarbonate, 1Bl carbonate.
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618 Figure 6. MS? spectrum fortop) isomerVI11, bottor) isomerXI.
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625 Figure 7. Proposed transformation pathways followed by GABR under direct photolysis and
626 heterogeneous photocatalysis
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