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Abstract 27 

 
28 

We studied the aquatic environmental fate of 2-ethylhexyl 4-(dimethylamino)benzoate (OD-
29 

PABA), a widespread sunscreen, to assess its environmental persistence and photoinduced 
30 

transformation. Direct photolysis is shown to play a key role in phototransformation, and this fast 
31 

process is expected to be the main attenuation route of OD-PABA in sunlit surface waters.  
32 

The generation of transformation products (TPs) was followed via HPLC/HRMS. Five (or four) 
33 

TPs were detected in the samples exposed to UVB (or UVA) radiation, respectively. The main 
34 

detected TPs of OD-PABA, at least as far as HPLC-HRMS peak areas are concerned, would 
35 

involve a dealkylation or hydroxylation/oxidation process in both direct photolysis and indirect 
36 
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phototransformation. The latter was simulated by using TiO2-based heterogeneous photocatalysis, 
37 

involving the formation of nine additional TPs. Most of them resulted from the further degradation 
38 

of the primary TPs that can also be formed by direct photolysis. Therefore, these secondary TPs 
39 

might also occur as later transformation intemediates in natural aquatic systems.  
40 

 41 

Keywords: OD-PABA; sunscreen; photolysis; titanium dioxide; transformation products. 42 

 43 

 44 

1. Introduction 45 

 
46 

Sunscreens are widely used compounds that play a preventive action against the damage caused by 47 

exposure to ultraviolet light. They are often added to personal care products such as shampoos, 48 

body creams, sprays and hair dyes. Furthermore, they also found several industrial applications to 49 

prevent photodegradation of polymers and pigments. Due to their widespread use, the occurrence of 50 

sunscreens in the environment has been reported in many studies that took into account water, solid 51 

and biota samples (Poiger et al., 2004; Rodil and Moeder, 2008; Magi et al., 2013; Kupper et al., 52 

2006; Balmer et al., 2005; Bachelot et al., 2012; Kameda et al., 2011; Goksoyr et al., 2009). In the 53 

present study, we focused on 2-ethylhexyl 4-(dimethylamino)benzoate (OD-PABA), also known as 54 

Padimate O or Escalol 507, produced upon condensation of 2-ethylhexanol and para-amino benzoic 55 

acid (PABA). PABA itself was among the first compounds to be used as sunscreens, but in 2008 it 56 

was removed from the list of permitted organic sunscreens in the European Union because of the 57 

increasing evidence of its involvement in photo-allergic reactions and estrogenic effects (Schlumpf 58 

et al., 2001; Gomez et al., 2005). For the same reason also the PABA derivatives, including OD-59 

PABA, are gradually being replaced by other organic UV filters. A recent study identified OD-60 

PABA metabolites in human urine following its application on skin (Leon-Gonzalez et al., 2011).  61 
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OD-PABA can reach surface waters through incomplete degradation in wastewater treatment 
62 

plants, or directly upon skin contact with water as a consequence of the use of sunscreen lotions 
63 

during recreational activities. This compound has been found in wastewater and tap water at levels 
64 

of 2-100 ng/L (Magi et al., 2013; Diaz-Cruz et al., 2012). In environmental waters, in addition to 
65 

biotransformation, photodegradation by direct and indirect photochemistry is a potentially 
66 

important attenuation pathway for many xenobiotics. Direct photolysis implies the transformation 
67 

of a compound upon absorption of sunlight, which triggers e.g. bond breaking, photoionisation or 
68 

excited-state reactivity. In the case of indirect photochemistry, sunlight is absorbed by photoactive 
69 

compounds (photosensitisers, such as nitrate, nitrite and chromophoric dissolved organic matter, 
70 

CDOM) that produce reactive transient species such as the hydroxyl radical (•OH), singlet oxygen 
71 

(1O2) and CDOM triplet states (3CDOM*) (Canonica et al., 2005; Canonica et al., 2006; Fenner et 
72 

al., 2013; Mostafa et al., 2013; Mostafa et al., 2014). These reactive transients can be involved in 
73 

the degradation of xenobiotics, but •OH is also scavenged by natural water components such as 
74 

DOM, carbonate and bicarbonate (Vione et al., 2014). In contrast, unless the water DOC is very 
75 

high (Wenk et al., 2013), the main 1O2 sink is the thermal deactivation upon collision with the 
76 

solvent, while 3CDOM* mainly react with O2 in aerated surface waters to produce 1O2 (Vione et al., 
77 

2014). 
78 

The present work aims at assessing the main direct and/or indirect pathways involved in the 
79 

photochemical attenuation of OD-PABA in sunlit surface waters. This goal was fulfilled by a 
80 

combination of laboratory studies and photochemical modelling. Such an approach has already 
81 

proven its suitability to assess the photodegradation kinetics of compounds, for which field data of 
82 

photochemical attenuation are available for comparison (Vione et al. 2011; De Laurentiis et al., 
83 

2012; Marchetti et al., 2013; Fabbri et al., 2015). Furthermore, the main intermediates arising from 
84 

the prevailing processes of OD-PABA photodegradation were identified. The environmental 
85 

degradation upon indirect photochemistry was simulated by the use of heterogeneous photocatalysis 
86 
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with titanium dioxide (TiO2). This approach has already permitted the identification in natural 
87 

aquatic samples of several transformation products formed through indirect photolysis processes, as 
88 

documented in several studies (Calza et al., 2010; Calza et al., 2011; Calza et al., 2013). We 
89 

preferred TiO2-based photocatalysis over alternative approaches (e.g. the use of triplet sensitisers) 
90 

to avoid possible interferences potentially arising from the sensitiser transformation products, and to 
91 

minimise the direct photolysis process under irradiation (vide infra). 
92 

 
93 

 
94 

2. Experimental section 95 

 96 

2.1. Materials and reagents 97 

 98 

OD-PABA (CAS 21245-02-3, purity grade 98%), methanol (≥99,9%), acetonitrile (≥99,9%), formic 99 

acid (99%), NaCl (≥ 99.5%), acetaminophen (APAP, ≥ 99.0%) and anthraquinone-2-sulphonic acid, 100 

sodium salt (AQ2S, 97%) were purchased from Sigma Aldrich (Milan, Italy). Rose Bengal was 101 

purchased from Alfa Aesar (Karlsruhe, Germany). 102 

Experiments on heterogeneous photocatalysis were carried out using TiO2-P25. The TiO2 103 

powder was irradiated and washed with distilled water until no signal due to chloride, sulphate or 104 

sodium ions could be detected by ion chromatography, in order to avoid possible interference from 105 

ions adsorbed on the photocatalyst.  106 

 107 

2.2. Irradiation procedures  
108 

 
109 

2.2.1. Direct photolysis 
110 
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Due to the low OD-PABA solubility in water, the aqueous solutions were prepared by methanol 
111 

spiking (Rodil et al., 2009). The aqueous solutions of the sunscreen were prepared by adding, to 100 
112 

mL water, a 0.4 mL aliquot of a concentrated methanol solution of OD-PABA (1000 mg/L), in 
113 

order to have a final concentration of 4 mg/L (1.4⋅10−5 M).  
114 

Five millilitres of the thus obtained aqueous solutions were introduced into cells of Pyrex glass 
115 

for the irradiation experiments. UVA irradiation was carried out under a Philips TLK 05 40W lamp, 
116 

with maximum emission at 365 nm. UVB irradiation made use of a Philips TL 20W/01 RS lamp, 
117 

with emission maximum at 313 nm. Lamp radiation reached the irradiated solutions mainly from 
118 

the top. After the scheduled irradiation time, the content of the cells was recovered with 5 mL 
119 

methanol to desorb the analytes from the cell walls (Li et al., 2007). The use of methanol allowed a 
120 

nearly quantitative recovery. Alternative tests were carried out with acetonitrile spiking, obtaining 
121 

fully comparable results as for methanol.  
122 

The time evolution data of OD-PABA were fitted with the pseudo-first order kinetic equation 
123 

tk
ot eCC −= , where Ct is the substrate concentration at time t, Co the initial concentration and k the 

124 

pseudo-first order degradation rate constant (units of s−1). The initial transformation rate (units of M 
125 

s−1) is ROD−PABA = k Co. The reported error on the rates (±σ) mainly depended on the uncertainty on 
126 

k, which represents the average of replicate runs. The direct photolysis quantum yield (unitless) was 
127 

calculated as 1)( −−
−− =Φ PABAOD

aPABAODPABAOD PR . λλ λε

λ

dpP PABAODbPABAOD
a

PABAOD ]101[)( ][)( −−− −−°= ∫  
128 

(units of Einstein L−1 s−1) is the photon flux absorbed by OD-PABA (Braslavsky, 2007), where 
129 

)(λ°p  [Einstein L−1 s−1 nm−1] is the incident spectral photon flux density of lamp radiation into the 
130 

solution. For these measurements it was used the lamp Philips TL 20W/01 RS (see Figure 1). 
131 

Morever, )(λε PABAOD−  [M−1 cm−1] is the molar absorption coefficient of the substrate (Figure 1), b = 
132 

0.4 cm is the optical path length of radiation in solution, and [OD-PABA] = 1.4⋅10−5 M is the initial 
133 

concentration of the substrate. 
134 

135 



 

 
 

7

2.2.2. Indirect photochemistry 
136 

The above-described technique of methanol spiking was used in the case of indirect photolysis as 
137 

well. To determine the second-order reaction rate constants of OD-PABA with •OH, 1O2 and 
138 

CDOM triplet states, acetaminophen (APAP) was used as model compound because its reaction rate 
139 

constants with the above transients are known (De Laurentiis et al., 2014). In this case, solutions 
140 

containing OD-PABA and APAP at equal initial concentration (10 µM for both) were irradiated 
141 

under suitable conditions (vide infra) to produce the transient species X (•OH, 1O2 or 3CDOM*). 
142 

The time evolution of the OD-PABA and APAP was monitored, and the concentration vs. time data 
143 

were fitted with tk
ot eCC −= , calculating the initial rates as already described.  

144 

If the degradation of the two substrates is mainly or exclusively accounted for by reaction with 
145 

X, the ratio of their initial transformation rates can be expressed as follows: 
146 

 
147 

XAPAP

XPABAOD

XAPAP

XPABAOD

APAP

PABAOD

k

k

APAPXk

PABAODXk

R

R

,

,

,

,

][][

][][ −−− =
−

=
     (1) 

148 

 
149 

where 
XPABAODk ,−  and 

XAPAPk ,
 are the second-order reaction rate constants with X of OD-PABA and 

150 

APAP, respectively, [X] is the steady-state concentration of the transient (note that OD-PABA and 
151 

APAP are in the same solution), and [OD-PABA] = [APAP] = 10 µM are the initial concentration 
152 

values of the two substrates. The equation can thus be simplified, and one gets that the ratio of the 
153 

initial rates is equal to the ratio of the second-order rate constants. Therefore, by knowing the rate 
154 

constant 
XAPAPk ,

 (De Laurentiis et al., 2014) and by measuring the initial degradation rates, one gets 
155 

1
,, )( −

−− = APAPPABAODXAPAPXPABAOD RRkk . 
156 

The radical •OH was produced by irradiating 1 mM H2O2 under the TLK 05 or the TL 01 RS 
157 

lamp, while anthraquinone-2-sulfonate (AQ2S) was used as CDOM proxy to study the reactivity of 
158 

3CDOM* (De Laurentiis et al., 2014). In this case, 1 mM AQ2S was irradiated under the TLK 05 
159 
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lamp. Measures of reactivity with 1O2 were performed using a lamp Philips TL D 18W/16 with 
160 

emission maximum at 545 nm. The dye Rose Bengal (10 µM initial concentration) was chosen as 
161 

the 1O2 source. Also in the indirect photolysis experiments, at the end of the irradiation, the content 
162 

of the cells was recovered with 5 mL methanol. In all the cases, the pH of the irradiated solutions 
163 

was 6-6.5. 
164 

 165 

2.2.3. Heterogeneous photocatalysis 166 

A stock solution of OD-PABA was prepared in methanol at a concentration of 60 mg/L. The 167 

photocatalyst in powder form was then added to obtain a TiO2 loading of 200 mg/L, after which the 168 

methanol solvent was evaporated in a Büchi Rotavapor system to allow the deposition of OD-169 

PABA onto TiO2. The recovery of the dry powder was carried out with ultrapure water. Five 170 

milliliters of the suspension thus obtained were introduced into cells of Pyrex glass and subjected to 171 

irradiation with a lamp Philips TLK 05 40 W, with emission maximum at 365 nm. After irradiation 172 

the content of the cells was recovered with 5 mL methanol (same reason as above) and filtered on a 173 

0.45 µM syringe filter (hydrophilic PRFE, Millipore) to remove TiO2. OD-PABA recovery was 174 

>90%.  175 

 176 

2.3. Analytical techniques 
177 

 
178 

2.3.1. High Performance Liquid Chromatography coupled with UV-vis detection 
179 

OD-PABA was monitored by using a VWR-Hitachi LaChrom Elite chromatograph, equipped with 
180 

L-2300 autosampler (injection volume 60 µL), quaternary pump module L-2130, L-2300 column 
181 

oven (temperature 40 °C), DAD detector L-2445, and a reverse-phase column (VWR RP-C18 
182 

LiChroCART, 4 mm × 125 mm × 5 µm). To determine both OD-PABA and APAP it was used a 
183 

gradient of methanol and 3 mM phosphoric acid (1 mL/min flow rate), increasing the methanol 
184 
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percentage from 15 to 90% in 15 min. The retention times were 3.1 and 12.4 min for APAP and 
185 

OD-PABA, respectively; the column dead time was 1.1 min. 
186 

 187 

2.3.2. High Performance Liquid Chromatography coupled with High-Resolution Mass 188 

Spectrometry 189 

HPLC-HRMS runs were carried out to identify the transformation intermediates. The 190 

chromatographic separations were run on a Phenomenex Luna 150 × 2.1 mm reverse-phase column 191 

(Phenomenex, Bologna, Italy), using an Ultimate 3000 HPLC instrument (Dionex, Milan, Italy). 192 

Injection volume was 20 μL and flow rate 200 μL/min. The elution used a gradient of the mixture A 193 

(acetonitrile) and B (0.05% v/v formic acid in water when run in ESI+ mode, 0.1 mM ammonium 194 

acetate in water for ESI−), passing from 5% to 100% A in 35 min.  195 

A LTQ Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany) equipped with an 196 

atmospheric pressure interface and an ESI ion source was used. The LC column effluent was 197 

delivered into the ion source using nitrogen as both sheath and auxiliary gas. The tuning parameters 198 

adopted for the ESI source were: capillary voltage 37.00 V, tube lens 65 V. The source voltage was 199 

set to 3.5 kV. The heated capillary temperature was maintained at 275°C. The used acquisition 200 

method was optimised beforehand in the tuning sections for the parent compound (capillary, 201 

magnetic lenses and collimating octapole voltages) to achieve maximum sensitivity. Mass accuracy 202 

of the recorded ions (vs. calculated) was ± 10 millimass units (mmu) (without internal calibration).  203 

Analyses were run using full MS (50-1000 m/z range), MS2 and MS3 acquisition in the positive 204 

ion mode, with a resolution of 30000 (500 m/z FWHM) in FTMS mode. The ions submitted to MSn 205 

acquisition were chosen on the basis of full MS spectra abundance, without using automatic 206 

dependent scan. Collision energy was set to 30 (arbitrary units) for all of the MSn acquisition 207 

methods. The MSn acquisition range was between the values of ion trap cut-off and m/z of the 208 

fragmented ion. Xcalibur (Thermo Scientific, Bremen, Germany) software was used for both 209 

acquisition and elaboration. 210 
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 211 

2.4. Photochemical modeling 212 

 213 

The assessment of the phototransformation kinetics was carried out with the APEX software 214 

(Aqueous Photochemistry of Environmentally-occurring Xenobiotics). It predicts photochemical 215 

half-life times as a function of water chemistry and depth, for compounds with known direct 216 

photolysis quantum yields and second-order reaction rate constants with transient species. APEX is 217 

based on a photochemical model, validated by comparison with field data of phototransformation 218 

kinetics in surface freshwaters (Bodrato and Vione, 2014). 219 

APEX results apply to well-mixed water bodies, including the epilimnion of stratified lakes. 220 

The absorption of radiation by photosensitisers (CDOM, nitrate and nitrite) and xenobiotics is 221 

computed by taking into account competition for sunlight irradiance in a Lambert-Beer approach. 222 

Data obtained with APEX are averages over the water column of given depth, and they include the 223 

contributions of the well-illuminated surface layer and of darker water at the bottom. Therefore, 224 

results as a function of depth are not depth profiles but rather the comparison between different 225 

water bodies. 226 

Sunlight irradiance is not constant in the natural environment, because of meteorological issues 227 

(not included in APEX) and of diurnal and seasonal cycles. To allow easier comparison between 228 

model results and environmental conditions, APEX uses as time unit a summer sunny day (SSD), 229 

equivalent to fair-weather 15 July at 45° N latitude. Another issue is that sunlight is not vertically 230 

incident over the water surface, but refraction at the interface deviates the light path in water 231 

towards the vertical. The light path length l depends on the depth d: on 15 July at 45°N it is l = 1.05 232 

d at noon and l = 1.17 d at ±3 h from noon, which is a reasonable daily average (Bodrato and Vione, 233 

2014). 234 

235 
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3. Results and Discussion 236 

 237 

3.1. Assessment of OD-PABA phototransformation in surface waters 238 

 239 

When irradiated alone under the TL 01 RS lamp (emission maximum at 313 nm) under ∼neutral pH 240 

conditions, 10 µM OD-PABA showed an initial degradation rate ROD-PABA = (3.48 ± 0.24)⋅10−10 M 241 

s−1. The photon flux absorbed by OD-PABA was PABAOD
aP −  = 4.5⋅10−8 Einstein L−1 s−1, which gives 242 

a direct photolysis quantum yield PABAOD−Φ  = (3.8 ± 0.3)⋅10−2. Because the used lamp shows an 243 

emission maximum that is very near the absorption maximum of OD-PABA (see Figure 1) and 244 

because the relevant band is also responsible for sunlight absorption, the calculated photolysis 245 

quantum yield would be representative of OD-PABA photodegradation under sunlight (Turro et al., 246 

1978). 247 

The reaction rate constant between OD-PABA and 1O2 was measured by irradiating 10 µM OD-248 

PABA and 10 µM APAP under the TL D 18W/16 lamp, in the presence of 10 µM Rose Bengal as 249 

1O2 source. Under the reported conditions it was ROD-PABA = (4.14 ± 0.62)⋅10−10 M s−1 and RAPAP = 250 

(1.23 ± 0.23)⋅10−10 M s−1. Considering that the second-order reaction rate constant 
2

1, OAPAP
k  = (3.68 251 

± 0.73)⋅107 M−1 s−1 (De Laurentiis et al., 2014), one gets 1

,,
)(

2
1

2
1

−
−−

= APAPPABAODOAPAPOPABAOD
RRkk  = 252 

(1.32 ± 0.71)⋅108 M−1 s−1.  253 

Unfortunately it was not possible to measure the reaction rate constants of OD-PABA with •OH 254 

and 3AQ2S* (taken as representative of 3CDOM*), because irradiation under UVB and UVA 255 

caused an important direct photolysis of OD-PABA itself. Under such circumstances, equation (1) 256 

cannot be applied and the reaction rate constants cannot be determined. In the case of 1O2, the 257 

measurement was allowed by the fact that the used lamp emits yellow light that is not absorbed by 258 

OD-PABA (which, therefore, underwent negligible direct photolysis under such conditions). In 259 
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spite of the experimental difficulties, reasonable values and upper limits for the reaction rate 260 

constants of OD-PABA with •OH and 3CDOM* will be considered in photochemical modelling.  261 

Figure 2 reports the modelled half-life time of OD-PABA (in SSD units, namely summer sunny 262 

days equivalent to 15 July at 45°N latitude) as a function of water depth d and of the dissolved 263 

organic carbon (DOC). The relevant calculations considered only the direct photolysis and the 264 

reaction with 1O2, thus the results are actually upper limits for the lifetime of OD-PABA. Anyway, 265 

OD-PABA appears to be a rather photolabile compound, with lifetimes of less than one week even 266 

in reasonably deep (10 m) and high-DOC (∼15 mgC L−1) conditions. Interestingly, the 267 

phototransformation of OD-PABA would be almost exclusively accounted for by direct photolysis: 268 

the relative importance of the 1O2 process would be always below 1%. 269 

The figure shows that the half-life time increases with increasing depth and DOC. The former 270 

happens because the bottom layers of deep water bodies are poorly illuminated by sunlight and, 271 

therefore, they are poorly photoactive (Loiselle et al., 2008; Loiselle et al., 2009). On the other 272 

hand, high-DOC waters usually contain abundant CDOM that competes with the pollutants for 273 

sunlight irradiance, thereby inhibiting the direct photolysis processes (Vione et al., 2014).  274 

As mentioned above, the reaction rate constants of OD-PABA with •OH and 3CDOM* are 275 

unfortunately not available. They cannot have totally random values, however, because bimolecular 276 

reaction rate constants in aqueous solution have the diffusion control as an upper limit (Buxton et 277 

al., 1988). Therefore, an upper limit for the importance of OD-PABA phototransformation by •OH 278 

can be obtained by assuming 
OHPABAOD

k •− ,
 = 2⋅1010 M−1 s−1 (diffusion-controlled reaction). 279 

Moreover, because 3CDOM* is usually less reactive than •OH (Vione et al., 2014), 
*,3CDOMPABAOD

k
−

 280 

was assumed to vary between 1⋅109 and 1⋅1010 M−1 s−1. Figure 3 reports the fractions of the different 281 

photochemical pathways of OD-PABA as a function of the water DOC (assuming constant d = 5 282 

m), with 
OHPABAOD

k •− ,
 = 2⋅1010 M−1 s−1 and 

*,3CDOMPABAOD
k

−
 = 1⋅1010 M−1 s−1 (3a), as well as with 283 
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OHPABAOD
k •− ,

 = 2⋅1010 M−1 s−1 and 
*,3CDOMPABAOD

k
−

 = 1⋅109 M−1 s−1 (3b). In the former case the relative 284 

role of •OH would always be lower than a few percent, and it would decrease with increasing DOC 285 

(because of •OH scavenging by DOM), while the role of 3CDOM* would increase with DOC 286 

because 3CDOM* is formed upon CDOM irradiation. Reaction with 3CDOM* would account for 287 

about one-quarter of OD-PABA phototransformation at DOC = 10 mgC L−1. The direct photolysis 288 

fraction would be maximum for DOC = 0.5-1 mgC L−1, because of the role played by •OH at lower 289 

DOC and by 3CDOM* at higher DOC. In the case of Figure 3b, the direct photolysis is predicted to 290 

always account for >95% of the OD-PABA phototransformation. In both cases, the minor role of 291 

•OH implies that depth and DOC would be the main water parameters to control the 292 

phototransformation of OD-PABA. Other parameters (nitrate, nitrite, inorganic carbon) would 293 

mainly affect the •OH reactions and their expected role is minor. 294 

Overall, one may conclude that the direct photolysis would be the main pathway leading to OD-295 

PABA photoattenuation in sunlit freshwaters, with a possibly significant role of 3CDOM* under 296 

high-DOC conditions. Therefore, first of all, the transformation intermediates arising from OD-297 

PABA direct photolysis were investigated. 298 

 299 

3.2. OD-PABA transformation intermediates arising upon direct photolysis 300 

 301 

Direct photolysis experiments were performed by subjecting an aqueous solution of OD-PABA to 302 

UVA or UVB irradiation. Analysis was carried out in the ESI positive mode, which appeared to be 303 

more sensitive and suitable for both the parent compound and most of the photogenerated 304 

intermediates. Due to the low OD-PABA solubility in water, the aqueous solutions were prepared 305 

by spiking with methanol or acetonitrile. As expected from substrate absorption and lamp emission, 306 

UVB radiation was more effective than UVA to induce degradation: after 4 hours of irradiation, 307 

90% of OD-PABA was degraded under UVB and only 20% under UVA. 308 
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Table S1 in the Supplementary Material (hereafter SM) shows the MS2 and MS3 OD-PABA 
309 

product ions, useful to better identify the unknown transformation intermediates. A pattern of OD-
310 

PABA fragmentation, based on the information obtained in MS2 and MS3 spectra, is shown in 
311 

Scheme 1. The MS2 spectrum shows the formation of a product ion at 166.0862 m/z (formed by the 
312 

loss of the alkyl chain) and of one at 151.0627 m/z, derived from the combined loss of the alkyl 
313 

chain and a methyl radical.  
314 

The MS3 study on the precursor ion 166.0862 m/z leads to the formation of the ion 151.0631 m/z 315 

as base peak, resulting from the loss of a methyl radical, and of the ion at 122.0964 m/z due to the 316 

loss of a molecule of carbon dioxide. The MS3 study on the precursor ion 151.0627 m/z leads to the 317 

product ion 134.0600 m/z, formed through the loss of an OH radical. It has to be underlined that 318 

radical losses are not very common in a soft ionisation technique such as ESI (Geisow, 1990), 319 

although some cases have been recently documented (Medana et al., 2011; Sakkas et al., 2011). 320 

 321 

-OH

C8H12N
122.0964

NH

-CO2

MS3
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C

O

 322 

 323 

Scheme 1. Proposed fragmentation pathways of OD-PABA. 324 

325 
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3.2.1. Identification of transformation intermediates  326 

Five transformation intermediates were found under UVB irradiation (named from I to V) and four 327 

under UVA (I to IV). They are listed in Table 1, while their evolution profiles over time are shown 328 

in Figure 4. In all cases the most abundant compounds (as far as areas are concerned) were I 329 

(250.1799 m/z), II (292.1901) and IV (264.1954).  330 

Compounds I, III, IV, V involved a dealkylation process. I and IV, with respective empirical 331 

formulas C15H24NO2 and C16H26NO2, showed in their MS2 spectra the respective product ions 332 

138.0546 and 152.0702 m/z, due to the loss of the unmodified alkyl chain. These structural-333 

diagnostic ions suggest that dealkylation involved the amino group, with the detachment of one (or 334 

two) methyl groups (see Schemes S1 and S2 and Table S1 in the SM). Conversely, III (180.1014 335 

m/z) and V (166.0863 m/z), with respective empirical formulas C10H14NO2 and C9H12NO2, were 336 

formed through the detachment of the alkyl chain. Considering compound III, the presence in its 337 

MS2 spectrum of the structural-diagnostic ion with 148.0760 m/z and empirical formula C9H10NO is 338 

crucial for the structure attribution. This product ion derives from the loss of methanol, thereby 339 

implying the presence of a methyl ester. Compound V shows a key product ion at 151.0628 m/z, 340 

due to the loss of a methyl radical. Its further fragmentation leads to the formation of 120.0444 m/z, 341 

resulting from the rearrangement of the molecule with elimination of a methoxy-radical. Therefore, 342 

compound V would result from OD-PABA by dealkylation of the alkyl chain and demethylation on 343 

the amino group. The proposed fragmentation pathway for 166.0863 m/z is shown in Scheme 2. 344 

C
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 345 

Scheme 2. Fragmentation pathway of 166.0863 m/z (compound V). 346 
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 347 

Compound II, with empirical formula C17H26NO3, is well-matched with a 348 

monohydroxylated/oxidised derivative. The main product ion in the MS2 spectrum is 180.0653 m/z, 349 

resulting from the loss of the unmodified alkyl chain. Therefore, the hydroxylation/oxidation takes 350 

place on the aromatic moiety of the molecule, reasonably involving one of the two methyl groups.  351 

 352 

3.3. Transformation intermediates upon heterogeneous photocatalysis 353 

 354 

Heterogeneous photocatalysis in the presence of TiO2 in ultrapure water led to complete elimination 355 

of OD-PABA within 8 hours of irradiation. In these conditions (UVA irradiation) the direct 356 

photolysis would be a secondary pathway, a fortiori when taking into account the competition for 357 

lamp irradiance between OD-PABA and TiO2. Along with substrate degradation, the formation of 358 

fourteen intermediate compounds occurred and their evolution profiles are plotted in Figure 5. In 359 

addition to the intermediates formed upon UVB irradiation, nine new compounds were identified 360 

(Table 1). In this case as well, the highest peak areas were observed for I, II and IV.  361 

An additional dealkylated compound (VII), with 152.0706 m/z and empirical formula 362 

C8H10NO2, was identified. The kinetic profiles suggest that it may be formed from I following a 363 

further demethylation. Compound VI, with 264.1594 m/z and empirical formula C15H22NO3, was 364 

formed through the detachment of the two N-bonded methyl groups and an additional 365 

monohydroxylation/oxidation. The latter would probably occur on the alkyl chain, as suggested by 366 

the presence, in the MS2 spectrum, of the product ion at 138.0550 m/z (see Table S1 in SM). The 367 

proposed fragmentation pathway is reported in Scheme 3. 368 
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120.0444

=O

-C8H16

 369 

Scheme 3. Fragmentation pathway of 264.1594 m/z (VI). 370 

 371 

Four species with 266.1741 m/z and empirical formula C15H24NO3 (VIII-XI) can be attributed to 372 

dealkylated-hydroxylated derivatives. We attempted to characterise the four isobaric species via 373 

MSn experiments. Compounds VIII-X share the same product ions, but with different relative 374 

intensities. They all have the structural diagnostic ion 138.0550 m/z, formed through the loss of 375 

C8H16O, which allowed to locate the hydroxylation on the alkyl chain. It was not possible, however, 376 

to discriminate the three isomers. Conversely, for compound XI, the presence in its MS2 spectrum 377 

of the product ion 154.0502 m/z (Figure 6) allowed to locate the hydroxyl group on the aromatic 378 

moiety (see Table S2 in SM). The higher retention time of XI compared to VIII-X may be caused 379 

by the formation of a hydrogen bond between the hydrogen of the OH group and the carbonyl 380 

oxygen, which would be feasible only if the hydroxylation occurred on the meta position (with 381 

respect to NH2) of the aromatic ring.  382 

Three compounds with 306.1685 m/z and empirical formula C17H24NO4 were identified and 383 

attributed to dihydroxylated/oxidised derivatives (XII-XIV). We attempted to characterise the three 384 

isomers through experiments of MS2 and MS3, and the product ions obtained are reported in Table 385 

S2 in SM. However, despite the abundance of information obtained from MSn spectra, it was not 386 

possible to propose definite structures for these isomers.  387 
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 388 

3.4. OD-PABA transformation pathways 389 

 390 

Figure 7 reports the proposed transformation pathways that link together all the characterised 391 

intermediates, resulting from OD-PABA photoinduced degradation under direct photolysis and 392 

heterogeneous photocatalysis.  393 

The paths A (N demethylation), B (methyl group oxidation) and a (further demethylation) were 
394 

the main transformation routes in all experimental conditions. Under UVA and UVB photolysis, the 
395 

degradation of OD-PABA mainly occurred through reactions of demethylation. The identified 
396 

intermediates would be formed following pathways A+a (I), B (II), C (III), A (IV), and C+c (V), 
397 

where C is chain dealkylation and c is N demethylation. An analysis of the molecular structures 
398 

leads to the suggestion that I would derive from IV and V from III. The photocatalysis experiments 
399 

showed the formation of nine additional compounds (VI-XIV), not found upon direct photolysis. 
400 

These additional TPs would arise from dealkylation (path c’), oxidation (path b) and demethylation-
401 

hydroxylation (paths a', a"). Interestingly, the addition of TiO2 would not induce the appearance of 
402 

new primary transformation pathways for OD-PABA: it is hypothesised that the primary routes (A, 
403 

B, C) would be the same as for the direct photolysis. The fact that different transformation pathways 
404 

(photolysis vs. hydroxylation/oxidation) may yield similar intermediates has been frequently 
405 

reported in this field of research (Vione et al., 2011; De Laurentiis et al., 2012; De Laurentiis et al., 
406 

2014). However, in the presence of TiO2, there would be the additional transformation of I into VI, 
407 

VIII, IX, X and XI, of V into VII, and of II into XII, XIII and XIV. The additional intermediates 
408 

detected under photocatalytic conditions would thus be compounds formed by secondary or tertiary 
409 

transformation. The fact that they were not detected in direct photolysis experiments could arise 
410 

from the circumstance that, differently from OD-PABA, some of the early intermediates (and 
411 

particularly I, II and V) might not undergo direct photolysis with elevated efficiency. 
412 
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In the natural environment, where direct photolysis and possibly triplet-sensitised oxidation are 
413 

expected to be the main OD-PABA transformation routes, the relevant pathways would be A, B, C 
414 

to produce II, III, IV, followed by a and c to give I and V, respectively. Moreover, these primary 
415 

and secondary intermediates might undergo a range of indirect photochemistry processes (reaction 
416 

with •OH, 1O2 and 3CDOM*) to a variable extent. The hydroxylation and oxidation reactions are 
417 

expected to be well foreseen by heterogeneous photocatalysis (Calza et al., 2010; Medana, et al., 
418 

2011b; Calza et al., 2013), probably yielding VI-XIV as additional intermediates in surface-water 
419 

environments as well. 
420 

 
421 

 
422 

4. Conclusions 
423 

 
424 

The sunscreen OD-PABA is expected to undergo direct photolysis as its main photochemical 
425 

attenuation pathway in surface waters (with quantum yield 
PABAOD−Φ  = (3.8±0.3)×10−2). Reactions 

426 

with 1O2 and •OH are certainly minor and/or negligible, while the present study is silent as to the 
427 

precise importance of triplet-sensitised processes. However, an upper limit for 3CDOM*-induced 
428 

reactions can be placed at ~25% of total transformation, for d = 5 m and DOC = 10 mg C / L (the 
429 

additional ~75% or higher of OD-PABA transformation would be accounted for almost exclusively 
430 

by direct photolysis). 
431 

The main detected transformation intermediates of OD-PABA, at least as far as HPLC-HRMS 432 

peak areas are concerned, would be I, II and IV (where I is expected to arise upon IV 433 

transformation) in both direct photolysis and indirect phototransformation (the latter was simulated 434 

by using TiO2-based heterogeneous photocatalysis). In the case of direct photolysis, an additional 435 

but less important pathway would yield III and, upon its transformation, V. A similar process 436 

would take place under photocatalytic conditions, which would also induce the following, 437 
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additional transformation processes: I → (VI + VIII + IX + X + XI); V → VII, and II → (XII + 438 

XIII + XIV). Photocatalysis was used here as a model system for indirect phototransformation, and 439 

intermediates VI-XIV could be formed for instance by triplet-sensitised oxidation. Further studies 440 

will be needed to confirm this assumption. The intermediates VI-XIV were not detected under 441 

direct photolysis, probably because I, II and V undergo direct photodegradation to a much lesser 442 

extent compared to OD-PABA. However, indirect photoprocesses are also operational in surface-443 

water environments, where compounds VI-XIV might be formed as late transformation 444 

intermediates.  445 

 446 
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Table 1. List of [M+H]+ obtained from OD-PABA and its intermediate compounds (the time trends 571 

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

 573 

 574 

[M+H]+ and empirical 
formula 

Name Isomer Δmmu tR (min) 

278.2115 C17H28NO2 OD-PABA  0.665 36.0 

250.1799 C15H24NO2 I - 0.294 30.7 

292.1901 C17H26NO3 II - -0.380 31.4 

180.1014 C10H14NO2 III - -0.495 22.3 

264.1954 C16H26NO2 IV - -0.376 33.4 

166.0863 C9H12NO2 V - -0.635 18.7 

264.1594 C15H22NO3 VI - -1.190 23.5 

152.0706 C8H10NO2 VII - -0.535 14.3 

266.1741 C15H24NO3 VIII 266 A -0.940 19.9 

266.1741 C15H24NO3 IX 266 B -0.940 21.7 

266.1741 C15H24NO3 X 266 C -0.940 22.4 

266.1741 C15H24NO3 XI 266 D -0.940 27.5 

306.1685 C17H24NO4 XII 306 A -1.525 21.7 

306.1685 C17H24NO4 XIII 306 B -1.525 22.8 

306.1685 C17H24NO4 XIV 306 C -1.525 23.8 

575 
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 576 
 577 

Figure 1. Absorption spectrum (molar absorption coefficient )(λε
PABAOD− ) of OD-PABA. 578 

Emission spectrum (spectral photon flux density p°(λ)) of the TL 01 RS lamp. 579 

 580 

 581 

 582 

 583 
 584 
Figure 2. Modelled half-life time of OD-PABA (units of SSD = summer sunny days equivalent to 585 

15 July at 45°N latitude) as a function of water depth and DOC. Other water conditions: 586 
0.1 mM nitrate, 1 µM nitrite, 1 mM bicarbonate, 10 µM carbonate. 587 

588 
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 589 

 590 

 591 
 592 

 593 
Figure 3. Relative (modelled) role of the different photochemical processes in the transformation of 594 

OD-PABA, as a function of the water DOC. It was assumed 
OHPABAOD

k •− ,
 = 2⋅1010 M−1 s−1 595 

(both cases) and 
*,3CDOMPABAOD

k
−

 = 1⋅1010 M−1 s−1 (3a) or 1⋅109 M−1 s−1 (3b). Other water 596 

conditions: 5 m depth, 0.1 mM nitrate, 1 µM nitrite, 1 mM bicarbonate, 10 µM carbonate. 597 

598 
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 599 

 600 

 601 

Figure 4. Evolution of the OD-PABA TPs formed over time upon direct photolysis, under UV-A 602 

(top) and UV-B (bottom) irradiation. Note the different Y-axis scales for different 603 

intermediates: the arrows indicate the Y-axis against which the relevant time profiles are 604 

plotted (those without the arrow are plotted against the opposite axis). 605 

606 



 

 
 

30

607 

608 

609 

 610 

 611 

Figure 5. Evolution of PABA TPs over time, formed under heterogeneous photocatalysis. The 612 

meaning of the arrows is the same as for Figure 4. 613 
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 615 

 616 

 617 

Figure 6. MS2 spectrum for: top) isomer VIII, bottom) isomer XI. 618 
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 620 

 621 

 622 

 623 

 624 

Figure 7. Proposed transformation pathways followed by OD-PABA under direct photolysis and 625 

heterogeneous photocatalysis 626 
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