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A B S T R A C T   

Photochemical processes are typically not incorporated in screening-level substance risk assessments due to the 
complexity of modeling sunlight co-exposures and resulting interactions on environmental fate and effects. 
However, for many substances, sunlight exerts a profound influence on environmental degradation rates and 
ecotoxicities. Recent modeling advances provide an improved technical basis for estimating the effect of sunlight 
in modulating both substance exposure and toxicity in the aquatic environment. Screening model simulations 
were performed for 25 petrochemical structures with varied uses and environmental fate properties. Model 
predictions were evaluated by comparing the ratios of predicted exposure concentrations with and without light 
to the corresponding ratios of toxicity thresholds under the same conditions. The relative ratios of exposure and 
hazard in light vs. dark were then used to evaluate how inclusion of light modulates substance risk analysis. 
Results indicated that inclusion of light reduced PECs by factors ranging from 1.1- to 63-fold as a result of 
photodegradation, while reducing PNECs by factors ranging from 1- to 49-fold due to photoenhanced toxicity 
caused by photosensitization. Consequently, the presence of light altered risk quotients by factors that ranged 
from 0.1- to 17-fold, since the predicted increase in substance hazard was mitigated by the reduction in exposure. 
For many structures, indirect photodegradation decreases environmental exposures independently of the direct 
photolysis pathway which is associated with enhanced phototoxicity. For most of the scenarios and chemicals in 
the present work, photosensitization appears to be mitigated by direct and indirect degradation from sunlight 
exposure.   

1. Introduction 

Screening-level risk assessments are used as an assessment tool in 
chemicals management to integrate the combined effect of environment 
processes with the physicochemical properties of a substance (Mackay, 
2001). Historically, the role of light has not been widely considered in 
multimedia models used for risk assessments, due to the complexity and 
site-specific nature of modeling light co-exposures and the influence 
such light interactions pose on degradation and toxicity of a substance 
(CONCAWE, 2013, 2020). However, it is known that light has a pro
found impact on the fates (Boreen et al., 2003; Fasnacht and Blough, 
2003) and toxicities (Alloy et al., 2023; Björn and Huovinen, 2015) of 

some organic chemicals. For certain chemicals that do not biodegrade 
rapidly, direct and indirect photodegradation can represent the pre
dominant transformation process in shallow water bodies such as ponds, 
rivers, embayments, or wetlands (Bonvin et al., 2013; Guerard et al., 
2009; Jasper and Sedlak, 2013; Werner et al., 2005). Direct and indirect 
photodegradation of some commercial chemicals can also produce 
transformation products that are more ecotoxic than the parent (Alba
nese et al., 2017; Latch et al., 2005; Zhao et al., 2023), which further 
illustrates the importance of characterizing the susceptibility of chem
icals to photochemistry. Recent advances in modeling phototoxicity 
(Marzooghi and Di Toro, 2017; Marzooghi et al., 2017) and photo
degradation (Bodrato and Vione, 2014) provide a technical basis for 
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evaluating the combined effect of light in modulating both substance 
exposure and hazard, and the resulting risk of chemicals in the aquatic 
environment. 

The objective of this work is to apply screening models to charac
terize the role that light serves in modulating the aquatic risks of 
selected chemicals in a representative environmental scenario, given the 
recognized importance of light as key modifying environmental variable 
(Loiselle et al., 2012; Remucal, 2014; Rosario-Ortiz and Canonica, 2016; 
Yan and Song, 2014). The present study used a combination of mecha
nistic photodegradation and phototoxicity models to quantify the 
magnitude that light co-exposures alter screening-level environmental 
risk evaluations when compared to assessments that ignore 
substance-light interactions. These processes are depicted in Fig. 1 and 
described in more detail in the following paragraphs. 

Photodegradation can be represented as the combined effects of 
direct photolysis, in which the parent substance transforms due to ab
sorption of light, and indirect photodegradation, which is mediated by 
reaction with radicals and other transients formed from the interaction 
of UV light with aquatic constituents including dissolved organic car
bon, or major ion species (Schwarzenbach et al., 2016). In some cases 
indirect photodegradation can represent the dominant fate pathway for 
certain pollutants, depending on the environmental conditions (Jasper 
and Sedlak, 2013; Remucal, 2014; Zeng and Arnold, 2013) and is 
characterized by reactions with photochemically-produced reactive in
termediates (PPRIs), such as the hydroxyl (•OH) and carbonate (CO3

•− ) 
radicals, the excited triplet states of chromophoric dissolved organic 
matter (3CDOM*), and singlet oxygen (1O2) (Brezonik and 
Fulkerson-Brekken, 1998; Vione and Scozzaro, 2019). The steady-state 
concentrations of PPRIs are closely related to sunlight irradiance, 
water depth, and water quality conditions. Typically, •OH is photo
chemically generated in sunlit freshwaters by irradiation of nitrate, ni
trite, and chromophoric dissolved organic matter (CDOM), and it is 
mainly scavenged by dissolved organic matter (DOM, not necessarily 
chromophoric), bicarbonate, and carbonate. The triplet states 3CDOM* 
are produced by irradiated CDOM and mostly quenched by dissolved O2, 
partially to produce 1O2 with ~50 % yield (Janssen et al., 2014; McNeill 

and Canonica, 2016). The main quenching pathway of 1O2 is collision 
with the water solvent. Finally, CO3

•− is generated upon 
HCO3

− /CO3
2− oxidation by •OH and CO3

2− oxidation by 3CDOM*, and it is 
mostly scavenged by DOM (Yan et al., 2019). Moreover, considering that 
CDOM is a key sunlight absorber and competes with substances evalu
ated in risk assessments for sunlight irradiance and, therefore, for the 
direct photolysis (Bianco et al., 2015), there is a clear link between water 
quality conditions and photodegradation kinetics. 

The present study focused on the role of the parent molecules. For 
example, overall toxicity of irradiated PAH in aqueous solution is 
observed to decrease following irradiation since the photo
transformation products are less toxic than the parent molecules (Kang 
et al., 2019; Nordborg et al., 2023). However, for certain molecules like 
phenolic anti-oxidants the phototransformation products could include 
reactive molecules like quinones (Vione et al., 2007), which could be 
more toxic than the parent molecules, which was out of scope for the 
present modeling study. 

A mechanistic effect model was used to simulate the enhanced 
toxicity through the absorption of light by the biologically absorbed 
chemicals (i.e., photosensitization). This model translates the total 
amount of photons absorbed by the bioaccumulated test substance to 
toxicity using empirically derived parameters that account for genera
tion of reactive products in organism tissues to predict excess toxicity 
relative to dark conditions (Finch et al., 2017; Marzooghi et al., 2018). 
In the present study, photosensitization refers to toxicity that occurs 
when molecules absorb light while occurring in biological tissues. This 
appears to be the principal mechanism of toxicity responsible for 
observed photoenhanced toxicity of aromatic hydrocarbons and petro
leum products (Alloy et al., 2023; Ankley et al., 1997; Sellin Jeffries 
et al., 2013). The mechanism of photosensitization is likely due to the 
photoexcitation of a molecule that is bioaccumulated, and this excita
tion would lead to the formation of reactive intermediates in the or
ganism that are responsible for the enhancement of toxicity (Alloy et al., 
2023; Marzooghi et al., 2018). 

A one-box exposure model was used to illustrate the relative impact 
of light using a hydraulic retention time typical of large European rivers 

Fig. 1. Conceptual model of the major processes being evaluated in the present study: A) direct photolysis where an aromatic molecule absorbs light that induces a 
chemical reaction, B) Indirect photolysis through reaction of organic chemicals with photochemically-produced reactive intermediates (PPRIs), and C) photosen
sitization where a molecule that was absorbed by an organism absorbs photons that induces a chemical reaction that causes excess toxicity in aquatic organisms. 
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(Van de Meent et al., 2000). Simulations were performed by comparing 
the ratios of predicted exposure concentrations (PECs) in light and dark 
exposures to the corresponding ratios for predicted toxicity thresholds 
(predicted no-effect concentrations, PNECs) under analogous light and 
dark conditions. The relative ratios of exposure and toxicity with and 
without light then provided the basis for evaluating the relative impact 
of light on the estimated risk ratios (e.g.,. ratios of PEC and PNEC). 

2. Methods 

2.1. Chemical domain 

The 25 test substances included aliphatic and aromatic hydrocarbons 
that are representative constituents in petroleum products, in
termediates used in chemicals manufacture as well as additives in 
finished products (i.e. antioxidants, plasticizers). The selected structures 
span a range of physicochemical properties, including toxicity and de
gradability, and photoreactivity. Some are naturally occurring, and 
some are additives to improve performance of commercial products. 
These substances span a wide range in partitioning properties (e.g. log 
Kow from 2.5 to 13.1), estimated biodegradation half-lives (e.g. 4 to 246 
days) and susceptibilities to photoreactivity in aquatic systems. The 
chemical names, CAS numbers, SMILES strings, chemical structures, log 
octanol water and log octanol air partition coefficients, estimated aer
obic biodegradation half-lives in water, and typical commercial uses are 
provided in Table S1. Substances with aromatic functional groups 
absorb light and are susceptible to both direct photolysis and photo
sensitization in water. By contrast, all test substances are potentially 
susceptible to indirect photodegradation, which includes reactions with 
both selective (CO3

•− , 3CDOM*, and 1O2) and non-selective oxidants 
(•OH). 

2.2. Sunlight 

Sunlight exposures used in this work (Vione and Carena, 2022) are 
representative of typical mid-latitude weather conditions in Europe, are 
similar to those experienced in Torino, NW Italy (45◦N), and were 
expressed as spectral photon flux density p◦(λ) in units of Einstein cm− 2 

s− 1 nm− 1 (Einstein=mol photons). Data are based on spectroradiometer 
measurements, with spectral resolution ranging from 2.5 nm in the UVB 
region to 10–25 nm in the visible. To evaluate temporal changes in 
sunlight exposures, irradiance was compiled on the 15th day of each 
month. The annual average p◦(λ) over 280 to 700 nm at the water sur
face was 64.8 Einstein m− 2 d− 1. Light exposures varied seasonally from 
18.8 in December to 102.2 Einstein m− 2 d− 1 in August. The average p◦

(λ) in the UVB, UVA and visible range was 0.13, 4.5, and 60.9 Einstein 
m− 2 d− 1, respectively. For comparison, the light exposures assumed in 
this work are approximately 1.5X higher than reported for the Gulf of 
Mexico which averaged approximately 40 with a seasonal range of 10 to 
60 Einstein m− 2 d− 1 (Ward et al., 2018). The values of p◦(λ) decrease 
exponentially with depth, mostly due to radiation absorption by CDOM 
within the water column. See Appendix A1 for calculation method 
(Supplementary Material). 

2.3. Photolysis in aquatic systems 

Photodegradation kinetics of the test compounds were assessed by 
considering both direct photolysis (when applicable) and indirect 
photochemistry. Water quality characteristics were assumed that are 
representative of mid-latitude water bodies, which include DOC (dis
solved organic carbon) = 3 mgC L− 1, [NO3

− ] = 10− 4 M, [NO2
− ] = 10− 6 M, 

[HCO3
− ] = 10− 3 M, and [CO3

2− ] = 10− 5 M (Minero et al., 2007; Reinart 
et al., 2004; Vione et al., 2010). Note that, in these conditions, 
[CO3

2− ]/[HCO3
− ] = 10− 2 result in pH ~ 8. The concentration of bromide 

was here considered negligible; in a majority of surface waters [Br− ] <
10− 6 M (Magazinovic et al., 2004; Soltermann et al., 2016), which in our 

case means that Br− could scavenge <10 % •OH. In addition, a 3 m water 
depth was used to reflect the default value assumed in the EUSES 
multimedia model used for regional substance risk assessments (Den 
Hollander et al., 2004). These data were input to the APEX (Aqueous 
Photochemistry of Environmentally-occurring Xenobiotics) software 
tool. In addition to water quality data and depth, APEX requires 
substance-specific photoreactivity parameters to assess photo
degradation kinetics. These parameters include absorption spectra, 
direct photolysis quantum yields, and second-order reaction rate con
stants with PPRIs. 

2.3.1. Direct photolysis in aquatic systems 
Pseudo-first order rate constants for the direct photolysis (kd.p., day− 1 

units) were computed for each light absorbing test substance using the 
following equation: 

kd.p. = 1000 Φ
∫ λ2

λ1

[
p∘ − 3(λ) ε(λ) τ

]
dλ = Φ Pabs (1)  

where p◦− 3(λ) [Einstein cm− 2 s− 1 nm− 1] is the spectral photon flux 
density of sunlight integrated over a 3 m depth calculated using Eq. A1, 
Φ [mol chem transformed Einstein− 1] is the direct photolysis quantum 
yield of the chosen compound, ε(λ) [L mol chem− 1 cm− 1] it’s the 
wavelength-dependent molar absorption coefficient and τ = 43,200 s 
day− 1 which accounts for the 12-h averaging period of sunlight expo
sures consistent with the annual average daylight duration at mid 
latitude. 

Annual average estimates of p◦− 3(λ) at 1 nm intervals are provided in 
Table S2 and were used to calculate direct photolysis rates on a yearly 
basis. Monthly p◦− 3(λ) estimates are also reported to allow seasonal 
variation in light exposures on direct photolysis to be examined. For 
each test substance with an expected chromophoric group, ε(λ) was 
determined whenever possible by direct absorption measurements of 
standard solutions, from literature values or experimentally determined 
as part of this study (see Section A2). Similarly, Φd.p. were taken from the 
literature when available, or assumed to be reasonably approximated by 
literature values for related compounds. The quantum yields and ab
sorption spectra used for calculations are reported in Table S3 and 
Table S4, respectively. Since none of the test substances appreciably 
absorb visible light, Eq. (1) was applied over only UV wavelengths, i.e. 
λ1=280 and λ2=400 nm. An example illustration is given in Fig. A1. 

2.3.2. Indirect photodegradation in aquatic systems 
APEX computes radiation absorption by photosensitizers (CDOM, 

nitrate, nitrite) by means of Eq. (2) having the following form (S =
sensitizer molecule with concentration [S]; A(λ) = absorbance of water 
per unit path length [cm] and unit DOC [mgC L− 1]); in the case of CDOM 
that absorbs nearly all radiation between 280 and 500 nm, it was 
assumed ε(λ) [S]

A(λ) DOC ~ 1: 

Pabs,S =
10
d

∫ λ2

λ1

[

p∘(λ)
ε(λ) [S]

A(λ)DOC
(
1 − 10− 100 A(λ)y DOC d )

]

dλ (2) 

Radiation absorption by photosensitizers allows for calculating 
PPRIs formation rates from known quantum yield values; then, steady- 
state concentrations of PPRIs are determined by dividing formation 
rates by the scavenging rate constants (Vione, 2020). 

The second-order reaction rate constants of the test substances with 
PPRIs (Table A3 in Appendix) were assessed as follows. To estimate the 
second-order rate constants of test substances with the hydroxyl radical 
(•OH), known correlations were applied between gas-phase and water- 
phase reaction kinetics (Gligorovski et al., 2015) (Appendix A3). The 
gas-phase reaction kinetics with •OH were estimated with the AOPWIN 
application of EPIWEB (EPI Suite v4.10). To estimate the second-order 
rate constants of the test chemicals with CO3

•− , 3CDOM*, and 1O2, we 
developed new correlations between previously measured rate constant 
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values and the quantum-chemical computed one-electron oxidation 
potentials, Eox, for an independent training set of 21 chemicals 
(Table A1, Appendix A3), analogous to the approach used by Arnold and 
coworkers for phenols (Arnold et al., 2017). 

The individual and overall indirect rates are listed in Table S6. 
Considering the uncertainties associated with the assessment of reaction 
rate constants and quantum yields, as well as those connected with 
photochemical modeling with APEX, the first-order photodegradation 
rate constants thus obtained should be regarded as order-of-magnitude 
estimates. 

2.4. Aquatic phototoxicity 

Phototoxicity was modeled using the photo Target Lipid Model 
(pTLM), which is a QSAR that predicts the photo-enhanced toxicity due 
to photosensitization (Marzooghi and Di Toro, 2017; Marzooghi et al., 
2017). The reader is referred to those papers for the full derivation. 
Since our study focused on the relative impact of light on toxicity, we 
relied on an adaptation of Eqn 25 from Marzooghi et al. (2017): 

PLC50
NLC50

=
1

1 +
(Pabs)

α

R′∗
(3)  

where the ratio of photo-enhanced toxicity (PLC50) to the toxicity in 
dark (NLC50) is related to the absorbed photons, Pabs, divided by R’*, an 
empirical relative toxicity scaling parameter. In this context “dark” re
fers to a typical toxicity exposure where exposure to UV light is mini
mized to avoid photosentitization. The absorbed photons, Pabs in units of 
mols photons absorbed/mol chemical absorbed over a daily exposure 
period, are calculated by summing the product of the wavelength- 
dependent and depth-integrated light exposure, the molar absorption 
of the test substance over the UV as described previously in Eq. A1. The 
relative toxicity scaling parameter, R’*, and exponent on the photon 
absorption term, α, were derived by fitting this model framework to 
empirical toxicity data for PAHs (Marzooghi et al., 2017). It is assumed 
that this framework is generally applicable to other aromatic organic 
molecules. In the present study Pabs was calculated with the light in
tensity (Table S2) and the absorption spectra for the test substances 
(Table S4) between wavelengths of 280 nm to 400 nm consistent with 
the procedure used for estimating direct photolysis. 

2.5. Comparison of acute and chronic thresholds without light 

Phototoxicity is generally considered a short term, acute toxicity 
issue. Acute toxicity testing is often performed at relatively high con
centrations, and high light intensities over short durations (<2d). 
Chronic testing is performed at lower concentrations, typically by fac
tors of 5–20, see McGrath et al., (2018) for description of acute and 
chronic toxicity data for hydrocarbons. At lower exposures the ability of 
organisms to undergo repair of the photo-induced damage is an 
important factor (Williamson et al., 2011; Williamson et al., 2001) that 
has not been broadly considered. Therefore, a second evaluation crite
rion is presented to compare the relative change in risk due to light 
exposure to the ratio of acute to chronic PNECs in the dark, since the 
chronic dark threshold is commonly used in general purpose risk 
assessment. See example given in Parkerton et al., (2023), where pho
toenhanced toxicity in mixture exposures is demonstrated to be less than 
or equal to the standard chronic toxicity thresholds, which are not based 
on phototoxicity. The average ratio of acute to chronic thresholds for 
hydrocarbons is 21, which is used in the analysis below as the bench
mark for classic risk evaluations (e.g., without photosensitization). 

2.6. Exposure model 

A one box exposure model was parameterized using typical regional 
parameters for Europe (Den Hollander et al., 2004). Specifically, we 

assume a 3 m depth for a freshwater river, a freshwater volume of 3.6 ×
109 m3, and a flow of 8.31 × 107 m3/d, which results in an average 
residence time (τ) of 43.3 days. 

The relative concentrations (Clight vs. Cdark) were calculated as the 
ratio of the steady state concentrations based on estimated biodegra
dation rates (kbio) from HCBioSim in Davis et al., (2022) for hydrocar
bons and OPERA for the remaining chemicals (Mansouri et al., 2018) 
with, or without the combined direct and indirect photodegradation 
rates (kphoto). The estimated biodegradation rates should be viewed as 
order-of-magnitude estimates, given the uncertainties of the predictive 
models and expected variability in environmental conditions. The 
relative concentrations were calculated as: 

Clight

Cdark
=

1 + τ kbio

1 + τ
(
kbio + kphoto

) (4) 

Where τ is the residence time of water. Derivation of this model is 
given in the supplementary information (Appendix A4) and is based on a 
1-box model. 

3. Results 

3.1. Aquatic photodegradation rates 

The modeling analysis in the present study considered both direct 
and indirect photodegradation pathways. Among the studied com
pounds, direct photolysis is only relevant for substances with aromatic 
ring structures that absorb sunlight. The magnitude of the predicted 
direct photolysis rates ranges from ca. 0.001 d − 1 for substances like 
dibenzothiophene, to >1 d − 1 for anthracene, benzo[a]pyrene, and 
phenylamine, Table S6, Table 1. 

Since indirect photodegradation rates depend on reaction with PPRIs 
generated from light interactions with constituents in the water column, 
predicted rates are not correlated to photon absorption by the contam
inants. The magnitude of the indirect rates ranges from around 0.003 
d− 1 to 0.2 d− 1, which is similar to the range of estimated biodegradation 
rates (Table S6). Total degradation rates (sum of biodegradation, direct 
and indirect photolysis rates) are illustrated in Fig. 2, showing the 
relative contributions of direct photolysis, indirect photodegradation, 
and biodegradation. The horizontal axis in the figure compares the total 
rates to the product of QY × Pabs, which is an estimate of the suscep
tibility of each compound to the direct photolysis process and has units 
of moles of reacted chemical within the exposure period per moles of 
parent substance. The alkyl trimellitate (ID 19) and the alkyl anisole 
(ID7) show low photoreactivity due to their very low Pabs (<0.004), 
despite their relatively high QY (>0.01). 

Direct photolysis rates (light blue segments of symbols in Fig. 2) are 
typically faster than indirect photodegradation rates (purple segments) 
and biodegradation rates (red segments), for the petrochemicals and 
environmental conditions considered in the present study. The modeled 
direct photolysis rates are correlated with the product of the QY and 
Pabs, which is the mechanistic basis of the direct photolysis reaction. By 
contrast, neither biodegradation rates nor indirect photodegradation 
rates were found to correlate with direct photolysis rates, nor with each 
other. Interestingly, the molecular features that can produce fast 
biodegradation appear to be quite different from those favoring photo
degradation. For instance, the considered PAHs undergo rapid photo
degradation, often outcompeting biodegradation rates, as these 
molecules contain extended aromatic groups which are effective chro
mophores (direct photolysis) and also represent electron-rich sites of 
attack for PPRIs (indirect photodegradation). Terphenyl and the multi- 
ring structures containing a mixture of aliphatic and aromatic rings 
(dehydroabietine, dodecahydrochrysene and hexahydropyrene) exhibit 
consistent susceptibilities to indirect photodegradation, but widely 
varying rates of direct photolysis and biodegradation. 

The electron-rich substituted phenols exhibited comparable rates of 
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photodegradation and biodegradation, with indirect photodegradation 
representing the dominant phototransformation mechanism in some 
cases. Among the structures containing carboxylic groups (dibutyladi
pate and tri-isononyl trimellitate), predicted biodegradation rates 
dominate over modeled photodegradation rates. The aromatic amine 
(4,4′ di‑tert-butyldiphenylamine) exhibited rapid rates of both direct 
photolysis and indirect photodegradation, outcompeting 

biodegradation. The diene structures (dicyclopentadiene, dihy
drodicyclopentadiene, and bicyclo[4.1.0]heptane-7-ylidenecyclope 
ntane) exhibit roughly comparable susceptibilities to both biodegrada
tion and to indirect photodegradation, but they do not react by direct 
photolysis. Finally, saturates (e.g., decalin) have generally comparable 
rates of biodegradation and indirect photodegradation. 

3.2. Characterization of direct and indirect photodegradation 

There are interesting differences between compounds undergoing 
fast, intermediate, or slow photodegradation (Fig. 3). For slowly pho
todegrading compounds (first-order rate constant k < 10− 2 d− 1), reac
tion with •OH is often the main photodegradation pathway, presumably 
because the highly-reactive hydroxyl radical is the PPRI with the highest 
ability to abstract H atoms from C–H bonds. Such bonds are actually the 

Table 1 
Summary of ID number (an index), chemical name, logKow, and estimated biodegradation and photodegradation rates (yearly averages) considered in the present 
study.  

ID# Substance log Kow Biodeg k (1/d) Photo_indirect (1/d) Photo_direct (1/d) TotalPhotodeg k (1/d) 

1 decalin 4.2 5.70E-02 1.08E-02 0.00E+00 1.08E-02 
2 3-methylphenanthrene 4.89 7.04E-02 5.05E-02 6.82E-03 5.73E-02 
3 benzofuran 2.54 8.82E-02 3.58E-02 0.00E+00 3.58E-02 
4 dicyclopentadiene 3.16 5.14E-02 4.18E-02 0.00E+00 4.18E-02 
5 trimethyldecanol 5.08 1.42E-01 6.90E-03 0.00E+00 6.90E-03 
6 dibutyladipate 4.33 1.22E-01 5.38E-03 0.00E+00 5.38E-03 
7 alkylated anisole 5.46 1.53E-01 5.75E-02 3.95E-02 9.70E-02 
8 2,4,6 tri‑tert-butylphenol 6.39 3.52E-02 7.50E-02 1.43E-02 8.93E-02 
9 4,4′ ditertbutyldiphenylamine 7.11 3.43E-02 2.67E-01 3.38E+00 3.65E+00 
10 dodecahydrochrysene 6.24 5.70E-02 4.55E-02 0.00E+00 4.55E-02 
11 dehydroabietine 7.76 5.66E-03 3.57E-02 6.08E-04 3.63E-02 
12 2,6 diisopropylnaphthalene 6.08 7.58E-02 5.38E-02 9.35E-03 6.32E-02 
13 hexahydropyrene 6.12 1.11E-01 1.28E-01 1.90E-01 3.18E-01 
14 o-terphenyl 5.52 5.70E-02 2.80E-02 9.70E-04 2.90E-02 
15 dihydrodicyclopentadiene 3.38 9.04E-03 3.45E-02 0.00E+00 3.45E-02 
16 bicyclo[4.1.0]heptane-7-ylidenecyclopentane 6.37 2.80E-03 6.12E-02 0.00E+00 6.12E-02 
17 tris(4-isopropylphenyl)-phosphate 9.07 1.63E-01 2.43E-02 0.00E+00 2.43E-02 
18 2,4-di‑tert-butylphenol 5.33 6.78E-02 6.67E-02 7.39E-02 1.41E-01 
19 triisononyl trimellitate 13.06 1.63E-01 1.00E-02 3.88E-01 3.98E-01 
20 tetradecylnaphthalene 10.03 1.31E-01 5.98E-02 6.78E-02 1.28E-01 
21 anthracene 4.35 1.11E-01 8.33E-03 9.13E-01 9.22E-01 
22 fluoranthene 4.91 7.84E-02 6.67E-03 2.63E-02 3.30E-02 
23 pyrene 4.93 6.27E-02 1.00E-02 4.47E-01 4.57E-01 
24 benzo[a]pyrene 6.11 4.34E-02 3.17E-02 1.16E+00 1.19E+00 
25 dibenzothiophene 4.17 4.57E-02 2.31E-02 6.85E-04 2.38E-02  

Fig. 2. The sum of all first order degradation rate constants for Direct 
photolysis (blue), Indirect photodegradation (purple), and Biodegradation (red) 
compared to the product (Log10 value) of the Quantum Yield (Table S1), and 
the Photon absorption in a 12 h period (Table S5) for typical light intensity and 
duration (year averages) in Torino, Italy. Substances with QY*Pabs=0 are 
plotted arbitrarily at a low value (<1e-4) for visual comparison. 

Fig. 3. Modeled photodegradation rate constants k of sample compounds that 
show slow, intermediate, or fast photodegradation kinetics. Model conditions: 3 
m depth, 3 mgC L− 1 DOC, 10− 4 M NO3

− , 10− 6 M NO2
− , 10− 3 M HCO3

− , and 10− 5 

M CO3
2− ; year-round average values at mid latitude. 
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main attack sites for oxidation of saturated compounds with few or no 
other functionalities (Gligorovski et al., 2015; Minakata et al., 2009). In 
the case of electron-rich organic compounds which display intermediate 
photodegradation kinetics (k = 10− 2 – 10− 1 d− 1), the different photo
reaction pathways appear to play roughly comparable roles, in accor
dance with the reactivity/selectivity principle. Direct photolysis is the 
prevailing pathway for the compounds exhibiting the fastest rates (k >
10− 1 d− 1) as this pathway requires no PPRIs. The predicted ordering of 
photodegradation rates followed by the investigated compounds (phe
nols/anilines ~ PAHs > monoaromatics ~ olefins > saturated ali
phatics, see Fig. A2) is consistent with previous investigations of the 
environmental photodegradation kinetics of these classes of molecules, 
for which photoreactivity details have been thoroughly elucidated by 
means of dedicated experimental measurements (Vione, 2020). 

3.3. Role of light on simulated aquatic exposures 

The overall degradation rates, with and without photodegradation, 
were evaluated using a one compartment model (Eq. (4)) to calculate 
exposure based on an assumed residence time of water considered 
typical of northern Europe (43.3 days). The relative change was evalu
ated as the ratio, PEClight/PECdark, of the PEC based on biodegradation as 
well as direct and indirect photodegradation (PEClight) to the PEC based 
only on biodegradation (PECdark). In this framework, the PEClight/PEC
dark ratio for the chemicals in the present study that are strongly affected 
by photodegradation will be less than one, and those chemicals that 
have minimal direct or indirect photolysis will have ratios near 1. The 
results are provided in Table 2, and Fig. 4, panel A. 

Decalin, trimethyldecanol, and dibutyladipate exhibit PEClight/ 
PECdark ratios near 1, consistent with their low photoreactivity (Fig 4 
Panel A, Fig 3). Aromatic molecules like 3-methylphenanthrene or 
alkylated anisole show moderate interactions with PEClight/PECdark ra
tios near 0.6. On the other hand, the PEClight/PECdark ratios of certain 
PAHs (pyrene, benzo[a]pyrene, anthracene), 4,4′ di‑tert-butyldiphenyl
amine, and the tert‑butyl phenols are strongly affected by light, exhib
iting PEC ratios ranging from 0.016 to 0.16. The PEClight/PECdark ratios 

reflect influences from both the direct and indirect photodegradation, 
because the biodegradation rates are assumed to be the same in both 
scenarios. As noted above (Fig 2, 3) the direct photolysis rates are the 
dominant process controlling the PECs for several molecules that are 
susceptible to direct photodegradation. 

3.4. Role of light on photosensitization 

The role of light absorption on the toxicity thresholds (PNEC) was 
evaluated in a similar manner as the PECs. However, the ratio is reversed 
so that enhanced toxicity under irradiation corresponds to an increase in 
the PNEC ratios (Fig 4B, Table 2). The technical basis for the toxicity 
model is also related to the absorption of photons (Pabs) but also 
modified through calibration to empirical data (Eq. (3)). In Fig. 4B the 
PNECdark/PNEClight ratios are compared to the product of Pabs and QY, 
and molecules that do not absorb light have a ratio of exactly 1 (e.g., no 
difference). Since photon absorption is the key event, only molecules 
that absorb light have PNECs that are affected by light. 

It is observed that the PNECdark/PNEClight ratios increase with 
increasing Pabs*QY (Fig 4B), and for generally the same molecules that 
are observed to undergo photodegradation (e.g., PEC ratios < 1, Fig 4A). 
The X-axis metric (QY * Pabs) is mechanistically related to direct 
photolysis (Eqs. (1, 2)) and appears mechanistically related to photo
sensitization since the other parameters around the Pabs term approxi
mate a QY of toxicity (Eq. (3)). One notable outlier is fluoranthene (ID 
22, Table 2) which shows a PNECdark/PNEClight ratio near 23 indicating 
strong photosensitization, but has a low PEClight/PECdark ratio (near 0.8) 
indicating low susceptibility for photodegradation. In this framework, 
these results can be explained if the mechanism of phototoxicity of 
fluoranthene is relatively potent and involves the formation of highly 
toxic photoproduct molecules within an organism. 

3.5. Impact of photodegradation on estimated risk 

The combined impact of light on Risk (e.g., PEC / PNEC) was esti
mated as the product of the Ratio of PECs (PEClight/PECdark, Eq. (4)) and 

Table 2 
Ratios of predicted environmental concentrations (PEClight/PECdark), predicted no effect concentrations (PNECdark/PNEClight), and relative Risk ratios with and without 
light, based on yearly-averaged light profile.  

ID# Substance PEC ratio1 PNEC Ratio2 Risk Ratio3 

1 decalin 0.88 1 0.88 
2 3-methylphenanthrene 0.65 2.49 1.62 
3 benzofuran 0.76 1.11 0.84 
4 dicyclopentadiene 0.64 1 0.64 
5 trimethyldecanol 0.96 1 0.96 
6 dibutyladipate 0.96 1 0.96 
7 alkylated anisole 0.64 1.43 0.92 
8 2,4,6 tri‑tert-butylphenol 0.28 2.52 0.71 
9 4,4′ di‑tert‑butyl‑diphenylamine 0.016 6.22 0.097 
10 dodecahydrochrysene 0.64 1 0.64 
11 dehydroabietine 0.44 1.61 0.72 
12 2,6 diisopropylnaphthalene 0.61 2.48 1.52 
13 hexahydropyrene 0.30 7.30 2.17 
14 o-terphenyl 0.73 1.1 0.80 
15 dihydrodicyclopentadiene 0.48 1 0.48 
16 bicyclo[4.1.0]heptane-7-ylidenecyclopentane 0.30 1 0.30 
17 tris(4-isopropylphenyl)-phosphate 0.88 1 0.89 
18 2,4-di‑tert-butylphenol 0.24 3.16 0.77 
19 triisononyl trimellitate 0.32 1.93 0.62 
20 tetradecylnaphthalene 0.55 2.94 1.61 
21 anthracene 0.13 26.1 3.33 
22 fluoranthene 0.75 22.7 17.1 
23 pyrene 0.16 20.5 3.24 
24 benzo[a]pyrene 0.053 49.3 2.61 
25 dibenzothiophene 0.74 2.55 1.89  

1 (Light / Dark, Eq. (4)). 
2 (Dark / Light, inverse of Eq. (3)). 
3 (Eq. (4) / Eq. (3)). 
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the Ratio of PNECs (PNECdark/PNEClight, inverse of Eq. (3)). For the 
purposes of the present study “Light” refers to scenarios with photo
degradation or photosensitization and the term “Dark” refers to a sce
nario without photodegradation or photosensitization. Ratios of the Risk 
(i.e., a ratio of ratios) greater than 1 suggest that the role of light on fate 
and toxicity increases the predicted risk in this hypothetical scenario. 
The results of the present study are given as green diamonds in Fig. 4C. 
The antioxidants (4,4′ di‑tert‑butyl‑diphenylamine and tert‑butyl phe
nols) and bicyclo[4.1.0]heptane-7-ylidenecyclopentane exhibit risk ra
tios substantially less than 1, ranging from 0.097 to 0.34, which is 
consistent with their function as anti-oxidants (Rudnick, 2009). In 
general the estimated risk ratios are near one because the phototoxicity 
is mitigated by the reduced exposure resulting from photodegradation. 
According to this analysis, the phenols, and other mono-aromatic con
stituents, show lower relative risk, because of their relative high 
photolysis rates due to their relatively high quantum yields (Table S2), 
and low phototoxicity profiles consistent with their usage as 
anti-oxidants in petrochemicals. 

The evaluation strategy in the present study relies on a series of 
models to predict the direct and indirect photodegradation and photo
toxicity in aquatic systems. Each of the models are based on mechanistic 
principles, calibrated to empirical data, which have associated vari
ability around the predictions. The performance of the photo
degradation and photosensitization model predictions is described as 
order of magnitude accuracy (Marzooghi et al., 2017; Vione, 2020). 
Propagation of error was not systematically evaluated so qualitative 
thresholds are given of +/- factor of 5 with results intended to provide 
general trends. 

This analysis highlights the complexity that light can introduce to 
screening-level risk assessments, and the series of modeling calculations 
provided here forms the basis of a refined analysis considering both 
phototoxicity and photodegradation. In this analysis, risk estimates 
across all test substances were found to be within an order of magnitude 
of estimates derived ignoring light. Further, since risk assessments 
typically involve chronic endpoints, the typical hazard assessment 
approach is expected to provide sufficient conservatism to address 
photo-enhanced toxicity even for photoreactive chemicals. Thus, 
including the additional complexity of light interactions within sub
stance risk assessments adds the most practical benefit for informing risk 
management decisions in cases of light-susceptible structures such as 
chromophores or antioxidants. To illustrate we compare the calculated 
relative photo-risk ratios to the calculated ratio of dark acute to dark 
chronic (conventional) PNECs (the dashed line in Fig. 4C). Even for a 
molecule like fluoranthene, which shows limited photodegradation 
rates and relative high photo toxicity, the conventional chronic PNECs 
are protective of the apparent photo-enhanced risk ratios. 

Phototransformation products were not assessed in the present 
study, in some cases the photoproducts are less toxic than the parent 
molecules such as with PAH (Nordborg et al., 2023) but other antioxi
dant molecules may form reactive intermediates that could be more 
potent than the parent molecules. For example, the tire antioxidant, 
6PPD, can form an ecotoxic quinone by reaction with tropospheric 
ozone (Zhao et al., 2023). For antioxidant molecules additional evalu
ation of phototransformation products may be needed to characterize 
the formation, toxicity, and stability of the intermediates. 

3.6. Role of seasonality 

The light spectra and intensity vary by month and were used to 
characterize the seasonal variation of light on the predicted exposures, 
toxicity thresholds, and risk (Table S2). General seasonal trends in the 
PPRI are shown in Fig. A3 (Appendix A5). Seasonality may also affect 
other processes such as biodegradation, but biodegradation rates were 
in the present study not modified by month to focus the attention on the 
role of light. Three example constituents are given in Fig. 5 to illustrate 
the role of season on the predicted PEC, PNEC, and Risk ratios. The 
example constituents (decalin, anthracene, and a substituted phenol) are 
generally representative of the range of structure and function of the 
chemicals in the present study. For example, decalin is a cyclic alkane 
found in fuels and solvents, which is not photoactive but is susceptible to 
indirect photodegradation. Anthracene is a widely recognized photo
active polycyclic aromatic hydrocarbon, which is subject to photo 
enhanced toxicity and direct and indirect photodegradation. The anti- 
oxidant, 2,4-di‑tert-butylphenol, has aromatic features, which absorb 
light and undergo photodegradation and phototoxicity. 

Decalin (Top row Fig. 5) shows little seasonal variation because of 
the lack of direct photolysis (zero photons absorbed), and its minor 
response to the indirect photodegradation (March, 1.1 × 10− 2 d− 1), 
which is slower than the estimated biodegradation rate (5.7 × 10− 2 

d− 1), Table S7. Therefore, the PEC (right panel, top row, Fig. 5) ratios 
show little variation by month with a slight decrease in the summer 
months, when higher irradiance results in relatively higher formation of 
PPRI that enhance indirect photodegradation. The PNEC ratios do not 
change by month because Decalin does not absorb photons (middle 
panel, top row, Fig. 5). 

Anthracene (middle row, Fig. 5), in contrast shows substantial 
impact of both photodegradation and phototoxicity consistent with 
strong estimated absorption of photons (~415 mol photons / mol 
chemical in 12 h period, annual average, Table S5). The higher photon 
absorption results in much faster direct photolysis rates (0.2 – 3.3 d− 1), 
Table S7. With this example it is apparent that the shape of the PNEC 
ratios are less variable across months, in contrast to the PEC ratios, 
which show a steeper variation by month, with less impact observed in 
the winter months. This is due to the formulation of the respective 

Fig. 4. Comparing the relative predicted exposure concentrations (PEC, open 
circles, A) in Light vs Dark (PEClight/PECdark), the relative predicted no effect 
concentration (PNEC, open squares, B) in Dark vs Light (PNECdark/PNEClight), 
and the relative change in Risk ((PEClight/PECdark) * (PNECdark/PNEClight), filled 
diamonds, C) against the product of the quantum yield (QY) and the photon 
absorption (Pabs) over a 12 h period. Results are for light intensity at Torino, 
Italy (year-round average). Grey band represents a factor of 5 around the model 
predictions. Chemical ID numbers are provided in panel C (see Table 2). 
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toxicity and degradation models. Specifically, direct photolysis is linear 
with respect to the light (e.g., photon absorption) according to Eq. (1). 
The ratios of PEC and PNEC both scale with Pabs (Fig 5, middle row, 
right panel), but the slope of the PNEC and Pabs based on the photo
toxicity model, Eq. (3), uses an exponential power term α of 0.426 on the 
absorbed photons term, which means the impact of light on toxicity is 
less variable between months. The summer months show a greater 
impact on the exposure (e.g., lower PEC) and toxicity (greater PNEC). In 
the winter months, both metrics show a lower impact of light consistent 
with the lower irradiance. 

The antioxidant, 2,4-di‑tert‑butyl phenol exhibits a substantial 
impact of photodegradation, which results in relative Risk ratios that are 
less than one (Fig. 5, bottom row). During the summer months the 
impact of photodegradation is substantial, showing approximately an 
order of magnitude lower ratios in PECs. The substituted phenol 
absorbed approximately 2.5 photons / molecule of chemical over 12 h in 
this simulation, which is substantially less than the absorption estimated 
for anthracene and other PAH. However, the QY for this molecule is two 
orders of magnitude greater than the PAH (0.33 vs <0.003, Table S3), 
which results in similar direct photolysis rates for phenols relative to 
PAH (Table S7). However, the reduced photon absorption results in less 
photoenhanced toxicity, so that the predicted risk ratios are less than 
one, indicating that photodegradation is a more important process than 
phototoxicity for phenols. The slopes between the PEC and PNEC ratios 
and Pabs for the phenol are similar to those observed for anthracene. 
However, it is substantially offset toward the left indicating a more 
efficient reaction at lower photon absorption, consistent with the higher 

QY. The PNEC ratios are also lower than anthracene due to the lower 
Pabs of the phenol constituent. 

4. Discussion 

The interaction of light with organic chemicals is complex and is a 
function of both the spectra and intensity of the light source, the mo
lecular absorption properties of the organic chemicals, and the effective 
quantum yields for photodegradation and toxicity. In addition, the role 
of indirect photodegradation can be an important process based on the 
interaction of light with common constituents found in water such as 
dissolved organic matter and nitrate. In the present study, state of the art 
mechanistic models were used to estimate the relative impacts of light 
on degradation and toxicity in a screening-model analysis with repre
sentative environmental conditions. 

Toxicity and photodegradation both vary with light intensity, and 
the specific impacts vary by chemical class. Non-aromatic constituents 
that do not absorb light can still undergo indirect photodegradation 
processes, while for compounds where indirect photochemistry com
bines with direct photodegradation, the result is a decrease in the PECs 
by up to an order of magnitude under the conditions of the present 
modeling study. Phenolic antioxidants in particular exhibit a predicted 
reduction on the PECs and corresponding reduction of the calculated 
risk in the presence of light which, however, does not consider potential 
risks arising from phototransformation products such as quinones (vide 
infra). 

Within these assumptions, the calculated risk ratios can vary widely 

Fig. 5. First column: Comparing the relative impact of light on the predicted exposure concentrations (PEClight/PECdark, dot-dash red line, Eq (4)), and the relative 
impact of light on the predicted no effect concentrations (PNECdark/PNEClight, dashed blue line, inverse of Eq (3)). Second Column: The relative impact on Risk (Ratio 
Risk = Ratio PEC * Ratio PNEC, solid green line), and the ratio of acute thresholds to chronic thresholds without light (horizontal dashed line). Data presented for 
three example chemicals: Decalin, a dicyclic aliphatic molecule; anthracene, a photoactive three-ring aromatic hydrocarbon; 2,4-di‑tert-phenol, a substituted phenol 
often used as an anti-oxidant in petrochemical substances. 
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between chemical classes, and seasonally. For some classes, like PAH, 
the calculated photorisk ratios can be substantial, even larger than the 
estimated uncertainty bands for the respective phototoxicity and pho
todegradation models. This suggests that in some circumstances the role 
of light should be considered explicitly, which requires compilation of 
specific properties of the light exposure such as intensity, spectra, and 
attenuation coefficients. In addition, the behavior and physiology of the 
organisms of interest could be relevant, as well as the chemical prop
erties of absorption and quantum yields. It is assumed that phototoxicity 
is an acute toxicity phenomenon that is relevant mainly at high exposure 
concentrations and under shorter durations. Guidance is given in Alloy 
et al., (2023) for the types of data and analytical techniques that are used 
to characterize light intensity, etc. Therefore, an intermediate step in a 
risk assessment might include the comparison of exposure concentra
tions to the PNECs for chronic endpoints (Parkerton et al., 2023). As 
demonstrated in Figs. 4 and 5, the conventional chronic PNEC would be 
protective of the calculated photoenhanced risks. 

A general conclusion from the present study is that photochemical 
transformation (direct and indirect) of organic chemicals can be an 
important fate process, altering the predicted environmental effect 
concentrations by up to an order of magnitude beyond typical biodeg
radation processes. The result of the combined risk assessment was that 
the enhanced removal by photodegradation generally mitigated the 
enhanced photosensization. 

Future work can include consideration of potentially toxic photo
transformation products from certain chemical classes like antioxidants. 
In addition, evaluation under different water quality characteristics 
could be done for different regions and exposure scenarios. Further, 
study of chronic phototoxicity could be done to understand the role of 
organism recovery and avoidance mechanisms in different exposure 
scenarios. It should also be underlined that this approach might be 
applied to a range of over 40 emerging contaminants (mostly pesticides, 
pharmaceuticals, and personal care products) for which experimental 
data of photodegradation kinetics are available, which enables their 
photochemical modeling (Vione, 2020). 

5. Conclusions  

• Photochemical degradation is often not incorporated in substance 
risk assessments, usually due to lack of data to predict photo
degradation kinetics.  

• In this work, for the first time, we have predicted photochemical 
reactivity and incorporated photochemical processes in screening- 
level risk assessments for 25 petrochemical structures with varied 
uses and environmental fate properties.  

• We compared the ratios of predicted exposure concentrations with 
and without light to the corresponding ratios of toxicity thresholds, 
assessing how inclusion of light modulates substance risk analysis.  

• Inclusion of light decreased PECs as a result of photodegradation and 
decreased PNECs due to photoenhanced toxicity caused by photo
sensitization, thereby altering risk quotients. In many cases, the 
predicted increase in substance hazard (photoenhanced toxicity) was 
mitigated by the reduction in exposure. For many structures, indirect 
photodegradation would decrease environmental exposures inde
pendently of the direct photolysis pathway, which is associated with 
enhanced phototoxicity for most of the scenarios and chemicals of 
the present work. 
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