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Abstract: In surface waters, the illumination of photoactive engineered nanomaterials (ENMs) with ultraviolet (UV) light
triggers the formation of reactive intermediates, consequently altering the ecotoxicological potential of co‐occurring organic
micropollutants including pesticides due to catalytic degradation. Simultaneously, omnipresent natural organic matter
(NOM) adsorbs onto ENM surfaces, altering the ENM surface properties. Also, NOM absorbs light, reducing the photo(cata)
lytic transformation of pesticides. Interactions between these environmental factors impact 1) directly the ecotoxicity of
photoactive ENMs, and 2) indirectly the degradation of pesticides. We assessed the impact of field‐relevant UV radiation (up
to 2.6WUVA/m²), NOM (4mg TOC/L), and photoactive ENM (nTiO2, 50 µg/L) on the acute toxicity of 6 pesticides in Daphnia
magna. We selected azoxystrobin, dimethoate, malathion, parathion, permethrin, and pirimicarb because of their varying
photo‐ and hydrolytic stabilities. Increasing UVA alone partially reduced pesticide toxicity, seemingly due to enhanced
degradation. Even at 50 µg/L, nano‐sized titanium dioxide (nTiO2) reduced but also increased pesticide toxicity (depending
on the applied pesticide), which is attributable to 1) more efficient degradation and potentially 2) photocatalytically induced
formation of toxic by‐products. Natural organic matter 1) partially reduced pesticide toxicity, not evidently accompanied by
enhanced pesticide degradation, but also 2) inhibited pesticide degradation, effectively increasing the pesticide toxicity.
Predicting the ecotoxicological potential of pesticides based on their interaction with UV light or interaction with NOM was
hardly possible, which was even more difficult in the presence of nTiO2. Environ Toxicol Chem 2020;39:2237–2246. © 2020
The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION
In recent years, the application of engineered nanomaterials

(ENMs) has increased rapidly (Keller and Lazareva 2014).
Consequently, ENMs are likely to enter the aquatic environ-
ment, mainly through runoff from agricultural fields treated
with sewage sludge as fertilizer or the release of wastewater
(Gottschalk and Nowack 2011; Westerhoff et al. 2011). Once

entering surface waters, the fate of ENMs is influenced by a
multitude of environmental factors. Irradiation with ultraviolet
(UV) light is a factor which is of particular concern for photo-
catalytically active metal oxides such as nano‐sized titanium
dioxide (nTiO2) or zinc oxide (Valenzuela et al. 2002; Ouyang
et al. 2019). Under these conditions, the formation of reactive
oxygen species (ROS) is triggered (Ma et al. 2012). This
formation of ROS can also support water treatment
(Thiruvenkatachari et al. 2008) by reducing the ecotoxicological
potential of co‐occurring organic micropollutants including
pesticides (Hariharan 2006; Bundschuh et al. 2011; Seitz
et al. 2012). In addition to UV, natural organic matter (NOM) is
known for its potential to alter the surface properties of ENMs
by adsorption (Aiken et al. 2011). Moreover, NOM adsorbs
light, affecting the photo(cata)lytic transformation of organic
micropollutants (Garg et al. 2011). The interaction with these
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environmental factors has significant influences on the
ecotoxicological potential of photoactive ENMs (Bar‐Ilan
et al. 2013; Lüderwald et al. 2019) and indirectly affects the
degradation of organic micropollutants (Thiruvenkatachari
et al. 2008; Seitz et al. 2012). It remains, however, unclear
whether similar effects can be observed at field‐relevant levels
of ENMs, UV, and NOM.

Consequently, the present study aimed at addressing the
presence of comparably low UV radiation (up to 2.6WUVA/m²)
recorded during a summer afternoon in the shade (Häder
et al. 2007; Amiano et al. 2012), a field‐relevant NOM (4mg
TOC/L, seaweed extract [Ryan et al. 2009]), and photoactive
ENM concentration (nTiO2, P25, 50 µg/L) on the acute toxicity
of 6 pesticides toward the model organism Daphnia magna.
We selected nTiO2 because it is one of the most frequently
applied ENMs, being used in personal care products, coatings,
paints, and pigments (Piccinno et al. 2012; Keller and
Lazareva 2014). Moreover, its predicted environmental con-
centration is in the micrograms per liter range (Gottschalk
et al. 2013; Peters et al. 2018) and thus of the same order of
magnitude as the concentration tested in the present study
(Gondikas et al. 2014). As pesticides, we selected azoxystrobin,
dimethoate, malathion, parathion, permethrin, and pirimicarb
because of their varying photolytic (p‐), and hydrolytic (h‐) 50%
degradation times (DT50s) and organic carbon–water parti-
tioning coefficient (KOC; Table 1). Pesticide concentrations
were quantified for each exposure scenario (except for para-
thion and permethrin) right after the application (0 h), as well as
after the termination of the experiment (96 h), allowing us to
unveil the degradation efficacy, the resulting ecotoxicological
potential, and the influence of UV radiation, nTiO2, and NOM
on this process.

We hypothesized that increasing UV radiation leads to re-
duced acute toxicity, which is explained by enhanced degra-
dation of pesticides. Moreover, we expected this effect to be
even more pronounced in the presence of nTiO2 and/or NOM
as a result of amplified pesticide degradation. Finally, we
anticipated this impact to be of varying magnitude for the
different pesticides, depending on their physicochemical
properties. More specifically, the pesticides with a comparably
low p‐DT50 might undergo UV‐induced detoxification, whereas
for the pesticides with low susceptibility toward photolytic
degradation the presence of nTiO2 and NOM will induce their
detoxification as a result of photocatalytic degradation.

MATERIALS AND METHODS
Nanoparticle characterization

The nTiO2 we used was acquired as a powder (AEROXIDE®

TiO2 P25; Anatase‐Rutile ratio ~75:25; Evonik) with an
advertised primary particle size of 21 nm and a surface
area of 50± 15m2/g (Brunauer‐Emmett‐Teller). At the Institute
for Particle Technology (TU Braunschweig, Braunschweig,
Germany) an additive‐free dispersion (80 g nTiO2/L) was pre-
pared by stirred media milling (PML 2; Bühler) using deionized
water as a dispersant. Then, this dispersion was diluted with
deionized water (stock dispersion, 2 g nTiO2/L, nominal TA
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concentration) and pH‐stabilized (~3.25) by applying 120 µL of
2MHCl/L. The intensity‐weighted average hydrodynamic di-
ameter of the stock dispersion was approximately 80 nm,
measured via dynamic light scattering (DelsaNano C; Beckman
Coulter) applying the following conditions: n= 3, 60 measure-
ments each; temperature= 20 °C (Table 2). Before the appli-
cation, the stock dispersion was sonicated for 10min with a
nominal power of 215W and a sonication frequency of 35 Hz
(SONOREX DIGITEC DT 514 H; Bandelin) as a standardized
procedure to ensure a homogeneous particle distribution.
Because inductively coupled plasma mass spectrometry (de-
tailed in Rosenfeldt et al. 2014) indicated low differences
(<20%) between measured and nominal concentrations of the
product, the present study was based on the nominal nTiO2

concentration (per Seitz et al. 2015). Transmission electron
microscopic images of the ENM can be found in Supplemental
Data, Figure S1.

Pesticides
The pesticides applied in the present study were purchased

as either commercially available products (for azoxystrobin,
dimethoate, and pirimicarb) or analytical standards (for mala-
thion, parathion, and permethrin) and diluted in the respective
test medium to achieve the desired nominal concentrations of
the active ingredient (Table 1). Their selection is motivated
by varying degrees of p‐ and h‐DT50, ranging from 0.5 to
175 p‐DT50 (days) and from 6.2 to 260 or stable h‐DT50 (days;
Table 1). Thereby, varying degrees in p‐ and h‐DT50 will de-
termine the rate of photolytic, photocatalytic, and hydrolytic
degradation and therefore the potential of degradation and
detoxification toward D. magna. Moreover, the pesticides were
characterized by a high variation in their KOC, ranging from 5 to
100 000 (Table 1). This broad range of adsorption capacity
could influence the pesticides' interaction with NOM, which is
likely to have an impact on their ecotoxicological potential.

Test organism
Daphnia magna (obtained from Eurofins‐GAB) were kept in

mass culture inside a climate‐controlled chamber (Weiss
Environmental Technology) at 20± 1 °C applying a 16:8‐h
light:dark photoperiod (fluorescent tubes; Osram L 58W/840
lumilux cool white; visible light intensity 3.14W/m2; UVA
0.01W/m2; UVB 0.01W/m2). Thereby, groups of 25 adult fe-
males were kept in 1.5 L of reconstituted hard freshwater, ac-
cording to the ASTM International Standard Guide E729 (ASTM
International 2007), which was, in addition, enriched with se-
lenium, vitamins (thiamine hydrochloride, cyanocobalamin, and
biotin), and seaweed extract (8 mg TOC/L; Marinure®). A re-
newal of the medium was carried out 3 times a week, and the
organisms were daily fed on the green alga Desmodesmus sp.
(corresponding to 200 μg C/organism/d).

Bioassay setup
For each pesticide, 4 individual exposure scenarios were

realized, which in the following sections are referred to as test
series: 1) pesticide exposure only (PEST), 2) pesticide ex-
posure in the presence of 50 µg/L nTiO2 (PEST + nTiO2), 3)
pesticide exposure in the presence of 4 mg TOC/L (PEST +
NOM), and 4) combination of pesticide exposure in the
presence of 50 µg/L nTiO2 and 4 mg TOC/L (PEST + nTiO2 +
NOM). Each test series covered 4 levels with increasing UVA
radiation, applying comparatively low but environmentally
relevant levels (0–2.6 W UVA/m2, UVA I–UVA IV; Table 3;
Häder et al. 2007). The different UVA levels of radiation
were achieved by attaching UV‐porous curtains of varying
efficiency to the UV tubes (per Lüderwald et al. 2019).

The tests were based on test guideline 202 (Organisation for
Economic Co‐operation and Development 2004), with the fol-
lowing 2 adaptations: 1) the test duration was prolonged to
96 h, as recommended for testing with nanomaterials (Dabrunz
et al. 2011; Karimi et al. 2018), and 2) instead of fluorescent
tubes, UV fluorescent tubes (Magic Sun 23/160 R 160W; UVA
output 44W, UVB output 1.1%, measured with an RM12 ra-
diometer; Dr. Göbel UV‐Electronic) were used as a light source,
applying an 8:16‐h light:dark rhythm.

As test medium, the vitamin‐ and selenium‐enriched culture
medium without seaweed extract was used (see section Test
organism). For each acute toxicity test, one replicate consisted
of 5 juvenile Daphnia (age <24 h), exposed to the respective
pesticide concentration, test series, and UVA radiation
(=treatment), and each treatment was replicated 4 times. Each
day daphnids were visually checked for their immobility (i.e.,
after 24, 48, 72, and 96 h of exposure). Immobility data were
used to calculate the pesticides' 96‐h median effect concen-
tration (EC50) values for the respective exposure scenarios.

We chose seaweed extract as the NOM representative,
given its recommendation in standard test guidelines as an
additive for long‐term culturing of D. magna and chronic
Daphnia experiments (Organisation for Economic Co‐operation
and Development 2008). Prior to application, an seaweed ex-
tract subsample (8 mg TOC/L, diluted in 50mL test medium,

TABLE 2: Particle size (PS) distribution of the applied nTiO2, i.e. intensity
weighted average diameter, polydispersity index, as well as the 10th,
50th, and 90th percentiles, measured in the stock dispersion (0 h) and
media (0, 24, 48, 72, and 96 h)a

Time (h)
Average

diameter (nm) PI
D10%
(nm)

D50%
(nm)

D90%
(nm)

Stock 0 84 0.18 48 88 160

ASTM+
nTiO2

0 417 0.21 92 241 709
24 960 0.42 132 319 11 716
48 1482 0.60 167 841 17 991
72 2513 0.94 220 2239 58 881
96 2535 0.95 255 20 951 50 057

ASTM+
nTiO2+
NOM

0 376 0.24 87 256 918
24 642 0.30 94 184 5618
48 630 0.28 93 260 1622
72 640 0.30 87 209 3484
96 623 0.29 83 220 1534

aFor PS behavior in the test medium under similar conditions, see
Lüderwald (2019).
NOM= natural organic matter; nTiO2= nano‐sized titanium dioxide; PI=
polydispersity index.
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pesticide‐ and nTiO2‐free) was analyzed as part of an earlier
study at DOC‐LABOR (Karlsruhe, Germany), providing a more
detailed characterization (contains data per Seitz et al. 2016;
Supplemental Data, Table S1).

Chemical analysis
We were aiming to unveil the influence of nTiO2, UVA radi-

ation, and NOM on the degradation and therefore possible
alteration of acute pesticide toxicity over the course of the ex-
periments. Therefore, water samples were taken at the highest
applied pesticide concentration for each exposure scenario right
after the pesticide application (0 h), as well as after the termi-
nation of the experiments (96 h). Samples (10mL) were stored in
glass vials (20mL) at –20 °C until realizing analysis via ultra‐high‐
performance liquid chromatography (Thermo Fischer Scientific).
Prior to the measurements, samples were centrifuged to exclude
any undissolved particles. By doing so, also pesticides that
might have been adsorbed onto the dispersed ENM were
separated from the dissolved fraction. The concentrations were
determined using an external standard calibration applying
matrix‐aligned standards. Samples of parathion and permethrin
experiments could not be confirmed analytically. Therefore, in-
terpretation and discussion of the observed effects for these
2 pesticides are based on nominal data and existing literature.

Data analysis
After 96 h of exposure, immobility data of each of the

treatment combinations were used to calculate EC50 values
(Supplemental Data, Table S2), which is the concentration of
the respective pesticide, that caused immobility in 50% of the
test organisms. This was done by fitting adequate dose‐
response models (Ritz and Streibig 2005). The most

appropriate model was selected based on Akaike's information
criterion and visual judgement (Supplemental Data, Figure S2
and Table S2). Statistical significance between EC50 values
among the different exposure scenarios was tested by applying
Bonferroni‐adjusted confidence interval testing (Wheeler
et al. 2006). The 96‐h EC50s referred to in the following sec-
tions are based on nominal applied concentrations, if not ex-
plicitly stated otherwise. Interpretation of these EC50s is based
on changes in the toxicity of the applied pesticide, implying the
degradation of the respective parent compound and formation
of potential by‐products. In addition, 96‐h EC50s based on
measured concentrations were calculated and are available in
the Supplemental Data (Table S2 and Figure S3).

RESULTS
Azoxystrobin

In the absence of NOM and nTiO2 (PEST), increasing UVA
radiation did not have a significant impact on azoxystrobin
toxicity, with 96‐h EC50 values ranging between 180 and
240 µg/L (UVA‐I and UVA‐III, respectively; Figure 1). There was
also no meaningful photo‐induced degradation of azoxystrobin
over 96 h (Table 4), except for UVA‐IV (~20% relative to 0 h).
In PEST+ nTiO2, a UVA radiation ≥UVA‐III caused an up to
1.6‐fold decrease in azoxystrobin toxicity. This is in accordance
with the measured azoxystrobin concentrations, showing an
approximately 15% reduction at UVA‐IV after 96 h compared to
UVA‐I (Table 4). At low UVA radiation, PEST+NOM revealed
generally an up to 2‐fold reduced azoxystrobin toxicity relative
to the other test series (Figure 1). However, PEST+NOM
caused a significantly (up to ~1.4‐fold) enhanced toxicity
starting with the UVA‐III treatment (UVA‐III, 210 µg/L, and UVA‐
IV, 205 µg/L), relative to the absence of UV (290 µg/L; Figure 1).
This contradicts the measured azoxystrobin concentrations
showing an approximately 25% higher degradation relative to

TABLE 3: Applied exposure scenarios for the acute toxicity bioassays (see Bioassay setup)a

Test series UVA level UV radiationb (W UVA/m2) nTiO2 (µg/L) NOM (mg TOC/L)

PEST UVA‐I 0 0 0
UVA‐II 0.4–0.6 0 0
UVA‐III 1–1.4 0 0
UVA‐IV 2.2–2.6 0 0

PEST+ nTiO2 UVA‐I 0 50 0
UVA‐II 0.4–0.6 50 0
UVA‐III 1–1.4 50 0
UVA‐IV 2.2–2.6 50 0

PEST+NOM UVA‐I 0 0 4
UVA‐II 0.4–0.6 0 4
UVA‐III 1–1.4 0 4
UVA‐IV 2.2–2.6 0 4

PEST+ nTiO2+NOM UVA‐I 0 50 4
UVA‐II 0.4–0.6 50 4
UVA‐III 1–1.4 50 4
UVA‐IV 2.2–2.6 50 4

aEach scenario was applied to each of the 6 pesticides.
bBefore the start of the experiments, UVA radiation was measured at the water surface of the test vessels, which were randomly placed in the areas that were in the UV
range listed (see Bioassay setup).
NOM= natural organic matter; nTiO2= nano‐sized titanium dioxide; PEST= pesticide.
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UV‐I (Table 4). When combining PEST+ nTiO2+NOM, in-
creasing UVA radiation led to the highest observed azox-
ystrobin toxicity among the 4 test series. At UVA‐III and UVA‐IV,
the 96‐h EC50 values were significantly reduced by 1.25‐ and
1.5‐fold (UVA‐III, 100 µg/L, and UVA‐IV, 120 µg/L, respectively)
relative to UVA‐I (150 µg/L; Figure 1) and despite an approx-
imately 25% azoxystrobin degradation after 96 h.

Dimethoate
The absence of NOM and nTiO2 (PEST) revealed a con-

tinuous decrease of dimethoate toxicity with increasing UVA
radiation, with the 96‐h EC50 value increasing up to 3‐fold from
approximately 185 to 540 µg/L (Figure 1). In the presence of
nTiO2, the toxicity of dimethoate decreased approximately
2‐fold by increasing UVA radiation from UVA‐I to UVA‐II (96‐h
EC50, ~210 and 415 µg/L, respectively; Figure 1) but reached a
plateau and did not further decrease at higher UVA levels.
Similarly, PEST+NOM showed generally lower dimethoate

toxicity (factor of ~1.7 relative to PEST+ nTiO2), leading to
96‐h EC50s of up to 660 µg/L (Figure 1). Also, in the PEST+
nTiO2+NOM test series, toxicity was reduced with increasing
UVA (Figure 1). The lowest dimethoate degradation was ob-
served in test series PEST with a maximum of approximately
10%, despite the up to 3‐fold observed toxicity reduction (0 vs
96 h at UVA‐IV). For PEST+ nTiO2, PEST+NOM, and PEST+
nTiO2+NOM, the concentration of dimethoate was reduced
by up to 30% (Table 4).

Malathion
Increasing UVA radiation alone did not change malathion

96‐h EC50 values meaningfully; they fluctuated by a factor of
1.2 (Figure 1). The test series PEST+ nTiO2 influenced mala-
thion toxicity to a similar extent (1.2‐fold), but this impact was
statistically significant at the highest UVA level (Figure 1). In the
presence of NOM, malathion toxicity was enhanced compared
to PEST and PEST+ nTiO2 with increasing 96‐h EC50 at higher

FIGURE 1: Median effect concentrations at 96 h (±95% confidence interval) of Daphnia magna for the 6 pesticides azoxystrobin, dimethoate,
malathion, parathion, permethrin, and pirimicarb based on nominal concentrations, under varying levels of UVA radiation (I= 0.00; II= 0.40–0.60;
III= 1.00–1.40; and IV= 2.20–2.60WUVA/m2) and test series (PEST, PEST+ nTiO2, PEST+NOM, and PEST+ nTiO2+NOM; Table 3). For more
information on the applied pesticides and concentrations, see Table 1. Different letters denote statistically significant differences between individual
UVA levels but within one test series. AZO= azoxystrobin; DIM= dimethoate; EC50=median effect concentration; MAL=malathion; NOM=
natural organic matter; nTiO2= nano‐sized titanium dioxide; PAR= parathion; PER= permethrin; PEST= pesticide; PIR= pirimicarb.

Pesticide toxicity under field‐relevant conditions—Environmental Toxicology and Chemistry, 2020;39:2237–2246 2241
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UVA radiation, which was partly significant (Figure 1). Similarly,
PEST+ nTiO2+NOM revealed a tendency toward reduced
malathion toxicity relative to PEST+NOM (up to ~1.2‐fold;
Figure 1). The malathion concentration decreased over the
study duration, a pattern enhanced by increasing UVA radia-
tion, with the lowest decrease in the presence of nTiO2 alone
(30%) and the highest in the other test series (70%).

Parathion
Increasing UVA radiation alone induced a non‐significant

trend of reduced parathion toxicity by up to 70% (Figure 1).
Compared to the PEST only treatment, parathion toxicity was
generally higher in the presence of nTiO2 by a factor between
1.2‐ and 1.8‐fold (comparing the respective UVA levels of both
test series). Nonetheless, in PEST+ nTiO2 the 96‐h EC50 in-
creased from approximately 0.85 µg/L at UVA‐I to approx-
imately 1.15 µg/L at UVA‐III, followed by a decrease to 0.95 µg/L
at UVA‐IV (Figure 1). Even if not statistically significant, the
presence of NOM in both PEST+NOM and PEST+ nTiO2+
NOM favored the lowest observed parathion toxicity, further
decreasing with enhancing UVA radiation (Figure 1).

Permethrin
In the absence of nTiO2 or NOM, UVA levels led to a sig-

nificant decrease of permethrin toxicity by a factor of 2 at UVA‐
III, followed by a recurring decrease at UVA‐IV to nearly the
same level as observed at UVA‐I (Figure 1). A similar pattern

was observed in the presence of nTiO2 (PEST+ nTiO2;
Figure 1). The addition of NOM (PEST+NOM) promoted the
mitigation of permethrin toxicity at UVA‐I and UVA‐II by a factor
of approximately 1.3, relative to the absence of NOM.
Compared to PEST+ nTiO2, however, the 96‐h EC50s of
PEST+NOM at UVA‐I and UVA‐II were approximately 1.7‐fold
lower, a pattern which was not confirmed for UVA‐III and
UVA‐IV (Figure 1). Combining PEST+ nTiO2+NOM induced a
2.2‐fold reduced permethrin toxicity relative to PEST.

Pirimicarb
With increased UVA radiation but in the absence of nTiO2

and NOM (PEST), pirimicarb toxicity decreased by up to ap-
proximately 1.9‐fold, which was partly significant (Figure 1). In
the presence of nTiO2, pirimicarb toxicity was decreased at
lower UVA radiation, whereas this impact vanished at the
highest UVA radiation tested (Figure 1). The presence of NOM
irrespective of the nTiO2 presence and UVA radiation revealed
the highest reduction in pirimicarb toxicity. These patterns in
toxicity were confirmed by chemical analysis, with decreasing
pirimicarb concentrations at increasing UVA radiation. This
decrease was up to 90% (UVA‐IV; Table 4).

DISCUSSION
Influence of UVA illumination (PEST)

In the present study, UVA illumination of the pesticides re-
sulted in 2 effect patterns: 1) decreasing pesticide toxicity with

TABLE 4: Measured concentrations of azoxystrobin, dimethoate, malathion, and pirimicarb in test series 1–4 at varying UVA radiation levels (I–IV),
approximately 10min (0 h) after pesticide application to the respective test medium and exposure scenario, as well as after the termination of the
experiments (96 h)a

Test series UVA Time (h) AZO (µg/L) △ (%) DIM (µg/L) △ (%) MAL (µg/L) △ (%) PIR (µg/L) △ (%)

PEST — 0 541 — 2900 — 6.3 — 69.6 —

I 96 590 9 2862 −1 2.0 −68 80.7 16
II 96 593 10 2633 −9 2.7 −58 67.6 −3
III 96 545 1 2688 −7 2.1 −66 30.0 −57
IV 96 435 −20 2532 −13 2.0 −68 14.6 −79

PEST+
nTiO2

— 0 542 — 2856 — 2.6 — 64.7 —

I 96 527 −3 2827 −1 1.3 −48 91.9 42
II 96 642 18 2804 −2 2.2 −14 7.0 −89
III 96 630 16 2946 3 1.1 −58 <LOQ NA
IV 96 459 −15 1983 −31 0.9 −65 <LOQ NA

PEST+
NOM

— 0 515 — 2989 — 4.4 — 35.6 —

I 96 477 −7 2798 −6 3.2 −29 43.0 21
II 96 601 17 2887 −3 3.1 −29 22.7 −36
III 96 607 18 2652 −11 2.9 −35 17.5 −51
IV 96 378 −27 2150 −28 3.2 −29 9.2 −74

PEST+
nTiO2+
NOM

— 0 507 — 2981 — 2.9 — 37.0 —

I 96 555 9 2837 −5 2.1 −30 38.8 5
II 96 609 20 2841 −5 2.0 −31 29.4 −20
III 96 460 −9 2700 −9 2.2 −25 13.8 −63
IV 96 377 −26 2028 −32 0.9 −71 4.4 −88

aThe parathion and permethrin samples could not be analyzed and are therefore not listed. △ illustrates the relative degradation as a percentage after 96 h, referring to
the 0‐h concentrations of the respective test series, whereas negative values indicate pesticide degradation. Please note that increased levels of AZO and pirimicarb after
96 h relative to 0 h are likely driven by evaporation of the test medium, consequently leading to a concentration of the pesticide in the remaining medium.
AZO= azoxystrobin; DIM= dimethoate; LOQ= limit of quantification; MAL=malathion; NA= not assessable; NOM= natural organic matter; nTiO2= nano‐sized
titanium dioxide; PEST= pesticide; PIR= pirimicarb.
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increasing UVA illumination, and 2) constant pesticide toxicity
independent of the applied UVA radiation.

Decreasing pesticide toxicity with increasing UVA illumina-
tion was hypothesized for substances with high photolytic
potential as represented by a low p‐DT50, a pattern which was
observed for dimethoate, parathion, and pirimicarb. In prin-
ciple, the reduction of dimethoate and pirimicarb toxicity was
confirmed by chemical analysis; dimethoate and pirimicarb
concentrations were substantially reduced by up to approx-
imately 15 and 80%, respectively (Table 4). These observations
are in line with earlier studies with dimethoate (Evgenidou
et al. 2006) and pirimicarb (e.g., Schwack and Kopf 1993;
Romero et al. 1994; Pirisi et al. 1996; Seitz et al. 2012),
highlighting a more efficient photodegradation for pirimicarb.
Moreover, Zoh et al. (2006) highlighted an 80% reduction in
parathion under natural solar radiation (average intensity
6.4–19W/m2) within 150min, confirming its photolytic proper-
ties (see also Table 1). Hence, the reduction in parathion tox-
icity reported in the present study is likely driven by its
photolysis, though it is less efficient relative to pirimicarb and
dimethoate. Still, we were not able to confirm this assumption
by chemical analyses of the parathion samples.

Consistent pesticide toxicity regardless of the applied UVA
radiation was observed for azoxystrobin, malathion, and per-
methrin, suggesting no detoxification. The degradation of
azoxystrobin was up to 20% with increasing UVA illumination
(Table 4). Indeed, the UV‐visible absorption spectrum of
azoxystrobin slightly overlaps with the solar light spectrum,
suggesting that UV‐induced photodegradation could occur
under natural conditions (Boudina et al. 2007). In contrast to
azoxystrobin, malathion was even in darkness (UVA‐I) degraded
by up to approximately 70% (Table 4), suggesting hydrolysis as
a dominating detoxification pathway with little additional im-
pact through photolysis (Table 1). For permethrin we would
have assumed a fast degradation in the presence of UVA fol-
lowed by significant detoxification, given the low p‐DT50 of
1 d. The mostly steady 96‐h EC50 with increasing UV radiation
could be driven by “knock down” through fast interference
with sodium channels, leading to rapid paralysis and finally
resulting in death, a mode of action typical for pyrethroids such
as permethrin (US Environmental Protection Agency 2006;
Ensley 2007). Consequently, the responses of the test organ-
isms to permethrin exposure may have occurred faster than any
potential degradation.

Influence of UVA illumination+ nTiO2

(PEST+ nTiO2)
Combining UVA radiation with nTiO2 resulted in 3 patterns:

1) enhanced pesticide degradation compared to nTiO2 ab-
sence, along with toxicity reduction; 2) low UVA radiation in-
duced a reduction, whereas high UVA radiation enhanced
toxicity; and 3) steady 96‐h EC50s despite increasing UVA ra-
diation, whereas the toxicity was generally higher compared to
nTiO2 absence (PEST).

In the present study, more efficient pesticide degradation in
the presence versus absence of nTiO2 was observed for

dimethoate (PEST 13% vs PEST+ nTiO2 31%; UVA‐IV) and
pirimicarb (PEST 79% vs PEST+ nTiO2< limit of quantification
[LOQ]; UVA‐IV), being partly accompanied by additional de-
toxification. An amplified degradation is known to be triggered
by solar illumination of a co‐occurring photocatalyst like nTiO2,
inducing various redox reactions (Konstantinou and Al-
banis 2003). This results in the formation of ROS (Turchi and
Ollis 1989; Low et al. 1991; Pelizzetti and Minero 1999), finally
leading to mineralization and detoxification of organic com-
pounds such as pesticides (Hoffmann et al. 1995; Robert and
Malato 2002).

Solar illumination of a co‐occurring photocatalyst has been
documented as efficient treatment technology for organic mi-
cropollutants in general and for pesticides, including azox-
ystrobin, dimethoate, and pirimicarb, in particular. However,
those studies mainly focused on environmentally irrelevant
concentrations of photocatalysts (milligrams to grams per liter
range) and UV radiation that may be considered rather high (up
to 30W/m2; see Malato et al. 2001; Kim et al. 2006; Chen
et al. 2007; Navarro et al. 2009). Our observations are largely in
line with those studies and furthermore demonstrate that
photocatalytic degradation and detoxification of pesticides
take place even under conditions very close to concentrations
considered field‐relevant (i.e., 50 µg nTiO2/L; Figure 1). More-
over, the lower p‐DT50 seemed to promote the degradation
efficiency of pirimicarb (0.5–6 d; up to <LOQ), relative to
dimethoate (175 d; up to 30%).

On the downside, the presence of nTiO2 at higher UVA ra-
diation also resulted in increased toxicity in D. magna as
demonstrated for malathion, permethrin, and pirimicarb
(Figure 1) despite elevated pesticide degradation (measured
for malathion and pirimicarb samples; Table 4). Pesticides
malathion, permethrin, and pirimicarb act as acetylcholines-
terase inhibitors, which is known to be a fast‐acting mode of
action (Cambon et al. 1979; Xuereb et al. 2009). This, in com-
bination with the highest applied UVA radiation along with
the presence of nTiO2, might have facilitated the pesticide
degradation but potentially resulted in synergistic stress
(through ROS), causing increased toxicity while outweighing
degradation‐triggered detoxification. In support of this as-
sumption, Johnson et al. (2015) observed sublethal toxicity
of nTiO2 when illuminated with UVA radiation in the eastern
oyster (Crassostrea virginica) at a concentration as low as
50 µg/L (sensu Amiano et al. 2012).

The 96‐h EC50s of dimethoate that indicate higher toxicity
at test series PEST+ nTiO2 than at test series PEST despite
more efficient degradation (Table 4) could, in addition, be in-
duced by the formation of metabolites that are more toxic than
the parent substance (Evgenidou et al. 2006; Farner Budarz
et al. 2017). It was shown that during photocatalytic degrada-
tion with nTiO2, dimethoate is degraded into 9 by‐products
(Evgenidou et al. 2006), whereas the major by‐product, ome-
thoate (Van Scoy et al. 2016), is 90‐fold more toxic than the
mother compound (Pesticide Properties Database; Lewis
et al. 2016). Likewise, the photocatalysis (UV= 5.8W/m2;
TiO2= 120mg/L) of malathion sharply increases its toxicity to-
ward Vibrio fischeri, whereas no increase in toxicity was
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observed when treating malathion with UV alone (Li et al. 2019).
Hence, also for malathion, a formation of toxic by‐products at
the highest applied UVA radiation seems likely.

With a medium p‐DT50 of 30 d, parathion might have been
subjected to photolytic degradation in the presence of UVA,
which was shown to be significantly amplified in the presence of
the photocatalyst nTiO2 (Evgenidou et al. 2007). However,
photocatalytic transformation of parathion can lead to the for-
mation of paraoxon (Evgenidou et al. 2007). Paraoxon's acute
toxicity toward D. magna is approximately 10 times higher rel-
ative to the parent compound (Guilhermino et al. 1996), being
the potential trigger for the increased parathion toxicity in test
series PEST+ nTiO2 compared to test series PEST. The latter,
however, was not analytically confirmed. Furthermore, adsorp-
tion of the pesticide onto nTiO2 (which was not quantified
during the present study), followed by ingestion of the ENM
might have favored pesticide accumulation in the digestive
system of D. magna, potentially leading to an enhanced tox-
icity. Accumulation of ENMs in Daphnia was recently demon-
strated by Mao et al. (2016). Similarly, pesticide adsorption onto
ENMs was assessed in a study by Momic et al. (2016) describing
the adsorption of an organophosphate on gold nanospheres
and nanorods. Still, we believe that substantial adsorption
would require a relatively high surface area during the inter-
action time. At the applied concentrations of nTiO2 in the low
micrograms per liter range, we do not expect substantial pes-
ticide adsorption onto nTiO2 particles. This assumption, how-
ever, was not evaluated as part of the pesticide measurements
conducted for the present study but is supported by recent
work with metal ions (R. Roy et al., unpublished manuscript,
University of Koblenz‐Landau, Landau, Germany).

In essence, we demonstrated a distinctive impact of field‐
relevant UVA radiation (up to 2.6WUVA/m2) on nTiO2‐induced
toxicity applied at very low, and thus field‐relevant, concen-
trations. Effects induced by UVA and nTiO2 were observed at
radiation intensities and concentrations 2.5‐ to 300‐fold and
4‐ to 2000‐fold, respectively, lower than applied in existing
studies (e.g., Romero et al. 1994; Zoh et al. 2006; Evgenidou
et al. 2007; Seitz et al. 2012). Our observations seem to be
triggered by a combination of nTiO2 exerting direct negative
effects on aquatic biota (i.e., formation of ROS [Amiano
et al. 2012]) and an alteration of the toxic potential of co‐
occurring pesticides. The latter might either be reduced
toxicity as a consequence of elevated photolytic degradation
or increased toxicity induced by the formation of toxic by‐
products. Furthermore, this impact seems partly explained
by the pesticides' physicochemical properties (i.e., p‐ and
h‐DT50).

Influence of UVA illumination in the presence
of NOM (PEST+ nTiO2+NOM)

The application of NOM resulted in 2 contrasting patterns:
1) reduced pesticide toxicity in the presence of NOM, not ac-
companied by an enhanced pesticide degradation, and
2) NOM‐induced inhibition in pesticide degradation, increasing

pesticide toxicity on a relative scale. This is not in line with our
expectations because we hypothesized that NOM would am-
plify the degradation and therefore detoxification of pesticides.
Furthermore, there was no clear observable relationship be-
tween KOC and degradation efficiency or detoxification. More
precisely, higher adsorption tendencies toward NOM, trig-
gered by comparably high KOCs did not reveal a specific im-
pact on the pesticides' degradation or toxicity (Table 4;
Supplemental Data, Table S2).

The generally detoxifying effect of NOM was observed for
dimethoate, parathion, and pirimicarb (relative to PEST, and
PEST+ nTiO2; Figure 1), which could not be linked to a higher
pesticide degradation for dimethoate and pirimicarb (Table 4).
The lower pesticide toxicity seems, hence, driven by the po-
tential of NOM to serve as an energy source with a positive
effect on the fitness of D. magna because NOM increases the
life span and offspring along with a higher tolerance toward
other stressors (Bouchnak and Steinberg 2010; Bergman Filho
et al. 2011). In addition to an increased fitness and stress tol-
erance of D. magna, NOM could directly interact with the
pesticide by adsorption, reducing the dissolved pesticide
concentration and consequently bioavailability (Yang et al.
2006). Moreover, NOM is prone to transformations induced by
light (Sulzberger and Durisch‐Kaiser 2009) potentially triggered
by photoreactive intermediates originating from illuminated
ENMs such as nTiO2 (Aiken et al. 2011). This will most likely
have an influence on nTiO2‐mediated photocatalytic reactions
(i.e., the formation of ROS [Ma et al. 2012; Kim et al. 2013]), and
consequently the detoxification of micropollutants (Bundschuh
2011), demonstrated by the degradation efficiency and re-
sulting detoxification of dimethoate being most effective in the
presence of nTiO2 and NOM.

In contrast, absorption of UVA radiation by NOM could lead
to a UVA‐attenuating shading effect (Albrektien·e et al. 2012),
decreasing the photolysis/photocatalysis potential of certain
pesticides indirectly (Garbin et al. 2007). The apparently in-
creased toxicity of malathion in the presence of NOM may,
thus, be based on a shading‐triggered decreased UVA avail-
ability for photolysis, consequently leading to the reduced
potential for pesticide degradation or the formation of less
toxic metabolites. This is a mechanism that has also been
suggested for the biocide fipronil (Bejarano et al. 2005). While
acting as a light‐absorbing entity, NOM is also suggested to
induce the formation of reactive intermediates (e.g., ROS
[Garbin et al. 2007; Aiken et al. 2011]) that are known to
be toxic for aquatic life (Cabiscol et al. 2000; Buonocore
et al. 2010).

CONCLUSION
The present study shows that exposing pesticides to

degradation‐promoting factors like UV radiation, nTiO2, and
NOM at field‐relevant conditions does not necessarily lead to
their detoxification. Whereas existing studies are mainly fo-
cusing on detoxifying pretreatments of contaminated waters
(e.g., Zoh et al. 2006; Seitz et al. 2012), the present study is
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among the first to address the direct impact of a more complex
field‐relevant setup on the inherent toxicity of pesticides
(cf. Farner Budarz 2017). We conclude that the impact on the
resulting ecotoxicological potential of the pesticide seems
mainly driven by the specific treatment process, that is, pho-
tolysis versus photocatalysis (Li et al. 2019), rather than by
physicochemical properties, such as photo‐ and hydrolytic
stability. In nature, the detoxification of those micropollutants
seems strongly affected by the presence of NOM (Garbin
et al. 2007; Aiken et al. 2011). More specifically, the presence
of NOM potentially amplifies the detoxification of pesticides,
on the one hand, by facilitating photocatalytic degradation. On
the other hand, photocatalytic degradation might also enhance
the ecotoxicological potential, possibly because of the for-
mation of degradation compounds that are more toxic than the
parent compound. The combined impacts of UVA, photoactive
ENMs, and NOM on pesticide toxicity seem therefore not
easily predictable.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at https://doi.org/10.1002/etc.4851.
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