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Abstract

Various spray adjuvants including surfactants are widely used in agricultural pesticide formulations, and some of them may remain
in soils and waters and impose more adverse effects than active pesticide ingredients on organisms. However, previous studies are
more focused on the active pesticide ingredients than the adjuvants. Thus, this study investigates the changes in toxic effects of
surfactants during photodegradation, which is one way of naturally degrading contaminants in natural waters. Triton X-100, a water-
soluble non-ionic surfactant, was degraded using different types of UV radiation (UVA, UVB, and UVC), and the changes in the
toxic effects were determined using bioluminescent bacteria and water flea. The Triton X-100 removals were negligible with UVA
within 24 h, while its removal was 81% with UVB and almost complete with UVC. The NMR spectra indicated possible molecule
rearrangement after photolysis. On the other hand, the toxic effects based on the mortality of Daphnia magna and the biolumines-
cence of Alitvibrio fischeri increased (i.e., lower EC50 values) after photodegradation, suggesting the generation of photoproducts
that are likely to have higher toxic effects or higher bioavailability. Furthermore, the sensitivities of D. magna and A. fischeri for
Triton X-100 and the photodegraded Triton X-100 were different. This study suggests that the changes in the chemical composition
of the Triton X-100 containing water with photodegradation can lead to changes in the relative toxic effects on different aquatic
organisms. Therefore, not only the management of parent compound (i.e., Triton X-100) but also the photoproducts generated from
the parent compound need to be considered when managing water environment subject to photodegradation.
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Introduction formulations to enhance the performance of active ingredients
in pesticides (Mullin et al. 2016). The pesticide adjuvants are
Various spray adjuvants including surfactants, dyes, and wet-  also referred to as inert ingredients in pesticides. Numerous

ting agents are often used in application of agricultural pesticide ~ studies have reported that these adjuvants can harm non-
target organisms (Krogh et al. 2003; Nobels et al. 2011;
Responsible Editor: Lotfi Aleya Ciarlo et al. 2012), and the toxic effects can often be more than
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mixture of chemicals) than the active ingredient of the formu-
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studies on the effects of spray adjuvants such as surfactants on

agricultural soil or crops are limited (Mesnage and Antoniou
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environment (Das et al. 2019). Even if pesticide residues in
soil environment are strongly sorbed on soil and are not
bioavailable, they might be remobilized under appropriate
conditions and become bioavailable (Zhu et al. 2019).
Pesticide residue runoff can also reach surface water bod-
ies, and this will lead to water contamination, which can be
of great concern to aquatic ecosystems (Wang et al. 2019).
In particular, surfactants, one of pesticide adjuvants, can
have adverse effects on aquatic organisms (Borrely et al.
2018; Santos et al. 2019).

Recent studies on the treatment of surfactants in waters
involved advanced oxidation processes (AOPs) since biolog-
ical processes are often slow and not efficient (Arslan-Alaton
et al. 2013). For example, biodegradation by activated sludge
can be inhibited by the presence of surfactants (Karahan
2010). Although the biodegradability is limited, a previous
study reported that the biodegradability of Triton X-100 can
be controlled by controlling factors such as the types of mi-
croorganisms used, the initial Triton X-100 concentrations,
and substrates given to microorganisms (Abu-Ghunmi et al.
2014). Among various AOPs, photolysis has been considered
as a natural way of degrading contaminants in environment. In
laboratories, different light sources such as natural light, sim-
ulated sunlight, ultraviolet A (UVA), and UVC have been
used to study the degradation of various contaminants includ-
ing surfactants (Rios et al. 2017). The removal of water con-
taminants by photolysis is affected by many factors such as
light intensity, types of UV, water pH, and presence of other
chemicals (Cortés et al. 2011; Rios et al. 2017; Mortl et al.
2019). Also, the presence of oxidants (e.g., TiO,, H,O,) has
influence on the photodegradation of surfactants such as
Triton X-100 (Saien et al. 2011).

When toxicity aspects are considered, the ecological toxicity
of surfactants using microorganisms, water flea, fish, and plants
has been extensively studied (Caux et al. 1988; Pettersson et al.
2000; Abu-Ghunmi et al. 2014; Mustapha and Bawa-Allah
2020); however, studies on the changes in the toxic effects
during photodegradation are relatively limited. One previous
study reported that the relative ecotoxicity effect of Triton X-
45 on water flea (i.e., based on the dead or immobilized organ-
isms) and bioluminescent bacteria (i.e., based on the biolumi-
nescence) compared to a toxicant-free control was decreased
during the degradation of Triton X-45 by peroxymonosulfate
and UVC (Olmez-Hanci et al. 2015). Similarly, when surfac-
tants in pesticide formulations reach surface water bodies, they
can be photodegraded to some extent by sunlight that emits
radiation at various wavelengths. However, the removal of sur-
factants by natural light in water bodies may not be as efficient
as in the laboratory studies where the reaction conditions can be
optimized to completely remove contaminants. Therefore, this
study is set to investigate the changes in the removal and toxic
effects of Triton X-100, a commonly used anionic surfactant
for various purposes including pesticide formulations, after

photodegradation by different types of UV radiation.
Specifically, the Microtox® acute toxicity test using
Aliivibrio fischeri and acute toxicity test using Daphnia magna,
which are commonly used toxicity tests for water samples,
were used to determine the relative changes in the Triton X-
100 solution toxicity before and after photodegradation.

Materials and methods
Photolysis of Triton X-100

Triton™ X-100 (laboratory grade) was purchased from
Sigma-Aldrich (Munich, Germany). Batch tests were carried
out to study the changes in the Triton X-100 concentration
after exposure to UV radiation. The samples under dark con-
ditions were used as controls, and duplicate samples were
prepared for each test condition. The initial concentrations of
Triton X-100 used in the tests were 248 + 11 mg L. Previous
study used up to 100 mg L™ of Triton X-100 to study the
toxic effect of Triton X-100 on Tetrahymena pyriformis cells
(Dias et al. 2003). Also, another study used a range of con-
centrations (1-100 mg L") of Triton X-100 to study the toxic
effects on a freshwater planarian, Dugesia japonica (Li 2008).
In this study, Triton X-100 is to be photodegraded; thus, the
initial concentrations for the photodegradation experiments
were set at higher concentrations than what were used in pre-
vious studies. Also, the effect of different UV radiation on the
degradation of Triton X-100 can be clearly observed and com-
pared by using the high initial concentrations. The test solu-
tions (40 mL) were placed in quartz Petri dishes, and the
distance between the UV lamps and the test solutions was
maintained at 11.5 cm. The photolysis test was initially run
for 35 days under UVA, UVB, and UVC radiation to deter-
mine the photodegradation period to use. The UV lamps
(352 nm for UV-A, 306 nm for UV-B, and 253.7 nm for
UV-C; 15 W) were purchased from the Sankyo Denki Co.,
Ltd. (Japan). With UV-A, the measured radiation intensity
was 1.45 mW cm 2. The photolysis tests were also carried
out for 24 h to determine the degradation rate constants and
toxicity changes. At predetermined times, samples were taken
to analyze the residual Triton X-100 concentrations.

Analysis of the residual Triton X-100

The Triton X-100 concentrations were measured by using
HPLC (high-performance liquid chromatography; YL 9100,
Republic of Korea) equipped with an Acclaim™ Surfactant
Plus LC column (250 mm X 4.6 mm % 5 um; Thermo Fisher
Scientific, USA). The Triton X-100 concentrations were de-
termined at 225 nm. Ammonium acetate (10 mM; Purity >
97.0%, Kanto Chemical Co., Inc., Japan) and acetonitrile
(HPLC Ultra Gradient Solvent, J.T. Baker, UK) were used
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as the mobile phase solutions (90:10 v/v) at the flow rate of 1
mL min'. The column temperature was maintained at an
ambient temperature (25 °C). The detection limit of Triton
X-100 was 4.05 mg L.

NMR analysis

After 24-h photodegradation test, duplicate samples for each
condition (i.e., Dark, UVA, UVB, UVC) were combined and
dried. Each dried sample was dissolved in 600 L of DMSO-
ds (Merck, Darmstadt, Germany) and transferred to 5 mm
NMR tube. 'H and '*C NMR spectra of the samples were
acquired on a 600 MHz Varian NMR spectrometer (VNS-
600, Palo Alto, CA, USA) at the Core Research Support
Center for Natural Products and Medical Materials
(CRCNM). The obtained NMR data was processed using
the Mnova software (v.12.0.1, MestreLab Research S.L.,
Corufia, Spain). The 1H and 13C NMR chemical shift values
(6) were reported in ppm with reference to DMSO-dj residual
peaks at 2.50 and 39.5 ppm, respectively. Coupling constants
(/) are reported in Hz. The NMR data analysis was performed
based on signal integration, chemical shifts, and coupling con-
stants. Along with 1D NMR, 2D-correlation spectroscopy
(COSY), heteronuclear single quantum coherence spectrosco-
py (HSQC), and heteronuclear multiple-bond correlation
spectroscopy (HMBC) data analysis were used to further con-
firm the structures.

Toxicity tests

The changes in the toxicity of the Triton X-100 solution be-
fore and after photodegradation for 24 h were determined by
using the Microtox® acute toxicity test. The Microtox toxicity
test using A. fischeri was carried out following the 81.9%
basic test protocol that is described in the manufacturer’s pro-
tocol. The changes in the bioluminescence were measured by
using the Microtox M500 (AZUR Environmental, USA) after
exposing A. fischeri to the samples for 5, 15, and 30 min. The
bioluminescence inhibition was determined using the
Microtox Omni software (Azur Corp., ver. 4.1), and the half
maximal effective concentration (EC50) was determined
using the logistic regression analysis performed with
SigmaPlot (v12.5).

The changes in the toxicity of the Triton X-100 solution
before and after photodegradation for 24 h were also deter-
mined by using D. magna following the acute toxicity test
method described in the Korea Standard Method for Water
Quality (KMOE 2017). Four replicates with the total number
of 20 D. magna were used for each test. D. magna was ex-
posed to the Triton X-100 samples before and after
photodegradation for 24 h. The 16-h light period with the 8-
h dark period was used during the test period. The effective
concentration at which 50% of D. magna is affected (i.e.,
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EC50) for 24-h exposure was determined using the
TOXCAL software (Tidepool Scientific Software, USA).
The 24-h EC50 values for D. magna under different condi-
tions were calculated using the linear interpolation analysis
provided by the TOXCAL software.

Statistical analyses

The statistical significance of the changes in the Triton X-100
concentrations with time was determined by fitting the data to
the linear regression model using GraphPad Prism (v8.0.1).
The p value was used to determine whether the slope of the
linear regression line fitted to the measured data is significant-
ly non-zero at 95% confidence level. The toxic effects deter-
mined as EC50 under different conditions were compared
using a one-way ANOVA test in SPSS (version 21).

Results and discussion
Effect of UV radiation types on Triton X-100 removal

With the 35-day photodegradation test, the Triton X-100 deg-
radation was statistically insignificant (p value > 0.05) for 35
days under dark conditions (Fig. 1). With UVA, 25% of
Triton X-100 was removed over 35 days, while complete
Triton X-100 removal was observed within 21 days and
1 day with UVB and UVC, respectively (Fig. 1). Thus, the
24-h photodegradation test was carried out with more sam-
pling points in 24 h. In the 24-h photodegradation test, the
Triton X-100 degradation was negligible with UVA (Fig. 2).
The Triton X-100 removal reached 81% within 24 h with
UVB and 97% within 24 h with UVC (Fig. 2).

Previous study used first-order kinetics to describe the
photodegradation of Triton X-100 (Saien et al. 2011). The
first-order rate constants for the Triton X-100 removal obtain-
ed in this study were 0.063 h™" with UVB and 0.29 h™" with
UVC. The Triton X-100 degradation was approximately 4.6
times faster with UVC than with UVB. It can be expected as
shorter wavelengths have stronger energy of the emitted pho-
tons (Maverakis et al. 2010). Similarly, the dye degradation
was negligible with UVA, but it increased to 12% with UVB
and to 58% with UVC (Cortés et al. 2011). Also, the degra-
dation rate of bisphenol A by the photo-Fenton-like treatment
was slower with UVA than with UVC (Molkenthin et al.
2013). Furthermore, the photodegradation of Triton X-100
by UV radiation can be enhanced when catalysts such as
TiO, or oxidants such as H,O, are available in surface waters
(Cortés et al. 2011; Saien et al. 2011).

The degradation rate of Triton X-100 by different types of
UV radiation was further confirmed by NMR experiments.
When the relative integration ratios of the individual peaks
were compared, no change was observed in the sample



Environ Sci Pollut Res (2021) 28:11224-11232

11227

a
1.0 p-value = 0.082
0.8
>
O 0.6
Q
0.4+
0.2 - DA
—— Dark
0.0 T T T T T T T
0 5 10 15 20 25 30 35
Time (d)
b
1.0%
p-value = 0.55
0.8
S 0.6
Q
0.4
-o— UVB
0.2 - Dark
0.0 T T T T T T A
0 5 10 15 20 25 30 35
Time (d)
C
X A =T
0.8
=}
L\) 0.6
Q
0.4
-e- UVC
0.2 —— Dark
0.0 T T T T == 2
0 5 10 15 20 25 30 35
Time (d)

Fig. 1 Changes in Triton X-100 concentration during the 35-day
photodegradation test using different types of UV radiation (a) UVA,
(b) UVB, and (¢) UVC. The p values indicate the p values determined
by fitting the data obtained under the dark conditions to the linear regres-
sion model. The p values indicate that the slopes of the linear regression
line fitted to the data are significantly non-zero at 95% confidence level

exposed to UVA. However, for UVB- and UVC-exposed
samples, it was observed that the resonances from an aromatic
hydrophobic group (indicated in blue in Fig. 3) decreased.
This indicates that while the sample exposed to UVA
remained unchanged, the samples exposed to UVB and
UVC were degraded with greater degradation by UVC. This
observation of the lower peak intensity could be due to mo-
lecular rearrangement of Triton X-100 by UV radiation (Beyer
1982), but when the changes in the Triton X-100 concentra-
tion with UV radiation are considered, the lower peak inten-
sity could be attributed to the decomposition of Triton X-100.

cICy

Time (h)

Fig. 2 Changes in Triton X-100 concentration during the 24-h
photodegradation test using different types of UV radiation. The p values
for the data under the dark and UVA conditions were 0.53 and 0.90,
respectively, and these indicate that the slopes of the linear regression
line fitted to the data are significantly non-zero at 95% confidence level

Changes in the toxic effects before and after
photodegradation

Toxic effects of Triton X-100 after the 24-h degradation under
different types of UV radiation on Aliivibrio fischeri are
shown in Fig. 4. The data in Fig. 4 were fitted to the logistic
regression model to determine the EC50 values. The
photodegraded Triton X-100 solutions are likely to contain
residual Triton X-100 and intermediate products generated;
thus, the EC50 values were estimated based on the dilution
percentage of the photodegraded solutions (Fig. 5a). The
EC50 values were also estimated using the residual Triton
X-100 concentrations in the photodegraded solutions, assum-
ing that the Triton X-100 is the main component of the
photodegraded solution (Fig. 5b). The trends in EC50 values
in both figures were similar (Fig. 5).

At all exposure times (i.e., 5, 15, and 30 min), the toxic
effects were statistically greater (i.e., lower EC50 values) in
the UVB- and UVC-radiated samples than in the Dark control
samples and UV A-radiated samples (p value < 0.05) (Fig. 5).
The EC50 values of the Dark control samples and UVA-
radiated samples were statistically similar (p value > 0.05).
This can be expected as the Triton X-100 removal under
UVA and Dark conditions was similar. Regardless of the ex-
posure times, the EC50 values were statistically similar (p
value > 0.05). Also, the EC50 values decreased as the UV
wavelength decreased from UVA (i.e., 352 nm) to UVC
(i.e., 237.7 nm) (p value < 0.05). For example, the EC50
values for the UVC-radiated samples were lower than the
UVB-radiated samples (Fig. 5). The EC10 and EC20 values
calculated from the toxic effects observed in Fig. 4 are shown
in Online Resource 1.

Figure 6 compares the toxic effects (i.e., EC50) of the
Triton X-100 photodegradation under different conditions on
D. magna. The EC50 values were estimated using the residual
Triton X-100 concentrations. The EC50 values of the Dark
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Fig.3 "H (a) and '*C NMR (b) spectra of Triton X-100 samples (under Dark, UVA, UVB, and UVC conditions). 'H and *C NMR data were acquired

in DMSO-dg at 600 and 150 MHz, respectively

control samples and the UV A-radiated samples were statisti-
cally similar (p value > 0.05), while they were significantly
different from the EC50 values of the UVB- and UVC-
radiated samples (p value > 0.05) (Fig. 6). For the Dark con-
trol samples, the calculated 24-h EC50 values ranged from 55
to 90 mg L' (Fig. 6), and this is comparable to that observed
in a previous study where the 24-h EC50 values ranged from
75310 185.5mg L (i.e., average of 118.2 mg L") for Triton
X-100 (Santos et al. 2019). They also reported the 48-h EC50
value of 72.2 mg L' (49.6-105.0 mg LY); however, in an-
other study, the 48-h EC50 value of 26.0 mg L™ was reported
(Mohammed 2007).

@ Springer

Furthermore, with the different model organism, different
EC50 values were reported. With Dendrocephalus
brasiliensis, the 24-h EC50 values and the 48-h EC50 values
ranged from 38.8 to 75.3 mg L™ (i.e., average of 54.1 mg L ™)
and 30.1 to 63.2 mg L (i.e., average of 43.6 mg L"), re-
spectively (Santos et al. 2019). This suggests that Triton X-
100 is relatively more toxic to D. brasiliensis than D. magna.
Also, Ceriodaphnia rigaudii was more sensitive than
D. magna (Mohammed 2007). Similarly, based on the obtain-
ed EC50 values for the Dark control samples in this study, the
relative toxic effects were lower for A. fischeri (i.e., higher
EC50 values) than D. magna (Fig. 5b and Fig. 6). In other
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Fig. 4 Toxic effects of Triton X-100 after the 24-h degradation under
different types of UV radiation on Aliivibrio fischeri after (a) 5-min ex-
posure, (b) 15-min exposure, and (¢) 30-min exposure. The numbers next
to the lines are the R? values obtained from the logistic regression analysis

words, D. magna was more sensitive to the Dark control sam-
ples where only the parent compound (i.e., Triton X-100) is
contained than A. fischeri, as the EC50 values were lower for
D. magna.

Interestingly, the EC50 values of the UVB- and UVC-
radiated samples where Triton X-100 removal was observed
seemed to be lower for A. fischeri, suggesting that the toxic
effects on A. fischeri were relatively greater than on D. magna.
For D. magna, the EC50 values for UVB- and UVC-radiated
samples were 6.9 + 0.3 and 5.0 + 0.6 mg L, respectively
(Fig. 6). For A. fischeri, the EC50 values for UVB-radiated
samples were 5.9, 6.4, and 6.8 mg L~ for 5-, 15-, and 30-min
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exposures, respectively, while the EC50 values for UVC-
radiated samples were 0.46, 0.46, and 0.46 mg L' for 5-,

100

80 -

60 -

40 1

EC50 (mg/L)

20 4

Dark UVA UVB uvce

Fig. 6 Half maximal effective concentration (EC50) of Triton X-100
after 24-h photodegradation under different types of UV radiation deter-
mined by using Daphnia magna. Four replicates were used to derive one
EC50 value for each condition. EC50 values were calculated using the
residual Triton X-100 concentrations after 24-h degradation for each
condition
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15-, and 30-min exposures, respectively (Fig. 5b). Also, the
differences in the toxic effects between the UVB-radiated
samples and the UVC-radiated samples were greater for
A. fischeri. With the greater removal of Triton X-100 under
UVC (Fig. 2), the toxic effects on A. fischeri were lower than
that under UVB (Fig. 5b). However, the toxic effects of UVB-
and UV C-radiated samples on D. magna did not show a sta-
tistically significant difference (p value > 0.05) (Fig. 6). These
results suggest that A. fischeri were more sensitive to the
photodegraded Triton X-100 than D. magna.

During the UV photodegradation of Triton X-100, photo-
products including ethoxylated structure such as
hydroxynonylphenol polyoxyethylene ether and honylphenol
polyoxyethylene acid and other smaller structures such as
polyoxyethylene alcohol were observed (Huang et al. 2020).
In a previous study, toxic effects of some hydrophilic com-
pounds on fish and Vibrio fischeri were different, while neutral
hydrophobic compounds shared the same toxic mechanisms
(Wang et al. 2016). They attributed such differences to the
different movement of hydrophilic compounds through the cell
membrane of V. fischeri and the gill of fish (Wang et al. 2016).
Likewise, the photoproducts that are likely to be more hydro-
philic than the parent compound (i.e., Triton X-100) may move
more easily through the cell membrane of A. fischeri than the
gill of D. magna, and this could lead to the greater toxic effects
of the UVB- and UVC-radiated samples on A. fischeri than
D. magna as well as the greater differences between the toxic
effect of the UVB-radiated samples and UVC-radiated samples
for A. fischeri.

The increase in the toxic effects with the UVB- and UVC-
radiated samples suggests possible production of intermediate
products with higher toxic effects, since the Triton X-100
concentrations were decreased. Also, the increased toxic ef-
fects after photodegradation could be attributed to the gener-
ation of molecules that can easily enter the bacterial cell and
impose toxic effects (Yuan et al. 2011). The intermediate
products (i.e., photoproducts) were not assessed in this study,
so it is not clear whether the increased toxic effects are due to
the generation of intermediate products with higher toxicity or
increased bioavailability of intermediate products that do not
necessarily have higher toxicity than Triton X-100. For exam-
ple, when trimethoprim was subject to ozonation, the toxic
effects on A. fischeri increased during the ozonation (Kuang
et al. 2013). However, the predicted toxic effects of all the
intermediates identified using the ECOSAR program were
lower than the toxic effects of the parent compound (i.e., tri-
methoprim) (Kuang et al. 2013). Also, similar trends were
observed with fluoxetine (Park et al. 2020). Thus, the in-
creased toxic effects after ozonation can be largely attributed
to the combined effects of these individual intermediates.
However, this study emphasizes that the photodegradation
of Triton X-100 that is released and present in natural waters
could increase the toxic effects on aquatic organisms, and the
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sensitivity of different organisms may change during the
photodegradation of Triton X-100. In other study, the reduced
toxic effects on D. magna and A. fischeri were observed after
photodegradation of Triton X-45 using peroxymonosulfate
and UVC (Olmez-Hanci et al. 2015). However, they observed
the initial increase in toxic effects on A. fischeri after 1-min
treatment. This was attributed to the formation of early oxida-
tion products that exerted higher toxic effects than the parent
compound (Olmez-Hanci et al. 2015).

The photodegradation (60 min) of Triton X-100 was en-
hanced from 14 to 52% by adding TiO,, a catalyst, and H,O,,
an oxidant, and to 78% by adding TiO, and potassium persulfate
(Saien et al. 2011). The enhancement in the Triton X-100
photodegradation can lead to greater Triton X-100 degradation
and/or greater removal of photoproducts generated from Triton
X-100. At this stage with only the basic acute toxicity test re-
sults, it is hard to predict how the toxicity of the photodegraded
Triton X-100 will change. Thus, it would be necessary to char-
acterize photoproducts and their toxicity with other toxicity as-
says such as chronic toxicity and genotoxicity in the future.

The photodegradation of Triton X-100 in waters change
the composition of the water by generating photoproducts that
are likely to have different chemical properties, and this may
lead to increased toxic effects on aquatic organisms. Also, the
sensitivity of different aquatic organisms can change during
the photodegradation of Triton X-100 due to the changed
water composition. Therefore, not only the presence of the
parent compound but also the photoproducts that are likely
to be generated during photodegradation need to be taken into
account when ecological toxic effects are concerned.

Conclusions

The ecological toxic effects of Triton X-100 changed with
UV-induced photodegradation. The photodegradation of
Triton X-100 in waters can impose greater toxic effects on
aquatic organisms when the parent compound is degraded to
generate a mixture of photoproducts. Also, the changes in the
chemical composition of the Triton X-100 containing water
with photodegradation can lead to changes in the relative toxic
effects on different aquatic organisms. Therefore, such chang-
es in the ecological toxic effects need to be considered when
managing water environment exposed to surfactants such as
Triton X-100.
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