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Abstract This work evaluated the degradation effi-
ciency of the most used commercial pesticide chlor-
pyrifos (CP) by UV/H,0, and UVC photolysis pro-
cesses. Photodegradation was carried out with 200 pg
L~! of commercial CP for 30, 60, 90, 120, 240, 360,
and 480 min. The samples were submitted to the
liquid-liquid extraction technique and analyzed by
HPLC-DAD. Bioassays were performed using two
organisms, Daphnia magna and Aedes aegypti lar-
vae, at all the degradation times. The degradation
rate was 98% and 99% after 30 min of reaction for the
UV/H,0, process and UVC photolysis, respectively.
Moreover, during treatment, the main CP by-product,
chlorpyrifos oxon (CPO), was identified among other
unknown by-products. Acute toxicity with D. magna
showed a decrease in the immobility at 480 min by
the UV/H,0O, process, while in UVC photolysis,
100% immobility was observed for up to 90 min of
treatment, and the endpoint oscillated until the end
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of the process. Bioanalytical monitoring with A.
aegypti showed no toxic effects on samples treated by
the UV/H,0, process at 60, 90, 120, and 480 min of
degradation. Despite the detection of CPO after UVC
photolysis from 60 min onwards, no toxicity was veri-
fied, indicating that the by-products generated were
not toxic to this organism. Therefore, even though
high CP degradation rates were reached, for both pro-
cesses, it was noted that bioassays and the ecotoxico-
logical effect after degradation effluent are important
to complement analytical tools.

Keywords Commercial formulation - Pesticide
treatment - Daphnia magna - Aedes aegypti larvae -
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1 Introduction

Chlorpyrifos (O, O-diethyl O-3, 5,6-trichloro-2-pyri-
dyl phosphorothioate) (CP) is one of the most used
pesticides in the world as the active compound of
more than 900 commercial formulations and in soil
treatment pre- and post-planting for agriculture pro-
duction, lawn protection, ornamental plants, and ani-
mal protection products (Alvarez et al., 2013; Kumar
et al., 2017; Solomon et al., 2014). Due to its exten-
sive use and persistence in the environment, this pol-
lutant is most frequently detected in surface water,
soils, and sediments, as well as in foods, fish, and
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processed products (Kumar et al., 2017; Rigueira
et al., 2013; Vagi & Petsas, 2020).

The compound CP has been detected in aquatic
ecosystems in the concentration range from 0.01
to 10 pg L~! (Bonifacio et al., 2017; Ferrario et al.,
2018) and may cause a variety of nervous disorders in
humans and toxicity to various species of invertebrate
and vertebrate organisms (Caceres et al., 2007,
Sparling & Fellers, 2007). Moreover, even low
concentrations (pug L™'—ng L™!) can result in toxic
effects to different endpoints depending on the test
organism, such as immobility, modification, and death
(Demetrio et al., 2014; Fatma et al., 2018; Marigoudar
et al., 2018; Rebechi et al., 2014). Therefore, UVC
photolysis (Utzig et al., 2019) and advanced oxidation
processes (AOPs), such as TiO,/H,0,/UVA (Thind
et al., 2018), photo-Fenton, TiO,/H,0,, O;/H,0, and
O3 (Dutta et al., 2015; Murillo et al., 2010), TiO,/UV
(solar radiation) (Amiri et al., 2018; Gar Alalm et al.,
2015), and UV/H,0, (Femia et al., 2013; Utzig et al.,
2019), have been studied as alternative technologies to
its treatment.

The evaluation of these processes’ efficiency has
been based mainly on analytical monitoring by lig-
uid chromatography of the target pollutant follow-
ing treatment. However, studies with commercial
formulations as well as investigations of the toxicity
of the by-products generated by AOPs are needed as
these transformation products can result in a more
toxic response than their parental molecules (Rizzo,
2011). The major degradation by-products of CP,
CPO (chlorpyrifos oxon), and TCP (3,5,6- trichloro-
2-pyridynol) are generated under UV radiation and
are more water-soluble than CP itself. Also, CPO can
be formed by oxidizing agents such as H,O,, which
convert CP (P=S) into CPO (P=0) (Dhiraj et al.,
2020).

To the best of our knowledge, few studies have
evaluated the ecotoxicological effects of CP after
AOP treatment. Femia et al. (2013) studied UV/
H,0, degradation of the commercial pesticide CP
(15 mg L™") in ultrapure water and assessed the eco-
toxicity response of Aliivibrio fischeri. The authors
observed oscillation of toxicity throughout the deg-
radation processes, even though 93% of the CP was
degraded in the first 20 min of treatment. Despite
the efficiency (93%) resulting in the remaining CP of
1.05 mg L', this value is below the A. fischeri ECs,
(2.84 mg L™1), which may indicate the generation of
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toxic by-products (Palma et al., 2008). Utzig et al.
(2019) achieved 97% degradation of standard CP
(200 pg L) by the UV/H,0, process and UVC
photolysis in 20 and 60 min of treatment, respec-
tively. However, the samples treated by the UV/H,0,
process increased the toxicity to both Aedes aegypti
larvae and Lactuca sativa seeds. These studies dem-
onstrate the relevance of monitoring the degradation
process by AOPs not only by analytical methods but
also by bioanalytical assays.

Chromatographic techniques have allowed the
presence of CP to be determined at concentrations of
150 ng L' (Pelit et al., 2012), 30 ng L~! (Demetrio
et al., 2014) by GC/ECD, and 16 ng L™! by GC/MS
(Pelit et al., 2012), at which some of these values are
above the commercial CP ECy, for both organisms
(D. magna and A. aegypti larvae) obtained in this
work. This evidence reveals that bioassays are more
sensitive than most analytical techniques, especially
in a complex mixture of molecules, in which analysis
of the individual target compound is not sufficient to
infer ecotoxicological effects (Neale et al., 2017). For
these cases, the use of specific indicator organisms
related to the mechanism of action of the target com-
pound is an alternative means of verifying the sam-
ple toxicity when the pollutant is below the analytical
limit of detection. In this sense, we used A. aegypti
larvae as a neuroactive insecticide indicator, since it
is sensitive to organophosphates such as CP (WHO,
1981).

For this purpose, this work aims to evaluate the
photodegradation of the commercial pesticide chlor-
pyrifos by UV/H,0, and UVC photolysis using chro-
matographic analysis and toxicity responses using
two different organisms, Daphnia magna and A.
aegypti larvae.

2 Materials and Methods
2.1 Chemical Reagents and Solutions

All solutions were prepared in ultrapure water (Meg-
aPurity). The chemicals chlorpyrifos (CP) (99.9%
purity, Sigma-Aldrich, pka=—4.24), chlorpy-
rifos oxon (CPO) (98.8% purity, ChemService),
3,5,6-trichloro-2-pyridynol (TCP) (99.2% purity,
Sigma-Aldrich), Peroxide-test®, acetonitrile (J. T.
Baker), NaOH (Merck), and H,SO, (Merck) were
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of analytical grade or higher. Hydrogen peroxide
(35% wiv) and Allper® reagent were purchased from
Peréxidos do Brasil Ltda. Bovine liver catalase (4%
w/v) was supplied by Sigma-Aldrich. The commer-
cial pesticide (48% w/v CP) used in this work con-
tains naphtha solvent, a mix of heavy aromatic hydro-
carbons and other compounds not specified by the
supplier.

For chromatographic analysis, analytical CP and
CPO standards (200 pg L™') were prepared in 0.2%
acetonitrile and stored at—20 °C in an amber flask.
For the photodegradation experiments, a stock solu-
tion (240 mg L™!) was prepared from the commercial
pesticide in ultrapure water. The working solution was
diluted daily to 200 pg L™! from a stock solution in
purified water, and the final pH was adjusted to 5~6
(Rizzo et al., 2019; Utzig et al., 2019). All of these
chemicals were used without any further purification.

2.2 Photodegradation Experiments

The UV/H,0, and UVC photolysis experiments
were performed in a bench borosilicate reactor with
water-cooling and a working solution of 600 mL.
The photodegradation processes were accomplished
using a high-pressure mercury vapor lamp (125 W)
as a source of UVC-Vis radiation (200—800 nm). The
lamp was covered with a quartz bulb and immersed
in the solution for different treatment times (30, 60,
90, 120, 240, 360, and 480 min). Both experiments
were carried out in an aqueous solution containing
200 pg L™' of commercial CP (Rizzo et al., 2019)
at pH 5~6. The UV/H,0, process was performed
with an initial concentration of H,0, at 100 mg L™,
which is the optimal concentration for the degrada-
tion of the commercial formulation by this process
(Femia et al., 2013; Utzig et al., 2019). The residual
H,0, was monitored by means of spectrophotomet-
ric methodology using Allper® reagent (Brandhuber
& Korshin, 2009) (LOD 0.50 mg L~! and #=0.999,
n=3, A=395 nm). Following the H,0, consumption
profile (data not shown), the same initial concentra-
tion of H,O, was re-added every 15 min of treatment.
At the end of the process, the residual H,O, was
removed using bovine liver catalase (1% w/v).

The chromatographic analysis was based on a
method validated by our research group (Utzig et al.,
2019) using high-performance liquid chromatography

(HPLC, Agilent Technologies) with a Poroshell 120
EC-C18 column (4.6x150 mm, 2.7 pm, Agilent,
USA) coupled to a diode array detector. Purifica-
tion and preconcentration by liquid—liquid extrac-
tion (LLE) were performed on treated samples
before HPLC-DAD analysis. The procedure was
carried out using 100 mL of sample and ethyl ace-
tate (4x 10 mL). The extracts were evaporated and
reconstituted in purified water with 0.2% acetonitrile
(preconcentration factors between 20 and 250 X). For
LLE recovery, validation was accomplished at three
concentrations in the linear range (between 15 and
200 pg L1, obtaining acceptable recoveries (99%)
of CP.

The efficiency of treatments was calculated accord-
ing to Eq. 1, where C, (pg L) is the initial concen-
tration of CP and C (pg L™!) is the concentration of
CP determined after every treatment time.

. C
Effi =100 (1 _ —)
ClenCy X CO (1)

2.3 Bioassays

For bioanalytical assays, samples were collected in
clean glass flasks, and bovine liver catalase (1% w/v)
was added to remove the residual H,O, immediately
after UVC/H,0, treatment. All samples were then
immediately frozen (—20 °C) and kept that way for a
maximum of 20 days until the tests were performed.
Two organisms were used for bioassays: D. magna
and A. aegypti larvae. The ECy, values were deter-
mined for both standard and commercial CP.

2.3.1 Acute Ecotoxicity with Daphnia magna

Tests were carried out with D. magna following the
NBR 12,713 (ABNT, 2016). To determine the 50%
effective concentration (ECs,) of the CP analytical
standard, solutions (0.05 to 0.3 pg L™!) were pre-
pared from the stock solution (standard CP, 200 pg
L', in ultrapure water with 0.2% ACN). For the
commercial CP, solutions were prepared by diluting
the commercial pesticide in ultrapure water. Both
solutions were diluted in the culture medium. Ten
neonatal organisms (2-26 h) were used in each of
the three replicates (n=3). Samples before and after
treatment were diluted in the culture medium at 100,
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50, 25, 12.5, and 6.25% (v/v). Culture medium and
ultrapure water with 0.2% ACN were used as nega-
tive and solvent control, respectively. All tests were
maintained at 20+2 °C. After 48 h of exposure, the
number of immobile organisms was recorded, and the
percent inhibition was calculated. The ECs, values for
the standard and commercial CP were calculated by
Probit statistical analysis using BioEstat 5.0 free soft-
ware. Toxicity results were expressed in terms of the
toxicity factor (TF), equivalent to the lowest dilution
at which the immobility was lower than 10%.

2.3.2 Larvicidal Activity in Aedes aegypti

Tests with A. aegypti larvae (Rockefeller strain) fol-
lowed the methodology described by the World
Health Organization (WHO, 1981) and adapted by
Utzig et al. (2019). To determine the ECs, for stand-
ard CP, solutions (0.2 to 2.0 ug L™") were prepared
from a stock solution (standard CP, 200 pg L7!, in
ultrapure water with 0.2% ACN). For the commercial
CP, solutions were prepared by diluting the commer-
cial pesticide. Both solutions were diluted in bottled
mineral water. For bioassays, larvae were used in the
3rd and 4th stages of development (Bar & Andrew,
2013; Christophers, 1960). Each sample was tested in
quadruplicate. Bottled mineral water and 0.2% ACN
solution were used as negative and solvent controls,
respectively.

After 48 h of exposure, the number of immobile
organisms was recorded, and the percent inhibition
was calculated. The ECy, values were calculated

Fig. 1 3D chromato- —— = —
gram of CP (8.3 min),

CPO (5.2 min), and TCP

(4.9 min). Conditions:

mobile phase of water

and acetonitrile in a 90:10

(v/v) ratio, flow rate of

0.4 mL min~', and absorp-

tion at 290 nm
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using Probit statistical analysis with BioEstat 5.0 free
software.

3 Results and Discussion
3.1 Photodegradation Experiments

For the analysis of the compound and its degrada-
tion by-products, both the retention times and the
spectral profiles of CP, CPO, and TCP standards
(purity >99%) were evaluated by HPLC-DAD, under
the same chromatographic conditions. The chromato-
graphic absorption of CP, CPO, and TCP corresponds
to 290 nm, as shown in Fig. 1.

After 15 min of reaction, 90% of the H,0, was
consumed, and the residual concentration remained
constant (10%). Therefore, to maintain the initial
H,0, concentration, the reactant was re-added every
15 up to 480 min of reaction.

Chromatographic analysis identified the corre-
sponding peaks of CP and CPO eluted at retention
times of 8.3 and 5.2 min, respectively, under the same
chromatographic conditions. However, for all treat-
ment times studied, no TCP was detected, as shown
in Fig. 2.

After 30 min of treatment of UV/H,0,, the CP
decreased from 200 to 3.51 pg L™!, achieving a deg-
radation efficiency of 98.24%. After 60 min, the CP
was no longer detected by the analytical method
(<LOD, 0.02 ug L™"), resulting in a degradation rate
higher than 99.99%. At 60 and 240 min of treatment,
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Fig. 2 Chromatograms of commercial pesticide degrada-
tion by UV/H,0, (a) and UVC photolysis (b) processes at
different treatment times (A=0 min, B=30 min, C=60 min,
D=90 min, E=120 min, F=240 min, G=360 min, and
H=480 min). a UV/H,0, (times A=no PCF, B=50xPF,
and C-H=250%xPCF). b UVC photolysis (times A=no PCF,
B=20xPCF, and C-H=250x%PCF). PCF=preconcentration
factor

one of the main CP by-products was identified, the
chlorpyrifos oxon (CPO). However, at the end of
the treatment (480 min), the CPO was completely
degraded, and it could not be detected on the chro-
matogram (Fig. 2a). These results are in agreement
with Robles-Molina et al. (2012), who identified the
by-product CPO by electrochemical oxidation of the
P=S bond of CP. Besides, unknown by-products
were formed throughout the degradation process that
could be attributed either to the CP compound or to
the commercial pesticide formulation.

UVC photolysis performed for 30 min resulted in
a residual CP concentration of 1.65 pg L~!, which

corresponds to a degradation efficiency of 99%. After
60 min of treatment, CP was no longer detected, indi-
cating concentrations below the LOD (<0.02 pg L"),
i.e., greater than 99.99% CP degradation. Unknown
by-products were also observed at all treatment
times. The by-product CPO was identified at 240
and 480 min of treatment, under the same chromato-
graphic conditions as for the UV/H,0, process, with
similar spectral profiles and retention times (Fig. 2b).

Slotkin et al. (2009) reported on the UVC photo-
degradation of standard CP (550 mg L~! in metha-
nol) using four low-pressure mercury vapor lamps
(A=254 nm). The removal efficiency achieved was
50% and 70% after 60 and 120 min, respectively.
However, compared with this work, the difference in
the degradation rate was approximately 30% for the
same treatment times. Femia et al. (2013) reached
93% commercial CP degradation (15 mg L™! in aque-
ous solution) in 120 min of treatment by UVC pho-
tolysis using a 20-W lamp at 4=253.7 nm. These
results are related to the dependence of CP photodeg-
radation on the energy of the radiation source. Thus,
the results obtained in this work prove that using a
radiation source with a higher energy power (125 W)
as well as the light in the spectral range of 220 to
800 nm improves CP photodegradation performance.

Regarding the degradation rate, the use of hydro-
gen peroxide in the photocatalytic process may pro-
duce additional drawbacks when photodegradation
is performed with complex mixtures of compounds,
as observed in this work. Besides the active ingre-
dient CP in the solution system, there are high con-
centrations of unknown organic compound mixtures
(mainly petroleum-derived solvents) and adjuvants
present in the commercial pesticide, which may gen-
erate hydroxyl radical scavengers, thus affecting the
oxidation rate (Lescano et al., 2021). The excess of
H,0, in the reaction medium could decrease the deg-
radation efficiency by acting as an HO® scavenger, by
generating HO,® radical oxidizing (E°=1.42 V V/
SHE), or by scavenging light that would otherwise
be available to degrade the compounds (Boczkaj &
Fernandes, 2017; de Oliveira et al., 2014; Pereira
et al., 2007).

Moreover, the in situ generation of HO® from H,0,
triggered by UVC irradiation enhances the oxidation
of organic compounds compared with UVC pho-
tolysis (Pereira et al., 2007). These different organic
compounds can result in by-products generated at
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every stage of the oxidative process, as observed on
the chromatogram (Fig. 2a). Lescano et al. (2021)
observed that the active CP compound alone contrib-
uted with 23% of the global TOC under UV/H,0,
degradation, indicating that the remaining TOC result
was related to the commercial formulation mixture,
which could generate by-products. These main causes
could explain the degradation rate of CP by the UV/
H,0, process in the commercial formulation.

3.2 Acute Ecotoxicity with Daphnia magna

The ECs, were 150 ng L~! for standard CP and
0.14 ng L' for commercial CP. The results showed
that the commercial pesticide was more toxic than
the standard CP (~ 1,071 times), probably due to the
contribution of adjuvants and unknown organic com-
pounds from the formulation, such as a mixture of
aromatic hydrocarbons containing naphtha solvent,
heavy aromatic hydrocarbons, and other ingredients
not specified on the label. Demetrio et al. (2014)
evaluated the toxic effects of standard (S) and com-
mercial (F) formulations of the active compounds
of three pesticides (cypermethrin, chlorpyrifos, and
glyphosate) on D. magna. All three commercial for-
mulas were more toxic than their active ingredients,
with LCs, values in the range of 9.34 mg L™! (F) and
199 mg L~! (S) for glyphosate, 2.81 mg L™ (F) and
3.73 mg L™! (S) for cypermethrin, and 0.30 mg L
(F) and 1.22 mg L~'(S) for chlorpyrifos. These stud-
ies reveal the importance of performing ecotoxicolog-
ical assays, as many regulatory thresholds are defined
by the active ingredient ECs, and not by the commer-
cial formula.

Although CP was no longer detected
(<LOD=0.02 pg L) after 30 min of photodeg-
radation experiments, bioassays demonstrated that
the treatments resulted in toxic effects on D. magna.
The results of acute toxicity to D. magna expressed
as a function of the TF are a non-dimensional num-
ber defined as the lowest sample dilution that does
not cause a significant immobility effect in more
than 10% of the tested organisms (ABNT NBR
12,713, 2016; Baumer et al., 2018). Wide variation
was observed in acute toxicity according to the pro-
cess and treatment time (Fig. 3). This behavior may
be due to the different degradation rates of commer-
cial CP for both processes, which generated CPO
and unknown by-products during the treatments,
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Fig. 3 Acute ecotoxicity of commercial chlorpyrifos before
and after treatments by a UV/H,0, and b UVC photolysis in
Daphnia magna

as observed in Fig. 2a. Therefore, each sample rep-
resents a complex mixture of molecules that could
interact with each other, both synergistically and
antagonistically.

The untreated solution (0 min) resulted in the
highest TF value, which corresponded to 100%
immobilization of the organisms at the highest sam-
ple dilution performed in this work (sample con-
centration of 3.12%), resulting in a TF higher than
32. The initial TF was related to the CP concentra-
tion (200 pg L™"), which was~ 1,428 times higher
than the ECs, value for D. magna found in this
work (0.14 ng L™'). The organic compounds and
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adjuvants in the commercial formula may also have
contributed to this significant toxic effect.

The UV/H,0, process resulted in wide varia-
tion in toxicity throughout the treatment times stud-
ied. It was observed that at 90 and 480 min, the TF
decreased significantly compared with the initial
time (from 32 to 2). Also, the treatment performed at
480 min decreased the percentage of immobilization
from 100 (in 90 min) to 40% for non-diluted samples
(TF). Compared with the initial toxic effect, the UV/
H,0, process resulted in a continuous decrease in the
TF value from 30 (32 to 16) to 90 min (TF 2). How-
ever, toxicity was observed to increase from 120 (TF
4) to 360 min (TF 16) and then decrease at 480 min
(TF 2) (Fig. 3a). By contrast, UVC photolysis signifi-
cantly reduced the toxicity after 60 min (TF 32 to 2),
and the endpoint in D. magna remained constant until
360 min of treatment. Moreover, the treatment per-
formed at 120 min showed decrease in the percent-
age of immobilization in a non-diluted sample (30%).
Nevertheless, the treatment performed at 480 min
increased the TF from 2 to 4 (Fig. 3b).

After 60 min of photodegradation, the CP con-
centration was lower than the LOD (0.02 pg L") for
both processes, reaching a degradation rate greater
than 99.99%. Considering the ECs, for the commer-
cial formulation of CP (0.00014 pg L™!) and standard
CP (0.15 ug L") for D. magna, the toxicity response,
in this case, may be related to the mixture of com-
pounds present in the commercial formulation, its by-
products, and the by-products generated from the CP.
Moreover, studies have shown that CP in the range
of ng L™! can cause chronic toxicity. Reproduction
in Daphnia carinata until the third generation was
affected by prolonged exposure to 5 ng L™! of CP
(Zalizniak & Nugegoda, 2006).

Regarding the by-product CPO, Sparling and
Fellers (2007) evaluated the acute toxicity of CP
and CPO in the larval stage of Rana boylii (frog).
They observed that 500 pg L™ CP resulted in 100%
mortality of the organisms, while 5 pg L™' CPO was
sufficient to reach the same endpoint. However, in this
work, it was not possible to associate the toxic effects
with the presence of a single by-product. Commercial
CP is a complex mixture of molecules before and
after photodegradation. Besides, the oscillation in the
TF values throughout treatment for both processes,
UV/H,0, and UVC photolysis, demonstrated no
relation to the presence of CPO.

In this sense, new approaches have been taken to
assess the toxic effects of complex mixtures. Neale
et al. (2017) proposed a battery of in vitro and
in vivo ecotoxicological assays to monitor surface
water. The authors selected 32 pollutants present in
water, including the CP, according to environmental
relevance, hazard quotients, and their mechanisms
of action. The results highlight that most of the
compounds are responsible for the toxic effect when
they are in a mixture, even if the molecules cannot
be detected by analytical methods (Mesnage &
Antoniou, 2018).

3.3 Larvicidal Activity with Aedes aegypti Larvae

The ECs, values for standard and commercial CP
were 0.84 and 2.24 pg L™', respectively. The results
expressed in terms of A. aegypti larvae immobility
before and after UV/H,0, and UVC photolysis are
shown in Fig. 4.

For both processes, the untreated sample (0 min)
showed 100% larval immobility. This was expected
since the action of CP is that of an insecticide.
Moreover, the initial concentration (200 pg L7
was approximately 89 times higher than that of ECy,
(2.24 pg LY for A. aegypti.

For the UV/H,0, process (Fig. 2a), the residual
CP concentration at 30 min of treatment was 3.51 pg
L~; this value is higher than the ECs, for A. aegypti
larvae, resulting in a toxic effect. The treatments per-
formed at 60, 90, and 120 min did not present toxic
effects, and the CP values were below the LOD and
ECs, of 0.02 pg L~' and 2.24 pg L7, respectively.
Although the CPO peak was detected at 60 min of
treatment, the absence of toxicity at these treatment
times (60, 90, and 120 min) implies that the by-prod-
ucts generated were not toxic to this organism. As
observed for D. magna, performing the treatment for
240 and 360 min increased the toxicity, possibly due
to the sensitivity of both organisms to highly toxic by-
products formed during the process.

For UVC photolysis in 30 min of treatment, the
residual CP concentration of 1.65 pg L' resulted
in a toxic effect. This endpoint could be caused, at
first, by CP or by the by-products generated in the
reaction medium. By contrast, the other treatment
times did not result in toxicity, indicating that the
by-products generated did not cause toxic effects
on this organism. Taking into account the presence
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Fig. 4 Larvicide effect of commercial chlorpyrifos before and
after treatment by a UV/H,0, and b UVC photolysis in Aedes
aegypti larvae

of CP, after 60 min of treatment, this compound
was no longer analytically detected in the reaction
medium, and no toxicity to A. aegypti larvae was
observed (Fig. 1a). In this case, the analytical and
bioanalytical tools complemented each other. How-
ever, as it is a complex mixture of molecules, the
absence of toxicity observed for A. aegypti larvae in
this work did not indicate any toxicity of the solu-
tion. Moreover, additional studies on the commer-
cial formulation and its by-product are required, as
the literature only presents evaluations of the sen-
sitivity of this organism to the active CP molecule

@ Springer

and not to the commercial formulation (Abe et al.,
2014; Lopez et al., 2014; Zahrani et al., 2020).

The toxicity evolution of samples during AOP
treatment is complex and still unclear. Therefore, the
monitoring of toxicity throughout AOP treatment is
crucial to assess its efficiency, and few publications
provide relevant information about changes in toxicity
during AOP treatment (Wang & Wang, 2021). Three
different situations regarding the change in toxicity
are usually found for various AOP treatments: (1) a
decrease in toxicity during the AOP treatment; (2)
first an increase and then a decrease during the AOP
treatment; (3) an increase in toxicity during the AOP
treatment. These behaviors regarding wastewater tox-
icity during AOPs can be due to many factors, such
as the types of reactive species, structure of organic
pollutants, concentration of reactive species, toxicity
bioassay used, experimental parameters, residual oxi-
dizers, and heterogeneous catalysts (Wang & Wang,
2021). Moreover, photochemical process (UVC pho-
tolysis) and photocatalysis process (such as UVC/
H,0,) have different degradation mechanisms for
organic pollutants, leading to variation in the toxicity
of wastewater (Cedat et al., 2016). A higher concen-
tration of reactive species (such as hydroxyl radical)
is expected in the UVC/H,O than in UVC photolysis,
which could explain the greater reduction in toxicity
in the UVC/H,0, process after 480 min for D. magna.
Finally, the method used to assess toxicity also influ-
ences the response. Different organisms have differ-
ent sensitivities and different mechanisms of action
for the same compound analyzed. Thus, it is vital to
investigate the toxicity changes during the treatment
of AOPs using organisms of different trophic levels.

This study demonstrates the need for evaluation by
combining analytical and bioanalytical assays, espe-
cially those related to AOP treatments. Recent studies
have shown that partial oxidation of organic contami-
nants after AOPs can result in recalcitrant mole-
cules that are more toxic than the parent compounds
(Rizzo, 2011; Utzig et al., 2019). Only bioassays can
assess the matrix mixture effects, including the con-
tributions of unidentified by-products or those com-
pounds below the detectability of analytical methods
(LOD).

In this work, the toxic effects observed for both
D. magna and A. aegypti after treatment by the UV/
H,0, process at 240 and 360 min probably indicate
the synergy between the by-products and the organic
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compounds from the commercial formulation, result-
ing in the observed endpoint responses.

Bioassays are sized to calculate risks, which means
that more potent compounds will contribute more to
their response than less potent chemicals. Another
advantage of bioanalytical monitoring would be the
greater sensitivity to micropollutants and by-product
molecules present at low concentrations in environ-
mental matrices (Neale et al., 2012).

Besides, the organisms chosen in this work (D.
magna and A. aegypti) have great representative-
ness and sensitivity for aquatic and terrestrial envi-
ronments. D. magna is one of the main freshwater
bioindicators and is used worldwide for toxic evolu-
tion evaluation. A. aegypti represent a class that can
be found in high abundance in urbanized areas and at
rural sites. Furthermore, this is an organism sensitive
to the insecticidal action of chlorpyrifos, the active
compound present in the commercial formulation.

4 Conclusion

In this study, efficient treatment with commercial CP
was performed by the UV/H,0O, process and UVC
photolysis, achieving 98.24% and 99.18% degrada-
tion in 30 min, respectively. Degradation rates higher
than 99.99% were obtained for both processes after
60 min. Throughout the treatments, the CPO by-prod-
uct was identified by chromatographic analysis. Also,
unknown by-products formed during the degradation
were observed, which could be from the commercial
formulation, as well as the by-products generated
from the CP compound itself.

Both D. magna and A. aegypti proved to be effec-
tive bioindicators since they showed sensitivity to the
by-products generated, even when analytical monitor-
ing indicated high rates of CP degradation. Moreover,
the study revealed A. aegypti larvae as an alternative
in terms of bioassay indicator organisms for organo-
phosphate compounds and for commercially formu-
lated pesticides.

The ecotoxicity tests performed before and after
the treatments demonstrated that, even when high
rates of target compound degradation are reached, the
trace levels of the target compound should be ana-
lyzed as well as its degradation by-products, which
may be responsible for the toxicity increase in the
treated effluent.

However, once the presence of toxic compounds,
verified by bioassay, oscillated up to 480 min for both
treatments, it was difficult to determine a treatment
technology for a complex sample such as the com-
mercial pesticide CP.
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