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Abstract

Background: Imidacloprid is among the most widely used insecticides and today is found in surface and ground
water worldwide. It has been registered in the EU watchlist for monitoring. To prevent imidacloprid from entering
water bodies, advanced oxidation processes (AOP) have been intensely researched. Photo-irradiation proved one of
the most efficient methods to degrade and eliminate anthropogenic micropollutants from waters. The ecotoxicity
assessment of photoinduced degradation and transformation products especially in the absence of reference stand-
ards is still heavily explored.

Results: In this study, UVA and UVC irradiation in combination with titanium dioxide P25 as photocatalyst were
investigated for their degrading and eliminating effects and effectiveness on imidacloprid. Humic acid was used as
natural organic matter additive. High-performance liquid chromatography coupled with high-resolution mass spec-
trometry allowed to identify and monitor imidacloprid and its degradation intermediates yielding seven new struc-
tures and concentration-time (c-t) profiles. The correlation of structures and the application of radical scavengers
and photocatalyst helped distinguish between direct photoinduced and indirect hydroxyl radical-induced degrada-
tion mechanisms. The identification of hydroxylated products and intermediates indicated the indirect degradation
pathway, which could be suppressed by addition of a radical scavenger. The absence of hydroxylated intermediates
and fragments pointed towards the direct absorption-induced degradation. Two degradations products were traced
back to the direct mechanism, whereas all other products followed the indirect mechanism. The ecotoxicity of the
identified compounds was assessed by quantitative structure—activity relationship (QSAR) analysis. Most products
were predicted as less ecotoxic. Ecotoxicity equivalents (ETEs) were introduced allowing a classified ranking of the
products and an assessment of the overall hazardous potential of the irradiated solution at a given moment. Gener-
ally, the number of hydroxyl substituents was inversely correlated to ecotoxicity. From the c-t curves, time-dependent
ETE profiles were established.

Conclusions: Structure elucidation and c-t profiles from liquid chromatography-high-resolution mass spectrometry
allowed to distinguish between direct and indirect degradation mechanisms. Structure specific ecotoxicity assess-
ment could be achieved through QSAR analysis. Ecotoxicity hazard was ranked based on ETEs. The time-dependent
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ETE profile proved suitable to reflect the effect of irradiation duration and allow to estimate the irradiation time
required to eliminate ecotoxicity, which may be relevant for potential applications in wastewater treatment plants.

Keywords: Imidacloprid, HPLC-HRMS, Ecotoxicity, QSAR, Radical scavenger, AOPs

Background

Regular monitoring and random sampling have revealed
today’s ubiquity of anthropogenic micropollutants, such
as pharmaceuticals or pesticides, in lakes and river waters
[1-3]. This situation urged the European commission to
introduce a watchlist of particularly hazardous chemical
substances [4, 5]. Too little information has been available
about the distribution of these substances. Each country
of the European Union has hence been obliged to collect
monitoring data for these substances and map their dis-
tribution and concentrations in water bodies. The cur-
rent second EU watchlist comprises five neonicotinoids,
among them imidacloprid [5]. Neonicotinoids are syn-
thetic insecticides, act as neurotoxins and possess high
ecotoxicity against arthropods and aquatic organisms
[6]. They are also persistent and were reported to pos-
sess a half live of approximately 30 days in soils and water
[7-9]. Imidacloprid occurs in European surface waters of
France, Germany and Spain, but also of Australia, Brazil,
Burkina Faso, China, Kenya and the USA with concentra-
tions from ng L™! to ug L' [10]. Agriculture and sewage
systems have been recognized as main entry routes into
open waters. [6]. Sewage treatment plants are no longer
capable of complete elimination, as common bacterial
purification were found to lack sufficient efficacy against
various pharmaceuticals and pesticides [3, 11-13].

To effectively remove micropollutants, advanced treat-
ment processes have been researched for years including
Advanced Oxidation Processes (AOPs), whose common
feature is the occurrence of hydroxyl radicals [14-16].
Among others, hydroxyl radicals can be generated from
water through UVC irradiation [17]. Although being
thus formed in low yields, hydroxyl radicals are strong
oxidizing agents, their oxidation potential amounting to
2.80 V, as compared to ozone with an oxidation potential
of 2.07 V [18]. In contrast, UV radiation may excite com-
pounds directly, followed by chemical reactions.

Both pathways leading to transformation and degra-
dation have been referred to as the direct degradation
mechanism and—in case of hydroxyl radical induction—
the indirect one [10, 19]. The direct mechanism is gov-
erned by the absorption spectrum of the compound and
the emission spectrum of the lamp. For the generation
of hydroxyl radicals UVC radiation or UVA light and
a suitable photocatalyst such as titanium dioxide are
required [20, 21]. Attempts were made to distinguish
between both degradation mechanisms [10, 19, 22]. In

this respect, radical scavengers such as tert-butanol and
methanol suppress hydroxyl radical-induced oxidation
[23-25]. Occasionally, degradation products from AOPs
were suspected to be more toxic than the original sub-
stances [26, 27]. During an AOP, the concentration—time
(c-t) curves were often monitored and the structures of
degradation or transformation products were often elu-
cidated by high performance-liquid chromatography
(HPLC) coupled to high-resolution mass spectrometry
(HRMS) and higher order mass spectrometry (MS") [10,
28-31]. As matrix, pure water or water containing nat-
ural organic matters such as humic acid and fulvic acid
were used [32, 33].

Due to the lack of reference standards for photodegra-
dation products, experimental determination of ecotoxi-
cological parameters from assays with Daphnia magna or
Vibrio fischeri have been rare or impossible. Quantitative
Structure—Activity Relationship (QSAR) analysis is a fast
and computer-based alternative for ecotoxicology assess-
ment [34, 35]. Within QSAR, profiling is carried out
first to assign the analyzed structures to a specific class,
based on similarity according to the Simplified Molecu-
lar Input Line Entry Specification (SMILES) code [36].
Database comparison at this point may already yield eco-
toxicological data if present. If not, two different models,
that were derived from available in vitro and/or in vivo
experimental data, can be employed: ECOSAR and the
one introduced by Veith et al. and Pavan et al. [37, 38].
Starting from these models, chemometric methods, such
as linear or non-linear regressions, are eventually used
to predict the ecotoxic values for the structures under
consideration.

In this study, the photoinduced degradation of imida-
cloprid was investigated using HPLC-HRMS and MS".
The influence of UVA and UVC light on the degradation
velocity and resulting products was studied, as well as the
effects of titanium dioxide, tert-butanol and humic acid.
The obtained c-t curves and molecular structures were
interpreted in terms of the direct absorption-induced
degradation and indirect hydroxyl radical-induced trans-
formation. To assess ecotoxicity, the identified interme-
diates and products were submitted to QSAR analysis.
Transformation from obtained ecotoxicity values to eco-
toxicity equivalents (ETEs) for all the products led to a
hazardous potential rank. The ETEs were also correlated
with the c-t curves to yield time-dependent ETEs.
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Methods

Chemicals and reagents

For all photoinduced degradation experiments imidaclo-
prid (>98.0%, Sigma-Aldrich, Steinheim, Germany) was
used. Imidacloprid was dissolved in ultrapure water (Ber-
rytec, Griinwald, Germany) with a final concentration
of 20 mg L™ (78 pmol L7?), allowing for a convenient
amount for characterization of degradation and trans-
formation products. For radical scavenging experiments,
tert-butanol (99.5%, Acros Organics, Geel, Belgium) was
added to the solution to yield final concentrations of
5 vol-% (0.5 mol L™1) and 20 vol-% (2 mol L™Y), ensur-
ing a large excess of radical scavenger. As photocatalyst,
100 mg L~! of TiO, P25 (Acros Organics, Geel, Belgium)
were suspended in the imidacloprid solution. For study-
ing the influence of dissolved organic matter, 5 mg L™ of
humic acid (>98% Alfa Aesar, Haverhill, Massachusetts,
USA) were added to solutions containing imidacloprid.
All solution had a pH-value of 5.0+0.5. As eluents for
UPLC-analysis ultrapure water (A) and acetonitrile (B)
(Carl Roth, Karlsruhe, Germany) were used, both acidi-
fied with 0.1% formic acid (Fluka-Honeywell; Seelze,
Germany).

Absorption spectra

For comparison of the emission of the UV lamps and the
light absorption of imidacloprid, absorption spectra were
recorded from 200 to 1100 nm using a UV5Nano spec-
trometer (Mettler Toledo, Columbus, USA). Emission
spectra of the UV lamps were recorded using a HR4000
spectrometer (Ocean Optics, Duiven, The Netherlands).

Photoinduced degradation experiments

All photoinduced degradation experiment were per-
formed in a 1 L batchreactor (Peschl Ultraviolet, Mainz,
Germany), covered with aluminum foil. Two different
light sources were used: a medium-pressure mercury
lamp (Heraeus, TQ 150, 150 W) for UVA radiation, that
was operated with a water-cooling system, and a low-
pressure mercury lamp (Heraeus TNN 15/32, 15 W)
emitting UVC radiation, that was operated without cool-
ing. Both lamps emitted polychromatic light. The maxi-
mum intensities were at 313, 365, 405, 437, 547, 578 and
580 nm. The UVC lamp emitted additionally at 185 nm
and 254 nm. The total flux of photons in the wavelength
range between 200 and 500 nm was determined using
ferrioxalate actinometry according to IUPAC [39, 40].
The flux amounted to 3.50 mmol min~! L™ for the UVA
lamp and to 2.03 mmol min~! L™ for the UVC lamp.
The UVA lamp was allowed to reach working tempera-
ture over 2 min, while the UVC lamp did not require
pre-heating. The UV lamps were inserted into the center
of the reactor. A magnetic stirrer 500 rpm was used to
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ensure thorough mixing in the reactor. The reaction
temperature in the entire reactor amounted to 22+2 °C
and was checked during the photoinduced degradation
experiment using a thermometer. All solutions were irra-
diated for 10 min with UVA or UVC light. Samples of
2 mL were taken from the reactor at 30 s intervals dur-
ing the first 5 min of irradiation and at 1-min intervals for
the remaining 5 min. The samples were filtered to remove
the photocatalyst from the sample and then transferred
to brown glass vials so that no further reaction with light
could occur. The samples were directly transferred to
HPLC-HRMS analysis.

HPLC-HRMS analysis

Reversed-phase chromatographic analysis was per-
formed using an Eclipse Plus C18 (ZORBAX, 3.5 pm,
2.1 x 150 mm, Agilent, Waldbronn, Germany). The chro-
matography was performed at a flow rate of 0.3 mL min~*
at a column temperature of 40 °C. Elution started with
eluents A and B varying from 99:1 to 70:30 within 1 min,
followed by isocratic conditions A:B 25:75 during the
next 10 min. At 11.1 min the solvent composition was set
to 1:99 and held for 0.1 min. At minute 15 the gradient
went back to the starting conditions continuing for fur-
ther 15 min, amounting to a total run time of 20 min. The
injection volume was 5 pL.

For accurate mass determination, recording of con-
centration—time (c-f) curves, and MS" experiments, an
electron spray ionization quadrupole ion trap orbitrap
(ESI-Q-IT-OT) (Orbitrap IDX, ThermoFisher Scientific,
Waltham, USA) coupled to an ultra-high performance
liquid chromatography (UHPLC) system (Vanquish Core,
ThermoFisher Scientific, Waltham, USA) was used. The
mass range was set from 100 to 2000 m/z for all experi-
ments. Fragmentation was performed in the higher-
energy collision-induced dissociation (HCD) cell using
collision energies of 30 eV for MS* and 45 eV for MS?,
The spray voltage was set to 3500 V. The vaporizer and
ion transfer tube temperature was 300 °C. For detection
purposes, all ions were channeled to the orbitrap mass
analyzer. The resolution was set to 60,000 for full MS,
30,000 for MS? and 60,000 for MS®. The mass accuracy
was calibrated to 2 ppm before each experiment series.
Fragmentation was analyzed manually using previous
reports and strategies [41-43]. Instruments were con-
trolled with Thermo Scientific Xcalibur Version 4.3.73.11.

Kinetics of photodegradation

Concentration—time curves and kinetic profiles of the
photoinduced degradation of imidacloprid and its trans-
formation and degradation products were computed
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using the curve fitting toolbox within the software Mat-
Lab R2018a (MathWorks, Natick, MA, USA). Mathemat-
ical treatment followed chemical kinetics as described in
detail in previous studies [10, 29, 44—46].

QSAR

The QSAR analysis was carried out in silico using the
OECD QSAR toolbox Version 4.3.1 (OECD, Paris,
France). First, the chemical structure formulae of imida-
cloprid and its transformation and degradation products
were sketched using ACD/ChemSketch 2016.1.1 (ACD-
Labs, Toronto, ON, Canada) software and imported into
the QSAR toolbox. Two models were used: firstly, Eco-
logical Structure—Activity Relationship (ECOSAR), sec-
ondly the model according to Veith et al. in its revised
form by Pavan et al. [37, 38]. The acute toxicity (LCs)
of Pimephales promelas (fathead minnow) was chosen.
From the four calculation models for P. promelas in the
QSAR toolbox the following descriptors were used. The
log k,,, value and the LUMO energy were applied for the
first model (M1). For models 2 to 4 (M2-M4), only the
log k,, value was relevant as descriptor.

Within ECOSAR, the chemical structures were
employed in the SMILES representation. Depending on
the SMILES combination, the chemical substances were
assigned to different classes. To this purpose, a profiling
was carried out to evaluate the relevant ECOSAR classes
for imidacloprid and its degradation products. Suitable
classes were selected for further analysis. Chronic tox-
icity as chronic value (ChV) and acute toxicity as lethal
concentration, 50% (LCy,) and half-maximal effective
concentration (ECg;) were predicted. As organisms,
Daphnia (Branchiopoda), fish (Actinopterygii) and green
algae were chosen.

Page 4 of 14

Time-dependent ecotoxicity equivalents

Toxicity ranking for the initial compound and the trans-
formation and degradation products was created start-
ing from ecotoxicity values obtained from the in silico
QSAR analysis. A ranking was established based on these
values. Subsequently, values from 1 to 17 were assigned
from the least to the most toxic structure. The assigned
values were multiplied by the MS peak area. The result-
ing values were added for all products found in the sam-
ple at a given time. Values were then normalized to the
initial ecotoxicity of imidacloprid and referred to as eco-
toxicity equivalents, cf. Eq. (1). Time-dependent ecotox-
icity representations were obtained as the time course of
the normalized values for a given sample.

Results and discussion

It is important to prevent imidacloprid from entering
surface waters to minimize its ecotoxicological hazard.
With respect to researched fourth purification stages and
their efficiency, the photoinduced degradation of imi-
dacloprid was investigated and related to ecotoxicologi-
cal potential. Firstly, different conditions were probed to
yield a cross section of effects on photoinduced degrada-
tion. The corresponding concentration—time curves from
normalized mass—area are shown in Fig. 1. For mecha-
nistic interpretations, the UVA and UVC lamps emission
spectra and the absorption spectrum of imidacloprid are
given in Fig. 1 as well.

From the concentration—time profiles, it can be rec-
ognized that in general UVC radiation caused a faster
and more complete degradation of imidacloprid. The
additive humic acid did not have an influence on the
degradation velocity, as similar rates were observed, cf.
Table 1. In contrast, tert-butanol decelerated the degra-
dation rate of imidacloprid. In most cases, imidacloprid
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Fig. 1 a Concentration—time curves of photoinduced imidacloprid degradation in ultrapure water (blue), in water containing tert-butanol 5%
(green) and 20% (red), in water after addition of 100 mg TiO, (black) and of 5 mg humic acid (orange) using a UVA lamp (&) and a VUV/UVC lamp
(@); b emission spectra of the UVA lamp (red), VUV/UVC lamp (violet) and absorption spectrum of imidacloprid (blue)
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Table 1 Photoinduced degradation rate constants and half-lives
of imidacloprid

1

Irradiation Additives k/min~ t;o/min

source

UVA - 6.1E—02 1.1E401
5% tert-butanol 5.1E-03 1.4E402
100 mg TiO, P25 1.8E—01 3.9E4-00

uvC - 6.6E—01 1.1E400
5% tert-butanol 5.8E—01 1.2E400
20% tert-butanol 5.6E—01 1.2E4-00
5 mg humic acid 4.6E—01 1.5E400

was degraded within 10 min under UVC irradiation.
Under UVA irradiation, only a very weak degradation
was observed. Only the addition of the photocatalyst
TiO, achieved acceleration, while tert-butanol led to
deceleration. Incomplete degradation was observed
under all conditions of UVA irradiation during 10 min
in contrast to UVC irradiation. Kinetic rate constants
k and half-lives t;,, determined from the degradation
curves are collected in Table 1.

The fastest degradation was observed under VUV/
UVC irradiation in pure water. The degradation rate
constant was determined as 6.6E—01 min~!, which was
found in a good agreement with a previous study report-
ing 6.7E—01 min~' [6]. The addition of tert-butanol and
humic acid decelerated the degradation of imidacloprid
only slightly. tert-Butanol is a known radical scavenger
and as such able to intercept the hydroxyl radicals that
are formed through VUV/UVC radiation. Since UVA
radiation did not lead to degradation or transformation,
it can be concluded that the wavelength 254 and 185 nm
were essential for imidacloprid elimination [10]. As the
TiO, catalyzes the formation of hydroxyl radicals under
UVA irradiation, imidacloprid was found to vanish under
these conditions. The contribution of hydroxyl radicals
was diminished by the presence of tert-butanol. Despite a
25,000-fold excess, even 20% of tert-butanol was not suf-
ficient to completely suppress imidacloprid elimination.
It could hence be assumed that photochemistry occurred,
directly induced by the absorption of radiation at 254 nm.
Humic acid, which was used to simulate natural organic
matter in surface water, also absorbed and thus reduced
the amount of light to induce imidacloprid reactions. As
a consequence, elimination by UV irradiation under non-
laboratory conditions will take longer than under model
conditions.

It might be concluded that degradation through
hydroxyl radical formation leads to faster transforma-
tion or degradation of imidacloprid than photochem-
istry by direct absorption. This finding was supported,
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since the addition of TiO, during UVA irradiation led
to an elimination reaction constant in the same order of
magnitude as during UVC irradiation, cf. Table 1.

Structural investigation of intermediates and prod-
ucts shall further corroborate the mechanistic findings.
In addition, structure elucidation will help to assess
potential hazard to the aquatic environment resulting
from photo-treatment of imidacloprid.

Identification of photoinduced degradation products
Using MS, MS/MS and MS3, structure elucidation and
confirmation could be achieved. Among the photoin-
duced degradation and transformation products, the
well-known imidacloprid derivatives 50H-imidacloprid,
desnitro-imidacloprid, desnitro-olefin-imidacloprid,
urea-imidacloprid and olefin-imidacloprid were observed
[47, 48]. Furthermore, some 50 products were detected
upon UVC irradiation and a total of ten upon UVA irra-
diation. These products that occurred below 1% of the
initial substance were excluded from further consid-
eration. An overview of the most abundant products is
shown in Table 2.

Only two of the proposed structures showed a hydroxyl
group at the 6-membered ring, i.e., Imi193 and Imil94.
In that case, chlorine was substituted by the hydroxyl
group. All other products were hydroxylated at the imi-
dazole ring or at the methylene group connecting the
two rings, or in case of Imi288 and Imi243 at both moie-
ties. Using MS/MS and MS?, the position of the hydroxyl
group could be determined from the fragmentation pat-
tern. Yet, regio-isomers of the imidazole ring remained
undistinguishable. Examples of the MS/MS- and
MS3-spectra are given for Imi226a and Imi226b in Fig. 2.
As can be seen, the two Imi226 isomers exhibited the
same pseudo-molecular ion m/z value with the typical
chlorine isotope pattern. After collision induced dissocia-
tion, the MS/MS spectra showed an identical and a dis-
tinct fragment, m/z =126 for Imi226a and m/z=126 and
139 for Imi226b. With the help of MS?, structures could
be elucidated and verified, showing that Imi226a had the
hydroxyl substituent at the imidazole ring and Imi226b
had it at the intermediated methylene group.

A total of 17 transformation or degradation products
were identified. Five of them have not been reported
before. Their fragmentation pathways are given in sup-
plemental information, Additional file 1: Figs. S1-S7. Pre-
vious studies reported on the substance with m /z=226
but described MS" fragments different from those of
this study. It can hence be assumed that these products
were not identical [57]. Most of the identified products
lacked the nitro group, except Imi272 and Imi288. When
equal m/z values were observed at unequal retention
times, e.g., Imi243a, b and Imi226a, b, the corresponding
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Table 2 Identified photoinduced degradation and transformation products of imidacloprid
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Substance RT/min IM+HI e  [M+HITccurate A PPM Proposed structure References
Imidacloprid 5.82 256.0596 256.0594 0.78 SN
N
/
NH __N
O
)
Imi288 5.34 288.0494 288.0500 208 O\\N*’O [47,49-52]
/
Ho—_NH_=N
\QZ/ .
» \ / Cl
Imi281 4.75 281.1163 281.1166 1.07 fHa This study
o
-
\ / Cl
Imi272 5.00 272.0545 272.0546 0.37 O§N+/O [47,51-57]
Hoo NH |
\QN —N
\ / Cl
Imi243a 3.79 243.0643 243.0640 1.23 Ho NN This study
\QN\K —N
HO \ / :
Imi243b 3.95 243.0643 243.0642 041 Ho N*%NH This study
\yN N
HO \ / Cl
Imi228 4.79 228.0534 228.0531 1.32 NH7¢O [56, 58]
N —N
cl
o' \_/
Imi227 414 227.0694 227.0695 0.44 HOL_NH i [48]
\QT L
\ / Cl
Imi226a 4.88 226.0378 226.0376 0.88 Ho. N*%o This study
\&N —N
\ / Cl
Imi226b 4.80 226.0378 226.0375 1.33 NH770 This study
.
cl
HO \_/
Imi225 4.29 225.0538 225.0539 0.44 CH7¢NH This study
\ N
cl
v N\ 7/
Imi224 3.82 224.0697 224.0701 1.79 ;“Hz [49]
NH

\
z

-
z
4
z
=
AN
Q
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Table 2 (continued)
Substance RT/min M+ HI gt M+ HI ,ccurate A ppm Proposed structure References
Imidacloprid-urea 422 212.0585 212.0586 047 NH7¢O [47-49, 51-54, 56, 59-69]
SV
e
Desnitro-imidacloprid 4.79 211.0745 211.0743 0.95 NH\/&NH [47-49,52,60, 61, 65,67, 69]
N
\ cl
Desnitro-olefin-imidacloprid 4.01 209.0589 209.0593 048 NH __NH [47,48, 54, 57]
e
N —N
\ cl
Imi197 1.30 197.1033 197.1034 0.51 NH __NH This study
&N —NH
0o
HO /
Imi194 3.98 194.0924 194.0923 0.52 NF'\/&O [48]
SV
\ / OH
Imi193 2.00 193.1084 193.1082 1.04 NH __NH [48]
N —N
\ / OH

compounds were interpreted as regio-isomers with the
hydroxyl group at different positions. The product Imi-
281was only observed in the presence of tert-butanol and
could be characterized by MS/MS as desnitro-olefin-imi-
dacloprid tert-butyl ether, cf. Table 2.

In order to relate products to either the hydroxyl mech-
anism or the direct absorption mechanism, it is also
interesting to classify the products to the conditions of
the experiment. The classification and values referring to
the percentage of the maximum of the c-t curve relative
to the initial imidacloprid concentration are collected in
Table 3. Concentration—time curves were recorded for all
products. They are exemplarily shown for desnitro-imi-
dacloprid and Imil194 in Fig. 2.

In case of UVA irradiation in the absence of TiO,, only
two products were identified with a proportion of more
than 1%: desnitro-imidacloprid and desnitro-olefin-imi-
dacloprid. Hence, these products should originate from
direct absorption of UVA radiation and subsequent reac-
tions. The lack of hydroxyl radical generating radiation
led to the absence of the indirectly formed products, such
as Imi227. Since imidacloprid was degraded only very lit-
tle, few products at small abundance were expected.

In the presence of TiO,, 4 products could be identi-
fied: Imi288, Imi272, Imi243a and Imi243b. From their

chemical structure, it can be deduced that these transfor-
mation products involved hydroxyl substitution favored
through the presence of photocatalyst.

Further products originated from VUV/UVC irradia-
tion. The products Imil93, Imil94, imidacloprid-urea,
Imi224, and Imi227 could be observed under all VUV/
UVC irradiation conditions. Interestingly, the formation
of the urea derivative seemed a consequence of UVC
irradiation, under both hydroxyl radical formation and
radical suppression conditions. Since the urea derivative
did not occur under UVA irradiation in the presence of
photocatalyst, distinction between the two mechanisms
was not possible. The loss of the nitro group was found
for a variety of conditions. The proportion of Imil93,
Imil94, imidacloprid-urea, Imi224 and Imi227 decreased
upon addition of more tert-butanol due to its radical
scavenging capability.

The products Imi243, Imi226a, Imi226b and desnitro-
olefin-imidacloprid were only observed in the absence
of tert-butanol. These products hence stemmed from
hydroxyl radical reactions. Addition of radical scaven-
ger suppressed their formation as well. Yet, desnitro-
imidacloprid, Imi225 and Imil97 were still observed at
5% tert-butanol, but disappeared at 20% tert-butanol.
Desnitro-imidacloprid was likely to be formed via the
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direct mechanism as well, while 5% terz-butanol was suf-
ficient to hamper the formation of Imi225, which possess
the hydroxylated methylene moiety and was hence con-
sidered due to the indirect mechanism. The higher con-

tent of tert-butanol eventually suppressed its formation.

The presence of tert-butanol caused the occurrence of
desnitro-olefin-imidazole-butyl ether Imi281, its propor-
tion increasing with increasing amount of tert-butanol.

The concentration—time curves

of Imil94 and

desnitro-imidacloprid are presented in Fig. 3. The
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Table 3 Photoinduced degradation and transformation products of imidacloprid under different conditions; values refer to the
percentage of the maximum of the c-t curve relative to initial imidacloprid concentration

Substance UVA /% UVA+5% tert- UVA+TIO, UVC/% UVC+5mg UVC+5% tert- UVCH20%
butanol/% P25/% humic acid/% butanol/% tert-
butanol/%
Imidacloprid X X X X X X X
Imi288 1.8
Imi281 6.3 93
Imi272 7.6
Imi243a 14 14 15
Imi243b 25
Imi228 4.2 55
Imi227 26.1 20.8 228 8.16
Imi226a 23 50
Imi226b 1.0 1.7
Imi225 23 23 89
Imi224 2.1 6.7 84 2.3
Imidacloprid-urea 488 67.8 90.8 404
Desnitro-imidacloprid 6.1 7.0 214 39.6 64.6
Desnitro-olefin-imidacloprid 7.0 6.7 4.2 4.7
Imi197 1.2 18 2.1
Imi194 3.1 3.0 7.5 15
Imi193 28 24 6.6 14
a) 9.0e+08 - b) 1.0e+08 -
© © [
g g °
< - . < °
T 4.5E+08 T 5.06+07 - ° J
a a °
%) %) °
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[ ] o [ ]
= AA 1 L)
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irradiation time /min irradiation time /min
Fig. 3 Concentration-time curves of a desnitro-imidacloprid and b Imi194 upon UVA (&) and VUV/UVC irradiation (@) in water (blue), in the
presence of tert-butanol 5% (green), 20% tert-butanol (red), 100 mg TiO, (violet), and 5 mg humic acid (orange)

profiles illustrate the different formation kinetics of the
secondary products. The course of desnitro-imidaclo-
prid was followed during UVA irradiation in water with
5% tert-butanol, during UVC irradiation in water, in
water with 5% and 20% tert-butanol and in the presence
of humic acid.

Degradation or transformation products whose c-¢
curves still increased after 10 min of UV exposure,
such as Imil93 and Imil94, were observed. Other

transformation products that were degraded again,
such as the products Imi225 and Imi227, were found as
well. They could be described as follow-up and subse-
quent follow-up products.

In silico assessment of ecotoxicity

The structures identified and illustrated in Table 2
were used for the QSAR analysis. For the QSAR analy-
sis based on ECOSAR, profiling yielded the structural
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classification. Best results were suggested when using the
classes aliphatic amines and halopyridines, see Additional
file 1: Table S2. The QSAR analysis was performed and
ecotoxicity predicted. The resulting values are collected
in Additional file 1: Table S3. The butyl-ether Imi281 was
rated most ecotoxic from the prediction, see Additional
file 1: Table S3. However, this product was only formed
in the presence of tert-butanol and was hence excluded
from further ecotoxicity assessment.

A ranking of the identified structures of Table 2 accord-
ing to ecotoxicity is displayed in Fig. 4.

Among the imidacloprid transformation and degrada-
tion products, imidacloprid-urea, desnitro-imidacloprid,
desnitro-olefin-imidacloprid and imidacloprid as initial
compound were ranked as the most ecotoxic substances
against organisms from the aquatic environment. These
compounds were not hydroxylated, but were detected
under hydroxyl radical generating conditions, cf. Table 3
and above. Imidacloprid-urea was formed only during
UVC irradiation. Its degradation was hampered in the
presence of radical scavengers. The observation sug-
gests that degradation was favored by hydroxyl radicals.
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In combination with the QSAR results, it might be con-
cluded that ecotoxic effects could be reduced through
hydroxyl substituents and secondary product elimination
by hydroxyl radicals. While the compounds Imi226a and
226b demonstrate that the position of the hydroxyl group
may play a decisive role for the ecotoxicity of mono-
hydroxylated products, the di-hydroxylated Imi243a and
Imi243b were rated equally ecotoxic. A hydroxyl group at
the azole ring generally led to higher ecotoxicity than at
the methylene moiety. Hydroxyl substitution of the chlo-
rine hence a hydroxylated pyridine ring, cf. Imi193 and
Imil94, was predicted to be again more ecotoxic than
azole hydroxylation. In case of Imi243a and Imi243b
being hydroxylated azole regio-isomers, the position
was not given importance with respect to aquatic hazard
potential. Therefore, no further distinction was made for
these derivatives. As mentioned, the number of hydroxyl
substituents exercised a positive effect: the more hydroxyl
groups the less ecotoxic the transformation product was
predicted.

Up to this point, the ecotoxicity was computed for each
compound separately. Yet, the ecotoxicity is a function
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of irradiation time when conditions are kept constant.
Hence, the total ecotoxicity of the solution was consid-
ered and computed as ecotoxicity equivalents (ETE) that
are a function of irradiation time, cf. Equation 1 and
Fig. 5:

ETE(t) = Z (EQ * MS Peak Areay) | (¢)/ETE(t = 0),

n=1
1)

where 7 is the number of identified products including
imidacloprid, EQ the ecotoxicity ranking value resulting
from QSAR analysis and ¢ the irradiation time. The value
of ETE(t=0) equals the QSAR value of imidacloprid.

As can be seen from Fig. 5, UVA irradiation induced a
steady decrease of ecotoxicity. Since only few degradation
and transformation products were formed during UVA
irradiation and their MS peak area remained very small
as compared to that of imidacloprid, the predicted eco-
toxicity resulted predominantly from imidacloprid. The
ETE time-dependence equaled the degradation profile
of imidacloprid, cf. Fig. 5a. Upon addition of TiO,, ETEs
decayed faster, as was observed for imidacloprid as well.

Under VUV/UVC irradiation, the ecotoxicity initially
increased both for imidacloprid in pure water and in
the presence of 5% tert-butanol. The most transforma-
tion and degradation products were observed under
these conditions; the profile of the ecotoxicity—time
curves reflected the profile of the total product forma-
tion. At first, the ecotoxicity increased slowly, as did the
number of observed products. Then, it decreased in the
same way the products were eliminated again due to
continuing VUV/UVC radiation. When the tert-butanol
concentration amounted to 20%, the overall ecotoxic-
ity decreased with irradiation time, since significantly
fewer products were formed. Hence, imidacloprid had
the greatest impact on the ecotoxicity under these con-
ditions. The lowest overall ecotoxicity expressed in ETEs
was achieved using UVA irradiation in the presence of
100 mg TiO, or using VUV/UVC irradiation in the pres-
ence of 20% tert-butanol.

The findings emphasize the importance of monitoring
secondary products during UV irradiation. Too short a
treatment might yield a mixture of intermediate products
that might prove more ecotoxic than the initial substance.
Using HRMS as detector, structural information could be
obtained and used further for ecotoxicity prediction by
QSAR. Monitoring all compounds was easily achieved
by HRMS as well. Introducing ecotoxicity equivalents,
the ecotoxicity of the total solution exposed to irradiation
under different conditions could be assessed. These time-
dependent ETEs could help better estimate efficacy and
treatment times for elimination of hazardous substances.
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Conclusions

The elimination of imidacloprid from model waters
was accomplished through irradiation with UVC radia-
tion and UVA light in the presence of the photocatalyst
TiO, P25. Using HPLC-HRMS and MS?, the degrada-
tion was monitored as c-¢ curves and the degradation
and transformation products structurally characterized
leading to the discovery of seven new transformation
products. Degradation was traced back to the direct
photoinduced, e.g., desnitro-imidacloprid, and the indi-
rect hydroxyl radical-induced mechanism, e.g., Imi227,
as supported by the identified structures. The distinc-
tion was supported by the experimental conditions, in
particular presence and absence of TiO, during UVA
irradiation and the scavenging of hydroxyl radicals
by tert-butanol. Ecotoxicity was assessed by means
of QSAR analysis based on the elucidated secondary
products. Increasing number of hydroxyl groups due
to the indirect mechanism and cleavage of the chlorine
substituent were found to decrease ecotoxicity. Ecotox-
icity values from QSAR were transformed into ETEs
and an ecotoxicity ranking was established. Since trans-
formation and degradation products were exposed to
radiation and thus continued to react, time-dependent
ETEs were introduced to reflect the overall ecotoxic-
ity of the solution at a given moment. The ETE—time
curve suggested an initial increase of ecotoxicity of an
imidacloprid solution upon UVC irradiation followed
by a significant removal, while UVA exposure led to a
steady decrease. Irradiation times necessary for elimi-
nation may be better estimated from time-dependent
ETEs. The presence of humic acid as NOM showed that
irradiation with and without photocatalyst under real
conditions would require longer duration, but would
still lead to successful degradation. While UVC irradia-
tion is a well-established method for the treatment of
drinking water, large-scale waste water treatment using
UVC or photocatalyst enhanced UVA light will prove
difficult due to the need for effective light penetration.
While energy consumption might be reduced by using
light-emitting diodes, a sufficiently long irradiation
time has to be ensured. Yet, the degradation efficiency
and the predicted low environmental hazardous poten-
tial suggest UV irradiation may be also a promising
waste water treatment methodology.
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