
Page 1/23

Ecotoxicity Assessment of Photoinduced
Imidacloprid Degradation Using HPLC-HRMS, QSAR
and Ecotoxicity Equivalents
Melanie Voigt 

Niederrhein University of Applied Sciences: Hochschule Niederrhein
Victoria Langerbein 

Niederrhein University of Applied Sciences: Hochschule Niederrhein
Martin Jaeger  (  martin.jaeger@hs-niederrhein.de )

Niederrhein University of Applied Sciences https://orcid.org/0000-0002-7709-2869

Research Article

Keywords: Imidacloprid, HPLC-HRMS, ecotoxicity, QSAR, radical scavenger, AOPs

Posted Date: December 15th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-1131873/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1131873/v1
mailto:martin.jaeger@hs-niederrhein.de
https://orcid.org/0000-0002-7709-2869
https://doi.org/10.21203/rs.3.rs-1131873/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/23

Abstract
Background

Imidacloprid is among the most widely used insecticides and today is found in surface and ground water
worldwide. Together with four other neonicotinoids, it has been registered in the EU watchlist for
monitoring. To prevent imidacloprid from entering water bodies, Advanced Oxidation Processes have
been intensely researched. Photoirradiation proved one of the most e�cient methods to degrade and
eliminate anthropogenic micropollutants from waters. Their ecotoxicity assessment of photoinduced
degradation and transformation products especially in the absence of reference standards 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 and higher order mass spectrometry allowed to identify and monitor imidacloprid and its
degradation intermediates yielding seven new structures and concentration-time (c-t) pro�les. The
correlation of structures and the application of radical scavengers and photocatalyst helped distinguish
between direct photoinduced and indirect hydroxyl-radical induced degradation mechanisms. Only
imidacloprid-urea and desnitro-imidacloprid resulted from direct degradation, all other products from the
indirect mechanism. The ecotoxicity of all identi�ed compounds was assessed by quantitative structure
activity relationship (QSAR) analysis. Ecotoxicity equivalents (ETEs) were introduced allowing a classi�ed
ranking of the products and an assessment of the overall hazardous potential of the irradiated solution at
a given moment. Generally, the number of hydroxyl substituents was inversely correlated to ecotoxicity
due to a single product. From the c-t curves, time-dependent ETE pro�les were established.

Conclusions

Structure elucidation and c-t pro�les from liquid chromatography-high resolution mass spectrometry
allowed to distinguish between direct and indirect degradation mechanisms. Structure speci�c ecotoxicity
assessment could be achieved through QSAR analysis. Ecotoxicity hazard was ranked based on ETEs.
The time-dependent ETE pro�le proved suitable to re�ect 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.

Background
Regular monitoring and random sampling have revealed today’s ubiquitousness 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
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[4, 5]. Still, 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 distribution and concentrations in water bodies. The current second EU watchlist
comprises �ve neonicotinoids, among them imidacloprid [5]. Neonicotinoids act as neurotoxins and
possess high ecotoxicity against arthropods and aquatic organisms [6]. They are also highly persistent
and cannot be removed from soils and water. [7] Imidacloprid occurs in European surface waters of
France, Germany and Spain, but also of Australia, Brazil, Burkina Faso, China, Kenya and the USA with
concentrations from ng L−1 to 3 µg L−1 [8]. As main entry routes into open waters, agriculture and sewage
systems have been recognized [6]. Sewage treatment plants are no longer capable of complete
elimination [3, 9–11].

To effectively remove micropollutants, advanced puri�cation processes have been researched for years
including Advanced Oxidation Processes (AOPs), whose common feature is the occurrence of hydroxyl
radicals [12–14]. Among others, hydroxyl radicals can be generated from water through UVC irradiation
[15]. Yet, UV radiation may excite compounds followed by chemical reactions. Both pathways leading to
transformation and degradation have referred to as the direct degradation mechanism and - in case of
hydroxyl radical induction - the indirect one [8, 16]. The direct mechanism is governed 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 [17,
18]. Attempts were made to distinguish between both degradation mechanisms [8, 16, 19]. In this respect,
radical scavengers such as tert-butanol and methanol suppress hydroxyl radical-induced oxidation.[20–
22]. Occasionally, degradation products from AOPs were suspected to be more toxic than the original
substances [23, 24]. During an AOP, the concentration-time (c-t) curves were often monitored and the
structures of degradation or transformation products were often elucidated by high performance-liquid
chromatography (HPLC) coupled to high-resolution mass spectrometry (HRMS) and higher order mass
spectrometry (MSn)[25–28] As matrix, pure water or water containing natural organic matters such as
humic acid and fulvic acid were used [29, 30].

Due to the lack of reference standards for photodegradation products, experimental determination of
ecotoxicological parameters from assays with Daphnia magna or Vibrio �sherii have been rare or
impossible. Quantitative Structure-Activity Relationship (QSAR) analysis is a fast and computer-based
alternative for ecotoxicology assessment [31, 32]. Within QSAR, pro�ling is carried out �rst to assign the
analyzed structures to a speci�c class, based on similarity according to the Simpli�ed Molecular Input
Line Entry Speci�cation (SMILES) code [33]. Database comparison at this point may already yield
ecotoxicological 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 [34, 35]. 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 imidacloprid was investigated using HPLC-HRMS and
MSn. The in�uence of irradiation with UVA and UVC light, the presence of titanium dioxide, tert-butanol
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and humic acid on the degradation and transformation were studied with respect to chemical kinetics
and structures of the resulting products. From the combined analysis of the c-t curves and chemical
structures, mechanistic distinction between direct absorption-induced degradation and indirect hydroxyl
radical-induced transformation was aimed at. To assess ecotoxicity, the identi�ed intermediates and
products were submitted to QSAR analysis. Transformation of obtained ecotoxicity values to ecotoxicity
equivalents (ETEs) for all products led to a ranking with respect to the hazardous potential. The ETEs
were also correlated with the c-t curves to yield time-dependent ETEs.

Methods

Chemicals and reagents
For all photoinduced degradation experiments imidacloprid (≥98.0%, Sigma-Aldrich, Steinheim, Germany)
was used. Imidacloprid was dissolved in ultrapure water (Berrytec, Grünwald, Germany) with a �nal
concentration of 20 mgL−1. For radical scavenging experiments, tert-butanol (99.5%, Acros Organics, Geel,
Belgium) was added to the solution to yield �nal concentrations of 5% and 20%. As photocatalyst, 100
mg of TiO2 P25 (Acros Organics, Geel, Belgium) were suspended. Other solutions were prepared by
adding 5 mg of humic acid (Alfa Aesar, Haverhill, Massachusetts, USA).

Absorption spectra
Absorption spectra were recorded from 200 to 1100 nm using a UV5Nano spectrometer (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 performed in a 1 L batchreactor (Peschl Ultraviolett,
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 an low-pressure mercury lamp (Heraeus TNN 15/32, 15 W) emitting UVC radiation, that was
operated without cooling. Both lamps emitted polychromatic light. The maximum 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
�ux of photons in the wavelength range between 200 and 500 nm was determined using ferrioxalate
actinometry according to IUPAC [36, 37]. The �ux amounted to 3.50 mmol min−1 L−1 for the UVA lamp
and to 2.03 mmol min−1 L−1 for the UVC lamp. The UVA lamp was allowed to reach working temperature
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 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 irradiated for 10 minutes with UVA or
UVC light. Samples of 2 mL were taken from the reactor at 30 s intervals during the �rst 5 min of
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irradiation and at one minute intervals for the remaining 5 min. The samples were transferred to HPLC-
HRMS analysis.

HPLC-HRMS analysis
Reversed-phase chromatographic analysis was performed using an Eclipse Plus C18 (ZORBAX, 3.5 µm,
2.1x150 mm, Agilent, Waldbronn, Germany). The chromatography was performed at a �ow rate of 0.3 mL
min−1 at a column temperature of 40°C. As eluents ultrapure water (A) and acetonitrile (B) (Carl Roth,
Karlsruhe, Germany) were used, both acidi�ed with 0.1% formic acid (Fluka-Honeywell; Seelze, Germany).
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 was reset to starting conditions continuing for further 15
minutes. The overall chromatographic run-time amounted to 20 min. The injection volume was 5 µL.

For accurate mass determination, recording of concentration-time (c-t) curves, and MSn experiments, an
electron spray ionization quadrupole ion trap orbitrap (ESI-Q-IT-OT) (Orbitrap IDX, ThermoFisher Scienti�c,
Waltham, USA) coupled to an ultra-high performance liquid chromatography (UHPLC) system (Vanquish,
ThermoFisher Scienti�c, Waltham, USA) was used. The mass range was set from 100 to 2000 m/z for all
experiments. Fragmentation was performed in the higher-energy collision-induced dissociation (HCD) cell
using collision energies of 30% for MS2 and 45% for MS3. The spray voltage was set to 3500 V. The
vaporizer and ion transfer tube temperature was 300°C. Instruments were controlled with Thermo
Scienti�c Xcalibur Version 4.3.73.11.

Kinetics of photodegradation
Concentration-time curves and kinetic pro�les of the photoinduced degradation of imidacloprid and its
transformation and degradation products were computed using the curve �tting toolbox within the
software MatLab R2018a (MathWorks, Natick, MA, USA). Mathematical treatment followed chemical
kinetics as described in detail in previous studies. [26, 27, 38–40]

QSAR
The QSAR analysis was carried out using the OECD QSAR toolbox Version 4.3.1 (OECD, Paris, France).
First, the chemical structure formulae of imidacloprid and its transformation and degradation products
were sketched using ACD/ChemSketch 2016.1.1 (ACDLabs, Toronto, ON, Canada) software and imported
into the QSAR toolbox. Two models were used: Firstly, Ecological Structure Activity Relationship
(ECOSAR), secondly the model according to Veith et al. in its revised form by Pavan et al. [34, 35]. As
relevant value, the acute toxicity (LC50) 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
kow value and the LUMO energy were applied for the �rst model (M1). For models 2 to 4 (M2 to M4), only
the log kow value was relevant as descriptor.
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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
pro�ling was carried out to evaluate the relevant ECOSAR classes for imidacloprid and its degradation
products. Suitable classes were selected for further analysis. Chronic toxicity as chronic value (ChV) and
acute toxicity as lethal concentration, 50% (LC50) and half maximal effective concentration (EC50) were
predicted. As organisms, Daphnia (Branchiopoda), �sh (Actinopterygii) and green algae were chosen.

Time-dependent ecotoxicity equivalents
Toxicity ranking for the initial compound and the transformation products was created according to the
ecotoxicty values obtained from QSAR analysis. Following the ranking order, values 1 to 14 from least to
most toxic were assigned to the structures. These assigned values   were multiplied by the MS peak area.
The resulting values were added for all products found in the sample at a given time. Values were
normalized to the initial ecotoxicity, referred to as ecotoxicity equivalents, cf. equation (1). Time-
dependent ecotoxicity 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 puri�cation stages and their e�ciency, the photoinduced
degradation of imidacloprid was investigated and related to ecotoxicological potential. Firstly, different
conditions were probed to yield a cross section of effects on photoinduced degradation. The
corresponding concentration-time curves from normalized mass-area are shown in Figure 1. For
mechanistic interpretations, the UVA and UVC lamps emission spectra and the absorption spectrum of
imidacloprid are given in Figure 1 as well.

From the concentration-time pro�les, it can be recognized that in general UVC radiation caused a faster
and more complete degradation of imidacloprid. The additives humic acid, tert-butanol did not exercise
large velocity in�uences on the degradation. In most cases, imidacloprid was degraded within 10 minutes
under UVC irradiation. Under UVA irradiation, only a very weak degradation was observed. Only the
addition of the photocatalyst TiO2 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 t1/2 determined from the degradation curves are
collected in Table 1.
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Table 1
Photoinduced degradation rate-constants and half-lives of

imidacloprid.
Irradiation source Additives k/min−1 t1/2/min

UVA - 6.1E-02 1.1E+01

  5% tert-butanol 5.1E-03 1.4E+02

  100 mg TiO2 P25 1.8E-01 3.9E+00

UVC - 6.6E-01 1.1E+00

  5% tert-butanol 5.8E-01 1.2E+00

  20% tert-butanol 5.6E-01 1.2E+00

  5 mg humic acid 4.6E-01 1.5E+00

The fastest degradation was observed under VUV/UVC irradiation in pure water. The degradation rate
constant was determined as 6.6E-01 min−1, which was found in a good agreement with a previous study
reporting 6.7E-01 min−1 [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 [8]. As the TiO2 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. Yet, even 20% of tert-butanol was not su�cient
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 transformation
or degradation of imidacloprid than photochemistry by direct absorption. This �nding was supported,
since the addition of TiO2 during UVA irradiation led to an elimination reaction constant in the same order
of magnitude as during UVC irradiation, cf. Table 1.

The subsequent step was now to investigate whether a correlation of different conditions and hence
different mechanisms with chemical structures could be observed. And whether the chemical structures
might be found harmful to the aquatic environment.

Identi�ed photoinduced degradation products
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Among the photoinduced degradation and transformation products, the well-known imidacloprid
derivatives 5OH-imidacloprid, desnitro-imidacloprid, desnitro-ole�n-imidacloprid, urea-imidacloprid and
ole�n-imidacloprid were observed [41, 42]. Yet, many products were detected below an occurrence of 1%
of the original substance. These products were hence excluded from further consideration. An overview
of the most abundant products is shown in Table 2. The proposed structures all show the hydroxyl group
at position 2 of the 6-membered ring. Using MS/MS and MSn, the exact position of the hydroxyl group
could not be determined from the fragmentation pattern. More detailed information on MS/MS and MSn

are given in the supplemental information table S1.

Table 2 Identi�ed photoinduced degradation and transformation products of imidacloprid
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A total of 17 transformation or degradation products were identi�ed. Five of them have not been reported
before. Previous studies reported on the substance with m /z = 226 but described MSn fragments
different from those of this study, it can be assumed that these products were not identical [51]. Most of
the identi�ed 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 compounds were
interpreted as regio-isomers with the hydroxyl group at different positions. Only, two substances, Imi243
and Imi281, could not be elucidated structurally. These were excluded from assessment of ecotoxicity.
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In order to relate products to either the hydroxyl mechanism or the direct absorption mechanism, it is also
interesting to classify the products to the conditions of the experiment. The classi�cation 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-imidacloprid and Imi194 in �gure 2.

Table 3
Photo-induced 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-
butanol/%

UVA+
TiO2
P25 /%

UVC
/%

UVC + 5 mg
humic acid
/%

UVC + 5%
tert-
butanol /%

UVC + 20%
tert- butanol
/%

Imidacloprid X X X X X X X

Imi288     1.8        

Imi281           6.3 9.3

Imi272     7.6        

Imi243a     1.4 1.4 1.5    

Imi243b     2.5        

Imi228       4.2 5.5    

Imi227       26.1 20.8 22.8 8.16

Imi226a       2.3 5.0    

Imi226b       1.0 1.7    

Imi225       2.3 2.3 8.9  

Imi224       2.1 6.7 8.4 2.3

Imidacloprid-
urea

      48.8 67.8 90.8 40.4

Desnitro-
imidacloprid

6.1 7.0   21.4 39.6 64.6  

Desnitro-
ole�n-
imidacloprid

7.0 6.7   4.2 4.7    

Imi197       1.2 1.8 2.1  

Imi194       3.1 3.0 7.5 1.5

Imi193       2.8 2.4 6.6 1.4
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In case of UVA irradiation in the absence of TiO2, only two products were identi�ed with a proportion of
more than 1%: desnitro-imidacloprid and desnitro-ole�n-imidacloprid. Hence, these products should
originate from direct absorption of UVA radiation and subsequent reactions. 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 little, few products at small abundance were expected.

In the presence of TiO2, 4 products could be identi�ed: Imi288, Imi272, Imi243a and Imi243b. From their
chemical structure, it can be deduced that these transformation products involved hydroxyl substitution
favored through the presence of photocatalyst.

Further products originated from VUV/UVC irradiation. The products Imi193, Imi194, imidacloprid-urea,
Imi224, and Imi227 could be observed under all VUV/UVC irradiation conditions. It is rather obvious that
the formation of hydroxyl radicals caused hydroxyl substitution at the pyridine moiety. Interestingly, the
formation of the urea derivative seemed a consequence of UVC irradiation, under both hydroxyl radical
formation and 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 Imi193, Imi194, 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-ole�n-imidacloprid were only observed under
conditions with no tert-butanol. These products also stemmed from hydroxyl radical reactions. Addition
of radical scavenger suppressed their formation as well. Yet, desnitro-imidacloprid, Imi225 and Imi197
were still observed at 5% tert-butanol, but disappeared at 20% tert-butanol. Desnitro-imidacloprid was
likely to be formed via the direct mechanism as well, while 5% tert-butanol was su�cient to hamper the
formation of Imi225, which possess the hydroxylated pyridine moiety and was hence considered due to
the indirect mechanism. The higher content of tert-butanol eventually suppressed its formation.

The product Imi281 with unknown structure was only formed in the presence of tert-butanol, its
proportion increasing with increasing amount of tert-butanol. This might suggest that this product
originates from a reaction with tert-butanol.

 

The concentration-time curves of Imi194 and desnitro-imidacloprid are presented in �gure 2. The pro�les
illustrate the different formation kinetics of the secondary products. The course of desnitro-imidacloprid
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 concentration-time curve still increased after 10 minutes
of UV exposure, such as Imi193 and Imi194, 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 subsequent-follow-up products.
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Assessment of Ecotoxicity
For hydroxyl groups, six potential positions exist. For QSAR analysis, three positions were exemplarily
investigated, i.e. 1, 2, and 3 as shown in Figure 3 for imidacloprid.

For the QSAR analysis based on ECOSAR, pro�ling yielded the structural classi�cation. Best results were
suggested when using the classes aliphatic amines and halopyridines, see Tables S2, S3 and S4 with
representations of all possible isomers with respect to the hydroxyl group. The QSAR analysis was
performed and ecotoxicity predicted. The resulting values are collected in Tables S5, S6 and S7.

QSAR results showed that ecotoxicity could be attributed to the positions within the molecule. A hydroxyl
group at the pyridine ring, i.e. positions 2 and 3, had minor in�uence on the predicted values, such that
only the isomer with the hydroxyl group in position 2 was considered further. When the hydroxyl
substituent was located at the 5-membered ring, i.e. position 1, a lower value for ecotoxicity was
calculated. A ranking of the identi�ed structures according to ecotoxicity depending on positions 1 and 2
is displayed in Figure 4.

Among the imidacloprid transformation and degradation products, imidacloprid-urea, desnitro-
imidacloprid, desnitro-ole�n 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 as well, 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 suggests that degradation was favored by hydroxyl radicals. In
combination with the QSAR results, it might be concluded that ecotoxic effects could be reduced through
hydroxyl substituents and secondary product elimination by hydroxyl radicals. According to QSAR
analysis, the position of the hydroxyl group did not have a predominant effect. The number of hydroxyl
substituents in contrast exercised a positive effect: The more hydroxyl groups the less ecotoxic the
transformation product was predicted. The loss of the chlorine substituent was associated with a
decrease in ecotoxicity.

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

 ETE(t) = ∑n
n=1 EQ ∗ MSPeakAreaA (t)/ETE(t = 0)  eq. (1)

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

[ ( ) ]
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As can be seen from Figure 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 ecotoxicity resulted
predominantly from imidacloprid. The ETE time-dependence equaled the degradation pro�le of
imidacloprid, cf. Figure 5a). Upon addition of TiO2 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 transformation and degradation products were observed under
these conditions; the pro�le of the ecotoxicity-time curves re�ected the pro�le of the total product
formation. At �rst, 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 ecotoxicity decreased with irradiation
time, since signi�cantly fewer products were formed. Hence, imidacloprid had the greatest impact on the
ecotoxicity under these conditions. The lowest overall ecotoxicity expressed in ETEs was achieved using
UVA irradiation in the presence of 100 mg TiO2 or using VUV/UVC irradiation in the presence of 20% tert-
butanol.

The �ndings 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 e�cacy
and treatment times for elimination of hazardous substances.

Conclusions
The elimination of imidacloprid from model waters was accomplished through irradiation with UVC
radiation and UVA light in the presence of the photocatalyst TiO2 P25. Using HPLC-HRMS and MS3, the
degradation was monitored as c-t 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 photo-induced, e.g. desnitro-imidacloprid, and the indirect hydroxyl radical-induced
mechanism, e.g. Imi227, as supported by the identi�ed structures. The distinction was supported by the
experimental conditions, in particular presence and absence of TiO2 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. Ecotoxicity
values from QSAR were transformed into ETEs and an ecotoxicity ranking was established. Since
transformation and degradation products were exposed to radiation and thus continued to react, time
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dependent ETEs were introduced to re�ect the overall ecotoxicity 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 signi�cant removal, while UVA exposure led to a steady decrease. Irradiation
times necessary for elimination 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.

Abbreviations
AOPs Advanced Oxidation Processes

ChV Chronic Value

ECOSAR Ecological Structure Activity Relationships

ESI-Q-IT-OT electron spray ionization quadrupole ion trap orbitrap

EU European Union

c-t concentration-time

EC50 Half maximal effective concentration

ETE ecotoxicity equivalents

HCD higher-energy collision-induced dissociation
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Figures

Figure 1

a) Concentration-time curves of photoinduced imidacloprid degradationin ultrapure water (blue), in water
containing tert-butanol 5% (green) and 20% (red), in water after addition of 100 mg TiO2 (black) and of 5
mg humic acid (orange)using a UVA lamp (▲) anda VUV/UVC lamp (●); b) emission spectra of the UVA
lamp (red), VUV/UVClamp (violet) and absorption spectrum of imidacloprid (blue)
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Figure 2

Concentration-time curves of a) desnitroimidacloprid and b) Imi194upon UVA (▲) andVUV/UVC
irradiation (●) in water (blue), in the presence oftert-butanol 5% (green), 20% tert-butanol (red), 100 mg
TiO2 (violet), and 5 mg humic acid (orange).

Figure 3

Chemical structure of imidacloprid with hydroxyl position numbering as investigated for ecotoxicity.
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Figure 4

Ranking ofstructures identi�ed during photodegradationaccording to predicted ecotoxicity resulting from
QSAR-analysis with hydroxylgroup at position a) 1 and b) 2.

Figure 5
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Time-dependent ecotoxicity equivalents of imidacloprid and its photoinduced degradation using a) a UVA
lamp and b) a VUV/UVClamp. The degradation experiments were carried out in water (●, blue), with 100
mg TiO2-addition (▲, orange), with 5% tert-butanol (■, green) and 20% tert-butanol (♦, red).
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