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A B S T R A C T   

This comparative study is about the heterogeneous photocatalytic degradation of two neonicotinoids, namely 
imidacloprid and thiacloprid, focusing on the differences and similarities in their transformation and minerali
zation and the effect of various additives, matrices, and their inorganic components. Besides the dominant role of 
•OH, which was confirmed by the effect of pH and radical scavengers, the direct charge transfer may also 
contribute to the transformation, especially for imidacloprid; partly due to its enhanced interaction with the TiO2 
surface. There was a significant difference in the change of ecotoxicity, which decreased for thiacloprid but 
varied according to the maximum curve for imidacloprid, and interpreted by the effect of NO3

− formed. 
Dehalogenation and mineralization were fast and occurred in parallel with the neonicotinoid degradation; 
however, 20–25% organic carbon could not be removed, suggesting the formation of hardly oxidizable products. 
The fluorination of the TiO2 has no significant effect on the transformation rates, but changed the product 
distribution, enhanced the dechlorination rate, and hindered the mineralization, confirming •OH-initiated for
mation of the hardly oxidizable intermediates. The negative effect of tap water and biologically treated domestic 
wastewater was significant. Although HCO3

− caused a slower transformation, the effect of matrices cannot be 
interpreted solely by the radical scavenging capacity of their organic and inorganic content.   

1. Introduction 

Industrial and agricultural activities result in the release of toxic, 
carcinogenic, endocrine-disrupting, or otherwise harmful chemicals, 
posing a serious threat to the environment, and possibly to human 
health. Special attention must be paid to neonicotinoid insecticides, 
which have caused serious ecological [1,2], environmental [3], and 
public health issues [4]. Imidacloprid (IMIDA), the first neonicotinoid 
produced in 1994 became one of the most widely used insecticides in the 
last decade [5]. IMIDA has the most serious environmental impact 
among neonicotinoids due to its negative effect on honeybees [6,7]. The 
European Union banned the open-field use of IMIDA due to its harmful 
effect on pollinators [8]. However, it is still extensively used worldwide, 
especially in the USA. Thiacloprid (THIA) is less toxic to bees than 
IMIDA but more dangerous to aquatic life forms. It also has an 
endocrine-disrupting effect [9]. The approval of THIA in the EU has also 
been withdrawn in 2020 based on the report of EFSA and the opposition 
of many EU Member States, while France has already banned its use 
since 2019 [10]. 

IMIDA has a relatively high solubility in water (610 mg dm− 3) [11], 

while THIA can be dissolved at a lower concentration (185 mg dm− 3) 
[12]. They are often used for seed treatment, but only a fraction of that 
(1.6–20%) is absorbed on the seeds; the rest remains in the soil [13] and 
can be detected even 10 months later [14]. The leaching of neon
icotinoids from soils endangers the ecosystem and quality of ground and 
surface waters [1,13]. 

Application of Advanced Oxidation Processes (AOPs) offers a 
possible solution for removing neonicotinoids from water. These 
methods are based on the formation of highly reactive radicals, the most 
important of which is the hydroxyl radical (•OH). The rate constant of 
the reaction of THIA and IMIDA with different reactive species, such as 
•OH, hydrogen radical (H•), and hydrated electron (eaq

− ) were deter
mined by pulse radiolysis, while gamma radiolysis was applied for 
investigation of the reaction mechanism [15–17]. 

Many publications deal with the synthesis or modification of new 
materials suitable as photocatalysts [18–20]. Nevertheless, in terms of 
practical application, TiO2 remained the most important photocatalysts. 
The commercially available TiO2 is often used as a “reference” when the 
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efficiency of the photocatalysts is tested due to its high stability, 
non-toxicity, and photonic efficiency. The absorption of photons having 
higher energy than the bandgap (3.0 eV for rutile, and 3.2 eV for anatase 
[21]) results in the formation of an excited electron (ecb

− ) in the con
duction band and a hole (hvb

+) in the valence band of the TiO2. The 
transformation of the organic compounds may undergo on the surface 
via direct charge transfer (with ecb

− and hvb
+) [22–24] or •OH-based 

reactions [25,26]. The surface-bound •OHsurf (–––Ti–•OH) and ‘free’ 
•OHbulk in the aqueous bulk phase are often distinguished. The relative 
contribution of the reaction ways to the transformation depends on the 
chemical properties of the substrate, surface properties of the photo
catalyst, the interaction between TiO2 surface and substrate(s), and re
action conditions [25,27,28]. 

A simple way to change the TiO2 surface properties is fluorination. 
The addition of F- to aqueous TiO2 suspensions results in the replace
ment of –––Ti-OH by –––Ti-F species and uniquely affects the surface 
properties, photocatalytic reactions, and photoelectrochemical behavior 
of TiO2. Due to the fluorination, the change of valence band edge and 
conduction band edge facilitates the production of •OHbulk [29]. The 
much faster transformation of phenol for fluorinated than for bare TiO2 
was also reported and interpreted by that, the phenol degradation occurs 
almost exclusively via reaction with •OHbulk in the case of fluorinated 
TiO2 opposite to the bare TiO2 [30]. Moreover, the enhanced 
surface-bound •OH radical desorption by fluoride ions in the Helmholtz 
layers was proposed to enhance the •OHbulk concentration [31]. 
Accordingly, Ryu et (2017) al. proved that fluorination enhanced the 
reaction between hvb

+ and adsorbed H2O, and the resulted •OH can 
leave easily the surface [32]. At the same time, the production of 
O2

•− /HO2
• was lower than that for pure TiO2 because of the reduced 

interfacial electron transfer rate. Besides enhanced •OHbulk formation 
rate, the surface fluorination has other significant consequences due to 
the change of the surface functional groups, such as altering the Point of 
Zero Charge and Surface Charge of the photocatalyst, and the enhanced 
hydrophobicity of the TiO2 surface, which change the adsorption 
properties [33]. The hindered adsorption can cause a decrease in the 
transformation rate, mainly when the substrate is adsorbed well on the 
surface of bare TiO2 due to the interaction with the –––Ti-OH group 
[34–40]. Based on all these, the effect of fluorination of TiO2 surface can 
give information about the kinetics and mechanism of photocatalytic 
degradation of substances. 

For practical application, it is crucial how the matrix components 
affect efficiency. The effect is often attributed to the light filtration, 
reaction with reactive species [41–43], or the formation of TiO2–organic 
matter complexes [44]. The effect of various inorganic anions (CO3

2–, 
Cl–, PO4

3–, NO3
–, SO4

2–) was systematically investigated [45], and a 
decrease in •OH generation was observed for all anions. In some cases, 
however, a positive effect was observed. Although HCO3

–/CO3
2– are 

well-known •OH scavengers, the formation of carbonate radicals can 
enhance the photocatalytic degradation rate of some organic substances 
[46,47]. The effluents of wastewater treatment plants [42,48–50], 
synthetic wastewaters [48], pharmaceutical industry wastewater [41, 
44], or river water [50,51] were used as a matrix in publications related 
to heterogeneous photocatalysis. The effect depends on the matrix, the 
model compound, and the interactions between the individual compo
nents and the TiO2 surface [44]. The influence of the matrix and its 
components should not be underestimated in all aspects of photo
catalytic degradation, and each matrix should be evaluated carefully. 
Degradation pathways can be promoted or inhibited, depending on the 
particular features of each system; our knowledge on this is still limited, 
even for TiO2. 

This study aims to investigate the heterogeneous photocatalytic 
transformation of IMIDA and THIA using commercial Aeroxide TiO2 P25 
photocatalyst and UV (300–400 nm) radiation. The work focuses on 
understanding the similarities and differences between the trans
formations of these neonicotinoids in the case of pure and fluorinated 
TiO2. The effect of basic reaction parameters on the transformation rate, 

mineralization rate, dehalogenation, and the formation of organic and 
inorganic products are also investigated and compared. The effect of 
reaction parameters, additives, and various radical scavengers was 
studied to provide information about the relative contribution of the 
direct charge transfer and •OH-based reactions to the transformation 
and mineralization. The change of ecotoxicity during photocatalytic 
treatment is followed by using an ecotoxicity test (Vibrio fischeri test 
organism). From the practical application point of view, the influence of 
matrices (tap water and biologically treated domestic wastewater) and 
their main inorganic components (Cl– and HCO3

–) on the efficiency are 
studied. 

2. Experimental 

2.1. Materials and methods 

Analytical standards of IMIDA (>98%) and THIA (>99%) were 
provided by VWR and Sigma-Aldrich, respectively. Methanol (HiPerSolv 
CHROMANORM, super gradient grade for HPLC), tert-butanol (>99%), 
NaF (>99%), NaCl (>99%), 1,4-Benzoquinone (>98%), Oxalic acid 
(>99%), KI (>99%) and EDTA× 2Na (>99%) were provided by VWR. 
The high purity water was prepared using Milli-Q Integral Water Puri
fication System (Merck Millipore). HCl (Sigma Aldrich, 99%) and NaOH 
(VWR, 99%) solutions were used to adjust the pH. TiO2 Aeroxide P25 
was purchased from Acros Organics. The tap water from Szeged 
(Hungary) and the biologically treated domestic wastewater were used 
as matrices. Their parameters are presented in Table S1. 

In the case of each experiment, 250 cm3 suspensions were irradiated 
in a cylindrical, temperature-controlled (T = 25 ± 0.5 ◦C) glass reactor 
and circulated (375 cm3 min− 1) between the reactor and the reservoir by 
a peristaltic pump (Heidolph Pump drive 5001). The UV light source was 
a fluorescent lamp (GCL303T5/UVA, LightTech, dimensions: 307 mm ×
20.5 mm, 15 W electric output) emitting in the 300–400 nm range with 
λmax = 365 nm. Fig. S1 shows the experimental setup and photoreactor 
used. The photon-flux of the light source was measured using ferriox
alate actinometry [52] and found to be 5.57 × 10− 6 molphoton s− 1. The 
thickness of the irradiated suspension was 2.5 mm. 

Before turning on the lamp, the suspension was saturated with air, 
O2, N2, or their mixture over 30 min (flow rates were controlled with a 
Cole-Palmer gas mixer). The concentration of dissolved O2 was 
measured using a DO-40 dissolved O2 meter (VWR). The photocatalytic 
experiments were started by turning on the light source. Before analysis, 
the samples were centrifuged and filtered (FilterBio PVDF-L, 0.22 µm) to 
remove the photocatalyst particles. 

2.2. Analytical methods 

The concentration of IMIDA and THIA was measured using an Agi
lent 1100 HPLC coupled with a diode array detector (DAD). The column 
(Lichrospher 100, RP-18; 5 µm) was thermostated at 25 ◦C, the flow rate 
of eluent (methanol:water = 55:45 (v/v) mixture) was 1.0 cm3 min− 1, 
and 20 µL sample was injected. The detection was performed at 270 nm, 
242 nm, and 210 nm. Under these conditions, IMIDA and THIA eluted at 
3.58 and 7.10 min, respectively. During the determination of 6-chloro
nicotinic acid, the eluent was changed to a mixture of methanol and 
0.10 v/v% formic acid (40:60 (v/v)), the retention time was 13.05 min 

The transformation of IMIDA and THIA was characterized by the 
initial rate of transformation, obtained from linear regression fits to the 
concentration-time plot, up to 25% transformation. Some photocatalytic 
experiments were repeated three times to check the reproducibility of 
the experimental results. The accuracy of the initial transformation rates 
was within ± 7%. 

The identification of intermediates was performed using an Agilent 
LC/MSD VL mass spectrometer coupled to the HPLC device. For HPLC- 
MS analysis, solid-phase extraction (SPE) was used as a sample pre
treatment method. After conditioning (2.0 cm3 water and 2.0 cm3 
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methanol), a 50 cm3 sample was loaded to the Phenomenex Stata-X 33 u 
cartridge. After washing (2.0 cm3 water) and drying (10 min), elution 
was performed using 1.5 cm3 methanol. The eluent was a mixture of 
water and methanol (30:70 (v/v)), and the flow rate was 0.75 cm3 

min− 1. The MS measurements were performed using APCI ion source 
and triple quadruple analyzer in positive mode (4000 V capillary 
voltage, 60 V fragmentor voltage, and 4.0 µA corona current). The flow 
rate of the drying gas was 4.0 dm3 min− 1, and its temperature was 
200 ◦C. The scanned mass range was between 50 and 500 AMU. 

Spectrophotometric measurements were made with an Agilent 8423 
UV-Vis spectrophotometer, using a 0.50 cm path-length cuvette. Total 
organic carbon (TOC) measurements were performed using an Analytik 
Jena N/C 3100 analyzer. The adsorbable organic halogen (AOX) content 
was measured with an Analytik Jena multi X 2500 analyzer. The sample 
volume was 15 cm3

, while the weight of the high purity activated carbon 
(adsorbent) was 100 mg. Sample pretreatment was performed using an 
APU-2 (Analytik Jena), with the column method. The chemical oxygen 
demand (LCK1414, 5.0–60.0 mg dm− 3), the concentration of nitrite 
(LCK342, 0.6–6.0 mg dm− 3), ammonium (LCK304, 0.015–2.0 mg 
dm− 3), and cyanide ion (LCK315, 0.01–0.6 mg dm− 3) was measured 
using colorimetric test kits (Hach Lange Ltd.) and a DR 2800 (Hach) Vis- 
spectrophotometer. The concentration of H2O2 (0.015–6.00 mg dm− 3) 
and nitrate ion (DMP method, 0.10–25.0 mg dm− 3 NO3

− − N) were 
determined by colorimetric test kits provided by Merck-Millipore, using 
a Spectroquant® Multy Vis-spectrophotometer. 

Ecotoxicity tests (LCK480, Hach-Lange) based on the biolumines
cence measurements of marine bacteria Vibrio fischeri (V. fischeri) was 
applied to provide information on the acute toxicity of the multicom
ponent solution formed during photocatalysis⋅H2O2, formed during the 
transformation of organic substances, was decomposed in the samples 
by adding catalase enzyme (Sigma Aldrich, 2000–5000 unit mg− 1) 
before starting the ecotoxicity test. The enzyme concentration in the 
samples was adjusted to 0.20 mg dm− 3. The inhibition of biolumines
cence was measured using a Lumistox 300 (Hach Lange) luminometer 
after 15 min. The measurements were repeated three times to check the 
reproducibility. 

3. Results and discussion 

3.1. Effect of dissolved O2, TiO2, and neonicotinoid concentration 

At constant dissolved O2, and substrate concentrations, the reaction 
rate is determined by the number of photogenerated charges, which can 
be increased with TiO2 dosage and is limited by the photon flux. In this 
work, the optimum TiO2 dosage was 0.5 g dm− 3 for THIA and 1.0 g dm− 3 

for IMIDA. The transformation of THIA was negligible (9 ×10− 9 felM 
s− 1) without TiO2, but IMIDA slowly transformed (2.8 ×10− 8 M s− 1) (Fig 
S2a) due to the overlap of its absorption spectra with the emission 
spectra of the light source (Fig. S3). For further experiments, a con
centration of 1.0 g dm− 3 TiO2 was used to provide the complete ab
sorption of UV light by TiO2 and exclude the direct photolysis of 
neonicotinoids. Both IMIDA and THIA (1.0 ×10− 4 M) adsorbed poorly 
(<2%) in the range of 0.25–1.50 g dm− 3 TiO2 dosage. 

The efficient ecb
− capture, such as dissolved O2, plays a crucial role in 

heterogeneous photocatalysis. In O2-free 1.0 g dm− 3 TiO2 containing 
suspension, a slow transformation of IMIDA (2.84 ×10− 8 M s− 1) was 
observed, while THIA transformation was negligible (<5 ×10− 9 M s− 1) 
(Fig S2b). Since both neonicotinoids react fast with •OH (kIMIDA+•OH =

6.97 ×109 M− 1 s− 1 [17]; kTHIA+•OH = 4.80 ×109 M− 1 s− 1 [16]) and e− aq 
(kIMIDA+eaq- = 5.10 ×109 M− 1 s− 1 [17]; kTHIA+eaq- = 1.0 ×1010 M− 1 s− 1 

[16]); the role of ecb
− capture may be partially taken over by IMIDA in 

O2-free suspension, and the direct charge transfer can be responsible for 
its slow transformation. Besides the reaction with the ecb

− , O2 has an 
essential role in the formation of •OH from O2

•− [53], and opening new 
pathways for the transformation of carbon-centered radicals via organic 
peroxyl radicals [54]. Even 5% (v/v) O2 content in O2/N2 mixture has 

dramatically increased the transformation rate; its further increase has 
no significant effect; thus, experiments were performed in air-saturated 
suspensions (cO2 = 1.75 ×10− 4 M). 

The effect of the initial substrate concentration on the transformation 
rate is described by pseudo-first-order kinetics, which is rationalized in 
terms of the Langmuir-Hinshelwood (L-H) model (Fig. 1). The linearized 
form applied is the following: 

1
r0

=
1

K × k × ceq
+

1
k

(1)  

where r0 is the initial transformation rate, ceq is the equilibrium con
centration of the substrate, K represents the equilibrium constant for 
adsorption onto the semiconductor surface, and k reflects the limiting 
rate constant at maximum coverage under the given experimental con
ditions. The k and K values were 3.71 × 10− 7 M s− 1 and 7.23 × 103 s− 1 

for IMIDA, and 2.22 × 10− 7 M s− 1 and 2.85 × 104 s− 1 for THIA (Fig. 1), 
respectively. The higher K value of IMIDA suggests a pronounced 
interaction with the surface compared to THIA. 

At 1.0 g dm− 3 TiO2 dosage, the apparent quantum yields of the 
transformation were 0.0106( ± 0.0018) for IMIDA, while a slightly 
lower value of 0.0092( ± 0.0014) was determined for THIA (c0 >

1.4 ×10− 4 M). 

3.2. Formation of organic and inorganic products 

UV-Vis absorption spectrum of the IMIDA and THIA has a maximum 
at 270 and 242 nm, respectively. The absorbance at 270 and 242 nm 
decreased more slowly than the concentration of IMIDA or THIA 
(Fig. S4), suggesting the formation of intermediates containing 2-chlor
opyridine moiety. The maximum of the spectra did not shift during the 
treatment (Fig. S5.) indicating that 2-chloropyridine moiety remains 
unchanged during the first steps. There was no significant shift, new 
peaks, or shoulders on the longer wavelength side of the main peak, 
suggesting that the hydroxylation of the 2-chloropyridine moiety of the 
target substances is not significant. 

HPLC/MS measurements (Table S2) were performed to identify the 
aromatic products. For IMIDA, the •OH mainly attacks the imidazole 
ring, nitramide group, and − CH2 − group (the “bridge” between the 
rings); the reaction with the 2-chloropyridine ring is less favored 
[15–17,55]. The reaction of •OH with the imidazole ring results in hy
droxylated (Im1, Im2, Im3, and Im5, Im6) products (Fig. 2). 
Carbon-centered radicals formed due to the reaction of •OH with − CH2 
− group can result in an amide (Im4) or cause bond cleavage and the 
formation of 6-chloronicotinic acid (Im7). The nitrogen content of 
IMIDA was converted to NO3

− and NH4
+, their concentration ratio is 

close to 1:1 (Fig. 5e, 5 f). NO2
− was also detected at low concentrations. 

Fig. 1. The linear fits according to the Langmuir-Hinshelwood model and the 
initial transformation rates of IMIDA and THIA versus the equilibrium con
centration (inserted figure). 
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Fig. 2. The products of IMIDA detected by HPLC-APCI-MS in positive mode.  

Fig. 3. The products of THIA detected by HPLC-APCI-MS in positive mode.  
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Calza et al. reported NO3
− formation from nitro-group and NH4

+ for
mation from amino groups; the mineralization of N-containing aromatic 
rings can result in both inorganic ions [51]. The NO3

− formation is likely 
to be associated with the formation of Im5. The transformation of the 
nitramide group can be partly accompanied by N2 [15] formation. 

The T1, T2, T3 products of THIA form via hydroxylation of the 
thiazolidine ring (Fig. 3). Similar to IMIDA, the reaction between − CH2 
− bridge and •OH can result in a carbonylated product (T4), or bond- 
breaking (T5 and T6) [55]. The mineralization of THIA resulted in 
NH4

+ (Fig. 5e), NO3
− was not detected in this case, confirming that 

NO3
− formation mainly relates to converting the nitro group and NH4

+

forms from N-containing aromatic rings. 

3.3. The effect of additives 

The effect of various additives (radical scavengers, poorly or well- 
adsorbed organic matter, and inorganic ions) can provide information 
about the relative contribution of the reactive species to the trans
formation. These additives also shed light on how the matrix compo
nents may affect heterogeneous photocatalysis efficiency in "real water" 
which contains many different organic and inorganic components. Due 
to the complexity of a heterogeneous system, an additive can change 
several parameters [25,56–59] therefore, evaluation of results should be 
done with care. The effect of additives was compared based on Relative 
Scavenging Capacity (RSC) values. The RSC was calculated according to 
the following equation: 

RSC =
cscav × kscav

(cn × kn + cscav × kscav)

where cn and cscav is the initial concentration of neonicotinoid (1.0 ×104 

M) and additive, and kn and kscav are the reaction rate constants of 
neonicotinoid and additive with •OH (Table S3). 

The negative effect of tert-Butanol (k(t-BuOH+•OH) = 6.0 × 108 M− 1 

s− 1) demonstrates the role of •OH (Fig. 4.) The decrease in the trans
formation rate corresponds to the RSC value. Another poorly-adsorbed 
organic additive was 1,4-benzoquinone (1,4-BQ), which reacts with 
•OH (1.2 ×109 M− 1 s− 1), with O2

•− (9.0 ×108 M− 1 s− 1 [60]) and also 
with photogenerated ecb

− (k(1,4-BQ+eaq
−

) = 2.3 × 1010 M− 1 s− 1) [61, 
62], even in the presence of dissolved O2. The decrease of trans
formation rate is more pronounced than expected according to the RSC 
value, suggesting that reaction with ecb

− can contribute to the conver
sion of neonicotinoids. Another reason can be the inhibition of O2

•−

formation, which can also be a •OH source. Iodide ion was used as a 
•OHbulk scavenger (1.1 ×1010 M− 1 s− 1), but it reacts with hvb

+ too. In the 
case of IMIDA, the negative effect of I− is more pronounced than 
t-BuOH, especially at lower scavenging capacity values (Fig. 4), 

suggesting the relative contribution of hvb
+. The slow transformation of 

IMIDA under O2-free conditions can be due to its simultaneous reactions 
with both photogenerated charges. 

The EDTA2− is a well adsorbed organic substance and reacts with 
both •OH (4.0 ×108 M− 1 s− 1) and hvb

+ [63]. The EDTA2− decreased the 
transformation rates significantly even at 1:1 concentration ratios, 
although no more than 5% of •OH is scavenged (RSC values are 0.05 and 
0.01). Higher EDTA2− concentration completely inhibited the trans
formation of neonicotinoids due to the combined effect of the strong 
interaction with the TiO2 surface and its reaction with •OH. This effect is 
less significant for THIA than for IMIDA, which can be explained by a 
stronger interaction between the TiO2 surface and IMIDA. 

Comparing the effect of various scavengers and additives, we can 
state that the dominant reactive species is the •OH in the transformation 
of both neonicotinoids. The effect of 1,4-BQ, and I− , the relatively high 
rate constants of neonicotinoids toward eaq

− , and the slow trans
formation of IMIDA in O2-free suspension suggest the contribution of 
direct charge transfer to the transformation. 

3.4. Dehalogenation and mineralization 

The Cl-containing aromatic substances are often toxic or otherwise 
harmful xenobiotics in the environment. Thus the dechlorination is an 
essential process for their disposal. In both cases, most of the detected 
aromatic products contain − Cl moiety; however, the AOX measurement 
(Fig. 5d) proves that dehalogenation occurs parallel with IMIDA or THIA 
transformation. Consequently, the dechlorination is probably due to 
further transformation of the hydroxylated or carbonylated products. 
The hydroxylated products demonstrated the importance of •OH in the 
photocatalytic transformation of both IMIDA and THIA, but the possi
bility of direct charge transfer cannot be excluded this way. Theurich 
et al. [64] interpreted the dechlorination of 4-chlorophenol due to the 
direct charge transfer reaction, and dehalogenation was proposed via a 
one-electron reduction mechanism in the case of gamma radiolysis of 
THIA [16]. 

One advantage of heterogeneous photocatalysis is the simultaneous 
transformation of the target compound and its intermediates due to the 
low selectivity of •OH. During 30 min treatment, the neonicotinoids 
were converted, and the total organic carbon concentration (TOC) 
decreased linearly by half and then significantly slowed down. No 
further changes were observed after 90 min of treatment, and finally, 
20% of the remaining TOC could not be removed. (Fig. 5c). Similar to 
the TOC value, there is no change of NH4

+ concentration after 90 min, 
but NO3

− increases slowly. A similar trend of TOC was reported for the 
pesticide atrazine because of the formation of very stable cyanuric acid 
[65,66]. Our observations suggest stable products of neonicotinoids, 

Fig. 4. Relative transformation rates of IMIDA and THIA in the presence of various additives versus the relative •OH scavenging capacity (RSC values).  
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which are resistant to further oxidation and just slowly transformed. 
Some authors also reported a high mineralization efficiency initially 
[55], but hardly oxidizable products were not reported. 

The formation of H2O2 accompanies the conversion of organic 
compounds due to the recombination of HO2

• and O2
•− (1.02 ×108 M− 1 

s− 1 [67]), which are formed during the transformation of organic per
oxyl radicals [54]. The H2O2 concentration increases fast and reaches 
the maximum value (which is two times higher for THIA than for IMIDA) 
when the neonicotinoid is wholly degraded, and there is no H2O2 after 
90 min, although the solution still contains 20% of the initial TOC 
(Fig. 5b). 

3.5. Effect of fluorination 

The addition of NaF (5.0 ×103 M) to an aqueous suspension of TiO2 
(1.0 g L− 1) fluorinates its surface by replacing the terminal –––Ti–OH 
groups with –––Ti–F groups [37]. The –––Ti–F groups enhance the sepa
ration of photogenerated charges and the formation of “free” •OHbulk 
[30,34–36] but reduce the interfacial electron transfer rates by holding 
trapped electrons [31,36,39,68]. The increased conversion rate of many 
organic compounds has been interpreted as the consequence of higher 
•OHbulk concentration [30,34–38]. Besides all of these, the importance 
and contribution of direct charge transfer to the transformation can also 
change [38–40,68,69]. The overall effect of fluorination can signifi
cantly depend on the change of surface adsorption properties, but in the 
case of IMIDA and THIA, fluorination does not affect the adsorbed 
amount. 

In the case of fluorinated TiO2, t-BuOH reduces the conversion rate to 
a slightly greater extent, confirming the enhanced contribution of •OH- 
initiated reactions comparing to pure TiO2. However, the effect of 1,4- 
BQ is less significant because of the inhibition of the charge transfer 
reactions (Fig S7). 

The addition of NaF did not affect the transformation rate of IMIDA 
but enhanced that of THIA (Fig. 5a). The change in the distribution of 
IMIDA intermediates (an increase of the concentration of Im3 containing 
two hydroxyl groups) suggests that the relative contribution of •OH and 
charge transfer initiated processes to IMIDA conversion differs for TiO2 

and fluorinated TiO2. For THIA, the enhanced •OH concentration is 
probably the dominant effect because of the weaker interaction with the 
TiO2 surface; consequently, there was no significant change in the aro
matic product distribution (Fig. S6). 

The enhanced dechlorination, the greatly hindered mineralization, 
and the change of the concentration of N-containing inorganic ions 
underline the change in the transformation mechanism (Figs. 5c, 5d) of 
neonicotinoids and/or their products. The NH4

+ concentration was 
reduced by half (THIA) and a third (IMIDA), while NO3

− concentration 
increased (Figs. 5e, 5 f). These all support the fact that the conversion of 
the neonicotinoids (especially of IMIDA) and their intermediates involve 
the direct charge transfer beside the •OH-based reactions and the for
mation of hardly oxidizable intermediate(s) is likely to occur in •OH- 
initiated reactions. 

3.6. Ecotoxicity assay 

The change of toxicity during treatment is an important aspect to 
evaluate the efficacy. The publications about neonicotinoids reported 
increased [15] and decreased toxicity [55,70,71]. The impact of formed 
H2O2 is often neglected; however, H2O2 is also toxic [72], and its 
accumulation occurs in the case of the oxidative transformation of 
organic substances. In this work, H2O2 was eliminated from the samples 
by catalase enzyme addition. 

The ecotoxicity test is based on the inhibition of bioluminescence (%) 
emitted by Vibrio fischeri bacteria. The toxicity of THIA solutions was 
reduced from 49% to 20% inhibition over 30 min treatment (Fig. 6), 
contrary to the observation of Berberidou et al. [55], who reported the 
change according to the maximum curve. During 30 min, THIA 
decomposed, and the TOC value decreased by half (Fig. 5c). In the first 
30 min of the treatment of IMIDA solution, the toxicity enhanced just 
slightly (Fig. 6). After 30 min the IMIDA and most of its aromatic in
termediates are already converted, the solution no longer contains 
Cl-containing organic matter, and the TOC decreased by half, similar to 
THIA. The maximum value of the inhibitory effect (60 min) coincides 
with the onset of slowing of the TOC change and the reach
ing/approaching the maximum NH4

+ and NO3
− concentration. 

Fig. 5. The concentration of neonicotinoids (a), H2O2 (b), relative TOC (c) and AOX (d) concentration, and the concentration of NH4
+ (e) and NO3

− (f) in treated 
suspensions without and with the addition of NaF. 
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Dell’Arciprete [15] also reported the formation of toxic products from 
IMIDA while Kitsiou [71] described the reduced toxicity. 

The NO3
− , detected only for IMIDA, is nontoxic to Vibrio fischeri, but 

under UV (300–400 nm) radiation can transform into highly toxic NO2
−

[73,74], which reacts fast with •OH (6.0 ×109 M− 1 s− 1) [75]. The 
photochemical circulation between NO3

− and NO2
− in an aqueous so

lution under UV radiation is a very complex process [73], especially in 
the presence of TiO2. The sensitivity of Vibrio Fischeri to NO2

− [74] was 
checked with 1.0 × 10− 4 M NaNO2 solution, but a significant effect was 
not observed. Accordingly, the increase in ecotoxicity is likely due to 
intermediates or their combined effects with NO2

− . 

3.7. The effect of pH, inorganic ions, and matrices 

The pH dependence of the transformation rates was measured in a 
suspension having constant ionic strength (5.0 ×10− 3 M NaCl). The 
added NaCl did not affect the transformation rates (Fig. 7a). The pH was 
adjusted with HCl or NaOH solutions. Between pH 3.0 and 9.0 there is no 
change of the protonation state of neonicotinoids, but the –––Ti–OH 
groups of TiO2 can undergo protonation and deprotonation processes 
[40]. The decrease of pH from 6.5 (the point of zero charge of Aeroxid 
P25 is 6.3–6.6) changed the surface charge into positive and reduced the 
transformation rate significantly (Fig. 7a), probably due to the ther
modynamically unfavorable formation of •OH under acidic conditions. 
The increase of pH from 6.5 to 9.0 had no effect. 

The pH of the suspension was 6.3 when Milli-Q water was used and 
increased to 8.6 when HCO3

− was added, or tap water (7.9) and BTD 

wastewater (8.2) was used as matrix. Within this range, the pH effect on 
the transformation rate is negligible (Fig. 7a), and the surface charge is 
neutral or negative. Even the tap water, having a low COD value 
(4.2 mg dm− 3), and high ionic (Cl− (8.75 mg dm− 3) and HCO3

−

(373 mg dm− 3)) content (Table S1), significantly decreased the effi
ciency (Fig. 7b). The COD value of the biologically treated domestic 
wastewater (BTD ww) (24 mg dm− 3) is similar to the COD value of 
1.0 × 10− 4 M THIA (29 mg dm− 3) or IMIDA (21 mg dm− 3) solution, and 
Cl− (120 mg dm− 3) and HCO3

− (525 mg dm− 3) concentration is even 
higher than that of tap water. Thus, organic content should also 
contribute significantly to the adverse effect via competition for •OH and 
cause a more significant negative impact. 

The effect of 120 mg dm− 3 Cl− and 525 mg dm− 3 HCO3
− (the con

centrations measured in BTD wastewater) in MilliQ water separately 
and simultaneously (Fig. 7b) was examined. The effect of Cl− was 
negligible, probably because of its dual effect, which can be attributed to 
its ability to convert •OH (k(•OH + Cl) = 3.0 × 109 M− 1 s− 1 [76]) to 
reactive and selective radicals (Cl•, Cl2•− , ClOH•− ), but •OH regenera
tion is also possible [77]. The addition of HCO3

− reduced the conversion 
rate by 30% and 39% for THIA and IMIDA, respectively, although no 
more than 10% of •OH reacts with HCO3

− (1.0 ×107 M− 1 s− 1 [78]). 
HCO3

− may also react with hvb
+ [79,80], and generate carbonate radical 

anions (CO3
•− ). The reaction with hvb

+ may contribute to the inhibition 
effect, since the CO3

•- is moderately reactive towards neonicotinoids 
(k(IMIDA + CO3•-) = 4.0 × 106 M− 1 s− 1; k(THIA + CO3•-) = 1.5 × 105 M− 1 s− 1 

[81]). Moreover, the HCO3
− caused visibly increased aggregation of 

TiO2 particles, which could contribute to the reduced efficiency. The 
effect of both ions cannot be interpreted solely by their reactions with 
•OH. The effect of Cl− and HCO3

− mixture was similar to that of HCO3
−

, 
but was significantly less than tap water or BTD wastewater (Fig. 7b). 
The fluorination could not protect the surface of TiO2 against the effect 
of HCO3

− , moreover, the negative effect was even more pronounced in 
the presence of fluoride. Also, there was no significant difference be
tween the transformation rates determined for fluorinated and pure TiO2 
in the matrices. The treatment time required to convert 90% of the 
neonicotinoid (1.0 ×10− 4 M) was doubled (20 → 45 min for IMIDA and 
20 → 55 min for THIA) in the tap water, and more than tripled (20 → 
60 min for IMIDA and 20 → 90 min for THIA) in biologically treated 
domestic water, which can multiply the electrical energy required to 
operate the light sources, and consequently, the cost of this method. 

4. Conclusions 

A detailed investigation of the heterogeneous photocatalysis of two 
neonicotinoids, namely IMIDA and THIA is presented. The interaction 

Fig. 6. The concentration of IMIDA and THIA, and the inhibition of biolumi
nescence as a function of the time of treatment. 

Fig. 7. Effect of pH (a) (empty symbols show the r0 determined without NaCl addition, full symbols show data determined at constant ionic strength (cNaCl =

5.0 ×10− 3 M)) and the effect of matrices and inorganic matrix components (b). 
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between the neonicotinoids and TiO2 surface, the formation of organic 
and inorganic products, the effect of various additives, fluorination, and 
matrices (tap water and biologically treated domestic wastewater) were 
investigated. The conclusions can be summarized as follows:  

i. For both neonicotinoids, the •OH-initiated transformation is 
decisive, but the direct charge transfer also plays a role, especially 
in the case of IMIDA due to its enhanced interaction with TiO2 
surface.  

ii. When examining the effect of radical scavengers, the results 
should be evaluated considering the interaction between the 
surface of photocatalyst, neonicotinoids, and additives.  

iii. Although fluorination increased the rate of •OH formation, it 
slightly affected the transformation rate of neonicotinoids. 
Changes in the rate of formation of organic and inorganic prod
ucts (NH4

+ and NO3
− ) and the rate of dehalogenation and 

mineralization clearly indicated the change in the contribution of 
•OH-initiated reactions and direct charge transfer. All this points 
out that changes in the transformation rate of the target substance 
alone are not sufficient to draw appropriate conclusions, and 
detailed studies are needed.  

iv. In contrast to the similar transformation and mineralization rate 
of THIA and IMIDA, the time dependence of the toxicity was 
different; that decreased for THIA and increased for IMIDA, 
which can be attributed to the combined effect of toxic organic 
intermediates and NO3

− /NO2
− formation.  

v. The reduced efficiency in matrices is due to the combination of 
several factors: the high ionic content, which enhances the ag
gregation of TiO2 particles, the •OH scavenging effect of HCO3

−

and organic substances, and change of the surface properties of 
the TiO2 particles. 
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A. Fath, T. Oppenländer, Transformation of atrazine by photolysis and radiolysis: 
kinetic parameters, intermediates and economic consideration, Environ. Sci. 
Pollut. Res. 26 (2019) 23268–23278, https://doi.org/10.1007/s11356-019-05599- 
9. 

[67] B.H.J. Bielski, D.E. Cabelli, R.L. Arudi, A.B. Ross, Reactivity of HO2/O2− radicals 
in aqueous solution, J. Phys. Chem. Ref. Data. 14 (1985) 1041–1100, https://doi. 
org/10.1063/1.555739. 

[68] J.F. Montoya, P. Salvador, The influence of surface fluorination in the 
photocatalytic behaviour of TiO2 aqueous dispersions: an analysis in the light of 
the direct-indirect kinetic model, Appl. Catal. B Environ. 94 (2010) 97–107, 
https://doi.org/10.1016/j.apcatb.2009.10.025. 

[69] M.S. Vohra, S. Kim, W. Choi, Effects of surface fluorination of TiO2 on the 
photocatalytic degradation of tetramethylammonium, J. Photochem. Photobiol. A 
Chem. 160 (2003) 55–60, https://doi.org/10.1016/S1010-6030(03)00221-1. 

[70] S. Malato, J. Caceres, A. Agüera, M. Mezcua, D. Hernando, J. Vial, A.R. Fernández- 
Alba, Degradation of imidacloprid in water by photo-fenton and TiO2 
photocatalysis at a solar pilot plant: A comparative study, Environ. Sci. Technol. 35 
(2001) 4359–4366, https://doi.org/10.1021/es000289k. 

[71] V. Kitsiou, N. Filippidis, D. Mantzavinos, I. Poulios, Heterogeneous and 
homogeneous photocatalytic degradation of the insecticide imidacloprid in 
aqueous solutions, Appl. Catal. B Environ. 86 (2009) 27–35, https://doi.org/ 
10.1016/j.apcatb.2008.07.018. 
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