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Abstract
Flubendiamide is a ryanodine insecticide that shows a strong insecticidal activity and is relatively safe for non-target organ-
isms. Actually only flubendiamide and its product desiodo-flubendiamide have been studied during catalytic degradation 
using  TiO2 and ZnO. Therefore, here we tested the photocatalytic removal of flubendiamide in the presence of nitrates or 
humic acids. Degradation kinetics were monitored using high-performance liquid chromatography ultraviolet–visible detec-
tor. Product identification was done using a high-resolution time-of-flight mass spectrometer coupled to a gas chromatograph 
(GC-HRMS). Results show that the addition of humic acids at 10 mg l−1 increased the removal of flubendiamide more than 
five times. The addition of nitrate ions at 10 mg l−1 had no influence. The removal of flubendiamide was more than ten 
times faster in experiments with oxygen purging. Fourteen degradation products were identified, which can be classified 
into three groups: phthalimide and related phthalic acid derivatives, fluorinated species related to the second amide moiety, 
and advanced transformation products.
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Introduction

Advanced oxidation processes (AOPs), although making 
use of different reacting systems  (H2O2 and/or  O3; Fenton 
system: addition of  H2O2 to  Fe2+ salts, semiconductors as 
 TiO2, ozone chemistry  O3/H2O2 and  O3/UV and other com-
binations of oxidants and UV light), are all defined by the 
same chemical feature: production of ·OH radicals (Andre-
ozzi et al. 1999).

Photocatalysis is an important AOP, making use of a 
semiconductor–metal oxides as a catalyst, because of their 

ability to create photogenerated conduction band electrons 
(e−

cb) and valence band holes (hvb+), which enable redox 
reactions with adsorbed aqueous species. Although several 
catalysts have been exploited so far, only  TiO2 in the anatase 
form expressed sufficiently high stability, good performance 
and low cost. That is why it is one of the most important 
materials used in oxidation of organic molecules (Castellote 
and Bengtsson 2011). It is well known that photocatalytic 
activity of  TiO2 depends on its electronic properties and 
structure, doping  TiO2 with cationic and anionic metals, and 
coupling  TiO2 with other semiconductors rises its capability 
of degrading pollutants (Daghrir et al. 2013).

Conventional photocatalytic processes have been 
exploited in large reactors of a wide variety of designs (e.g. 
parabolic trough, inclined plate, fixed/fluidised bed, packed 
bed, corrugated plate and falling film photoreactors). How-
ever, the commercial use of photocatalytic technologies 
implies still high efforts to promote the contact between 
solar irradiation and the surface of the photocatalyst in 
order to achieve an efficient photodegradation of organic 
pollutants (Braham and Harris 2009). However, it has been 
frequently observed in water purification systems (Barreiro 
and Pratt 1992) that some pollutants are not amenable to bio-
logical treatments and express a high chemical stability and/
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or a strong resistance to be completely mineralised. In these 
cases, it is necessary to define which degradation products 
are formed during the catalytic process.

Photocatalytic reactors used for water treatment can be 
classified not only regarding their designs, but also accord-
ing to the catalysts’ application. There are designs with the 
photocatalyst suspended in the aqueous medium or with the 
photocatalyst immobilised on the surface. The most practi-
cal and frequently used immobilisation methods to produce 
thick highly active layers for air/water treatment are sol–gel, 
powder modified titania sol and sol–pray (Kete et al. 2014). 
In this study, we proved that the hybrid sol suspension 
method can be successfully used to prepare stable, thick and 
highly active photocatalytic layers used for flubendiamide 
degradation.

Flubendiamide is one of RI (ryanodine insecticides), 
developed by Nihon Nohyaku Co., Ltd. (Tokyo, Japan). 
Its mode of action involves activation of ryanodine-sensi-
tive calcium release channels (ryanodine receptors; RyRs) 
in insects. The insect RyRs remain in an open state in a 
species-specific manner and affect the  Ca2+ pump activity 
(Masaki et al. 2005; Masaki 2008). The chemical name of 
flubendiamide is N2-[1,1-dimethyl-2-(methylsulphonyl)
ethyl]-3-iodo-N1-[2-methyl-4-[1,2,2,2-tetrafluoro-1-(trifluo-
romethyl)ethyl]phenyl]-1,2-benzenedicarboxamide. The 
uniqueness of the structure results from three parts with 
novel substituents: heptafluoroisopropylgroup in the ani-
lide moiety, a sulphonylalkyl group in the aliphatic amide 
moiety and an iodine atom at the 3-position of the phthalic 
acid moiety (Tohnishi et al. 2005). The compound shows an 
extremely strong insecticidal activity and relative safety for 
non-target organisms.

However, there was a need of additional peer review 
for flubendiamide carried out by the competent authority 
of the rapporteur Member State Greece 3 years ago. The 
European Food Safety Authority (EFSA) concluded that 
flubendiamide is appropriate for use in regulatory risk. In 
a laboratory sterile aqueous photolysis experiment, fluben-
diamide formed two major transformation products named 
desiodo-flubendiamide (NNI-0001-desiodo (A1)) and 
hydroxy-perfluoroalkyl-flubendiamide [NNI-0001-3-OH-
hydroxy-perfluoroalkyl (A10)]. EFSA concluded that the 
risk assessment for aquatic invertebrates from metabolite 
A10 could not be finalised (EFSA 2013).

Flubendiamide and its major transformation product 
desiodo-flubendiamide have been studied in different plants 
(Buddidathia et al. 2016; Mohapatra et al. 2010, 2011) and 
soils. The calculated half-life values for flubendiamide (t1/2) 
ranged from 37.62 to 50.17, 43–50.17 to 50.17–60.21 days 
for new alluvial, red/laterite and coastal soil (Paramasivam 
and Banerjee 2012) to 155.1 and 130.8 days in field capac-
ity and submerged soils. In the later case, 2.5% of organic 
manure was added (Das and Mukherjee 2012).

In aqueous solutions (tap, leaching and watercourse), 
the photocatalytical degradation of flubendiamide using 
ZnO and  TiO2 was enhanced by the addition of an elec-
tron acceptor, such as  Na2S2O8. In addition, the main pho-
totransformation product desiodo-flubendiamide was also 
successfully photodegraded under the same conditions 
(Fenoll et al. 2015). To our knowledge, there is a lack of 
information regarding photocatalytic removal of ryanodine 
insecticides, in the presence of nitrates or dissolved organic 
matter in general as naturally the most widespread oxidis-
ers. Many examples summarised by Remucal (2014) show 
that dissolved organic matter, nitrites and nitrates can be an 
important source of ·OH radicals and therefore may play a 
significant role in the elimination of pollutants. On the other 
side, it is known that nitrate ions undergo photocatalytical 
degradation during photocatalytic processes using different 
photocatalytic materials (Remucal 2014).

Within this research, we have studied the photocatalytical 
degradation of flubendiamide using  TiO2 films in order to 
identify its transformation products and propose its degra-
dation pathway. Additionally, we have investigated how the 
addition of nitrates or humic acids influences the photocata-
lytical degradation of flubendiamide.

Experimental

Materials

The analytical standard of flubendiamide (98.8% purity) 
and organic solvents: acetone, acetonitrile, salt  NaNO3 and 
humic substances, were all from Sigma-Aldrich (St. Louis, 
Missouri, USA).

Photocatalytic experiment

The reactor cell consisted of a Durand glass tube (280 mm, 
inner diameter 80 mm) with the effective volume of 1.5 L. 
The reactor cell was then placed in the photoreactor cham-
ber equipped with ultraviolet A (UVA) lamps (15  W, 
265 mm × 16 mm, Philips Cleo; broad maximum at 355 nm) 
mounted on the reflective surface of polished aluminium 
which was placed behind the lamps. Twelve glass sheets 
with immobilised catalyst  TiO2 (Kete et al. 2014) were fas-
tened around the axis of a special Teflon holder immersed 
in the centre of the reactor cell.

For the photocatalytic experiments, 5 mg of flubendi-
amide in 50 mL of acetone (100 mg l−1) was diluted with 
distilled water up to 1000 mL. The solution was then fil-
trated and transferred into the reactor cell. The Teflon 
holder with 12 glass sheets with immobilised  TiO2 was 
immersed in the centre of the cell. A gentle purging of oxy-
gen (1–2 mL min−1) allowed the mixing of the solution and 
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the contact of the pesticide with the catalysts. The reaction 
time was set to 3 h. At different time intervals (5, 15, 30, 45, 
60, 90, 120 and 180 min), the samples of 1 mL were taken 
for HPLC analyses. After 3 h of photocatalytic irradiation, 
the final solution was extracted with solid-phase extraction 
(SPE)  C18 cartridges (Supelco, Discovery DSC-18), washed 
with 5 mL of acetonitrile, dried to dryness, redissolved in 
dichloromethane and analysed by gas chromatography–mass 
spectrometry (GC–MS).

Photocatalytical degradation of flubendiamide 
in the presence of humic acids and nitrate

To study the influence of nitrates and humic acids on fluben-
diamide photodegradation, 10 mg of  NO3

− and 10 mg of 
humic acids were added to the solution of flubendiamide 
(10 mg l−1 in 5% acetone solution). The solutions were then 
placed in the reactor cell and photocatalytically degraded 
as described in the paragraph above (photocatalytic 
experiments).

Analytical methods

Kinetic studies with high‑performance liquid 
chromatography with ultraviolet–visible detector (HPLC–
UV–Vis)

Solutions of flubendiamide were analysed by Agilent 
1100 HPLC–UV–Vis chromatograph (Agilent Technolo-
gies, Palo Alto, CA, USA). The separation was done using 
Supelco  Ascentis® Express 5  μm C18 column (5  μm, 
150 mm × 4.6 mm). The temperature was set at 25 °C, the 
injection volume was 20 μL, the mobile phase consisted of 
60% acetonitrile and 40% distilled water with the flow rate of 
1.0 mL min−1 and the wavelength was set at 230 nm. For the 
quantification purposes, the calibration curve ranged from 
0.04 to 50.0 mg l−1 with seven different concentrations in 
triplicates. The correlation coefficient (r2) was above 0.99.

Product identification with gas chromatography–mass 
spectrometry (GC–MS)

All data were obtained using high resolution Folded Flight 
Path (FFP™) multiple reflecting geometry time-of-flight 
(TOF) mass spectrometer  Pegasus® GC-HRT (LECO Cor-
poration, Saint Joseph, MI, USA) coupled to an Agilent 
7890A gas chromatograph (Agilent Technologies, Palo Alto, 
CA, USA). The system was controlled by the ChromaTOF-
HRT® software (Version 1.91, LECO Corporation), which 
was also used for spectra collection and data processing. The 
data were acquired using ten full (10–800 m/z range) spec-
tra per second in high-resolution mode (25,000 or above at 
m/z 218.9851), with high mass accuracy (< 1 ppm), reliably 

determining elemental composition of all ions of interest 
in mass spectra. The multi-point mass calibration of mass 
spectra with FC-43 (perfluorotributylamine) was performed 
before running the samples as a part of the automated tuning 
routine. The mass spectrometer’s hardware and acquisition 
software allows minimising mass drift during data collec-
tion. The electron ionisation source temperature was kept 
at 270 °C, while the electron energy was 70 eV. Chromato-
graphic separation of the samples was performed using an 
Rxi-5SilMS 30 m × 0.25 mm (id) × 0.25 µm (df) (Restek 
Corporation, Bellefonte, PA) column with a constant helium 
flow of 1 mL min−1. All injection volumes were 1 µL, split-
less for 60 s, and thereafter purged with 20 mL min−1 flow. 
The septum purge flow was 3 mL min−1. The injector and 
the transfer line temperature were set at 270 and 320 °C, 
respectively. The oven program was as follows: 0.5 min iso-
thermal at 50 °C, then 10 °C  min−1 ramping to 320 °C and 
8 min isothermal hold at 320 °C.

Results and discussion

The photocatalytic experiments with flubendiamide were 
carried out by applying gas purging with oxygen and with-
out gas purging. Besides, the influence of nitrates and humic 
acids on the process was studied.

Generally, the application of gas enables a better mixing 
of solution and a better contact between the catalyst and 
the compound that should be degraded. The role of nitrate 
in the photodegradation of organic pesticides involves the 
absorption of solar light between 290 and 400 nm and the 
generation of highly reactive hydroxyl radicals (Méallier 
1999). Many examples (benzoylcyclohexanedione herbi-
cides and phenyl urea herbicides), summarised by Remucal 
(2014), showed that nitrates, besides the dissolved organic 
matter, can play an important role in the pesticides’ removal 
in nitrate rich natural waters. Our results indicate that the 
degradation of flubendiamide is more than ten times faster 
in experiments which included the gas purging, compared to 
those when the gas purging was turned off (Table 1).

Table 1 shows the first-order reaction rate constants 
([k] = min−1) describing the photocatalysis of flubendiamide 
without and with oxygen purging in solutions with addition 
of nitrates and humic acids (both 10 mg l−1). The correla-
tion coefficients (second column) indicate good correlation 
between experimental results and fitted curves of the first-
order reaction.

Surprisingly, the photocatalysis of flubendiamide under 
oxygen flow in the presence of nitrates was the same as with-
out added nitrates. During the experiment, the concentration 
of added nitrates remained the same (± 5%). No difference 
in degradation kinetics was observed (Fig. 1). The same 
observation was found in the research of Rabindranathan 
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et al. (2003), who studied the photocatalytic degradation 
of phosphamidon, where in the presence of 1.5 × 10−4 M 
 NO3

−, no significant effect under the examined conditions 

was observed. Authors reported the decrease in degrada-
tion rate which was attributed to the competition of ions for 
active sites on the  TiO2 surface (Rabindranathan et al. 2003).

On the other hand, the addition of humic acids in photo-
degradation processes induced more than five times faster 
transformation of flubendiamide. The irradiation of dis-
solved organic matter results in arising of different reactive 
species including hydroxyl, hydroperoxyl and superoxide 
radical anions, singlet oxygen, excited triplet states of dis-
solved organic matter, hydrated electrons, carbonate radicals 
and other radicals (Richard and Canonica 2005). In fact, 
dissolved organic matter enhanced the photodegradation 
of the fungicides carboxin and oxycarboxin (Hustert et al. 
1999). On the other hand, there are also examples where 
dissolved organic matter had no effect (antracene; Bertilsson 
and Widenfalk 2002) or even an inhibition effect in case of 
carbofuran (Bachman and Patterson 1999).

Photochemical study, performed by Chen et al. (2010), 
examined the effect of humic acids (0–25 mg l−1) as pos-
sible photosensitiser on the photocatalytic mineralisation 
of dimethoate. Upon 60 min irradiation, the mineralisation 
efficiency is shown to increase from 63.73 to 78.88% as the 
humic acids concentration increases from 0 to 5 mg/L. A 
further increase in humic acids led to a decrease in photo-
catalytic efficiency. This was attributed to the reduced light 
transmittance due to the presence of excessive humic acids 
in reactive solution and the competitive adsorption of humic 
acids for the active sites on the catalyst surface (Chen et al. 
2010).

The degradation pathway in flubendiamide photocatalysis 
suggested the amide moiety being the most susceptible part 
in the molecule for the hydroxyl attack. The most abundant 
degradation products are listed in Table 2. Although the 
majority of the identified compounds were not present in the 
available mass spectrometry library (MS library, National 
Institute of Standards and Technology, NIST14), the identi-
fication was rather straightforward, simple and reliable using 
the accurate mass measurements feature of the Pegasus-HRT 
instrument (Lebedev et al. 2013) and the known pathways 
of the transformation of organic compounds under electron 
ionisation (Lebedev 2015; McLafferty and Turecek 1993).

Table 2 shows the identified flubendiamide photocatalytic 
products. Consecutive numbers of identified compounds in 
the chromatogram are presented in the first column, the 
molecular formulas of identified compounds are represented 
in the second column, the retention times of identified com-
pounds are mentioned in the third column, while the peak 

Table 1  Kinetic parameters describing the photocatalysis of flubendi-
amide under oxygen purging, in solution of nitrates and humic acids 
(HA) (both 10 mg l−1) and without gas purging

Corr. coef. k (first-order decay)

Purging with  O2 0.978 0.047 ± 0.016
No gas purging 0.951 0.004 ± 0.001
Addition of  NO3

− + O2 purging 0.998 0.050 ± 0.009
Addition of HA + O2 purging 0.989 0.267 ± 0.141

Fig. 1  The degradation curve of flubendiamide under oxygen purging 
with addition of humic acids enhancing the degradation and addition 
of nitrate ions, demonstrating no effect

Table 2  Identified flubendiamide products of  the  photocatalytic 
experiment

Peak # Molecular formula R.T. (s) Area (a.u.)

1 C11H6F7NO 604.008 464,672
2 C10H8F7N 680.448 119,861,554
3 C10H9F6N 711.192 8,493,067
4 C10H8F5N 714.888 4,169,189
5 C10H6F7NO 756.048 296,952
6 C11H8F7NO 883.496 129,024
7 C8H3IO3 1099.86 61,523
8 C8H4INO2 1214.76 1,226,026
9 C18H10F7NO2 1260.72 1,184,771
10 C11H9INO2 1468.54 155,226
11 C18H9IF7NO2 1475.26 4,817,429
11 C18H9IF7NO2—Isomer 11 1520.78 928,348
12 C13H14INSO4 1620.41 24,444,942
13 C18H11F7NO2 1756.49 22,981,705
14 C18H10IF7NO2 1943.81 10,224,000

Fig. 2  Proposed degradation pathway of flubendiamide under photo-
catalytic conditions. Identified products are divided into three groups: 
Group 1: phthalimide and related phthalic acid derivatives, Group 2: 
fluorinated species and Group 3: advanced transformation products 
marked in brackets by numbers of each compound found in Table 2

▸



595Environmental Chemistry Letters (2018) 16:591–597 

1 3

N

O

O

S

O

O

CH3

CH3

CH3

Group 1 (9)Group 1 (11)

Group 1 (12)

Group 1 (13)Group 1 (14)

O

O

I

NH

CF3

F3C
F

NH
S

O

O

CH3

CH3

CH3

CH3

Flubendiamide

O

O

O

I

NH

O

O

I

N
+

O

O
CH3

CH3

I

Group 3 (7)

Group 3 (8)

Group 3 (10)

CF3

F3C
F

CH3

N

C

O

CF3

F3C
F

CH3

NH2
Group 2 (1)

Group 2 (2)

CF3

CF3

CH3

NH2

CF2

CH3

NH2

CF2

F

Group 2 (3)Group 2 (4)

CF3

F3C
F

CH3

N

O

Group 2 (5)

Group 2 (6)

CH

O

CF3

CF3

F
CH3

NH

N

O

O

I

CH3

CF3

CF3

F

N

O

O
CH3

CF3

F3C
F

NH

O

O

I

CH3

CF3

F3C
F

NH

O

O

CH3

CF3

F3C
F



596 Environmental Chemistry Letters (2018) 16:591–597

1 3

areas expressed in the arbitrary units (a.u.) are shown in the 
last column.

The transformation products may be roughly divided into 
three groups (Fig. 2). The first one consists of the phthal-
imide and related phthalic acid derivatives (9, 11, 12, 13, 
14) (Kushwaha and Kaushik 2016). Fluorinated species 
related to the second amide moiety represent the second 
group (1–6). The third one involves advanced transformation 
products (7, 8, 10). It is worth mentioning that dialkylsul-
phonyl chain appears to be unstable in reaction conditions, 
and the corresponding products are not detected in the reac-
tion mixture, possibly degrading rapidly to polar or volatile 
small molecules.

The process then involves the cleavage of the phthalimide 
cycle with the formation of aldehydes 13 and 14 or anchi-
meric assistance of the second nitrogen atom and the for-
mation of phthalimide derivatives. It is worth mentioning a 
secondary process dealing with deiodination, i.e. substitu-
tion of iodine atom in the aromatic ring for a hydrogen atom 
(compounds 9 and 13). The loss of the second amide moiety 
(or its part) results in the formation of the advanced trans-
formation products 7, 8, 10. A group of fluorinated alky-
lbenzene derivatives (1–6) includes iodocyanate, amines, 
nitroso-derivative, aldehyde and compounds with a short-
ened heptafluoroisopropyl group.

Conclusion

It is the first report on the photocatalytic degradation of 
flubendiamide, novel registered ryanodine insecticide. 
Flubendiamide transforms into several degradation products. 
GC–MS proved to be an optimal tool for the identification 
of the products formed under photocatalytic conditions in 
oxygen flow, with the addition of nitrates or humic acids. 
Fourteen novel compounds were identified, and the deg-
radation pathways were proposed. One group of identified 
products belong to the phthalimide and related phthalic acid 
derivatives, which are known to express pharmacological 
activities, and should not be released uncontrolled to the 
environment.
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