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The photolysis of fenvalerate, a pyrethroid insecticide, was studied in acetonitrile by *H nuclear
magnetic resonance (NMR) and 3C NMR to identify the site of bond cleavage and gas chromatography-
mass spectrometry (GC-MS) to establish the chemical structure of fenvalerate photoproducts. Ultraviolet
(UV) irradiation of fenvalerate solutions was performed for 18 h with a solar light simulator, and the pho-
tolysis reaction obeyed first-order kinetics. Photolysis half-life time (ti2) values ranged between 15.25
and 21.63 h (mean photodegradation percentage = 51.7 %) for *H NMR and between 4.55 and 8.06 h
(mean photodegradation percentage > 80 %) for 3C NMR. We observed five sites of bond cleavage,
namely carbonyl-tertiary carbon, tertiary carbon-tertiary carbon, carbonyl-oxygen, carboxyl-tertiary car-
bon, and aromatic carbon-tertiary carbon, yielding photoproducts formation. GC-MS was associated with
'H NMR and 3C NMR to obtain a complete photodegradation mechanism. Before UV irradiation, two
chromatogram peaks were obtained, due to the two fenvalerate isomers. Under irradiation, both peaks de-
creased, and new peaks appeared, corresponding to photoproduct formation. After a 12- to 13-h irradia-
tion, 99.39 % of fenvalerate was degraded with a mean rate constant of 0.305 h™*. The chemical structure
of the formed photoproducts was identified, either by using the National Institute of Standards and Tech-
nology (NIST) mass spectral database or by interpreting the mass spectra. Finally, a detailed mechanism
was proposed for fenvalerate photodegradation.

Keywords: fenvalerate, insecticide; *H and 3C NMR; GC-MS; photodegradation

CTYJUJA 3A ®OTOAETPAJIALIUJA HA UHCEKTULUJIOT ®EHBAJIEPAT CO 'H NMR, C NMR,
U GC-MS U PACBETJYBAILE HA CTPYKTYPATA HA TIPOU3BOJUTE HA TPAHC®OPMAILIUJA

®oronuzara Ha (eHBANEPAT, NMUPETPOMIEH MHCEKTHUIM, OENIE CIeJeHa BO ALETOHHTPHI CO
nomom Ha 'H HykneapHa marmetHa pesonannuja (NMR) u co *C NMR, 3a na ce maeHtuduxysaar

1 Work presented at the 50th General Assembly & 47th International Union of Pure and Applied Chemistry (IUPAC) World Chemis-
try Congress (Abstract-P1047), 5-12 July 2019 in Paris, France. Theme 3: Chemistry for the Environment — Symposium 1: Moni-
toring Chemicals for a Safer Environment.
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MecTaTa Ha KHHEHhE Ha XeMHUCKHTE BPCKU Kako M co racHa xpomatorpaduja (GC-MS), 3a na ce yrBpaar
CTpyKTypuTe Ha (oTomponykTure Ha (eHBanepator. UV-upanujanmjara Ha pacTBOpoT Ha (heHBaiepar
Oele M3BEIEHA CO COJIAPEH CUMYJATOp BO BpeMeTpacwme of 18 waca mpu mro peaknujaTa Ha (HOTONIN3A
crieneniie KMHETHKA OJ1 TIPB pell. BpemHocTuTe Ha TIOMyBpeMeTo Ha )uBOT (t12) ce mBmkea momerly 15,25
u 21,63 h (yzen na npoceuna poronerpananuja = 51,7 %) 3a 'H NMR u mefy 4,55 u 8,06 h (yaen na
npoceuna porogerpagamuja > 80 %) 3a °C NMR. Bea 3abenexanu neT noinox61 Ha pacKUHYBAambETO HA
BpCKHTE, KapOOHWII-TEpLUjapeH jarjaepoj, TepUUjapeH jarjaepoA-TeplHjapeH jariepon, KapOOHHII-
KHCJIOPOA, KapOOKCHI-TepIHjapeH jaryiepoJ M apoMaTHYCH jarjepoi-TepuujapeH jariepon. 3a ma ce
n00ue KOMIUIETEeH MeXaHu3aM Ha portojerpaganujara, 6eme npumenera GC-MS, kako u *H NMR u 3C
NMR. Ilpex UV wmpammjanmjata Gea noOWMEHHM [Ba NMHKa INTO C€ ODKAT HA JBaTa HW30MEpPH Ha
¢denBanepar. [lpu wpanujanujara, aBata NMUKa ce HamalyBaaT, a CE I0jaByBaaT HOBH ITMKOBU ILITO
ojaroBapaat Ha oOpasyBarbe Ha Mpou3BoaM Ha (oromerpamammja. [lo 12 mo 13 h, 99,39 % on
(enBanepatorT Oellle pPasIOKEHO CO IPOCEYHAa KOHCTaHTa Ha Opsunarta on 0,305 hl. Xemuckure
CTPYKTYpH Ha oOpasyBaHHTE (OTONPON3BOAN Oea MACHTHU(HKYBAHH UM CO IMPHUMEHA Ha CIIEKTpajHaTa
6a3a Ha momaroru Ha NIST mmm co maTeprperanyja Ha MaceHnTe criekTpu. Ha kpaj Oemre mpemmoskeH
MexaHu3aM Ha (oTomerpanayja Ha peHBaIeparor.

Kuyunu 300poBu: dpenpanepar; uncextuiua; *H u 3C NMR; GC-MS, doroaerpanauuja

1. INTRODUCTION

When pesticides are spread into the envi-
ronment, they undergo different types of physico-
chemical processes, including transfers, immobili-
zations, and degradations. These processes reduce
the number of active substances in the soil and de-
crease the pollution risk.! Furthermore, these pro-
cesses can also lead to the dispersion of pesticides
in food matrices, which can contribute to the poi-
soning of humans and animals.

Soil surface transfers account for only a
small portion of applied pesticides, usually less
than 5 %. These transfers contribute to the pollu-
tion of soil and surface or ground waters when pes-
ticides are either dissolved or retained on ground
particles. The transfers within soils are more im-
portant since pesticides are drained by rainwater
and moved by water circulation.?

Immobilization processes of pesticides are
mainly due to adsorption, resulting from the attrac-
tion of the active substances by mineral and organ-
ic constituents of soils, sediments, and surface and
ground waters.?3

Pesticide degradation in soil constitutes the
main process which prevents the bioaccumulation of
pollutants in the environment and depends on the
specific physicochemical characteristics, such as pH
values, organic matter, oxides, clays, etc.,*> on the
biological properties (microbiological species present
in the media), and on the climatic conditions control-
ling ultraviolet (UV) irradiation, temperature, and soil
moisture.>® Thus, pesticide degradation can also take
place by photochemistry,”® as well as by electro-
decomposition and thermal decomposition.i®*2 It is
worthwhile to point out that, in some cases, the pesti-
cide degradation products are more toxic than the
native substances®® and that pesticide molecules can

be degraded relatively rapidly in plants and soils ac-
cording to the types of treatments and agronomic
practices.*#1°

Synthetic pyrethroids are like the natural py-
rethrins and were widely used in agriculture and as
household insecticides.'®'” Consequently, their ap-
plication in the environment can cause the pollu-
tion of soils and surface and ground waters.? Stud-
ies on the photochemical reactivity of pyrethroids,
induced by natural or artificial light, have been
carried out in organic or aqueous media and
showed that these compounds were very light-
sensitive.”® The primary electronic excitation of
pyrethroid molecules induced the formation, by
bond cleavage, of numerous intermediates and un-
stable free radicals whose study was particularly
useful, not only to understand the photodegrada-
tion mechanism, but also to identify the formed
photoproducts.’®?° In summary, when exposed to
UV radiation, most pyrethroids exhibited photo-
chemical reactions leading to photoproducts that
could be analyzed by gas chromatography-mass
spectrometry (GC-MS).

These pyrethroid insecticides were utilized
in large amounts in Senegal, particularly in the
Niayes agricultural area, where cultures are prac-
ticed during all seasons. Unfortunately, most of
these insecticides presented a great photochemical
instability and were rapidly degraded because of
the very sunny, warm, and dry summer climate. In
these conditions, it led to the formation of several
toxic photoproducts.?

Therefore, we undertook the photodegrada-
tion study of fenvalerate, a pyrethroid insecticide
widely used in agriculture in Senegal,?? and we
found that fenvalerate was photochemically trans-
formed into more than twenty toxic breakdown
products, which constituted an alarm signal on the
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sanitary standpoint. Fenvalerate [4-chloro-alpha-(1-
methylethyl) benzene acetic acid cyano(3-
phenoxyphenyl)-methyl ester] possesses two stereo-
genic centers due to the presence of two asymmet-
rical carbon atoms and contains four stereoisomers
of aS2R-, aR2S-, aR2R-, and aS2S-configurations.®
It can cause severe toxicological effects in various
aquatic organisms, especially in fish.2-% Also, after
prenatal exposure in mice, fenvalerate was found to
affect neurodevelopment in male offspring and fetal
intrauterine growth restriction and exhibited enan-
tio-selective toxicity on the earthworms.?622 More-
over, studies conducted on fenvalerate-exposed
workers suggested that this insecticide or its
transformation products induced morphologic ab-
normality and genotoxic defects of spermatozoa.?®

In the present work, we investigated the fen-
valerate photolysis by proton nuclear magnetic reso-
nance (*H NMR), C NMR, and GC-MS, using a
solar light simulator as an irradiation source. Firstly,
the Kinetics of proton and carbon disappearance relat-
ed to the observed variation of their chemical shifts
were followed by *H NMR and *C NMR, respective-
ly, which permitted us to determine the sites of bond
cleavage and the formation of intermediate radicals.
Secondly, GC-MS allowed us to monitor the fen-
valerate photolysis and identify the photoproducts
formed from the intermediate radicals. Finally, the
combination of 'H NMR, ¥C NMR, and GC-MS
methods led us to propose a probable photodegrada-
tion mechanism of fenvalerate.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

Stock standard solutions of fenvalerate (420
ug ml?t) were freshly prepared by dissolving the
compound (99 %, PESTANALZ®, analytical stand-
ard, Sigma-Aldrich, Saint Quentin Fallavier,
France) in spectroscopic-grade solvents, including
acetonitrile (CHsCN) and deuterated acetonitrile
(CD3CN) obtained from Sigma Aldrich. We also
verified that the old prepared solutions do not
undergo any change before the measurement.
These solutions were protected against light with
aluminum foil and could be stored in a refrigerator
at 6 °C for further use.

2.2. Photolysis reactions

Photolysis reactions were performed by irra-
diating a 25-ml volume of fenvalerate working so-
lution introduced in a standard quartz three-mouth
electrolytic tank (Xian Yima Optoelec Co., Ltd.,
China) with a LS1000 solar light simulator (Solar
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Light Company, Inc.) for 18 hours at room temper-
ature to achieve total degradation. For quality con-
trol, the blank solvents were analyzed before and
after irradiation, CDsCN in NMR and CHsCN in
GC-MS, and presented no impurities. On the other
hand, the unirradiated parent product is by defini-
tion the reference.

Samples were taken every hour for analysis,
and at nightfall, the solution was stored in the refrig-
erator at 6 °C in order to resume the next day. The
NMR and GC-MS measurements was always done to
check the stability before restarting irradiation. The
solar light simulator single output produced an Air
Mass 1.5 (AM 1.5) spectrum, which accurately repli-
cated the full sunlight spectrum, with a sun output
intensity and over 90 % uniformity in the usable area.

The solar light simulator was equipped with
a lamp (XPS-1000 Xenon Power Supply, Glenside,
PA 19038, USA), and the power of the solar light
simulator was set at 239 W/m?, corresponding ap-
proximately to the average annual solar radiation
power in Senegal. The statistical analysis of data
was performed with Origin Pro 8.5.1 (Origin Lab.
Corporation, Northampton, MA 01060, USA) and
Chem Draw® Ultra 8.0 (Cambridge Soft Corpora-
tion, 100 Cambridge Park Drive, Cambridge, MA
02140, USA).

2.3. NMR studies

Working solutions (58.8 ug mL™1) were pre-
pared by dissolving fenvalerate in CDsCN. The
photolysis reactions were performed by irradiating
aliquots of the fenvalerate solution placed in a
quartz tube. The NMR spectra were measured us-
ing a Nanobay NMR Avance Il spectrometer of
400 MHz (9.4T) (Bruker Biospin GmbH, Rhein-
stetten, Germany) coupled to Topspin 3.1 software.
It was equipped with a multinuclear z-gradient
broad band fluorine observation (BBFO) Smart
Probe (Bruker BioSpin Féllanden, Switzerland),
allowing both direct and inverse detection of H
and 3C in liquids. The pulse sequence was zg30
for *H and zgpg30 for 3C, the number of scans
was of 32 for 'H and 8,000 for 3C, and a tube di-
ameter of 5 mm was used. All experiments were
performed at room temperature (25 °C).

2.4. GC-MS analysis

Mass spectra and chromatograms were ob-
tained using a Varian lon Trap GC-MS. A GC
with a split/splitless injector (Varian 431-GC, Ag-
ilent Technologies, Les Ulis, France) was coupled
with a MS detector (Varian 210-MS, IT, Agilent
Technologies, Santa Clara, CA 95051, USA). The
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measurements were carried out under the following
conditions: a volume of 2.0 ul of fenvalerate solu-
tion (0.84 ng mlY), irradiated in CH3CN, was in-
jected in the splitless mode. A fused silica ZB-
5MS capillary column (30 m x 0.25 mm x 0.25
um) from Phenomenex Zebron (Germany) was
used by programming the column temperature var-
iation from 70 °C to 175 °C at a rate of 10 °C/min,
then to 225 °C at a rate of 5 °C/min, and, finally, to
310 °C at a rate of 10 °C/min and held for 5 min.
Helium (99.999 %) was used as carrier gas (1.0
mL/min). MS scanning conditions were as follows:
m/z from 40 to 600, scan time = 0.5 s, electronic
impact = 70 eV, and source temperature = 300 °C.
Varian MS Workstation version 6.9.1 (Agilent
Technologies, Santa Clara, CAL, USA) enabled
data acquisition in the single ion monitoring mode.

3. RESULTS AND DISCUSSION

3.1. Study of fenvalerate photolysis
by *H NMR in CDsCN

The fenvalerate molecular structure, carry-
ing the proton chemical shifts, evaluated with the
Chem 'H NMR Estimation software is given in
Figure 1, which served as a reference to identify
the probable cleavage sites of bonds and photo-
products formed during the fenvalerate photolysis
under UV irradiation. We remember that *H NMR
spectroscopy was also applied by Yassine et al.
(2018) to study the photodecomposition of novel
oral anticoagulants dabigatran, rivaroxaban, and
apixaban in different aqueous matrices.*

Chem H NMR Estimation

Fig. 1. Fenvalerate molecular structure, carrying the proton
chemical shifts (in ppm), obtained with Chem 'H NMR
Estimation Software

The 'H NMR spectra of fenvalerate in
CDsCN (y = 58.8 ug ml?), performed during its
photolysis with the solar simulator (xenon lamp) at
different irradiation times, are presented in Figure

2. Fenvalerate solutions were irradiated for 18
hours, and their irradiation produced important
variations of proton signal intensity. During the
UV irradiation, we observed a gradual disappear-
ance of proton signal intensity at chemical shifts of
6.38, 6.35, 3.38, 3.34, 1.02, 0.95, and 0.68 ppm
and a progressive increase of proton signal intensi-
ty at chemical shifts of 0.87, 1.09, and 1.15 ppm.

By comparing the proton chemical shifts (3
in ppm) in Figures 1 and 2, we found that the &
values observed at 3.38 and 3.34 ppm correspond-
ed to the proton carried by carbon (a), whereas the
proton o values located at 6.38 and 6.35 ppm were
due to the proton of carbon (b). This clearly indi-
cated that the chemical bond cleavage occurred on
both carbons (a) and (b) bearing these protons, for
which the NMR signal intensity decreased when
the irradiation time increased. In all cases, the
measurements were performed twice to ensure
repeatability and reproducibility of the experiment.

The fenvalerate photolysis kinetics were inves-
tigated by following the proton intensity decrease at &
= 6.38, 6.35, 3.38, 3.34, 1.02, 0.95, and 0.68 ppm
with the irradiation time t (hour) in CDsCN. In all
cases, fenvalerate (58.8 pg ml™) obeyed first-order
kinetics, according to the equation:

In(folf) = ki t 1)

where fo/f represents the ratio of the initial proton
signal intensity at to = 0 to the proton signal inten-
sity at an irradiation time t > to, and ki is the first-
order rate constant.

The ki values were obtained by plotting
In(fo/f) = f(t), and the half-life time (ty2) values
were determined from the following expression:

ti2 = In(2)/kq 2

The fenvalerate photodegradation kinetic pa-
rameters are given in Table 1 for all protons under
study. As can be seen, ki and ti» values were be-
tween 3.20-102 and 4.55-102 h! and between
15.25 and 21.63 h, respectively, depending on the
protons. After an 18-h irradiation, about half the
intensity of the protons under study disappeared,
with a photodegradation percentage (PP in %) val-
ue varying between 45 % and 56 % (mean photo-
degradation percentage = 51.7 %), according to the
protons (Table 1). The PP values were calculated
by using the following equation:

PP = (ﬁf—;‘) x 100 (3)

Similarly, Liu et al (2010) found that the fen-
valerate and deltamethrin photodegradation pro-
cesses in n-hexane and methanol/water (50/50 v/v)
solutions also followed first-order kinetics.*

Maced. J. Chem. Chem. Eng. 41 (2), 193-208 (2022)
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u

T B Y 3

1 (ppm)
Fig. 2. 'H NMR spectra of fenvalerate, plotted as proton signal intensity (vertical axis, the scale unit is not available)
vs. chemical shift & (in ppm, horizontal axis), obtained at different irradiation times t (a: 0, b: 1, c: 2, d: 6, e: 10, f: 14, and g: 18 h)
in CD3sCN. Three 1H NMR spectra whose the chemical shift between 0.6 and 2.5 ppm;
chemical shift between 3.2 and 6 ppm; chemical shift between 6.3 and 8 ppm were represented.
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Table 1

Photodegradation kinetic parameters of fenvalerate, obtained in CD3;CN by 'H
NMR and *C NMR spectroscopy

Method 8 (ppm) 2 ki (h 1) tuz (h) ¢ PP (%)9  r2¢

H NMR 6.38 4.35(+0.2) - 102 15.93 54 0.998
6.35 455 (£0.2) - 1072 15.25 56 0.998
3.38 3.74(x0.1) - 102 18.54 50 0.998
3.34 3.20(x0.1) - 102 21.63 45 0.998
1.02 3.87(x0.3) - 102 17.92 52 0.996
0.95 3.95 (+0.1) - 102 1755 52 0997
0.68 4.08 (x0.2) - 102 16.98 53 0.997

13C NMR 32.3 11.7 (#0.9) - 10?2 5.9 90 0.986
63.0 15.2 (x 1.4) - 102 4.5 96 0.988
64.0 9.6 (+0.7) - 102 7.2 86  0.996
1725 8.6 (0.9) - 102 8.1 81 0997

2§ (ppm) = proton chemical shift or **C chemical shift, ® ki = photolysis rate constant (h-) and
absolute error (), °ty2 = photolysis half-life time (h), ¢ PP (%) = photodegradation percentage,

¢r2 = correlation coefficient of the straight line

As already stated, this photolysis Kkinetic
study of fenvalerate by *H NMR demonstrated that
the decrease of proton chemical shift intensity was
due to the cleavage of C (a)-H and C (b)-H bonds
(Figs. 1 and 2). Then, the observed variation in the
rate and half-life values can be ascribed to the dif-
ference in rigidity of these chemical bonds.

Monitoring the fenvalerate photolysis under
solar simulator irradiation by *H NMR allowed us
to determine four probable cleavage sites of bonds,
leading to the photoproducts likely to be formed.
The intermediate radicals (I, 11, 111, and 1V) shown
in Figure 3 yielded the initial photoproducts, which
were expected to evolve towards other photoprod-
ucts.

To confirm these four cleavage sites, we also
investigated the fenvalerate photolysis kinetics by **C
NMR spectroscopy under the same experimental
conditions in the following section.

I
\S%Q/O\(%ZQ\Q Q@T%g
o

cl
1l
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(@] 359 )| 350

625
Il 0
N

Fig. 3. Identification of radicals likely to be formed during
the fenvalerate photolysis by *H NMR

3.2. Study of fenvalerate photolysis
by *C NMR in CD3;CN

A similar procedure was performed using
13C NMR spectroscopy. The fenvalerate molecular
structure, carrying the carbon chemical shifts,
evaluated with the Chem ¥C NMR Estimation
Software is presented in Figure 4. These carbon
chemical shifts were compared with those obtained
in our experimental 3C NMR spectroscopic study.

The BC NMR spectra of fenvalerate in
CDsCN solutions (y = 58.8 ug mL™) were obtained
at different UV irradiation times between 0 and 18
h. A progressive decrease in intensity of the carbon
chemical shifts at 32.3, 63.0, 64.0, and 172.5 ppm
were experimentally observed with the irradiation
time. It is worthwhile to note that these experi-
mental carbon chemical shift values are remarkably
close to the calculated ones of Figure 4 (6 = 32.1,
62.7, 63.1, and 173.7 ppm). Therefore, this decrease
in intensity of carbon § values can be explained by
the cleavage of bonds carried by these carbons.

ChemNMR C-13 Estimation

Fig. 4. Fenvalerate molecular structure, showing
the carbon chemical shift values (in ppm), obtained
with the Chem 13C NMR Estimation Software

Maced. J. Chem. Chem. Eng. 41 (2), 193-208 (2022)
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Moreover, we noted the appearance of certain
carbon d values (6 = 19.0 and 31.0 ppm) for which
the intensity evolved during irradiation. This behav-
ior might be explained by the transformation of the
initial photoproducts into other photoproducts.®

The fenvalerate photolysis was investigated
in CD3CN by following the decrease of *3C intensi-
ty with the irradiation time (in hours) at 6 = 32.3,
63.0, 64.0, and 172.5 ppm. In all cases, the photoly-
sis of fenvalerate (58.8 pug ml™*) obeyed first-order
kinetics, according to equation (1). Like in the case
of protons, we were able to determine the k; (first-
order rate constant) and ti» (half-life time) values
from equations (1) and (2).

The fenvalerate photodegradation kinetic pa-
rameters are presented in Table 1 for all carbons
under study. As can be seen, ki and ti; values were
between 8.6 -102 and 15.2-:102 h* and 4.5 and 8.1
h, respectively, depending on the carbons. The ra-
ther small values of ti» and the fenvalerate PP val-
ues larger than 80 % might explain the relatively
rapid fenvalerate degradation under solar irradiation.

By examining the data in Table 1, it can be
seen that the rate constants of the photodegradation
reactions are a function of percentages of photo-
degradation. This observation helps to explain the
differences in the values of k; and ty, of the carbon
and the proton, given that the experimental condi-
tions were identical.

By comparing the calculated & values of
Figure 4 to those obtained in our experimental *C
NMR spectroscopic study, it was possible to iden-
tify the °*C atoms for which the intensity decreased
with irradiation time.

Cl cl

LYV
a0l ad

Fig. 5. Identification by of radicals likely to be formed during
fenvalerate photolysis by 13C NMR
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Therefore, we were able to determine four
probable cleavage sites of the C-C bonds, which led
to several radicals (Fig. 5), using *C NMR spectros-
copy. These cleavage sites (I-1V) were identical to
those obtained by *H NMR spectroscopy and led to
the intermediate radicals given in Figure 5.

To provide a complete mechanism for the
fenvalerate photodegradation, we complemented
the *H NMR and *C NMR spectroscopic studies
with GC-MS. The monitoring of fenvalerate pho-
tolysis by GC-MS allowed us to elucidate most of
the formed photoproducts.

3.3. Study of fenvalerate photolysis by GC-MS
in CHsCN

The solar light simulator was used to follow
the kinetics of fenvalerate photodegradation and
photoproducts formation in CH;CN by GC-MS. At
t = 0, we observed two peaks of retention times tg
= 28.06 and 28.28 min. These peaks corresponded
to two of the four fenvalerate isomers as observed
by Tagami et al. (2009), who determined fen-
valerate residues in kampo products by GC-MS
with negative chemical ionization.®

Solar light simulator irradiation of fen-
valerate in CH3CN led to the degradation of both
fenvalerate isomer peaks and to the appearance of
new, different peaks.

Among the different peaks, we chose to in-
vestigate the irradiation kinetics of both fenvalerate
isomers and the first three formed photoproducts
(tr = 26.65, 27.00, and 27.20 min). We adopted the
following notations: F1 (tr = 28.06 min) and F; (tr
= 28.28 min) correspond to the initial fenvalerate
isomers (t = 0), and P1 (tr = 26.65 min), P; (tr =
27.00), and P; (tr = 27.20) correspond to the first
three photoproducts observed after UV irradiation.

Fenvalerate chromatograms obtained at var-
ious irradiation times (t =0, 2, 5, 11, 15, and 17 h)
in CHsCN are presented in Figure 6. During the
irradiation, we observed a significant and progres-
sive decrease of the peak intensity for both fen-
valerate isomers (F. and F,). This indicated that
fenvalerate was overly sensitive to sunlight. On the
other hand, the intensity of P;, P, and Ps fen-
valerate photoproducts increased during irradiation
then progressively decreased (Fig. 6B-F). For
more details on the variation of these photoprod-
ucts’ concentrations during irradiation, see the sec-
tion 3.3.1 related to Figure 8.
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Fig. 6. Fenvalerate chromatograms at irradiation times: (A) 0 h, (B) 2 h, (C) 5 h, (D) 11 h, (E) 15 h, and (F) 17 h.
F1 and F2 are the fenvalerate isomers; P1, P2, and Pz are the first three photoproducts formed by irradiation

The photodegradation kinetics of fenvalerate
isomers F; and F are given in Figure 7. As can be
seen, UV irradiation led to the progressive de-
crease of the chromatogram peaks of both isomers.
In our experimental conditions, fenvalerate expo-
nentially photodegraded with irradiation time; the
exponential range ended at about 12 h, for which
time the kinetic curves began to asymptotically
trend to zero (Fig. 7). The photodegradation rate
was found to follow first-order kinetics, since the
plot of natural logarithm of % of Fi or F, remain-
ing concentration vs. the irradiation time yielded a
linear relationship (inset of Fig. 7). Liu et al.
(2010) also obtained first-order kinetics in their
study of the photodegradation mechanism of del-

tamethrin and fenvalerate in simulated natural con-
ditions.®

The results of fenvalerate photodegradation
kinetics under solar light simulator irradiation are
presented for both isomers in Table 2. The mean
photolysis first-order rate constant (ki) and mean
half-life time (ti2) value of fenvalerate isomers
were 0.305 (+ 0.02) ht and 2.28 (+ 0.16) h, respec-
tively, which indicated that the fenvalerate photo-
degradation rate was relatively rapid. The correla-
tion coefficient values of photodegradation kinetics
were close to unity. Both isomers had similar k;
and ti» values, and their mean photodegradation
percentage was practically 99.39 % for the 12- to
13-h irradiation times.
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Inset: In (% of F1 or F,) remaining concentration vs. irradiation time (in h)

Table 2

Photodegradation kinetic parameters of both fenvalerate isomers, obtained by GC-MS

Fenvalerate isomer ki (h1)2 tuz ()P PP (%) ¢ r2d
F1 (tr = 28.06 min) 0.32 (£0.07) 2.17 99.42 0.996
F2 (tr = 28.28 min) 0.29 (£ 0.05) 2.39 99.36 0.993

ks = photolysis rate constant (h1) and absolute error (). ®ti2 = photolysis half-life time (h).
¢PP (%) = photodegradation percentage. 9 r? = correlation coefficient

3.3.1. Photoformation and photodegradation
of fenvalerate photoproducts

In Figure 8, we present the evolution of the
first three fenvalerate photoproducts, including P4,
P,, and P, formed during fenvalerate solar light
simulator irradiation in CHsCN. Two of the photo-
products, i.e., P1 and P, exhibited the same behav-
ior by evolving towards other photoproducts, as in-
dicated in our previous photochemically-induced
fluorescence (PIF) studies of fenvalerate in anionic
micellar medium and in natural waters.” The fen-
valerate enantiomers, F1 and F,, were photodegrad-
ed and led to the photoformation of the three initial
photoproducts, i.e., P1, P2, and Ps. Then, the first
three photoproducts were phototransformed into
other photoproducts when increasing the exposure
time to the solar light simulator (Fig. 8). Therefore,
it was observed that the first generated fenvalerate
photoproducts were also sensitive to solar light. For
all photoproducts, a kinetic profile showing a max-
imum value was obtained after a more or less long
irradiation time, depending on the photoproduct.

The Pz photoproduct was very rapidly pho-
to-generated, reaching its maximum concentration
after a relatively short exposure time (within 4-5
h) to the solar light simulator, then its complete
photodegradation took place rapidly (Fig. 8, Ps
curve). In contrast, the P, and P, photoproducts
were more slowly photogenerated, reaching a max-
imum concentration for a longer exposure time

Maced. J. Chem. Chem. Eng. 41 (2), 193-208 (2022)

(about 9-10 h), decreased rather rapidly, then re-
mained at a quasi-constant concentration for irradi-
ation times longer than 13 h (Fig. 8, curves of P,
and P2). The presence of P; and P, photoproducts
clearly demonstrated that fenvalerate did not per-
sist in environmental matrices, but these potential-
ly toxic photoproducts could be formed in natural
waters and food matrices.
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Fig. 8. Photoformation and photodegradation kinetics
of the fenvalerate photoproducts P1, P2, and Pzin CHsCN

3.3.2. Identification of fenvalerate photoproducts

As established in the previous section, expo-
sure of fenvalerate to the solar light simulator led
to the formation of a wide range of photoproducts.
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These fenvalerate photoproducts were photode-
graded and tentatively identified by means of their
mass spectra (MS) or by using the NIST MS data-
base (NIST 08, Software Version 2.0f, 2008;

Table 3

Standard Reference Data Program). The identi-
fication of potential transformation products was
based on the absence in blanks and controls, %
NIST match, and retention time.

GC-MS detection and identification of fourteen photoproducts formed during fenvalerate photolysis,
using the NIST MS database

Photoproduct 2 tr ® (min)  Fragments (m/z) © Structure ¢
Cl
(1) 1-Chloro-4-isobutyl benzene 13.25 125, 152, 168 @
(2) 4-Chlorophenyl-2-isopropyl-ethanal 27.00 108, 196 ol < > 2
=0
(3) 3-Phenoxybenzaldehyde 16.45 51,141, 198 @\ ©\¢O
®)
O
(4) 4-Phenoxybenzaldehyde 16.60 115, 141, 198, 228 ©/ \@\/O
=
(5) 3-Phenoxyphenyl acetonitrile 26.65 125,127, 209 @ O\///N
o
O
(6) 4-Phenoxyphenyl acetonitrile 26.74 125, 127, 207, 209 ©/ \©\///N
HO
o
(7) 4-Chlorophenyl-2-isopropylethanoic acid 20.21 141, 167, 212 cl
(8) 3-Phenoxybenzoic acid 19.75 115, 141, 214, 225 @O/@(OH
e}
(0]
(9) 4-Phenoxybenzoic acid 19.81 115, 141, 198, 214 ©/ \©\(OH
(@)
o JCL O
(10) Methyl-4-phenoxybenzoate 27.20 115, 141, 198, 252 ||/ 0

(11) 3-Methyl-2-(4-(3-methyl-2-

phenylbutanoyloxy)phenyl)butanoic acid 26.71

73,221, 354, 355

ﬁ@%:

(12) Cyano(3-phenoxyphenyl)methyl

2-(4-chlorophenyl)acetate 2122

Cl
75, 145, 225, 294, 377, 429 @ /@\f ;
O
O
)
N

2 Chemical name of the fenvalerate photoproducts. ®tr = Photoproduct retention time (in min),

¢ Obtained MS fragments (m/z), the main fragment is underlined. ¢ Chemical structure of the identified photoproducts
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Twelve of the eighteen formed photoproducts
were clearly identified. They are listed in Table 3
with their retention times, MS fragments, and chem-
ical structures. In contrast, six other fenvalerate pho-
toproducts were not found in the NIST MS data-
base. Therefore, their identification was mainly
based on MS interpretation and MS fragmentation
pathways (Fig. 9A-D). By means of MS interpreta-
tion, it was possible to identify these photoproducts
whose structures are summarized in Table 4.

Comparing our work to literature data, we
found that some fenvalerate photoproducts were
already identified, such as: 1-chloro-4-isobutyl
benzene, 3-phenoxybenzaldehyde, 4-phenoxybenz-
aldehyde, 3-phenoxyphenylacetonitrile, 4-phe-
noxyphenylacetonitrile, 3-phenoxybenzoic acid,
and 4-phenoxybenzoic acid. Two cyanohydrin
isomers were also found in the literature, cyano-3-
phenoxyphenylmethanol*® and cyano-4-phenoxy-
phenylmethanol.®? Some of these fenvalerate pho-
toproducts were determined in various studies,
such as in n-hexane and methanol/water (50:50
VIV) by GC-MS,* in acetonitrile by UV/ozone-
GC-MS,* by vacuum UV photoionization aerosol
time-of-flight mass spectrometer (VUV-ATOF-

MS) and NMR and MS analysis,* and by Fourier-
transform infrared spectroscopy (FTIR), followed
by GC-MS.®* Other authors investigated the fen-
valerate photoproducts formed by biological deg-
radation in soil using a bacterial strain, ZS-S-01,%
by microbial degradation in surface soil with a na-
tive strain®” and by photodegradation in n-hexane
and methanol/water using GC-MS.*® Also, Wang
et al.® studied the chemical structure modification
of fenvalerate after it had been metabolized in Tri-
choplusia ni (Tn) cells cultured in an insect medi-
um, and treated with fenvalerate for 12 h and were
able to identify the molecular metabolic basis of
the insecticide's action inside the living cells. The
analysis of the extracted degradation products by
IH NMR, C NMR, and mass spectrometry clearly
showed the fenvalerate structure modification,
which revealed the elimination of the a-cyano
group and the phenyl group of 3-phenoxybenzyl.3*
All of these studies suggested that the fen-
valerate photodegradation and biological degrada-
tion were based on four main reactions, including
decyanation, photooxidation, ester cleavage, and
photoisomerization.1%32-38

Table 4
GC-MS detection of other formed photoproducts, based on MS interpretation and on MS fragmentation
pathways
Photoproduct m/z Structure
(13) Cyano-3-phenoxyphenylmethanol 225 @\OO\/ N

(14) Cyano-4-phenoxyphenylmethanol

s
(@)

(15) Cyano(3-phenoxyphenyl)methyl 2-phenylacetate

N
o
343
(e}

(16) 1-chloro-4-methylbenzene

(17) Cyano(3-phenoxyphenyl)methyl propionate

126 u@—
N
281 H\
(0]

(18) Methyl 2-phenylacetate

150 /°4<_©
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Fig. 9. Mass spectra fragmentation pathways of fenvalerate photolysis products in CHsCN

3.3.3. Proposition of a fenvalerate
photodegradation mechanism

Our 'H NMR, 8C NMR, and GC-MS results
on the fenvalerate photolysis allowed us to propose
a photodegradation mechanism. An important issue
related to the photodegradation of pesticides and
other pollutants is the potential environmental risk
factor associated with the toxicity of their degrada-
tion products and/or photoproducts. A tentative
fenvalerate photodegradation mechanism is given
in Figure 10.

The suggested reaction routes were built on
the basis of the identified photoproducts, and four
proposed tracks were presented as follows:

Track I: Photoproducts 1 and 10 were formed
by homolytic cleavage of the carbonyl-tertiary carbon
bond. Photoproduct 16 was obtained by removal of
the isopropyl group from photoproduct 1, whereas
photoproduct 17 resulted from different recombina-
tion reactions, including a process of tearing methyl
groups from solvent molecules (CH3:CN).

Track Il: Photoproduct 12 was probably
formed by homolytic cleavage of the tertiary car-
bon-tertiary carbon bond. Photoproduct 15, ob-
tained from the removal of a chlorine atom from

photoproduct 12, was the result of secondary pho-
toreactions. Thus, photoproduct 18 was obtained
first by secondary photoreactions, then by removal
of the methyl group from solvent molecules.

Track I11: Photoproduct 2 and isomers 13
and 14 were probably formed by homolytic cleav-
age of the carbonyl-oxygen bond. Isomers 3 and 4
were obtained by decyanation (elimination of the
CN group),** followed by a simple radical re-
combination or by dehydrocyanation (elimination
of the HCN) from the isomers 13 and 14, respec-
tively, whereas isomers 8 and 9 were obtained by
photooxidation (oxidation of the carbonyl group to
a carboxyl group) of isomers 3 and 4.

Track 1V: Isomers 5 and 6 and photoproduct
7 were probably formed as a result of a homolytic
cleavage of the carboxyl-tertiary carbon bond. Di-
merization of photoproduct 7 yielded compound 11.

Although this study was not carried out un-
der natural environmental conditions, it gives an
idea of the diversity of the photodegradation prod-
ucts of the fenvalerate insecticide.

This study demonstrates that the photodeg-
radation of fenvalerate does not only occur accord-
ing to the four types of reactions described in the

Maced. J. Chem. Chem. Eng. 41 (2), 193-208 (2022)
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literature (decyanation, photooxidation, ester clea-
vage, and photoisomerization); however, the pro-
posed mechanism in this work allows us to observe
the photoproducts formed by removal of the iso-
propyl group, removal of a chlorine atom, methyla-
tion, dehydrocyanation, and dimerization.

The results obtained here show that the deg-
radation of a toxic pesticide under the effect of light
can lead to the formation of other toxic byproducts.
Moreover, our work clearly indicates that farmers
and populations living in the Sahelian zone run a
potential risk of poisoning linked to the photochem-
ical degradation of pesticides in growing areas.
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Fig. 10. Proposed fenvalerate photodegradation mechanism in CHsCN
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4. CONCLUSION

Fenvalerate is a widely used insecticide that
can be degraded into a number of photoproducts
under the influence of sunlight. To establish the
role and effects of these photoproducts, we studied
the fenvalerate photolysis by *H NMR, *C NMR,
and GC-MS to better understand the environmental
fate of this insecticide. The combination of these
three methods allowed us to establish the for-
mation of eighteen fenvalerate photoproducts ob-
tained under simulated sunlight irradiation and
propose a probable mechanism for the photodegra-
dation of this insecticide. Also, we were able to
determine four homolytic cleavage sites, yielding
the formation of intermediate radicals. Moreover,
we formally identified twelve fenvalerate photo-
products using the NIST database and, afterwards,
the other remaining photoproducts through mass
spectra interpretation. The results of this work
demonstrated the interest of combining the three
methods to identify and possibly quantify the fen-
valerate photoproducts formed under sunlight irra-
diation. In addition, these results should allow one
to perform the analysis of fenvalerate and its me-
tabolites in environmental matrices. In the future,
we are planning to apply this combination of ana-
Iytical methods for the determination of fenvalerate
photoproducts in soil and natural water samples
and to evaluate the toxicity of the various formed
photoproducts, in order to improve the sanitary
conditions of the agricultural use of this pesticide
by farmers.
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