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a b s t r a c t

Cypermethrin is a synthetic pyrethroid insecticide commonly used both indoors and outdoors. Following
its application, cypermethrin residues are exposed to atmospheric oxidants, such as ozone and OH radicals,
as well as to solar radiation. The current work focuses on the photochemical degradation of cypermethrin
under 254 nm, 310 nm, and solar radiation; including kinetic analysis, quantum yields, and identification
of volatile and non-volatile products. The investigation was done using a combined FTIR set-up for parallel
analysis of condensed and gas phases. Complementary GC–MS analysis was conducted on the pesticide’s
residues. Quantum yields of 0.41 and 0.25 were obtained under 254 and 310 nm, respectively. These values
are in agreement with outdoor studies and are higher than the known yields for aqueous solution. The
esticides
hotooxidation

values obtained under all tested conditions suggest that photodegradation of adsorbed cypermethrin
is a major outdoor degradation pathway. Oxygen presence was found to increase degradation rate and
quantum yield.

The identified photoproducts include 3-phenoxybenzaldehyde, 3-phenoxybenzoic acid, acetonitrile (m-
phenoxyphenyl), and cypermethrin isomers on the surface and formic acid, CO2 and CO in the gas phase.
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. Introduction

�-Cypermethrin is a synthetic pyrethroid. It is less toxic when
ompared to other insecticides such as organophosphates, and
ence, has been widely used both indoors and outdoors [1]. It is
specially effective towards the control of insect pests in cotton, top
ruits, vegetable crops, outdoor mosquito control and as an indoor
nsecticide [2].

Due to its low vapor pressure (1.3 × 10−9 mmHg at 20 ◦C), it is
xpected to be adsorbed upon aerosols and stagnant surfaces (e.g.,
oil, foliage, buildings etc.) that are exposed to atmospheric oxi-
ants and solar radiation [3]. Atmospheric interactions are likely
o have an important affect on the environmental fate of cyper-

ethrin (and other pesticides), but still the present knowledge
egarding these processes is lacking and only a few studies were
arried out on the photolysis and atmospheric oxidation of sorbed

ypermethrin [2,4–7]. Although these studies provide important
nformation, the data available is still relatively sparse and is limited
o mechanistic aspects and half-lives that depend on the specific
llumination conditions used in these experiments. Furthermore,

∗ Corresponding author. Tel.: +972 4 8295899; fax: +972 4 8228898.
E-mail addresses: Segalm@tx.technion.ac.il (M. Segal-Rosenheimer),

aeld@tx.technion.ac.il (Y. Dubowski).
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are more polar than the parent molecule, suggesting that they may be
g rate in soils.

© 2008 Elsevier B.V. All rights reserved.

reviously reported photochemical experiments were done under
ncontrolled ambient atmosphere, and were therefore susceptible
o the effect of atmospheric oxidants as well.

In a previous study conducted in our group, the oxidation of
hin film of cypermethrin by gaseous ozone was investigated using
TIR spectroscopy and a novel apparatus allowing simultaneous
onitoring of gaseous and condensed phases. The present investi-

ation focuses on an additional degradation path of cypermethrin;
he photochemical degradation of sorbed cypermethrin under con-
rolled atmosphere and UV radiation. It provides, for the first time
o the best of our knowledge, quantum yield values and real-time
roduct analysis in both phases. Previously only CO2 was suggested
s a gaseous photoproduct [2,8]. Identification of gaseous prod-
cts during cypermethrin photolysis can be of importance also for

ndoor air quality, considering the increasing use of short-UV radi-
tion (254 nm) for the decomposition of air pollutants in indoor
entilation systems [9].

. Experimental
.1. Experimental set-up

Detailed description of the experimental system is given else-
here [7]. In brief, the system consists of a 45◦ Horizontal ZnSe ATR

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:Segalm@tx.technion.ac.il
mailto:yaeld@tx.technion.ac.il
dx.doi.org/10.1016/j.jphotochem.2008.08.004
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rystal (HARTPlus, Pike Technologies, Inc.) placed in a flow-through
omemade Stainless steal chamber with a quartz window at its top.
as-phase species are detected downstream in a small volume long
ath IR cell (model 6.2 V, Infrared analysis, Inc.). ATR and IR cell
re attached to separate FTIR spectrometers (Bruker Tensor 27 and
ertex 70, respectively) to allow simultaneous monitoring of both
hases. A mercury lamp (model 3UV lamp-38, 8 watts UVP, Ltd.)
as placed on top the quartz window, such that the film deposited
n the ATR can be spectrally monitored while irradiated. The lamp
ad three illumination options centered at wavelengths of 254, 310
nd 365 nm. It is important to note that these radiation sources
re not monochromatic but rather emit in the following spectral
anges: 252–262, 280–386, and 340–417 nm, respectively.

.2. Experimental procedures

The photodegradation was studied under the three different
avelengths and under three synthetic atmospheres: N2 (>99.999%
axima), dry mixture of N2 and O2 (>99.999% Maxima) at a ratio of

:1, and similar N2:O2 mixture, but at high relative humidity condi-
ions (RH = 80%). Humidification was obtained by bubbling the dry
itrogen gas through DI water (18.2 M� water, Millipore). RH and
emperature of the gas flow were monitored in a mixing cell located
ust before the reactor’s inlet, using AHLBORN Alemo® 2390-3
nstrument. Cypermethrin film was deposited directly on the ATR
rystal by applying 100 �l of 2 mM solution of ˛-cypermethrin
Riedel-de-Haën, analytical standard) in chloroform (BioLab, ana-
ytical reagent) and allowing the solvent to evaporate (complete
emoval of the solvent was confirmed by ATR spectra). The ATR
ow-through chamber was then sealed to ambient atmosphere.
pectral measurements started simultaneously with the mount-
ng of the UV lamp on top of the chamber’s quartz window, while
he proper gas mixtures were flowing continuously through it.
adiometric readings were taken using separate sensors, calibrated
t 254, 310 and 365 nm (UVX Radiometers by UVP), that were
ounted (in separate experiments) at the same location, distance

nd configuration as the ATR crystal in the experimental system.
rradiance measurements gave 0.45, 0.46, and 0.32 mW/cm2, for

he 254, 310, and 365 nm lamps, respectively.

The infrared absorbance spectra averaged 32 scans per spectrum
t 2 cm−1 resolution for condensed phase and 1 cm−1 for the gas-
hase analysis, over a spectral detection range of 4000–600 cm−1.
ackground for the gas cell was taken under dry nitrogen flow,

t
i
b
a
g

ig. 1. ATR–FTIR spectra recorded during the photodegradation of cypermethrin unde
tmosphere. Time interval between lines is 20 min.
y and Photobiology A: Chemistry 200 (2008) 262–269 263

hile clean ATR crystal served as background for the condensed
hase spectra.

In addition to the laboratory studies, two qualitative photo-
hemistry experiments were preceded under sunlight radiation.
n each of these experiments a film of cypermethrin was similarly
eposited on six carrier glasses. The carrier glasses were inserted

nto six quartz tubes with Teflon sealing flanges. Three pairs of dif-
erent conditions were obtained as follows; two sealed tubes were
overed with aluminum foil and served as controls, two tubes were
lled with dry nitrogen and oxygen mixture (at a ratio of 4:1) and
hen sealed, and the last two tubes were left open to the ambient
tmosphere.

Molar absorption coefficient of the cypermethrin film was deter-
ined by measuring its absorbance at varying concentrations.

ilms were deposited in a defined slot on a quartz slide, and their
bsorbance was measured between 200–500 nm (1 nm resolution)
sing UV–Vis spectrophotometer (Genesis 10 UV, Thermo®).

.3. GC–MS analysis

The residue of the cypermethrin film was extracted at the end of
he experiments with 3 ml of ethanol (BioLab, analytical reagent)
nd analyzed by GC–MS for the verification and identification of
urface photoproducts. GC–MS analysis was performed on a CP-
800 Varian gas chromatograph with a capillary Column (VF5MS,
0 m, 0.25 mm ID, and film thickness of 0.25 um) attached to a
aturn 2000 mass spectrometer. Oven temperature was varied
etween 100 and 250 ◦C, using ramping rate of 10 ◦C/min. Injec-
ion port temperature was 270 ◦C with a split ratio of 1:10. Helium
as used as the carrier gas.

. Results

.1. Spectral analysis of the condensed phase—kinetics and
uantum yields

A detailed description of cypermethrin IR bands association
as given previously [7]. The ATR–FTIR spectra recorded during
he photolysis reaction of cypermethrin under 254 nm is shown
n Fig. 1. As the exposure time increases, the absorbance at the
ands associated with the ether-cyanate, the ester group (1125
nd 1076 cm−1, respectively), and with the terminal dihalogenvinyl
roup (920 cm−1) decrease [7,10]. A decrease of the cypermethrin

r 254 nm radiation. Experiment was conducted under dry nitrogen and oxygen
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ig. 2. IR spectra of cypermethrin film (between 1500 and 1800 cm−1) after 2 h photo
as done under 254 nm and (a) dry nitrogen atmosphere, (b) dry nitrogen and oxyg

arbonyl band (∼1740 cm−1) is also observed, in parallel to an
ncrease of carbonyl signals adjacent to it: around 1650–1700 cm−1

nd 1760–1780 cm−1. As seen in Fig. 1, a shift is observed in the
60 cm−1 absorbance band (associated with the cyclopropane ring)
7,10].

The observed spectra are a superposition of both photoproducts
nd the parent material. The spectral contribution of the latter can
e estimated based on the absorbance at 920 cm−1 band (which is
nique to cypermethrin) [7], which can then be subtracted to yield
he net spectra of the emerging products. Fig. 2 shows the results
f such a subtraction done on spectra obtained after 2 h irradiation
t 254 nm under the three tested “atmospheres”, focusing on the
500–1800 cm−1 range. As can be seen in Fig. 2, the presence of
xygen, both under dry and humid conditions, enhanced carbonyl
ormation. The main peaks increasing under the dry oxygenated
tmosphere were at 1680–1700, 1740, and 1760 cm−1 while under
umid conditions the main increase occurred around 1650 cm−1.
he bands at higher wavenumbers (1680 cm−1 and above) repre-
ent aldehyde and carboxylic acid carbonyl bands, while absorption
t lower wavenumbers may be due to other products, such as ace-
onitrile (m-phenoxyphenyl).

.1.1. Photolysis rate
The photolysis rate constants were extracted from the fit of tem-

oral changes in absorbance peak area at the 920, 1076, 1125 and
740 cm−1 bands. All the analyzed data fit an exponential decay
odel (p value <0.001), indicating first order kinetics. The exper-

mental data under 310 nm showed similar spectral trends and
roduct formation as was observed under the 254 nm radiation,
ut at slower rates. Under 365 nm radiation no significant spectral
hange was observed, indicating negligible degradation under this
avelength. Blank experiments of thin film cypermethrin under
itrogen and oxygen flows, excluding radiation, did not show any
pectral change with time.

Under all tested atmospheres, photolysis rates under 254 nm
rradiation were higher than under 310 nm, with averaged val-
es of 0.036 and 0.0048 min−1, respectively. Photolysis rates were
nhanced under oxygenated atmosphere (both humid and dry).
imilar trends were observed under both wavelengths but were

ore significant under 254 nm irradiation. (˛ value of 0.05 using
NOVA test).

Photolysis half-lives were calculated based on the decreasing
bsorbance in the 920 cm−1 band, which did not show any overlap
ith other absorbance bands and therefore was less susceptible

w
i
l

nd removal of spectral contribution from the unreacted moeity (see text). Photolysis
osphere, and (c) humid nitrogen and oxygen atmosphere.

o spectral artifacts. From the obtained first order photolysis rate
onstants kp, half-lives could be determined:

1/2 = ln(2)
kp

(1)

Calculated half-lives under 254 nm were 19, 15.5, and 16.5 min
or dry nitrogen atmosphere, dry oxygenated atmosphere, and
umid oxygenated atmosphere, respectively. These results are of
he same order of magnitude as previously reported values [4].
nder 310 nm irradiation half-lives of 138, 114, and 144 min were
alculated for dry nitrogen atmosphere, dry oxygenated atmo-
phere, and humid oxygenated atmosphere, respectively.

Unlike photodegradation rate constant and half-life values,
hich depend strongly on the experimental illuminescence inten-

ity, obtaining quantum yields for these reactions will provide
better tool for comparison between experiments conducted at

ifferent laboratories and between laboratory and outdoor experi-
ents.

.1.2. Quantum yields
Quantum yield values for the reactions conducted were calcu-

ated based on the following equation;

=
(

dC/dt

dIabs/dt

)
(2)

here dC/dt is the observed initial photodegradation rate, and
Iabs/dt is the light flux absorbed by the cypermethrin film.

The absorbed light (Iabs) is a function of both the incident light
ux (I0) and the average molar absorption coefficient <ε>. I0 was
alculated based on the light flux measured using the specific
adiometers for each lamp and a correction factor compensating
or the differences between spectral illumination curves of the
V lamps (or the sun) and the spectral responsivity curves of the
orresponding radiometers (detailed explanation is provided in
ppendix A).

<ε> was calculated over the spectral range of the radiometers
�1 to �2) according to

ε〉 =
∫ �2

�1
I(�) ε(�) d�∫ (3)
�2

�1
I(�) d�

here I(�) represents the lamp spectral output function and �(�)
s the measured molar absorptivity of cypermethrin film at wave-
ength �. Since the film thickness is estimated to be less than 40 nm,
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Table 1
Quantum yield values for photolysis of cypermethrin thin film under 254 and 310 nm
radiationa

Experimental conditions 254 nm 310 nm

Dry N2 atmosphere 0.37 ± 0.03 (5) 0.23 ± 0.03 (3)
Dry N2 and O2 atmosphere 0.46 ± 0.07 (7) 0.28 ± 0.05 (5)
H
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umid N2 and O2 atmosphere 0.42 ± 0.04 (5) 0.22 ± 0.05 (5)

a Values in parenthesis refer to the number of experiments made under each
ondition.

s we have previously shown for similar films [7], diffused reflectiv-
ty of the film can be neglected in this wavelength range (>254 nm),

ccording to the Rayleigh criterion [11].

Following the above, the actual light flux initially absorbed by
he cypermethrin film (Iabs) is given by

abs = I0 × 〈ε〉 × [C]0 (4)

y

s
(

able 2
roducts formation yields (in percentage relative to reacted cypermethrin) during photoc

etention time (min) Compound name Molar fraction
before reaction

10.768 3-PB-aldehyde 2.5
2.69 ACN-P 0
2.9 3-PB-acid 0.5
3.503 Cyper—isomer 1a 3.5
4.041 Cyper—isomer 2a 93.5
4.18 Cyper—isomer 3a 0

otal 100%

a All three isomers were identified by the instrument’s library search algorithm as cype

Scheme 1. Suggested mechanism for the p
y and Photobiology A: Chemistry 200 (2008) 262–269 265

here [C]0 is the initial cypermethin thin film surface concentration
n molecules/cm2.

Table 1 summarizes the quantum yield values obtained for the
hotodegradation of thin film cypermethrin on a ZnSe surface
nder the different experimental conditions. As shown, under both
54 and 310 nm irradiations, the quantum yields under oxygenated
onditions were higher. The quantum yields obtained under 254 nm
adiation were significantly higher than those under 310 nm radia-
ion, as expected.

As was mentioned earlier, in order to confirm our experimental
uantum yield for 310 nm radiation, additional photolysis experi-
ents of cypermethrin were performed under sunlight radiation.

uch comparison is valid assuming that cypermethrin quantum

ield does not vary significantly over the range of 280–305 nm.

In the outdoor photolysis experiments cypermethrin thin film
amples under synthetic atmosphere of dry nitrogen and oxygen
4:1 mixing ratio) showed 70% degradation after 4 days.

hemical reaction of cypermethrin under sunlight radiation

Molar yield after reaction under
controlled atmosphere

Molar yield after reaction under
uncontrolled atmosphere

22 41
1.9 2.9
0.45 3.4
0 0

40 11.3
12.65 8.3

77% 67%

rmethrin (over 98% certainty).

hotolysis reaction of cypermethrin.
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ig. 3. LP–IR cell spectra of the gas phase (a) composite spectrum after the photol-
sis reaction under 254 nm radiation, (b) CO2 spectrum, (c) CO spectrum, and (d)
ormic acid spectrum. Reference spectra were taken from PNNL spectral gas-phase
atabase. Spectra are shifted for clarity.

.2. Spectroscopic and chromatographic product analyses

.2.1. Condensed phase products
Product identification of the condensed phase was conducted

sing both gas chromatography and spectral analysis methods.
C–MS analysis revealed the following products (Table 2); 3-
henoxybenzaldehyde (3-PB-aldehyde, product no. 3 in Scheme 1),
-phenoxybenzoic acid (3-PB-acid, product no. 4 in Scheme 1), Ace-
onitrile (m-phenoxyphenyl) (ACN-P, product no. 6 in Scheme 1),
nd an additional cypermethrin isomer (i.e., isomer 3). Quantifica-
ion of the identified photoproducts was possible using commercial
tandards for GC calibration. Such analysis was carried out for
ypermethrin films that were exposed to solar radiation under
ynthetic dry atmosphere (N2:O2 = 4:1) and under open ambient
tmosphere. Products formation yields were estimated by dividing
he amount of the generated product by the amount of consumed
ypermethrin and are shown in Table 2 (Cypermethrin was cal-
brated according to the isomer emerging at 24.04 min and an
ssumption on similarity was made for the other two isomers).

.2.2. Gas-phase products
Gaseous products were detected using a mini-LP IR cell located

ownstream of the photochemical reactor. Due to low concen-
rations under flow-through conditions, gas phase products were
dentified under separate experiments, in which reaction took place
nside the sealed cell attached to the ATR. At the end of the photo-
hemical experiment, the head space was flushed downstream to
he pre-pumped LP IR cell. Fig. 3a shows the gaseous phase spectra
f the emerging products observed during the photolysis reaction
nder 254 nm radiation and dry atmosphere of nitrogen and oxy-
en. Among the gaseous products, CO2 and CO are clearly identified
Fig. 3b and c, respectively). Formic acid fits well with the additional
pectral bands at 1100, 1200, 1735 and around 3000 cm−1 (Fig. 3d).
owever, these three products cannot account for the absorbance
ands at 778, 1435, and 1460 cm−1, indicating the presence of addi-
ional gaseous photoproducts. Gas-phase products under 310 nm
adiation showed the same peaks but with significantly lower sig-
als.

. Discussion
Under UV radiation, the ether or the ester bonds of cyperme-
hrin are expected to break and split the molecule [6], as shown
n Scheme 1. Indeed, the absorbance bands associated with these
unctional groups (1076 and 1125 cm−1) show a decrease upon irra-
iation (Fig. 1). The observed loss rates of these bands were proven

m
m
i
t
s

y and Photobiology A: Chemistry 200 (2008) 262–269

o be statistically similar, suggesting that both pathways of ether
leavage and ester cleavage degradation (Scheme 1) are similar in
heir occurrence rate.

.1. Photolysis rate and quantum yields

The photolysis rates obtained from the ATR data are in agree-
ent with previous reported values for adsorbed cypermethrin on

lass surface under 254 nm irradiation [4]. Regarding photolysis
nder solar radiation, our outdoor experiment implies a half-life
f 22–29 light hours (considering about 10 h of light a day dur-
ng the experiment time at the beginning of July and assuming an
xponential decay process). This value is in good agreement with
reviously reported half-life values for outdoor photolysis of cyper-
ethrin adsorbed on soils (0.6–1.9 days by Takahashi et al. and 2.2

nd 3.2 days by Raikwar and Nag) [2,4], despite the differences in
hese surfaces properties.

The present laboratory experiments show that the photolysis
ates of cypermethrin are enhanced under oxygenated atmosphere.
t is possible that oxygen accelerates the reaction by promot-
ng the stabilization of intermediate products (e.g., product D in
cheme 1) [6] or by participating in radical formation (pathway

b’ in Scheme 1). Relative humidity was also found to enhance the
eaction rate supporting the assumption that it is also an active
articipates in the reaction mechanism (as shown in Scheme 1).

Quantum yield is an essential parameter for quantitative com-
arison between results from different experiments. Unfortunately,
uantum yields for cypermethrin photolysis were previously
eported only for the cis and trans isomers in aqueous solutions
nder sunlight (0.16 and 0.097, respectively) [2]. These values are
bout a factor of 2 lower than the quantum yields obtained in
he present study for cypermethrin film under 310 nm irradiation.
evertheless, this trend (i.e., higher yield for cypermethrin pho-

odegradation on surfaces than in solution) is in agreement with
he 1.7-times higher loss rates measured for cypermethrin film on
oils relative to aqueous solutions [2]. Furthermore, based on the
uantum yield obtained in the present laboratory study (0.25 under
10 nm irradiation) and the solar irradiance in our geographical
ocation, a photodegradation rate and half-life can be calculated.
he half-life calculated this way, using tabulated solar irradiance
ata [12] for a solar zenith angle of 10◦ (corresponding to mid-
ummer zenith angle at our location, 32◦N, at mid-day) is of the
rder of 19 h. This value is in good agreement with the observed
utdoor experimental results.

Under open atmospheric conditions, cypermethrin degradation
as more rapid, yielding more 3-PB-aldehyde and probably more

as phase products. This may suggest the participation of other
tmospheric oxidants, such as O3 and OH radicals, under ambient
tmospheric conditions.

.2. Surface products

The observed spectral changes in the carbonyl region (1680-
780 cm−1) suggest the formation of carbonyl groups such as
ldehydes and carboxylic acids, which differ from the reactant’s
nitial carbonyl group. The shift in the 860 cm−1 band supports the
somerization of cypermethrin, which is known to occur during its
hotochemical degradation [6] and is also supported by our GC–MS
roduct analysis.

GC–MS analysis of the cypermethrin residue indicated that the

ain photoproducts are 3-PB-aldehyde and the cypermethrin iso-
er (Table 2). The formed isomer (#3, emerging at 24.18 min and

dentified by the GC–MS algorithm as cypermethrin), is suspected
o be the trans isomer, as was previously suggested for aqueous
olution systems [2,6]. ACN-P was found to be a minor product and
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ig. 4. ATR–FTIR spectra of the condensed phase of (a) cypermethrin film (standar
d) 3-phenoxybenzoic acid, (e) 4-phenoxybenzoic acid, (f) acetonitrile (m-phenoxyp
ry nitrogen and oxygen atmosphere, and (h) reconstructed spectrum error based
ence are not quantitative. Spectrum h is one order of magnitude smaller than upp

he obtained low yields of 3-PB-acid are very likely the result of
ur low sensitivity to carboxylic acids as no dervitization was used.
he obtained yields and incomplete molar balance may indicate the
ormation of additional unidentified products or gaseous products.

Fig. 4 shows the spectra of the different identified condensed
hase products, in comparison with the spectra of the film residue
t the end of reaction. As shown, 3-PB-aldehyde and the 3-
henoxybenzoic acid (spectra b and c) can explain much of the
roadening and increase at the spectral range between 1650 and
720 cm−1. Also, the cypermethrin film of mixed isomers is shown
o be contributing to the spectral change around 860 cm−1, as sug-
ested earlier. The increase in the band of 1760 cm−1 is associated
ith 4-phenoxybenzoic acid (4-PBA acid), which unfortunately

annot account for all of the changes occurring above the 1740 car-
onyl band. It is possible that additional products are present, as
ound by Takahashi et al. and Raikwar and Nag [2,4], but were not
dentified by us. Also seen is the contribution of the ACN-P at the
200 and 1600 cm−1 bands. Although the latter can explain well the
pectral changes around those regions, it cannot, quantitively, be
ccounted for all of it. Following the above, the identified products
annot be the sole contributors of the observed spectral change, in
greement with the incomplete molar balance shown in Table 2.
evertheless, as we will show below, the identified products can
xplain most of the spectral change during reaction.

A first approximation of the products’ relative contribution to
he film’s spectra during reaction can be deduced, assuming that at
ach time point the observed spectrum is a linear combination of
he pure reactant and products’ spectra (i.e., end-members spectra)
nd applying a spectral inverse model (see Appendix B). Hence,
he acquired absorbance spectra can be described by the following

atrix notation:

A] = [E] × [f ] (5)

here [A], [E], and [f] are matrixes with the following dimensions;
m × t], [m × n], and [n × t], respectively, with m being the number

f wavenumbers, n the number of end-members, and t the num-
er of spectrums acquired during a whole experiment. As [A], the
ecorded spectra matrix, and [E], the end-members spectra, are
nown, the fractions of each component at a specific time t can
e calculated using matrix division.

I
s
(
a
l

e) before reaction, (b) cypermethrin film (mixed isomer grade) (c) 3-PB-aldehyde,
l), (g) cypermethrin film after photochemical reaction under 254 nm radiation and
erse calculations, as detailed in text. Absorbance units were scaled arbitrarily and
ctra.

This spectral inverse modeling was done on the observed spec-
ra of the different experiments. Calculations have shown that the

ajor contributors to the spectral changes were the 3-PB-aldehyde
nd the cypermethrin isomers (shown in Fig. 4b and c). All other
roducts contributed a small change to the spectral reconstruction
nd to the spectral reconstruction error. The spectral reconstruc-
ion error was calculated from the subtraction of the calculated
econstructed spectrum from the corresponding measured spec-
rum. Calculations were done only within the fingerprint spectral
egion between 800 and 1800 cm−1. One representing example
s shown in Fig. 4h. The major deviations were around 1200 and
700 cm−1, and the maximal reconstruction error was under 10%
rom the original spectra in all experiments. Positive deviations may
e contributed by additional unidentified products (e.g., dimer’s
bsorbance around 1200 cm−1), and the negative peak around
700 cm−1 may suggest a small overestimation of the produced
-PB-aldehyde.

In addition, the calculated temporal relative fractions of each
omponent could give an estimation of the reaction progress and
ate. A good agreement was obtained between the rates esti-
ated using the inverse method and those calculated based on

he 920 cm−1 peak decrease (deviations of up to 0.005 min−1 in
eaction rate constants relative to the obtained experimental rates).

.3. Suggested photolysis mechanism

In general, following its excitation under direct photolysis,
ypermethrin can follow three primary paths resulting in the
ormation of cis/trans isomerization or degradation via ester or
ther-cyanate cleavages (Scheme 1).

The observed surface products and the decrease in ether-
yanate absorbance band (1125 cm−1) are in agreement with
reviously proposed photolysis mechanisms of cypermethrin [6]
resented as path ‘a’ in Scheme 1. Nevertheless, no species includ-

ng cyclopropane derivatives were observed, in agreement with our
ncomplete mass balance and spectral analysis discussed above.

n parallel to the breakage of the ether-cyanate group, our ATR
pectra shows a simultaneous decrease of the 1076 cm−1 band
C O)–O–, indicating an ester cleavage (path b in Scheme 1), as
lso reported by Raikwar and Nag [4]. Such ester cleavage will
ead to the formation of two unstable intermediates (A and B).
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nder oxygenated atmospheric conditions, intermediate A was
ostulated to yield CO, CO2 and formic acid, which indeed were
etected in the gas-phase. The chlorinated cyclopropane radical
hat is expected to be formed on the surface (product RR•), is
nown to recombine to form dimers, [4] or higher molecular weight
roducts. Such products, although not detected by our GC–MS anal-
sis, may be supported by the broad absorbance increase between
100 and 1300 cm−1, as shown in Fig. 1. The chlorinated radi-
al might also participate in other radical chain reactions or be
ubjected to hydrogen abstraction reaction and breakage of its dou-
le bond. The main observed degradation products, 3-PB-aldehyde
product 3) and 3-PB-acid (product 4), can be derived from inter-

ediates B and D under oxygenated conditions, in agreement with
he reduced formation of these carbonyl species under pure N2
tmosphere (Fig. 2a). The formation of product 6 (ACN-P) was pre-
iously suggested to depend on relative humidity [6]. The present
esults, showing stronger absorbance around the 1600 cm−1 under
umid conditions (Fig. 2c), support this path. Product 7 was not
bserved in the current study, which is not surprising consider-
ng it is known to readily convert [6] into products 3 or 4. Similar
o the behavior of the chlorinated radical (RR•), the phenoxy rad-
cal, generated in pathway ‘a’ can further react to form dimers or
articipate in different radical reactions that can attack the double
ond.

.4. Environmental implications

During application, cypermethrin is usually sprayed as a mixture
f organic solvents that rapidly evaporate, leaving the active ingre-
ient airborne or deposited [13,14] on different surfaces that are
ontinuously exposed to the atmosphere and solar radiation. Both
easured and calculated half-lives of cypermethrin under solar

adiation were about 20 h, indicating that photochemical degra-
ation is one of the most important pathways of this material
utdoors. Previous studies have shown that even for low-volatility
esticides, significant portions of the applied material can reach
on-target areas via atmospheric transport [15]. The quantum
ields obtained in the present study and the lifetime of atmospheric

erosols [16], suggest that non-target areas located even few kilo-
eters down wind from applied fields are likely to be exposed to
mixture of cypermethrin isomers and its degradation products.

he agreement between calculated quantum yields under labora-
ory 310 nm lamp, and the observed outdoor loss rate under solar

I

C

ig. A.1. Relative spectral responsivity curves of (a) 254 nm radiometer, (b) 310 nm radiom
n the laboratory experiments, and (e) solar UV spectrum taken from tabulated irradiance
adiometer responsivity curves are given in relative units.
y and Photobiology A: Chemistry 200 (2008) 262–269

adiation, support the possibility to use quantitative laboratory data
o estimate atmospheric photodegradation.

The detected gaseous products: carbon dioxide, carbon monox-
de, and formic acid are likely to quickly disperse outdoors without
osing significant health problem. In the indoor environment these
aseous products might form when 254 nm light is used for decon-
amination in ventilation systems, nevertheless the levels produced
re not likely to pose a health problem.

The condensed phase products: 3-phenoxybenzaldehyde, 3-
henoxybenzoic acid, and acetonitrile m-phenoxyphenyl are more
olar than the parent molecule and may be susceptible to a
reater leaching rate in soils, [1] resulting in a greater groundwater
ontamination probability. Furthermore, the major photoproduct
bserved, 3-PB-aldehyde, is a toxic compounds that was recently
roven to have estrogenic activity [17].

Comparing the effects of atmospheric ozone [7] and solar radi-
tion on the fate of adsorbed cypermethrin suggest that under
mbient conditions photolysis is faster and possibly a major out-
oor degradation pathway, while indoors ozonolysis is likely to be

mportant. Despite the different mechanisms, the resulting sur-
ace products of both processes were quite similar. With respect
o gaseous products, more variability was found, with phosgene
eing detected only during ozonolysis and formic acid only during
hotolysis.
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ppendix A. Correction of measured radiant flux

Since the spectral illumination curves of the UV lamps (or the
un) do not perfectly overlap with the spectral responsivity curves
f the corresponding radiometers, as shown in Fig. A.1, the mea-
ured flux had to be adjusted by a correction factor as follows:
0 = Imeasures × CF (A1)

F =
∫ �2

�1
I(�) d�∫ �2

�1
I(�)r(�) d�

(A2)

eter, and the spectral illumination curves of (c) 254 UV lamp, (d) 310 UV lamp used
data for a solar zenith angle of 10◦ (Finlayson–Pitts and Pitts, 2000). UV lamps and
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here �1 and �2 are the lower and upper boundaries of the wave-
ength range at which the measurements were taken (i.e., the
adiometer range), I(�) is the lamp spectral output function and
(�) is the radiometer response normalized to its calibration wave-
ength.

ppendix B. Inverse method calculations

A first approximation of the products’ relative amounts in the
omposite spectra during reaction was deduced, assuming that at
ach time point the observed spectrum is a linear combination of
he pure reactant and products’ spectra (i.e., end-members spectra)
ence, each absorbance spectrum at time t can be described by the

ollowing set of linear equations:

A1 = e11f1 + e12f2 + · · · + e1nfn
A2 = e21f1 + e22f2 + · · · + e2nfn
...
Am = em1f1 + em2f2 + · · · + emnfn

(B1)

here Ai is the IR absorbance reading at a specific wavenumber
(given for m wavenumbers) for a specific spectrum in time, eij is
he jth end-member signal (where there are n end-members) at the
pecific wavenumber i, and fj is the fraction of the jth end-member
t that specific temporal spectrum. Using the shortened vector form
e receive:

� = [E] × �f (B2)

here �A is the absorbance vector at time t with the dimensions
f [m × 1], [E] is the end-member matrix with the dimensions of
m × n], and �f is the end-member’s fraction vector with the dimen-
ions [n × 1]. As we have t spectra, one for each acquisition in time,
he full set of linear equations can be described by the following
otation;

A] = [E] × [f ] (B3)

here, [A], [E], and [f] are matrixes with the following dimensions;

m × t], [m × n], and [n × t], respectively. t is the number of spec-
rums acquired during a whole experiment. As [A], the recorded
pectra matrix, and [E], the end-members spectra, are known, the
ractions of each component at a specific time t can be calculated
imultaneously using following equation:

[

y and Photobiology A: Chemistry 200 (2008) 262–269 269

f ] = INV[E] × [A] (B4)

here INV[E] is the inverse matrix of [E].
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