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The photodegradation pathway of the commonly used herbicide fenoxaprop-p-ethyl (FE) was
elucidated, and the effects of the photodegradation on its toxicity evolution were investigated. Under
solar irradiation, FE could undergo photodegradation, and acetone enhanced the photolysis rates
significantly. The same photoproducts formed under the irradiation of λ > 200 nm and λ > 290 nm
through rearrangement, loss of ethanol after rearrangement, de-esterification, dechlorination,
photohydrolysis, and the breakdown of the ether linkages. One of the main transformation products,
4-[(6-chloro-2-benzoxazolyl)oxy] phenol (CBOP), was resistant to photodegradation under the
irradiation of λ > 290 nm, and its photolysis rate was seven times slower than the parent under the
irradiation of λ > 200 nm. Among the metabolites, CBOP (48 h EC50 of 1.49-1.64 mg/L) and
hydroquinone (48 h EC50 of 0.25-0.28 mg/L) were more toxic to Daphnia magna than the parent FE
(48 h EC50 of 4.2-6.9 mg/L). Thus, more toxic and photoresistant products were generated from
photolysis of the herbicide. Ecotoxicological effects of phototransformed products from pesticides
should be emphasized for the ecological risk assessment of these anthropogenic pollutants.
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INTRODUCTION

Among the chemical factors affecting the behavior of
pesticides, photolysis is expected to be a major degradation
process involved in dissipation in water, soils, and plants. More
importantly, previous studies showed that some products gener-
ated from photolysis (1, 2) of pesticides were more toxic than
the parent compounds. A significant example is the P ) S to P
) O conversion in organophosphorus insecticides. This sunlight-
promoted conversion has been implicated as a cause of injury
to farm workers (3). Therefore, assessing the ecological risk of
a pesticide requires an understanding of its degradation pathway
and toxicity of the products.

Fenoxaprop-p-ethyl (FE, ethyl 2-{4-[(6-chloro-2-benzoxa-
zolyl)oxy]phenoxy}propanoate) is widely used in many counties
and belongs to a large class of pesticides known as the
aryloxyphenoxypropionate herbicides (4). As an acetyl-CoA
carboxylase (ACCase) inhibitor, FE is intended for control of
various annual perennial grass weeds in rice, wheat, soybeans,
and turf (5). The metabolism of fenoxaprop-ethyl, the racemic
mixture of the herbicide, in various plants has been studied,
and its main degradation pathway was found to be hydrolysis
forming fenoxaprop. At pH values between 4 and 10, hydrolysis
of FE generated fenoxaprop-p (FA), ethyl 2-(4-hydroxyphenoxy)

propanoate (EHPP) and 6-chloro-2,3-dihydrobenzoxazol-2-one
(CDHB) (6). CDHB, EHPP, and fenoxaprop were also identified
as photodegradation products of fenoxaprop-ethyl under fluo-
rescent UV irradiation (λ > 290 nm) (7) and were less toxic to
aquatic water flea Daphnia magna than the parent herbicide
(6). CDHB can also be formed by biodegradation of fenoxaprop-
ethyl, which was found to cause adverse effects on the growth
of bacteria and fungi (8, 9).

In this study, we further investigated the photodegradation
pathway of FE and emphasized the effects of irradiation
wavelengths on the distribution of the photoproducts. The
photolysis of 4-[(6-chloro-2-benzoxazolyl)oxy]phenol (CBOP),
one of the main photodegradation products of FE, was also
investigated. More importantly, D. magna was chosen to
evaluate the acute toxicity of FE as well as its main transforma-
tion products. The results of the study can increase the
understanding of the potential risks derived from the transfor-
mation products of pesticides and the emerging pollutants like
pharmaceuticals and personal care products.

MATERIALS AND METHODS

Chemicals. FE (97%) was supplied by Ulrodragon Co. (Hangzhou,
China). FA (97%) was purchased from Sigma-Aldrich. EHPP (98%)
was purchased from Yongnuo Pharma. Ltd. (Nanjing, China). CDHB
(97%) and CBOP (97%) were purchased from Tianchen Chemical
Factory (Huai’an, China) and Lihua Research Institute Ltd. (Jiangshu,
China), respectively. Photographic-grade hydroquinone (HQ, > 99%)
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was a gift of Lianyungang Sanjili Chemical Industry Co. Ltd.
(Lianyungang, China). The derivative reagent [N,O-Bis(trimethylsilyl)
trifluoro acetamide (BSTFA) + trimethylchlorosilane (TMCS), 99:1,
purity >99%] was purchased from Supelco (United States). Acetone,
acetonitrile, and dichloromethane were high-performance liquid chro-
matography (HPLC) grade and purchased from Tedia Company
(Fairfield, OH).

Photolysis Experiment. The irradiation experiments were performed
using a 125 W high-pressure mercury lamp as a light source. The lamp
was immersed inside a quartz glass well through which cold tap water
flowed to keep the lamp cool. At the distance of 5 cm from the light
source, a 500 mL quartz or Pyrex reactor was placed parallelly to get
the irradiation of λ > 200 nm or λ > 290 nm, respectively. The light
intensity was 1300 µW/cm2 at 365 nm. To overcome solubility
limitations, acetonitrile (5%) was added as a cosolvent to achieve an 1
mg/L initial concentration of FE. The same FE solution kept in the
dark was used as a control.

Sunlight irradiation experiments were carried out on sunshiny days
at Dalian (38° 53′ N, 12° 31′ E) in May 2005. The initial concentration
of FE was 2 mg/L, and the cosolvent acetonitrile concentration was
10%. The solutions were filled into cylindrical quartz glass tubes (2
cm internal diameter) that were closed by septa, attached on a rack
inclined about 30° from horizon, and exposed to solar light. Dark control
experiments were performed the same way, but the tubes were wrapped
in foil. UV-vis spectra of FE were recorded between 200 and 400 nm
employing a Hitachi U2800 UV-vis spectrometer (Figure 1).

HPLC Analysis and Products Identification. Aliquots (1 mL) of
the reaction solution were periodically sampled at designed intervals
and analyzed immediately by an Agilent 1100 HPLC with a Hypersil
C18 analytical column (5.0 µm, 4.6 mm × 250 mm). The flow rate of
the mobile phase (acetonitrile:water, 70:30) was 1.0 mL/min, the
injection volume was 10 µL, and the UV detection wavelength was
240 nm.

An Agilent 1100 HPLC/G2445A Ion-Trap MS and Agilent GC
6890N/5975 MSD were used to identify photolytic products. For the
analysis, dichloromethane (20 mL) was used to extract the samples
three times. The organic phases were combined, dried with anhydrous
sodium sulfate, concentrated to about 1 mL by rotary evaporation, and
then gently dried by nitrogen stream and reconstituted in 1 mL of
acetonitrile. Electrospray ionization in positive and negative mode was
performed for HPLC-MS/MS analysis. The mass scan range was m/z
100-600. For elution of photoproducts, the linear gradient profile of
water/acetonitrile was adopted as follows: 0 min, 90% water and 10%
acetonitrile; 30 min, 10% water and 90% acetonitrile.

For gas chromatography-mass spectrometry (GC-MS) analysis,
derivatization of photodegradation products with BSTFA + TMCS was
performed for 1 h at 70 °C; then, the derivatized solution was gently
dried by nitrogen stream and reconstituted in 1 mL of n-hexane. The
GC column was a HP-5 (30 m × 0.32 mm × 0.25 µm), and the
temperature program was from 65 to 150 °C at a rate of 20 °C/min,
then to 280 at 10 °C /min (6). The inlet temperature was 250 °C, and
the injection volume was 1 µL with helium as a carrier gas. The mass
spectrometer detector was operated at an ionization voltage of 70 eV
and a source temperature of 200 °C in full scan mode from m/z 50 to
550.

Toxicity Assays. D. magna and Chlorella pyrenoidosa were
cultivated for more than 5 years. D. magna were cultured in nonchlo-

rinated and aerated tap water and fed with C. pyrenoidosa with a density
of ca. 105 cells/mL. The photoperiod was 14:10 h (light:dark), and the
temperature was 20 ( 1 °C (6).

The 48 h acute toxicity test of D. magna was carried out according
to the standard testing procedure (10). On the basis of the range finding
tests, five concentration treatments and a control without chemicals
were adopted. The tests were performed in beakers each containing
100 mL of test solution and 10 neonates that were at least the third
generation with ages less than 24 h. All of the assays were repeated in
triplicate. The tested compounds were poorly water-soluble except HQ,
so dimethyl sulfoxide (DMSO) was used as a solubilizing agent with
the final concentration not exceeding 0.1% (v/v). Solvent controls
(dilution water with 1 mL/L DMSO) exhibited no acute toxicity on D.
magna. Immobilization of D. magna was recorded at 48 h if no
movement occurred after gentle stirring of the test solutions within
15 s. The median effective concentration (EC50) was calculated as a
typical end point, and Probit analysis (U.S. EPA, 1993) was adopted
to estimate the 48 h EC50 and its 95% confidence limits (CL). For the
control of the toxicity assay, the 24 h EC50 of the reference compound
K2Cr2O7 was determined periodically, which varied between 0.7 and
1.1 mg/L.

RESULTS AND DISCUSSION

Photolysis Kinetics. The experimental results indicated that
the first-order kinetics could be used to describe the photolysis
of FE in water. All of the dark control tests showed negligible
loss of FE. As expected, FE photodegraded much faster in the
quartz reactor than in the Pyrex reactor, and the photolysis rate
constants were 310 times faster at λ > 200 nm irradiation than
at λ > 290 nm (Figure 2), confirming that the spectrum match
between the light source and the absorption spectrum (Figure
1) was a decisive factor of the photolysis rates.

Under the irradiation of sunlight on sunny days (May 2005),
FE photodegraded slowly, and 72 h irradiation resulted in 38%
loss of FE (Figure 3), which is due to the low intensity of
sunlight at λ < 320 nm. The addition of 10% (v/v) acetone
increased the photolysis rate greatly, and 3.5 h irradiation
resulted in 88% loss of FE. Acetone absorbs sunlight and can
act as a sensitizer for the photolysis of many aqueous organic
pollutants (11, 12). The observation implies that the excited state

Figure 1. UV-vis spectra of FE in water and acetonitrile (10% v/v).
Figure 2. Kinetics of photolysis of FE under irradiation at λ > 200 nm
(quartz reactor) and λ > 290 nm (Pyrex reactor).

Figure 3. Kinetics of photolysis of FE under irradiation of sunlight.
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of acetone could transfer the excited energy to FE and lead to
an excited state of FE that subsequently photolyzes (12, 13). In
natural water bodies, dissolved organic matter (14), algaes
(Chlorella Vulgaris, Chlamydomonas sajao, or Anabaena
cylindrica) (15, 16), and some inorganic ions (nitrate, bicarbon-
ate, or ferric iron) (14, 17) may also act as sensitizers to promote
the photolysis of FE, which needs further investigation.

Photolysis Products. The photoproducts were the same under
the irradiation at λ > 200 nm and λ > 290 nm, which can be
confirmed by GC-MS. The mass spectral information of FE and
its photoproducts is listed in Table 1.

The derivatization technique was successful in determining
the photoproducts of FE. The products containing a trimethyl-
silyl structure exhibited typical ion fragments of M - CH3 and
m/z ) 73. The latter has been identified as C3H9Si+. Both
derivatization and nonderivatization of benzoxazolin-2(3H)-one
(BOA), ethyl 2-{4-[(2-benzoxazolyl)oxy]phenoxy}propanoate
(EBP), CDHB, EHPP, CBOP, and FE isomer were detected.
BOA and HQ were positively confirmed by the NIST05a library
with high spectrographic fit (>93%). CDHB, EHPP, CBOP,
FA, and FE were in good accordance with the HPLC retention
time of the pure chemicals. HPLC-MS/MS analysis confirmed
the formation of BOA, CBOP, 6-hydroxy-2,3-dihydrobenzox-
azol-2-one (HDHB), 4-[(6-hydroxy-2-benzoxazolyl)oxy]phenol
(HBOP), and ethyl 2-[4-[(6-hydroxy-2-benzoxazolyl) oxy]phe-
noxy]propanoate (EHBP) or EHBP isomer. The lactone is
tentatively identified by interpretation of the mass spectrum (see
the Supporting Information).

CBOP, derived from cleavage of the phenoxy-propanoate
ether linkage of FE, was the main photoproduct under both λ
> 200 nm and λ > 290 nm irradiation conditions. However, as
shown in Figure 4, CBOP was almost resistant to photolysis at
irradiation of λ > 290 nm, and the photolysis rate was seven
times slower than the parent FE under the irradiation of λ >
200 nm. Thus, CBOP is a more photochemically stable product
than FE, which is likely to accumulate in natural waters.

CDHB and EHPP were derived from the breakdown of
another ether linkage, the benzoxazolyl-oxy-phenyl bond of FE.
Studies on the hydrolysis of FE (6) and transformation in soil
of fenoxaprop-ethyl (18) also revealed that the herbicide can
yield these two products. EHBP was a 6-OH analogue of FE,
resulting from the conversion of -Cl to -OH on the phenyl
ring. The photoconversion was accompanied with the formation
of HCl, which was proved by the decrease of pH from 6.3 to
5.5 for the FE solution at λ > 200 nm irradiation (82% of FE
was degraded) and from 6.3 to 5.0 at λ > 290 nm irradiation
(96% of FE was degraded). The hydroxylation is a typical
reaction in aqueous solutions for photodegradation of phenoxy-
propionate herbicides, such as 2,4-D and MCPA (19, 20).

FA was generated through the ethyl-ester bond cleavage of
FE, which was a primary degradation process for FE (21, 22).
The desterified metabolite FA is phytotoxic and about 100 times
more powerful than fenoxaprop-ethyl in inhibiting ACCase (23).
FE isomer resulted from the radical rearrangement reaction of
FE (20). This reaction was previously reported for mecoprop
(24) and dichlorprop (25). FE isomer can undergo photohy-
drolysis, photoreduction, and elimination of alcohol to generate
EHBP isomer, EBP, and lactone, respectively. Figure 5 shows
that the main photoproducts were finally photodegraded under
the irradiation of λ > 200 nm in parallel with the parent
herbicide.

On the basis of the identified photoproducts, the photodeg-
radation pathways of FE are outlined via the following
processes: rearrangement, loss of ethanol after rearrangement,
de-esterification, dechlorination, hydroxylation, and the cleavage
of the ether linkages (Figure 6). BOA, HQ, HDHB, and HBOP
were formed by further photodegradation of the metabolites of
FE through the same processes as the parent herbicide. Notice-
ably, with the irradiation of λ > 290 nm, HBOP can not be
generated from CBOP that was stable under the irradiation
condition. Toole (7) suggested that photolysis of fenoxaprop-

Table 1. GC-MS Spectrum of FE and Its Photoproducts

products retention time (min) mass spectral data (m/z) (% relative abundance) MW (TMS)

BOA 9.35 135 (100), 79 (38), 52 (20), 91 (15), 64 (11) 135
CDHB 11.74 169 (100), 171 (33), 125 (12), 113 (30), 78 (33), 63 (9.8) 169
EHPP 10.76 210 (69), 137 (90), 110 (100), 93 (9), 81 (27), 65 (18) 210
CBOP 17.17 261 (100), 263 (33), 170 (16), 93 (14), 82 (33), 65 (35) 261
FE isomer 21.61 361 (16), 288 (6), 260 (100), 232 (5), 204 (4), 63 (4) 361
HQ 7.24 182 (48), 167(100), 73 (10), 61 (4) 110 (182)
HDHB 13.31 223 (74), 208 (100), 164 (5), 137 (8), 73 (30) 151 (223)
HBOP 18.96 387 (100), 372 (17), 193 (15), 178 (12), 135 (9), 73 (73) 243 (387)
EBP 19.31 399 (61), 384 (22), 356 (22), 326 (100), 97 (14), 73 (87) 327 (399)
lactone 19.56 315 (81), 317 (28), 287 (100), 91 (35), 65 (33) 315
EHBP 22.50 415 (100), 342 (30), 125 (5), 97 (18), 73 (53) 343 (415)
EHBP isomer 24.07 415 (14), 342 (4), 314 (100), 315 (24), 73 (13) 343 (415)
FE 20.30 361 (71), 288 (100), 261 (26), 76 (15), 119 (14), 75 (24) 361

Figure 4. Kinetics of photolysis of CBOP under irradiation at λ > 200 nm
(quartz reactor) and λ > 290 nm (Pyrex reactor).

Figure 5. Evolution of FE and its main photoproducts during direct
photolysis under irradiation at λ > 200 nm. The peak areas were
determined at 240 nm of diode array detector.
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ethyl also led to a small amount of 2-(4-hydroxyphenoxy)
propionate (HPP) that was not affirmed by this study. This may
account for the low production and high polarity of HPP.

Toxicity of FE and Its Photoproducts to D. magna. Table
2 summarizes the 48 h EC50 values and the corresponding 95%
CLs of FE and the tested photoproducts. According to the EC50

values, HQ and CBOP are more toxic than the parent compound.
The control experiments performed in D. magna-free solutions
showed negligible loss of the test chemicals except for HQ,
which changed solution color in 24 h. HQ was susceptible to
oxidation to 1,4-benzoquinone (26) that is considered to be an
arylating electrophile (27); thus, the determined EC50 of HQ
may not accurately describe the toxicity. CBOP is more toxic
than FE with a factor of ca. 3. Increased toxicity of phenolic
metabolites of other aryloxypropionic acid herbicides has also
been reported (28, 29).

The EC50 value of BOA was higher than its solubility limit,
as was found by Fritz et al. (8). However, BOA is known as a
wheat allelochemical and slightly inhibits the growth of onion,
tomato, and cress roots at the concentration of 10-3 M (30).

The modes of action for BOA are complicated, including an
integrity disruption at a radicular cell membrane system, changes
in ATPase activity, and oxidative stress (31). Therefore, it is
hard to exclude the adverse effect of BOA to organisms,
although it has a low acute toxicity. FA, CDHB, and EHPP are
less toxic than the parent compound. However, CDHB may have
a different but more potent mode of toxic action than FE (6).
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