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Photodegradation of 3-Phenoxybenzoic Acid in Water and on Solid

Surfaces

Toshiyuki Katagi

Environmental Health Science Laboratory, Sumitomo Chemical Company, Ltd., 4-2-1 Takatsukasa,
Takarazuka, Hyogo 665, Japan

3-Phenoxybenzoic acid (I) was irradiated with a xenon lamp (A > 280 nm) in buffered aqueous solutions
and on the surfaces of Noichi upland soil, kaolinite clay, and silica gel. Hydroxylation at both phenyl
rings and ether cleavage were the main photodegradation pathways, and I was finally mineralized to
carbon dioxide. Chemical oxidation and 80 isotopic dilution studies showed that the participation of
a hydroxyl radical was of importance in photodegradation of I and that the ether cleavage proceeded
via reaction with a hydroxyl radical but via neither photonucleophilic substitution by water molecule

nor degradation of 2’-hydroxylated derivative of I.

INTRODUCTION

Synthetic pyrethroids possessing an a-cyano-3-phenox-
ybenzyl moiety are some of the most potent insecticides,
and their environmental fates have been extensively
examined (Leahey, 1985). Sincetheester linkage is mostly
cleaved to form the corresponding acid and cyanohydrin,
which successively degrades to I via hydrolysis and
oxidation, their further degradation becomes dominant
rather than that of the pyrethroids by themselves. For
the alcohol moiety of these synthetic pyrethroids, the hy-
droxylation of aromatic rings and ether bond cleavage have
been reported under various conditions. In the soil
metabolism of cypermethrin (Sakata et al., 1986), fen-
propathrin (Roberts and Standen, 1977), and fenvalerate
(Ohkawa et al., 1978), 2’-hydroxy and 4’-hydroxy deriv-
atives of I and/or 3-hydroxybenzoic acid were detected as
metabolites. Some soil microorganisms are known to
metabolize pyrethroids via cleavage of an ester linkage
followed by oxidation and hydroxylation (Maloney et al.,
1988). I and its hydroxylated derivatives have been
identified mainly as their conjugated forms in plant and
rat metabolism studies (Leahey, 1985). Besides these
biological processes, photodegradation of I is considered
to be one of the important factors in its environmental
fate. Both in the aqueous phase and on soil surfaces, the
photoproducts formed via ether bond cleavage of I have
been detected with a trace amount from permethrin
(Holmstead et al., 1978), cypermethrin (Takahashi et al.,
1985a) and fenpropathrin (Takahashi et al., 1985b).

In contrast to that of the pyrethroids by themselves,
the degradation of I has been scarcely studied. Recently,
3-hydroxybenzoic acid has been shown to be a main deg-
radatein chicken metabolism (Akhtar, 1990) and microbial
degradation (Topp and Akhtar, 1990) of I. Although the
photochemistry of 3-phenoxybenzyl alcohol (Huang and
Wan, 1991) and 2- and 4-phenoxybenzoic acids (Yang et
al., 1972) has been examined, no photochemical informa-
tiononIisavailable. Meanwhile, diphenyl ether is known
to photodegrade via Claisen rearrangement in organic
solvents (Hageman et al., 1970; Ogata et al., 1970), and the
photonucleophilic substitution has been reported for
diphenyl ether herbicides (Nakagawa and Crosby, 1974;
Ruzo et al., 1980) in aqueous solutions. These mecha-
nisms may be applicable to the photodegradation of I in
the environment. To examine the importance of photo-
degradation of I in the environment, the photolysis profile
of I was first studied in the aqueous phase by using a
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xenonarc lamp (A > 290nm). The effects of the parameters
pH, hydrogen peroxide, and humic acids were also
examined. Since I was a main metabolite in the soil
metabolism of synthetic pyrethroids, its photodegrada-
tion on an intact soil was also studied. To estimate the
participation of active oxygen species on solid surfaces
(Katagi, 1990, 1991), kaolinite clay and silica gel were used
as media.

MATERIALS AND METHODS

Chemicals. The hydroxylated derivatives of I (II-VII in
Figure 5) were prepared according to the reported methods (Unai
and Casida, 1977). The chemical structure of each compound
was confirmed by 'H NMR, IR, and MS spectroscopies. The
chemical purity of each compound was >99%, as determined by
HPLC analysis. I, 3-phenoxyphenol (XII), 3-cyanobenzoic acid,
ferrous perchlorate hexahydrate, the sodium salt of humic acid
from Aldrich Chemical Co. Ltd. (Milwaukee), and 3-hydroxy-
(VIII), 3,4-dihydroxy- (IX), 2,5-dihydroxy- (X), and 3,5-dihy-
droxybenzoic acids (XI) from Wako Pure Chemical Industries,
Ltd. (Osaka) were used without further purification. [14C]-I
uniformly labeled at the phenyl ring (317 mCi/g, >99%) in the
benzoic acid moiety from Amersham was purified by a thin-layer
chromatography prior touse. H;'#0 (37 atom %) was purchased
from E. Merck (Montreal). (Trimethylsilyl)diazomethane (TM-
SCHNy) in 10% hexane from T'okyo Kasei (T'okyo) was used for
methylation of VIII. Pure water with an electrical conductivity
of 5.5 X 108 Q! cm™! supplied from a Puric Model-R (Organo
Co., Litd.) equipped with a G-10filter (Organo) was used to prepare
buffer solutions. PIC-A (tetrabutylammonium phosphate) used
in a mobile phase of HPLC was purchased from Waters Co., Ltd.
(Milford, MA). Kaolinite clay (K5, acid-washed American
standard) from Fisher Scientific (Fair Lawn, NJ) and silica gel
(Keieselgel 60, no. 7734) from E. Merck were used. The
characteristics of the Noichi upland (sandy clay loam) soil were
the same as reported previously (Katagi, 1991).

Spectroscopy. The ultraviolet (UV) absorption spectra of I
in 1% aqueous acetonitrile (1.07 X 10-* M) were measured at pH
2 and 7 with a Hitachi U-3210 spectrophotometer. Reflectance
spectra of I (0.14 mg cm™2) on solid surfaces were obtained with
the same spectrophotometer equipped with a 60 i.d. integrating
sphere in a manner similar to that reported previously (Katagi,
1990). Mass spectra were measured in electron ionization (EI)
mode at 70 eV with a Hitachi M-80 mass spectrometer equipped
with a Hitachi M-003 data processing unit.

Thin-Layer Chromatography (TLC). Precoated silica gel
60F 25, chromatoplates (20 X 20 ¢cm, 0.25-mm layer thickness, E.
Merck) were used for an analytical purpose. The TLC R;values
of each compound in the two solvent systems are listed in Table
I. The resolved radioactive spots were detected by autoradiog-
raphy with the developed TLC plates held under X-ray SB film
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Table I. TLC R, Values and HPLC Retention Times of I
and Its Degradates

R value® RT, Ry value® RT,}
compd A B min  compd A B min

I 049 038 305 VII 0.54 032 382
II 033 027 216 VIII 025 0.14 3.5
III 031 018 19.0 IX 011 0.02 3.8
Iv 029 019 162 X 021 0.04 5.8
A% 039 032 142 XI 0.09 0.00 4.0
VI 031 018 253 XII 056 033 444

¢ Solvent system: A, benzene saturated with formic acid—diethyl
ether (10:3); B, toluene—acetic acid (7:1). ® Typical retention times
in HPLC.

Table II. HPLC Mobile Phase Conditions

time, A° Bpgs Cgo time, AjS B¢ Cgp

step min % % % step min % % %
0 0 25 0 75 4 25 40 10 50

1 5 25 0 75 5 35 40 10 50

2 10 30 5 65 6 40 25 0 175
3 20 30 5 65 7 45 25 0 7

¢ Component of a mobile phase: A, acetonitrile; B, methanol; C,
distilled water containing 5 X 10-3 M PIC-A.
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Figure 1. Absorption spectraof Iat pH 7 (a) and pH 2 (b) (1.07
X 105 M) and emission spectra of xenon lamp (c¢) and natural
sunlight (d).

(Eastman Kodak Co.) at 4 °C for a week, and each of them was
quantified with a Packard Model 460CD Tri-carb scintillation
spectrometer (LSC). The unlabeled standard chemicals were
detected by ultraviolet light fluorescence quenching.

High-Performance Liquid Chromatography (HPLC). A
Hitachi L-6200 liquid chromatograph was operated at a flow rate
of 1.0 mL/min, using the Sumipax ODS A-112 (5 um, 6 mm i.d.
X 15 cm; Sumika Analytical Service Ltd., Osaka) column. The
composition of a mobile phase was changed stepwise as described
in Table II. The amounts of I and its photoproducts were
quantified, using a Radiomatic Flo-one/8 A-120 radiodetector
(time constant, 6.0 s; chart speed, 5 mm/min). At the same time,
the UV absorbance at 240 nm was monitored by using a Hitachi
L-4000 variable-wavelength UV monitor. The detection limit of
radioactivity was ca. 0.1% of the applied 4C. The retention
times of I and its related compounds are listed in Table I. The
identity of each compound was confirmed by comparing retention
times.

Photolysis Studies. a. Aqueous Photolysis. A 50-mL aliquot
of the 1% aqueous acetonitrile solution of [**C]-I (0.3 ppm) in
aquartz vessel was irradiated with a 500-W xenon arclamp (UXL-
500D; Ushio, Tokyo; A = 290-800 nm) through a Pyrex glass
filter at 25 @ 1 °C. The emission spectrum of a xenon lamp
measured with a USR-20B photometer (Ushio) is shown in Figure
1. Photolysis was conducted under air at pH 7 (0.067 M phosphate
buffer), and the effect of hydrogen peroxide (100 uM) or humic
acid (1 ppm) was examined according to the methods reported
previously (Draper and Crosby, 1984; Takahashi et al., 1988).
The pK, value of I has been reported to be 3.95 at 20 °C (Dippy,
1939), indicating a pH dependency of the absorption spectrum
of I. Therefore, the photolysis profile was also examined at pH
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Figure 2. Reflectance spectra of I adsorbed on silica gel (a) and
kaolinite (b) at a rate of 0.14 mg cm2 and emission spectra of
xenon lamp (c¢) and natural sunlight (d).
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Figure 3. Photodegradation of I (0.3 ppm) in aqueous phases.
(O0) pH 2; (0) pH 7; () pH 7 with H;0, (100 uM); (v) pH 7 with
humic acids (1 ppm).

2 (0.067 M HCI plus CH;COONa). At appropriate intervals, a
0.1-mL aliquot was taken in duplicate to determine the con-
centration of #C by LSC, and another 10-mL aliquot was extracted
three times with 20 mL of ethyl acetate. The reaction mixture
at pH 7 was acidified to pH 2 with 0.1 M HCl prior to extraction.
After the radioactivities in organic and aqueous fractions were
measured with LSC, the extracts were analyzed by both two-
dimensional (2D) TLC with solvent systems A and B and HPLC.
The unextractable 4C in >10% yield was analyzed by TLC with
solvent system C (butanol-acetic acid—-distilled water 6:1:1) after
lyophilization. When the recovery of 4C was lower than 95% of
the applied dose, the similar experiments were separately
conducted to collect volatile 14C, and it was analyzed by the
reported methods (Katagi, 1990). Radioactive compounds col-
lected in ethylene glycol (100 mL) and 0.5 M NaOH (400 mL)
were analyzed by LSC. 4CO, dissolved in the reaction mixture
at pH 7 was purged into traps with nitrogen gas after acidification
with concentrated H;SO,.

The mechanism of an ether cleavage of I to form VIII was
separately examined at pH 2 and 7. Since II was suggested to
be a precursor of VIII (Gaughan et al., 1977), its stability under
the acidic conditions was first monitored. The buffer solutions
of nonlabeled II (0.6 ppm) at pH 2 and 7 were incubated at 25
+ 1 °C, and a 2-mL aliquot was periodically analyzed by HPLC.
Its photostability was also examined at pH 2 by exposure to UV
light in a manner similar to that taken in aqueous photolysis of
I. The photonucleophilic substitution at the ether linkage could
be considered as another mechanism as reported for diphenyl
ether herbicides (Nakagawa and Crosby, 1974; Ruzo et al., 1980).
The possibility of this mechanism in photolysis of I was also
examined. The buffered aqueous solution of I at pH 2 and 7 was
similarly irradiated in the presence of potassium cyanide (10
mM). The formation of VIII and/or 3-cyanobenzoic acid was
examined by 2D-TLC and HPLC afterirradiation. Furthermore,
the 180 isotopic dilution study was conveniently conducted at
pH 2, where VIII was obtained in greater than 10% yield to
examine which C-0 bond of an ether moiety was cleaved via
photolysis of I. The nonlabeled I (1 mg) and [“C]-I (2 xCi) in
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Table III. Amounts of I and Its Photoproducts in Aqueous Phases
% of the applied 14Ce
A B C D
3 days 7 days 3 days 7 days 3 days 7 days 0.5 day 2 days
ext 14CP 82.3 64.3 68.3 53.1 80.1 68.0 62.8 15.2
I 52.7 20.7 38.5 15.5 52.0 28.2 30.5 0.1
II 14 0.1 1.1 0.7 1.5 3.2 —d -
III 1.2 1.0 - 1.0 - - - -
v 2.6 - 1.9 14 2.6 5.9 0.8 1.2
\" 1.1 4.4 1.7 0.7 0.3 1.3 - 0.2
VI 0.7 - - - - - - -
VII 0.5 - 1.6 0.7 0.7 0.6 - -
VIII 1.9 - 19 2.0 1.3 2.0 11.3 2.1
IX 3.9 - 2.1 3.5 2.7 3.6 2.8 0.8
XI 2.9 - 24 - - - - -
XII 1.0 0.7 0.3 0.1 0.7 1.0 - -
others 124 25.0 16.8 27.5 18.3 22.2 21.1 10.8
aq 14Ce 12.0 22.0 16.9 22.3 12.0 15.4 23.6 17.6
VIII - - - - - - 6.3 0.4
IX - - 0.5 0.7 1.1 0.4 - -
X 0.8 2.0 1.2 1.7 0.7 0.7 1.1 0.9
XI 1.1 0.9 2.0 1.6 - - - -
others 7.1 19.1 13.2 18.0 10.2 14.3 16.2 16.3
rec 14Ce 94.4 86.3 85.2 75.4 92.0 83.5 84.9 32.8
HCOS 5.7 11.3 13.7 20.1 4.6 12.2 15.3 70.1

a Key: A, no additive at pH 7; B, 100 uM of H,0; at pH 7; C, 1 ppm of humic acid at pH 7; D, no additive at pH 2. ® Extractable 14C with
ethyl acetate. ¢ Aq 14C, unextractable radioactivity. ¢ Not detected. ¢ Rec 14C = ext 14C + aq 14C. / Quantified in separate studies. Radioactivity
recovered from ethylene glycol trap amounted to <0.1% of the applied 4C.

1mL of acetonitrile were added to 4 mL of pH 2 buffer containing
2 mL of H,'80 (97 atom %). The mixture was irradiated for 7
days, followed by extraction with ethyl acetate. The concentrated
extract was dissolved in 2 mL of methanol-benzene (1:9) and
reacted with an excess amount of TMSCHN, (Hashimoto et al.,
1981) at room temperature for 2 h. Methyl 3-methoxybenzoate
formed was separated by TLC with a solvent system of chloro-
form—ethyl acetate (6:1) (R; = 0.62) and was analyzed by MS to
quantify 20 incorporated into VIIL

b. Photolysis on Solid Surfaces. The thin film (ca. 1-mm
layer thickness) was prepared from a suspension of 1 g of Noichi
soil, kaolinite clay, or silica gel in 2 mL of pure water in the
bottom of a Petri dish (6.2 cm?). After water had evaporated,
the resulting film was uniformly treated with [C]-I (1 xCi) in
acetonitrile at a rate of 3.15 ppm by using a microsyringe and
then continuously irradiated in duplicate with a 500-W xenon
lamp (A > 300 nm; Ushio, Model UIV-5150XE) at 25 = 1 °C,
using the apparatus reported (Katagi, 1990). The emission
spectrum of a xenon lamp is shown in Figure 2. Each film was
three times extracted with 20 mL of methanol-distilled water
(5:1) in a manner similar to that previously reported (Katagi,
1991). For further extraction, 20 mL of methanol-0.1 M HCl
(5:1) was used when the bound 4C amounted to >10% of the
initial dose. The radioactivity in each fraction was assayed, and
the extracts were separately subjected to 2D-TLC and HPLC.
The bound “C in each medium was quantified by radioassay
after its aliquot was combusted with a sample oxidizer. Volatile
14C was separately quantified in a manner similar to that taken
in aqueous photolysis.

Reaction of I with Active Oxygen Species. Active oxygen
species such as hydroxylradical and singlet oxygen are considered
to participate in the photodegradation of pesticides (Katagi, 1989).
Therefore, the radical oxidation of I was first studied, using Fen-
ton's reagent (Kurata et al., 1988). [1C]-I (2.9 uM) and HCIO,
(2.9 mM) in 5 mL of 90% aqueous acetonitrile were mixed with
ferrous perchlorate hexahydrate (260 M) and hydrogen perozide
(530 uM) at 25 °C and allowed to react for 30 min under air or
nitrogen atmosphere. Second, [1*C]-I (1.44 uM) in 10 mL of
methanol was reacted with NaClO (100 uM) and hydrogen
peroxide (100 M) at 10 °C for 1 h to examine whether singlet
oxygen reacted with I (Katagi, 1989). All experiments were
conducted in duplicate. The reaction mixture was concentrated
after dryness with anhydrous MgSO, and subject to 2D-TLC
and HPLC.

RESULTS

Photolysis in the Aqueous Phase. I was rapidly
degraded under light conditions as shown in Figure 3, while
in darkness 99.6-100.4% of the applied 1¢C was recovered
as I unchanged throughout the experiments. The half-
lives at pH 7 were estimated to be 3.0 (no additive), 2.6
(+H:0,), and 3.6 days (+humic acids), and therefore
significant effect of additives on photolysis was not
observed. Photolysis of I was greatly enhanced at pH 2
with the half-life of 4.3 h. Since the absorption maxima
of I were 292 (¢ = 1574 M1 cm™!) and 279 nm (e = 1704
M-1cm™) at pH 2 and 7, respectively (Figure 1), this red
shift at pH 2 caused more light to be available for pho-
todegradation of I, which might at least in part result in
the acceleration of the photolysis. The extractable 14C
decreased to 53.1-68.0% of the initial dose after 7 days of
irradiation at pH 7, while 15.2% was only extracted even
after 2days at pH 2 (Table III). The radioactivity located
in the origin of TLC and the unextractable 14C increased
with irradiation. Each of them was found to consist of
more than eight polar degradates by TLC analysis with
solvent system C; none of the unidentified degradates
amounted to >5% of the applied 14C. The recovered 4C
decreased with irradiation, but the separate study to
quantify volatile 14C clearly showed that this decrease was
mostly due to the loss of CO; untrapped.

The various hydroxylated derivatives (II-VII) of I were
detected in extracts with insignificant effect of additives
on the product distribution, as listed in Table III (ex-
periments A—C). The 2-,4’,4, and 6 positions of the phen-
yl rings were likely to be hydroxylated to a slightly larger
extent as compared with the other positions. VIII was a
main photoproduct at pH 2, amounting to 17.6% of the
applied C in total after 0.5 day but immediately decreased
thereafter. Although the pyrethroid derivatives hydrox-
ylated in the phenyl rings have not been detected, the
several photoproducts formed via ether bond cleavage of
I and its alcohol derivatives have been detected in the
photodegradation study of permethrin (Holmstead et al.,
1978). XIIwasdetected at pH 7 as a minor product (<1%).
The dihydroxybenzoic acids (IX-XI) were detected in both
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the extractable and aqueous fractions but gradually
degraded to more polar degradates with irradiation, as
evidenced in TLC analysis. Photoproducts formed via
ether cleavage followed by Claisen rearrangement were
considered to have polarities similar to those of the hy-
droxylated derivatives of I (II-VII). 2D-TLC analysis
showed that such degradates amounted to less than 1%
if present, and therefore such a rearrangement was likely
to be a minor pathway.

During incubation at 25 °C for 3 days, it was clarified
by HPLC that II was stable at pH 2 and 7 in the dark,
while it completely degraded at pH 2 by exposure to UV
light for 4 h without formation of VIII. Therefore, II was
not a precursor of VIII, in contrast to the previous
observation (Gaughan et al., 1977). MS analysis of meth-
yl 3-methoxybenzoate, derivatized from VIII formed in
the presence of H,'80, showed the following peak patterns;
m/z 166 (9.5),168 (100.0), 170 (88.0),and 172 (16.7). Since
the nonlabeled methyl 3-methoxybenzoate exhibited the
parent peak at m/z 166, MS data showed that a series of
the 18Q-labeled (0-3 X 18Q) derivatives were formed.
Supposing that the 180-180 exchange at the carboxyl group
with H5!80 was so rapid and the photoreaction of I with
H,180 occurred at the 3 position, the theoretical pattern
of the peak intensity at m/z 166-172 should be 1:3:3:1,
since 180 atom % of water was about 50% under the
conditions tested. Although the difference between the
observed and theoretical data made the precise estimation
of the extent of 120 incorporation impossible, the pho-
toreaction at the 3 position of I would be likely. Meanwhile,
in the presence of an excess amount of a cyanide ion at
pH 2 and 7, both HPLC and 2D-TLC analysis showed
that neither VIII nor 3-cyanobenzoic acid was formed after
irradiation for 1 week. Since the cyanide ion is more nu-
cleophilic than water, these acids should be detected if
the photonucleophilic substitution at the ether linkage
(C; or Cy position) of I mainly takes place. Therefore,
this mechanism was unlikely for the formation of VIII.

Photolysis on Solid Surfaces. Insignificant spectral
difference between reflectance of I on silica gel surface
and its absorption at pH 2 (Figures 1 and 2) was observed.
In contrast, I on kaolinite surface showed a reflectance
maximum at 305 nm (Figure 2). The reflectance spectrum
of I on Noichi soil could not be measured since an
appropriate thin film for measurement failed to be
prepared. On exposure to UV light, I degraded with half-
lives of 47.4 (Noichi soil), 28.6 (kaolinite clay), and 16.8
days (silica gel), while insignificant degradation of I was
observed in the dark (half-life > 1 year), as shown in Figure
4

The product distribution after 14 days of exposure is
summarized in Table IV. Most of the radiocarbons
extracted were derived from I unchanged, and VIII was
amain photoproduct (1.8-5.4 % ) formed via ether cleavage
of I. Similar bond cleavage has been recently reported for
esfenvalerate by Katagi (1991). As minor photoproducts,
XII and the hydroxylated derivatives of I (II-VII) were
detected in trace amounts (<1.6%). The three dihydrox-
ybenzoic acid isomers (IX, X, and XI) in a total amount
of <3.6% indicated that the further degradation of VIII
or V-VIIproceeded on the surface tested. Since the bound
14C derived from the dark control samples amounted to
<1% of the initial dose, those from the exposed Noichi
soil (8.6 %) and kaolinite clay (5.1 %) were considered to
stem from photoproducts. Except for the Noichi soil, the
recovered 14C was less than 90% of the initial dose.
However, the separate study to trap the volatile 14C has
revealed that almost all of the volatiles were due to CO;
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Figure 4. Photodegradation of I (3.15 ppm) on solid surfaces.
(&) Noichi soil; (O) kaolinite; (O) silica gel; (—) light conditions;
(- - -) dark conditions.

Table IV. Amounts of I and Its Photoproducts after 14
Days of Exposure on Noichi Soil, Kaolinite, and Silica Gel

% of the applied 14C

Noichi soil kaolinite silica gel
compd ext1® ext2b extl ext2 extl ext2
ext 14C 67.8 22.5 79.7 5.8 70.0 6.4
I 62.6 19.1 69.3 2.4 56.0 0.6
11 —c 0.1 - - - -
III - 0.1 - - - -
v - 0.1 - - 0.5 -
\Y% 0.2 0.1 0.5 0.1 - -
VI 0.3 - 0.8 - - -
VII 0.2 0.2 0.5 - - -
VIII 1.7 0.6 1.6 0.2 5.4 -
IX - - 2.5 0.2 1.7 -
X - - - 0.7 - -
XI - 0.1 - 0.2 - -
XII 1.3 0.3 0.7 0.1 0.5 -
others 1.5 1.8 3.8 1.9 5.9 5.8
bound 4C 8.6 5.1 04
rec 14C¢ 98.9 90.6¢ 76.8¢

s Extractable 1C with CHgOH-H:0 (5:1). ¢ Extractable 14C with
CH3;0H-0.1 M HCI(5:1). ¢ Notdetected. ¢ Rec!4C = ext 14C + bound
14C. ¢ In a separate study, 14CO, amounted to 7.2% (kaolinite) and
19.0% (silica gel) of the applied 14C after 14 days of exposure. In
either case, the radioactivity recovered from ethylene glycol trap
amounted to <0.1% of the applied 14C.

(7.2 and 19.0% for kaolinite and silica gel, respectively,
after 14 days). Bytakinginto accountthe amountof 14CO,
generated, a good material balance was ascertained for
both cases. On the basis of these results, I was considered
to photodegrade to its various hydroxylated derivatives
and finally be mineralized to COs.

Reaction of I with Active Oxygen Species. After a
30-min reaction with Fenton’s reagent under Ny, I de-
creased to 62.9% of the applied 1¥C. The main degra-
dates were VII (3.9%) and VIII (9.4%), and the other
hydroxylated derivatives (II-V) were detected in a trace
amount (<1.5%). Although the degradation of I was
slightly retarded under air (81.3% after 30 min), similar
product distribution was observed. In the absence of
hydrogen peroxide or ferrous ion, insignificant degradation
was exhibited by 2D-TLC analysis. These results clearly
showed that the ether bond of I was cleaved via reaction
with a hydroxyl radical along with hydroxylation at both
phenyl rings. In the case of the reaction of I with singlet
oxygen, 2D-TLC analysis of the extract showed that >99 %
of the applied 14C was recovered as I. Therefore, singlet
oxygen was unlikely to react with I under the conditions
tested if formed.
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DISCUSSION

The reaction rate in a direct photoprocess is in pro-
portion to the summation of the product of the light
intensity used and the chemical absorptivity of each
wavelength, assuming that a quantum yield is constant
(Miller and Zepp, 1983). If the quantum yield inthedirect
photolysis of I is independent of pH tested, the ratio of
the half-life at pH 2 to that at pH 7 was estimated to be
0.37 by using the absorption spectra at both pHs and the
emission spectrum of a xenon lamp. However, the
observed ratio was 0.06, indicating that the photoreac-
tivity of I was enhanced at pH 2. By analogy with the
solution photochemistry of diphenyl ether herbicides (Na-
kagawa and Crosby, 1974; Ruzo et al., 1980), the photo-
nucleophilic substitution by water to form VIII could be
considered as one of the mechanisms. When a strong nu-
cleophile such as the cyanide ion is present, it has been
demonstrated in aqueous photolysis of these herbicides
that the benzonitrile derivatives are formed via nucleo-
philic attack at the ether linkage. Supposing that sucha
reaction predominates the photodegradation of I, a faster
photolysis rate should be observed at pH 7 than at pH 2
since the hydroxide ion is more nucleophilic than water.
However, I was faster photodegraded at pH 2 with a greater
amount of VIII formed. Furthermore, eveninthe presence
of an excess amount of the cyanide ion, no kind of benzoic
acid was formed in the photolysis of I at pH 2 and 7. On
the basis of these results, the photonucleophilic substi-
tution mechanism was unlikely for the formation of VIII
from L.

The homolytic cleavage of an ether bond followed by
Claisen rearrangement has been reported for the photo-
degradation of diphenyl ethers (A > 250nm) (Ogata, 1970).
However, such a reaction was considered to proceed to a
lesser extent by irradiation with a longer wavelength (A >
290 nm) as used in this study. No detection of benzoic
acid in photolysis by 2D-TLC and HPLC seemed to exclude
the homolytic cleavage of the C5-O bond. Furthermore,
the MS spectral pattern of 120-labeled methyl 3-meth-
oxybenzoate was likely to deny the possibility of the C;~O
bond cleavage. Asdemonstrated inthe chemical oxidation
study, the hydroxylated derivatives (II-VII) and VIII were
formed via reaction of I with a hydroxyl radical. The
similarity of a product distribution between photodeg-
radation and chemical oxidation studies together with the
results of the 180 isotopic dilution experiment strongly
suggested that VIII was formed via radical reaction at 3
position of the phenyl ring of I, as reported for esfenval-
erate (Katagi, 1991). A similar mechanism has been
suggested for the reaction of aryl ethers with benzoxyl
radicals (Nowadaetal., 1976). Since methoxybenzoicacid
derivatives have been reported to undergo acid-catalyzed
ipso substitution by a hydroxyl radical via protonation of
the ether oxygen (O’Neill et al., 1977), the accelerated
photodegradation of I at pH 2 may be due to the similar
acid catalysis.

Photodegradation of I was slightly accelerated in the
presence of hydrogen peroxide, which also showed the
importance of indirect photolysis by a hydroxyl radical,
as reported previously for some pesticides (Draper and
Crosby, 1984). In contrast, the photodegradation of I was
slightly retarded in the presence of humicacids. Although
humic acids are known to accelerate photolysis of pesticides
by acting as a photosensitizer and/or by generating active
oxygen species, neither reaction waslikely to proceed. Since
the optical density (1 cm path length) of the humic acid
solution was 0.027-0.029 at wavelengths of 290-300 nm
under the conditions tested, 3-4% of the light was
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Figure 5. Photodegradation pathways of I.

considered to be absorbed by humic acids (Miller and Zepp,
1983). It was likely that this filter effect, at least in part,
caused the slight retardation of the photodegradation.

Further oxidation of VIII was observed in every case.
IX was a major degradate, which was in accordance with
the observation in the chemical oxidation of VIII with
Ti¥*/Hy0, (Giinther et al., 1971). Thesuccessive oxidation
of dihydroxybenzoic acids (IX-XI) would cause the
degradation of a phenyl ring to form the various polar
products, as observed in TLC autoradiograms of the un-
extractable 14C. The increase of CO, generated with
irradiation was considered to be due to the mineralization
of these polar metabolites, as reported for photooxidation
of benzoicacid (Ogata et al., 1980). Meanwhile, the mech-
anism to explain the formation of XII was not clarified.
Although the ipso attack of a hydroxyl radical at the a-
carbon to the carboxyl group of I might be considered,
such a reaction has not been reported for hydroxybenzoic
acids (Ginther et al., 1971). On the basis of these results,
the photodegradation pathways of I in water are proposed
in Figure 5. Indirect photolysis, i.e., reaction with the
photogenerated hydroxyl radical, was likely to play an
important role.

The similarity between absorption at pH 2 and reflec-
tance spectra showed that I was adsorbed on silica gel in
an undissociated form. It has been reported for poly-
chlorinated aromatics and DDT that an adsorption onto
silica gel causes their absorption spectrum to become
broader with a spectral shift to a longer wavelength (Géb
et al., 1975). Therefore, I was considered to be simply
adsorbed via a carboxyl group without a significant
interaction of their phenyl rings with a silica gel surface.
In contrast, asignificant red shift (ca. 13 nm) of reflectance
spectrum was observed on kaolinite, along with its shoulder
up to a wavelength of ca. 500 nm. Kaolinite is known to
have a lamellar structure of aluminosilicates and well ad-
sorbs a chemical between these lamella (Goring and Ha-
maker, 1972). The interaction of phenyl rings of I with
these lamella was likely to cause the change of the
reflectance spectrum observed. Meanwhile, the red shift
of a spectrum would result in the faster photodegradation
of I, supposing that direct photolysis was predominant on
the surfaces tested. Under the conditions tested, pho-
todegradation of I was fastest on silica gel, where the
spectral overlap between the reflectance spectrum of I
and the emission spectrum of a xenon lamp (A > 300 nm,
Figure 2) was insignificant. These results also suggested
that indirect photolysis would play a great role on the
solid surfaces tested.
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The main photodegradation pathway on the solid
surfaces was an ether cleavage, as shown in Figure 5. A
similar reaction has been recently reported for esfenval-
erate (Katagi, 1991) adsorbed on kaolinite and an intact
soil where a hydroxyl radical participates in the indirect
photolysis. A hydroxyl radical was considered to be
generated via excitation of humic substances in an intact
soil, while the oxides of transition metals would participate
in its production in the case of kaolinite. The kaolinite
clay showed a reflection up to a wavelength of 500 nm,
which was probably due to TiO; and other oxides detected
(Katagi, 1991). In kaolinite clays most titanium is
considered to exist as an anatase (Ti0O;) (Dolcater et al.,
1970), which can generate a hydroxyl radical by irradiation.
Meanwhile, a hydroxyl radical has been also detected by
ESR on exposure of silica gel to UV light (T'seng and Chang,
1975). Therefore, the ether bond cleavage via radical
reaction was likely to proceed on every surface tested in
a way similar to that observed in aqueous photolysis, and
the successive oxidation of VIII would result in the
formation of COx.
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