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The recent introduction of imidazolinone-tolerant rice varieties allow imazethapyr to be used in
commercial rice. Little is known about imazethapyr photodegradation in the rice field. Laboratory
studies were conducted to determine the direct and indirect photolysis rates for imazethapyr and to
evaluate the photolysis of imazethapyr in three rice paddy waters. The reaction quantum yield (¢)
for imazethapyr was determined to be 0.023 £+ 0.002, while the hydroxyl radical rate constant (HOH)
was 2.8 x 101 M~1 h~1, These results show that imazethapyr is susceptible to both direct and indirect
photolysis reactions in water. The results also show that imazethapyr photolysis in paddy water will
be affected by turbidity because of its impact on the availability of sunlight to drive direct and indirect
photolysis reactions.

INTRODUCTION 0
Imazethapy( 5-ethyl-2-(4-isopropyl-4-methyl-5-ox0-4,5-di- CHy~HC oo

hydroimidazol-1H-2-yl)nicotinic acidfFigure 1) is an imida- Q Ne cH

zolinone herbicide used to control broadleaf weeds and annual N 7 C;_CH

grasses in soybean and pearijt (The recent introduction of & 8

imidazolinone-tolerant rice varieties allows it to also be used H/N 5

to control red rice and other weeds in commercial rice. Because _, .

the use of imazethapyr in commercial rice is relatively new, Figure 1. Imazethapyr chemical structure.

less is known about its environmental behavior in flooded rice 25

culture. Imazethapyr is a weak organic aciK{p= 2.1 and — Imazethapyr

pKs, = 3.9), having a water solubility of 1420 mg'L (pH 7 S 2.0 A —PNA

and 25°C) and vapor pressure 0.013 mPa (60C) (1). The N3

primary dissipation mechanism of imazethapyr in the environ- g 1.5 A

ment is through microbial degradatioR)( Imazethapyr has a g

half-life of 53—122 days in aerobic field soiB(4). Imazethapyr § 1.0 1

loss from hydrolysis is minimal, with virtually none observed

at pH 5 or 7 and only minimal degradation occurring at pH 9 0.5

(t2 = 9.6 months at 25C) (5). Under anaerobic conditions,

no significant imazethapyr degradation occurred during a 0.0 ' ' ' w w . T '

2-month period when incubated in a variety of soils and 190 215 240 265 290 315 340 365 390

sediment$). Soil residues of imazethapyr can injure succeeding Wavelengh (nm)

crops (6—9). Figure 2. Light absorbance by the herbicide imazethapyr and by the

chemical actinometer p-nitroanisole (PNA).
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aqueous photolysis with half-lives ranging from 44 h (pH 5) to  Taple 1. Water Samples pH and Absorbance and Imazethapyr
57 h (pH 9) (5). Because imazethapyr is weakly absorbed to Photolysis Rate Constant and Half-Life (ty,)

soil (1) and is hydrolytically stable in water and under anaerobic

aquatic conditions (5), photolytic mechanisms could play an bz
important role in imazethapyr dissipation in rice paddies. absorbance” rate constant, noncorrected® corrected?
The rate of direct photolysis is determined by light intensity ~water sources? pH (% of control)  k(M~*h~?) (h) (h)
and the extent of light absorption and reaction quantum yield deionized water 7.0 -0.296 a® 23 33
of the molecule11,12). The reaction quantum yiele)is used Eagle Lakte ;-g 20(7) —g-igﬁ ég g-fl)
i i i i i eaumon . =U. . .
to estimate direct photolysis rates under different use scenarios -~ o P 314 011 b P o]

(13) and, therefore, is an important environmental parameter
for photolabile compounds such as imazethafy).(Schwarzen-
bach et al. (15) defines reaction quantum yield as

@Water sources: deionized (pH 7.0), Eagle Lake rice paddy (pH 7.3), Beaumont
rice paddy (pH 8.0), and Clarksdale rice paddy (pH 8.2). © The percentage of the
absorbance was observed in the control (deionized water); the absorbance was

b= number of molecules transformed 1) measured on selected wavelengths between 290 and 400 nm. ¢ Noncorrected
number of photons absorbed because values, values determined with UV-light exposure. ¢ Corrected for sunlight equivalent
of the presence of the molecule based on the light emission of unobstructed midday sunlight at College Station on

March 27, 2005 and corrected for the effect of a cylindrical vial (15). ¢ Means

Indirect photolysis is another important contributor to pes- within a column followed by different letters are significantly different at p < 0.05.
ticide degradation in rice paddied§, 17). Singlet oxygen,
alkylperoxy radicals, triplet-state chemical species, and hydroxyl described above. Absorbance was also determined for imazethapyr in
radicals are highly reactive chemical species present in naturaldeionized water solution (pH 7.0) to compare with the paddy water
waters that act as intermediates in indirect photolytic reactions a@bsorbance. Only pH and light absorbance correlated well with
(17). The hydroxy! radical-OH) is the most reactive species imazethapyr photolysis rates. Values for pH and light absorbance for
toward a wide variety of organic compounds3f and can be each water sample are shownTiable 1.

f di f ter b | hani including th Water samples were fortified with imazethapyr at 4§ mL™
ormed In surface water by several mechanisms, inciuding the (approximately 1xfield rate), placed into 1-mL borosilicate glass vials,

photolysis of nitrate or dissolved organic carbon, and by capped, and subjected to irradiation by UV lamps at a distance of 12-
reactions between 4, with Fe' (15). Inclusion of hydroxyl cm beneath the light source for periods of 0, 1, 2, 6, 12, 24, 48, 72,
radical reactions in environmental models such as EXAMS often and 96 h. A dark control for each exposure time was included to check
improves correlations between the observed and predictedfor chemical hydrolysis. After irradiation, the samples were filtered
behaviors of pesticides in natural watet®(16). using Acrodisc syringe filters to remove particulates prior to chro-

The reaction quantum yield and hydroxyl rate constant for matographic analysis. Filtration reduced imazethapyr recoveryl9g
imazethapyr have not been reported in the literature but are (data not shown).

; ; ; ; After exposure and filtration, imazethapyr was quantified by HPLC
necessary to fully evaluate its environmental fate in aquatic . . . g
systems such as rice paddies. For these reasons, Iaboratorequ'pped with a DAD. A Waters Symmetryshield RP8 aiB-particle

¥ize 2.1x 150-mm column with a mobile phase of 39% deionized

experiments were conducted to determine the (1) phOtOd(':‘gra'water, 1% formic acid, and 60% acetonitrile was used for chemical

dation rates in three natural rice pad(_jy waters, (2) reaction analysis. Isocratic elution at 0.3 mL mihwas performed, and
quantum vyield, and (3) hydroxyl radical rate constant for imazethapyr was detected at a wavelength of 245 nm. On the basis of

imazethapyr. the water samples collected from the field locations, the limit of
quantitation (LOQ) was estimated to be kg mL™%.
MATERIALS AND METHODS The natural log of the remaining imazethapyr concentratiorCfin(

Cy)] was calculated, and the first-order plots were constructed.

Materials. Imazethapyr (9% purity) and 2,4-D (99% purity) were  ppqo1ysis half-life values were calculated using the equation

obtained from Chem Service, Inc. (West Chester, PA). Acetonitrile,
acetophenone, Acrodiscs 13-mm GHP syringe filters, borosilicate vials In(2)
(2 mL), catalase, high-purity HPLC-grade water, hydrogen peroxide tl,zzv )
(30%), KeHPO,, p-nitroanisole (PNA), and pyridine (PYR) were
obtained from Burgoon (Galveston, TX). High-performance liquid ) .
chromatography/diode array detector (HPLC/DAD) and the columns Whgrekp is the absolute va_lue of the slope and first-order rate constant
were obtained from Waters (Milford, MA). The spectrophotometer was fOr imazethapyr. Photolysis half-lives were corrected for the sunlight
obtained from Beckman Coulter, Inc. (Fullerton, CA). Cuvettes used €duivalent using mid-day sunlight measured in College Station, TX
for molar absorptivity and formic acid were obtained from Fisher ©n March 27, 2005. This date represents the optimal date for planting
(Pittsburgh, PA). Lamps for simulating sunlight were obtained from 'ice |n.the.Houston rice area (from March 15 to April 21). A correction
Kelsun Distributors, Inc. (Bellevue, WA). for cylindrical tes_t-tube effe(_:t was also p_erfo_rmed (15). _
Simulated Sunlight Equipment. Two 100 W UV lamps (F72T12/ A natural sunllght COI’I’eCtIQI’I factor t_a}klng into account dn‘fgrences
VHO 5.0 Midday sun) were used to simulate the UV portion of sunlight between our simulated sunlight conditions and natural sunlight was
emission (16). The lamps were placed in a growth chamber where the calculated as follows:
temperature was kept constant at25L °C.

Imazethapyr Photolysis in Rice Paddy Water. Paddy water 490 m
samples were collected 2—3 weeks prior to study initiation from rice I(natural)
fields located in Beaumont, TX (BM), Clarksdale, MS (CD), and Eagle natural sunlight correction facter 290mm 3)
Lake, TX (EL) and stored at 4C until use. Analyses performed on 400 nm
the waters included elemental analysis, total dissolved salts, hardness, ; I(simulated
conductivity, alkalinity, and pH. Buffered deionized water (pH 7.0) 2407m

was included as a control.

A Beckman DU-640 spectrophotometer and a 10-mm Suprasil 300 by summing the natural sunlight intensities from 290 to 400 nm that
quartz cuvette were used to determine the absorbance of each watewere measured at noon on a cloud-free day (March 27, 2005) at College
source to check for possible light attenuation. The absorbance wasStation, TX and dividing by simulated sunlight intensities summed over
measured between 290 and 800 nm using the spectrophotometethe same wavelength.
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The experiment was conducted as a randomized block design with
three replications. Imazethapyr first-order rate constant data were

subjected to analysis of variance and Fisher’s protected LSD test at
< 0.05.

Imazethapyr Reaction Quantum Yield (¢). The reaction quantum
yield of imazethapyr §) was estimated using chemical actinometry
(19), whereyp, is estimated by a comparison with an actinometer having

a known reaction quantum yield. The chemical actinometer system used

was the PNA/PYR system developed by Dulin and M20J.
The molar absorptivity of imazethapyr (7.8510°° M in buffer at
pH 7.0) and PNA (1x 107° M in high-purity water) was measured by

spectrophotometry, as described earlier. The blank for imazethapyr was

phosphate buffer at pH 7, while the blank for PNA was high-purity
water. Absorbance was measured between 300 and 400 nm, an
absorptivity was calculated for each wavelength using the Beer
Lambert law

A

GZE:

(4)

where € is molar absorptivity in M* cm™, A is absorbance at
wavelengthi, b is the cell path length (in centimeters), aads the
molar concentration of imazethapyr or PNA. The maximum calculated
molar absorptivity of PNA ¢z14 nm = 10 835 Mt cm™%) was within

2% of reported values {&nm = 10965 M?! cm™l) (20). For
imazethapyr, the maximum molar absorptivity occurred at 224 nm and
was calculated a&xz4 nm = 5898 Mt cm™%. Molar absorptivities for

both imazethapyr and PNA were used to calculate the reaction quantum

yield as described below.

Using discrete samples for each compound, imazethapyr (.85
1075 M in buffer at pH 7.0) and PNA (k 1075 M) were simultaneously
exposed to the UV light source. In pilot studies, PNA was treated with
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OIiigure 3. First-order rate plots for degradation of 15 «g mL~1 imazethapyr

in deionized water and water collected from rice paddies at Eagle Lake,
TX, Beaumont, TX, and Clarksdale, MS. Fitted equations for imazethapyr
in each water source were (Clarksdale) y = 0.043 — 0.191x (R = 0.96),
(Beaumont) y = 0.007 — 0.194x (R? = 0.98), (Eagle Lake) y = — 0.007
- 0.247x (R? = 0.95), and (deionized water) y = — 0.058 — 0.296x (R?
= 0.98).

and irradiated for 10 min. After irradiation, the excess hydroxyl radicals
were quenched with 141 of 500ug mL™* catalase solution (phosphate
buffer at pH 7.0) as reported by Armbrudi6). A 150x«L volume of
acetonitrile and formic acid was added to the vials prior to analysis to
make the samples more compatible with the mobile phase.
Acetophenone, 2,4-D, and imazethapyr were quantified by HPLC
with an isocratic mobile phase consisting of 60% deionized water, 39%
acetonitrile, and 1% formic acid using a 0.3 mL mirflow rate.
Detection wavelengths were 245 nm for both imazethapyr and
acetophenone and 281 nm for 2,4-D. The experiment was conducted

various concentrations of pyridine (0.2, 0.1, 0.05, 0.005, 0.0025, and &S @ randomized block design with four replications.

0.0005 M) to regulate the PNA degradation rate so that it would closely

The hydroxyl radical rate constant was determined for each herbicide

match that of imazethapyr. The experiment was performed as describedUsing competitive kinetics2() and was calculated using the equation

for the imazethapyr photolysis study, with regards to the light source,
exposure time, temperature, and experimental design.
The reaction quantum yield was calculated using the equation

L E llelPNA\

Kena ZUEM

wheregpna is the reaction quantum yield for PNA, andkena are the
first-order rate constants for imazethapyr and PNA, respectilglg,
the irradiance at wavelength(watts nT?), ande; andepna are the
molar absorptivity (M cm™t) at each wavelength for imazethapyr
and PNA, respectively. The reaction quantum yield of the PNA

& = dpna %)

actinometer was calculated using the PYR molar concentration and the

equations described by Dulin and Mill (20)

dpna = 0.00028+ 0.44[PYR] (6)

The PYR concentration that regulated the PNA degradation rate to

best match the degradation rate of imazethapyr was 0.0005 M.
Therefore, the calculated reaction quantum yield for PNA g =
0.0005.

Imazethapyr Hydroxyl Radical Rate Constant (k!OH). The hy-
droxyl radical rate constant for imazethapyr was determined by the
method of Armbrust6). For this experiment, the herbicide 2,4-D was
included as a benchmark to compare with other literature results.
Equimolar concentrations of herbicide (either imazethapyr or 2,4-D)

_ In(M1/InM].,)

o = In([C]/In[C].,) °*"

()

whereky,,. andkS,,. are the rate constants for the herbicide and the
reference compound (acetophenone), respectively.

RESULTS AND DISCUSSION

Photolysis Rate Constant Determination in Rice Paddy
Waters. Imazethapyr degradation in dark controls wa$%,
and therefore, corrections for dark reactions were not performed.
Linear regression analysis of the natural log of the concentration
remaining/initial concentrations (C{Cagainst time (in hours)
for each water source is shownkigure 3. The first-order rate
kinetics and half-lives are shown ifable 1.

Although half-lives were relatively short for imazethapyr, in
comparison to other herbicides, in all water sources, analysis
of variance showed differences in imazethapyr half-life between
water sources. Significant faster photodegradation of imazethapyr
was observed in deionized water and Eagle Lake paddy water.
Slower photolysis was observed in the paddy waters of
Beaumont and Clarksdale. Half-life values found in this
experiment are similar to the value found by Curran et22) (

and acetophenone at 0.02 mM were dissolved in high-purity water and for imazethapyr photolysis in distilled water (4 h). These results

transferred into clear borosilicate glass vials with no other cosolvents.
Hydrogen peroxide was dissolved in each vial to generate hydroxyl
radicals through the photolytic cleavage of hydrogen peroxide. Prior

to light irradiation, an aqueous hydrogen peroxide solution was added

to generate final concentrations of 0.5, 1, 3, 5, 10, and 20 mM.
Additional controls included (1) herbicide plus acetophenone (no
peroxide) in amber vials, (2) herbicide plus acetophenone plus 20 mM

demonstrated that imazethapyr has a relatively short aqueous
photolysis half-life in rice paddy water.

In rice paddies, several factors may affect photolysis. Adsorp-
tion to colloids may affect photolysis of imazethapyr applied
pre-emergence. Chemicals adsorbed within colloidal spaces or
sequestered in organic matter may be protected from light.

peroxide in amber vials, and (3) herbicide plus acetophenone in clear Imazethapyr photolysis was faster in moist soil and sandy soil
vials. The vials where capped and placed 12 cm beneath the light sourcecompared to silty clay loam soil8). Greater adsorption and
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0 = Deionized water pH 4.0 Table 2. Measured and Previously Reported Hydroxyl Radical Rate
-1 + Deionized water pH 7.0 Constants for Imazethapyr and 2,4-D
-2 A -
~ s -+ Deionized water pH 9.0 rate constant [JgH* (M~th™Y
33
§_4 | chemical measured? reported
5_5 | imazethapyr 2.8 x 1018 +0.44 x 1012
2,4-D 35x1018+0.91 x 1013 1.8 x 1013 (21)
61 5.8 x 1012 (17)
7 . ‘ . 8.4 x 1012 (16)
c 10 20 30
Iradiation time (h) aThe competitor (acetophenone) hydroxyl radical rate constant used to calculate
Figure 4. Effect of pH on the aqueous photolysis of imazethapyr (error the measured rate constant was 2.1 x 10 M1 h™1 (21).

bars represents 95% confidence intervals).

Reaction Quantum Yield (¢) Determinations. The mea-
reduced herbicide availability may reduce photolysis rad¢s ( sured molar absorptivities and UV-irradiance values were used
Another factor that may affect the photolysis rate is the depth to calculate the reaction quantum yield for imazethapyr, resulting
of water (23). As the water column becomes deeper, the UV in a value ofg¢, = 0.023+ 0.002 (n= 4). This value is similar
intensity becomes lower24). For example, the reported in magnitude to those reported for other pesticides, 85),
photolytic half-lives for the compound ammonium dinitramide which are often<0.1. This value indicates that approximately
(ADN) for a summertime irradiation ranged from 6 min at the 2% of the absorbed light energy actually goes toward disrupting
surface to 15 years at a depth of 2 B8). Another factor that ~ chemical bonds in imazethapyr.
may be important in controlling imazethapyr photolysis is the  Hydroxyl Radical Rate Constant (k) Determinations.
movement of the herbicide deeper in the soil profile. Light During the 10-min study duration, losses because of direct
penetration is minimal in soil depths greater thafh mm in photolysis and chemical hydrolysis werel, <1, and 1% for
the profile €5). Flushing the rice field to incorporate imazethapyr acetophenone, imazethapyr, and 2,4-D, respectively. The losses
may reduce its dissipation by photolysis. Therefore, longer pecause of the reaction with hydrogen peroxide in the absence
photolytic half-lives in the field are not unreasonable for of light were <1, 3, and 2% for acetophenone, imazethapyr,
imazethapyr. and 2,4-D, respectively. Therefore, corrections for these losses

Faster degradation of imazethapyr observed in deionized were not necessary. The measured hydroxyl radical rate constant
water and Eagle Lake paddy water may have been due to thefor 2,4-D herbicide was 3.5 103 M—1 h~1 and was within
low turbidity that allowed more light penetratiogble 1). 80% of literature valuesT@ble 2). The hydroxyl radical rate
Conversely, the Beaumont and Clarksdale paddy waters wereconstant for imazethapyr was calculated to be:2.80*3 M1
more turbid. It is apparent that Beaumont and Clarksdale paddyh—1, The magnitude of this value is similar to those reported
waters absorb more light compared to deionized water and Eaglefor other pesticides1@) and indicates that imazethapyr reacts
Lake paddy water. The largest absorbance was observed aroundiith hydroxyl radicals at nearly diffusion-controlled rates.
the same wavelengths where imazethapyr effectively absorbs
(data not shown). Therefore, light attenuation may have causedL ITERATURE CITED
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