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ABSTRACT: The photodecomposition of herbicides may be affected by adding vegetable oils to the spray tank. In this study
nine vegetable oils were compared to assess the photodecomposition of sethoxydim under natural light conditions. The
experiment was conducted as completely randomized factorial design with three replicates at the College of Agriculture, Ferdowsi
University of Mashhad, Iran, in 2013. Each herbicidal solution (with and without vegetable oil) was exposed to sunshine with
time intervals of 0, 5, 10, 20, 30, 60, 120, and 240 min. The results revealed that the half-life value was increased by adding castor
bean and cottonseed oils to 1.39- and 1.18-fold, respectively, compared to nonvegetable oil. These values for turnip, olive, corn,
soybean, sunflower, canola, and sesame oils were decreased down to 4.74-, 2.38-, 1.81-, 1.75-, 1.52-, 1.28-, and 1.11-fold,
respectively. A positive relationship existed between the half-life of sethoxydim in the presence of vegetable oils and their
viscosity. However, a negative relationship was monitored between unsaturated/saturated fatty acids ratio and the
monounsaturated value with half-life. A positive relationship also existed between saturated fatty acids, polyunsaturated fatty
acids, palmitic acid, and linoleic acid with half-life. This study revealed that the amount of fatty acids in vegetable oils is a
determining factor in preventing or facilitating the photodecomposition of sethoxydim.
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■ INTRODUCTION

Despite having a serious side-effect on the environment,
herbicides are still in use to ensure adequate food supply for the
daily increasing world population. Environmental health due to
application of herbicides is a major concern that mainly
depends on the herbicide’s physicochemical properties, trans-
port pathways, and decomposition processes,1 such as abiotic
oxidation and reduction, hydrolysis, biodegradation, and
photolysis.2

One of the most important herbicidal decomposition aspects
after spraying is photodecomposition. There are many studies
about photolysis of sethoxydim,3,4 alloxydim,5 clethodim,6

atrazine,7 imazamox,8 bentazon, clopyralid and triclopyr,9

HW-02,10 tribenuron-methyl,11 acifluorfen,12 MCPA,13

EPTC,14 norflurazon,15 sulcotrione,16 and fluometuron.17

Photodecomposition may proceed by direct or indirect
pathways.18 Direct photolysis is defined as a photoreaction
proceeding by absorbing light energy that disrupts chemical
bonds resulting in its degradation, whereas indirect photolysis
occurs when another compound is involved as the light
absorber. The light absorber compound may be sensitive to
transfers of energy to the herbicide or may generate reactive
intermediates, such as hydroxyl radicals, singlet oxygen, and
hydrogen peroxide, resulting in its decomposition19,20 or
quenching by acting as an optical filter.4

An herbicide is often formulated as an active ingredient plus
some inert adjuvants.21 A very complex medium for photolysis
of herbicides is created by those additives, functioning

presumably as a photosensitizer or photoquencher.22,23 Tanaka
et al.24 reported that photodecomposition of phenylureas
(linuron and Monuron), carbamates (barban, chlorpropham,
and dichlormate), amides (propanil, alachlor, and propachlor),
and triazines (atrazine and ametryne) was accelerated by adding
Tergitol TMN-10 and Triton X-100. They also reported that
photodecomposition of diuron and PPG-124 was lessened in
the presence of Tergitol TMN-10 and Triton X-100. Falb et al.6

reported that photodecomposition of clethodim was increased
considerably in the presence of various adjuvants, and the half-
life of 3 h was reduced to 0.4 h (LI700), 0.5 h (Dash), 0.8 h
(XE-1167), 0.9 h (Agrioil), and 1.4 h (CC-15943). Harrison
and Wax25 also reported that adjuvants such as petroleum oil
concentrate and soybean oil concentrate can enhance and
accelerate the photodecomposition of 2,4-D, bentazon, and
holoxyfop in aqueous solution.
The cyclohexanedione (CHDs) herbicides have ultraviolet

(UV) absorbance above 282 nm, which indicates their
susceptibility to photodecomposition by sunlight.3 Various
factors affect herbicide photodecomposition, including the
sunlight intensity (depending on the season and weather
conditions); the characteristics of the application site (latitude,
altitude, etc.); the application method; the characteristics of the
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herbicide, formulation, and related adjuvants; or the tank mix
herbicide spray solution.26 Vegetable oils have been used as
adjuvant to increase the performance of sethoxydim,27 but so
far, they have received little attention on their effect on
photosensitivity or photoquenching of sethoxydim. The
purposes of this project were (i) to study the effects of
vegetable oils on photodecomposition of sethoxydim, (ii) to
assess the effect of vegetable oil viscosity on photodecompo-
sition of sethoxydim, and (iii) to study the saturation status of
vegetable oils on photodecomposition of sethoxydim.

■ MATERIALS AND METHODS
Chemicals and Vegetable Oils. Oils of soybean, cotton, canola,

sesame (Sesamum indicum L.), castor (Ricinus communis L.), corn (Zea
mays L.), sunflower (Helianthus annuus L.), and turnip (Eruca sativa
L.) were extracted from grains via the mechanical extraction method.28

Olive oil (Olea europaea L.) was extracted from fruit with the Decanter
centrifugation (horizontal centrifuge rotating at 3 000 rpm) method.29

The reference of fatty acid methyl esters in methylene chloride
(ampule containing 10 mg/mL) was obtained from Supelco (grain
fatty acid methyl ester mix 99−100%).The standard of sethoxydim
[(RS)-(EZ)-2-[1-(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3-hy-
droxycyclohex-2-enone] with 99.3% purity was supplied by BASF Ltd.
(Limburgerhof, Germany). All solvents were of high-performance
liquid chromatography (HPLC) and gas chromatography (GC) grade.
N-Hexane and methanol were of chromatography grade (99.9% purity,
Merck); potassium hydroxide (pellets/certified ACS) and sodium
lauryl sulfate powder were purchased from Fisher Chemicals.
Sample Preparation. Oil Composition. To determine the

chemical nature of fatty acid oils, 15 drops of each vegetable oil
were added to 7 mL N-hexane plus 2 mL of potassium hydroxide in
methanol (11.2% m/v). Then, four replications of the supplied
compounds were shacked for 1 min and heated to 55 °C for 5 min
until the solution was separated into two phases. The upper phase was
desiccated with sodium lauryl sulfate and filtered to analyze with gas
chromatography.
Herbicide Solution. A nonionic emulsifier, Citogate (100%

alkylarylpolyglycol ether prepared from Zarnegaran Pars Company,
Karaj, Iran) was added to the vegetable oils at 10% (v/v). This
compound (90% vegetable oil +10% emulsifier) was added to the
recommended rate of sethoxydim (375 g ai ha−1) at 0.5% (v/v).
Herbicide preparation solutions (100 mL) were placed into 250 mL
Erlenmeyer flasks. Then they were shacked for a period of 1 h.
Oil Viscosity. A K100 tensiometer was used to determine the

viscosity of vegetable oils with ring method. The measurement was
determined via the buoyancy of the solid in the liquid and the weight
difference of the solid in the air and in the liquid. The mass of the
volume of liquid displaced by the measuring probe corresponds exactly
to the difference in weight. If the viscosity of the measuring probe is
known, then the viscosity of the liquid is obtained by differential
weighting using the following equation

ρ ρ=
−G G

GL MP
MPA MPL

MPA (1)

where ρL is the viscosity of the liquid; ρMP is the viscosity of the
measuring probe; GMPA is the weight of the measuring probe in air;
and GMPL is the weight of the measuring probe in liquid.
Photodecomposition Experiments. Irradiation experiments were

carried out under sunlight at the College of Agriculture, Ferdowsi
University of Mashhad, Mashhad, Iran, with latitude 36°, 17′, 44″ N,
longitude 59°, 36′, 42″ E, and altitude of 985 m, on April 11, 2013
(mean temperature 30 °C, light intensity 16.407 MJ/M2/day, and UV
index 8), from 11:10 a.m. to 3:10 p.m.
The experiment was conducted as completely randomized factorial

design with three replications including nine vegetable oil and eight
time course study. Time course study for each herbicide solution (with
and without vegetable oil) was 0, 5, 10, 20, 30, 60, 120, and 240 min.
After each interval, 15 mL of each solution was sampled and placed in

an amber vial and immediately stored in a refrigerator (at 5 °C) until
being used for HPLC analysis.

Analytical Equipment and Methods. Gas Chromatography
Mass Spectroscopy. The fatty acid content was determined using gas
chromatography Acme 6000 (Younglin, South Korea) equipped with a
flame ionization detector and a CP-Sil 88 Wcot fused silica column
(100 m × 0.25 mm i.d. × 0.2 μm film thickness; Chrompack,
Middleburg, Netherlands). The carrier gas was ultrahigh-purity
helium; we used a 1:100 split mode and a flame-ionization detector.
The GC oven temperature was maintained at 140 °C for 5 min, then
ramped to 240 °C at the rate of 4 °C/min and maintained at 240 °C
for 15 min. The flow rate of helium was 20 mL/min. The injector and
detector temperatures were 250 and 280 °C, respectively. The volume
of injected sample was 1 μL. Fatty acids were identified by matching
their retention times with those of their relative standards.

High-Performance Liquid Chromatography. Photodecomposition
kinetics was performed in an HPLC system (Shimadzu) coupled to a
RF-10AXL fluorescence detector (280 nm excitation and 425 nm
emission), equipped with a pump (6000A). This HPLC system was
furnished with a degassing tool (DGU-14A). The analytical column
was a perfect sil target, C18column (5 μm particle size, 4.6 mm 250
mm, back pressure 5.7 MPa) with a octadecylsilane (ODS) pre-
column (3−5 μm particle size). The mobile phase was methanol/
water (80:20, v/v), degassed by placing in an ultrasonic bath (Camlab
UK) before using them. For determining the kinetic parameters, an
isocratic method of 80% methanol was applied. The flow rate was 1
mL min−1; the injection volume was 20 μL. All samples were filtered
through a 0.45 μm Millex filter (Millipore, HV-4, Beford, MA) before
injecting into the chromatograph. The limit of detection by HPLC for
sethoxydim was 0.01 ppm.

Data Processing. Quantitative analysis was performed using the
standard curve method,10 with the detection mode of full scan, setting
up a standard curve of sethoxydim (peak height) at the concentration
of 2, 4, 8, 16, 32, 81, 162, 324, 405, 810, 1215, and 1620 mg/L (Figure
1). A linear association was obtained (y = 0.164x + 4.190, R2 = 0.999)

by peak height. The peak height was used as a model to determine the
concentration of the other sample injection.

The constant rate of photodecomposition of sethoxydim (k) and
half-life (t1/2) were estimated by fitting the concentration of
sethoxydim on eqs 1 and 2,

= −c c et
kt

0 (2)

where ct is the herbicide concentration at irradiation time t, c0 is the
initial concentration, and k is the first-order rate constant. The half-life
t1/2 of sethoxydim was calculated using the following equation:

=t
k

ln 2
1/2 (3)

Figure 1. Standard curve of sethoxydim.
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Analysis of variance (ANOVA) was conducted to determine the
differences between types of vegetable oils, at the 0.05 significance
level. The results were analyzed using LSD statistical procedure
(Sigma plot 11).

■ RESULTS AND DISCUSSION
Photodecomposition in the Presence of Vegetable

Oils. Sethoxydim is a photochemicaly unstable herbicide
(Figure 2). Under the irradiation experiment, in contrast light

sethoxydim decomposed very fast, whereas the concentration of
it remained constant in dark control experiments during the
same irradiation time (Figure 2). The effects of vegetable oils
on photodecomposition of sethoxydim are illustrated in Figure
2. Sethoxydim photodecomposition was enhanced in the
presence of turnip, olive, corn, soybean, sunflower, canola,
and sesame oils, and the photodecomposition values were
considerably increased. However, in the presence of castor and
cottonseed oils, photodecomposition of sethoxydim was
retarded (Figure 2 and Table 1).
When turnip, olive, corn, soybean, sunflower, canola, and

sesame oils were added to sethoxydim solution, the half-life of
sethoxydim was decreased down to 4.74-, 2.38-, 1.81-, 1.75-,
1.52-, 1.28-, and 1.11-fold, respectively (a significant difference
was observed between vegetable oils), compared to non-

vegetable oil solution. The half-life of sethoxydim was increased
in the presence of castor and cottonseed oils by 1.39- and 1.18-
fold, respectively (a significant difference was observed between
vegetable oils), compared to nonvegetable oil solution (Table
1). Among vegetable oils, turnip oil and castor oil had the
highest photosensitivity and photoquenching impact on
sethoxydim, respectively. An acceptable fit to the first-order
kinetics reaction was obtained for the photodecomposition of
sethoxydim in the presence of all vegetable oils over the
irradiation time as indicated by the regression coefficient
ranging from 0.97 to 0.99 (Table 1). Kinetic parameters of
sethoxydim photolysis revealed that a significant difference
among vegetable oils existed (Table 1).
Previous studies3,4 provided the evidence for the early

photodecomposition of the sethoxydim under synthetic light
and sunlight conditions. This herbicide was highly sensitive to
the light. Characteristics of the herbicide, formulation, and
adjuvants added to their formulations affected the photo-
decomposition of sethoxydim. The disappearance of sethox-
ydim upon irradiation with sunlight largely depends on the
presence of total organic carbon (TOC) in herbicide solution.4

Harrison and Wax25 reported that, with the addition of soybean
oil to 2,4-D and haloxyfop, their photodecomposition effect
increased.
According to Izadi-Darbandi et al.,27 turnip oil alone did not

have the phytotoxic potential on wild oat, whereas in
combination with sethoxydim, the performance on fresh and
dry weight of wild oat was increased by 4.13 and 5.85 times,
respectively. These findings were also observed for olive,
soybean, canola, and sesame oils. It may be concluded that not
only does the application of turnip oil improve the performance
of sethoxydim but also it may increase the amount of
sethoxydim photodecomposition. Therefore, the use of proper
vegetable oils with sethoxydim provides bilateral benefits: (i) an
increase in performance and/or (ii) an increase in photo-
decomposition.

Vegetable Oils’ Viscosities. The values of vegetable oils’
viscosities are shown in Table 2. Our finding indicated a
positive relationship between the half-life of sethoxydim in the
presence of each vegetable oil and the viscosity of the vegetable
oils (Figure 3). The half-life of sethoxydim was increased by
increasing the viscosity with a determination coefficient (R2) of
0.8951 (y = 3369.6x − 3021.7). When vegetable oils with high
density were added to the sethoxydim solution, an increase in
half-life of sethoxydim was observed as compared to adding
vegetable oils with low density (Figure 3). In general, an

Figure 2. Photodecomposition rate of sethoxydim in the presence of
vegetable oils: (a) decrease half-life and (b) increase half-life to
compare without oil.

Table 1. Kinetic Parameters of Sethoxydim Photolysis with
Vegetable Oils under Natural Sunlight

vegetable oil ka,b (10−3 min−1) t1/2 (min) R2

castor 5.1 ± 0.2 a 135.91 ± 5.13 0.9964
cottonseed 6.0 ± 0.1 b 115.52 ± 1.9 0.9964
none 7.1 ± 0.4 c 97.62 ± 5.2 0.9911
sesame 7.9 ± 0.3 d 87.74 ± 5.2 0.9948
canola 9.1 ± 0.3 e 76.17 ± 2.4 0.9970
sunflower 10.8 ± 0.4 f 64.18 ± 2.2 0.9969
soybean 12.4 ± 0.1 g 55.90 ± 0.4 0.9978
corn 12.9 ± 0.2 h 53.73 ± 0.8 0.9969
olive 16.9 ± 1.2 i 41.01 ± 2.7 0.9878
turnip 34.0 ± 2.4 j 20.39 ± 1.3 0.9889

ak is the first-order rate constant. bDifferent letters show significant
differences according to LSD test at α = 0.01.
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increase in viscosity led to a high half-life of sethoxydim for all
vegetable oils.
Apparently, enhancing vegetable oil viscosity depends on

fatty acid chain length and degree of saturation. Theoretically,
herbicides applied with a highly saturated vegetable oil could be
too viscous for a good deposit of spray droplets on the leaf
surface and reduced efficacy, especially when applied under
cool conditions.30 Beattie et al.31 declared that, with the
reduction of vegetable oils’ viscosity and increasing solubility of
the herbicide with methylation, the penetration of the herbicide
solution within the plants increased. Therefore, decreasing the
half-life of the aqueous solution of sethoxydim in the presence
of vegetable oil with low viscosity will be compensated by fast
penetration through the leaf surface. Izadi-Darbandi et al.27

showed that sethoxydim performance for wild oat control was
increased in the presence of turnip oil with low viscosity mainly
due to fast penetration of the herbicide solution through the
epicuticular wax layer.
Vegetable Oils’ Fatty Acids Compositions. Fatty acids

compositions of vegetable oils are summarized in Table 2.
Equation 2 determined the k parameter and eq 3 determined
the half-life (t1/2) values of the sethoxydim in the presence of
each vegetable oil (Table 1). Turnip oil and castor oil had the
highest increasing and decreasing on the rate of sethoxydim
photodecomposition, respectively (Table 1).
The reason for these differences may be attributed to

differences in saturation status of fatty acids composition
(Table 2). There was a negative relationship between
monounsaturated (Figure 4a) and unsaturated/saturated fatty
acids ratios (Figure 4b) with determination coefficient (R2) of
0.73 and 0.85 half-life, respectively. Moreover, there was a

positive relationship between the half-life of sethoxydim in the
presence of each vegetable oil with saturation status of
vegetable oils: saturated fatty acids (Figure 4c), polyunsaturated
fatty acids (Figure 4d), palmitic acids (Figure 4e), and linoleic
acids (Figure 4f) with coefficient determinations (R2) of 0.86,
0.62, 0.75, and 0.60, respectively.
It means that the half-life was enhanced with increasing

saturated fatty acids, polyunsaturated fatty acids, palmitic acid,
or linoleic acids. Half-life was also reduced with increasing
monounsaturated and unsaturated/saturated fatty acids ratio
(Figure 4a and b). A correlation existed between the half-life of
sethoxydim in the presence of each vegetable oil with the
content of palmitic acid (C 16:0) and linoleic acid (C 18:2). A
correlation between the half-life of stearic acid (C 18:0),
palmitoleic acid (C 16:1), oleic acid (C18:1), and linolenic acid
(C 18:3) of each vegetable oil was not observed.
The results indicated that the rate of photodecomposition of

sethoxydim mainly depended on the kind of vegetable oil added
to the sethoxydim solution. Adding vegetable oils with high
unsaturated/saturated ratio increased the half-life of sethoxydim
less than the low unsaturated/saturated ratio. Vegetable oils
were ranked in the following order based on the decrease of
half-life reduction, turnip oil > olive oil > corn oil > soybean oil
> sunflower oil > canola oil > sesame oil, and based on the
increase of half-life, castor oil > cottonseed oil compared with
the sethoxydim solution without oil (Table 1)
In general, oil plants grown at high latitudes (cool

conditions) have more unsaturated fatty acids than those
grown in lower latitudes (warm conditions).31 Therefore, to
obtain accurate results in any given experiment, determination
of oils’ characteristics, such as the amount of fatty acids and
viscosity, is indispensable. The large variation in the
composition of vegetable oils imposes different effects on the
modification of the herbicide efficacy. Izadi-Darbandi et al.27

showed that, with increasing oleic acid (C 18:1) or decreasing
palmitic acid volume, the relative potency of sethoxydim to
control wild oat was decreased with coefficient of determi-
nation (R2) of 0.80 and 0.76, respectively. They also reported
that, with increasing unsaturated/saturated fatty acids ratio, the
sethoxydim performance was decreased. On the basis of our
results, this may be due to enhanced photodecomposition and
decreased half-life of sethoxydim in the presence of vegetable
oils with a high level of unsaturated fatty acids on the leaf
surface but increasing through to the cuticular wax in the
presence of vegetable oils with a high level of unsaturated fatty
acids before photodecomposition, which improved herbicide
performance.

Table 2. Fatty Acid Composition of Vegetable Oils

saturates monounsaturates polyunsaturates

oil 16:0 18:0 20:0 22:0 24:0 16:1 18:1 20:1 22:1 24:1 18:2 18:3 unsat/sat ratio viscosity (g/mL)

turnip 3.85 1.13 0.75 1.01 0.56 0.27 15.38 9.34 43.99 2.19 8.96 10.65 12.4 0.907
soybean 5.63 3.26 0.83 0.49 0.14 0.14 54.11 1.68 0.67 25.75 7.3 8.66 0.916
cottonseed 20.87 3.19 0.37 0.55 20.1 53.78 0.21 2.94 0.933
sunflower 6.54 3.92 0.32 1.13 0.50 0.26 51.68 0.32 35.23 6.99 0.916
olive 7.1 2.05 0.24 0.5 69.84 0.14 19.85 9.64 0.909
castor 9.54 10.52 0.92 34.05 2.73 37.94 4.29 3.76 0.937
sesame 9.90 5.95 0.82 0.22 0.07 0.20 40.55 0.29 41.19 0.54 4.83 0.911
corn 4.92 2.95 0.91 0.52 0.22 0.25 60.54 2.15 0.26 18.41 8.04 8.66 0.915
canola 12.32 2.49 0.75 0.20 0.37 0.14 30.89 0.29 50.70 0.86 4.84 0.913

aPercentages may not add to 100% due to rounding and other constituents not listed.

Figure 3. Relationship between viscosity of vegetable oils and half-life
of sethoxydim.
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Selecting the proper adjuvant is a key factor in weed
management mainly because of reducing the dosage of
herbicide. On the other hand, vegetable oils are less phytotoxic
compared with mineral oils, and due to fast degradation,32 they
are a better choice for the environment. Therefore, the
application of vegetable oil is a proper ecological method to
enhance herbicide performance and decrease its dosage. Our
results revealed that vegetable oils can enhance photo-
decomposition effects of the herbicide sethoxydim. Careful

selection of adjuvants in formulation or tank mix is very
important because it will alter photodecomposition of
sethoxydim after spraying. The fatty acid compositions of
vegetable oils are clearly effective in their impact on the
photodecomposition of sethoxydim. Our findings also revealed
that a negative correlation existed between quantities of
monounsaturated or unsaturated/saturated fatty acids ratio
with half-life. Moreover, there was a positive relationship
between viscosity and saturate status with half-life. Therefore,

Figure 4. Relationship between half-life of sethoxydim plus vegetable oils in the presence of sunlight: (a) % monounsaturated fatty acids of vegetable
oils; (b) ratio of unsaturated/saturated fatty acid; (c) saturated fatty acid; (d) % polyunsaturated fatty acids ratio of vegetable oils; (e) palmitic acid;
and (f) linoleic acid.
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the importance of viscosity and fatty acids composition of
vegetable oils on the photodecomposition of sethoxydim was
proved.
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