
pubs.acs.org/JAFCPublished on Web 12/30/2010© 2010 American Chemical Society

J. Agric. Food Chem. 2011, 59, 645–653 645

DOI:10.1021/jf102960g

Effect of Soil Wetting and Drying Cycles on Metolachlor Fate in
Soil Applied as a Commercial or Controlled-Release

Formulation

OSNAT GOLDREICH,† YAAKOV GOLDWASSER,‡ AND YAEL G. MISHAEL*,†

†Department of Soil and Water and ‡RH Smith Institute of Plant Science and Genetics in Agriculture,
The Robert H. Smith Faculty of Agriculture, Food and Environment,

The Hebrew University of Jerusalem, Rehovot 76100, Israel

A controlled-release formulation (CRF) has been developed for metolachlor, which reduced its

leaching in a sandy soil and improved weed control in comparison with the commercial formula-

tion. The current study tested the effect of soil wetting and drying cycles (WDCs) on metolachlor

fate (desorption, leaching, and weed control) applied as the CRF and as the commercial formula-

tion. Metolachlor adsorption to a heavy soil (Terra-Rosa) was predominately to the clay minerals and

oxides. Metolachlor release from a heavy soil subjected to WDCs was higher than its release from the

soil not subjected to WDCs. Consequently, a bioassay in soil columns treated with the commercial

formulation indicated enhanced metolachlor leaching in heavy soils under WDCs. In contrast, when

metolachlor was applied as the CRF, leaching was suppressed and not affected by WDCs. These

results emphasize the advantages of the CRF also in heavy soils subjected to WDCs.
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INTRODUCTION

Applying herbicides provides substantial agronomic and eco-
nomic benefits; however, in some cases their use poses environ-
mental issues, due to leaching and surface migration, which cause
soil, surfacewater, and groundwater contamination (1-3). Further-
more, migration and leaching reduce herbicide concentration at
the topsoil, which reducesweed control efficacy. Insufficientweed
control brings an increase in herbicide application dose and
frequency, which further increase treatment costs and environ-
mental contamination.

Herbicide leaching in the soil is governed by several factors,
such as soil structure and characteristics, chemophysical proper-
ties of herbicides, and the effects of climatic conditions and tillage
methods (1, 4). Among climate conditions the effects of rain and
irrigation on herbicide leaching have been widely explored (5, 6).
For example, heavy rain intensities and high irrigation frequen-
cies have been found to enhance the migration of metolachlor
(MTC) in sandy soil (5). In contrast, very little is reported on
another important impact of climate, the influence of wetting and
drying cycles (WDCs).

The phenomenon of WDCs implies that the soil undergoes
frequent changes in water content due to rain events or irrigation
accompanied by dry periods. This phenomenon is most pro-
nounced in semiarid areas. WDCs of the soil affect herbicide fate
in the soil and in particular their persistence, leaching, migration,
sorption to soil particles, and degradation (7). A number of
studies have shown that microbial degradation of herbicides is

inhibited during drying cycles, which enhances their persistence in
soil (8-11). The effect of WDCs on adsorption/desorption of
herbicides was less studied and is less understood. Different
trends are reported on this effect; for example, imazaquin
desorption from the soil increased following WDCs (9), whereas
diuron (12, 13) and atrazine (8) desorption was reduced due to
WDCs. Themainmechanism suggested was strong adsorption of
the herbicide to soil organic matter.

Metolachlor is a selective preplant herbicide that controls a
broad spectrum of grass weeds and small-seeded broadleaves in
many crops and is widely used worldwidemainly in corn, soybean,
sunflower, sugar beet, potato, and cotton. Its adsorption to the
soil is considered to be moderate and is positively correlated with
soil organic matter and clay content (14-20). Its water solubility
is relatively high (Sw = 488 mg/L, 20 �C); therefore, it is prone
to extensive leaching and has been detected in groundwater
(14, 21-25).

One of the approaches pursued to reduce herbicide migration
in soil while maintaining suitable weed control is developing
controlled-release formulations (CRFs) (26-30).Wehavedesigned
a CRF for metolachlor based on herbicide solubilization in
micelles and adsorption of the mixed micelles on clay minerals
(31). This formulation was tested and found to reduce metola-
chlor leaching through a sandy soil column and improve weed
control in comparison with the commercial formulation. In the
current study the effect of WDCs on metolachlor desorption,
leaching, and weed control in the soil was investigated.

We hypothesized that the CRF will moderate the negative
effects of WDCs on metolachlor behavior, that is, desorption,
leaching, and weed control efficiency. Therefore, the CRF’s
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properties of improved weed control and reduced leaching are
expected to be even more pronounced under WDCs. To test this
hypothesis, we first studied the adsorption of metolachlor to
different soils and examined the effect ofWDCson the desorption
kinetics and at equilibrium of metolachlor. The second stage
included comparison of metolachlor release and leaching through
a thin layer of heavy soil under WDCs, when applied as the
commercial formulation (S-Dual Gold) or as the CRF formula-
tions. Finally, a bioassay was conducted by applying these
formulations to Clayey and Loess soil columns subjected to
0-4WDCs.Metolachlor release from the formulations, leaching
through the soil, and weed control were tested.

MATERIALS AND METHODS

Materials. Metolachlor 2-chloro-N-(6-ethyl-o-tolyl)-N-[(1RS)-2-
methoxy-1-methylethyl]acetamide (Metolachlor) technical (purity =
98.6%) and commercial metolachlor [S-Dual Gold 915 g of active
ingredient (ai)/L liquid] were obtained from Agan Chemicals, Ashdod,
Israel. The clay used was a Wyoming sodium montmorillonite (SWy-2)
obtained from the Source Clays Repository of the Clay Mineral Society
(Columbia, MO). Octadecyltrimethylammonium (ODTMA) was pur-
chased fromSigma-Aldrich (Steinheim,Germany). Acetonitrile andwater
of HPLC grade were purchased from Merck (Darmstadt, Germany). All
soil samples were collected from the top 20 cm and air-dried and sieved
through a 2mm screen. Rehovot sandy soil was collected from the Faculty
of Agriculture campus experimental farm (95.5% sand, 3.3% silt, 1.2%
clay, and 0.2% organic matter (OM)). A heavy clayey soil, Terra-Rosa
(25% sand, 22.5% silt, 52.5% clay, and 11% OM) was collected form the
hills of Jerusalem (near the sources of the Sorek stream). Loess Gilat
(78.8% sand, 6.2% silt, 15% clay, and 1% OM) was collected from the
Gilat experimental farm. The soils were used after sifting to 2mmparticles.
The soils were used for analytical release tests and for the soil columnplant
bioassays. The test plant for the metolachlor bioassay was foxtail millet
[Setaria italica (L.) P. Beauvois].

Methods. Metolachlor Adsorption. Metolachlor adsorption experi-
ments were conducted in batch experiments in Teflon centrifuge tubes.
Sodium azide (100 g/L) was added to all metolachlor solutions to inhibit
microbial degradation. All measurements were performed in triplicate.
The tubes were kept at 25 ( 1 �C under continuous agitation until
equilibrium was reached (3 days and 1 day for adsorption on Terra-Rosa
and on montmorillonite, respectively). Supernatants were separated by
centrifugation at 15000g for 20 min. Metolachlor concentrations in the
supernatant were measured by HPLC. The adsorbed concentrations were
calculated by subtracting the concentration measured in the supernatant
from the initial added concentration.

Prior to HPLC analysis supernatants were filtered with acrodisc (poly-
propylene) filters (Pall Corp.), of 0.45 μm pore diameter. The HPLC
(Agilent Technologies 1200 series) was equipped with a diode array
detector. The HPLC column was a LiChroCARTR 250-4 PurospherR
STARRP-18 (5 μm), operating at a flow rate of 1.0 mL min-1. Measure-
ments were carried out isocratically. A mobile phase of acetonitrile/water
(70:30) was used. The concentrations of metolachlor were measured at a
wavelength of 225 nm. The detection limit was 0.01mg/L, and the presence
of ODTMA did not interfere with herbicide detection.

(a)Metolachlor Adsorption on Soils.Metolachlor adsorption to a sandy
soil (Rehovot sandy soil) and to a heavy clayey soil (Terra-Rosa) was
studied in batch experiments by adding a metolachlor solution of 350 mg/
L (20mL) to different amounts of soils. Themetolachlor solution included
sodium azide (100 mg/L), which inhibits microbial degradation. With the
addition of 8 g of soil the final soil concentrationwas 400 g/L (∼88kgof ai/
ha calculated for a depth of 10 cm). The adsorption on the heavy soil was
also studied at a concentration of 9.6 g/L by adding 0.192 g of soil (∼2.1 kg
of ai/ha) to reach an equivalent clay concentration to that present in 400 g/
L sandy soil. The adsorption of metolachlor to the clayey soil was further
studied at concentrations relevant to field application, which ranged
between 0.8 and 4.5 kg of ai/ha (13) by adding metolachlor (1-20 mg/
L) to 500 g/L soil (0.2-4 kg of ai/ha). The dose calculations were based on
the weight of a hectare including a depth of 10 cm.

The adsorption of metolachlor (20-300 mg/L) on Terra-Rosa (50 g/L)
with and without its OM was measured. The OM was removed by

introducing the soil to an oven at 400 �C for 16 h or bymixing the soil with
H2O2 (30%) andwaiting until the reaction finishes and then rinsing the soil
three times with distilled water to remove any remaining H2O2.

(b)Metolachlor Adsorption onMontmorillonite.Ametolachlor solution
of 350 mg/L (20 mL) was added to sodiummotmorillonite suspensions of
0.6-15 g/L (10 mL) in centrifuge tubes (final concentrations). The clay
concentrations were equivalent to their concentrations in the adsorption
experiments on Terra-Rosa (described in the previous section). For
example, to add metolachlor to 4.8 g clay/L, the herbicide was added to
400 g of sandy soil/L, 9.6 g of clayey soil/L, and 4.8 g of montmorillonite/L.

WDCs Procedure. The air-dry soil was first weighed and then wetted as
described in the different experiments (see below). Dryingwas achieved by
placing the soil samples in an oven at 40 �C for 3-5 days until the soil
returned to its original weight. This method simulates the temperature in
the summer in hot regions, eliminates photodegradation, and does not
require a very long time (drying at room temperature ( 25 �C was also
attempted but discontinued as it took several weeks).

Metolachlor Desorption from the Soil Subjected to WDCs. The
desorption kinetics and at equilibrium of metolachlor from Terra-Rosa
were studied in batch experiments in Teflon centrifuge tubes. The
desorption was studied from a soil adsorbed with 4.5 ( 0.3 μg/g (adding
20 mL of 5 mg/L metolachlor to 10 g of soil reaching 500 g/L soil). Each
concentration was performed in triplicate. Metolachlor analysis was
performed as described for the the adsorption experiments.

(a) Desorption Kinetics. Distilled water (20 mL) was added to the soil
samples (reaching a soil concentration equivalent to that in the adsorption
experiment) subjected to 0 or 1WDC. The tubes were agitated for 1-24 h.
After centrifugation, themetolachlor concentration in the supernatantwas
measured to determine desorption.

(b) Desorption at Equilibrium.Distilled water (8-20 mL) was added to
the soil samples subjected to 0 or 1WDC.The tubes were agitated for 24 h.
After centrifugation, themetolachlor concentration in the supernatantwas
measured to determine desorption.

Formulation Preparation. The micelle-clay formulations were pre-
pared as described in Ziv andMishael (31).Metolachlor was solubilized in
a 2.5 mM ODTMA solution and mixed for 24 h, reaching a metolachlor
concentration of 1500 ppm. Themixedmicelles (ODTMAandmetolachlor)
were adsorbed on 2 g/L montmorillonite. The suspensions were centri-
fuged for 20 min at 15000g. Supernatants were removed, and herbicide
concentrationsweremeasured byHPLC to determine the percent of active
ingredient in the micelle-clay formulation. The herbicide-micelle-clay
precipitates were frozen and lyophilized. The percent of active ingredient
of the CRF was 34%.

Metolachlor Release and Leaching through Soils under WDCs
(a)Metolachlor Leaching through a Thin Soil LayerApplied asCRF and

as the Commercial Formulation under WDCs. The release of metolachlor
from micelle-clay formulations and from the commercial formulations
wasmeasuredby applying the formulations on a thin layer (2 cm) ofTerra-
Rosa soil (160 g) deposited on a filter paper in a Buchner funnel (area of
7.85� 10-3 m2) as described (31).Water (50mL) was sprayed as a control.
The formulations were sprayed (50 mL) on the soil at a rate of 5 mg of ai
per funnel, equivalent to 5800 g/ha. Application rates were high due to the
HPLC detection limit. Half of the soil samples were subjected to 3 WDCs
by placing the funnels in an oven, at 40 �C, for 3 days. Following the
WDCs (0 or 3) the funnelswere irrigated 10 times (every 15min)with 5mm
of water (40 mL per funnel), reaching a total irrigation of 50 mm water.
The leachates were collected after each irrigation, and herbicide concen-
trations were measured by HPLC. Each treatment was preformed in
triplicate.

(b) Soil Column Bioassay of Metolachlor Applied as the CRF and as the
Commercial Formulation under WDCs. Weed control and metolachlor
leaching in soil subjected toWDCs (0 and 4) were studied by applying the
CRF and the commercial formulation to soil columns sowed with a test
plant. Polyethylene mesh sleeves (pore diameter=0.6 mm, 50.2� 10-3 m2

surface area, and 20 cm long) used as columns were filled with Terra-Rosa
or Loess soils.Metolachlor as the CRF and as S-DualGold was applied in
water on top of the soil columns at rates of 2000 g of ai/ha for Terra-Rosa
and 1500 g of ai/ha for Loess. The recommended dosages are between
1000 g of ai/ha for light soil and 2000 g of ai/ha for heavy soils as
commercial formulation. Ten milliliters of distilled water was added at
the top of the control columns. Each treatment was performed in 7-11
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replicates. Following herbicide application the columnswere irrigatedwith
water according to their pore volume, 360 and 300 mL for the Terra-Rosa
and Loess soils, respectively. A day after irrigation, half of the columns
were subjected to 4WDCs.A drying cycle included putting the soil column
in an oven at 40 �C for 3-5 days for the soil to return to its original weight.
Following the drying, a wetting cycle was performed; that is, the columns
were resaturatedwithwater at a volume equivalent to the pore volume (see
above) and left to equilibrate for 24 h. All of the columns, subjected to 0 or
4 WDCs, were laid horizontally, and a 4 cm wide and 20 cm long window
of polyethylenemesh sleeve was cut and removed.A single continuous row
of foxtail millet seeds was sowed along the soil column (now pots) through
the cut window, expanding the whole length of the column. The soil pots
were irrigated regularly to enable plant growth. After 14 days, plant height
along the columnswasmeasured and plant growth inhibition as a function
of soil depth was calculated by comparison to the control treatment.

Data Analysis. The experiment design was three factors in a random-
ized split plot for each soil type. Two crossed factors (2 � 2) in the whole
plots (columns) were herbicides, with two levels (commercial and CRF),
and WDCs with two levels (with and without). Nine soil layers of each
column (represented depth) were the subplot. Replications (7-11
columns) were done for each formulation and WDC combination. For
this design the appropriate ANOVA was made using JMP7 (SAS 2007),

and contrast tests were used for testing the interactions within each
soil layer.

RESULTS AND DISCUSSION

Metolachlor Adsorption to Soils. Metolachlor (350 mg/L)
adsorption to a sandy soil (Rehovot sand) and to a heavy clayey
soil (Terra-Rosa) (400 g/L) was studied (∼88 kg of ai/ha). Even
under these extreme conditions (a very high application rate), no
adsorptionwas attained to the sandy soil, whereas approximately
30% of the added metolachlor adsorbed to the heavy soil. The
same percent of metolachlor adsorbed on Terra-Rosa when the
concentration was reduced to 9.6 g/L to reach a clay concentra-
tion equivalent to that in the sandy soil, suggesting a partitioning
adsorption mechanism on the Terra-Rosa soil. Metolachlor
adsorption to the clayey soil was further studied at concentrations
relevant to field application rates, which range between 0.8 and
4.5 kg of ai/ha (14). Metolachlor (1-20 mg/L) was added to 500
g/L soil, which is equivalent to a rate of 0.2-4 kg of ai/ha. The
C-shape adsorption isotherm was in good agreement (R2 =
0.999) with the Freundlich model, where Kf = 1.25 � 10-3 (L/g)

Figure 1. Adsorption isotherm of metolachlor (1-20 mg/L) on Terra-Rosa (500 g/L): desorption of metolachlor from Terra-Rosa adsorbed with 4.5 μg/g and
subjected to 0 or 1 WDC. Error bars present the stand deviation.

Figure 2. Metolachlor (20-300 mg/L) adsorption to Terra-Rosa (50 g/L) with and without organic matter. Error bars present the standard deviation.
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and n = 1.08 (Figure 1). Approximately 45% of the added
metolachlor adsorbed. The Freundlich coefficient (Kf) obtained
is within the range of coefficients (5 � 10-4-2.7 � 10-2 L/g)
reported for the adsorption of metolachlor to soils with various
clay and OM concentrations (15, 18, 20).

To explore which soil fraction, OMor clay, has a larger impact
on metolachlor adsorption, the adsorption of metolachlor to
Terra-Rosa was studied as is and after removal of the OM
fraction (Figure 2). The OM was removed by heating the soil to
400 �C (in an oven) or by oxidation with H2O2. Metolachlor
adsorption to Terra-Rosa was not affected by oxidation of the
OM, and it even increased when the OMwas removed by heating
to 400 �C. A few studies have reported the decrease in herbicide
adsorption to the soil due to clay-OM complexation (higher
adsorption in the absence ofOM) and that the ratio between the
two components will determine the degree of adsorption (32,33).
However, they did not report a mechanism explaining the
phenomena. We suggest that the increase in metolachlor adsorp-
tion upon OM removal may be due to the exposure of oxide

surfaces by the high temperatures. Indeed, following the heating
process the soil was more reddish, which may indicate the
exposure of hematite. These findings, in addition to the observa-
tion that metolachlor did not adsorb to the sandy soil, suggest
that in the case of Terra-Rosa metolachlor does not adsorb to the
OM fraction, which implies that the clay fraction including the
clay minerals and oxides is the main adsorbent. To support this
suggestion the metolachlor adsorption to one clay mineral pre-
sent in the soil was examined.

Metolachlor (350 g/L) adsorption to montmorillonite (0.6-
15 g/L) was studied. The adsorption isotherm was in good
agreement (R2 = 0.979) with the Freundlich model, where
Kf = 0.89 (L/g) and n = 0.755 (Figure 3). As expected and
reflected by the Kf, which is 3 orders of magnitude larger,
metolachlor adsorption to montmorillonite was much higher to
the clay than to the sandy or to the Terra-Rosa soil (normalizing
the adsorption to the clay content).For example, to addmetolachlor
to 4.8 g clay/L, the herbicide was added to 400 g of sandy soil/L,
9.6 g of clayey soil/L, and 4.8 g of montmorillonite/L, resulting in

Figure 3. Metolachlor (350 mg/L) adsorption to montmorillonite (0.6-15 g/L). Error bars present the standard deviation.

Figure 4. Desorption kinetics of metolachlor from Terra-Rosa soil (4.5 μg/g) subjected to 0 and 3 WDCs: desorption from the soil subjected to 0 WDCs
following disaggregation of the soil. Error bars present the standard deviation.
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0, 30, and 60% adsorption, respectively. The high adsorption of
metolachlor to montmorillonite may be explained as follows: (1)
the clay fraction in the soil consists of not only montmorillonite,
which has a large surface area, but also of kaolinite and Illite,
which have much smaller surface areas, and (2) the clay particles
are dispersedmuch better in the clay suspension in comparison to
their dispersion in the natural soil suspension, in which the
adsorbent is aggregated and surfaces are less accessible. Metola-
chlor adsorption tomontmorillonite has been extensively studied,
and several mechanisms have been suggested ranging from weak
London interactions to specific interaction of the carbonyl
group of the herbicide (33, 34).

The conclusion is that metolachlor adsorption to Terra-
Rosa is mainly to the clay fraction of the soil. Following the
above metolachlor adsorption studies we examined the effect of
WDCs on the rate and degree of metolachlor release from Terra-
Rosa soil.

Metolachlor Desorption from the Heavy Soil under Wetting and

Drying Cycles. The kinetics of metolachlor desorption from
Terra-Rosa preadsorbed with 4.5 μg/g soil and subjected to 0
or 1WDCwas measured between 1 and 24 h (Figure 4). For both

treatmentsmaximum release was reachedwithin 4 h.Metolachlor
release was significantly (almost 2-fold) higher from the soil
subjected to a WDC than from the soil samples not subjected
to a WDC (45 and 24%, respectively). Massive aggregation was
observed for the soil samples not subjected to aWDC, whichmay
result in physical trapping of herbicide molecules and explain the
suppressed release. To test this possibility, metolachlor release
from the soil samples not subjected to a WDC was studied after
mechanically separating the aggregates. Indeed,metolachlor release
from these soil samples (0 WDC and disaggregated) increased,
reaching 40% of the amount adsorbed. This strengthens our
suggestion that the suppressed desorption from the soil samples
not subjected to WDCs was due to physical trapping of the
herbicide molecules in soil aggregates.

Metolachlor desorption at equilibrium (after 24 h) from the
soil adsorbed with 4.5 μg/g subjected to WDCs (0 and 1) was
studied by adding various amounts of water (Figure 1). Desorp-
tion from the soil subjected to aWDC was enhanced as observed
in the kinetic study.We hypothesized that the enhanced release of
metolachlor from the Terra-Rosa samples subjected to a WDC
may result in enhanced leaching in the soil subjected to WDCs.

Figure 5. Metolachlor leaching through Terra-Rosa soil layer (5 cm) under WDC (0 and 3) when applied as commercial formulation (A) and as micelle-clay
formulation (B). Error bars present the standard deviation.



650 J. Agric. Food Chem., Vol. 59, No. 2, 2011 Goldreich et al.

Metolachlor Leaching through a Thin Soil Layer Applied as CRF

and as Commercial Formulation underWDCs.Metolachlor release
from the commercial formulation (S-Dual Gold) and leaching
through a thin layer (2 cm) of Terra-Rosa under WDCs (0 or 3)
was tested by applying the formulation at a rate equivalent
to 5800 g of ai/ha, irrigating the soil (50 mm) in 10 portions
(5 mm each), and measuring herbicide concentration in the
leachates (Figure 5A). The cumulative percentage of herbicide
releasedand leached from the soil under 3WDCswas nearly twice
the amount released and leached from the soil that had not been
subjected toWDCs (50 and 27%, respectively). Enhanced release
and leaching from the soil subjected to WDCs is in agreement
with the release results obtained from the batch experiments
(Figures 1 and 4).

In contrast, metolachlor release and leaching from the CRF
(the same leaching study was applied for this formulation) were
not higher from the soil subjected to WDCs (Figure 5B). These
results suggest that theCRF“protects” the herbicide fromenhanced
release under WDCs. In addition, the release from the CRF was
slightly lower than (although not statistically different from) that

obtained for the commercial formulation without WDCs (23 vs
27%, respectively). Although the release was not inhibited much
when the CRF was applied, the percent of metolachlor released
from each irrigation was constant at 2.5%, whereas the release
from the commercial formulation was not constant (high for
the first irrigation, 6%, and then decreased). The advantage of
this CRF was more pronounced when tested in a sandy soil, in
which leaching is significant, with metolachlor release from the
commercial formulation and from the CRF (after 10 irrigations)
reaching 80 and 40%, respectively (31).

Soil Column Bioassay of Metolachlor Applied as CRF and as

Commercial Formulation under WDCs. The efficiency of metola-
chlor CRFs to control weeds and to reduce herbicide leaching in
soils subjected toWDCs was examined by spraying the CRF, the
commercial formulation (S-Dual Gold), and water (control) on
soil columns under WDCs (0 and 4) and performing a bioassay
test with the test plant foxtail millet (Figures 6 and 7). The bio-
assay was conducted on two soils: Terra-Rosa with high clay
(50%) and significantOMcontent (11%) andLoesswithmoderate
clay content (20%) and negligible OM content.

Figure 6. Metolachlor leaching and weed control in Terra-Rosa soil columns treated with metolachlor as the commercial formulation and as a micelle-clay
formulation under (A) 0 WDCs and (B) 4 WDCs. Standard deviation did not exceed 6%.
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The Terra-Rosa columns treated with the metolachlor com-
mercial formulation showed sufficient weed control at the top of
the columns (0-3 cm), but significant leaching was obtained
throughout the columns subjected toWDCs and also in those not
treated (Figure 6). At depths of 0-6 cm∼100%growth inhibition
was obtained, but also at depths of 6-14 cm high inhibition was
achieved (70-95%), and at the bottom of the columns inhibition
was observed as well (20-50%).

The Terra-Rosa columns treated with the CRF also showed
sufficient weed control at the top of the columns (slightly less in
the case of 4 WDCs), but in contrast to the columns treated with
the commercial formulation, no significant leachingwas obtained
throughout the columns (Figure 6). At depths of 6-14 cm only
10-30% inhibition was obtained in comparison to 70-95%
inhibition obtained in the columns sprayed with the commercial
formulation. Weed inhibition at the bottom of the columns
sprayed with the CRF was ∼10%, whereas inhibition at the
bottom of the columns sprayed with the commercial formulation
reached 20-50%. This bioassay indicated that applying the
metolachlor-micelle-clay CRF significantly reduced leaching,

in comparison to the commercial formulation, not only in sandy
soils (29) but also in heavy soils such as Terra-Rosa.

The effect of WDCs of Terra-Rosa on metolachlor leaching
from the commercial formulation and consequent weed growth
inhibition was statistically significant at the bottom of the
columns (14-18 cm). Inhibitionwas enhanced in the soil columns
treated with the commercial formulation and subjected to 4
WDCs from 20% (0 WDCs) to 40%. On the other hand, weed
growth inhibition in the columns treated with the CRF was not
affected by WDCs and remained 5-10%.

The enhanced metolachlor release from the commercial for-
mulation, but not from the CRF, and extensive leaching in soils
subjected to WDCs was more pronounced in the Loess columns
(Figure 7). Growth inhibition due to application of the CRF or of
the commercial formulation as a function of soil depth of Loess
and of the soil subjected to 4WDCs is shown inFigure 7, panelsA
and B, respectively. Metolachlor leaching in the Loess columns
subjected to 4WDCs and sprayedwith the commercial formulation
was extremely high, reaching 75% at the bottom of the
column. In comparison, the inhibition reached only 20%when

Figure 7. Metolachlor leaching and weed control in Loess soil columns under 0-4WDCs when applied as (A) a controlled-release micelle-clay formulation
or (B) the commercial formulation. Standard deviation did not exceed 7%.
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the soil (sprayed with S-Dual Gold) was not subjected toWDCs.
However, WDCs did not affect metolachlor leaching from the
CRF, which remained low (15-25%). This trend of enhanced
metolachlor release and leaching from the soil treated with the
commercial formulation subjected toWDCs is in agreement with
the release results obtained from the batch experiments (Figure 4)
and with the thin soil layer tests (Figure 5). In both treatments
(CRF and commercial formulation) good weed control was
obtained at the tops of columns not subjected to WDCs and a
slight reduction in control was observed at the tops of columns
subjected to WDCs. Specific contrast tests for the interactions
between WDC and formulation were found to be not significant
for the top layers (p < 0.15-0.77) but significant (p < 0.02) for
the bottom layers (8-20 cm). These results indicate that applying
the CRF underWDCs (in comparison to applying the commercial
formulation) will significantly reduce leaching without compromis-
ing weed control.

One should point out that the CRF was based on the R,
S-metolachlor, and the commercial formulation is composed of
S-metolachlor. If only the S-metolachor was active, this may sug-
gest that the dose of the active ingredient applied in the case of the
CRF is somewhat lower. However, the herbicidal activity of both
formulations applied to Loess soil columns (not subjected to
WDCs) does not differ statistically throughout the column,
indicating that in this case the enantiomers had the same effects
on growth inhibition (Figure 7). Furthermore, even if the dose of
the active ingredient applied in the case of theCRFwas somewhat
lower, the herbicidal activity of the CRF (in most cases) was as
good as that of the commercial formulation. Good herbicidal
activity at lower application rates may be another benefit of the
CRFs.

In the current studywe report enhancedmetolachlor (technical
and commercial) desorption and leaching as a result ofWDCs as
reported for imazaquine desorption following WDCs (8). How-
ever, in the literature suppressed leaching is reported as well
(8, 12, 13). The complexities of WDCs were discussed in a recent
field study on the persistence, leaching, and bioefficacy of several
alachlor formulations (35). The impact of WDCs on microbial
degradation, which was not examined in the current study, adds
to the complexity of effects of WDCs and should be explored.
There are also issues concerning the application of CRFs that
should be explored, for example, persistence in the soil, which
may enable lowering the frequency and rate of application but
may also have an effect on the following crop.

To conclude, the results clearly indicate that WDCs increase
metolachlor release from soils. We suggest that physical trapping
in the soil aggregates not subjected to WDCs suppressed
metolachlor release. Increased release from soils under WDCs
results in enhanced metolachlor leaching through soil columns
under WDCs, as seen from the high growth inhibition rate at the
bottom of the soil columns subjected to WDCs. However, when
metolachlor was applied as a CRF, WDCs did not enhance
metolachlor release from the formulation, and as a result reduced
leaching was obtained. According to our findings we suggest that
themicelle-clay formulation “protected” the herbicidemolecules
from the effects of WDCs by controlling its release and therefore
may also have the potential to protect the herbicide from
microbial and photochemical degradation.

ABBREVIATIONS USED

CRF, controlled-release formulation; ai, active ingredient;
WDCs, wetting and drying cycles;MTC,metolachlor; ODTMA,
octadecyltrimethyl ammonium.

LITERATURE CITED

(1) Carter, A. D. Herbicide movement in soils: principles, pathways and
processes. Weed Res. 2000, 40 (1), 113-122.

(2) Cerejeira, M. J.; Viana, P.; Batista, S.; Pereira, T.; Silva, E.; Valerio,
M. J.; Silva, E; Ferreira, M.; Silva-Fernandes, A. M. Pesticides in
Portuguese surface and ground waters. Water Res. 2003, 37 (5),
1055-1063.

(3) Konstantinou, I. K.; Hela, D. G.; Albanis, T. A. The status of
pesticide pollution in surface waters (rivers and lakes) of Greece. Part
I. Review on occurrence and levels. Environ. Pollut. 2006, 141 (3),
555-570.

(4) Gevao, B.; Semple, K. T.; Jones, K. C. Bound pesticide residues in
soils: a review. Environ. Pollut. 2000, 108 (1), 3-14.

(5) Bowman, B. T. Mobility and persistence of alachlor, atrazine and
metolachlor in plainfield sand, and atrazine and isazofos in honey-
wood silt loam, using field lysimeters. Environ. Toxicol. Chem. 1990,
9 (4), 453-461.

(6) Shaw, D. R.; Schraer, S. M.; Prince, J. M.; Boyette, M.; Kingery,
W. L. Runoff losses of cyanazine andmetolachlor: effects of soil type
and precipitation timing. Weed Sci. 2006, 54 (4), 800-806.

(7) Haouari, J.; Dahchour, A.; Pena-Heras, A.; Louchard, X.; Lennartz,
B.; Alaoui, M. E.; Satrallah, A. Behavior of two phenyl urea
herbicides in clayey soils and effect of alternating dry-wet condi-
tions on their availability. J. Environ. Sci. Health B 2006, 41 (6),
883-893.

(8) Shelton, D. R; Sadeghi, A.M.; Karns, J. S.; Hapeman, C. J. Effect of
wetting and drying of soil on sorption and biodegradation of
atrazine. Weed Sci. 1995, 43 (2), 298-305.

(9) Baughman, T. A.; Shaw, D. R. Effect of wetting/drying cycles on
dissipation patterns of bioavailable imazaquin. Weed Sci. 1996, 44 (2),
380-382.

(10) Garcia-Valcarcel, A. I.; Tadeo, J. L. Influence of soil moisture on
sorption and degradation of hexazinone and simazine in soil.
J. Agric. Food Chem. 1999, 47 (9), 3895-3900.

(11) Rice, P. J.; Anderson, T. A.; Coats, J. R. Degradation and persis-
tence of metolachlor in soil: effects of concentration, soil moisture,
soil depth, and sterilization. Environ. Toxicol. Chem. 2002, 21 (12),
2640-2648.

(12) Louchart, X.; Lennartz, B.; Volts, M. Sorption behavior of diuron
under a mediterranean climate. Agron. Sustain. Dev. 2005, 25 (2),
301-307.

(13) Lennartz, B.; Louchart, X. Effect of drying on the desorption of
diuron and terbuthylazine from natural soils. Environ. Pollut. 2007,
146 (1), 180-187.

(14) Senseman, S. A.Herbicide Handbook of the Weed Science Society of
America, 9th ed.; WSSA: Lawrence, KS, 2007.

(15) Obrigawitch, T. L.; Hons, F. M.; Abernathy, J. R.; Gipson, J. R.
Adsorption,desorption, and mobility of metolachlor in soils. Weed
Sci. 1981, 29 (3), 332-336.

(16) Seybold, C. A.; Mersie, W. Adsorption and desorption of atrazine,
deethylatrazine, deisopropylatrazine, hydroxyatrazine, and meto-
lachlor in two soils from Virginia. J. Environ. Qual. 1996, 25 (6),
1179-1185.

(17) Liu, W. P.; Liu, H. J.; Zheng, W.; Lu, J. H. Adsorption of
chloroacetanilideherbicides on soil (I) - structural influence of
chloroacetanilide herbicide fortheir adsorption on soils and its
components. J. Environ. Sci. China 2001, 13 (1), 37-45.

(18) Patakioutas, G.; Albanis, T. A. Adsorption-desorption studies of
alachlor, metolachlor, EPTC, chlorothalonil and pirimiphos-methyl
in contrasting soils. Pest Manag. Sci. 2002, 58 (4), 352-362.

(19) Singh, N.; Kloeppel, H.; Klein, W. Sorption behavior of metola-
chlor, isoproturon, and terbuthylazine in soils. J. Environ. Sci.
Health B 2001, 36 (4), 397-407.

(20) Weber, J. B.;McKinnon, E. J.; Swain, L. R. Sorption andmobility of
C-14-labeled imazaquin and metolachlor in four soils as influenced
by soil properties. J. Agric. Food Chem. 2003, 51 (19), 5752-5759.

(21) Cohen, S. Z. Pesticides in ground water in the United States:
monitoring, modeling, and risks from theUS perspective. J. Environ.
Sci. Health B 1996, 31 (3), 345-352.

(22) Hladik, M. L.; Bouwer, E. J.; Roberts, A. L. Neutral chloroacet-
amide herbicide degradates and related compounds in Midwestern



Article J. Agric. Food Chem., Vol. 59, No. 2, 2011 653

United States drinking water sources. Sci. Total Environ. 2008, 390
(1), 155-165.

(23) Watts, D. W.; Hall, J. K. Tillage and application effects on herbicide
leaching and runoff. Soil Till. Res. 1996, 39 (3-4), 241-257.

(24) Kolpin, D. W.; Thurman, E. M.; Linhart, S. M. Finding minimal
herbicide concentrations in ground water? Try looking for their
degradates. Sci. Total Environ. 2000, 248 (2-3), 115-122.

(25) Mills, P. C.; Kolpin, D. W.; Scribner, E. A.; Thurman, E. M.
Herbicides and degradates in shallow aquifers of Illinois: spatial and
temporal trends. J. Am. Water Resour. Assoc. 2005, 41 (3), 537-547.

(26) Trigo, C.; Celis, R.; Hermosion, M. C.; Cornejo, J. Organoclay-
based formulations to reduce the environmental impact of the
herbicide diuron in olive groves. Soil Sci. Soc. Am. J. 2009, 73,
1652-1657.

(27) Loukas, Y. L.; Antoniadouvyza, E.; Papadakivaliraki, A.; Machera,
K. G. γ-Cyclodextrin inclusion complex of a new organophosphorus
insecticide - determination of stability constant with HPLC.
J. Agric. Food Chem. 1994, 42 (4), 944-948.

(28) Ferraz, A.; Souza, J. A.; Silva, F. T.; Goncalves, A. R.; Bruns, R. E.;
Cotrim, A. R.; Wilkins, R. M. Controlled release of 2,4-D from
granule matrix formulations based on six lignins. J. Agric. Food
Chem. 1997, 45 (3), 1001-1005.

(29) Gerstl, Z.; Nasser, A.;Mingelgrin, U. Controlled release of pesticides
into water from clay-polymer formulations. J. Agric. Food Chem.
1998, 46 (9), 3803-3809.

(30) El-Nahhal, Y.; Nir, S.; Rabinowitz, O.; Rubin, B.Montmorillonite-
phenyltriethylammonium yiedl environmentally improved formulations

of hydrophobic herbicides. J. Agric. Food Chem. 2000, 48, 4791-
4801.

(31) Ziv, D.; Mishael, Y. G. Herbicide solubilization in micelle-clay
composites as a basis for controlled release sulfentrazone and
metolachlor formulations. J. Agric. Food Chem. 2008, 56 (19),
9159-9165.

(32) Liu, Z.; He, Y.; Xu, J.; Huang, P.; Jilani, G. The ratio of clay content
to total organic carbon content is a useful parameter to predict
adsorption of the herbicide butachlor in soils. Environ. Pollut. 2008,
152, 163-171.

(33) Liu, W.; Gan, J.; Yates, S. R. Influence of herbicide structure, clay
acidity, and humic acid coating on acetanilide herbicide adsorption
on homoionic clays. J. Agric. Food Chem. 2002, 50, 4003-4008.

(34) Torrents, A.; Jaysurendera, S. The sorption of nonionic pesticides
onto clays and the influence of natural organic carbon.Chemosphere.
1997, 35, 1549-1565.

(35) Undabeytia, T.; Sopena, F.; Sanchez-Verdejo, T.; Villaverde, J.; Nir,
S.; Morillo, E.; Maqueda, C. Performance of slow-release formula-
tions of alachlor. Soil Sci. Soc. Am. J. 2010, 74 (3), 898-905.

Received for review July 29, 2010. Revised manuscript received

November 29, 2010. Accepted December 10, 2010. This research was

supported by Research Grant Award IS-3656-05 R from BARD, The

United States-Israel Binational Agricultural Research and Devel-

opment Fund and by internal funding for applied sciences of Hebrew

University.


