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Abstract

S-Metolachlor is a promising alternative to metolachlor; however, there are concerns about its environmental fate 
following soil application. The present study was conducted to investigate the effects of several environmental 
factors on the degradation rate of S-metolachlor in soil. The rate of S-metolachlor degradation in soil under different 
conditions was determined by extracting and detecting residual levels over a 60 d incubation period. Degradation 
of S-metolachlor in the five tested soils followed the first-order kinetics, yielding the half-lives (T1/2) varying from 
26.3 to 40.1 d, which was significantly controlled by soil organic matter (OM) content. The degradation rate of 
S-metolachlor in 1﹟soil increased with increasing temperature. The first-order half-lives ranged from 23.7 d at 35 
°C to 64.8 d at 10 °C. Soil moisture content influenced the rate of herbicide degradation in the following order: 
80 > 60 > 40 > 20% for 1﹟soil. The degradation rate of S-metolachlor in sterilized soil was 3.3 times slower 
than in corresponding unsterilized soil, indicating that microbial degradation was the predominant contributors to 
dissipation of S-metolachlor in soil. The degradation rate of S-metolachlor decreased as the initial concentration 
increased. These findings might have practical implications for the environmental fate of S-metolachlor in the 
agricultural soil. Environmental factors, especially soil OM, temperature and moisture, should be considered in 
combination with the minimum effective application rate of S-metolachlor for achieving satisfactory weed-control 
efficacy, reducing herbicide runoff, and minimizing effects on environmental quality.
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1. Introduction

Increasing herbicides loadings on agricultural and 
non-crop environments have resulted in extensive 
research on the fate and transport of these agricultural 
chemicals. Considerable amount of evidence shows 
that the environmental fate of herbicides in soil 
involves complex mechanisms that are influenced by 
many processes, including volatilization, leaching, 

adsorption, and degradation. Of these processes, 
degradation is one of the key processes determining 
whether herbicide use will have any effect on 
environmental quality as well as efficacy for weed 
control (Wang et al., 1999; Zheng et al., 1996; Rice 
et al., 2002; Shaner et al., 2006; Si et al., 2009). 
Degradation of herbicides, in general, is influenced 

Journal of Soil Science and Plant Nutrition, 2014, 14(1),189-198

189



Long el al.

by soil properties, herbicide characteristics and by 
climatic conditions (Baker and Mickelson, 1994; 
Baer and Calvet, 1999; Rice et al., 2002; Shelton and 
Parkin, 1991;Taylor-Lovell, et al., 2002; Gaultier et 
al., 2008; Si et al., 2009; Wu et al, 2011). Increasing 
persistence of herbicide residues in soil will increase 
the probability of transport of herbicides lost from 
fields to surface and ground water resources. The 
presence of herbicide residues in surface and ground 
water, and in food has heightened public interest 
regarding the persistence and toxicological significance 
of these field-applied herbicides (Frank et al., 1990; 
Thurman et al., 1992; Kalkhoff et al., 1998). Thus, it 
is important to characterize degradation of a certain 
herbicide in soil, to increase the precision with which 
safer herbicide uses and potential issues of concern can 
be identified. S-Metolachlor is an important selective 
herbicide used for control of broadleaf and annual 
grassy weeds in a wide range of crops such as peanut, 
cotton, soybean, maize, and tomato. S-Metolachlor is a 
chiral compound comprised of 88% S-enantiomer and 
12% R-enantiomer (Shaner et al., 2006). At the same 
application rate level, S-metolachlor is 1.4-1.6-fold 
more active than the metolachlor (50% S-enantiomer 
and 50% R-enantiomer) (O’Connell et al., 1998; 
Grichar et al., 2001). Metolachlor has the potential 
to leach to groundwater because of its relatively high 
water solubility and low sorption to soil particles (Wu 
et al, 2011). Metolachlor and its metabolites had been 
frequently found in surface waters, such as streams, 
ponds, and wells, throughout the United States (Frank 
et al., 1990; Kalkhoff et al., 1998). Additionally, the 
data on bioaccumulation of metolachlor, particularly 
in edible fish species, have aroused enhancing concern 
about its safety to human health (Chesters, 1989). 
Therefore, numerous studies were carried out to 
investigate its adsorption, degradation, leaching, and 
mobility in soil (e.g., Wang et al., 1999; Sanyal and 
Kulshrestha, 1999; Spongberg et al., 2000; Rice et 
al., 2002; Si et al., 2009; Wu et al, 2011). However, 
there is very little information in the open literature 
on the environmental fate of S-metolachlor. Therefore, 
the present study was conducted to investigate the 

effects of several environmental factors, including soil 
properties, temperature, moisture, and microorganisms, 
and initial concentrations, on the rate of S-metolachlor 
degradation, and to propose application strategies for 
promoting S-metolachlor effectiveness on agricultural 
field weed control while minimizing harmful effects 
on the environment.

2. Materials and Methods

2.1. Herbicide and soil 

The herbicide S-metolachlor (97.7% purity) was 
purchased from Dima Technology Inc., USA. The five 
surface soils (0-15 cm) used in the study were collected 
from the agricultural fields where were never treated 
with S-metolachlor or other herbicides. All soils were 
air-dried, passed through 2-mm sieve, and stored at 
20 °C before use. The soil sample was analyzed for 
characteristics following methodology outlined by Lu 
(2000). Selected physical and chemical properties of 
tested soils are shown in Table 1. 

2.2. Incubation experiments

The degradation rate of S-metolachlor in soils 
under different conditions was determined based 
on the residual levels of the spiked herbicide after 
incubation. Briefly, soil samples (20.0 g oven dry 
mass) were weighed into 100 mL tapered bottles. Soil 
in each tapered bottle was spiked with S-metolachlor 
at a concentration of 6 mg kg-1 (if not specified). 
Sterile distilled water was added to adjust to 60% 
water holding capacity (WHC).The bottles were then 
incubated for 0, 7, 14, 30 and 60 d at a controlled 
temperature (25 °C if not specified). Soil moisture 
contents were measured and maintained to constant 
weight by adding an appropriate amount of distilled 
water, determined by weighing once each week. At 
each sampling time point, triplicate soil flasks were 
withdrawn from each treatment and immediately 
stored at -20 °C.
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Table 1. Selected characteristics of the five soils in this study.

CEC: cation exchange capacity. Different letters in columns indicate significant differences between treatments (p<0.05). 

The soil samples were mixed with 30 mL acetone-water 
(25:5, v/v), shaken for 2 h on a reciprocating shaker 
and ultrasonically extracted for 20 min, respectively. 
After filtration, acetone within the filtrate was allowed 
to evaporate. Solution of 2 mL was taken and passed 
through a 0.45 μm membrane filter before high-
performance liquid chromatograph (HPLC) analysis.

To examine the effect of soil properties the degradation 
rate of S-metolachlor, aliquots of the five tested soils 
(1, 2, 3, 4, and 5﹟) were spiked with S-metolachlor, 
adjusted with sterile distilled water to 60% WHC, and 
incubated at 25 °C for up to 60 d. Then procedures 
for sampling, extraction, and analysis were followed 
as described above.

To investigate the effect of soil moisture, after being 
spiked with S-metolachlor, air-dry 1﹟soil was adjusted 
with sterile distilled water to moisture levels of 20, 
40, 60, and 80% WHC, and incubated at 25 °C as 
described above.

The effect of soil microorganisms on S-metolachlor 
degradation was assessed by autoclaving 1﹟soil at 
121 °C for 60 min for two times, and conducting the 
S-metolachlor incubation at 25 °C and 60% WHC as 
described above. The degradation rate of herbicide 

was compared with that of the corresponding non-
sterilized soil.

The effect of initial concentration on degradation 
of S-metolachlor in soil was determined by spiking 
S-metolachlor into 1﹟soil at 1, 3, 6, 9, 12, and 15 
mg kg-1 and determining the remaining levels of the 
herbicide after incubation at 25 °C and 60% WHC.

2.3. Analytical procedures

The HPLC analyses were carried out using a Wasters 
600E high-performance liquid chromatograph, equipped 
with Waters 2487 ultraviolet absorbance detector and a 
reversed phase C18 column (150 × 4.6 mm i.d., 5 μm).
The eluting solvent was acetonitrile-water (80-20, v/v) 
at a flow rate of 1.2 mL min-1. The wavelength was set 
at 230 nm and the column temperature was kept at 30 
°C for detection purpose. The injection volume was 
5 μL. Each sample was analyzed in duplicate. The 
approximate retention time for S-metolachlor was 7.2 
min. To assess the validity of S-metolachlor extraction 
method. Recovery was determined by spiking 
herbicide-free soil samples at four concentration levels 
of 0.05, 0.5, 5, and 15 mg kg-1. In each fortification 
level, recoveries ranged from 83.17%-97.46% with 
relative standard deviation (RSD) less than 2.40%.
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The minimum detection limit of S-metolachlor was 0.015 
mg kg-1. These data indicate that the extraction method is 
satisfactory for analysis of S-metolachlor residues.

2.4. Statistical analysis

The changes in residual concentrations of 
S-metolachlorin soil over time for each treatment were 
fitted to the first-order reaction kinetics model. The 
data were statistically analyzed by one-way analysis of 
variance (ANOVA). When statistical differences were 
observed, means were separated using least significant 
difference (LSD) test (p < 0.05).

3. Results and Discussion 

3.1. Soil types

Soil factors influencing herbicide persistence include 
soil type, soil chemistry, and microbial activity. Soil 
type is a physical factor determined by the relative 
amounts of sand, silt, and clay in the soil as well as by 
the OM content. Soil type affects persistence through 
soil adsorption, leaching, and volatilization. Similar 
degradation behaviors of S-metolachlor were found for 
the five nonsterile soils (1- 5﹟) at a concentration of 6 
mg kg-1 (Figure 1).

Figure 1. Degradation kinetics of S-metolachlor in soils 
with different soil types.

The decline of S-metolachlor in soils over time 
followed the first-order reaction kinetics model. The 
half-lives for S-metolachlor in the five soils, ranging 
from 26.3 d in 1﹟soil to 40.1 d in 5﹟soil (Table 2), 
were similar to those previously reported varying 
from 13 to 28 d (Shaner et al., 2006; Ma et al., 2006). 
In each case, S-metolachlor was more persistent in 
soils with lower OM content, compared to soils with 
higher OM content (Table 1). A significantly negative 
correlation was observed between the half-life and 
the soil OM content(r=-0.9746, p<0.01), suggesting 
that soil OM is predominant factor determining the 
persistence of S-metolachlor in soils. In contrast, 
soil texture, pH, and CEC had little influence on the 
degradation rate of S-metolachlor in soil (Table 3). 
The increasing persistence of S-metolachlor in soils 
with decreasing OM content was in agreement with 
the previous results by Rice et al. (2002) and Wu et al. 
(2011) who attributed the degradation acceleration of 
metolachlor in soil with the relative high OM content 
to the relative large microbial population degrading 
metolachlor. 

3.2. Effect of temperature

Soil temperature is one of the key climatic variables 
involved in herbicide degradation. Degradation 
rates of herbicide generally increase as temperature 
increase, because both chemical and microbial 
degradation. The effect of temperature on degradation 
of S-metolachlor in 1﹟soil is depicted in Figure 2. 
In a range of 10 to 35 °C, the degradation rate of 
S-metolachlor (6 mg kg-1) at 60% WHC increased 
as temperature increased. At 10 °C, S-metolachlor 
degraded fairly slowly, about 52.7% of the applied 
parent compound remained in soil after 60 d of 
incubation and its calculated half-life was 64.8 d. In 
contrast, the half-life was reduced to 26.3 d at 25 °C. 
When the incubation temperature was elevated to 35 
°C, the half-life of S-metolachlor decreased to 23.7 
d (Table 2). Obviously, the degradation rate of this 
herbicide in soil can be manipulated by controlling 
the temperature.
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Table 2. Degradation kinetic parameters of S-metolachlor in soil under different conditions.

k: degradation rate constant; r2: coefficient of determination. Different letters in columns indicate significant 
differences between treatments (p<0.05). 

Similar relationships between temperature and 
degradation have been demonstrated in the cases 
concerning herbicides such as metolachlor (Rice 
et al., 2002) and isoxaflutole (Taylor-Lovell, et al., 
2002). These data show that while soil microbial 
abundance and activity is a function of temperature. 
The types of microorganisms (fungi, bacteria, 
protozoans, etc.) and their relative numbers determine 
how quickly decomposition occurs. Microorganisms 
require certain environmental conditions for optimal 
growth and utilization of any herbicide. Factors that 
affect microbial abundance and activity are moisture, 

temperature, pH, oxygen, and mineral nutrient 
supply. Usually, a warm, well-aerated, fertile soil is 
most favorable for microbial growth and, hence, for 
herbicide dissipation (Rice et al., 2002; Taylor-Lovell, 
et al., 2002). This indicates that on warm days the 
soil surface, especially when covered by transparent 
plastic films in the vegetable, maize, or soybean 
field, usually is much warmer than underlying soils. 
Enhancing degradation of S-metolachlor will mitigate 
its surface runoff with the soil and leaching through 
the soil, and hence decrease surface and ground water 
pollution of the herbicide.
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Table 3. Relation between degradation half-lives of S-metolachlor and soil property parameters.

Figure 2. Degradation kinetics of S-metolachlor in 1
﹟soil as affected by temperature. 

3.3.  Effect of moisture

Soil moisture is a major factor determining diffusion 
and persistence of herbicides. Increasing soil moisture 
will reduce the pores available for herbicide diffusion. 
Meanwhile, higher moisture contents favor more 
herbicide partitioning in the aqueous phase, which is 
readily subject to biotic and abiotic degradation. The 
results from the incubations of S-metolachlor in 1
﹟soil with varying soil moisture levels also gave good 
approximations to the first-order kinetics (Figure 3) 
and the data are summarised in Table 2.

Figure 3. Degradation kinetics of S-metolachlor in 1
﹟soil at different moisture levels. 

The half-life varied from 39.4 d at 20% WHC to 
23.4 d at 80% WHC. Low levels of moisture, such as 
20% WHC, may limit the microbial activity and the 
amounts of S-metolachlor in solution. Moisture level 
of 60% WHC may give enough water for microbial 
processes and solubilization of the herbicide. At 80% 
WHC, soil moisture conditions near water saturation 
are expected with associated oxygen deficiency in 
the system. Under these conditions aerobic microbial 
processes will be limited and anaerobic processes 
may prevail. Thus, the increases in the moisture level 
resulted in fast biodegradation of S-metolachlor.
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Soil parameters are subject to some degree of spatial 
and temporal variability, but soil moisture probably 
exhibits the most dramatic fluctuations over space and 
time. Fluctuations in soil moisture may affect rates of 
biodegradation directly by altering the physiological 
status of microorganisms. The effect of soil moisture 
content on rates of degradation of pesticides in 
particular is well documented (e.g.,Shelton and Parkin, 
1991; Walker et al., 1992; Rice et al., 2002; Castillo and 
Torstensson, 2007). Decreasing levels of soil moisture 
have consistently been observed to retard or inhibit 
rates of microbial metabolism, although the pattern or 
degree of inhibition is dependent upon the substrate, 
microbial process, or nature of the microflora. These 
data indicate that soil moisture may influence rates 
of biodegradation either directly by inhibition of 
microbial activity or indirectly by affecting substrate 
bioavailability (Shelton and Parkin, 1991).

3.4.  Effect of soil microorganisms

The changes in remaining levels of S-metolachlor 
in 1﹟sterilized and unsterilized soil at 25 °C and 
60%WHC over time were illustrated in Figure 4. 
Degradation of S-metolachlor in sterile soil was also 
fitted to the first-order kinetics (Table 2). As expected, 
additional sterilization treatment led to a significant 
decrease in the degradation rate of S-metolachlor 
in the soil investigated. The residual quantities of 
S-metolachlor in sterilized soil were significantly 
larger than those in nonsterilized soil over the entire 
period of observations except at the beginning 
(Paired t test, p<0.05). The sterilization increased 
the half-life from 26.3 to 87.7 d, or by 70.01%. The 
first-order rate constant in nonsterilized soil was 3.3 
times larger than that in sterilized soil, suggesting 
that the degradation by soil microorganisms are 
probably the most important pathway responsible for 
breakdown of S-metolachlor. The results obtained 
here comparing the sterilized and unsterilized soils 
confirm the findings of Rice et al. (2002) and Wu et al. 
(2011) who have demonstrated that the degradation 
rate of metolachlor was significantly decreased in 
autoclaved soils.

Figure 4. Degradation kinetics of S-metolachlor in 1
﹟sterilized and unsterilized soil. 

Surface soils that are rich in organic matter favor 
the growth of heterotrophic microorganisms (Rice 
et al., 2002). Konopka and Turco (1991) observed 
that microbial biomass declined by several orders of 
magnitude with soil depth. Biodegradation has been 
shown to be the primary mechanism of metolachlor 
degradation in soil (Ma et al., 2006; O’Connell et al., 
1998; Rice et al., 2002; Shelton and Parkin, 1991; 
Taylor-Lovell, et al., 2002; Wu et al., 2011). In fact, 
repeated soil applications of metolachlor have been 
found to result in adapted microbial populations 
having an enhanced ability to degrade metolachlor 
(Sanyal and Kulshrestha, 1999). Therefore, factors that 
influence microbial abundance and activity in surface 
soil, may affect the persistence of S-metolachlor. 

3.5. Effect of initial concentrations 

The degradation kinetics of S-metolachlor with 
different initial concentrations or application rates in 
1﹟soil at 25 °C and 60%WHC is shown in Figure 5. 
Degradation of S-metolachlor at each concentration 
could be described by first-order kinetics (Table 
2). A general trend existed that the degradation 
rate constant decreased with increasing the initial 
concentration. The half-lives of S-metolachlor for the 
6 application levels varied 2.4-fold from 18.9 to 45.9 
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d, which suggesting that degradation of this herbicide 
in soil was dependent on the initial concentration. It 
is commonly accepted that degradation of herbicides 
in soil reflects a combination of microbiological 
processes, chemical reactions with soil constituents, 
and hydrolysis (Baer and Calvet, 1999). Under the 
same condition, therefore, S-metolachlor degradation 
may significantly affected by the initial concentration 
because of shifts in activity of S-metolachlor-degrading 
microorganisms. The higher initial concentrations are, 
the severer the microbial activity will be suppressed.  In 
a detailed study, Hance and McKone (1971) reported 
that degradation of herbicides (atrazine, linuron and 
picloram) when incubated with two soils at four levels 
of application for periods of 3 or 4 months. In each case 
the herbicide degradation rate was founded to decrease 
as the initial concentration increased. In a comparable 
experiment, Ma et al. (2001) demonstrated that the 1, 
3-D degradation rate in soil obeyed the degradation 
rate decrease with increasing the application level. 
In other studies, similar results have been found 
between initial concentrations and degradation rates 
for sulfadimethoxine (Wang et al., 2006) and methyl 
iodide (Guo and Gao, 2009). Considering that the 
application rate affects atmospheric volatilization and 
soil degradation of chemicals, S-metolachlor and other 
field-applied herbicides should be applied at the lowest 
rate that achieves satisfactory weed control.

Figure 5. Degradation kinetics of S-metolachlor in 1
﹟soil as affected by initial concentration.

4. Conclusions

Herbicide efficacy and environmental fate are often 
controlled by degradation However, degradation of 
herbicide in soil is a complex process that is influenced 
by various factors, including soil properties, climatic 
conditions, and herbicide characteristics. Laboratory 
incubation experiments showed that degradation of 
S-metolachlor in soil could be described by the first-
order kinetics, while the degradation rate was mainly 
controlled by soil OM, temperature, moisture and initial 
concentrations. Soil OM greatly facilitated degradation 
of S-metolachlor. Decreasing temperature and moisture 
resulted in prolonging the half-life of S-metolachlor 
in soil. Microbial degradation played a role in the 
persistence of S-metolachlor in soil. Additionally, soil 
degradation of S-metolachlor was dependent on initial 
concentrations. To reduce translocation to surface and 
ground water, this herbicide should be conducted at 
a minimum effective application rate considering the 
differences between soil properties, especially soil 
OM, temperature and moisture. 
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