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Abstract

Acetochlor and bensulfuron-methyl are the main ingredients of herbicides used
worldwide. This study evaluated the contamination of these compounds in water and soil
samples collected from a paddy field, and their dissipation in the field and under a
laboratory condition. The results showed that the concentrations of acetochlor and
bensulfuron-methyl in water were 683.5+71.5 pg/L and 131.6+14.4 pg/L, respectively, while
the soil data were 343.3+34.2 pg/L and 98.4+9.2 ug/L. The average concentrations of
acetochlor and bensulfuron-methyl were dissipated by about 92.4% and 89.6% in water, and
86.8% and 91.0% in soil in the field after 30 days, respectively. These compound
dissipations at the field site were higher compared to those under a laboratory condition.
Fortunately, the inoculation of acetochlor degrading bacteria (Pseudomonas fluorescens
KT3 and Bacillus subtilis 2M6E) and a bensulfuron-methyl degrading bacterial strain
(Methylopila sp. DKT) increased the degradation process under the laboratory condition.
This study, therefore, provides valuable information on the contamination of acetochlor and
bensulfuron-methyl in water and soil, the dissipation of these compounds at the site and the
roles of isolated bacteria in enhancing the degradation.
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Tém tit

Acetochlor and bensulfuron-methyl are the main ingredients of herbicides used
worldwide. This study evaluated the contamination of these compounds in water and soil
samples collected from a paddy field, and their dissipation in the field and under a
laboratory condition. The results showed that the concentrations of acetochlor and
bensulfuron-methyl in water were 683.5+71.5 ug/L and 131.6+14.4 ug/L, respectively, while
the soil data were 343.3+34.2 pg/L and 98.4+9.2 ug/L. The average concentrations of
acetochlor and bensulfuron-methyl were dissipated by about 92.4% and 89.6% in water, and
86.8% and 91.0% in soil in the field after 30 days, respectively. These compound
dissipations at the field site were higher compared to those under a laboratory condition.
Fortunately, the inoculation of acetochlor degrading bacteria (Pseudomonas fluorescens
KT3 and Bacillus subtilis 2M6E) and a bensulfuron-methyl degrading bacterial strain
(Methylopila sp. DKT) increased the degradation process under the laboratory condition.
This study, therefore, provides valuable information on the contamination of acetochlor and
bensulfuron-methyl in water and soil, the dissipation of these compounds at the site and the
roles of isolated bacteria in enhancing the degradation.

Tur khoa: acetochlor, bensulfuron-methyl, contamination, degradation, inoculation.
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1. Introduction

Acetochlor (2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)-acetamide) is a
chloroacetamide herbicide frequently used for controlling grasses. Due to its low sorption,
high water solubility and long persistence, the compound has a high potential to contaminate
soil and water. For examples, acetochlor and its metabolites were detected in groundwater
and surface water (Kolpin et al., 1996), in soil and sediment (Sun et al., 2011), in surface
water, groundwater and soil (Wang et al., 2023), in drinking water (An et al., 2021) and in
sediment (San Juan et al., 2023). In soil, the compound is absorbed in surface and deep soil
(Janniche et al., 2010). Acetochlor is considered as an endocrine disruptor (Crump et al.,
2002; Li et al., 2009), a genotoxic agent (Hill et al., 1997), a mutagenic compound of male
rat germ cells (Ashby et al., 1997) and a carcinogen (Xiao et al., 2006).

Bensulfuron-methyl has been detected in water (Okamoto et al., 1998; Pareja et al.,
2011). It also exists in soil for a long time due to nonvolatile, faintly acidic and limited
photodegradation (Thompson et al., 1992; Delgado-Moreno et al., 2007). The compound
causes serious damage to DNA of aquatic organisms and inhibits the growth of algae and
pondweed (Coyner et al., 2001; Yang et al., 2023). Moreover, bensulfuron-methyl severely
inhibits the growth of maize and wheat (Zhang et al., 2022; Wang et al., 2023). Therefore,
the natural remediation of the compound in soil and water needs to be evaluated to ensure
crop production and crop rotation for the next generation.

Acetochlor and bensulfuron-methyl are the main ingredients of widely used herbicides.
Both compounds can be mixed to increase their efficiency. Acetochlor and bensulfuron-methyl
are ingredients of 48 and 34 herbicides in the list of traded pesticides permitted for production
and use in Viet Nam in 2023. Among them, 12 types of traded herbicides contain both of them,
i.e., Beto 14WP, Afadax 170WP, Acenidax 17WP, Arorax 17WP, Bpanidat 170WP, Aloha 5GR,
Aloha 25WP, Natos 15WP, Alphadax 250WP, Sarudo 18WP, Sarudo 500.5EC and Sun-like
18WP. Most of these herbicides are used for rice cultivation. Therefore, both acetochlor and
bensulfuron-methyl have a high potential to co-contaminate water and soil in paddy fields.

Some bacterial strains showing degradability towards acetochlor and bensulfuron-
methyl have been isolated. Two acetochlor degrading bacterial strains, P. fluorescens KT3 and
B. subtilis 2M6E were isolated and determined their degradation ability of the compound (Duc
& Oanh, 2019). Meanwhile, Methylopila sp. DKT showing effective degradation of
bensulfuron-methyl and stimulating the growth of peanut was reported (Ha & Nguyen, 2020).

This study aimed to evaluate acetochlor and bensulfuron-methyl contaminating water
and soil in a paddy field, where herbicides have been used extensively. Moreover, the
degradation of these compounds at the field site and under a laboratory condition was
compared. Besides, the inoculation of P. fluorescens KT3, B. subtilis 2M6E and Methylopila
sp. DKT to augment the degradation was carried out. In addition, the degradation of pure
acetochlor and bensulfuron-methyl and the compounds in water and a mineral medium was
conducted.

2. Materials and methods
2.1. Collection of water and soil samples

Soil and site water were collected from a small unit area (about 120 m?) in a large paddy
field where farmers had sprayed an herbicide named Acenidax 17WP two days before.
Acenidax 17WP is produced by CP Nicotex Company, which contains 14.6% acetochlor and
2.4% bensulfuron-methyl. Water and soil samples were collected from 10 field sites evenly
distributed in the unit area. At each site, approximately 0.5 L of water and 0.5 kg of soil were
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collected. Soil was collected at the same sites with water using a spoon, at the soil surface, not
over 5 cm in depth. In this field, rice had been cultivated for several days before water and soil
collection. After collecting water and soil, the small unit area was embanked to prevent water
from moving in and out. The water and soil samples were individually stored in plastic bags
and bottles, transferred to a lab and removed large debris (> 1.0 cm in size). Water in soil
samples was partially removed using blotting paper to achieve a mixture of 50% dry soil
weight. The paddy field located in Cao Lanh district, Dong Thap province, Vietnam. The
experiment was conducted in February and March, 2023.

2.2. Degradation of acetochlor and bensulfuron-methyl in water and soil
2.2.1. The compounds’ degradation in water and soil in a paddy field

Water and soil samples were first analyzed for concentrations of acetochlor and
bensulfuron-methyl. Moreover, physico-chemical characteristics of all samples were
determined. The acetochlor and bensulfuron-methyl in the samples after collection were
considered as the zero days. Subsequently, samples were collected from the field after 5, 10,
15, and 30 days from the initial collection time to evaluate the chemical concentrations. Each
time, about 10 mL of water and 10 g of soil were collected.

2.2.2. The compounds’ degradation in water and soil under laboratory condition

Water (500 mL) and soil (500 g, 50% moisture) and were individually transferred to
plastic containers (lengthxwidthxdepth of 15x25x20 cm). The containers were capped with
plastic covers and incubated at a static condition, in the dark at room temperature (~ 30 °C)
in the lab for 30 days. The cover was opened for 10 min, once a day. Samples (5 mL or 5 g)
were collected each time during the incubation to determine acetochlor and bensulfuron-
methyl remaining.

For the degradation with the inoculation of acetochlor and bensulfuron-methyl
degrading bacteria, one colony of each bacterial strain was cultured in the mineral medium
amended with 1.0 g/L yeast extract for 24 hours. Bacteria were collected after centrifuging at
10.000 rpm for 5 min, rinsed twice with the mineral medium and re-suspended in the same
medium at 10° coliform forming unit (CFU)/mL. P. fluorescens KT3 and B. subtilis 2M6E
were inoculated at 0.5x10° CFU/mL of each isolate for acetochlor degradation, and
Methylopila sp. DKT was amended at 1.0x108 CFU/mL for bensulfuron-methyl degradation.
The number of bacteria was enumerated based on CFU emerging in agar plates after diluting
and spreading on agar plate and incubating for two days at 30 °C.

2.3. Mineral medium

A mineral medium consisted of 1.5 g/L K;HPO4, 0.5 g/L KH2PO4, 0.5 g/L NaCl, 0.2
g/L MgSOs, 0.5 g/L CaCl,, (NH4)2SO4 0.5 g/L and 1 mL of trace element solution (39.9 mg
MnSQO4-H>0, 42.8 mg ZnSO4-H>0, 3.8 mg CuS0.-5H,0, 11.6 mg HsBO, and 27.8 mg
FeSQO4-7H,0 per liter). The pH was adjusted to 7.0 £ 0.1. The medium was sterilized at 121
°C for 15 min. Individual acetochlor and bensulfuron-methyl (>99.6% purity) and other
chemicals were purchased from Sigma-Aldrich Chemical Co. (Singapore) and Merck
(Germany).

2.4. Degradation of the compounds in mineral medium

The degradation of acetochlor and bensulfuron-methyl was conducted with the
inoculation of them degrading bacteria. They were amended at equal concentrations to the
concentrations in the water and soil collected from the paddy field. The compounds were
used as pure substrates and the herbicide named Acenidax 17WP.
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Their individual and mixed cultures degrading bacteria were inoculated into water and
soil as described above. Water and soil samples were collected every one hour to determine
the substrate concentrations.

2.5. Extraction of the compounds, and chemical analysis

Acetochlor and bensulfuron-methyl in water and soil were extracted with hexane three
times as described in a previous study (Nguyen Thanh Hung et al., 2022). Soil (5 g) or water (5
mL) was added to a plastic tube, added with 100 mL of hexane (>99% purity), shaken at 250
rpm for 30 min. The above layer was collected, passed through a 0.22-um syringe filter and
concentrated. The extract solution was used to determine the two compounds contaminated the
collected samples. The recoveries of acetochlor from water and soil were 95.3% and 93.7%,
respectively, while those of bensulfuron-methyl were 95.4% and 96.4%.

The concentrations of these compounds were analyzed using high performance liquid
chromatography (HPLC) with a Waters column (4.5 x 250 mm with a particle size of 5 pm).
A mobile phase (acetonitrile/water: 75: 25, v/v) was run at a flow rate of 1.0 mL/min. A UV-
900 wavelength absorbance detector was used to monitor the solution at 215 nm. Each
experiment was conducted at least three replicates, and data were shown at figures as means
and standard derivations.

3. Results and discussion

3.1. Physico-chemical characteristics of water and soil, acetochlor and
bensulfuron-methyl concentration

Water and soil samples collected from the paddy field were analyzed for the compounds’
concentrations. The ratio of soil and water were adjusted to 100% water, 80% water + 20% soil
and 50% water + 50% soil. Acetochlor in water and soil samples from paddy fields were
683.5+71.5 pg/L and 343.3+34.2 ug/L, respectively. Meanwhile, the concentrations of
bensulfuron-methyl in water and soil samples (50% dry weight) were 131.6+14.4 pg/L and
98.4+9.2 ug/L, respectively. In the medium with 80% water, bensulfuron-methyl and acetochlor
concentrations were 547.4 and 118.32 pg/L, respectively. Moreover, the physico-chemical
characteristics of soil and water at the first collection time are shown in Table 1. Water level was
about 3-5 cm above the soil surface and did not significantly change for one month. Moreover,
pH levels and other parameters of soil and water were stable during the experiment. The
concentrations of the compounds were also monitored.

Table 1. Physico-chemical characteristics of water and soil

Water Dry soil
pH 7.1 pH 7.2
BODs mg/L 14.1 Clay % 25.6
COD mg/L 16.6 Silt % 38.6
DO mg/L 5.7 Sand % 37.8
Turbidity mg/L 58.4 Total organic carbon g/kg 7.73
TDS mg/L 122.2
TSS mg/L 62.3
PO mg/L 0.31 Total P a/kg 1.02
S04+ mg/L 22.4 Total S g/kg 0.77
Total K mg/L 0.23 Total K a/kg 7.2
Total N mg/L 3.3 Total N a/kg 1.12

43



Dong Thap University Journal of Science, Vol. 14, No. 5 (2025): 39-50

3.2. Degradation of the compounds contaminating water and soil at field site

At the field site, the average concentrations of acetochlor and bensulfuron-methyl
were dissipated about 92.4% and 89.6% in water (Figure 1a), and 86.8% and 91.0% in soil
(Figure 1b) after 30 days, respectively. However, the degradation mostly occurred within 15
days in both water and soil. The results showed that the degradations at the field site were
much higher than those under the laboratory condition. Indigenous microorganisms played
an important role in the degradation of herbicides. Moreover, the large media in the field
probably resulted in their higher reduction. Besides, physical and chemical processes in the
site, the irreversible absorption of the substrates in soil, and the dispersing of the compounds
resulted in higher dissipation.
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Figure 1. Degradation of (a) acetochlor and (b) bensulfuron-methyl
in water and soil at the paddy field

The persistence of chloroacetamide herbicides in the field varies with soil type, soil-
water content, temperature, and depth below the soil surface (Kotoula-Syka et al., 1997). The
estimated half-lives of acetochlor were 6.3 days in a surface soil field study (Mueller et al.,
1999), 6.9 days in an in vitro aerobic soil, and 1.1 days in anaerobic sewage sludge (Mueller &
Buser, 1995). In flooded soils, half-lives of the compound were 15 days for unamended soil,
and 10 days for iron and sulfate amendments under anaerobic conditions (Loor-Vela et al.,
2003). For bensulfuron-methyl, the half-lives were depended on the chemical concentrations,
12.03 days at 0.0355 mg/kg dry soil and 57.27 days at 3.55 mg/kg dry soil (Lin et al., 2012). It
is considered as immobile to moderately mobile depending on the soil organic matter and pH
(Roberts et al., 1998). The compound may be degraded through chemical hydrolysis and
microbial processes in soil (Roberts et al., 1998). Therefore, its degradation in the field site was
higher than the degradation under the laboratory condition.

3.3. Degradation of the compounds contaminating water and soil under lab condition

Water and soil samples were collected to assess their biodegradability in the
laboratory. After 30 days, acetochlor concentrations were dissipated by 60.2%, 90.7% and
70.5% in the media of 100% water, 80% water + 20% soil and 50% water + 50% soil on
average (Figure 2a), respectively. The corresponding data for bensulfuron-methyl were
63.1%, 92.7% and 79.3% (Figure 2b). Half-lives of acetochlor in the corresponding media
were 22.6, 17.0 and 8.8 days, and the bensulfuron-methyl values were 20.8, 13.2 and 7.9
days in vitro aerobic condition.

The dissipation of both substrates in the media of 100% water and 80% water + 20%
soil mostly occurred during the first 15 days, while their concentrations gradually decreased
in the media of 50% water + 50% soil. The calculation of degradation during the first 15
days showed that the degradation rates of acetochlor in the media of 100% water, 80% water
and 50% water were 7.9, 10.7 and 6.9 pg/days, respectively. The corresponding data for
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bensulfuron-methyl were 43.2, 50.7 and 27.2 pg/days. The low degradation observed in
water was likely due to a low density of indigenous acetochlor-degrading microorganisms
and a lack of necessary supportive components.
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Figure 2. Degradation of (a) acetochlor and (b) bensulfuron-methyl in the media of
100% water and water plus soil under laboratory condition

A previous study showed that acetochlor hydrolysis was extremely slow in river water
(Ye, 2003). The low dispersing of the compounds in the media with 50% water resulted in
lower degradation percentages compared to the degradation in the media with 80% water.
Meanwhile, some components in soil might provide nutrients for microorganisms resulting in
higher degradation in the media of 80% water + 20% soil.

3.4. Bioaugmentation of acetochlor and bensulfuron-methyl degradation in water
and soil

In this experiment, two mixed cultures of acetochlor-degrading bacteria (P.
fluorescens KT3 and B. subtilis 2M6E) and bensulfuron-methyl degrading bacteria
(Methylopila sp. DKT) were inoculated into water and soil collected from the paddy field.
The results showed that the inoculation of these bacterial strains significantly increased the
degradation of both compounds. After 60 hours, acetochlor was degraded by 86.3%, 95.8%
and 69.5% in the media of 100% water, 80% water + 20% soil and 50% water + 50% soil,
respectively (Figure 3a). The corresponding data for bensulfuron-methyl were 96.8%, 99.1%
and 83.7% (Figure 3b). The highest degradation was observed within the first 15 hours.
During the first 15 hours, the degradation rates for acetochlor were 171.0, 178.5 and 63.6
pg/day on average in the corresponding media. Data for bensulfuron-methyl were 783.5,
696.7 and 276.1 pg/day.
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Figure 3. Degradation of (a) acetochlor and (b) bensulfuron-methyl in different media
inoculated with degrading bacteria, under laboratory condition
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The inoculation of degrading bacteria significantly enhanced the degradation
compared to the natural degradation. With inoculation, the degradation was carried out by
not only introduced bacteria but also by native microorganisms. The results in this study
indicated that the isolated bacteria could adapt well to new media and other indigenous
microorganisms in water and soil. The inoculation of Methylopila sp. DKT in soil in
combination with peanut cultivation increased the bensulfuron-methyl degradation by about
57.7% (Ha and Nguyen, 2020). The degradation in the medium with 50% water + 50% soil
was gradual and slower than that in other media. The limitation of bacteria to move and
contact the substrates the media with high soil content was probably the reason to reduce the
degradation process.

3.5. Degradation of acetochlor and bensulfuron-methyl in mineral medium

The degradation was first determined with a mixture of pure substrates by individual
acetochlor and bensulfuron-methyl degrading bacteria. Figure 4a shows that acetochlor was
completely degraded within 3 hours in the mineral medium inoculated with P. fluorescens
KT3 and B. subtilis 2M6E. Meanwhile, the inoculation with Methylopila sp. DKT resulting
in 93.7+3.2% of bensulfuron-methyl was degraded after 5 hours (Figure 4b).
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Figure 4. Degradation of (a) pure acetochlor (AC) and (b) acetochlor in herbicide by P.
fluorescens KT3 and B. subtilis 2M6E, (c) pure bensulfuron-methyl (BM) and (d)
bensulfuron-methyl in herbicide by Methylopila sp. DKT. The degradation was
conducted in the mineral medium supplemented with mixed pure substrates or
substrates in herbicide Acenidax 17WP, inoculation with either acetochlor or
bensulfuron-methyl degrading bacteria.
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The degradation processes of pure acetochlor and bensulfuron-methyl in the mineral
medium with the inoculation of both degrading bacteria are shown in Figure 5a. Pure
acetochlor and bensulfuron-methyl were completely degraded after 2 and 4 days,
respectively. These data were higher than the degradation by individual acetochlor and
bensulfuron-methyl degrading bacterial strains. The presence of acetochlor might cause
toxicity for bensulfuron-methyl degrading bacteria and vice versa. However, the inoculation
of both degrading bacteria of both compounds degraded both substrates reducing the
toxicity. Moreover, the degradation in mineral medium was much higher than the
degradation in water as described above. The inoculated bacteria did not compete with
indigenous microorganisms and available nutrients in the mineral medium supported the
activities of acetochlor and bensulfuron-methyl degrading bacteria.

The degradation of both substrates in the herbicide Acenidax 17WP required a one
hour of lag phase. For acetochlor degradation by P. fluorescens KT3 and B. subtilis 2M6E,
the substrate was completely removed after 5 hours (Figure 4c). Meanwhile, Methylopila sp.
DKT degraded 75.7 + 6.1% of bensulfuron-methyl in the herbicide for 5 hours (Figure 4d).
Acetochlor degrading bacteria could not degrade bensulfuron-methyl and vice versa.
Therefore, bensulfuron-methyl concentration was not changed in Figure 4a and 4c, and
acetochlor was not reduced in Figure 4b and 4d.

Meanwhile, acetochlor and bensulfuron-methyl were degraded nearly completely after
4 hours, and 88.9 + 11.2% after 5 hours (Figure 5b). The degradation processes of both
acetochlor and bensulfuron-methyl in herbicide were slower than those of pure substrates.
Adjuvants in the herbicide caused the degradation reduction at high concentrations. In
previous studies on other herbicides, adjuvants caused the reduction of prometryn
degradation by free cells (Pérez-Barcena et al., 2014) and suppressed the degradation of
butachlor and propanil by Pseudomonas sp. But2 and Acinetobacter baumannii DT in liquid
media, but not in soil (Duc et al., 2020), pymetrozine degradation by enrichment culture
(Duc & Oanh, 2024).
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Figure 5. Degradation of (a) pure acetochlor (AC) and pure bensulfuron-methyl (BM),
and acetochlor bensulfuron-methyl in herbicide Acenidax 17WP and by P. fluorescens
KT3, B. subtilis 2M6E and Methylopila sp. DKT. The degradation was conducted in the
mineral medium inoculated with both acetochlor and bensulfuron-methyl degrading
bacteria.

4. Conclusion

This study showed that the application of herbicides caused contamination due to
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acetochlor and bensulfuron-methyl in water and soil. In a paddy field, acetochlor and
bensulfuron-methyl were dissipated quite quickly within 10 days after use, but they were
remained in water and soil after 30 days. The determination under lab conditions without
inoculation showed that the degradation percentages of both substrates were highest in the
media with 80% soil + 20% site water, following by 50% site water + 50% soil and lowest in
100% site water. The inoculation of P. fluorescens KT3 and B.subtilis 2M6E (acetochlor
degrading bacterial strains) and Methylopila sp. DKT (bensulfuron-methyl degrading
bacterial strain) increased the degradation process under the laboratory condition. This study
provides information on the contamination of acetochlor and bensulfuron-methyl in water
and soil at a paddy field, the natural dissipation of these compounds and the augmentation of
the degradation by inoculation of degrading bacteria. However, this study only applied
isolated bacteria to degrade the herbicides under lab conditions. Therefore, further study
using bacteria to remediate the compounds at contaminated sites should be carried out.
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