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Abstract
The residual activity of herbicides may be detrimental to the environment, requiring analysis of the persistent residues in 
the soil and water. A field study was conducted to measure the residues of Imidazolinone (IMI) in three Clearfield® rice 
field soils at three different locations in Malaysia. The analyses of IMI in the soil samples were carried out using a high-
performance liquid chromatography (HPLC). These herbicides are widely used; however, few studies have been conducted 
on both residues, especially in the context of Malaysian soil. Residues of imazapic and imazapyr were found to fall within 
0.03–0.58 µg/mL and 0.03–1.96 µg/mL, respectively, in three locations. IMI herbicides are persistent in the soil, and their 
residues remain for up to 85 days after application. A pre-harvest study was suggested for these herbicides on water, which 
will provide a clearer indicator on the use of IMI in Clearfield® rice fields.
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IMI herbicide usage is regarded as one of the main strat-
egies of controlling weedy rice population. Imazapyr and 
imazapic 2-(4-isopropyl-4-methyl-5-oxo-2-imidazoline-
2-y1) nicotinic acid] and [2-(4-isopropyl-4-methyl-5-oxo-
2-imidazoline-2-yl)-5-methylnicotinic acid]) interrupts the 
production of branched amino acids by inhibiting acetohy-
droxyacid synthase (Ureta et al. 2017). Both are broad-spec-
trum IMI herbicides that control many kinds of grass and 
broadleaf weeds (Ottis et al. 2004). Weedy rice is considered 
as a major agricultural threat and one of the most damaging 
global weeds (Bzour et al. 2018). Due to the diversity of 
weedy rice in Malaysia (Song et al. 2014), the decrease in 

rice yields caused by weedy rice in Malaysia was reported to 
be 30–50% from the total rice yield (Watanabe et al. 2000). 
Recently, the Ministry of Agriculture introduced a new rice 
cultivation technology known as the Clearfield® Production 
System (CPS), which uses the Clearfield® rice (MR 220CL1 
and MR 220CL2) and a herbicide called OnDuty®, which 
contain both imazapic and imazapyr herbicides. Clearfield® 
rice is considered as an effective tool for controlling and 
mitigating the propagation of weedy rice in a cultivated 
rice field. CPS technology helps rice croppers mitigate the 
aggressiveness of weedy rice and improve the growth of rice 
agriculture in Malaysia.

However, farmers and researchers reported that IMI was 
unable to fully eradicate the weedy rice. There are also 
many reports stating that the IMI herbicide carryover influ-
ences many non-rice crops in rotational systems (Alister 
and Kogan 2005). Currently, the massive use of IMI herbi-
cides resulted in increased resistance to weedy rice (Burgos 
et al. 2014). Additionally, IMI residues may be adsorbed 
or leached at different levels, and controlled by the phys-
icochemical properties of the soil, encompassing solubility, 
organic matter, and the pH of the soil. The rainfall index 
is an important factor for determining herbicide leaching. 
These herbicides were studied in the previous decade to 
determine the risk it poses to the environment, water, and 
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soil. (Bajrai et al. 2017; Marcia 2014). High-performance 
liquid chromatography (HPLC) is a powerful technique that 
can be used to separate and analyze analytes in a solution. 
There is a need here to devise methods capable of providing 
reliable analytical data onto residues and to monitor these 
compounds in soil (Martins et al. 2014).

Currently, studies on IMI residues in soil (in the sub-
tropical region, especially in Malaysia), remain scarce. The 
use of CPS technology in Malaysia goes back six years, and 
a wide range of crops, especially rice, are repeatedly treated 
with IMI. The present study was conducted to develop a reli-
able analytical method to measure the contamination levels 
of imazapic and imazapyr in the soils of three paddy fields.

Materials and Methods

A study was meticulously planned to determine terminal 
residues of IMI in the soil. The soil samples were taken in 
November 2016 from three Clearfield rice fields in Sawah 
Sempadan-Tanjung Karang district. The farmers’ field was 
located at (3°25′35.0724″, E101°10′36.1704″) in Kuala 
Selangor, Malaysia. The physicochemical characteristics of 
the soil were determined for the three fields, as tabulated 
in Table 1. The region experiences a sub-tropical climate, 
with almost high daily rainfall and temperatures. IMI her-
bicides have been used in this area for the past six years. 
Twenty samples were collected randomly prior to harvest-
ing the crops. The samples were directly stored in a sterile 
zip-lock polyethylene bag and coded using a special water-
proof sticker. On the same day, the samples were placed in a 
special room at 35°C under the shade for up to 5 days, then, 
the dried samples were ground and sieved via stainless steel 
sieve (2 mm) and stored in a refrigerator (at 4°C).

Herbicide standards were purchased from Sigma-Aldrich 
(USA), with purities of 95.5% and 99.9% for imazapic and 
imazapyr, respectively. Methanol, dichloromethane (DCM), 
and acetonitrile 99.9% (HPLC gradient) (Fisher), acetic acid, 
ACS reagent (Fisher), formic acid, 98% (EM Science), and 
all materials for the HPLC experiments were purchased from 
Sigma Aldrich (Germany). Ultrapure water obtained from 
a Milli-Q Direct UV3® system (Millipore, USA), was also 

filtered through a 0.2 µm Whatman filter paper. Other equip-
ment includes a DuPont Sorvall Centrifuge (Model RC-5C), 
centrifuge bottles with cap 45 mL polypropylene (kontes 
Scientific), vortex mixer (Lambert 3000), and Supelco SPE 
cartridges.

The soil samples were analyzed using a simple modi-
fied extraction method proposed by (Krynitsky et al. 1999; 
Ramezani et al. 2009). In this procedure (5 ± 0.001 g) of 
randomly homogenized soil sample was weighed and 
placed in a 250-mL centrifuge tube, followed by the addi-
tion of ~ 150 mL of 0.5 N NaOH. The samples were stored, 
for 45 min in an end-over-end shaker at 30°C to allow for 
equilibration. Ten ml of methanol was added to the precipi-
tate of humic acid, followed by sonicating the samples for 
10 min and were centrifuged for 10 min (at 7000 rpm) to 
remove particulates. The solution was filtered and adjusted 
to a (pH 2.0) using 6 N HCl. The suspension was left at room 
temperature prior to analysis, where the sample solution was 
transferred to a 500-mL separatory funnel and extracted 
using 50 ml dichloromethane twice, then mixed and trans-
ferred to the flask. Dichloromethane was dried using anhy-
drous Na2SO4, and the solution was passed through a smooth 
activated charcoal column. The resulting solution was 
evaporated at 65°C to near dryness. The residue was diluted 
using ~ 2 mL of methanol: 0.1% formic acid (1:1), then DSC-
18-6 mL cartridge 500 mg conditioned with 3 mL of each of 
the methanol, acetonitrile, and H2O. The sample was then 
loaded through the cartridge under vacuum. The analytes 
were washed using 9 mL H2O and 6 mL (60/40) (H2O: ace-
tonitrile). Finally, the vials were placed in a vacuum and 
the cartridge eluted with 3 Ml methanol: 0.1% formic acid 
solution. The sample extracts were then filtered through a 
0.2 µm polytetrafluoroethylene membrane, transferred to a 
1.5 mL HPLC autosampler vial, and stored at 4°C until the 
HPLC analysis. IMI standard solutions were individually 
prepared in acetonitrile at concentrations of (100 µg/mL), 
respectively, by dilution from a 1000 µg/mL stock solution. 
Afterward, other freshly diluted standard solutions were pre-
pared in acetonitrile. All stocks and working solutions were 
stored at − 18°C in dark conditions (Marcia 2014).

IMI residues were analyzed using an HPLC–UV sys-
tem consisting of Shimadzu high-performance liquid 

Table 1   The physicochemical 
characteristics of the soil at 
three locations of the study area

OM organic matter
a Soil type according to soil texture triangle

Location Depth (cm) PH Moisture% Sand% Silt% Clay% OM% Soil typea

Field A 0–20
20–40

6.21
6.70

38.0
30.3

39.0 29.0 30.0 2.0 Clay loam

Field B 0–20
20–40

6.81
6.61

44.0
57.0

24.6 35.7 39.2 1.3 Clay loam

Field C 0–20
20–40

7.10
6.94

38.0
59.0

25.0 35.0 38.0 1.9 Clay loam
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chromatography with LC-10AT pump and SPD- 20A inter-
faced with LC software. The HPLC column used was 
Thermo –C18 (4.6 × 250 mm2, µm) (USA). The gradient 
solvent program used mobile phase A (acetonitrile 100%) 
and mobile B (water, including 0.1% of acetic acid) (pH 
2.8). The initial gradient program was: 30% A (0–1 min), 
30%–45% (1–5 min), and 45%–35% (5–13 min). A “17 μg” 
aliquot of the samples were injected into the column. Linear-
ity calibration curves were constructed using different stand-
ard concentrations (0.1, 0.5, 1, 5, 10, and 20 µg/mL). The 
concentrations of both IMI herbicides were determined by 
comparing the peak area of the samples that deduced from 
the calibration curve. The spiked soil samples were fortified 
with standard solutions (0.1, 0.5, 5, 10 µg/mL).

Results and Discussion

Calibration curves from different known concentrations of 
imazapic and imazapyr herbicides (0.1, 0.5, 1.5, 10, 20 µg/
mL) were constructed, as shown in Table 2. The equa-
tions of analytical calibration graphs, obtained by plot-
ting peak areas against concentrations of the imazapic and 
imazapyr herbicides. The linear regression equations were 
y = 64,086x + 6626.7, with R = 0.9978 for imazapic, and 
y = 35078X + 3189.9, with R of 0.9998 for imazapyr respec-
tively, good linearity is showed in Figs. 1 and 2. 

Twenty samples were collected from three field sites in 
Sawah Sempadan-Tanjung Karang district and analyzed 
using the aforementioned procedure. The results were 
included in Table 3.

To study the recovery of both herbicides, samples were 
fortified with different concentrations of standard solutions 
of each herbicide. The results were presented in Table 4 
below.

Previous researches reported that these herbicides 
are slow to degrade in soil under normal environmental 

conditions (Bajrai et al. 2017). Imazapyr has a half-life of 
90–120 days, while imazapic has a half-life of 3 months. The 
Koc for both herbicides were 137 and 100 mL g−1, respec-
tively, which means low adsorption and high mobility, and 
eventually the high level of leaching. Nevertheless, these 
herbicidal residues persist for extended periods of the times, 
thus representing a high risk of environmental contamina-
tion of soil, surface, and groundwater, especially imazapic 
(Souza et al. 2016). The LOD and LOQ were found to be 
1.04 and 4.09 µg/mL for imazapic, and 0.17 and 0.51 µg/mL 
for imazapyr, respectively as found from our previous study 
(Bzour et al. 2017). From Table 3, imazapic and imazapyr 
were found at depths more 20 cm. The residues were at 0.58, 
0.03 on the first 20 cm and 1.96, 0.58 at the 20–40 cm depth, 
which agrees with (Neto et al. 2017; Refatti et al. 2017), who 
reported that imazapyr and imazapic can leach up to more 
than 25 cm. The presence of both IMI residues at 20–40 cm 
depth in field 1 (plot-1) may be due to the soil sample loca-
tion at the edge of the field (on the corner of the field), and 
it is the first sample collected. The activities, practices and 
procedures of the farmers are instruments towards the pres-
ence of these herbicides. Some plots were not cultivated, 
and seldom plowed, which may result in reduced uptake 
of sunlight, and accumulation of IMI residues throughout 
the seasons. Table 3 shows that the imazapic residues were 
present in most samples, especially at depths of more than 
20 cm, in contrast to imazapyr residues, which were only 
found in the field 1–plot 1 and field 3–plot 2. This could be 
attributed to the concentration of imazapyr and imazapic 
in the whole compound (Onduty® compound were 0.58 
and 0.19 g/L, respectively). Therefore, the concentration of 
imazapic is tripled, which could explain the accumulation 
and translocation of imazapic more than imazapyr. (Vizan-
tinopoulos and Lolos 1994) pointed out that imazapyr has 
low persistence, and can move and leach into deep layers, 
reaching more than 45 cm. The residues of imazapic in the 
plots decreased from soil depths of 2040 cm. The residues Fig. 1   Imazapic standard 0.1 μg/mL

Fig. 2   Imazapyr standard 0.5 μg/mL
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in plot 1 were 0.58, 0.03, plot. 2: 0.03 (–), plot 3: (–), plot 
4: 0.10, plot 5: 0.04 (–) and Plot 6 were 0.09, 0.05 µg/mL, 
respectively. The reason for the shift down of the peak areas 
could be due to translocation involving the movement of 
soil–forming materials throughout the soil’s profile and the 
leaching of herbicides into deeper layers.

The adsorption of herbicides decreased due to increas-
ing heavy rain and temperatures. The higher solubility in 
water, pH, high temperatures, and high rainfall in Malaysia 
are some of the main factors that play an important role 
in the transition of residual particles of herbicides through 
the pores or movement to deeper layers, as per the stud-
ies reported by (Castillo et al. 1997; Fish et al. 2015; Grey 
et al. 2012). Malaysia has almost daily high-intensity rainfall 
and medium daily temperatures. Studies reported that tem-
peratures between 35 and 45°C and increased soil moisture 
enhances both chemical and microbial degradation of her-
bicides, as well as their respective mobilities (Jourdan et al. 
1998; Laabs et al. 2000; Neto et al. 2017). Therefore, dif-
ferent factors can affect the leaching of these types of herbi-
cides into the depth of the soils, including the pH, concentra-
tion of herbicides, and type of the soil. At pH values greater 
than 6, the IMI herbicides are weakly adsorbed into the soil 
(Ozcan et al. 2017). Another important factor that affects the 
residual concentration is the type of the soil. IMI sorption 

increases alongside soil clay content, due to increased bind-
ings of the herbicide to soil particles (Gianelli et al. 2014). 
The type of the soil is clay loamy, which means that the per-
centage of adsorption increase and IMI herbicides dissipa-
tion decrease. Sondhia (2013) reported that IMI-herbicides 
could leach into clay loam soil up to a depth of 70 cm.

Conclusion

A reliable method for the identification of IMI herbicides 
in Clearfield rice soils, has been developed. HPLC–UV was 
used for this purpose, and the linearity, accuracy, and recov-
ery data were determined. The LOD and LOQ were found 
to be 1.04 and 4.09 for imazapic and 0.17 and 0.51 µg/mL 
for imazapyr, respectively. The results showed that residual 
herbicides were present in the soil in certain plots, reaching 
20–40 cm. It was observed that high mobility herbicides can 
leach into deeper layers of the soil, which could threaten 
deep aquifers. This study elucidated the environmental prop-
erties of IMI herbicides that are commonly used in major 
crops, such as rice. The results also confirmed the need for 
more in-depth studies at different times of application, to 
precisely evaluate the actual leaching depth of these herbi-
cides and its mechanisms.

Table 2   Peak area versus 
concentration (0.1 to 20 µg/mL) 
for imazapic and imazapyr

Std deviation standard deviation
a Average of three replications

Concentration 
(µg/mL)

Area for imazapica Std. deviation Area for imazapyr Std. deviation

0.1 3477  ± 124.02 3680  ± 140.00
0.5 54,956  ± 5512.72 21,381  ± 949.65
1 59,366  ± 8092.74 39,914  ± 4501.50
5 305,898  ± 65,193.93 179,150  ± 8560.39
10 688,046  ± 96,563.22 354,730  ± 36,051.21
20 1,273,564  ± 178,045.52 704,156  ± 2816.62
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