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Abstract
Dissipation kinetics of λ-cyhalothrin in mineral and peat soils of Semongok (mineral soil) and Sibu (peat soil) farms was 
investigated in a laboratory incubation experiment under different temperature and moisture conditions at normal and 
double application dosages. The soil was spiked with λ-cyhalothrin at 5 and 25 µg/g soil, respectively. The soil moisture 
content was adjusted to 20, 40, and 60% of field capacity and then incubated in three climatic chambers at 15, 25, and 
35 °C. Samples were collected at 0, 7, 21, 42, 70, and 105 days and analysed by Gas Chromatography-Electron Capture 
Detector (GC-ECD). Pesticides from the soil were extracted via a facile-modified QuEChERS method. Recovery studies 
of λ-cyhalothrin in mineral and peat soils were carried out at 0.05, 0.1, 0.5 and 1.0 µg/g fortification levels. The percent-
age of recovered amount was in the range of 81.4–95.0% and 81.3–86.5% for mineral and peat soils, respectively which 
falls within the acceptable recovery range of 70.0–120.0%. Factors i.e., soil carbon content, moisture, temperature, and 
applied dosage that render the degradation of λ-cyhalothrin in mineral and peat soils were evaluated. Findings showed 
that faster λ-cyhalothrin degradation took place in soil that contained low organic carbon content (< 12%), low soil 
moisture (≤ 20%) and incubated under higher temperatures (≤ 35 °C). Degradation of λ-cyhalothrin was described by 
first-order kinetics in both mineral and peat soils at various conditions. Half-lives of λ-cyhalothrin in mineral soil were 
shorter compared to peat soil. This is due to its lower carbon content and lower soil organic matter availability. This study 
provides significant information to the agriculture industry and farmers on the important factors such as soil properties, 
environmental conditions and application dosage that will influence the fate of pesticides in soil.
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Graphical abstract

Article Highlights

1.	 Soil with low organic carbon content and moisture in higher temperatures exhibited faster degradation of 
λ-cyhalothrin.

2.	 The half-lives of λ-cyhalothrin in mineral soil are shorter than in peat soil.
3.	 Lessen the risks to the environment and health from the excessive usage of λ-cyhalothrin in humid tropical and 

temperate countries.
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1  Introduction

Pesticide application is an indispensable component in agricultural management practices especially in vegetable cul-
tivation [1]. The application of pesticides depends on various factors such as types of crops, target pests and diseases, 
the interval time between pathogenic attack and crop harvest as well as the pre-harvest interval prescribed for pesticide 
[2]. Major pest attacks such as insects and fungi could be curbed by applying pesticides to crops [3]. Pesticide applica-
tion led to better management in crop production industries which in return has increased the economic benefits and 
reduced pest problems that perturb the crop production industries. Excessive usage of pesticides, however, leads to major 
environmental problems such as soil and groundwater contamination which endanger the overall ecosystem [4, 5]. The 
degradation rate of pesticides is one of the most critical factors that determine a pesticide’s fate in the environment. The 
chemical components in pesticides are mineralized into basic mineral compounds in the environment [5]. The essential 
factors which will influence pesticides’ fate and behaviour in soil are pH, acidity and salinity, organic matter and clay par-
ticle contents, temperature, moisture and humidity, microbes, sunlight and field conditions [6–10]. The physicochemical 
properties of a pesticide [11] such as hydrophobicity, solubility, sorption capacity, volatility and polarity also contribute 
to its degradation rate in soil [12]. Higher pesticide degradation rates in tropical countries were reported to be due to 
higher amounts of rainfall, higher temperature and humidity all year round [13–15]. Warm and humid conditions with 
adequate annual sunlight may also increase the rate of pesticide degradation in the environment.

The toxicity of pesticides has prompted a thorough examination of its effects on the environment [16]. The intro-
duction of safer pesticides with efficiency towards the proliferation of pests and low impact on the environment is the 
main global concern in modern agriculture. As a result, certain pesticides, such as dichlorodiphenyltrichloroethane 
(DDT), were banned due to their hazard to humans, animals, and aquatic environments [16, 17]. Previous studies on 
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pesticides have been conducted on the effect of soil temperature and moisture under field and laboratory conditions 
for organophosphorus (OP), organochlorine (OC) and pyrethroids (Py) pesticides [18, 19]. Endosulfan (OC), acephate 
(OP), chlorpyrifos (OP), cypermethrin (Py), deltamethrin (Py), fenvalerate (Py) and cyfluthrin (Py) are among other 
most common pesticides reported in Malaysia. Py has become one of the widely used pesticides due to its greater 
knockdown effect on insects and low terrestrial vertebrate toxicity [20]. λ-Cyhalothrin is an insecticide that belongs 
to the group of Py pesticides. It is cheap, readily available in the market and the most commonly used Py in Malaysia. 
λ-Cyhalothrin is extensively used for agricultural purposes, especially in Sarawak [4] due to its robust effectiveness 
against a wide range of insect pests. To date, there is no degradation study has been conducted on λ-cyhalothrin 
degradation in Malaysian tropical soils despite their wide usage in agriculture. Therefore, it is important to determine 
the behaviour and fate of λ-cyhalothrin in tropical soils such as mineral and peat soils. λ-Cyhalothrin is a colourless 
solid or yellowish colour in liquid and its properties are reported in Table 1 [20, 21].

Soil components such as clay particles, amorphous mineral matter and soil organic matter are important param-
eters to control adsorption. This is because λ-cyhalothrin tends to adsorb into soil and sediment, and also the sus-
pended in the water bodies [22]. A high Kow and mean of water-soil organic carbon partition coefficient (Koc) indicate 
a high potential of adsorption in water for sediment and soil that promotes soil sorption [12]. High Koc is associated 
with higher organic matter adsorption, which reduces the likelihood of water body contamination. In water bodies, 
degradation of λ-cyhalothrin is possible even though it has low solubility. Photo-degradation may occur in aqueous 
solution in the presence of sunlight. However, the chemical breakdown by sunlight may slow down the degradation 
rate in the adsorbed phases such as soil and sediments than the other soluble molecules of pesticides in water [12]. 
λ-Cyhalothrin degradation could result in a decrease in toxicity or an increase in toxicity [23]. λ-Cyhalothrin may 
degrade rapidly in soil under field conditions in 6–40 days. Nevertheless, the half-life of λ-cyhalothrin varied in the 
water body due to its hydrophobicity and strong adsorption in soil and sediment [24].

Studies on the degradation of various pesticides in tropical soils under laboratory conditions were carried out 
based on several environmental factors such as temperature, soil moisture and humidity, pH, soil texture and micro-
bial activity [13–15]. By controlling these factors, the pesticide degradation rate and pathway in laboratory con-
ditions can be compared to the field conditions in tropical regions as well as in temperate regions [17]. Other 
pesticides degradation studies in Malaysian tropical soils under laboratory conditions have been reported such as 
fenvalerate [15], acephate [13], cyfluthrin [11], and chlorpyrifos [14]. In temperate soils, λ-cyhalothrin has a half-life 
of 12–16 weeks [25]. The half-life of cypermethrin and λ-cyhalothrin in soils under laboratory conditions has been 
reported as 8–11 days and 6–7 days, respectively [26]. However, there is less evidence available on the fate and 
behaviour of pesticides used on cultivated organic soils such as peat and mineral soil.

In this study, we investigated the effects of temperature, moisture, application dosage, and soil carbon content 
on the degradation of λ-cyhalothrin in two types of soil, namely mineral and peat soils, as well as to determine their 
half-lives under controlled laboratory conditions (temperature and moisture content) and two application dosage. 
These findings are crucial to measure the potential risks and environmental impact due to increasing λ-cyhalothrin 
and other Py usage for agriculture at different temperatures and climatic conditions. Thus, Good Agriculture Prac-
tices Program (GAP) and remedial actions can be formulated to reduce environmental risks and health hazards from 
pesticide violations in agriculture sectors.

Table 1   Physical, chemical, and environmental properties of λ-cyhalothrin

Molecular formula C23H19ClF3NO3

λ

Molecular weight (g/mol) 449.9
Density (g/mL at 25 °C) 1.33
Vapor pressure (mPa at 20°C) 0.0002
Henry’s law constant (Pa-m3/mole) 0.018
Water solubility (mg/L at 20 °C) 0.005
Octanol–water partitioning (log Kow at 20 °C) 7.00
Soil adsorption Koc (cm3/g) 247,000–330,000
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2 � Materials and methodology

2.1 � Reagents and chemicals

λ-Cyhalothrin (purity 98.2%) standard was obtained from Ehrenstorfer, Germany. Analytical and residue grades of ace-
tonitrile, dichloromethane, n-hexane, glacial acetic acid, sodium chloride, and sodium sulfate were obtained from J.T. 
Baker. The silica gel was obtained from Merck. Pesticide stock solution (500 µg/g) was prepared by dissolving appropri-
ate amounts of pesticide standard in n-hexane. An appropriate aliquot of stock solution was diluted with residue grade 
of n-hexane to make up standard solutions that contained 0.05, 0.1, 0.5, 1.0, 5.0, 10 and 50 µg/g of λ-cyhalothrin. The 
diluted stock solutions were used for recovery study in the method validation and batch studies.

2.2 � Apparatus and instrument

Vortex-Genie model K-550-GE and IKA VORTEX GENIUS 3 were used to shake and homogenise soil extract. The extracted 
samples were centrifuged using a Thermo Jouan Model B4i multifunction centrifuge to obtain the supernatant. Soil sam-
ples were incubated in a Protech Model Cool-300 incubator (± 0.1 °C). An Agilent Model 6890 gas chromatography (GC) 
equipped with an electron capture detector (GC-ECD) was used for the determination of λ-cyhalothrin. This instrument 
was configured with a non-polar fused-silica capillary column, Ultra 1, 25 m × 0.32 mm and 0.5 µm, obtained from J&W 
Scientific, Folsom, California, USA and employing nitrogen gas as carrier gas at 1.2 mL min−1. The column temperature 
was maintained at 120 °C for 0.5 min, then programmed at 10 °C min−1 to 180 °C followed by another temperature ramp 
of 6 °C min−1 to 240 °C and subsequently 10 °C min−1 to 280 °C and held constant at 280 °C for 12 min. The injector and 
detector temperatures were maintained at 260 °C and 300 °C, respectively. The air and hydrogen gas flows were set at 
80 mL min−1 and 67 mL min−1, respectively.

2.3 � Soil characterization

Mineral and peat soils that are commonly found in Sarawak for vegetable cultivation were used in this study. The soils 
used in this study were collected from two vegetable farms. One from Semongok, Kuching (mineral soil) and another one 
from Sg Bidut, Sibu (peat soil) farms (Figure S1). Collected soil samples were air-dried for 5–7 days and sieved (2 mm) to 
remove stones, plant remnants and root residue. Water was added to the air-dried soils and left for a week to reactivate 
biological activity. Soil physiochemical characterization was determined by soil analysis procedures [14].

2.4 � Method development and validation

In recovery studies, 10 g of mineral and peat soil samples were fortified with 1.5 mL of 0.5, 1.0, 5.0 and 10 µg/g of 
λ-cyhalothrin working standards to obtain 0.05, 0.1, 0.5 and 1.0 µg/g of λ-cyhalothrin following extraction. The samples 
were mixed homogeneously and left for 1 h to allow the solvent to evaporate and λ-cyhalothrin to interact with the 
sample. Each sample was prepared in three replicates. A blank sample was prepared for use as control. Recovery of 
λ-cyhalothrin was calculated following Eq. 1:

2.5 � Degradation studies

Degradation kinetics of λ-cyhalothrin in mineral and peat soils were quantified using laboratory incubation experiments 
adapted with slight modification [13]. Ten grams of individual soil sample was weighed into a glass bottle. Each sample 
was prepared in three replicates with a control sample. For samples with initial concentrations of 5 and 25 µg/g, 1.5 mL 
of 50 µg/g and 250 µg/g of λ-cyhalothrin standard solutions were added to the soil and left for 30 min to allow the 
n-hexane to evaporate. The λ-cyhalothrin was mixed homogeneously with the rest of the soil. The samples were covered 
with aluminium foil, pricked on top to allow aeration and stored in a fixed-temperature incubator (± 0.1 °C) according to 
experimental conditions. The samples were collected at specific time intervals for further extraction and determination. 

(1)% Recovery =
Conc. of spiked analyte

Conc. of analyte
× 100
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The degradation of λ-cyhalothrin was studied concerning soil moisture (20, 40, and 60% of field capacity), temperature 
(15, 25, and 35 °C), application dose (5 and 25 g/g), and soil carbon content (low and high). Soil moisture content was 
adjusted to the desired moisture content of 20, 40, and 60% of the field capacity by adding an amount of water to air-
dried soil according to Eq. 2:

Soil carbon content was classified as low (2.3% from Semonggok) and high (36.4% from Sg Bidut, Sibu). The soils were 
incubated in darkness and retrieved on days 0, 3, 7, 15, 25, 35, 55, 75, and 105 for analysis following the methodology 
described by earlier investigations on chlorpyrifos [14]. Water content in each bottle was monitored weekly so that the 
constant moisture content of soils could be maintained. All experiments were carried out in triplicates [13].

2.6 � Pesticide extraction and analysis

λ-Cyhalothrin residues in soil were extracted and analyzed using a modified method known as ‘quick, easy, cheap efficient, 
rugged, and safe’ (QuEChERS) [27]. Acetonitrile containing 1% acetic acid (15 mL) was added into the homogenized soil 
samples (10 g) in a 50 mL Teflon centrifuge tube and shaken vigorously by hand followed by vortex mixing for 1 min. 
Anhydrous sodium sulfate (6 g) and sodium chloride (1.5 g) were added to the mixture. The sample was vortexed for 
1 min and centrifuged at 3000 g for 1 min. The supernatant was transferred into a test tube and kept for clean-up. For a 
clean-up, 2 mL extract was transferred into a beaker and left in a fume hood to near dryness. The dry extract was mixed 
with hexane: dichloromethane (2 mL, 4:1 v/v) and transferred into the Pasteur pipette packed with silica gel (0.2 g). The 
extract was eluted with hexane: dichloromethane (2 mL, 1:1 v/v) at a flow of 1 mL min−1 and left to dry. After drying, 
hexane (2 mL) was added to the extract and transferred into a vial before GC-ECD determination.

2.7 � Data analysis

The λ-cyhalothrin degradation data were modelled using a simple first-order model: Ct = C0e−kt where Ct is the 
λ-cyhalothrin concentration at time t, C0 is the initial concentration of λ-cyhalothrin, and k is the rate constant. Curve 
fitting was performed using a non-linear least squares regression analysis of λ-cyhalothrin concentration against time. 
The value of k was obtained by plotting graph ln C (concentration) against time. The half-life value, t1/2 was calculated 
using the formula, t1/2 = ln 2/k. All data were statistically analyzed with a two-factor analysis of variance (ANOVA) at the 
significance level of p ≤ 0.05.

3 � Results and discussion

3.1 � Soil characteristics

The characteristics of the soil have a significant role in understanding the environmental fate of λ-cyhalothrin. Peat and 
mineral soils were the two types of soils employed in this investigation. The soils were collected from two vegetable 
farms, one at Semongok (mineral soil) (1.3930° N, 110.3322° E) and another one at Sg. Bidut, Sibu (peat soil) farms (Lati-
tude: 2.30179590595. Longitude: 111.804043114). Soil physiochemical determination is shown in Table 2. The pH of the 
soils was slightly acidic with a pH of 5.2–5.3, a typical soil pH in humid tropic regions [17]. Soil moisture was 27.0%, and 
53.5% from fresh soil of Semongok and Sg. Bidut, respectively. The carbon content determined for mineral and peat 
soils was 2.3% and 36.4% of carbon, respectively. Peat soil has a higher percentage of carbon content due to the high 
decomposed organic matter content compared to mineral soil [28]. Semongok mineral soil has a high content of clay 
(23%). Clay content is also one of the important factors for pesticide dissipation in soil [13].

3.2 � Method validation of λ‑cyhalothrin in soils

Method validation is important to ensure that the proposed analytical method is accurate and reliable for research 
work. Additionally, it is a prerequisite for certification, an analytical requirement, and a confirmation of the method 

(2)Amount of water to be added (g) =

(

Desired%moisture

100
× Totalsoil (g)

)

−Moisturecontent (g)
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being considered about its capability’s consistency, accuracy, and precision. Accuracy and precision were estimated 
through recovery experiments (n = 3). The accuracy was expressed in the percentage of calculated recovery of the 
fortified sample. Acceptable mean recoveries are 70–120%, with relative standard deviation (RSD) ≤ 20%, for all 
compounds within the scope of a method [29, 30]. The limit of detection (LOD) and limit of quantification (LOQ) 
were estimated based on the signal of the background noise [27]. The level of noise was measured from the chro-
matograms of the lowest standard at a concentration of 0.05 µg/g. The LOD was calculated as three times the level 
of noise, and the LOQ was equal to ten times the noise level [13]. The LOD of λ-cyhalothrin was 0.002 µg/g and the 
LOQ was 0.02 µg/g.

The recovery of λ-cyhalothrin spiked at different concentrations is shown in Table 3. The recoveries of λ-cyhalothrin 
in Semongok mineral soil at 0.05, 0.1, 0.5 and 1.0 µg/g ranged from 81.4–95.0% with RSD of less than or equal to 
11%. While the recoveries of 81.3–86.5% were obtained for λ-cyhalothrin from Sg. Bidut peat soil at 0.05, 0.1, 0.5 
and 1.0 µg/g with RSD of less than 11% (Table S1). The results showed that the accuracy of the method in this study 
was within the acceptable recovery range which complied with the guideline on the pesticide residue analysis that 
requires an acceptable range of 70–120% and RSD of ≤ 20% [29, 30] (Fig. 1).

A similar finding was also reported by Chai et al. (2014) in a method development study on Py using similar soils, 
which were mineral and peat soils with recoveries of λ-cyhalothrin ranging from 87.5–111.7% with RSD of less than 3% 
[27]. Meanwhile, for peat soil (carbon content of 45.3%), the recoveries of λ-cyhalothrin ranged from 89.5 to 101.5% 
with RSD of less than 4% were obtained. The recoveries of Py pesticides in mineral and peat soils were within the 
acceptable range and in agreement with the standard pesticide residue analysis guidelines [27]. Similar percentage 
recoveries of cyfluthrin were also reported within the acceptable range of 83–94% (RSD < 6) at 0.1 and 1.0 µg/g in 
three different mineral soils with low organic matter (0.55–1.65%) [11].

Table 2   Physiochemical 
properties of soils used in this 
study

−not found
a Soil pH determined in a 2:5 soil:water suspension
b Natural moisture content. Amount of water per mass of dry soil (gravimetric water content of field moist 
soil)
c Mass percentage of carbon determined by combustion
d Mass percentage of particle size distribution determined by sieving and sedimentation (clay < 2  µm, 
2 µm < silt < 20 µm, 20 µm < fine sand < 200 µm, 200 µm < coarse sand < 2000 µm)

Soil Semongok Sg. Bidut, Sibu

pHa 5.3 5.2
% moistureb 27.0 53.5
% carbonc 2.3 36.4
% clayd 23 –
% siltd 30 –
% sandd 47 –

Table 3   Recoveries of 
λ-cyhalothrin fortified at 
1.0, 0.5, 0.1 and 0.05 µg/g 
concentrations in mineral and 
peat soils

Soil Spiking levels (µg/g) % Recov-
ery ± RSD 
(n = 3)

Mineral (Semongok) 0.05 81.4 ± 5.9
0.1 85.6 ± 2.6
0.5 93.6 ± 5.4
1.0 95.0 ± 11.0

Peat (Sg. Bidut) 0.05 85.5 ± 10.9
0.1 82.3 ± 9.8
0.5 81.3 ± 0.6
1.0 86.5 ± 7.7
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3.3 � Degradation studies of λ‑cyhalothrin in soils

3.3.1 � Effect of soil carbon content on λ‑cyhalothrin degradation

Several studies have been reported on λ-cyhalothrin environmental fate and degradation patterns in soils with varying 
carbon contents [26, 31]. The influence of soil organic matter content on pesticide fate and behavior in soils has been 
widely reported. However, information on the behavior and fate of pesticides applied to cultivated organic soil, such as 
peat soil is scarcely available [32]. Organic carbon and clay are important components in soil that could contribute to the 
environmental fate of pesticides [32]. Carbon content measured for mineral soil was the lowest with only 2% (Table S2-
S5). The peat soil used in this study has a high carbon content which is 36%. The effect of soil carbon on the degrada-
tion of λ-cyhalothrin was studied in soils with varying carbon contents (low and high) under laboratory conditions. The 
degradation of λ-cyhalothrin in mineral and peat soil over time is illustrated in Fig. 2.

λ-Cyhalothrin exhibits an exponential degradation pattern in both soils (Fig. 3). Initial concentration on day 0 of 
λ-cyhalothrin in mineral (2% carbon) and peat (36% carbon) were 4.18 µg/g and 4.70 µg/g, respectively. On the 75 days, 
the concentration of λ-cyhalothrin decreased to 1.18 µg/g in mineral soil with 2% of carbon content and 2.41 µg/g in 
peat soil with 36% of carbon content, respectively (Figure S2).

The mineral soil with low carbon content showed a higher loss of λ-cyhalothrin compared to peat soil that contains 
higher organic carbon. This is because λ-cyhalothrin is less absorbed to any soil surface of mineral soil which provides 
more available sites for λ-cyhalothrin to undergo degradation [33]. The rapid loss of λ-cyhalothrin in soil with only 2% 
carbon content was also attributed to microbial degradation, where λ-cyhalothrin was available more in soil for microbes 
to utilize [34]. The degradation rate of λ-cyhalothrin in soil was in the order of low > high carbon content. The degradation 
rate of Py including λ-cyhalothrin residue in organic soil is always lower than in mineral soil due to pesticide adsorption to 

Fig. 1   Recovery Study of 
λ-Cyhalothrin in Soils Mineral 
and Peat
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soil organic matter [32]. The hydrophobic characteristic of λ-cyhalothrin led to its high affinity towards peat soil [6] with 
high (36%) carbon contents. It was reported that the persistence of pesticides in surface horizons is higher in organic 
peat soil [32]. Additionally, pesticide residues stay longer in peat soil containing more than 40% carbon compared to 
mineral soil that contains a lower amount of organic matter [27].

The degradation of λ-cyhalothrin followed the first-order kinetics. The regression coefficient (r2) value obtained was 
higher than 0.95 and the degradation rate coefficient (k) ranged from 0.090 to 0.186 day−1 (Table 4) for the two soils. Deg-
radation of λ-cyhalothrin was observed to be faster in soil with low carbon content compared to the high carbon content. 
The half-lives significantly increased from low to high soil carbon content and varied from 3.7 to 7.7 days (Table 4). The 
rates of λ-cyhalothrin degradation were in order of low > high carbon content. That means peat soils with high carbon 
content are likely to contain more λ-cyhalothrin residue compared to mineral soil with low carbon content. A similar 
finding was also reported by Chai et al. (2014) where peat soil generally contains more pesticide residues as compared 
to mineral soil.

λ-Cyhalothrin persisted longer in soil with higher carbon content. Soil with the least carbon content showed a 1.8–2.1 
times faster degradation rate of λ-cyhalothrin. As the percentage of carbon content in soil increased, the degradation 
rate observed for λ-cyhalothrin decreased. This indicated that the soil carbon content could adsorb λ-cyhalothrin readily, 
thus inhibit the degradation of λ-cyhalothrin in soil [27].

3.3.2 � Effect of temperature on λ‑cyhalothrin degradation in mineral and peat soils

The effect of temperature on the degradation of λ-cyhalothrin in mineral and peat soils has also been investigated 
(Table S6-S12 & Figure S3, S4). λ-Cyhalothrin degraded exponentially with time in mineral and peat soils (Fig. 3A, B). For 
mineral soil, the concentration of λ-cyhalothrin was reduced consistently until day 105 with a comparable degradation 
rate of 3.57 µg/g followed by 3.42 µg/g and 3.69 µg/g at 15 °C, 25 °C and 35 °C, respectively in mineral soil. λ-Cyhalothrin 
has degraded in peat soil by 1.97 µg/g, and 3.34 µg/g at 15 °C, 25 °C and 35 °C, respectively.

The initial concentration of λ-cyhalothrin was reduced rapidly in mineral soil due to a higher number of active soil 
microorganisms that facilitate the breakdown of λ-cyhalothrin [35]. Evaluation of peat soil showed that the initial resi-
due loss of λ-cyhalothrin was comparable to mineral soil at 25 °C and 35 °C. Figure 3B showed rapid degradation of 
λ-cyhalothrin in peat soil at 25 and 35 °C. However, slower degradation was observed at 15 °C. Slower degradation 
degradation was observed at 15 °C. Generally, lower temperature leads to a slower degradation rate [36]. The high 
persistency of λ-cyhalothrin in peat soil at 15 °C may be due to the pesticide aging in the redistribution of chemicals 

Fig. 3   Degradation of 
λ-cyhalothrin in mineral soil 
(A) and peat soil (B) for tem-
perature effect study
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Table 4   Degradation rate coefficient (day−1), correlation coefficient (r2) and half-life (days) of λ-cyhalothrin with different soil carbon con-
tents

Soil Carbon content (%) r2 k (day−1) t1/2 (days)

Mineral (Semongok) 2.3 0.980 0.186 3.7
Peat (Sg. Bidut) 36.4 0.958 0.090 7.7
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whether from weaker to stronger adsorption sites or slow sequestration between λ-cyhalothrin and soil organic matter 
such as organic carbon [37].

At 25 °C, λ-cyhalothrin showed a lower amount of reduction compared to 15 °C and 35 °C in the mineral soil. This 
phenomenon could be due to the increasing amount of non-extractable residue of λ-cyhalothrin in the soil as the tem-
perature increased to 25 °C [36]. As the temperature increased further to 35 °C, the degradation became more rapid. There 
is a possibility that volatilization of λ-cyhalothrin occurred from the soil surface as a result of vapour pressure (> 10–6 mm 
Hg at 25 °C) increment with the increasing temperature [1, 7, 15].

In this study, the degradation of λ-cyhalothrin was faster in mineral soil compared to peat soil. The percentage of 
λ-cyhalothrin losses from mineral soil throughout 105 days was 76.8% (15 °C), 82.0% (25 °C), and 86.4 (35 °C). From this 
figure, it can be inferred that λ-cyhalothrin degradation in mineral soil was very pronounced at 35 °C. A similar observation 
was reported for the degradation of other pesticides such as acephate in the same mineral soil used in this study [13]. In 
contrast, the total loss of λ-cyhalothrin in peat soil until 105 days was less than in mineral soil. The amount of λ-cyhalothrin 
loss was 42.9%, 75.1% and 72.3% at 15 °C, 25 °C and 35 °C, respectively. The increasing temperature (25–35 °C) also 
contributed to the fast reduction of λ-cyhalothrin in peat soil (> 70%) [15]. From this study, it was observed that overall 
degradation rates were faster at higher temperatures (25–35 °C) for both soils. However, a slower rate was observed in 
peat soil probably due to the high carbon content which contributed to the strong adsorption and thus retention of 
pesticides causing the residue to persist longer in the soil [27].

3.3.3 � Half‑lives of λ‑cyhalothrin degradation in mineral and peat soils at different temperature

The reported half-life and dissipation time of most pesticides in the field were generally shorter in the tropics with higher 
surrounding temperatures compared to temperate regions with lower surrounding temperatures [8, 17]. This affirmed the 
findings from the current study where higher temperature resulted in faster degradation of λ-cyhalothrin in both mineral 
and peat soil. The degradation of λ-cyhalothrin in mineral soil was fitted into the first-order kinetics, with a regression 
coefficient (r2) of more than 0.93. The degradation rate coefficient (k) of λ-cyhalothrin ranged from 0.164 to 0.223 day−1. 
The half-lives obtained in mineral soil at 15 °C, 25 °C and 35 °C decreased from 4.2 to 2.8 days, respectively (Table 5). The 
differences in the half-lives were only 1.3–1.4 times higher at 15 °C compared to 25 °C and 35 °C.

Peat soil exhibits a similar degradation pattern to mineral soil and the degradation also fits the first-order kinetics, 
where the regression coefficient (r2) values were more than 0.84. The degradation rate coefficient (k) varied from 0.065 
to 0.140 day−1. Half-lives of λ-cyhalothrin in peat soil at 15 °C, 25 °C and 35 °C were 10.7, 5.0, and 5.8 days, respectively 
(Table 5). Peat soil had the longest half-life of λ-cyhalothrin at lower temperatures (15 °C). A similar study reported for 
other pesticides, florasulam in soil also showed slower degradation at lower temperatures (10–20 °C) [36]. It can be con-
cluded that degradation of λ-cyhalothrin in mineral and peat soils was faster at 25 and 35 °C compared to 15 °C. Overall 
half-lives of λ-cyhalothrin obtained for the soils were in the order of 15 °C > 25 °C > 35 °C. A similar finding was reported 
for the degradation of acephate with the highest reduction of concentration in tropical soils, which generally has higher 
temperature [13]. Increasing temperature accelerated the degradation rate of λ-cyhalothrin which resulted in its shorter 
half-life. Another similar study was also reported on the degradation of fenvalerate insecticide (Py) under laboratory 
conditions at 30–35 °C. It showed a significant reduction of half-lives with increasing temperature of 5 °C in peat, sandy 
clay and sandy clay loam soils [15]. The half-life of fenvalerate was also reported to be longer in peat soil compared to 
sandy clay and sandy clay loam soils. A shorter half-life of fenvalerate insecticide was obtained for the three soils as the 
temperature increased to 35 °C [15].

In this study, the half-life and degradation trend for λ-cyhalothrin in soils obtained at 15 °C was comparable to those 
pesticide studies reported for temperate climates [38]. The overall pesticide degradation is significantly faster in tropical 

Table 5   Degradation rate 
coefficient (k), correlation 
coefficient (r2) and half-
live (t1/2) of λ-cyhalothrin 
degradation at different 
temperatures in mineral and 
peat soils studied

Soil Temperature (°C) r2 k (day−1) t1/2 (days)

Mineral (Semongok) 15 0.951 0.164 4.2
25 0.967 0.207 3.3
35 0.938 0.223 2.8

Peat (Sg. Bidut) 15 0.905 0.065 10.7
25 0.883 0.140 5.0
35 0.848 0.120 5.8
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soils than in temperate soils due to different climatic conditions and soil physicochemical properties [15]. Moreover, 
higher temperatures under tropical climates could be more favorable conditions for the enhancement of pesticide 
degradation in soil [17].

3.3.4 � Effect of moisture level on λ‑cyhalothrin degradation in mineral and peat soils

The effects of soil properties and temperature on the degradation of λ-cyhalothrin in mineral and peat soils were further 
investigated by introducing different moisture levels. In this study, soil moisture level was adjusted to 20%, 40% and 60% 
of field capacity to simulate the conditions as in field condition. The degradation patterns of λ-cyhalothrin in mineral 
and peat soils were observed at three different soil moisture levels.

Figure 4A, B showed that λ-cyhalothrin degraded exponentially over time in mineral and peat soils. The initial residue of 
λ-cyhalothrin at day 0 in mineral soil was 4.18 µg/g, 4.48 µg/g and 4.57 µg/g at 20, 40 and 60% soil moisture, respectively. 
For peat soil, the initial residue was 4.45 µg/g, 4.71 µg/g and 4.76 µg/g at 20%, 40% and 60% soil moisture, respectively. 
The initial residue of λ-cyhalothrin in mineral soil decreased by 3.42 µg/g followed by 3.04 µg/g and 3.15 µg/g at 20, 
40 and 60% soil moisture, respectively (Table S13-S19). In contrast, λ-cyhalothrin residue decreased by 3.34 µg/g in the 
peat soil at soil moisture of 20% followed by 1.37 µg/g and 1.41 µg/g at soil moisture of 40 and 60%, respectively (Fig-
ure S5 and S6). Mineral and peat soils showed comparable degradation trends at 20% moisture level. However, as the 
moisture level increased from 40 to 60%, the degradation pattern observed was a little bit different for peat soil. At 20% 
soil moisture the degradation of λ-cyhalothrin was rapid in both mineral and peat soils. The amount of λ-cyhalothrin 
residue declined steadily at 40% and 60% moisture in mineral soil while in peat soil residue, the concentration declined 
at a very slow rate. The slower rate of λ-cyhalothrin degradation was observed in peat soil as the moisture increased. This 
phenomenon could be due to the flooded soil condition with soil moisture as high as 60% [13]. The flooded soil may 
cause the inactivation of soil microbial activities that could inhibit the breakdown reaction of λ-cyhalothrin in soil [14]. 
Soil moisture is an important factor in the soil environment affecting soil microbes’ activities in enhancing λ-cyhalothrin 
degradation in soils [8, 10].

The soil moisture and humidity in the peat soil are higher than in the mineral soil. Higher moisture content in peat soil 
may reduce the degradation rate of λ-cyhalothrin. This is due to the λ-cyhalothrin’s non-polar nature and hydrophobic 
properties, which make them susceptible to sequestration, a delayed sorption mechanism [37]. The mechanism may 
reduce bio-availability of λ-cyhalothrin thus inhibiting continuous degradation in soils [39, 40]. The degradation rate is 
directly correlated to soil properties and λ-cyhalothrin interaction with soil [31]. λ-Cyhalothrin has low water solubility 
(0.005 mg/L) (Table 1) and degrades faster in 20% moisture of soil mainly due to its hydrophobicity [41]. This hydrophobic 
property could uphold strong adsorption to soil particles and cause more formation of bound residue of λ-cyhalothrin 
in the soil.

λ-Cyhalothrin degrades rapidly in mineral soil. Overall λ-cyhalothrin residue loss in mineral soil at 20%, 40% and 60% 
of soil moisture were 82%, 67.9% and 68.9%, respectively. Similarly, at 20% soil moisture level, λ-cyhalothrin residue in 
peat soil decreased by 75.1%. However, at 40% and 60% soil moisture levels, only a minute amount of residue loss was 
observed. This accounted for only 29.1% and 32.2% of residue loss at 40% and 60% soil moisture level % respectively. 
From these observations, it can be inferred that in both minerals and peat soil, λ-cyhalothrin degradation occurs more 
rapidly at 20% soil moisture level compared to 40% and 60%. This showed that the degradation of λ-cyhalothrin in soils 

Fig. 4   Degradation of 
λ-cyhalothrin in mineral soil 
(A) and peat soil (B) for mois-
ture level
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was significantly affected by soil moisture levels. Differences in soil moisture also seem to have more impact on the 
degradation of pesticides than soil temperature, especially for the degradation of λ-cyhalothrin in peat soil [10]. A similar 
finding was reported on the effect of soil moisture of 30%, 60% and 90% on the herbicide, pendimethalin which showed 
higher persistency with increasing moisture levels in soils [38].

3.3.5 � Half‑lives of λ‑cyhalothrin degradation in mineral and peat soils at different moisture

The degradation of λ-cyhalothrin in soil with moisture of 20%, 40% and 60% followed the first-order kinetics. Mineral soil 
showed a good regression coefficient (r2) value of more than 0.95 and the degradation rate coefficients (k) varied from 
0.130–0.207 day−1. Meanwhile, the regression coefficient (r2) values of peat soil were higher than 0.81. The degradation 
rate coefficients (k) of λ-cyhalothrin were ranged from 0.035–0.139 day−1 (Table 6).

Half-lives of λ-cyhalothrin obtained in mineral soil at 20%, 40% and 60% moisture contents were slightly increased i.e., 
3.4, 5.3 and 4.7 days, respectively. This indicated that they were not greatly affected by different levels of soil moisture with 
a slight increase of 1.4–1.6 times. Conversely, the increase of half-lives obtained in peat soil were 5.0, 16.1, and 19.7 days 
at 20%, 40% and 60% moisture contents, respectively (Table 6). The fastest λ-cyhalothrin degradation was in the soil 
with the least moisture, while the slowest degradation was in the soil with higher moisture. As a result, the degradation 
of λ-cyhalothrin in mineral soil was comparable as it only increased by 1.6–1.4 times when the soil moisture increased. 
In contrast, the half-lives of λ-cyhalothrin increased 3.2–3.9 times higher in peat soil with increasing soil moisture. The 
overall rate of removal observed for λ-cyhalothrin residue in soils was in the order of 20% > 40% > 60%. Accumulation of 
λ-cyhalothrin residue in peat soil could cause longer persistence of λ-cyhalothrin due to strong adsorption by organic 
carbon [27, 42].

Moisture can be considered as a hydrolytic agent in soil [7]. The nature and properties of λ-cyhalothrin are highly 
hydrophobic and insoluble in water which is closely correlated to the effect of soil moisture [40]. The pesticide itself 
reacts in the soil depending on the soil’s physicochemical properties, soil characteristics and environmental parameters. 
λ-Cyhalothrin has higher octanol–water partitioning, Kow value of 7.0 (Table 1) compared to other synthetic Pys such 
as cypermethrin (6.6) and permethrin (6.1). The higher the Kow value of a pesticide, the more hydrophobic is its nature 
[32]. Thus, the hydrophobic pesticide easily binds to soil organic carbon because it is the only soil constituent with a 
hydrophobic character.

3.3.6 � Effect of application dosage on λ‑cyhalothrin degradation in mineral and peat soils

Although temperature and moisture in soils may have some impact on the degradation of λ-cyhalothrin, it is also impor-
tant to examine the amount of λ-cyhalothrin applied to the soil. This is owing to the possibility that significant contami-
nation on the site resulted from repeated applications at a greater rate and soil accumulation of pesticide residue [1, 
8]. The impact of large pesticide application dosages could endanger soil ecosystems and pose a high toxicity risk to 
nearby organisms [8]. Furthermore, there is a paucity of information regarding the repeated use of different pesticides 
in typical tropical soils.

In this work, the degradation of λ-cyhalothrin in different types of soils was assessed at 5 g/g and 25 g/g. Figure 5A, B 
showed that λ-cyhalothrin degraded exponentially with time in mineral and peat soils. The degradation of λ-cyhalothrin 
showed a steady decline in mineral soil with proximity of the amount reduced by 3.42 µg/g and 3.61 µg/g at 5 and 
25 µg/g, respectively (Table S20-S26). The initial concentration of λ-cyhalothrin was also observed in the peat soil and 
decreased by 3.34 µg/g and 2.34 µg/g at 5 and 25 µg/g, respectively (Figure S7 and S8).

Table 6   Degradation rate 
coefficient (k), correlation 
coefficient (r2) and half-life 
(days) of λ-cyhalothrin at 
different moisture levels in 
mineral and peat soils studied

Soil Moisture (%) r2 k (day−1) t1/2 (days)

Mineral (Semongok) 20 0.967 0.207 3.4
40 0.959 0.130 5.3
60 0.969 0.143 4.7

Peat (Sg. Bidut) 20 0.883 0.139 5.0
40 0.813 0.043 16.1
60 0.845 0.035 19.7
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At lower concentrations of λ-cyhalothrin (5 µg/g), mineral soil showed a faster-decreasing amount of residue for the 
entire degradation curve than peat soil. However, a five-fold increase in dosage (25 g/g) of λ-cyhalothrin had no impact 
on the rate of degradation in mineral soil [8]. When the soil is exposed to different levels of pesticide concentration, 
there will be an increasing growth of soil bacteria that are sensitive to high concentrations [34]. A lower concentration 
of λ-cyhalothrin applied on peat soil showed a faster degradation rate. The effect was more pronounced at low applica-
tion dosage (5 µg/g). At high application dosage (25 µg/g), soil microorganisms utilized λ-cyhalothrin at the same rate, 
although much slower, due to the high concentration level of λ-cyhalothrin in soil. Higher λ-cyhalothrin concentration 
levels needed a longer time to degrade in peat soil. These are correlated to the efficiency and adaptability of soil microbes 
to degrade λ-cyhalothrin after being exposed to the different application dosages with the ability to adapt the reaction 
with the chemicals [39]. A similar finding was also reported on fipronil where a higher concentration applied on fresh 
soil could affect the soil microorganism’s activity resulting in slower degradation [39].

The application dosage showed no significant difference in the λ-cyhalothrin degradation in mineral and peat soils. 
Although higher spiking levels of λ-cyhalothrin may be highly toxic to soil microorganisms in the soils, the sorption of 
λ-cyhalothrin to clays or organic matter content may not appear to influence the degradation [14]. Concentration lev-
els have little effect on the degradation rates of acephate and monocrotophos in tropical soils [13]. Reddy et al. (2013) 
reported that pyraclostrobin showed a proximity of the half-lives obtained for two different fortification levels which 
implied that fortification level did not influence the rate of dissipation of pyraclostrobin in soil [43]. λ-Cyhalothrin showed 
better degradation capability and availability in mineral soil than peat soil. This is attributable to the fact that the residue 
level was still high despite a 75.1% and 56.4% drop, respectively, at day 105. There was no significant difference between 
the soils and different application dosages. It can be summarized that the degradation of λ-cyhalothrin in mineral soil 
and peat soil were comparable for both application dosages.

3.3.7 � Half‑lives of λ‑cyhalothrin degradation in mineral and peat soils at different rates of application

There were only slight differences observed for λ-cyhalothrin’s half-lives in both soils at 5 µg/g and 25 µg/g application 
rates as previously mentioned. Degradation of λ-cyhalothrin fitted the first-order kinetics (Table S22) as well with regres-
sion coefficient (r2) > 0.87 while the rate coefficient (k) values varied in the range of 0.123–0.207 day−1 (Table 7).

The half-lives of λ-cyhalothrin obtained for mineral soil at 5 µg/g and 25 µg/g were 3.4 and 3.6 days, respectively. 
On the other hand, the half-lives of λ-cyhalothrin in peat soil obtained for both concentrations were slightly longer 
but comparable (Table 7). A higher amount of pesticide application on organic soils contributes to a slight delay in 
degradation rate due to the different soil properties in peat [32]. Therefore, no significant difference in λ-cyhalothrin 
half-life was observed in mineral and peat soils. The proximity of the half-lives observed for various pesticide application 

Fig. 5   Degradation of 
λ-cyhalothrin in mineral soil 
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Table 7   Degradation rate 
coefficient (k), correlation 
coefficient (r2) and half-life 
(days) of λ-cyhalothrin at 
different application rates in 
mineral and peat soils studied

Soil Concentration (µg/g) r2 k (day−1) t1/2 (days)

Mineral (Semongok) 5 0.967 0.207 3.4
25 0.872 0.147 3.6

Peat (Sg. Bidut) 5 0.883 0.139 5.0
25 0.883 0.123 5.6
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dosages showed that the larger pesticide treatment dosage (5 times) did not significantly impact the degradation rate 
of λ-cyhalothrin in soils. The possibility of soil matrix existing in the soils could also influence microbial degradation. Soil 
matrix promotes high sensitivity to chemical substances such as λ-cyhalothrin and rapid mineralization by soil microbes 
[39]. Similar studies also reported on the degradation of chlorpyrifos with only a slight increase of half-lives (1–2 times) 
[14]. While no significant differences of acephate’s half-lives in humid tropical soils applied at similar application rates [13]. 
However, the half-life of λ-cyhalothrin under laboratory conditions would likely have a significant difference compared to 
field studies. Photodegradation is limited under laboratory conditions. Photodegradation of pesticides on soil surfaces 
in field studies is a key factor for faster dissipation and degradation due to the formation of by-products to reduce the 
toxic effects of pesticides. In field studies, the shorter half-life reported for λ-cyhalothrin degradation in tropical soils 
without crops was 5 days [35, 44]. For the other Py, the half-life of cypermethrin in soil was 5.6–7.6 days.

4 � Conclusion

Factors such as soil carbon content, soil moisture level, surrounding temperature and application dosage that render the 
degradation of λ-cyhalothrin in mineral and peat soils were evaluated. From this study, soils having a lower percentage 
of organic carbon content (< 12%), low moisture level (≤ 20%) and kept under higher temperatures (≤ 35 °C) led to rapid 
degradation of λ-cyhalothrin. Degradation of λ-cyhalothrin was described by first-order kinetics in both mineral and peat 
soils for all factors tested. Half-lives of λ-cyhalothrin in mineral soil were shorter compared to peat soil. Soil with higher 
organic carbon content such as peat soil led to longer half-lives of λ-cyhalothrin. This was inferred that strong adsorption 
of λ-cyhalothrin onto soil organic matter hindered λ-cyhalothrin microbial degradation by limiting its bioavailability to 
soil microbes. λ-Cyhalothrin degradation in soils was accelerated at higher temperatures as the increasing temperature 
promotes higher microbial activity in the soils as well as other degradation processes. Higher soil moisture content 
decreased the degradation rate of λ-cyhalothrin in mineral and peat soils. The findings obtained from this laboratory 
incubation study are significant in providing knowledge and information to the farmers and the pesticide user on fac-
tors that may impact the degradation rate of a pesticide, especially λ-cyhalothrin in mineral and peat soils under humid 
tropical and temperate countries. Thus, the issue of λ-cyhalothrin contamination in the environment can be avoided. 
These findings can also be used as input for GAP programs to lessen the risks to the environment and health caused 
by the excessive usage of λ-cyhalothrin. Although the degradation of pesticides studies have been done worldwide by 
many researchers, much work is still needed to fully understand the degradation pattern of specific pesticides and sur-
rounding factors and conditions that could inhibit their degradation following their application to soils. The application 
dosage of pesticides needs to be carefully considered, considering the specific pesticide type and soil characteristics, to 
minimize risks to the environment and human health.
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