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Carbofuran has been banned by the European Union in 1999, however, this insecticide continues 

to be widely used in Asia, Australia and South America, including Malaysia. The degradation 

of carbofuran under the effects of pH (4 - 7), moisture (30 - 70%) and temperature (30 – 70 ºC) 

were studied using response surface methodology. Sterilized soil was incubated according to 

the inscribed central composite design with a total of 24 experiments. The percentage of 

carbofuran loss was calculated and fitted according to linear, interaction and quadratic models. 

The model quality was measured based on the root mean square error (RMSE) and regression 

coefficient, R2. Linear model was the best model to describe the degradation of carbofuran with 

the lowest RMSE. All the three factors were found to correlate positively to the loss of 

carbofuran with pH demonstrating a significant effect (p < 0.05). This suggests that hydrolysis 

is the major pathway controlling the degradation of carbofuran. The model was experimentally 

verified revealing an error of 5.82%. 
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The quality and quantity of crops are governed by the 

cultivars used, advances in agricultural practices and 

applications of pesticides [1]. In the last 50 years, 

pesticides have been increasingly utilised to maintain 

the farming productivity [2]. This has led to environ- 

mental and health concerns. However, the use of 

pesticides has undeniably reduced pernicious 

diseases in crops and plants [3-4]. Carbofuran (2,3-

dihydro-2,2-dimethyl-benzofuranyl-N-methylcarbamate) 

is a pesticide commonly used in Malaysia. It is 

marketed under the trade name of Furadan, applied in 

granular form or as foliar spray [5]. Carbofuran is 

used to control rodents in rice fields and rhinoceros 

beetles in oil palm plantations [6-7]. 

 

The use of carbofuran has become an issue 

after several incidents of carbofuran detection in 

crops higher than the Maximum Residue Level 

(MRL). Carbofuran was banned by the European 

Union in 1991 due to its toxicity towards 

invertebrates and birds [8]. In 2004, a total of 187 

vultures and hyenas were killed after scavenging the 

bird carcasses containing carbofuran residue and its 

metabolites. In 2002 – 2011, a total of 316 cases of 

bird poisoning associated to carbofuran were 

reported by the Royal Society for Protection of 

Birds. In another field study, silica-based carbofuran 

granules were reported to be mistaken by birds as 

food [9]. Carbofuran is often misused on the account 

that it is easily available and cheap. Although 

carbofuran is banned in many parts of the world, it 

continues to be widely used in Asia, Australia and 

South America.  

 

The degradation of carbofuran could take 

place in plants, soil and water. Several studies 

showed that carbofuran can be dissipated through 

hydrolysis, oxidation, chlorination, photodegradation 

and biodegradation  [10].  Under   photodegradation,   

the free  radical  and  photon  energy  from  sunlight   

lead to cleavage of carbamate group, followed by 

opening of furan moiety to attain a substituted 

catechol that subsequently undergoes dehydration 

reaction to produce an alkene side group [11]. 

Carbofuran residue present in water, on the other 

hand, can be degraded during the water treatment 

process by the disinfection agents such as free 

chlorine and monochloramine [12]. Bacteria such as 

Pseudomonas, Flavobacterium, Achromobacter, 

Novosphingobium and Paracoccus were further 

found   to   be   capable    in    transforming carbo-

furan  into carbofuran-phenol  via   oxidative and 

hydrolysis conversion, with Sphingomonas sp. 

demonstrating the additional ability to  catabolise 

both carbofuran and carbofuran-phenol [13].  

 

It is widely established that the dissipation of 

pesticides is governed by pH, moisture, temperature
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and clay and organic matter content, as well as the 

presence of microorganisms [14-16]. The hydrolysis 

of carbofuran was found to be faster at pH 10 than at 

pH 7 where the half-lives were 1.2 hr and 864 hr, 

respectively [17]. A study done by Swarcewicz and 

Gregorczyk [18] stated that soil moisture affects the 

dissipation and adsorption of pesticides depending 

on the type of soil   and   pesticide used.  For polar 

pesticides, high soil water content would enhance 

dissipation through leaching [19]. Conversely for 

non-polar pesticides, the adsorption decreases with 

increasing moisture content; at  a  higher  moisture  

level,  water molecules tend to compete with 

pesticides for the adsorption sites on soil colloids 

[19-20]. The degradation of pesticides also depends 

on the microbial community involved where 

microbial activity has been found to be accelerated at 

35ºC [21-22].  Theadsorption and desorption   

behaviour of carbofuran is further controlled by soil 

organic matter and clay content. Soil high in organic 

matter and clay tend to slow down the movement of 

water, allowing adsorption of pesticides. High 

organic matter soil, richer in bacterial diversity and 

population, initiates break down of pesticides  

through microbial action [23-24]. Generally, in 

alkaline soil, base-catalysed hydrolysis is the major 

degradation pathway while microbial and chemical 

mechanisms predominate in acidic soil. Numerous 

studies have been done to evaluate the degradation 

behaviour of organochlorine and organophosphate 

pesticides, however, there are limited reports on the 

dissipation behaviour of carbofuran. 
 

The degradation behaviour of pesticides is 

traditionally evaluated based on the design of one- 

factor-at-a-time where the effect of a factor is 

examined by keeping the other factors constant. This 

classical approach does not demonstrate the 

combined effects of all factors and the experiment is 

designed based on a discrete set of factors where the 

optimum point can be easily missed [25]. To assess 

the degradation of carbofuran under simultaneous 

effects of pH, temperature and moisture content, 

response surface methodology (RSM) integrated with 

central composite design (CCD) was used. RSM is a 

more effective mathematical statistics method for 

establishing models, evaluating the relative 

significance variable and determining optimal 

conditions of desirable responses [26]. The findings 

of this study can be used to appraise the fate of 

carbofuran in the environment, predicting the 

degradation behaviour of the pesticide. 

 

MATERIALS AND METHODS 

 

Chemicals and Reagents 

 

Carbofuran standards were purchased from Dr. 

Ehrenstorfer GmbH (Augsburg, Germany). Stock 

solutions of carbofuran (500 mg/L, not validated) 

were prepared by dissolving appropriate amounts of 

standards in acetone. The stock solutions were 

diluted to standards of 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 

10 and 50 mg/L of carbofuran. Analytical and 

residue grades of acetonitrile, acetone, glacial acetic 

acid, sodium chloride and anhydrous magnesium 

sulphate were purchased from J.T. Baker, 

Philipsburg, USA. Florisil (2% deactivated) was 

used as a sorbent for the extraction. 

 
Central Composite Design 

 
The degradation of carbofuran in sterilized soil 

under the influence of pH, temperature and moisture 

content was evaluated using RSM with 

circumscribed CCD. The coded and uncoded levels 

of the factors are summarised in Table 1 and the 

experimental design is shown in Table 2 with a total 

of 24 experiments. The pH was adjusted with NaOH 

and HNO3 and the soil was wetted according to 

mass ratio. To attain pH 2, 4 and 7, 2-10 M of HNO3 

in the range of 0.2 – 3 mL was added, whilst for pH 

10 and 12, 1 M of NaOH in the range of 1.0 – 2.5 

mL was used. The final pH was determined using a 

pH meter. 

 
The laboratory incubation experiments were 

carried out according to [27]. Ten grams of dry soil 

was weighed into 50 mL glass vials and autoclaved 

for one hour at 121 ºC for sterilization. The sterilized 

soil was wetted according to the designated moisture, 

spiked with 100 μL of 500 mg/L carbofuran to attain 

a concentration of 5 mg/kg and incubated for 24 hr 

in triplicates. Carbofuran residue was then extracted 

and analysed using GC-MS/MS. Soil samples spiked 

with carbofuran were analysed to determine the 

concentration before incubation. 

 

 

Table 1. The coded and uncoded levels of pH, moisture and temperature. 

 

Factors  
Coded levels 

-1 0 1 

pH x1 4 7 10 

Moisture (%) x2 30 50 70 

Temperature (C) x3 30 50 70 
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Table 2. The circumscribed central composite design and the corresponding percentage of carbofuran. 

degradation 

 

Experiment number (n) 

Experiment design  

x1 x2 x3 

Percentage of 

carbofuran 

degradation 

1 -1 -1 -1 52.08 

2 -1 -1 1 72.55 

3 -1 1 -1 77.15 

4 -1 1 1 81.56 

5 1 -1 -1 84.03 

6 1 -1 1 83.43 

7 1 1 -1 80.49 

8 1 1 1 70.34 

9 -1.68 0 0 82.90 

10 1.68 0 0 87.11 

11 0 -1.68 0 50.97 

12 0 1.68 0 75.42 

13 0 0 -1.68 67.87 

14 0 0 1.68 97.80 

15 0 0 0 72.01 

16 0 0 0 87.11 

17 0 0 0 69.34 

18 0 0 0 65.66 

19 0 0 0 72.14 

20 0 0 0 71.34 

21 0 0 0 98.26 

22 0 0 0 98.13 

23 0 0 0 97.90 

24 0 0 0 92.25 

 

 

Sample Extraction 

 

Carbofuran was extracted from the soil samples 

according to modified QuEChERS method (Quick 

Easy Cheap Effective Rugged Safe) [0]. Ten grams of 

samples were weighed into test tubes and 20 mL of 

acidified acetonitrile (1% acetic acid) (J.T Baker, 

Philipsburg, USA) was added, shaken vigorously and 

vortexed for 1 min. The samples were then added with 

1.5 g of NaCl and 6.0 g of anhydrous MgSO4. The 
mixtures were further vortexed and centrifuged (2500 

g) for 1 min. Two millilitres of the supernatant was 

leached through a Pasteur pipette packed with 0.2 g of 

deactivated florisil for clean-up. The eluent was left to 

dry, added with 2 mL of acetone and transferred into 

a vial. The samples were analyzed in triplicates for 

carbofuran residue using GC-MS/MS. The 

concentration was reported in mg/kg fresh weight. 

 

Apparatus and Instrumentation 

 

An Agilent Model 7000 gas chromatography equipped 

with mass spectrometry (GC-MS/MS) was used to 

determine carbofuran residue present in the samples. 

A column HP-5MS 5% phenyl methyl Silox (30 m × 

0.25 μm × 0.25 μm) was used with helium and 

nitrogen as carrier gases at the flow rates of 2.250 

mL/min and 1.500 mL/min, respectively. The column 

temperature was maintained at 70 ºC for 2 mins and 

subsequently increased to 150 ºC at 25 ºC/min. The 

temperature was then increased to 200 ºC at 25 ºC/min 

and further to 280 ºC at 65 ºC/min. Temperature was 

held constant for 2 min. 

 

Response Surface Methodology (RSM) 
 

The percentage of carbofuran degradation was 

calculated according to the following formula: 

 

Percentage of degradation = 
Concentration after incubation

Concentration before incubation
×100% 
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The model was fitted according to linear, interaction and quadratic models with the root mean square 

error (RMSE) computed. Equations 1 – 3 show the linear, interaction and quadratic models, respectively.   

 

Linear  y = bo + b1x1 + b2x2 + b3x3   Equation 1 

Interaction  y = bo + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3  Equation 2 

Quadratic  y = bo + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3 + b11x1
2 + 

b22x2
2 + b33x3

2  

Equation 3 

where y = predicted degradation percentage; x1, x2 and x3 = coded factors; b = coefficients 
 

 

The fitness of the model was represented by 

the Root Mean Square Error (RMSE) and the 

regression coefficient (R2) and adjusted R2 values. 

The RMSE indicates the prediction performance; the 

smaller is the RMSE value, the better the model 

predicts the degradation of carbofuran. 

Correspondingly, R2 and adjusted R2 denote the 

model quality; values converging towards 1.0 

postulates a good agreement between the predicted 

and experimental values. Two dimensional response 

surface plots were used to evaluate the relationship 

of carbofuran and the soil conditions using Matlab 

2013b. 

 

𝑅2 = 1 −
∑ (𝑦 − �̂�)2𝐼

𝑖=1

∑ (𝑦 − �̅�)2𝐼
𝑖=1

 

Adj 𝑅2 = 1 −
(1 − 𝑅2)(𝑛 − 1)

𝑛 − 𝑃 − 1
 

RMSE = √
∑ (𝑦 − �̂�)2𝐼

𝑖=1

𝑛 − 𝑝
 

 

 

where 

n = number of experiments; 

p = number of predictors 
 

Method Validation  

 

Soil samples (n=3) were spiked with carbofuran to 

attain concentrations of 0.01, 0.1 and 1.0 mg/kg in 

triplicates. The samples were mixed and left for 15 

min before extraction and analysis with GC-MS/MS. 

The recovery performance was calculated as the 

percentage of experimental concentration over 

expected concentration. The blank samples were also 

analyzed and the limit of detection (LOD) was 

evaluated based on the lowest recoverable 

concentration. 

 

RESULTS AND DISCUSSION 

 

Carbofuran was eluted at 5.68 min with no 

undesirable interference and impurities; Figure 1 

shows the chromatogram of carbofuran at 1 mg/L. 

Carbofuran was satisfactorily recovered from soil 

spiked with 0.01, 0.1 and 1.0 mg/kg of carbofuran with 

recovery of 92.7%, 91.6% and 93%, respectively. The 

recovery performance is consistently more than 90% 

with the minimum detectable concentration 

established at 0.01 mg/kg (concentration less than 0.01 

mg/kg is unrecoverable). The blank extract from soil 

also did not exhibit any interference on the target 

compound. Farahani et al. [7] reported similar range 

of recovery in sandy clay and clay soil at 98.7%. 

 

 

Figure 1. Chromatogram of carbofuran at 1 mg/L. 
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The concentration of carbofuran attained 

before the incubation was 4.99 mg/kg. The 

percentage of carbofuran degradation corresponding 

to the experimental conditions is tabulated in Table 

2. The response was fitted according to linear, 

interaction and quadratic models. The lowest RMSE 

was attained using the linear model with a value of 

10.12 compared to the interaction and quadratic 

models at 10.91 and 10.46, respectively. 

 

linear, interaction and quadratic models.  
 

The results suggest that the degradation is 

more appropriately described with the linear model 

with pH, temperature and moisture content imposing 

positive effects on carbofuran degradation. Figure 2 

illustrates the response surface plots of pH, 

temperature and organic matter on the degradation of 

carbofuran.  The predictive model was verified  

 

Linear model 

y = 78.66 + 11.60x₁ +2.26 x₂ + 2.02x₃ 

 

Interaction model 

y = 78.66 + 11.60x₁ + 2.26x₂ + 2.02x₃ - 0.16x₁x₂ - 1.84x₁x₃ - 0.33x2x₃ 

 

Quadratic model 

y = 77.00 + 11.60x₁ + 2.26x₂ + 2.02x₃ - 0.16x₁x₂ - 1.84x₁x₃ - 0.33x2x₃ + 3.68x₁² - 3.28x₂² + 2.52x₃² 

 
The R2 values calculated for respective 

models were 0.489, 0.498 and 0.618 with the 

corresponding adjusted R2 of 0.412, 0.318 and 0.373, 

respectively. The R2 values tend to overestimate the 

model fit as the values increase with increasing 

number of predictors. Hence, adjusted R2 is 

recommended as it is not affected by the number of 

predictors  [25].  Table 3 summarizes the fitness of  

 

experimentally, setting the pH at 2, moisture at 14% 
and temperature at 40 ºC (coded level pH: -1.68; 
moisture: -1.80; temperature: 0.5). According to the 
model, the percentage of degradation at the afore-
mentioned conditions was anticipated at 56.11%. The 
experimental loss was recorded at 59.38%, exhibiting 
an error of 5.82%. This implies that the model 
predicts the degradation of carbofuran with 
reasonable accuracy. 

  

Table 3. The fitness of linear, interaction and quadratic models. 

 

Model RMSE R2 Adjusted R2 p-value 

Linear 10.12 0.489 0.412 p < 0.05 

Interaction 10.91 0.496 0.318 p < 0.05 

Quadratic 10.46 0.618 0.373 p > 0.05 

 

 

 
Figure 2. The response methodology plots of carbofuran degradation under the effects of pH, moisture and temperature.
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The results demonstrated rapid breakdown of 

carbofuran in more alkaline soil with 98% 

degradation at pH 12 and 68% at pH 2. Statistically, 

pH demonstrates a significant effect on the 

degradation of carbofuran (p < 0.05). The sorptive 

behaviour of pesticides on clay and organic surfaces 

is profoundly influenced by soil pH, which 

eventually affects the chemical speciation, mobility 

and bioavailability of pesticides [29]. The 

degradation of pesticides depends greatly on whether 

a compound is susceptible to alkaline or acid 

hydrolysis. Evidently, most pesticides are found to 

degenerate rapidly at a higher pH [30-33]. This 

observation leads to the inference that soils under 

liming effect may experience elevated degradation 

rate whilst naturally acidic peat soil will retain 

pesticides longer. 

 

Moisture is an important factor that governs 

pesticide dissipation in soil [34]. It was however 

found to exert no significant effect on the degradation 

of carbofuran (p > 0.05). The degradation percentage 

attained at different soil moisture regimes was 

comparable. Swarcewicz & Gregorczyk [35] stated 

that moisture affects the dissipation and adsorption 

of pesticides depending on the type of soil and 

pesticide used. For most pesticides, water acts as a 

hydrolytic agent that controls  hydrolytic  and  

photolytic  degradation  [34, 36]. Soil moisture also 

enhances biomass  activity [36]. A study on the 

effect of moisture towards sorption of carbofuran 

found lower residue concentration with decreasing 

moisture. The finding was associated with the 

inhibitory effects on carbofuran-degrading micro-

organisms [37]. 

 

The degradation of pesticides in soil is also 

found to be greatly  affected  by  temperature  [38-

39],  nonetheless  its  significance  is  not deduced in 

this study. The results obtained did demonstrate 

enhanced degradation when temperature was 

increased from 30 ºC to 70 ºC. Singh et al. [40] 

observed accelerated degradation of carbofuran at 

35 ºC compared to 25 ºC. Likewise, Mora et al. [41]  

corroborated  the findings revealing reduction in 

carbofuran concentration when temperature was 

altered from 30 ºC to 40 ºC. Typically, the degradation 

rate of pesticides is promoted at a higher 

temperature, which in most cases reflecting escalated 

microbial activity in soil [42-43]. In microbial 

degradation, the mechanism involves adsorption of 

pesticides by bacteria, followed by enzymatic 

reaction and decomposition into carbon dioxide and 

water. The process is profoundly affected by 

temperature and moisture where the increase in 

temperature would promote growth and reproduction 

of bacteria, boosting the degradation rate [44]. 

 

In this study, the effect of moisture and 

temperature were appraised without interference 

from microorganisms as the soil samples were 

sterilised before use. Besides, the factor of sunlight 

was not considered. Both photodegradation and 

microbial degradation are closely related to moisture 

and temperature. In the absence of both, the factors 

of temperature and moisture did not demonstrate 

significant effects on carbofuran degradation. 

 

CONCLUSION 

 

Overall, the linear model was the best model to 

describe the degradation of carbofuran. The model 

was verified experimentally with an error of 5.82%. 

pH, moisture and temperature were found to exert 

positive effects on the loss with pH demonstrating 

predominating effect. This indicated that hydrolysis 

is the major pathway involved in the experimental 

study of carbofuran degradation. The factors of 

temperature and moisture did not demonstrate any 

significant effects on the loss of carbofuran. The 

contribution of sunlight and the presence of 

microorganisms were evicted in this study, hence the 

occurrence of photodegradation and microbial 

degradation were controlled. Both processes are 

profoundly governed by moisture and temperature. 

In the absence of both pathways, temperature and 

moisture do not contribute to significant loss of 

carbofuran. 
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