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Atrazine is widely used as a herbicide to control annual broadleaf in 

agricultural area such as rice and sugarcane. It is considered as one of endocrine 

disrupting chemicals. Atrazine also affects liver, the central nervous system, immune 

system and cardiovascular function. The study area is sugarcane field in U-thong and 

Song Phi Nong district, Suphan Buri province. In this area, soil and groundwater 

samples were collected at eight different points distributed over the sugarcane area 

with different soil types. Batch adsorption experiment was carried out to evaluate the 

proper adsorption isotherm of each soil. Additionally, groundwater samples were 

analyzed for nitrate concentration. For the leaching potential assessment, AF/RF 

model was used because the model requires only basic parameters of the pesticide 

and soils. AF/RF model is tier-1 model using for defining pesticide leaching index 

for preliminary assessment in the area with the limited data availability. The result of 

batch sorption experiment indicated that soil samples were well fitted with Freundlich 

isotherm. Kf was found in the range of 0.284 to 0.822 L/Kg. Additionally, 1/n was 

reported in the ranged of 0.401 to 0.855. High nitrate concentration was also found 

in groundwater in the range of 3.25 to 71.11 mg/L. As a result from AF/RF model, 

most of the area was considered as high leaching potential for atrazine and nitrate in 

this study area. Moreover, there also were soil samples with low to moderate leaching 

potential due to the different soil types and sorption behaviors. The detected nitrate 

concentration conforms to the leaching potential of S1, S2, S4, S5 and S6. In the other 

words, the result of the leaching potential model showed 62.5% efficiency as a model 

performance.  
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CHAPTER 1  

Introduction 

1.1 Background 

In Thailand, groundwater is widely used for a number of purpose, including 

drinking water, agricultural, municipal and industrial supplies. It has been estimated 

that 50% is used for drinking water, 15% for agriculture, 10% for municipal supplies, 

20% for industrial supplies and 5% for other uses (Thapinta & Hudak, 2003). Pesticides 

are widely used in Thailand and have been detected in groundwater. The herbicide 

atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine), which is widely used to 

control annual broadleaf and grass weed mostly applied in corn and sugarcane field, 

was found as one of the most imported herbicides in Thailand (Panuwet et al., 2012).  

It has been found that 0.058-0.086 µg/L of atrazine was detected in water samples 

collected from Chao Praya river, which is located in the central Thailand (Kruawal et 

al., 2005). In Thailand, 1.89 µg/L of atrazine also has been found in groundwater wells 

in the central plain (Thapinta & Hudak, 2003). This must be considered as health 

concern because atrazine is an endocrine disruptor in human (Lasserre et al., 2009). 

Monitoring and reduce atrazine leaching potential to groundwater would play an 

important role for protecting environment and human health.  

There is a number of plants which has a problem from weed or annual broadleaf, 

one of them is sugarcane. Sugarcane has been planted in the most area of Suphan Buri 

province. It requires atrazine for protecting itself from annual broadleaf with 480-640 

g/m2 as use rate (OCSB, 2016). It has been reported that atrazine is one of the most 

imported herbicides (Panuwet et al., 2012). Moreover, fertilizers is also used in the area 

for adding nutrients to the crops. Due to the intensive use of fertilizers for sugarcane or 

other crops, nitrate has been found in shallow well around the study area (DGR, 2009). 

The contamination indicates that leaching of other contaminant such as herbicide like 

atrazine can occur in the sugarcane area. Simulation models are the suitable tool for 

preventing groundwater contamination as they can predict pollution risk and enable the 

prevention of pollution. In case of studying for non-point source pollution, it is 

necessary to consider in the regional scale. To assess pesticides leaching to groundwater 
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in regional scale, the use of simulation model integrated with a geographical 

information system (GIS) is very effective (de Paz & Rubio, 2006). Basically, sorption 

behavior play an important role in leaching potential of pesticide to groundwater. It has 

been reported that the lower sorption coefficient, the higher leaching potential (Chorom 

& Shrifi, 2010; Yao et al., 2012).      

There are several studies using simple models or indexes, for example Leaching 

index (de Paz & Rubio, 2006) and GUS (Groundwater Ubiquity Score) (Gustafson, 

1989) to assess pesticide leaching in agricultural areas. One of the useful model for this 

regard is the AF/RF model, which is the tier 1 model based on the attenuation factor 

(AF) approach (Li et al., 1998). This model has been used combined with a GIS to 

study the leaching potential of pesticides in regional scale (Hall et al., 2015; Ki & Ray, 

2015; Ki et al., 2015), but has not been used to evaluate atrazine leaching potential in 

sugarcane area located in Thailand especially in Suphan Buri province. 

1.2 Objectives 

1.2.1 To characterize the sorption behavior of atrazine on different soil types in the 

study area 

1.2.2 To assess the leaching potential of atrazine in the study area using the AF/RF 

model.  

1.2.3 To evaluate the performance of the AF/RF for being applied in the future 

leaching potential assessment work. 

1.3 Hypotheses 

1.3.1 Atrazine leaching potential may be mainly influenced by properties of soils 

such as organic carbon, CEC, soil pH, and soil types. 

1.3.2 Atrazine has high leaching potential and is considered to be a groundwater 

contaminant in this study area. 

1.3.3 The AF/RF model has efficiency to evaluate pesticides leaching potential in 

the study area and can be one of the usable model for leaching assessment. 
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1.4 Scopes of the Study 

1.4.1 The samples including soil and groundwater were collected from sugarcane 

field in Suphan Buri province, which is considered as the atrazine contaminated 

areas. 

1.4.2 Sorption coefficient was estimated by the batch equilibrium method. 

1.4.3 The AF/RF model was used to evaluate leaching potential of atrazine in the 

study area and Model performance for atrazine leaching potential was analyzed 

compared to atrazine contamination in the groundwater. 

1.5 Expected Outcomes 

1.5.1 Sorption coefficient and sorption isotherm of atrazine on different soils. 

1.5.2 Leaching potential map of atrazine in sugarcane field. 
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CHAPTER 2  

Theoretical Background and Literature Review 

2.1 Atrazine 

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is one of the mostly 

effective herbicides widely used for weed control in sugarcane, rice and other crops. It 

has been reported that the herbicide was detected in groundwater in the United States 

and Europe (Gely-Pernot et al., 2017; Toccalino et al., 2014), although atrazine was 

prohibited in the European Union in 2004 (Prado et al., 2014). In Thailand, atrazine 

was found as one of the most imported herbicides (Panuwet et al., 2012; Tawatsin, 

2015) as shown in table 2.1. It was found that 0.058-0.086 µg/L of the herbicide was 

detected in water samples collected from the Chaopraya River, located around 

Bangkok, Thailand (Kruawal et al., 2005). In addition, one study claimed that atrazine 

was found in groundwater well in Suphan Buri province, located in the central part of 

Thailand (1.89 µg/L as the highest concentration) (Thapinta & Hudak, 2003). 

Table 2. 1 Top ten imported pesticides by active ingredient (a.i.) into Thailand 

(Tawatsin, 2015) 
 

Rank 

Herbicides Insecticides Fungicides 

Name a.i. (Kg) Name a.i. (Kg) Name a.i. (Kg) 

1 

glyphosate 

isopropylammoniu

m  

         

27,994,297  chlorpyrifos  

           

1,193,302  mancozeb 

         

1,513,307  

2 paraquat dichloride  

         

13,823,092  

cartap 

hydrochloride 

              

663,197  carbendazim 

           

644,246  

3 2,4-D sodium salt  

           

6,361,633  carbaryl 

              

592,587  propineb 

           

548,961  

4 

2,4-D dimethyl 

ammonium  

           

6,121,701  cypermethrin 

              

504,931  captan 

           

472,197  

5 ametryn 

           

4,621,614  carbosulfan 

              

432,191  

copper 

hydroxide  

           

459,518  

6 atrazine 

           

4,284,683  isoprocarb 

              

382,785  propiconazole 

           

354,286  

7 butachlor 

           

2,368,861  dichlorvos 

              

320,994  

difenoconazol

e 

           

347,803  

8 diuron 

           

1,776,238  

chlorpyrifos+ 

cypermethrin  

              

263,009  

phosphonic 

acid 

           

245,669  

9 acetochlor 

           

1,164,241  fenobucarb 

              

215,289  

fosetyl-

aluminium  

           

233,929  

10 propanil 

             

987,142  profenofos 

              

189,467  metalaxyl 

           

152,848  
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2.1.1 Properties and functions of atrazine 

Atrazine has molecular weight of 215.7 g/mol and pKa of 1.68. It also has water 

solubility of 28 mg/L (Dousset et al., 1994) which is moderate water solubility 

showing possibility to disperse through groundwater. It is also considered as 

having highly mobility in soils, especially in soils with low clay or organic 

content (OC). It has been reported to have a high potential for groundwater 

contamination because it is not strongly absorbed to soil particles and has lengthy 

soil half-life (60-100 days) although it is only moderately soluble in water 

(USDASCS, 1990; USEPA, 1988).   

Originally, atrazine is prepared from cyanuric chloride, usually treated with 

ethylamine and isopropyl amine. Atrazine’s function, like other triazine 

herbicides, is binding to the plastoquinone- binding protein in photosystem II (PS 

II). This can kill plant from starving and oxidative damage due to breakdown in 

the electron transport process (Fernández-Naveira et al., 2016). 

 

 

 

 

 

Chemical name: 2-chloro-4-ethylamino-6-isopropylamino-s-triazine 

Molecular formula: C8H14ClN5 

Molecular weight: 215.7 g/mol 

Water solubility: 28 mg/L 

Half-life: 60-100 days 

Log Kow: 2.70 

pKa: 1.7 

Figure 2. 1 Chemical structure of atrazine (Zarpon et al., 2006) 
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2.1.2 Toxicity of atrazine 

It has been reported that atrazine is endocrine disrupting chemical (Geng et al., 

2013). Additionally, atrazine has been shown as a result in change or delay 

puberty in experimental animals (Laws et al., 2003; Stoker et al., 2002). The 

herbicide also affects liver by increasing serum lipids, liver enzymes and liver 

histopathology (Shirisha et al., 2013). Some studies found that atrazine affects 

the central nervous system, immune system and cardiovascular function (Shirisha 

et al., 2013).  

In case of the association between atrazine and cancer, there are several studies 

indicating no significant correlation. There is a study evaluating the correlation 

between the risk of breast cancer in women living in Wisconsin and the exposure 

of atrazine in well water (Mcelroy et al., 2007). The results indicate that there is 

no association between increasing of breast cancer and exposure of atrazine. 

Another study shows no significant association between atrazine exposure and 

lung, bladder, non-Hodgkin lymphoma, and prostate cancer among the 

participants of the Agricultural Health study (Rusiecki et al., 2004). Additionally, 

various toxic effects of atrazine are shown in figure 2.2 (Singh et al., 2017). 

 

 

 Figure 2. 2 Toxicity of atrazine (Singh et al., 2017) 
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2.1.3 Atrazine degradation 

In the environment, atrazine can degrade to give metabolite. It has been found 

that degradation of atrazine can be a physicochemical and biochemical 

process. More than 15 metabolites of atrazine have been identified. There are 

4 main metabolites including desethylatrazine, deisopropylatrazine, 

didealkylatrazine, and hydroxyatrazine. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 It has been reported that hydroxyatrazine is the most important 

degradation product which is absorbed in soil for longer time than other 

metabolites. Hydroxyatrazine is also the least mobile product of atrazine. In 

contrast, desethylatrazine and deisopropylatrazine are reported to be the most 

mobile metabolite of atrazine.  These metabolites are also have the same 

toxicity, greater water solubility and less soil interaction than atrazine which 

is a parent compound (Mudhoo & Garg, 2011). 

 

 

 

Figure 2. 3 Major degradation products of atrazine (Mudhoo & Garg, 

2011) 
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2.1.4 Sorption of atrazine in soil 

It has been reported that atrazine can accumulate in soil due to its low chemical 

reactivity, leading to groundwater vulnerability (Frank & Sirons, 1985). There 

are several factors affecting behavior of atrazine in environment, including 

sorption by soil components, sorption by plants, volatilization, biodegradation, 

transportation through runoff and leaching, and chemical degradation (Deng et 

al., 2010). One of the factors, soil sorption and desorption of herbicides can affect 

the fate of herbicides in soil environments (Lesan & Bhandari, 2003; Wu et al., 

2011). Several studies claimed that the sorption and desorption of herbicides 

related to soil characteristics, such as clay content, ionic strength, soil pH, soil 

organic matter contents (McGlamery & Slife, 1966; Seol & Lee, 2000; Ureña-

Amate et al., 2005; Weihong et al., 2009). Organic matter is frequently 

considered as the most important factor of sorption and desorption in soil, 

sediment and also solution (Lesan & Bhandari, 2003).  

2.2 Nitrate 

Nitrate (NO3
-) is a chemical compound with one part nitrogen and three parts 

oxygen. This common form of nitrogen is usually found in water. Generally, 

occurring concentrations of nitrate in groundwater are naturally less than 2 mg/L 

originated from natural sources such as decaying plant materials, atmospheric 

deposition, and inorganic fertilizers. Due to the intensive agricultural practices, 

nitrate contamination in groundwater has been concern in many countries 

(Putthividhya & Pipitsombat, 2015). 

The intensive application of nitrogen fertilizers is the main reason why 

groundwater is contaminated by nitrate around the world.  In Asia, the consumption 

of fertilizers is increased dramatically in the last 40 years (Tirado, 2007). It is 

reported that contamination of nitrate in surface water and groundwater is an 

international problem that requires response and scientific analysis due to its effect 

to human health (Fewtrell, 2004). In Thailand, nitrate has been found in surface 

water and shallow groundwater and has been reported in Suphanburi and 

Kanchanaburi province. Additionally, groundwater samples from agricultural area 
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in Chiangmai province in northern Thailand were contaminated by high 

concentration of nitrate (˃ 290 mg/L) (Putthividhya & Pipitsombat, 2015).  

In this study, nitrate was used in order to compare model performance with 

atrazine leaching assessment due to nitrate conservative in leaching to groundwater. 

Although some studies have not found the correlation between nitrate concentration 

and concentration of pesticide in groundwater, many studies have reported that the 

detection of pesticides in groundwater increases with increasing of nitrate 

concentration. The relations observed between nitrate and pesticide concentration 

in groundwater do not show a sufficient basis for using nitrate as a general indicator 

for detection of pesticide residues in the subsurface. While pesticide can be more 

frequently detected in groundwater with high concentration of nitrate in some areas. 

2.3 Sorption isotherm 

Several studies claimed that the sorption and desorption of herbicides related to 

soil characteristics, such as clay content, ionic strength, soil pH, soil organic matter 

contents (McGlamery & Slife, 1966; Seol & Lee, 2000; Ureña-Amate et al., 2005; 

Weihong et al., 2009). Organic matter is frequently considered as the most 

important factor of sorption and desorption in soil, sediment and also solution 

(Lesan & Bhandari, 2003). 

Generally, there are widely used types of sorption related to soil sorption and 

presented in the following: 

2.3.1 Kinetic sorption 

The sorption capacity can be defined using a mass equilibrium by the following 

equation: 

𝑄𝑒 =
(𝐶𝑖 − 𝐶𝑒)𝑉

𝑚
 

where Qe is concentration of the chemical on the solid particle (mg/g) at 

equilibrium, Ci is initial concentration of the chemical (mg/l), Ce is concentration 

of the chemical remaining in the solution at equilibrium (mg/l), and m is mass of 

soil (g). 
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2.3.1.1 The pseudo-first order 

         The pseudo-first order kinetic is given by the equation 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 

where qe and qt are the amounts adsorbed per unit mass at equilibrium 

(mg/g-1) and at any time t (min), respectively, and k1 is the pseudo-first-

order sorption rate constant (min-1). The values of k1 can be obtained from 

the slope of the linear plot of log (qe - qt) and t. 

2.3.1.2 The pseudo-second order 

The pseudo-second order kinetics is given by the equation 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒
 

where qe and qt are the amounts adsorbed per unit mass at equilibrium 

(mg/g) and at any time t (min), and k2 is the pseudo-second-order sorption 

rate constant (min-1). The plot of t/qt and t gives a straight line, which 

allows computation of qe and k2. 

2.3.2 Equilibrium sorption 

Equilibrium isotherms are mathematical models that used to explain the 

distribution of adsorbate species in solid and liquid phases (Shahmohammadi-

Kalalagh, 2011). Equilibrium isotherm models which is used to describe 

sorption behavior are Linear, Freundlich and Langmuir equations.   

2.3.2.1 Linear equation 

A Linear function is easy and wildly used sorption isotherm equation.  

𝑄𝑒 =  𝐾𝑑 ∙ 𝐶𝑒 

where Ce is solution equilibrium concentration (mg/l), Qe is the amount 

adsorbed chemical per mass of adsorbent (mg/g), and Kd is the linear 

isotherm or the distribution coefficient. 
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2.3.2.2 Freundlich equation 

Freundlich equation is the equation based on sorption on heterogeneous 

surface of each chemical (Freundlich, 1906). The equation is represented 

as follows 

𝑄𝑒 =  𝐾𝐹𝐶𝑒

1
𝑛 

 

This equation can be revised in linear form as  

log(𝑄𝑒) = log(𝐾𝐹) + 
1

𝑛
log (𝐶𝑒) 

where, Ce is solution equilibrium concentration (mg/l), Qe is the amount 

of adsorbed chemical per mass of adsorbent (mg/g), n is Freundlich 

equation exponent, and KF is the Freundlich constant.   

2.3.2.3 Langmuir Model 

Langmuir model is the equation describing the homogenous sorption 

with no interact between adsorbate and surface (Langmuir, 1918). The 

equation may be represented as 

𝑄𝑒 =  
𝑄𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

Langmuir equation can be expressed in linear form as 

𝐶𝑒

𝑄𝑒
=  

1

𝑄𝑚𝐾𝐿
+

𝐶𝑒

𝑄𝑚
 

where, Qe is the amount of adsorbed chemical on sorbent (mg/g), Ce is 

the concentration of chemical at equilibrium (mg/l), Qm is the maximum 

amount of adsorbed chemical per mass of sorbent (mg/g), KL is the 

Langmuir constant (L/mg). 
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2.4 Mathematical modeling 

Simulating pollutant transport in subsurface environment is useful to analyze 

the risk of contamination (Dusek et al., 2011; Šimůnek et al., 2008). Several models 

are able to evaluate leaching of contaminant in vadose zone such as MACRO, 

PRZM3, and HYDRUS (Holman et al., 2004; Vanclooster et al., 2000). The 

existing model are classified into three categories which are simple screening or tier 

1, medium complexity model or tier 2, and the most complex model. Data 

requirement is higher for complex model than the simple one, and more precision 

or better performance as well (Alavi et al., 2007). However, some site specific data 

is not available over large area which is required by some intermediate or complex 

model (Vanclooster et al., 2000). Because of this reason, tier 1 model is used for 

leaching assessment in the area which has limited data available or regional scale 

vulnerability assessment.  

Tier 1 model provide a point estimate of leaching assessment analyzed from a 

few properties (Hantush et al., 2000). There are some tools for assessing 

groundwater vulnerability of pesticides by different input parameters and 

algorithms. Several tools are provided in order to analyze leaching assessment of 

pesticides such as Screening Concentration In GROund Water (SCI-GROW) 

(Pereira et al., 2014), Windows Pesticide Screening Tool (WIN-PST) (Brown et al., 

2011). The results from these tools are different due to different assessment 

algorithms, assumptions, and data sets provided to derive them (Stackelberg et al., 

2012). One of the most developed model is the attenuation factor/ retardation factor 

(AF/RF) (de Paz & Rubio, 2006). This model has been implemented with 

Geographical Information System (GIS in order to study leaching potential of 

pesticide in a regional scale by several authors (Diaz-Diaz & Loague, 2000; Diaz-

Diaz et al., 1999; Shukla et al., 1998). 

Fate and transport of pesticide modeling is related to several sources of 

uncertainty (Dubus et al., 2003). Many study concluded that there are large 

variability related with attenuation factor from uncertainties in soil, climate and 

pesticide properties and also land use (Loague et al., 1996; Loague & Green, 1991). 

For accounting the uncertainties related to soil and pesticide properties, the 
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attenuation factor was revised and the concept of reference pesticide was introduced 

for conducting the leaching assessments for Hawaii islands (Li et al., 1998). In this 

study, the leaching potential of atrazine will be assessed by the AF/RF leaching 

evaluation tool, which is a tool based on the revised attenuation factor and has never 

been used in Thailand. 

2.4.1 AF/RF model 

The AF/RF model is a tier-1 model used to evaluate pesticides leaching 

potential and groundwater vulnerability (Hall et al., 2015). The purpose of 

developing this tool was to help making decision for the Hawaii Department of 

Agriculture. The tool, based on the attenuation factor approach (AF) (Li et al., 

1998), has been implemented in the ArcGIS program (Stenemo et al., 2007). AF 

can be defined by the equation: 

𝐴𝐹 = 𝑒
(
ln (2)∙𝑑∙𝑅𝐹∙𝜃𝐹𝐶

𝑞∙𝑡1/2
)
 

where d is the depth to groundwater (m), 𝜃𝐹𝐶  is the water content at field 

capacity, 𝑞 is the water flow or recharge through the soil (m/d), 𝑘 is a constant 

for ensuring AFR is greater than unity, and t1/2 is the half-life of each pesticide 

(d). The term RF, which is known as retardation factor, can be computed by the 

equation: 

𝑅𝐹 = 1 +
𝜌𝑏 ∙ 𝑓𝑜𝑐 ∙ 𝐾𝑜𝑐

𝜃𝐹𝐶
 

where 𝜌𝑏 is the soil bulk density (kg/m3), 𝑓𝑜𝑐 is the fractional organic carbon 

content, and Koc is the sorption coefficient (m3/kg). 

 To assess leaching potential of pesticide, AF value is classified into five 

classes following (de Paz & Rubio, 2006). 
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2.4.2 The GUS index 

The GUS index is used to assess the leaching potential of the pesticides using 

the sorption coefficient Koc and half-life (t1/2) of each chemicals (Gustafson, 

1989). A herbicide with GUS score more than 2.8 is considered as a “leacher”, 

while a herbicide with a value less than 1.8 is regarded as a “nonleacher” and 

those between 1.8 and 2.8 qualifies as a “transitional”. The GUS index can be 

determined by the following equation: 

𝐺𝑈𝑆 = log 𝑡1
2

(4 − log 𝐾𝑜𝑐) 
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CHAPTER 3  

Methodology 

3.1 The experimental framework 

There are two main parts in this study, consisting of soil and groundwater 

analysis and pesticide leaching risk modelling. Most of the parameters required for 

the leaching model are provided from soil analysis and sorption experiment. 

Moreover, detectable concentrations of atrazine and nitrate are used to compare to 

the result of the model. The overall experimental framework of the current study is 

shown in figure 3.1.  
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3.2 Study site description  

Table 3. 1 Data source for evaluating the study area 
 

Data Type Source 

Soil type Shapefile Land Development Department   

Land use Shapefile Land Development Department   

Nitrate Contamination Map Shapefile (DGR, 2009) 

 

The evaluation of atrazine leaching potential of this study was performed in 

sugarcane field located in U-thong and Song Phi Nong district, Suphan Buri 

province, Thailand, which is situated in tropical zone. Topography of the province 

is mainly mountainous area in the west and floodplain in the east. It has been 

reported that the average annual precipitation and average annual temperature are 

975.4 mm and 28.1ºC.  

Before collecting the samples, the data will be collected and processed in 

ArcGIS in order to select the suitable soil and groundwater sampling points. The 

sources of the data was indicated in table 3.1. As a result, there were many land 

utilization in the area, such as active paddy field, sugarcane field, and community. 

Especially sugarcane, it has been considered as intensively atrazine usage for 

controlling weed infestation. Seventy percent of the area is used for sugarcane 

plantation, 29% is paddy field. Additionally, there were three soil types mainly in 

the study area, which are Kamphaeng Saen series, Ayutthaya series, and Saraburi 

series. To consider the leaching risk of atrazine in the study area, soil and 

groundwater were collected from 8 different sampling points located around the 

area of sugarcane field. These sampling points were selected according to the study 

of Department of Groundwater Resources. They are a wide range of nitrate 

concentrations and well distributed over the sugarcane area. All 8 sampling points 

are shown in table 3.2 and figure 3.2. 

 

Figure 3. 1 Study framework 
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Table 3. 2 The locations of the groundwater and soil sampling points  
 

Sample ID Northing Easting Land use type 

S1,W1 1557809 590867 Sugarcane field 

S2,W2 1566568 588822 Sugarcane field 

S3,W3 1569407 596884 Sugarcane field 

S4,W4 1572767 604149 Sugarcane field 

S5,W5 1572299 602557 Sugarcane field 

S6,W6 1561794 597162 Sugarcane field 

S7,W7 1579243 594659 Sugarcane field 

S8,W8 1584274 588887 Sugarcane field 

 

 

 

 

 
Figure 3. 2 the map showing eight soil sampling points distributed 

over the study area  
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3.3 Groundwater samples collection  

In this study, groundwater samples were collected from 8 different points (same 

points as soil sampling points) located in U-thong and Song Phi Nong district, 

Suphan Buri province, Thailand. The sampling bailer with rope was dropped into 

shallow groundwater well until it was full. Then, the bailer was pulled from the well 

and poured in the bucket. Moreover, groundwater level was measured using water 

level meter. Rope of the meter was dropped into the well until it touched surface of 

the groundwater. The rope length means the depth of the groundwater well. For 

deep groundwater well, there was pumping system installed for groundwater 

consumption. Before collected, groundwater was pumped out for 15 minutes. 

The parameters measured on site were pH, oxidation reduction potential (ORP), 

dissolved oxygen (DO), electrical conductivity (EC), and temperature. Moreover, 

groundwater was collected for nitrate analysis. The samples for each points were 

stored on ice during transportation. 

3.4 Soil samples collection  

Soil samples were collected from 8 different points from sugarcane field in the 

study area based on soil type. The samples in this study were divided into two types 

which are bulk soil sampling and soil core sampling. 

3.4.1 Bulk soil sampling 

Each soil sampling points was collected under 15 cm depth from 5 

different spot around the considering sampling point. Each of sampling spot 

was approximately 10 m far from each other and then mixed the soil from five 

different spot together which was not lower than 1 kg for representing soil in 

the considering point. 

3.4.2 Soil core sample 

For this method, 15-cm-depth soil surface was firstly remove and then 

soil sample was collected using soil core with a total volume of 100 cm3 and 

duplicated. The core was hammered down for reserving all of soil formation. 
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3.5 Soil preparation  

After collecting soil samples, the samples were air-dried for one week and then 

passed through 2 mm sieve. Only soil particle ≤ 2 mm diameter was kept for further 

experiment as a result. 

3.6 Soil analysis 

3.6.1 Bulk density 

Soil bulk density was determined from soil core sample 

conducted at Department of Agriculture, Ministry of Agriculture and 

Cooperative. The samples with core were firstly measured and then used 

for determining hydraulic conductivity. Next, soil samples with cores 

were oven-dried at 105°C for one day. Then, weight of the dried soil 

core was measured and soil bulk density was calculated by equation 3.1. 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 𝑎𝑛𝑑 𝑐𝑜𝑟𝑒+𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑟𝑒

𝑆𝑜𝑖𝑙 𝑐𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
   (Eq. 3.1) 

3.6.2 Hydraulic conductivity 

The experiment that was used for determining hydraulic conductivity in 

this study was called falling head method conducted at Department of 

Agriculture, Ministry of Agriculture and Cooperative. Firstly, the soil cores 

were filled with water until they became saturated for 3 days. Then, soil 

samples with core were covered by tube and filled 10 cm height with 

deionized water from the top of the core and triplicated. Next, hydraulic 

conductivity for each soil samples was calculated by equation 3.2 

𝐾20 = 0.30122 × log (
ℎ1

ℎ2
) ×

𝜇𝑡

𝑡
× 36,000            (Eq. 3.2) 

where h1 and h2 are initial and final head of water indicated in tube (cm), 

µt is viscosity of water at the experimental temperature (mPa·s), and t is 

time during water head falling (hr). 

Moreover, water holding capacity (θFC) can be found by this method. 

θFC was calculated by equation 3.3. 

𝜃𝐹𝐶 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑜𝑖𝑙 𝑎𝑛𝑑 𝑐𝑜𝑟𝑒−𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 𝑎𝑛𝑑 𝑐𝑜𝑟𝑒

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙
     (Eq. 3.3) 
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3.6.3 Soil texture 

For soil texture determination, hydrometer method was used for 

particle analysis in order to receive proportion of sand, silt and clay of 

soil samples. 

Forty grams of a soil sample was prepared and sodium 

hexametaphosphate was used as a dispersant. Firstly, 40 grams of the 

soil sample was mixed with 250 ml of DI water and 100 ml of 

hexametaphosphate and then left for 12 hrs. Next, stirred the sample and 

then added it in 1000-ml cylinder. Deionized water was added until the 

volume is 1000 ml, then the cylinder will be shaken for 1 minute. 

Hydrometer was put into the cylinder and read at different time intervals 

(30 sec., 1 min., 1.5 hr., and 24 hrs.). In addition, a blank solution was 

prepared by adding 100 ml of hexametaphosphate in a cylinder and then 

DI water was added until the volume is 1000 ml. 

Calculation was done as follows: 

- Determined C as the concentration of soil in suspension in g/l by 

equation 3.4:  

𝐶 = 𝑅 ∙ 𝑅𝐿                                     (Eq. 3.4) 

where R is the hydrometer reading (g/l) and RL is the hydrometer reading 

of a blank solution (without soil). Note that R and RL will be taken at 

each time interval (30 sec., 1 min., 1.5 hr., and 24 hrs.) 

- Determined P as the cumulative percentage for the provided time 

interval by equation 3.5: 

𝑃 =
𝐶

𝐶0
× 100%                                 (Eq. 3.5) 

where C0 is a soil sample’s oven dry weight.  

- Determined X as the mean particle diameter in suspension (µm) at the 

time t (min) by equation 3.6 to 3.9: 
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𝑋 = ∅𝑡−1/2                                      (Eq. 3.6) 

with 

∅ = 1000 ∙ √𝐵𝐿                                    (Eq. 3.7) 

𝐵 =
30𝜂

𝑔(𝜌𝑠−𝜌)
                                          (Eq. 3.8) 

and 

𝐿 = −0.16416(𝑅) + 16.3                             (Eq. 3.9) 

where ø is parameter of sedimentation (µm), L is effective hydrometer 

depth (cm), 𝜂 is fluid viscosity in poise (g cm-1s-1), g is gravitational 

acceleration (cm2/s), ρs is density of soil particle (g/cm3), and ρ is 

density of solution (g/cm3).   

Then, plotted the percentage curve using hydrometer reading 

taken over time interval (30 s., 1 min., 1.5 hr., and 24 hrs.). The curve 

provides sand silt and clay percentage. 

- Clay fraction 

Estimated P2µm as cumulative percentage at 2µm from equation 

3.10 and 3.11: 

𝑃2𝜇𝑚 = 𝑚 ln (
2

𝑋24
) + 𝑃24                          (Eq. 3.10) 

𝑚 =
𝑃1.5−𝑃24

ln(
𝑋1.5
𝑋24

)
                                    (Eq. 3.11) 

where m is slope of the percentage curve between X at 1.5 hour and 24 

hours, X24 is mean particle diameter in suspension at 24 hours, P24 is 

cumulative percentage at 24 hours. 

- Sand fraction 

Calculated the 50 µm cumulative percentage using the same 

procedure as determining clay fraction, but using 30 sec. and 1 minute 

hydrometer reading. 
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- Silt fraction 

 Estimated the percent silt by equation 3.12: 

 

Silt percent = 100 - (% sand + % clay)               (Eq. 3.12) 

     = 100 – (P50µm + P2µm)  

3.6.4 Soil pH 

For determining soil pH, twenty grams of each soil was added into 60-

ml PE bottle with 20 ml of distilled water (1:1 w/w). Then, the sample was 

stirred regularly for 30 minutes and left for 30 minutes until soil was 

settled. Next, soil pH was determined by measuring pH of water above the 

soil (LDD, 2010). 

3.6.5 Soil organic matter 

Soil samples were analyzed following Walkley and Black (1934) 

for determining soil organic matter. Twenty ml of high concentration 

sulfuric acid and ten ml of 1 N of potassium dichromate (K2Cr2O7) were 

added into 1 g of soil samples. Then, fifty ml of deionized water was 

added in the solution after the soil solution was leaved for 30 minutes. 

Next, 5 drop of O-phenantholine was added and the solution was titrated 

with 0.5 N of ammonium iron (II) sulfate hexahydrate (Fe (NH4)2(SO4) 

· 6H2O; FAS). Then, the soil organic matter can be defined by equation 

3.13: 

𝑂𝑀 =
(𝐵−𝑆)×𝑁

𝐵×𝑊
× 6.717                         (Eq. 3.13) 

where B is the amount of FAS that used for blank titration (ml), 

S is the amount of FAS that used for sample titration (ml), N is K2Cr2O7 

concentration, and W is weight of soil sample. Additionally, organic 

matter content was converted into organic carbon content by equation 

3.14: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 (%) = 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑎𝑟𝑏𝑜𝑛 (%) × 1.72   (Eq. 3.14) 
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3.7 Adsorption experiment 

An atrazine adsorption ability was conducted using a batch procedure (L. Yue 

et al., 2017). Firstly, one gram of each soil samples from the study area was put into 

15-ml centrifugal tube with 10 ml of atrazine solution (in background solution of 

acetonitrile and 0.01 mol/l CaCl2 to maintain an ionic strength). Atrazine solution 

was added at initial concentration of 0.5, 1, 5, 10 and 20 mg/l. Then, all tubes were 

sealed and shaken for 24 hours. Next, the suspensions were centrifuged at 5000 

r/min for 5 minutes. A 2-ml supernatant was filtered through 0.45 µm pore size 

membrane and then was analyzed by HPLC. Each soil analysis was triplicated. 

Moreover, a blank (no soil) was prepared for each initial concentration. Atrazine 

loss through filtrating membrane was negligible. The amount of atrazine sorbed by 

soil can be calculated by equation 3.15: 

𝑄𝑒 =
(𝐶𝑖−𝐶𝑒)𝑉

𝑚
                                            (Eq. 3.15) 

where qe is amount of atrazine sorbed by soil (mg/g), Ci is initial atrazine 

concentration (mg/l), Ce is equilibrium atrazine concentration (mg/l), V is volume 

of the solution (l), and m is mass of soil (g). Then, Kd or distribution coefficient was 

defined by equation 3.16: 

𝑄𝑒 =  𝐾𝑑 ∙ 𝐶𝑒                                          (Eq. 3.16) 

Next, the distribution coefficient was normalize into Koc by equation 3.17: 

𝐾𝑑 = 𝐾𝑜𝑐 ∙ 𝑓𝑜𝑐                                         (Eq. 3.17) 

  where Koc is sorption coefficient, and foc is fractional organic content.  

3.8 Nitrate detection 

Firstly, the groundwater samples collected from 8 different points in the study 

area were acidified by H2SO4 for making pH of the samples lower than 2. Then, 

the concentration of nitrate (NO-
3) was measured using Ion Chromatography (IC) 

which has detection limit of 0.1 mg/l. 
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3.9 Leaching assessment modeling 

Leaching potential of atrazine in the study area was analyzed using the AF/RF 

model, which is the tool based on the revised attenuation factor. Half-life value of 

atrazine, which is an input parameter of the AF/RF, is estimated from the measured 

Koc values. Then, the model was implemented in ArcGIS. The leaching potential 

was classified as high, medium, moderate, low, and very low for this evaluation. 

Soil (i.e. θFC, ρb, and fOC) and recharge properties (i.e. q) were used in this 

assessment. In this study, the input parameters were provided by many sources 

shown in table 3.3.  

Table 3. 3 Data requirement for the AF/RF model 
 

Parameter Sources 

Kd Sorption experiment (Laboratory) 

foc Derived from organic matter content (Laboratory) 

d Groundwater elevation measurement (On site measurement) 

q Hydraulic conductivity experiment  (Laboratory) 

θFC Water holding capacity experiment (Laboratory) 

ρb Soil bulk density experiment (Laboratory)  
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CHAPTER 4  

Results and discussion 

4.1 Groundwater properties and groundwater flow 

 The properties of groundwater collected from eight different shallow wells with 

lower than 30 meter deep in the study area collected during 21st-22nd July 2018 are 

shown in table 4.1. 

According to the Table 4.1, pH of values of groundwater samples were in the 

range of 7.12-7.99 indicating weakly alkaline condition since sediments are mainly 

weathered from limestone ((DGR, 2009)). Moreover, the another reason is possibly 

due to the application of alkaline pesticides such as atrazine (pKa=1.7) 

(Hertfordshire, 2013) , and ametryn (pKa=10.07) (Hertfordshire, 2013) in this 

agricultural area. As a result, groundwater had chance to be affected by leaching of 

these pesticides. In addition, temperatures were in a range of 28.8°C -32°C showing 

relatively constant across all samples. Dissolved oxygen (DO) and oxidation-

reduction potential (ORP) measured on site by portable meter varied from 0.66-4.34 

mg/l and 154-252.9 mV, respectively. In general, with a deep groundwater level is 

absent of DO  (Rose & Long, 1988). However, some samples collected from 

shallow groundwater wells were found high DO values due to direct atmospheric 

oxygen diffusion. Moreover, groundwater with a pumping system affected DO 

values in groundwater (Bonte et al., 2017). The presence of DO in groundwater 

indicated that DO is the primary electron acceptor for oxidation of organic 

compounds in groundwater (Parker et al., 2012). Moreover, groundwater flow 

direction was derived from groundwater level measurement in this study area as 

shown in the Figure 4.1. In this study area, groundwater flows from the north and 

west (W1, W2, W3, W6, W7, and W8) to the east of the area (W4 and W5).   
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Figure 4.1 Groundwater flow direction from the groundwater level 

measurement during 21st-22nd July 2018 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 36 

 

Sample ID pH 
Depth to groundwater level Groundwater level DO ORP EC Temp 

(m) (m, asl) (mg/l) (mV) (µs/cm) (°C) 

W1 7.65 1.50 16.35 1.97 154.00 534.00 28.80 

W2 7.72 0.50 12.66 1.65 195.40 930.00 30.10 

W3 7.97 1.00 3.87 0.66 176.50 1078.00 32.00 

W4 7.99 1.30 -2.10 4.34 236.30 1485.00 30.20 

W5 7.12 0.65 6.42 1.63 235.10 1473.00 30.10 

W6 7.80 0.90 4.01 2.90 252.90 1214.00 30.30 

W7 7.23 2.50 12.25 1.96 236.00 834.00 29.90 

W8 7.75 0.50 27.69 2.03 250.90 956.00 30.20 

Average 7.65 1.11 10.15 2.14 217.14 1063.00 30.20 

SD 0.30 0.63 8.65 1.01 34.60 302.21 0.82 

Max. 7.99 2.50 27.69 4.34 252.90 1485.00 32.00 

Min. 7.12 0.50 -2.10 0.66 154.00 534.00 28.80 

  

4.2 Physico-chemical properties of soils 

The physico-chemical properties of soils (i.e., pH, electro conductivity (EC), 

organic matter (OM), cation exchange capacity (CEC) , and soil texture) of 8 

different soil samples collected from sugarcane field in the study area is indicated 

in Table 4.2. 

As a result from Table 4.2, pH values of each soil samples were 6.80-7.90, 

showing weakly alkaline condition. The result was almost the same as pH of 

groundwater samples collected in this area because of sediments from the weather 

limestone and the usage of alkaline pesticide in sugarcane field in the selected area. 

The organic matter of the soil samples was also shown in the Table 4.2 which was 

in the range from 1.07 to 2.62. Only two of samples (S5 and S6) indicated OM 

values which were higher than 2%. Moreover, CEC values of each samples were 

ranged from 9.06-18.53 cmol/kg, and EC values of each samples were from 0.03-

Table 4. 1 Groundwater level and on-site chemical properties of eight groundwater 

samples collected during 21st - 22nd July, 2018 
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0.309 dS/m. Furthermore, hydraulic conductivity values were in the range from 

0.003 to 1.147 m/d with an average of 0.247 m/day. The hydraulic conductivity 

values corresponds to the soil textures (Tarboton, 2003). Hydraulic conductivity of 

all soil samples was lower than 1 m/d, except S8 which has 1.147 m/d. There were 

4 types of soil found in the area, which were clay, clay loam, sandy clay loam, and 

loam (Table 4.2). According to the study of DGR (2009),  soil hydraulic conductivity 

depends upon the soil texture in the field. DGR (2009) reported that most of the study 

area was covered by loam and sandy loam soils. Moreover, there was also clay soil 

in the area as a result from the previous study. The result can be concluded that most 

of this area has low water holding capacity analyzed from soil texture. Additionally, 

bulk density of the samples varied from 1.461-1.701 g/cm3. Additionally, 

unreasonable value obtained from experiment may be an error from sampling, thus, 

the Neural Network Prediction (NNP) option available in HYDRUS-1D was used 

by assigning the values of bulk density as well as sand silt and clay percentage. 

 

 

 

 

 

 

 

Table 4. 2 Physio-chemical properties of eight soil samples 
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4.3 Batch adsorption experiment 

Soil samples collected from the study area were analyzed for the sorption 

behavior using batch adsorption experiments. The results are shown in the figures 

4.2-4.9.  

As a result, Figures 4.2 to 4.9 and Table 4.3, it has been found that most of the 

soil samples can be fitted well with Freundlich isotherm. According to the result, it 

was found that soil sample S6 has the highest adsorption isotherm (Kd = 0.301 L/kg, 

Kf = 0.822 m3/kg, and QM = 6.575 mg/g, indicating the highest sorption efficiency, 

This is because the soil sample S6 also had the highest %OM or organic matter 

(2.62%) which is considered as the factor influencing adsorption capacity of soil. 

G. Yue et al. (2013)  also found that OM was the significant factor for adsorption of 

atrazine in soil in China.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 2 The experimental data of soil S1 plotting with different 

sorption isotherms 
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Figure 4. 3 The experimental data of soil S2 plotting with different 

sorption isotherms 

Figure 4. 4 The experimental data of soil S3 plotting with different 

sorption isotherms 
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Figure 4. 5 The experimental data of soil S4 plotting with different 

sorption isotherms 

Figure 4. 6 The experimental data of soil S5 plotting with different 

sorption isotherms 
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Figure 4. 7 The experimental data of soil S6 plotting with different 

sorption isotherms  
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Figure 4. 8 The experimental data of soil S7 plotting with different 

sorption isotherms 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9 The experimental data of soil S8 plotting with different 

sorption isotherms 
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Table 4. 3 Sorption isotherm parameters with root mean square error (RMSE) and 

coefficient of determination (r2) of soil samples 
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The isotherm results from Table 4.3 also were described by the root mean square 

error (RMSE) and coefficient of determination (r2) of adsorption behavior of each 

soil samples. As a result, Kf was suitable for determining Koc. Kf was used as Kd in 

the following equation  (Martins et al., 2018).   

𝐾𝑜𝑐 = 𝐾𝑓/𝑓𝑜𝑐 

According to the Kf value derived from the Freundlich isotherm, the average 

value of r2 and RMSE for 8 soils were approximately 0.954 and 0.175, respectively. 

Additionally, the result from Chi-square test also indicated that most of the soil 

samples was fitted well with Freundlich isotherm shown in Table 4.3. Only sample 

S6 and S7 had lower Chi-square values of Langmuir isotherm than those of 

Freundlich isotherm. 

The measured soil properties indicated that the parameters that had high value 

of relation to Kd were clay content and organic matter (OM) content. The previous 

study claimed that the soil organic matter content (OM) played an important role 

for atrazine adsorption in soil and sediment (G. Yue et al., 2013; L. Yue et al., 

2017). As a result, the soil with a high clay content expressed the high sorption 

coefficient. In contrast, loam and sandy clay loam soil was found to have low 

sorption coefficients due to low clay contents found in such soil samples (see Table 

4.2). 
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* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 

 

 

 

Table 4. 4 Correlation of physico-chemical parameters of soils and sorption 

parameters from the batch experiment  
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Correlation of each parameters was indicated in Table 4.4. It was found that 

sand content had a significant relationship with CEC and organic matter of soil at a 

significance level of 0.01 level. As a result, clay content also had a positive 

relationship with Kd and Kf values. The study of Khan (2016) found a positive 

relationship between the sorption coefficient and clay contents as well. 

Moreover, Kf from other studies indicated in Table 4.6 was in the range of 0.60 

to 3.90 L/Kg. The result of Kf from this study was partly in the range of that from 

other sources. Additionally, 1/n of this study was also in the ranged of that from 

other sources which is 0.60 to 2.08. 
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Table 4. 5 Sorption coefficient of atrazine in soil from other studies 
 

Soil Sand Silt Clay 
% 

OM 

% 

OC 
pH 

Kd 
(L/Kg) 

Koc 

(L/Kg) 

Kf 

(L/Kg) 
1/n Source 

1 6.00 23.60 70.40 n/a n/a n/a n/a n/a 2.60 0.85 

Martins 

et al., 

2018 

2 4.70 12.20 83.10 n/a n/a n/a n/a n/a 0.60 0.60 

3 12.60 43.40 43.90 n/a n/a n/a n/a n/a 3.90 0.80 

4 11.70 22.80 65.50 n/a n/a n/a n/a n/a 0.99 0.80 

5 4.70 39.20 56.10 n/a n/a n/a n/a n/a 3.30 0.86 

6 4.20 28.40 67.40 n/a n/a n/a n/a n/a 0.61 0.79 

7 67.00 30.00 3.00 n/a 0.97 8.40 2.98 n/a 3.02 2.08 

8 16.00 39.00 45.00 n/a 2.80 6.40 2.60 92.00 n/a n/a 

9 2.00 66.00 32.00 n/a 2.40 6.30 2.80 114.00 n/a n/a 

10 19.00 58.00 23.00 n/a 5.50 6.90 4.00 74.00 n/a n/a 

11 11.00 62.00 27.00 n/a 2.00 6.10 2.90 146.00 n/a n/a 

12 5.00 31.00 64.00 n/a 2.40 6.50 3.40 141.00 n/a n/a 

13 n/a n/a n/a 0.65 n/a 4.30 0.51 145.00 n/a n/a 

Olivier 

et al., 

2001 

 

Arantes 

et al., 

2011 

14 n/a n/a n/a 1.07 n/a 4.50 0.85 146.00 n/a n/a 

15 n/a n/a n/a 5.15 n/a 6.30 1.69 61.00 n/a n/a 

16 n/a n/a n/a 3.44 n/a 5.80 1.34 67.00 n/a n/a 

17 n/a n/a n/a 4.55 n/a 5.10 2.16 81.86 n/a n/a 

18 n/a n/a n/a 4.68 n/a 6.00 2.86 105.15 n/a n/a 

19 n/a n/a n/a 3.86 n/a 5.40 3.03 135.27 n/a n/a 

20 n/a n/a n/a n/a n/a n/a n/a 171.77 n/a n/a 

Weber 

et al., 

2000 

21 34.12 40.20 25.68 3.23 n/a 4.19 n/a n/a 2.09 0.64 

22 42.09 23.92 33.99 4.19 n/a 5.21 n/a n/a 1.86 0.58 

23 24.50 59.27 16.23 6.37 n/a 7.50 n/a n/a 2.45 0.68 
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4.4 Nitrate concentrations in groundwater 

Nitrate concentrations in groundwater was also analyzed in this study. The 

result was shown in Figure 4.10.  

 

 

The result was ranged from 3.250 – 71.110 mg/L with an average of 31.484 

mg/L. From figure 4.12, two of samples had nitrate concentration exceeding Thai 

standard which is 45 mg/L. One of them had the concentration over WHO safety 

limit which is 50 mg/L. It has been reported that farmers in the study area usually 

use urea fertilizer (46-0-0), ammonium sulfate fertilizer and also organic fertilizer 

in rice and sugarcane field (DGR, 2009). From Table 4.11, the result of measured 

nitrate in this study indicated the similar trend conform the detectable nitrate 

concentrations reported by Department of Groundwater Resources. 

Figure 4. 10 Nitrate concentration in groundwater samples 
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It has been reported that nitrate can be detected in the similar trend as pesticide 

concentrations found in groundwater table. It has been found this relation in several 

areas (Hallberg, 1997; Kross & Hallberg, 1990; Vonberg et al., 2014). The result 

also showed a contrast result of detected nitrate and detected atrazine concentrations 

in groundwater. In other words, some groundwater samples had high nitrate 

concentration but had low atrazine in groundwater. It has been found that most 

pesticides are slow during leaching due to adsorption of soil organic matter, while 

nitrate was a conservative solute and not react with soil (Hallberg, 1997). 

4.5 Leaching risk 

The result was derived from AF/RF model. For classifying the leaching 

potential of atrazine, the attenuation factor was divided into 5 classes: very low (0 

to 0.00001), low (0.00001 to 0.01), moderate (0.01 to 0.1), medium (0.1 to 0.25), 

and high (0.25 to 1) (de Paz & Rubio, 2006). It can be better presented in the form 

of map for large area evaluation. As a result, Figure 4.13 indicates leaching of 

atrazine in this study area. The leaching risk of atrazine is mostly high in the area 

due to their low adsorption capacity by soil (Koc) which was ranged from 0.017 to 

Figure 4. 11 Nitrate concentration in groundwater samples during 21st -22nd July 

2018 (this study) and 2009 (DGR, 2009) in the study area 
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0.121 m3/kg. The difference of this evaluation is caused by soil properties. It was 

found that most of soil with low water holding capacity and low organic matter 

content indicated high risk for applied atrazine. Moreover, soil which texture 

mostly was clay loam or loam also showed high leaching potential. In contrast, 

lower leaching potential was considered for soil with higher percentage of organic 

matter and water holding capacity.  

This leaching evaluation map can provide an overview for estimating the 

pollution potential. Generally, the AF index is used to identify the area with high 

potential of groundwater contamination from chemicals. From the result of this 

evaluation, the area of high AF index should be monitored first for limiting fund 

of groundwater well monitoring. Chemicals with such as atrazine which had high 

AF index in most of the area should be analyzed more intensively.  

Table 4. 6 GUS index of atrazine in soil samples 
 

Soil Soil type Koc (m
3/kg) GUS 

S1 Clay 17.27 4.99 

S2 Clay loam 121.15 3.46 

S3 Sandy clay loam 69.66 3.90 

S4 Loam 53.74 4.10 

S5 Loam 47.84 4.19 

S6 Clay 53.94 4.10 

S7 Clay loam 84.83 3.74 

S8 Clay 63.95 3.97 

 

GUS index from Table 4.6 also indicated high leaching risk of this 

herbicide. All soil samples indicated high potential of atrazine leaching to 

groundwater. The results of GUS index calculated from the parameters 

measured in this study were mostly in the ranged of GUS index from other 

sources (ranging from 3.20 to 4.10) as shown in Table 4.7.  
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However, the result of AF index, which considers other environmental 

factors, found that samples S1, S4 and S6 had low risk for leaching of 

atrazine. These three samples were found to have low hydraulic 

conductivity. This is the reason why they are low leaching potential. This 

parameter is one of the important parameters used to estimate the leaching 

potential by AF/RF model, but is not included for estimating of GUS index. 

Thus, in the case, AF/RF value could be applicable as a screening tool for 

groundwater monitoring and protection. . 

Table 4.7 GUS index of atrazine from other sources 
 

Koc  

(L/Kg) 
GUS Sources 

n/a 3.20 Hereford, 2013 

147 4.10 Murray, 2009 

n/a 4.06  

n/a 3.56 Lichtfouse, 2011 
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Figure 4. 12 Leaching potential map of atrazine 

Figure 4. 13 AF value for each soil 
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As seen in Figure 4.13, the AF value was ranged from 0.007 to 0.913 with an 

average of 0.309. It has been found that soil with high water holding capacity such 

as S1, and S4 indicated moderate attenuation factor value. S6 which has low organic 

matter also showed medium AF value. It has been reported that organic matter 

affected AF value. Bulk density was also reported with effect to AF value (de Paz 

& Rubio, 2006).  

 

 

Leaching potential of nitrate was also evaluated in this study area due to the 

usage of nitrogen fertilizer in the area.  

 

 

 

Figure 4. 14 Leaching potential map of nitrate 
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Figure 4. 15 Relation between AF value and foc of soil samples 

Figure 4. 16 Relation between AF value and bulk density of soil samples 
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In this study, organic carbon and bulk density were found to have effect to AF 

value. From Figure 4.15 and Figure 4.16, AF value was increased when foc was 

decreased. The soil with a high organic carbon generally has high sorption capacity, 

causing low leaching of pesticide from soil surface to groundwater; thus AF value 

was low. Moreover, the bulk density also had strong relationship with AF value in 

this study. It has also been reported that foc were found to have the most effect to 

the leaching potential analysis, using the Partial Rank Correlation Coefficient 

Analysis (PRCC) (D'Alessio et al., 2018).  

4.6 Comparison of concentration and values of AF 

For evaluating model performance, the result of the leaching model was 

compared with nitrate concentration in groundwater. As a result, from Figure 4.17, 

it was found that three (S2, S5, and S6) of six samples which had high AF values 

compared to other samples were contaminated by high concentration of nitrate. 

Moreover, sample (S4) with low AF values was contaminated by lower 

concentration of nitrate. However, the values of AF of samples S3, S7 and S8 

appeared to be not conformed to the nitrate concentrations since the other factors 

not concerning in this model, such as the horizontal hydraulic conductivity in 

aquifer. Moreover, the half-life value is one of the main factors, which use the 

average value from the previous study. However, the result can be concluded that 

this model could be used as a screening tool for evaluating the leaching potential 

of pesticide in the study area with 62.5% efficiency.  
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Chapter 5  

Conclusions and recommendations 

5.1 Conclusions 

In this study, soil and groundwater samples were collected in sugarcane field in 

U-thong and Song Phi Nong district, Suphan Buri province, Thailand. Soil samples 

collected in the area of study were identified by different adsorption isotherms. 

Adsorption behavior of most of the samples can be well explained by Freundlich 

isotherm. Nitrate in groundwater was also analyzed in this study. The result reported 

that groundwater with high nitrate concentration had the same trend to detected 

nitrate in this area reported by Department of Groundwater Resources.  

Leaching potential of atrazine and nitrate was also evaluated in this study. The 

result from leaching assessment by AF/RF model also reported that soil with low 

sorption coefficient was also found to have high leaching risk. Most of the leaching 

risk evaluation of nitrate was confirmed with nitrate detection in groundwater in the 

study site. This evaluation can also help risk management, groundwater resource 

planning and protection of health risks related to groundwater expose to pesticide 

contaminated groundwater.  
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5.2 Recommendations 

The limitation of AF/RF model is the factor that not used for evaluating the 

leaching of pesticide including seasonal effect or application periods. For result 

with more reliable, more complex model should be used to assess pesticide 

leaching in the area of study. The AF/RF model is only used for basic evaluation 

in wide area because this model requires only basic parameters of soil and pesticide 

properties. Moreover, there is bioactivity in soil. This activity is not included in the 

model, making the result overestimated. 

Pesticide half-life should be tested by the experiment. This study used half-life 

from other sources due to limitation of time. Moreover, infiltration rate should be 

tested for getting more reliable recharge rate than getting from soil core sample. 
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A-1 Raw data derived from the batch adsorption experiment  

Sample 
Initial conc. 

(mg/l) 

Ce 1 

(mg/l) 

Q1 

(mg/

g) 

Ce 2 

(mg/l) 

Q2 

(mg/

g) 

Ce 3 

(mg/l) 

Q3 

(mg/

g) 

%RS

D 

S1 0.5 0.48 0.08 0.49 0.05 0.48 0.10 0.97 

 1 0.90 0.51 0.89 0.57 0.88 0.62 1.32 

 5 4.75 1.27 4.73 1.37 4.76 1.22 0.31 

 10 9.60 1.98 9.54 2.28 9.82 0.92 1.48 

 20 19.18 4.08 19.12 4.39 19.81 0.93 1.97 

S2 0.5 0.38 0.59 0.40 0.50 0.37 0.66 4.17 

 1 0.88 0.59 0.89 0.57 0.88 0.61 0.52 

 5 4.60 2.02 4.66 1.68 4.51 2.46 1.71 

 10 9.52 2.38 9.53 2.34 9.53 2.37 0.04 

 20 19.30 3.51 19.17 4.14 19.27 3.63 0.35 

S3 0.5 0.43 0.33 0.43 0.34 0.44 0.32 0.57 

 1 0.89 0.53 0.88 0.59 0.89 0.56 0.77 

 5 4.84 0.82 4.82 0.90 4.82 0.88 0.17 

 10 9.79 1.06 9.74 1.32 9.74 1.29 0.29 

 20 19.65 1.77 19.66 1.70 19.66 1.72 0.04 

S4 0.5 0.44 0.28 0.44 0.28 0.44 0.29 0.08 

 1 0.89 0.54 0.89 0.56 0.88 0.58 0.53 

 5 4.86 0.68 4.80 1.00 4.76 1.20 1.09 

 10 9.74 1.31 9.73 1.37 9.79 1.03 0.37 

 20 19.69 1.55 19.37 3.17 19.67 1.66 0.93 

S5 0.5 0.41 0.43 0.42 0.41 0.42 0.42 0.61 

 1 0.86 0.71 0.83 0.87 0.89 0.55 3.73 

 5 4.72 1.39 4.70 1.50 4.73 1.35 0.32 

 10 9.69 1.55 9.70 1.49 9.72 1.42 0.14 

 20 19.41 2.97 19.50 2.50 19.46 2.68 0.24 

S6 0.5 0.43 0.35 0.42 0.40 0.42 0.39 1.20 

 1 0.84 0.81 0.82 0.88 0.84 0.80 1.04 

 5 4.36 3.18 4.39 3.04 4.39 3.07 0.33 

 10 9.42 2.90 9.42 2.92 9.40 2.98 0.09 

 20 18.96 5.21 18.98 5.12 18.93 5.33 0.11 

S7 0.5 0.45 0.23 0.46 0.22 0.44 0.29 1.72 

 1 0.90 0.51 0.88 0.60 0.89 0.55 0.97 

 5 4.72 1.39 4.59 2.04 4.61 1.94 1.51 

 10 9.37 3.16 9.38 3.08 9.38 3.12 0.08 

 20 18.67 6.64 19.45 2.73 19.24 3.80 2.11 

S8 0.5 0.43 0.36 0.40 0.51 0.43 0.33 4.60 

 1 0.88 0.62 0.83 0.84 0.86 0.72 2.57 
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 5 4.60 2.01 4.58 2.09 4.51 2.43 0.97 

 10 9.50 2.51 9.52 2.38 9.54 2.28 0.25 

 20 18.99 5.04 18.93 5.35 18.90 5.48 0.24 

 

 

 

A-2 Standard curve for batch adsorption experiment 

 

 

 

A-3 Nitrate concentration detected in groundwater samples 

Sample 

 

Nitrate (mg/L)  
Mean 

 
SD Rep1 Rep2 

1 43.110 46.150 44.630 2.150 

2 68.190 74.030 71.110 4.130 

3 8.340 10.250 9.295 1.351 

4 31.030 33.110 32.070 1.471 

5 40.150 40.890 40.520 0.523 

6 46.190 45.220 45.705 0.686 

7 4.530 6.050 5.290 1.075 

8 2.390 4.110 3.250 1.216 

y = 412.4x - 53.78

R² = 0.9994
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A-4 Soil and groundwater sampling site located around sugarcane field, U-thong and 

Song Pee Nong district, Suphan Buri province 
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