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 Type of Analysis Minimum P25( g/L) P50( g/L) P75( g/L) P99( g/L) 

 

Pb 

Initial 1.57 10.71 19.65 27.10 32.19 

Model 0.95 18.17 36.65 57.86 264.97 

Monitoring  1.41 11.43 20.80 30.80 111.00 

 

Cu 

Initial 2.55 12.33 21.88 29.85 35.29 

Model 1.05 19.57 39.35 61.88 311.49 

Monitoring  4.62 14.80 36.70 85.73 751.00 

 Type of Analysis Minimum P25( g/L) P50( g/L) P75( g/L) P99( g/L) 

 

Pb 

Initial 0.12 0.11 0.13 2.08 3.17 

Model 0.09 0.10 0.10 0.39 7.21 

Monitoring  0.65 0.80 2.11 7.11 11.80 

 

Cu 

Initial 0.98 0.98 0.98 2.63 4.26 

Model 0.94 0.97 0.98 1.27 8.47 

Monitoring  0.58 6.63 11.10 23.18 40.60 
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Abstract
Most of agricultural areas in Tambon Hua Rua, Changwat Ubon Ratchatani have long 

been intensively applied fertilizer and pesticide in agricultural activities that may in turn 
impact negatively to the environment including human health. Results from the analysis of 
heavy metal and fertilizer from groundwater wells in the agricultural area found the amounts 
of Pb(II) and Cu(II) were greater than the standard of the Department of Pollution Control 
(PCD). So, this study focused on sorption and transport of such two heavy metals through 
shallow groundwater system. 
  This research divided into two parts. Firstly, the experiment was conducted to 
estimate the physical properties of the unsaturated soils, or soil water characteristic curve 
(SWCC), and batch experiments were performed in order to describe the sorption of Pb(II) 
and Cu(II). For batch experiments, loamy sand samples were carried out in 50 mL 
polypropylene tubes and were shaken at 180 rpm to homogenize and facilitate the reactions. 
The proportion of soil and water (g:mL) was 1:20 and were shaken for 48 hours at room 
temperature under the pH 4 (4±0.2). Batch experiments were well fitted by linear isotherm 
sorption. Secondly, the parameters obtained batch experiments and SWCC used as input 
parameters for simulating by Hydrus-1D to illustrate water flow and transport of  Pb(II) and 
Cu(II) through soil throughout a year. It showed that Cu(II) can move faster than Pb(II), 
which in lined with sorption properties of these metals. At 132 cm deep, average groundwater 
level, below ground surface, the amount of Pb(II) and Cu(II) contamination was 2.56x10-7 

mg/L and copper 2.50x10-4 mg/L for single system and was 3.77x10-7 and 3.89x10-4 mg/L for 
competitive system, respectively.  

Keywords: Freundlich isotherm, Competitive sorption, Hydrus-1D     



1. Introduction 

 Trace substances from anthropogenic activities, for example, industrial activities, 
mining areas, agricultural production and atmospheric deposition, has been released to 
environment (Kim et al., 2003). Thailand is an agricultural country so that the farmers has 
long used pesticides and fertilizers for several decades. The result from using pesticides and 
fertilizers may cause the heavy metal contamination.   People and animals may be then 
adversely affected by touching or drinking those polluted groundwater. One of the most 
agricultural areas, Tambon Hua Ruea, Ubon Ratchatani Province, has intensively applied 
pesticides and fertilizers in agricultural activities (Chotpantarat et al., 2011). Furthermore, the 
results from the analysis of heavy metal and fertilizer from groundwater wells the agricultural 
area found the amounts of Pb(II) and Cu(II) were greater than the standard of the Department 
of Pollution Control. Moreover, the pH of shallow groundwater measured in field revealed 
pH values around 3-4, acidic condition, that may accelerate the migration of heavy metals 
into groundwater system.  In order to propose the specific management practices managing 
nonpoint source and protecting groundwater resources, the long-term effect from such agro-
chemical would be derived. The mathematical models are the tool to describe the water flow 
and solute movement from ground surface into groundwater. Hydrus-1D is widely used to 
simulate solute transport in variable saturated flow system. However, there has been not yet 
clearly understood about heavy metals movement and also Hydrus-1D is suitable for chilly 
field.  Therefore, the objective of this study were: 1) to characterize the soil water 
characteristics curve of soil collected from Hua Ruea area and 2) to apply a numerical 
modeling to estimate the transport of Pb(II) and Cu(II) from soil surface through shallow 
groundwater system.  

2. Materials and methods

 In this study, triplicate cores of undisturbed soil samples of 2 locations from 0-30 cm 
depth below the ground surface and cores of disturbed soil samples of 12 locations were 
sampled in the vicinity of cultivated chili fields (Fig.1). This research divided into two parts. 
First, the experiment was conducted to describe the physical properties of the unsaturated 
soils and batch experiments were performed in order to describe the sorption properties of  
Pb(II) and Cu(II) under single metal and multi-metal systems. According to ASTM D 6836, 
the pressure chamber apparatus was applied to determine the relationship between soil 
moisture and water pressure in soil (SWCC) by using the van Genuchten equations (VG). By 
batch experiments, loamy sand samples with the proportion between soil and water (g:ml) 
1:20 were shaken for 48 hours at room temperature and controlled by the pH 4.  Results 
derived from batch experiments were well fitted by Freundlich isotherm and sorption 
coefficient (Kf and n) can be derived. As mentioned, the parameters obtained from the 
previous experiments applied as input parameters for simulating by the Hydrus 1D to further 
describe the transport of lead and copper in soil throughout a year. 



 

  Locations of disturbed samples
Locations of undisturbed samples 

Fig. 1 Location of 12 disturbed and 2 undisturbed soil sampling sites  
(in red and yellow marks, respectively)

3. Results and discussions 
3.1 Physical and chemical properties 
 The textures of such agricultural soils were classified as loamy sand (Table 1). pH 
measurement of soils revealed that all top soils are mildly acid.  

Table 1. Physical and chemical properties of soil in the study area

Site Soil texture Sand 

%

Silt 

%

Clay 

%

Hydraulic 
conductivity, Ks 

cm day-1

Organic 
matter 

%

CEC 

cmol kg-1

Bulk density 

g cm-1

Porosity 

cm3 cm-3

1-12 Loamy sand 77.0 15.0 8.0  11.73±4.57      1.06 2.3 1.56±0.06 0.43±0.06 

3.2 Soil Hydraulic Properties  

 By applying the RETC program to fit SWCC results and estimate unsaturated 
parameters, the VG model could explain the SWCC behavior superior than BC model (Fig.2).  

Fig.2 Soil water characteristic curve of soils explained by VG model 



3.3 Sorption-desorption of Pb (II) and Cu (II)  

 The linear relationship of Qs versus Ce reveals that the sorption isotherms for Cu(II) 
and Pb(II) fit well to the linear equation (Fig.3). The batch experiment was designed to derive 
sorption coefficient (Kd) value yielding 0.0004 L/kg for Cu(II) and 0.043 L/kg for Pb(II) 
(Appel et al., 2008; Chaturvedi et al., 2006, Covelo et al., 2007a, 2007b). The results of the 
desorption of the previously sorbed Cu(II) and Pb(II) show that the desorption coefficient 
value yielding 0.0003 L/kg for Cu(II) and 0.0008 L/kg for Pb(II).  
   

Fig.3 Adsorption-desorption isotherms for Cu(II) and Pb(II) by a chile soils 

3.4 Movement of Pb (II) and Cu (II) in variable saturated zone

The simulation results of Pb (II) and Cu (II) transport through loamy sand affected by the 
rainfall in March and July, 2009 as shown in Fig.4. The heavy metal concentrations were 
found to decrease with increasing depth from the ground surface both summer and rainy 
seasons, especially Pb.  The mobility of elements in soils depends on the infiltration of water 
into the soil domain and also its reaction with the soil and liquid phase could be taken into 
consideration.  The infiltration rate is influenced by the hydraulic conductivity (K), which is 
strongly related to soil texture and water content. So, the distribution of soil moisture content 
was affected the degree of water infiltration, based on the weather data in terms of 
precipitation. However, since the saturated hydraulic conductivity of sandy loam relative 
higher than the rainfall rate, the distribution of water content may not show a constant shape, 
but rather was lower at the soil surface and increase with depth. Therefore the sorption 



behavior would be more influence on metal migration than that of water content. As 
mentioned, the results of metal movement simulation of two scenarios both in summer and 
rainy seasons would not show significant different. At 132 cm deep, below ground surface, 
the amount of Pb and Cu contamination was 2.56x10-7 mg/L and 2.50x10-4 mg/L for single 
system, respectively, which is in lined with sorption mechanism from batch experiments.  

 
 

\

Fig.4 The simulated heavy metal concentrations at different depths below the soil surface in    
(a) March for Pb(II) (b) March for Cu(II) (c) July for Pb(II) (b) July for Cu(II)  

4. Conclusions 

The sorption coefficient of soils is quite important for assessing potential of transport of 
heavy metals from the ground surface to the subsurface environment, especially shallow 
groundwater system. HYDRUS-1D modeling showed that Pb (II) and Cu (II) transported 
through the topsoil with an approximate depth at 132 cm deep below ground surface, the 
amount of  Pb (II) and Cu (II) contamination was 2.56x10-7 mg/L and copper 2.50x10-4 mg/L, 
respectively.   
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CONFERENCE PROGRAM 
 
Tuesday 21 May 2013                                                                                                                

Room: Queen’s Park 1
 

07.30-09.00 
 
Registration   
 

 

09.00-09.30 Opening Ceremony 
 

Reporting address 
by Asst. Prof. Dr. Somporn Kamolsiripichaiporn  
     Director of Center of Excellence on Hazardous Substance Management, Conference Chair  
 

Welcome address 
 by Assoc. Prof. Dr. Boonsom Lerdhirunwong 
     Dean of Faculty of Engineering, Chulalongkorn University   
 

Opening address     
by Prof. Pirom Kamolratanakul, M.D. 
     President of Chulalongkorn University  

09.30-10.10 Keynote I: Convergence of Nanotechnology and Microbiology: Emerging 
Opportunities for Water Disinfection Integrated Urban Water Management, and 
Risk Assessment 
 

by Prof. Dr. Pedro J.J. Alvarez 
     Rice University, USA 

Room: Queen’s Park 1

Session A: Industrial Ecology / Life Cycle Analysis                                                                         
Chairs: Dr. Am Jang , Korea and Dr. Chanathip Pharino, Thailand 

10.30-11.00 Special Lecture I:  SCP Policy Options towards Green Economy with Eco-
Industrial Development Practices and Material Flow Accounting Tools 
 

by Prof. Dr. Anthony Chiu 
     De La Salle University, Philippines 
 

 

11.00-11.20 
O-A-01 

Greenhouse Gas Emission in the Production of Microemulsion-based Biofuel 
Noulkamol Arpornpong 
 

 

11.20-11.40 
O-A-02 

Environmental Impact Evaluating of CRT and LCD Computer Screens End of Life 
Management between Landfilling and Recycling Approaches 
Tatthap Veeratat 
 

 

11.40-12.00 
O-A-03 

Comparison of Environment Impacts for End-of-Life (EOL) Management of 
Smartphone 
Witthawin Sangprasert 
 

 

Room: Queen’s Park 4

Session B: Pollution Prevention / Waste Utilization 
Chairs:  Dr. Maria Fuerhacker, Austria and Dr. Patiparn Punyapalakul, Thailand 

10.30-10.50 
O-B-01 

Parametric and Kinetic Studies of Sodium Diclofenac Adsorption onto Activated 
Carbon Derived from Waste Rice Hulls 
Judilyn Q. Filipinas 
 

 

10.50-11.10 
O-B-02 

Adsorption of Diclofenac from Aqueous Solution Using Fe-Mn Binary Oxides: 
Parametric and Kinetic Study 
Benny Marie B. Ensano 
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11.10-11.30 
O-B-03 

Characterisation of Ten Organic Waste Biochars and their Use Potential for 
Contaminant Removal: A Feasibility Study 
Ajit K Sarmah 

 

Room: Queen’s Park 5

 Session G: Water and Wastewater Science and Engineering
Chairs:  Dr. Tjandra Setiadi, Indonesia and Dr. Benjaporn Suwannasilp, Thailand 

10.30-10.50 
O-G-01 

Development of Photo-Biohydrogen Process for Treatment of Starch Residue 
Supaknapar Rattanagumpol 
 

 

10.50-11.10 
O-G-02 

Potential and Reality of Bio-fermented Solution on Treating Polluted Water 
Sukanya Kaewruang 
 

 

11.10-11.30 
O-G-03 

The Response of Perturbation on Performance of Anaerobic Partial Mixed Reactor 
Treating High Strength Wastewater 
Amornrat Boonmee 
 

 

11.30-11.50 
O-G-04 

Current Production Increase by Biofilm and Nano-Pili Attached to the Electrode in 
the Microbial Fuel Cell 
Numfon Eaktasang 

 

 

Room: Queen’s Park 6

Session F: Remediation of Contaminated Soil and Groundwater
Chairs:  Dr. Say Kee Ong, USA and Dr. Pichet Chaiwiwatworakul, Thailand 

10.30-10.50 
O-F-01 

Assessing and Communicating the Sustainability of Land Remediation Options 
Daniel C.W. Tsang 
 

 

10.50-11.10 
O-F-02 

Modelling of Salt Intrusion under Heavy Rainfall Infiltration 
Nattachat Boonchukusol 

 

 

11.10-11.30 
O-F-03 

Electromagnetic Induction Heating of Polymer-Modified Nanoscale Zerovalent Iron 
(NZVI) Accelerates Remediation of Dense Non-aqueous Phase Liquid (DNAPL) 
Source Zone via Enhanced Dechlorination and NAPL Dissolution 
Tanapon Phenrat 
 

 

11.30-11.50 
O-C-01 

Using Multi-Criteria Evaluation (MCE) and Geographic Information System (GIS) 
for Assessing Flood Vulnerable Areas of Shrimp Farm in Chacheongsao Province 
Chaiyaporn  Seekao 

 

Room: Queen’s Park 1

13.00-14.15 Panel I: Green Economy Concept and Policies - Pathways to Sustainable 
Development? 
 

Moderator:  Prof. Dr. Thongchai Panswad 
 

 Perspectives on Green Economy 
Dr. Stefanos Fotiou, Senior Regional Coordinator, Resource Efficiency,                      
Regional Office for Asia and the Pacific, United Nations Environment Programme 

 Green Growth Strategy and Best Practices in South Korea 
Assoc. Prof. Dr. Heekwan Lee, Director, Incheon Regional Technology 
Development Center,  and Lecturer at School of Urban and Environmental 
Engineering, Incheon National University 

 Green Growth Strategy and Its Implementation in Thailand  
Dr. Wijarn Simachaya, Deputy Permanent Secretary, Ministry of Natural Resources 
and Environment 
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 Room: Queen’s Park 1

Session G: Water and Wastewater Science and Engineering 
Chairs: Dr. Eakalak Khan, USA and Dr. Patiparn Punyapalakul, Thailand 

14.30-15.00 Special Lecture II: Emerging Contaminants - How Can We Cope with this 
Challenge? 
 

by Prof. Dr. Maria Fuerhacker 
     University of Natural Resources and Applied Life Sciences, Austria 
 

 

15.00-15.20 
O-G-05 

Comparison of Sorption of Dissolved Phosphorus onto Various Surface Modified 
Activated Carbon (SMAC) for Advanced Phosphorus Removal 
Sangmin Lee 
 
 

 

15.20-15.40 
O-G-06 

Determination of Antibiotics (Tetracyclines And Sulfonamides) In Swine Wastewater 
By Liquid Chromatography-Tandem Mass Spectrometry 
Jirawan Deeraksa 
 

 

15.40-16.00 
O-G-07 

Influence of Biofilm Carrier on Ammonia Oxidation in a Moving Bed  
Biofilm Reactor  
Wannipha Dokbua 

 

Room: Queen’s Park 4

Session B: Pollution Prevention / Waste Utilization
Chairs:  Dr. Takashi Yamaguchi, Japan and Dr. Alisa Vangnai, Thailand 

14.30-15.00 
O-B-04 

Isolation and Characterization of an Alkaliphilic and Metal-tolerant Microorganism 
from A Landfill Site for Fly Ash Bioleaching 
Yen-Peng Ting 
 

 

15.00-15.20 
O-B-05 

Optimization of Sewage Sludge, Swine Waste, and Food Waste Co-Digestion 
Kim  Sang-Hyoun 

 

15.20-15.40 
O-B-06 

Biosurfactant Production from Glycerol Waste And Its Applications for Enhancing 
Solubilization, Dispersion, and Emulsification of Petroleum 
Ekawan Luepromchai 
 

 

15.40-16.00 
O-B-07 

Bioproduct from Shrimp Shell for Manipulating Soil borne Root Rot Fungi: Fusarium 
oxysporum, Rhizoctonia solani, and Sclerotium rofsii 
Bajaree Lolium 

 

Room: Queen’s Park 5

 
Session G: Water and Wastewater Science and Engineering
Chairs:  Dr. Marjorie Valix, Australia and Dr. Sumana Ratpukdi, Thailand 

14.30-15.00 
O-G-08 

Influence of Aeration and Hydraulic Retention Time to Membrane Bioreactor 
Performances in Treating High Nitrogen Wastewater 
Tjandra Setiadi 
 

 

15.00-15.20 
O-G-09 

Effect of Ammonia on Enrichment of Ammonia-Oxidizing Microorganism Inoculums 
for Ammonia Removal in Shrimp Ponds 
Thanasita Chodanon 
 

 

15.20-15.40 
O-G-10 

Effects of Nitrite on Kinetics of Nitrite Oxidizing Bacteria Inoculums for Nitrite 
Removal in Shrimp Ponds 
Wipasanee Tangkitjawisut 
 

 

15.40-16.00 
O-C-02 

Decentralized Composting of Institutional Wastes 
Ajay S. Kalamdhad 
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Room: Queen’s Park 6

Session I: Environmental Policy, Law and Economics
Chairs:  Dr. Say Kee Ong, USA and Dr. Chaiyaporn Puprasert, Thailand 

14.30-15.00 
O-H-01 

Study on the Characteristics of the Activity Data for General Vessels in the Maritime 
Sector 
Heekwan Lee 

 

 

15.00-15.20 
O-I-01 

Evaluation of Municipal Solid Waste Characteristics via Self-Appraisal Technique 
Amornchai Challcharoenwattana 

 

 

15.20-15.40 
O-I-02 

Avoidance of Greenhouse Gas Emissions By Passive Aeration of Landfill:  
Case study in Tropical Environment 
Komsilp Wangyao 
 

 

15.40-16.00 
O-I-03 

Investigation of Solid Waste Open Burning Activity in Thailand 
Saphawan Wattanakroek 

 

Room: Queen’s Park 1

Session J: Emerging Issues 
Chairs: Dr. Petros Gikas, Greece and Dr. Manaskorn Rachakarakij, Thailand 

16.00-16.20 
O-J-01 

Electronic Waste: an Insight from Saudi Arabia 
Zayed Ali Huneiti 
 

 

16.20-16.40 
O-J-02 

Assessment of E-Waste Management in Dhaka City: Issues and Strategies towards 
Sustainable Development 
Tanzim Alam 
 

 

16.40-17.00 
O-J-03 

Assessing the Potential of Acidithiobacillus thiooxidans in Bioleaching of Electronic 
Waste 
Marjorie Valix 

 

Room: Queen’s Park 4

Session J: Emerging Issues 
Chairs:  Dr. Pedro Alvarez, USA and Dr. Pisut Painmanakul, Thailand 

16.00-16.20 
O-J-04 

Kinetics and Copper Dissolution Behaviour from Copper-Rich E-Waste Using 
Acidophilic Bacteria 
Alex Cheung 
 

 

16.20-16.40 
O-J-05 

A Multimedia Data Mining System and Its Applications for Global Environmental 
Analysis 
Yasushi Kiyoki 
 

 

16.40-17.00 
O-J-06 

Material Flow Analysis of Municipal Solid Wastes in Bangkok: Case Study On-Nuch 
Transfer Station 
Saravanee Singtong 

 

Room: Queen’s Park 5

Session G: Water and Wastewater Science and Engineering
Chairs:  Dr. Takashi Yamaguchi, Japan and Dr. Sang-Min Lee, Korea 

16.00-16.20 
O-G-11 

Study of Bubble Hydrodynamic and Mixing Parameters from Induced Air Flotation 
(IAF) with Mixing Devices in Plastic Separation Process 
Pattarasiri Fagkaew 
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16.20-16.40 
O-G-12 

The Microbial Distribution in Fluidized Bed Reactor Under Various Operating 
Conditions  
Phatchariya Rungkitwatananukul 
 

 

16.40-17.00 
O-A-04 

Life Cycle Assessment of Vehicle Batteries 
Chuleekorn Sawettavong 

 

 
Room: the Terrace

17.00-18.00 MOU Signing Ceremony   

18.00-20.30 Conference Reception  

 
Wednesday 22 May 2013 

Room: Queen’s Park 1

09.00-10.20 
 

Panel II: Sustainable Consumption and Production Policy for Waste Management 
(co-hosted by United Nations Environment Programme) 
 

Moderator: Dr. Stefanos Fotiou, Regional Office for Asia and the Pacific, UNEP 
 

 Ms. Shalimar Vitan, Asia Pacific Coordinator for the Global Alliance of Incinerator 
Alternatives (GAIA), Philippines  

 Mr. Mohammad Helmy, vice Chair, Indonesia Solid Waste Association, Indonesia  
 Mr. Donovan Storey, Chief, Sustainable Urban Development Unit, UN-ESCAP, 

Thailand  
 Assoc. Prof. Dr. Alice Sharp, Head, Department of Common and Graduate Studies, 

Sirindhorn International Institute of Technology, Thammasat University 

Room: Queen’s Park 1

Session F: Remediation of Contaminated Soil and Groundwater 
Chairs:  Dr. David A. Sabatini, USA and Dr. Chakkaphan Sutthirat, Thailand 

10.40-11.10 Special Lecture III:  PAH Bioavailability Estimation Using Various Chemical 
Extraction Methods 
 

by  Prof. Dr. Say Kee Ong 
      Iowa State University,USA 
 

11.10-11.30 
O-F-04 

Effects of Different Rates of Boiler Ash, Filter Cake and Vinasse Amendments on the 
Fractionation of Cd And Zn in Cd Contaminated Soil 
Pensiri Akkajit 
 

11.30-11.50 
O-F-05 

Effect of Arbuscular Mycorrhiza Fungi on Heavy Metal Co-contamination in the 
rhizosphere of L. philippensis (Cham.) Benth. Growing in the Contaminated Sediment 
Kallaya  Suntornvongsagul 

11.50-12.10 
O-F-06 

Waste Treatment Using Vermifiltration 
Meena Khwairakpam 
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Room: Queen’s Park 4
Session G: Water and Wastewater Science and Engineering 
Chairs: Dr. Kim Sang-Hyoun, Korea and Dr. Tawan Limpiyakorn, Thailand 

10.40-11.00 
O-G-13 

Utility of Constructed Wetlands in Treating Domestic Wastewater in Indian 
Environmental Conditions 
Akhilendra  B. Gupta 
 

 

11.00-11.20 
O-G-14 

Ready-To-Use Serratia Sp. W4-01 Inoculum for Treatment of Lipid-Rich Wastewater 
and Its Potential Application in Petrol Station 
Onruthai Pinyakong 
 

 

11.20-11.40 
O-G-15 

Enhancement of Nitrate and Sulfate Removal Efficiency in Anaerobic Baffled 
Reactor (ABR) by Iron Addition 
Monchai Pumkaew 
 

 

11.40-12.10 
O-G-16 

Toxic Phenol-Production Wastewater Treatment by Fenton and Biological Processes 
Kamonreuthai Tudthiam 

 

Room: Queen’s Park 5

Session C: Sustainable Consumption and Production 
Chairs:  Dr. Chantra Tongcumpou, Thailand and Dr. Noppadon Kitana, Thailand 

10.40-11.00 
O-C-03 

An Ecologically Sustainable Aquaponic System : Lettuce and Puntius Carp 
Dhiti Cheochanvit 
 

 

11.00-11.20 
O-B-08 

 

Effect of Coir Pith and Modified Coir Pith as Soil Amendments in Arsenic Uptake in 
Rice Plants 
Suteera Arnamwong 
 

 

11.20-11.40 
O-F-07 

Effect of Nitrilotriacetic Acid (NTA) and Ethylenediaminetetraacetic Acid (EDTA) 
on Arsenic Uptake from Contaminated Soil by Mimosa Pudica L. 
Khamla Nanthavong 
 

 

Room: Queen’s Park 6

Session E: Eco-toxicity/ Environmental and Human Risk Assessment 
Chairs: Dr. Yen-Peng Ting, Singapore and Dr. Tassanee Prueksasit, Thailand 

10.40-11.00 
O-I-04 

Non-Combustion Technology for The Destruction of  Polychlorinated Biphenyls 
(Pcb) in The Philippines: An Evaluation of Its Affordability And Accessability for 
Government-Managed Electric Cooperatives  
Luisa P. Martinez 
 

 

11.00-11.20 
O-E-01 

Health risk assessment from rice and vegetables in the vicinity of abandon lead 
smelter, Bo-Ngam lead mine, Karnchanaburi, Thailand 
Teerawit Poopa 
 

 

11.20-11.40 
O-E-02 

Health Risk Assessment of Volatile Organic Compounds in Painting Process in the 
Automotive Industry 
Charanya Daengthongdee 
 

 

11.40-12.00 
O-E-03 

Distribution of BTEX from Incense Smoke and The Potential Health Risk for The 
Workers at Worship Places in Bangkok, Thailand 
Vee Maspat 

 

12.00-12.20 
O-J-07 

Investigation of Volatile Organic Compounds in the Cabin of a New Car : 
Concentrations and Effects of the In - Cabin Temperature and Car Age 
Thabthim Chatsuvan 
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Room: Queen’s Park 1

13.30-14.10 Keynote II: Green Industry Initiative for Sustainable ASEAN Economic 
Community 
 

by  Mr. Kan Trakulhoon 
      President and CEO of the Siam Cement Group

 

Room: Queen’s Park 1

Session F: Remediation of Contaminated Soil and Groundwater 
Chairs: Dr. David A. Sabatini, USA and Dr. Chantra  Tongcumpou, Thailand 

15.00-15.30 
 

Special Lecture IV:  Carbon Nanotube Enabled Environmental Remediation  
and Water Treatment 
 

by Prof. Dr. Somenath Mitra 
     New Jersey Institute of Technology,USA 

15.30-15.50 
O-F-08 

Application of Rotary Chip Disc for On-Site Heavy Metals Measurement 
Am Jang 
 

15.50-16.10 
O-F-09 

Decomposition of 4-Chlorocatechol Using the Immobilized Hydroxyquinol 1,2-
Dioxygenase onto Single-Walled Carbon Nanotubes 
Yanasinee Suma 
 

16.10-16.30 
O-F-10 

Optimizing N2 Selectivity using Nzvi-Based Trimetal for Nitrate Reduction 
Yingyote Lubphoo 

Room: Queen’s Park 4

Session B: Pollution Prevention / Waste Utilization 
Chairs: Dr. Yasushi Kiyoki, Japan and Dr. On-anong Larpparisudthi, Thailand 

15.00-15.20 
O-B-09 

Bioleaching Of Gold From Electronic Scrap Material Using Mutated 
Chromobacterium violaceum 
Yen-Peng Ting 
 

 

15.20-15.40 
O-B-10 

Effective Management of LiPF6 in Lithium ion Battery: Pollution control and 
Alternation Route to Preparation of Li2SiF6 
Bankole Oluwatosin Emmanuel 
 

 

15.40-16.00 
O-B-11 

Barium Recovery Using Fluidized-bed Crystallization Process 
Resmond L. Reano 
 

 

16.00-16.20 
O-B-12 

Comparison Study of Environmental Standards of Soil In East Asian Region In 
Relation to Utilization of Recycling Materials 
Rieko Kubota 

 

Room: Queen’s Park  5

Session G: Water and Wastewater Science and Engineering 
Chairs: Dr. Marjorie Valix, Australia and Dr. Chaiwat Rongsayamanont, Thailand 

15.00-15.20 
O-G-17 

UASB-DHS-A2SBR System without External Aeration for Removal of Organic 
matter, Nitrogen and Phosphorus in Domestic Wastewater 
Takashi Yamaguchi 
 

 

15.20-15.40 
O-G-18 

Optimization of Hydrogen Production from Tapioca Wastewater by Anaerobic Mixed 
Culture Using Central Composite Design 
Phatlapha Thanwised 
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15.40-16.00 
O-G-19 

Removal of Micro-Pollutants By Foulant Layer on Membrane Surface in Membrane 
Bioreactor Treating Municipal Landfill Leachate  
Samunya Sanguanpak 
 

 

16.00-16.20 
O-G-20 

Role of Attached Sludge on P-Nitrophenol Acclimatization in Combined Suspended-
Attached Growth System  
Niyapran Lertlaokul 

 

 
Room: Queen’s Park  6

Session G: Water and Wastewater Science and Engineering 
Chairs: Dr. Heekwan Lee, Korea and Dr. Pisut Painmanakul, Thailand 

15.00-15.20 
O-G-21 

 

Performance of Tiny Microbubbles Enhanced with Normal Cyclone Bubbles in 
Separation of Fine Oil-In-Water Emulsions 
Tsuyoshi Imai 
 

 

15.20-15.40 
O-G-22 

Wastewater Treatment Plants as Net Energy Production Factories 
Petros Gikas 
 

 

15.40-16.00 
O-G-23 

COD Reduction from TFT-LCD Wastewater by Adsorption Using Chitosan-Coated 
Bentonite: Optimization and Adsorption Studies 
Mayzonee V. Ligaray  
 

 

16.00-16.20 
O-G-24 

Phosphate Recovery from TFT-LCD Wastewater by Crystallization as Magnesium 
Phosphate in Fluidized Bed Reactor: Effect of pH and Mg:P Ratio 
Maria Lourdes Dalida 

 

 
Thursday 23 May 2013 

Room: Queen’s Park 3

Session G: Water and Wastewater Science and Engineering 
Chairs: Dr. Eakalak Khan, USA and Dr. Manaskorn Rachakarakij, Thailand 

09.00-09.30 Special Lecture V: Water Supply Sustainable Management of Tap Water 
 

 by Sompodh Sripoom 
      Managing Director of Thai Tap Water Supply PCL 
 

 

09.30-09.50 
O-J-08 

Confidence of Tap Water for Drinking Purpose in Bangkok Metropolitan and Its 
Vicinity after Flooding Crisis 
Sopa Chinwetkitvanich 
 

 

09.50-10.10 
O-G-25 

Development of Hybrid Process (Adsorption And Hydrocyclone) for the Treatment of 
Humic Acid Presence in Liquid Phase 
Lucksiga Kongvichen 
 

 

10.10-10.30 
O-G-26 

Study of In-line Coagulation and Flocculation Processes for Turbidity Removal: Floc 
Size Prediction 
Ratchanan Chamnanmor 

 

Room: Queen’s Park 4

Session D: Fate and Transport of Pollutants in the Environment 
Chairs: Dr. Somenath Mitra, USA and Dr. Noppadon Kitana, Thailand 

09.00-09.20 
O-D-01 

Dispersion of Arsenic  in  Environment of Gold Mine Area at Wangsaphung 
District, Loei Province, Thailand 
Wanpen Wirojanagud 
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09.20-09.40 
O-D-02 

 

Estimating Annual Cadmium Load via Surface Runoff  into Songkhla Lake, 
Thailand 
Kitipan Kitbamroong 
 

 

09.40-10.00 
O-D-03 

Influence of Electric Fields on the Stability of Titanium Dioxide and Zinc 
Natalia Monroy 
 

 

10.00-10.20 
O-D-04 

Sequential Fractionation of Heavy Metals In Agricultural Soils: A Case Study of 
Hua Rua Area, Ubon Ratchatani Province 
Tulaya Masipan 

 

Room: Queen’s Park 5

Session H: Air Quality Model and Technology 
Chairs: Dr. Prapat Pongkiatkul, Thailand and Dr. Tassanee Prueksasit, Thailand 

09.00-09.20 
O-H-02 

Study on The Impact of Breeze Pattern on Dispersion Characteristics of Air 
Pollution 
Heekwan Lee 
 

 

09.20-09.40 
O-H-03 

Photocatalytic Oxidation of Benzene, Toluene, Ethylbenzene and Xylenes (Btex) 
by Titanium Dioxide (TiO2) Cementitious Materials for Air Pollution Control 
Tanutcha Meechaiyo 
 

 

09.40-10.00 
O-H-04 

Height Variations and Characteristic Fluctuation of Roadside Fine Particulate 
Matter 
Chatkrita Ratanaphain 
 

 

10.00-10.20 
O-H-05 

Assessment of Indoor Air Pollution in a Hospital 
Chotikoon Bunditboondee 

 

Room: Queen’s Park 6

Session F: Remediation of Contaminated Soil and Groundwater 
Chairs: Dr. David A. Sabatini, USA and Dr. Alisa Vangnai, Thailand 

09.00-09.20 
O-F-11 

Microbial Diversity in a Volatile Organic Compounds (VOCs) - Contaminated 
Groundwater Site at Rayong 
Nipa Milintawisamai 
 

 

09.20-09.40 
O-F-12 

Characterization of Biosurfactants Produced by Bacillus Sp. GY19 and Potential 
Applications in Soil Washing 
Alice Rau 
 

 

09.40-10.00 
O-F-13 

Novosphingobium pentaromativorans PCY: the newly PAH-degrading inoculum for 
bioremediation of contaminated site 
Wanwasan Wongwongsee 
 

 

10.00-10.20 
O-F-14 

The Enhancement of Reductive Dechlorination of 234-Trichlorobiphenyl And 2345-
Tetrachlorobiphenyl by Using Halogenated Primers 
Wichidtra Sudjarid 

 

 
Room: Queen’s Park 3

Session C: Sustainable Consumption and Production 
Chairs: Dr. Maria Fuerhacker, Austria and Dr. Chantra  Tongcumpou, Thailand 

10.45-11.15 Special Lecture VI: Surfactant-Microemulsion-based Environmental 
Technologies: From Subsurface Remediation to Oilseed Extraction to Biodiesel 
 

by Prof. Dr. David A. Sabatini 
    University of Oklahoma, USA 
 

 



                EHSM 2013, Bangkok, Thailand  

26 
 

11.15-11.35 
O-C-04 

Effects of Manufacturing Variables on the Transesterification Reaction for Biodiesel 
Fuel 
Tsair-Wang Chung 
 

 

11.35-11.55 
O-C-05 

Vegetable oil-Based Reverse Micelle Microemulsion Biofuel Using Biodegradable 
Surfactants 
Chodchanok Attaphong 
 

 

11.55-12.15 
O-B-13 

Properties Improvement of Microemulsion Fuel from Ethanol-Jatropha Oil-Diesel by 
Surfactant Selection 
Akechai Sankumgon 

 

Room: Queen’s Park 4

Session J: Emerging Issues 
Chairs: Dr. Wanpen Wirojanagud, Thailand and Dr. Srilert Chotpantarat, Thailand 

10.45-11.05 
O-J-09 

Mechanistic Investigation of the Bioleaching of E-Wastes Using Acidophilic Bacteria 
and Fungi 
Marjorie Valix 
 

 

11.05-11.25 
O-J-10 

Emerging Issue in a Proper Recycling Technology for The Non-Metallic Portion 
Separated From Printed Circuit Board Scrap : A Case Study Of Recycling by Using 
Pyrolysis Process 
Songpol Boonsawat 
 

 

11.25-11.45 
O-I-05 

 

Investigation of the Biological and Medical Waste Management in Riyadh, Saudi 
Arabia 
Abdullah Alhadlaq  
 

 

11.45-12.05 
O-J-11 

Effect of Air Temperature Change on Electricity Demand of Urban and Suburban 
Areas of Ho Chi Minh City 
Tran Thi Thu Thao 

 

Room: Queen’s Park 5

Session G: Water and Wastewater Science and Engineering 
Chairs: Dr. Yasushi Kiyoki, Japan and Dr. Pichet Chaiwiwatworakul, Thailand 

10.45-11.05 
O-G-27 

Pareto Analysis for The Design Optimization of a River Monitoring Network with 
Multiple Objectives 
Huei-Tau Ouyang 
 

 

11.05-11.25 
O-G-28 

Impacts of Land Use Changes on River Runoff in Yom Basin During 1988-2009 
Using Swat Hydrologic Model 
Supattra Kitichuchairit 
 

 

11.25-11.45 
O-G-29 

Spatial-Temporal Variations of  Nitrate Concentration in Yom River 
Satika Boonkaewwan 

 

Room: Queen’s Park 6

Session E: Eco-toxicity/ Environmental and Human Risk Assessment 
Chairs: Dr. Benjaporn Suwannasilp, Thailand and Dr. Thunyalux Ratpukdi, Thailand 

10.45-11.05 
O-E-04 

Bioavailability of Heavy Metals from Root Vegetables by Using Digestive Tract Fluids 
Siti Najyan Said 

 

11.05-11.25 
O-E-05 

Contamination and Footprints of Chlopyrifos (Organophosphate Pesticide) on Rice-
Growing Farmers’ Body: A Case Study in Nakhon Nayok Province, Central Thailand 
Sattamat Lappharat 
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11.25-11.45 
O-E-06 

Effect of Ammonia Concentration on Ammonia-Oxidizing Microorganisms 
Population in Nitrifying Sludge  
Angkana Jantanaprasartporn 
 

 

11.45-12.05 
O-E-07 

The influence of PROPER Award Towards Products Innovation and Control of The 
Waste Disposal by Small and Medium Enterprises (SME) in Bandung 
Khairul Huda 
 

 

Room: Queen’s Park 3
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ABSTRACT 

Anthropogenic may cause to continuous release of heavy metals in agricultural soils. In few decades, 
there has long been used agrochemical, i.e. fertilizers and pesticides, in many areas in Thailand. 
Heavy metals contained in such chemicals may release into soils and may eventually transfer into the 
food chain or reach through shallow groundwater. In this study, soil samples were collected 12 
locations from chili field in Hua Rua area, Ubon Ratchathani Province, which has long been applied 
agro-chemicals for agricultural activities for many decades. Mobility potential of heavy metals in soils 
was analyzed by the BCR scheme, which was divided into four sequential fractionation phases and 
then measured the amount of heavy metals by inductively Coupled Plasma - Mass Spectrometry (ICP-
MS). The study found that the soil was contaminated by arsenic (As), copper (Cu), lead (Pb) and zinc 
(Zn). The results showed that summation of fraction 1 (exchangeable fraction) and fraction 2 
(reducible fraction) of copper (Cu) and zinc (Zn) in most soils were higher than 50%, ranged from 
68.71 to 78.79%, except soils collected from point no. 8 and 11, indicating such metals may be easily 
leached into shallow ground water, which may cause harmful to subsurface environment. 
Furthermore, the mobility potential in term of sequential fractionation revealed the decreasing of 
mobility potential in the order of: Zn > Cu > Pb > As.  

 
Keywords: Heavy metals, Mobility, BCR scheme, Ubon Ratchatani province 

 
INTRODUCTION 

Groundwater resources have been currently developed for use in both the industrial sector and 
agricultural areas where mostly are far from the irrigation system (Kumar et al., 2007; Manika et al., 
2012). Ground water resourcesare the source of water that is cleaner than  surface water (Manish et al, 
2010; Carlson et al., 2011) but recent years, many areas found contramination in groundwater such as 
high concentration of heavy metals in the vicinity of abandoned and active mines (Rogen et al., 2009). 
Moreover, Due to an important approach to increase crop yield in agricultural areas, fertilizer 
application may change soil properties and also supply heavy metals in agricultural soils (Smith, 
1996; Tsadilas et al., 2005). This consequence may adversely affect on ecosystem such as the loss of 
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soil fertility, the erosion of soil, the disease of crop and livestock including health of local people and 
associated animals by contacting or consuming these polluted soils and groundwater. 

Hua Rua located in Muang district, Ubon Ratchatani province, is an intensively agricultural area with 
a lot of chilli farming and farmers have been used of chemical fertilizers and pesticides. Also, we 
found different types of chilli farms spreading throughout the area and all groundwater wells are 
located in such chilli fields. Most farmers have been consuming water from the groundwater well. 
Number of groundwater wells appeared to be increased (Department of Groundwater Resources, 
2548) that is currently a problem with the many environments in which environmental issues are one 
of the contaminated groundwater (Anat and Paul, 2003) due to modern agricultural practice with the 
use of chemicals to increase agricultural productions. As a result, the risk of contamination of heavy 
metals, which are components in fertilizers and pesticides, in shallow groundwater may be more 
concerned (Yu et al., 2008; Pepijn et al., 2011; Parinya et al., 2012; Pepijn and Prasnee, 2012).   

In this research, the objectives of the present study were to assess the contamination of heavy metals 
in soil and the mobility potential of heavy metals by the BCR Scheme (Perez et al., 2005) which may 
be used to describe heavy metals migration in shallow groundwater. 

MATERIALS AND METHODS 

Study area and collection of samples 

The study area is located in Hua Rua, Muang district, Ubon Ratchatani province, Northern Thailand 
(Fig. 1) This area is one of largest areas of chilli farming in Thailand and the use of chemical 
fertilizers.  

Soil sampling and analysis 

Twelve Soil samples were collected from chili field in Hua Rua area, Ubon Ratchathani Province. 
Soil samples were disaggregated and sieved through smaller than 90 μm to remove plant debris, 
pebbles, and stones prior to analyzing concentrations of heavy metal, i.e., arsenic (As), copper (Cu), 
lead (Pb) and zinc (Zn).  

BCR sequential extraction scheme 

The binding forms of heavy metals in soil samples were established according to the BCR sequential 
extraction scheme method (Perez and Valiente, 2005). This scheme normally classified heavy metals 
in four chemical fractions as follows: exchangeable fraction, reducible fraction, oxidizable fraction 
and residual fraction.  
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Figure 1. Study areas and soil sampling locations 

 
RESULTS AND DISCUSSION 

Fractionation concentrations of heavy metals in soils   

The total concentrations of heavy metals (i.e., As, Cu, Pb and Zn) in all chili field in Hua Rua area, 
Ubon Ratchathani Province were shown in Fig.1. The results revealed that sum. of fraction 1 
(Exchangeable fraction) and fraction 2 (reducible fraction) of copper (Cu) and zinc (Zn) in most soil 
samples were higher than 50% ranged from 68.71 to 78.79%, except soils collected from location 8 
and 11. Concentration of copper (Cu) are the most at location 12 approx. 88.15% and Concentration 
of zinc (Zn) is the most at location 1 approx. 77.66% (Fig.2 and Table 1).  
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Figure 2. The total concentrations of heavy metals for 12 locations 
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Average percentage (ug / g) of four sequentially extracted phases of As, Cu, Pb and Zn in soils for 12 
samples assessed by BCR scheme showed that the proportion in the chemical fraction 1 and 2, which 
summation of two fractions were higher than 50%, indicating that such metals could be easily 
dissolved in water and finally reach into soils and shallow groundwater. The summation of average 
percentage of fraction of 1 and fraction 2 were shown as the descending order as follows: Zn (66.83) 
> Cu (59.47) > Pb (52.76) > As (27.87). The study showed that concentrations (Fig.3) of zinc (Zn) 
were mostly found in leachable forms or Fractions 1 and 2, which were higher than 50%, suggesting 
that Zn can be easily dissolved in natural and eventually percolated through groundwater. The 
exchangeable fraction held weakly bound heavy metal species, which could be leached by ion-
exchange mechanisms (Filgueiras et al., 2002).    

Site 1-12 Exchangeable, F1 Reducible, F2 Oxidizable, F3 Residual,F4 
As 5.84± (31.169) 22.03± (54.677) 37.21± (264.904) 34.91± (140.582) 
Cu 27.42± (997.459) 32.06± (1639.728) 21.43± (1459.204) 19.10± (451.972) 
Pb 22.25± (1769.748) 30.51± (2048.848) 23.27± (1625.211) 23.97± (834.550) 
Zn 40.21± (26724.428) 26.62± (20644.042) 32.07± (42187.363) 1.09± (785.204) 

Table 1.  Average percentage and standard deviation (mean ± SD, ug/g) of four sequentially extracted phases of 
As, Cu, Pb and Zn in soils for 12 locations 

  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
            

             Show percentages (%) concentration of heavy metals in a fraction of 1 and 2               

Figure 3. BCR sequential extraction scheme of 12 samples                         

Mobility potential of heavy metals 

The mobility, immobility, and consequently the toxicity of heavy metals in chili field depend most of 
all on their types of binding forms. Table 2 displayed the mobility potential of heavy metals in 
different forms. All the heavy metals investigated were extracted in the exchangeable fraction zinc 
(Zn) and reducible fraction copper (Cu). The Zn and Cu had the highest percentage mobility in the 
exchangeable fraction, indicating that they should be the most readily available elements from the 
environmental point of view. Zn and Cu had the highest ability, susceptibility, and mobility potential 
to be released from the soil by a simple ion exchange mechanism. As represent the highest 
proportions in the oxidizable and residual fractions, which indicated that these two elements are the 
most non-mobile and thus potentially the least harmful. The residual concentration of any heavy metal 
was considered to be the non-mobile fraction.  

0% 

20% 

40% 

60% 

80% 

100% 

1 2 3 4 5 6 7 8 9 10 11 12 

%
 w

/w
 

As   

F4 

F3 

F2 

F1 

0% 

20% 

40% 

60% 

80% 

100% 

1 2 3 4 5 6 7 8 9 10 11 12 

%
  w

/w
 

Pb 

F4 

F3 

F2 

F1 
0% 

20% 

40% 

60% 

80% 

100% 

1 2 3 4 5 6 7 8 9 10 11 12 

%
 w

/w
 

Zn 

F4 

F3 

F2 

F1 

68.71% 
F1+F2 

A B 

C D 

28.84% 
F1+F2 

58.40% 
F1+F2 

50.93% 
F1+F2 



EHSM 2013, Bangkok, Thailand 
 

 

6 
 

Step Condition Mobility 
1 Exchangeable fraction Zn > Cu > Pb > As 
2 Reducible fraction Cu > Pb > Zn > As 
3 Oxidizable fraction As > Zn > Pb > Cu 
4 Residual  As > Pb > Cu > Zn 

Table 2. Mobility potential of heavy metals in chili field 

CONCLUSIONS 
In this study, the distribution and mobility characteristics of heavy metals (i.e., As, Cu, Pb, and Zn) in 
soil samples chili field in Hua Rua area, Ubon Ratchathani Province were investigated. The results 
showed that the fraction 1 (exchangeable fraction) and fraction 2 (reducible fraction) of copper (Cu) 
and zinc (Zn) in most soils were higher than 50%, indicating such metals may be easily leached into 
the shallow groundwater, which may cause harmful to subsurface environment. Furthermore, the 
mobility potential based on sequential fractionation results in the descending order of: Zn > Cu > Pb > 
As. 
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ABSTRACT 

One of the most intensive agricultural areas of Thailand, Tambon Hua Ruea in the Ubon 
Ratchatani Province, has routinely applied nitrate fertilizers at high levels over a long time as a part 
of the widespread agricultural activities, and in particular in the cultivation of chili and rice. 
Unsaturated soil characteristics are important properties for assessing potential nitrate movement 
from the ground surface to the subsurface environment. In this study, twelve undisturbed soil 
samples were collected, three from each of four sites, at 0-30 cm depth below ground surface in the 
vicinity of cultivated chili fields. By applying the retention curve (RETC) program to fit the 
experimental results of the soil water characteristic curve (SWCC), the van Genuchten (VG) model 
could explain the SWCC (correlation coefficient, R > 0.99) better than the Brooks and Corey (BC) 
model (R > 0.94). The simulations of the water content distribution did not show a constant shape, 
but the water content was lower at the soil surface (varying from 0.06-0.27) and then increased with 
depth. When incorporating the VG parameters, the maximum nitrate concentrations at depths of 0, 
50 and 100 cm below the surface were 100, 0.80 and 0.55 mg L-1, respectively. Furthermore, the 
rapid decrease in the nitrate concentration from 100 mg to 6 mg L-1 just 5 d after nitrate application, 
seen in both July and November, may be caused from an advection process under otherwise similar 
initial conditions. At 1 m depth, nitrate concentrations obtained from the VG and BC formulations 
after 15 d were similar (~ 0.55 mg L-1), and were statistically significantly as well as numerically 
three-fold higher than that (~ 0.18 mg L-1) derived from neural network predictions, indicating that 
these soil hydraulic properties play a major role in controlling nitrate transport. Furthermore, the 
nitrate front moved quite well with the infiltrated water because it was not sorbed onto soil media. 
According to the simulated results under rainy and summer seasons, the higher the wetted front, the 
faster was the movement of nitrate. As a result, in order to minimize losses of the nitrogen fertilizer, 
application rates need to be considered for crop needs, rain amounts and soil hydraulic properties, to 
identify the best management strategies associated with N-fertilizer application from the 
environmental and economic perspectives, and to prevent groundwater contamination. 

                                                        
* Corresponding author 
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INTRODUCTION 
 
Applied agrochemicals may be released rapidly 

from the ground surface through the unsaturated zone 
and eventually reach the groundwater systems [1]. 
Consequently, the ecosystem and diverse life forms, 
including people and associated vetinary animals, may 
be then adversely affected by contacting or drinking 
these polluted soils and groundwater, respectively. In 
crop production, high application rates of nitrogen fer-
tilizers tend to be performed to obtain high yields of 
the crop. Nitrate (NO3

-) is a leaching pollutant from 
fertilizer application in soil and groundwater. More-
over, nitrate can not only be uptaken by plants but it 
can also move rapidly through the unsaturated zone, 
eventually reaching the groundwater or being released 
to the surface water because it does not strongly 
sorbed onto the soil matrix. Thus, it is relatively easy 
to obtain groundwater pollution with nitrate concen-
trations that exceed the regulated standard [2,3]. Many 
factors impact on nitrate transport, including the fer-
tilization application rates and amounts per applica-
tion, irrigation times, soil texture and the structure of 
the soil profile [3]. In areas of intensive agriculture, 
the monitoring of nitrate concentration in aquifers 
needs to be complemented with the assessment of ni-
trate contents in the unsaturated zone or root zone. 
The main aim of such consideration is to revert or 
prevent nitrate levels from reaching or exceeding the 
allowable level established by the Thailand groundwa-
ter drinking standard [4]. This necessitates the strate-
gic development of appropriate water and fertilization 
application to agricultural land in order to maximize 
their fertilizer efficiency and minimize nitrogen leach-
ing into groundwater system [5]. Given that the un-
saturated zone plays an important role in the transport 
of nitrate from the soil surface to the subsurface envi-
ronment, especially unconfined aquifers [6], then if 
the characteristics of the unsaturated zone can be 
properly determined, the assessment of nitrate concen-
trations would be more accurate.  

One of the highest density agricultural areas in 
Thailand, Tambon Hua Ruea in the Ubon Ratchatani 
Province, has intensively applied agrochemicals (pes-
ticides and fertilizers) for a long period, and in par-
ticular for the cultivation of chili and rice. Thus, this is 
a prime example of where optimizing fertilizer appli-
cation for maximal crop yield with minimal cost and 
ecosystem damage is required. However, only a few 
reports are available on the impact of the unsaturated 
soil properties and climate factors upon the nitrate 
movement in an agricultural area. To assess the risk of 
nitrate leaching into groundwater aquifer, there is a 
need for efficient tools capable of explaining the 
mechanism of nitrate leaching and quantifying the ni-
trate content varying with depth [7,8]. Therefore, the 
objective of this study were: 1) to characterize the soil 
water characteristics curve (SWCC) of soil cores col-

lected from Hua Ruea area; and 2) to apply variable 
saturated modeling (Hydrus-1D) [9] to estimate the 
movement of nitrate from the soil surface through the 
shallow groundwater system under different unsatu-
rated properties and different climates in this agricul-
tural system.  

 
MATERIALS AND METHODS 

 
Triplicate cores of undisturbed soil samples 

taken from 0-30 cm depth below the ground surface 
were sampled at each of four locations (Fig. 1) in the 
vicinity of intensively cultivated chili fields. The tex-
ture of each agricultural soil was determined by sieve 
analysis and pipette method [10]. To describe the 
SWCC of these unsaturated agricultural soils, the rela-
tionship between the water content ( ) and the suction 
pressure head (h) of each soil was evaluated using a 
pressure plate apparatus according to ASTM D 6836. 
The SWCC of the soil cores was measured at h of 6, 
10, 31.6, 50, 100, 316, 1000 and 15900 cm. The reten-
tion curve (RETC) program was used to fit the ex-
perimental results and to estimate the unsaturated pa-
rameters. From these, the fitting parameters for the 
van Genuchten (VG) formulation were estimated us-
ing a neural network prediction function (NNP). Fi-
nally, these unsaturated soil parameters were used to 
predict the water flow and nitrate vertical transport 
through the subsurface environment using Hydrus-1D 
modeling [11]. This model can be used to simulate 
water flow and contaminant transport in variably satu-
rated soils and can be applied for different equilibrium 
and non-equilibrium flow and transport in both direct 
and inverse modes.  

 
Fig. 1.  Location of soil sampling sites (1-4) with three

soil samples taken at each location site (next to
intensive chilli cultivation plots). 
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Table 1. Input parameters for the simulation of the vertical transport of nitrogen through sand (site 2 on Fig. 1) using 

Hydrus-1D simulations 
Parameter VG BC NNP 
Saturated hydraulic conductivity (Ks) 
Residual water content ( r ) 

49 ± 7 
0.13 ± 0.02 

49 ± 7 
0.01 ± 0.01 

49 ± 7 
0.05 

Saturated water content ( r ) 0.34 ± 0.02 0.35 ± 0.05 0.38 
Empirical fitting parameter  0.008 ± 0.003 0.04 ± 0.04 0.036 
Empirical fitting parameter n 2.36 ± 0.73 0.20 ± 0.09 4.15 
Longitudinal dispersivity (cm) 10 10 10 

Data are shown as the mean ± one standard deviation, and are derived from 3 repeats. In all simulations the Initial nitrate 
concentration (C0) at the soil surface (0 cm) was 100 mg L-1. Note that the Thailand drinking water standard for nitrate levels is not to 
exceed 45 mg L-1 

1.  Soil Hydraulic Properties 
 
The SWCC is the relationship between the  at 

the suction head ( (h)) and h. The two formulations 
often used to describe unsaturated soil are the VG and 
Brook and Corey (BC) formulations, which can be ob-
tained from Eqs. 1 to 6. The unsaturated hydraulic 
conductivity function (K(h)) is given by the Mualem-
VG [11,12] and BC [13] models as show below: 
(a) VG equations 
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where (h) is the soil  at the suction head (L3 L-3) and 
K(h) (L T-1) are as defined above and hm = the soil 
suction head (L), r = the residual  (L3 L-3), s = the 
saturated  (L3 L-3), Ks = the saturated hydraulic con-
ductivity (L T-1), hm,a = the air-entry potential (L-1), 
K(h) = unsaturated hydraulic conductivity (L T-1), Kr 
= the relative hydraulic conductivity (L T-1), Se = the 
relative water saturation (-), N = constant of soil, = 
index of the pore distribution, k = 0.5 and m, n,  are 
the fitting parameters of soil water retention curve; m 

= 1 - (1/n). 
The fitting parameters and index of the pore dis-

tribution were derived by fitting Eqs. 1, 2 and 5 to the 
soil water retention data using the RETC program [11]. 

 
2. Water Flow Equation 

 
The one dimensional transient water flow can be 

described by the Richard’s equation (Eq. 7) [14] 

)(
)(

hK
z
h

hK
zt

h
  (7) 

where: (h), h and K(h) are as defined above and t is 
the time (T) and z is the vertical distance (L).  

 
3. Solute Transport Equation 

 
The one-dimensional convection-dispersion equa-

tion under transient water flow conditions in variable 
saturated porous medium (Eq. 8) is shown as [11]: 

z
Cq

z
C

D
zt

S
t
C wb   (8) 

where: C is the solute concentration in solution (M L-1); 
S is the sorbed solute concentration on soil (M M-1); 

b is the soil bulk density (M L-1); D is the hydrody-
namic dispersion coefficient (L2 T-1) and qw is the 
volumetric water flux (L T-1).  

 
4. Nitrate Leaching and Distribution Simulation 

under Different Scenarios 
 
The various input parameters required in Hy-

drus-1D, namely the saturated hydraulic conductivity 
( sK ), s , r  and empirical factors ( n, ) for both 
VG and BC simulations for nitrate transport in sandy 
soil are shown in Table 1. The NNP option available 
in Hydrus-1D was used by assigning the values of 
bulk density as well as clay, silt and sand percentage 
composition. The simulation depth was taken at 50 
and 100 cm depth below the ground surface. This 

(5)

(1)
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Table 2. Physical and chemical properties of the surface soil (0-30 cm depth) in the study area1 

Site Soil texture 
Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Saturated Hydraulic 
conductivity (cm d-1)

Organic 
matter (%)

CEC 
(cmol kg-1) 

Bulk density 
(g cm-1) 

Porosity 
(cm3 cm-3)

1 Loamy sand 77 18.5 4.5 3.4 ± 0.6 0.37 1.6 1.75 ± 0.03 0.36 ± 0.05
2 Sand 98.5 1.5 0.01 49 ± 7 0.47 2.1 1.62 ± 0.02 0.40 ± 0.02
3 Loamy sand 78 15.5 6.5 28 ± 11 0.52 3.6 1.56 ± 0.06 0.43 ± 0.06
4 Sandy loam 75.5 18.3 6.3 9 ± 5 1.87 2.8 1.68 ± 0.01 0.43 ± 0.01

1Data are shown as the mean ± 1 standard deviation and are derived from three replicates. 
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Fig. 2. The simulated soil water content ( ) distribution at different depths below the soil surface in (a) Jul. 1; (b) Jul. 

31; (c) Nov. 1 and (d) Nov. 30, 2009 (  VG;  BC;  NPP). 

study simulated nitrogen distribution within the root 
zone and the cumulative nitrogen going below the root 
zone or unsaturated zone, prior to reaching the water 
table of 1 m depth.  

 
RESULTS AND DISCUSSION 

 
1. Soil Hydraulic Properties 

 
The texture of each agricultural soil was classi-

fied as loamy sand, sand and sandy loam (Table 2). 
By applying the RETC program to fit the experimen-
tal results and estimate unsaturated parameters, the 
VG model (correlation coefficient R > 0.99) could ex-
plain the SWCC behavior better than the BC and NNP 
models (correlation coefficients R > 0.94 and 0.70, re-
spectively). 

 
2. Soil Moisture Distribution 

 
The water flow and nitrate transport simulations 

in site 2, which had the highest hydraulic conductivity, 

were carried out as the representative example of an 
area which is at a high risk of nitrate contamination 
into the groundwater. The simulation results of the 
soil moisture distribution (Fig. 2) in the sandy soil of 
site 2 was performed using the unsaturated soil pa-
rameters derived from the three formulations, VG, BC 
and NNP, and the weather data recorded at the nearby 
station in study area during July and November. The 
total precipitation levels were 51 and 0.03 cm in July 
and November, respectively.  

The soil moisture distribution was affected by 
the level of water infiltration, based on the weather 
data in terms of the precipitation and evapotranspira-
tion (Fig. 2). The  distribution did not show a con-
stant shape, but rather was lower at the soil surface 
and then increased with depth because the rainfall rate 
was less than the saturated hydraulic conductivity of 
sand (49.0 cm d-1). This then led to non-uniform  
profiles in both July and November. The simulated  
distribution using the parameters derived from the 
NNP were lower than those obtained from the BC and 
VG models for depths of 0 to 80 cm below the surface, 
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Fig. 3. The simulated nitrate concentration in (a-c) July and (d-f) November (2009) at (a, d) 0 cm, (b, e) 50 cm and (c,

f) 1 m below the soil surface (  Precipitation;  VG;  BG; NPP). 

but they appeared to become closer at near the water 
table (90-100 cm). For example, on July 1, 2009, the  
distribution derived from the VG and BC model simu-
lations (0.29) was approximately five times higher 
than that from NNP (0.06) near the surface. On July 
31, the  distribution was higher than that in the be-
ginning of the month because the soil pores were 
filled with infiltrated water. In contrast, when compar-
ing the two  profiles between November 1 and 30, 
they were found to be broadly similar because only a 
small level of precipitation (0.03 cm) had occurred 
which would not be sufficient to significantly affect 
the soil water profile. This is in agreement with the 
fact that the degree of water saturation in sandy soils 
is sensitive to rainfall events [15].  

 
3. Nitrate Concentration Distribution 

 
The simulation of nitrate movement through the 

same sandy soil at site 2 that was affected by water in-
filtration due to different precipitation and evapotran-
spiration levels (Fig. 2) was performed for the differ-
ent soil water characteristic parameters derived from 
the VG, BC and NNP models. The simulations were 
performed for three different soil depths (Fig. 3). In 

these simulations, we assumed that a nitrate concen-
tration of 100 mg L-1 would result from fertilizer 
leaching from the ground surface into the groundwater 
due to rainfall percolation. The lower boundary (100 
cm) was assumed to be located at the water table sur-
face. The nitrate concentrations were found to de-
crease with increasing depth from the surface, as ex-
pected if there is no absorption to the soil matrix. For 
example, in July the maximum simulated nitrate con-
centrations at a depth of 0, 50 and 100 cm from the 
surface were 100, 0.80 and 0.55 mg L-1, respectively, 
when using the VG model. The nitrate concentration 
appeared to be decrease rapidly from 100 to approxi-
mately 6 mg L-1 during the initial simulation period (5 
d after fertilizer application) in both July and Novem-
ber, probably caused by an advection process under 
the otherwise similar initial conditions (Figs. 2a and 
2c). This implies that the soil hydraulic properties play 
a major role in controlling the vertical nitrate transport 
through the soil when it has a higher . These nitrate 
concentrations, derived from numerical simulations in 
both July and November, do not exceed the current 
Thailand groundwater regulated standard of 45 mg L-1 
[15]. The influx of infiltrated water appeared to reduce 
the nitrate concentration. For example, the nitrate con-
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centration was reduced from 6 to 1.5 mg L-1 at the soil 
surface because of the rainfall (0.63 cm) on July 5 
(Fig. 2a). The infiltrated water caused the  in the soil 
to increase with depth (Figs. 2a and 2b), and conse-
quently, the front of nitrate concentrations (Figs. 3b 
and 3c) moved faster under these conditions than 
those with a lower  (Figs. 3e and 3f). The nitrate lev-
els at the soil surface level in November were essen-
tially constant because there was no rainfall after  
Nov. 2. As a result, the leaching of nitrate did not 
reach as far down as 50 and 100 cm below the surface 
(Figs. 3e and 3f). Moreover, under different soil hy-
draulic parameters, the simulation of nitrate concen-
trations obtained from NNP appeared to be signifi-
cantly lower than those from simulations based upon 
the VG and BC models, indicating that the soil hy-
draulic parameters clearly affected the vertical nitrate 
movement through the unsaturated zone. For example, 
at a 1 m depth below the surface the nitrate concentra-
tions obtained from VG and BC formulation after 15 d 
were similar (~ 0.55 mg L-1), but statistically signifi-
cantly (P < 0.05) and numerically 3-fold higher than 
that derived from NNP (~ 0.18 mg L-1). Thus, local 
soil hydraulic properties should be carefully evaluated 
prior to simulating the fate and transport of contami-
nants. Furthermore, the nitrate front can move fairly 
efficiently along with the infiltrated water because the 
nitrate ions are poorly sorbed by the soil media 
[16,17]. Since the nitrification of nitrite to nitrate is a 
much faster reaction than the nitrification of ammo-
nium, both nitrification reactions are often grouped 
together, thereby neglecting the nitrite species. Vola-
tilization and gaseous state of nitrate is neglected. Its 
concentration depends on the oxygen level, pH and 
temperature [18], and the application of ammo-
nium/nitrate fertilizer reduces this concentration [17]. 
Thus for these reasons the sorption of nitrate to the 
soil matrix and its redox reaction have not been con-
sidered in the nitrate simulation equations performed 
here. 

  
CONCLUSIONS 

 
Unsaturated soil hydraulic characteristics are 

quite important for assessing the potential movement 
of agrochemicals from the ground surface to the sub-
surface environment, and especially in shallow 
groundwater systems. Here, parameters derived from 
the VG equation (correlation coefficient, R > 0.99) 
could explain the SWCC behavior better than those 
from the BC and NNP models (R > 0.94 and 0.70, re-
spectively). The higher the wetted front of the soil  
was, then the faster was the vertical movement of ni-
trate through the soil matrix. Furthermore, the soil hy-
draulic properties affect this vertical movement and so 
should be carefully estimated in any assessment of the 
water flow and movement of nitrate. For the proper 
agricultural management practices, N-fertilizer appli-

cation rates should be suitable for crop needs and soil 
hydraulic properties in fields in order to minimize 
losses of nitrogen fertilizer and the protect groundwa-
ter resources. 
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Transport of heavy metals from acid mine drainage through soils can impact valuable water resources and
have a deleterious effect on their associated ecosystems. The movement of single, binary and multi-metal
systems through lateritic soil columns were experimentally determined and then modeled with the
HYDRUS-1D using a local equilibrium convection–dispersion (CDeq) model, or chemical nonequilibrium
two-site model (TSM) with first order kinetics. The TSM model described the breakthrough curves better
than the CDeq model in both binary and multi-metal systems. The (Qmax)/(Qmax⁎) ratios were generally great-
er than unity suggesting that the presence of other metals reduced sorption through competition for sorption
sites . Ratios of (Qmax)Pb2+/(Qmax)secondary metals (Mn2+, Zn2+, Ni2+) (ranging from 0.92 to 1.09) were lower than
ratios of (Qmax⁎)Pb

2+/(Qmax⁎)secondary metals (Mn
2+

, Zn
2+

, Ni
2+

) (ranging from 0.94 to 2.80), which indicated the
highest sorption affinity of Pb2+ was under both binary and multi-metal systems. Furthermore, the fraction
of the instantaneous equilibrium site (f) of all metals, particularly for secondary metals, tended to increase
with increasing metal concentrations in the system, suggesting that diffusion probably dominates the sorp-
tion and transport of heavy metals in the system.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Surface and groundwater pollution are largely caused by human ac-
tivities, such as mining and smelting, agrochemical application, indus-
trial discharges, energy production and improper waste disposal. The
mobility of heavy metals through soils and groundwater is affected by
many factors, such as the properties of the heavy metals, physical–
chemical properties of the soil, and climatic conditions. Prediction of
movement and distribution of heavy metals through the subsurface
aquifer require knowledge of the sorption and transport properties of
the porous media. Batch sorption experiments have generally been
performed to investigate the sorption of two or more metals onto
soils (Arias et al., 2006; Covelo et al., 2007; Elliott et al., 1986; Gomes
et al., 2001; Jain and Ram, 1996; Serrano et al., 2005). For example,
using batch studies for the competitive sorption of Cd and Pb onto
four soils, Serrano et al. (2005) showed a higher retention of Pb over
Cd in all four soils tested and the interaction between Pb and Cd sorp-
tion was found to a function of the soil properties. However, to obtain

transport information under non-equilibrium conditions, a packed soil
column with continuous flow is typically used (Miretzky et al., 2006;
Pang et al., 2004). To explain the transport of heavy metals in porous
media, column experiments have been conducted but most of these
studies are focused on a single metal under various flow conditions
(Chotpantarat et al., 2011a; Liu et al., 2006; Miretzky et al., 2006; Pang
et al., 2004; Strawn and Sparks, 2000; Yolcubal andAkyol, 2007). At typ-
ical contaminated sites, such as acidmine drainage sites, the presence of
several heavy metals in groundwater is common and they may compete
with each other for soil sorption sites, resulting in enhanced transport of
heavy metals in the porous media. Several papers (Fonseca et al., 2011;
Lafuente et al., 2008; Rodríguez-maroto et al., 2003) have addressed the
sorption of heavy metals in multi-metal systems. For example, using col-
umns with calcareous soils to evaluate Cr, Cu, Pb, Ni, Zn and Cd sorption,
Lafuente et al. (2008) reported that sorption of Cr, Cu and Pbwere higher
than those of Ni, Zn and Cd under competitive conditions. Fonseca et al.
(2011) reported that for a soil column with loamy sand soil , Cr and
Cu were found to be more strongly sorbed due to an increase in the soil
pH as compared to Cd, Pb and Zn. Furthermore, in order to predict the
transport and distribution of heavy metals more accurately, reliable
transport-related parameters of heavy metals in groundwater or subsur-
face environments need to be evaluated, but many studies to date have
focused on the sorption of heavy metals under equilibrium conditions.
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However, some of the issues with multi-metal systems, such as possible
competition between heavy metals for sorption sites, mass transfer and
non-equilibrium sorption and transport on soils, and particularly soil
that consists mainly of clay, are not completely known.
Many computer programs such as to CXTFIT (Toride et al., 1999),

HYDRUS-1D (Šimunek et al., 2008), MACRO (Larsbo and Jarvis, 2003;
Larsbo and Jarvis, 2005), SIMULAT (Diekkrüger, 1996), and VADOFT
(Carsel et al., 1997) have been applied to model the transport of water
and solutes. But for steady state conditions, CXTFIT is frequently used to
describe tracer breakthrough curves using the analytical solutions for
tracer or conservativemiscible displacement tests as shown in the follow-
ing studies: Vanderborght et al. (1997, 2002), Wallach and Parlange
(2000), Kamra et al. (2001), Seo and Lee (2005), Yolcubal and Akyol
(2007).
In addition, solute transport modeling under transient flow condi-

tions requires a large number of model parameters, which are typ-
ically estimated from experimental results. These numerical
models (i.e., MACRO, SIMULAT, VADOFT) including HYDRUS-1D,
have many options to numerically estimate such parameters. How-
ever, HYDRUS-1D has been selected in this study because it has
been used in hundreds of studies and is continually improved
(Šimunek et al., 1998, 2005, 2008) to implement new modules such as
Langmuir two-site model which are not included in MACRO, SIMULAT
and VADOFT. HYDRUS-1D is a published program, which can be
downloaded as freeware and has similar window interface with CXTFIT,
making the programs easy to use in estimating water, conservative and
non-conservative solutes.
The objective of this paper was to model the effects of heavy metal

concentrations in single, binary and multi-metal systems on the com-
petitive sorption and kinetic mechanisms in lateritic soil column exper-
iments and to explain the competitive mechanisms in terms of the
estimated sorption capacities, retardation factors and the fraction of in-
stantaneous equilibrium sorption sites (f). Lateritic soils (consisting of
53.8% clay) were collected from a gold mine site in Thailand and the
breakthrough curves (BTCs) from column experiments, as reported by
Chotpantarat (2008), were used in the modeling efforts. To this end,
HYDRUS-1D (Šimunek et al., 2008), a local convection–dispersion equi-
librium (CDeq) model with linear and nonlinear (Langmuir) isotherms
and the chemical nonequilibrium two-site (TSM) model, plus CXTFIT
(Toride et al., 1999), an analytical solution of the one-dimensional
advection–dispersion equilibrium equation which include exchange
between a mobile and an immobile region and the use of linear sorp-
tion, were used. Information obtained from this study may be used to
explain the behavior of multi-metal transport in contaminated sites.

2. Materials and methods

2.1. Column experiments

Column experiments were conducted using lateritic soils obtained
from Akara gold mine, Phichit Province, Thailand at a depth of 0–2 m
below ground surface. The soil has a bulk and particle density of 1.23
and 2.71 g cm−3, respectively and the percent of sand, silt and clay
were 21.8, 24.4 and 53.8, respectively. The pH of the soil was 5.3
while the cation exchange capacity (CEC) was 28.8 cmol kg−1. The
organic matter and specific surface area of the soil were 0.16% and
48.69 m2 g, respectively. Details of the experimental methodology
column experiments used here have been reported previously
(Chotpantarat, 2008; Chotpantarat et al., 2011b). Briefly, lateritic
soils were uniformly packed in acrylic columns with an inner diame-
ter of 2.50 cm and a depth of 10 cm. The soil column was initially sat-
urated with deionized water from the bottom to eliminate entrapped
air (Miretzky et al., 2006). After the saturation procedure, a solution
of 30 mg L−1 of bromide (Br−) was injected from the bottom at a
rate of 8±0.5 mL hr−1 and the column effluent was collected using
a fraction collector at various times. The system was maintained at a

constant pH of 5with NaAc buffer solution. Themixed heavymetal solu-
tions were then injected from the bottom of the column and the effluent
collected periodically to monitor the concentrations of the respective
heavy metals and pH in the effluent. The metal concentrations were
determined by flame atomic absorption spectrophotometry (FAAS).
The BTCs, expressed as the relative concentrations (C/Co) versus pore
volume (V/Vo), were plotted, where Co is the initial concentration
added and Vo is the pore volume of the soil column. The column exper-
iments conducted were (i) single metal systems comprising of 5 mM of
Pb2+, Mn2+, Ni2+ or Zn2+ at pH 5, (ii) binary metal experiments com-
prising of combinations of Pb2+ and Mn2+ , Pb2+ and Ni2+ , and Pb2+

and Zn2+ at pH 5 with Pb2+ concentration fixed at 5 mM and Mn2+,
Ni2+ and Zn2+ concentrations at 3 mM, 5 mM and 10 mM for each col-
umn run and (iii) a multi-metal system using all four metals, Pb2+,
Mn2+, Ni2+ and Zn2+, together at 5 mM each at pH 5.0.

2.2. Numerical transport modeling of column experiments

The BTCs obtained from the tracer experiments were analyzed with
CXTFIT, a nonlinear least squares optimization computer program
(Toride et al., 1999) with a number of analytical solutions for one-
dimensional solute transport based on the convection–dispersion
equation (CDE) and the two-region non-equilibrium model (TRM) for
the estimation of hydrodynamic dispersion coefficient (D), including
the non-equilibrium parameters.
The CDeq may be written as shown in Eq. (1) below:

∂C
∂t ¼ DL

∂2C
∂x2

−vx
∂C
∂x−

ρ
θ
∂C�

∂t �
∂C
∂t

� �
rxn

ð1Þ

where C is the concentration of solute in liquid phase (mg L−1); t is the
time (hr); DL is the longitudinal dispersion coefficient (cm2 hr−1); vx is
the average linear groundwater velocity (cm hr−1); ρ is the bulk density
of aquifer (g cm−3); θ is the volumetric moisture content or porosity for
saturatedmedia; C* is the amount of solute sorbedper unitweight of solid
(mg g−1) and rxn is the subscript indicating a biological or chemical reac-
tion of the solute (mg L−1 hr−1).
Unfortunately, CXTFIT is limited in that it does not have the analytical

solutions for the transport of nonlinear sorbing solutes. Therefore, to as-
sess the BTCs for nonlinear sorption of metals in the lateritic soil column
experiments, HYDRUS 1D was used (Šimunek et al., 2008).
HYDRUS-1Dwas applied in both the direct and the inverse mode to

assess the experimental BTCs using linear, nonlinear (CDeq model) and
rate-limited two-site sorption model (TSM model) as presented by
Eq. (2) (Brusseau et al., 1991; Fetter, 1993):

1þ fρ
θ

Q maxb
1þ bCð Þ2

" # !
∂c
∂t ¼ D

∂2c
∂x2

−v ∂c∂x−
αρ
θ

1−fð ÞQ maxbC
1þ bC −s2

� �
ð2Þ

where f (−) is the fraction of equilibrium sites and α (day−1) is a
first-order kinetic rate coefficient and S2 (mg g−1 soil) is the solid phase
concentration at site 2.

2.3. Parameter estimation

The columns were assumed to be homogeneously packed with the
soil and saturated with water while the water flow and solute transport
in the soil-filled columns were assumed to be one-dimensional. The
hydrodynamic dispersion coefficient (D) of the soil was estimated by
curve fitting the bromide BTCs with the nonlinear least-squares parame-
ters optimization method of CXTFIT (Toride et al., 1999). The two-region
approachwas then applied to examine any physical non-equilibriumpro-
cesses in the system. The value of D, as obtained from the bromide BTC,
was then used to estimate the average soil dispersivity, λavg=Davg/v,
which was then used to estimate the sorption parameters of metals,
as provided by the HYDRUS-1D code version 4.Beta 1 (Šimunek et al.,

279S. Chotpantarat et al. / Geoderma 189-190 (2012) 278–287



2008). In addition, the chemical non-equilibrium two-site model
with Langmuir sorption was used to estimate the sorption para-
meters (Qmax and b in the case of Langmuir isotherm) and the
non-equilibrium parameters (f and α) for the heavy metal transport.
Least square errors were used to determine the appropriateness of
the curve fit.

3. Results and discussion

3.1. Metal transport modeling

The average dispersivity, λavg, obtained from the CXTFIT program
for the three bromide column runs, was 1.42 cm, as reported by
Chotpantarat (2008), and the results revealed that all the water in

the system was mobile. This value was subsequently used for the
modeling of the heavy metal BTCs.
The heavy metal BTCs were fitted using the equilibrium

convection–dispersion model (CDeq) and chemical non-equilibrium
two-site model of HYDRUS-1D. Since the program was unable to
model all the metals at the same time in the binary and multiple
heavy metal runs, the interactions between the metals in the system
for each heavy metal BTC for the multi-metal column experiments
was captured by fitting the BTCs individually. The best fit curves using
the various model conditions in HYDRUS-1D are presented in
Figs. 1–3 (not including duplicated columns), and the fitted parameters
are presented in Tables 1 and 2. For comparison purposes, the
experimental data for the Pb2+ BTC in a single system were presented
along with those for Pb2+ in the binary and multi-metal systems in

a) Pb2+

b) Ni2+

c) Zn2+

d) Mn2+

Fig. 1.Heavymetal breakthrough data for lateritic soil at pH 5 showing that for (a) Pb2+, (b) Ni2+, (c) Zn2+ and (d)Mn2+. Curves represent the heavymetal concentrations using optimized
curve-fitting with the CDeq model with either linear or Langmuir isotherms, and the optimized curve-fitting with the chemical nonequilibrium two-site model (TSM).
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Figs. 1–3. Using the same initial concentration (5 mM) for the second-
ary metals (Ni2+, Zn2+ and Mn2+) as the Pb2+, the BTCs for these
metals in single systems were plotted as shown in Figs. 2 and 3 to com-
pare the BTCs of the same heavy metals in the binary and multi-metal
systems.

3.1.1. Equilibrium convection–dispersion model (CDeq)
The CDeq model is based on the local equilibrium assumption

(LEA), where sorption is assumed to be fast relative to the pore-
water velocity. Both linear and nonlinear isotherms (Langmuir)
were used in the CDeq model to curve fit the metal BTCs, as shown
in Figs. 1–3. Fig. 1 provides the results from modeling of the single
metal case for all four metals, while Fig. 2 shows that for the Pb2+–
Ni2+ binary system. The figures for the other binary metal systems
were generally similar, and are not shown here, but discussion on
the differences between the theoretical (modeled) and experimental-
ly estimated transport and sorption parameters are highlighted. Fig. 3
illustrates the modeling of the multi-metal system with all four
metals at 5 mM in the solution. The estimated parameters derived

from HYDRUS-1D by minimizing the sum of square errors (SSE) re-
vealed that the Langmuir isotherm explained the experimental data
better than the linear isotherm (Table 1). With the linear sorption iso-
therm, the initial breakthrough time of the best fit curve was lower
than the experimental data and the number of PVs at which the efflu-
ent concentration was equal to that of the influent (Ce=C0) were
faster than the experimental BTCs. Moreover, the rising and decreas-
ing limbs derived from the linear model were overestimated when
compared with the experimental data (Figs. 1–3).
A characteristic of the experimental BTCs in binary andmulti-metal

systems was the asymmetrical shape with a sharply rising front and a
relatively more dispersed elution portion (Figs. 2 and 3), suggesting
nonlinear sorption behavior. The BTCs observed in this study were
similar to those reported previously in column studies of Cr(VI) in cal-
careous Karst soil, where the breakthrough curves of Cr(VI) were
asymmetrical with a sharply rising front and a more dispersed portion
(Yolcubal and Akyol, 2007). Although the BTCs obtained with the
Langmuir isotherm fitted better than those using a linear isotherm, the
Langmuir-isotherm-simulated BTCs still showed sharp concentration

Fig. 2.Heavymetal breakthrough data in a lateritic soil column for single Pb2+ (5 mM), and the Pb2+–Ni2+ binarymetal systems at pH5, (a) for Pb2+ (5 mM)–Ni2+ (3 mM) (b) for Pb2+

(5 mM)–Ni2+ (5 mM), and (c) for Pb2+ (5 mM)–Ni2+ (10 mM). Curves represent heavy metal concentrations using optimized curve-fitting with the CDeq model with either linear or
Langmuir isotherms, and the optimized curve-fitting with the chemical nonequilibrium two-site model (TSM).
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fronts, and did not fit well with all the observed experimental data,
especially the rising limb portion (Figs. 1–3). In addition, the
Langmuir-isotherm-simulated BTCs could not describe the initial break-
through timeswell since the curve fits of themodel weremore than the
experimental breakthrough times formetals in singlemetal systems. As
observed by others, the asymmetrical shape of metal BTCs with long
tailings may be better described by a non-equilibrium transport
model (Brusseau et al., 1991; Pang et al., 2002).

3.1.2. Chemical non-equilibrium two-site model (TSM)
As shownearlier, the CDeqmodel using either linear or Langmuir sorp-

tion isotherms did not fully describe the heavy metal BTCs in lateritic soil
(Figs. 1–3). Non-equilibrium sorption-related transport characteristics
have been reported for some metals in repacked soil and/or gravel col-
umns (Sparks, 1995; Tsang and Lo, 2006). One of the approaches used
to describe non-equilibrium transport was to assume a short, initial fast
phase of sorption followed by an extended period of slower sorption
(Kookana et al., 1994), which can be modeled using the TSM. When the

metal BTCs were fitted with the TSM, the model described all of the
experimentally observed heavy metal BTCs better than the CDeq
model with linear or Langmuir sorption isotherms (Figs. 1–3). For exam-
ple, the SSE derived from fitting the BTC of Pb2+ in the Pb2+ (5 mM)–
Ni2+ (3 mM) system at pH 5 were: SSETSM (0.034)bSSELangmuir
(0.110)bSSELinear (0.480), which was similar to that reported by others.
For example Kookana et al. (1994) observed asymmetrical BTCs for
Cd2+ in Spodosol and Oxisol soil, which may be due to sorption-related
(chemical) non-equilibrium behavior. Likewise, Pang et al. (2002),
who evaluated the effects of pore-water velocity on the chemical
non-equilibrium of single heavy metal systems through alluvial gravel
columns, showed that the BTCs of each of the Cd, Zn and Pb in single
metal systemswere best fitted using the TSM. According to column stud-
ies with different secondarymetals in this study, the TSM fitted the rising
and the declining limb of themetal BTCsmuchbetter than those using the
equilibrium assumption, such as the CDeq models (Figs. 1–3). Moreover,
applying the t-test on the average SSEs obtained from the TSM and the
CDeq model with Langmuir isotherm for individual metals in single,

Fig. 3. Heavy metal breakthrough data in lateritic soil column for the multi- metal system (Pb2+ 5 mM–Zn2+ 5 mM-Ni2+ mM–Mn2+ 5 mM) at pH 5 and different fits with the
equilibrium convection–dispersion model (CDeq) with either linear or Langmuir isotherms and the chemical nonequilibrium two-site model (TSM) were compared with observed
data in single and binary system: (a) Pb2+, (b) Zn2+, (c) Ni2+ and (d) Mn2+.
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binary and multi- metal systems, revealed that the curve-fitted results of
the TSMwere significantly different from the CDeqmodel (t-test, Pb0.05),
with those values fitted by the TSM being in better agreement with the
experimental results.
For the sake of comparison, according to the best fit parameters

from the TSM, the maximum sorption capacity of Pb2+ in the single
system, (Qmax)Pb2+, was higher than those in the binary and multi-
metal systems (Fig. 4 and Table 2), (Qmax⁎)Pb2+. This is in agreement
with the retardation factors and average sorption capacity of Pb2+

in a single metal system over those in a binary or multi-metal system,
as already reported (Chotpantarat et al., 2011b). As expected, when
metals compete for sorption sites in the binary and multi-metal sys-
tems, the maximum sorption capacity (Qmax) of individual metal in
the binary and multi-metal systems, (Qmax⁎)Pb2+, (Qmax⁎)Ni2+, (Qmax⁎)Mn2+

and (Qmax⁎)Zn2+, is reduced compared to the corresponding value in the
single metal systems, (Qmax)Pb2+, (Qmax)Ni2+, (Qmax)Mn2+ and (Qmax)Zn2+.
The maximum sorption capacity of Pb2+, (Qmax⁎)Pb2+ was higher than
those for the three other secondarymetals at the same (5 mM) concen-
tration, regardless of whether the metals were applied in a binary or a
multi-metal system. The ratios of (Qmax)Pb2+/(Qmax)secondary metals

(Mn
2+

, Zn
2+

, Ni
2+

) ranged from 0.92 to 1.09 andwere lower than the ra-
tios of (Qmax⁎)Pb2+/(Qmax⁎)secondary metals (Mn2+, Zn2+, Ni2+) that ranged
from 0.94 to 2.80. This confirms the higher sorption affinity of Pb2+ in

lateritic soil than the other three metals studied (Zn2+, Mn2+ and
Ni2+) under both binary and multi-metal systems. This result was sim-
ilar to that found by other researchers using both pure and heteroge-
neous soils under batch experiments (Adhikari and Singh, 2003; Arias
et al., 2006; Fontes and Gomes, 2003; Serrano et al., 2005). However, in-
creasing the secondary metal concentrations resulted in an increase in
the maximum sorption capacity of the secondary metals in the binary
metal systems.
The (Qmax)/(Qmax⁎) ratios were generally greater than unity,

suggesting that the simultaneous presence of metals in both binary
and multi-metal systems reduced sorption through competition for
sorption sites in the solid phases. In addition, it was found that
(Qmax)Zn2+/(Qmax⁎)Zn2+>(Qmax)Mn2+/(Qmax⁎)Mn2+>(Qmax) Ni

2+/(Qmax⁎)Ni2+>
(Qmax)Pb2+/(Qmax⁎)Pb2+, suggesting that sorption of Zn2+, Mn2+and
Ni2+ were affected more strongly, in that order, by the simultaneous
presence of a competing metal than Pb2+ was when the concentra-
tions of the secondary metals were less than 5 mM. In contrast,
when the concentrations of secondary metals were higher than that of
the Pb2+ (5 mM), the (Qmax)/(Qmax⁎) ratios of Pb2+ were lower than
those of the secondarymetals due to their higher concentrations. In a sim-
ilar way, for the multi-metal system, the ratios of (Qmax)Zn2+/(Qmax⁎)Zn2+~
(Qmax)Mn2+/(Qmax⁎)Mn2+~(Qmax) Ni

2+/(Qmax⁎)Ni2+>(Qmax)Pb2+/(Qmax⁎)Pb2+

suggesting that the sorption of Zn2+, Mn2+and Ni2+ were affected,

Table 1
Estimated transport parameters for heavy metal breakthrough curves (BTCs) using equilibrium convection–dispersion (CDeq) model with linear and Langmuir isotherm
approaches, as generated by HYDRUS-1D.

System C0 (mM) λ±

(cm)
Measured v
(cm hr−1)

Equilibrium convection–dispersion (CDeq)model fit

1st metal 2st metal

Linear Langmuir Linear Langmuir

1st metal
(Pb2+)

2nd
metal

Kd±95%CI
(L g−1)

SSE Qmax±95%CI
(mM g−1)

b±95%CI
(L mM−1)

SSE Kd±95%CI
(L g−1)

SSE Qmax±95%CI
(mM g−1)

b±95%CI
(L mM−1)

SSE

1 Pb2+-Ni2+ 5.05 0 1.42 1.58 15.42±
0.04

0.30 0.10±0.01 5.09±1.03 0.16 – - - - -

2 5.01 0 0.97 1.61 16.04±
0.08

0.75 0.11±0.01 6.56±0.84 0.08 - - - - -

3 0 4.89 1.42 1.58 – – – - - 8.27±
0.01

0.73 0.06±0.02 4.88±1.76 0.26

4 4.86 3.01 1.42 1.74 9.47±
0.09

0.48 0.07±0.01 6.58±1.20 0.11 6.69±
0.01

0.40 0.03±0.004 7.02±1.23 0.09

5 4.85‡ 3.17 1.57 1.78 9.48±
0.08

0.52 0.07±0.01 8.33±1.55 0.15 2.92±
0.01

0.32 0.04±0.005 14.61±
3.05

0.10

6 4.93 5.13 1.42 1.68 8.74±
0.01

0.54 0.06±0.01 9.60±1.71 0.08 5.12±
0.01

0.32 0.04±0.005 3.62±0.53 0.05

7 `4.88 10.06 1.42 1.59 7.64±
0.08

0.48 0.056±0.003 4.58±0.33 0.11 4.11±
0.01

0.20 0.06±0.01 1.08±0.29 0.08

8 Pb2+–Zn2+ 0.00 4.61 1.42 1.72 – – – - - 13.02±
0.08

0.39 0.09±0.02 1.08±0.29 0.22

9 5.26 2.91 1.42 1.67 8.07±
0.01

0.54 0.07±0.02 9.86±1.63 0.11 1.83±
0.02

0.31 0.03±0.003 9.83±1.80 0.10

10 5.22 5.36 1.42 1.68 7.59±
0.09

0.45 0.06±0.01 10.55±
1.91

0.07 1.49±
0.02

0.23 0.02±0.01 2.90±1.16 0.07

11 5.41 9.67 1.42 1.62 5.14±
0.01

0.40 0.06±0.01 3.91±0.88 0.13 3.09±
0.09

0.11 0.07±0.02 1.61±0.18 0.20

12 4.33‡ 9.48 1.42 1.55 7.32±
0.01

0.67 0.04±0.002 4.97±0.24 0.17 1.67±
0.02

0.22 0.06±0.02 0.61±0.17 0.06

13 Pb2+–Mn2+ 0 4.81 1.42 1.68 – – – - - 6.70±
0.10

0.28 0.06±0.02 1.16±0.45 0.18

14 5.31 2.73 1.42 1.76 10.95±
0.05

0.50 0.09±0.01 8.83±0.90 0.10 2.46±
0.01

0.24 0.02±0.004 6.02±1.29 0.08

15 5.14 4.47 1.42 1.55 6.54±
0.08

0.33 0.06±0.01 6.52±1.11 0.09 2.66±
0.09

0.17 0.03±0.004 4.00±1.16 0.10

16 4.85 8.66 1.42 1.67 5.86±
0.10

0.46 0.06±0.01 6.33±0.90 0.10 1.20±
0.02

0.20 0.05±0.01 3.37±0.68 0.07

17 Pb2+–Zn2+–
Ni2+–Mn2+

4.56 Zn2+=
4.73

1.42 1.69 5.24±
0.08

0.25 0.04±0.001 4.06±0.13 0.08 3.11±
0.08

0.11 0.02±0.01 0.47±0.14 0.07

Ni2+=
5.19

3.21±
0.01

0.17 0.03±0.01 2.07±0.47 0.08

Mn2+=
4.38

3.03±
0.09

0.14 0.02±0.01 1.00±0.26 0.08

† dispersivity derived from tracer test (Chotpantarat, 2008; Chotpantarat et al., 2011a); ± average dispersivity derived from average of dispersivity values of 3 tracer columns
(Chotpantarat, 2008; Chotpantarat et al., 2011a); ‡‡Duplicated column (Chotpantarat, 2008; Chotpantarat et al., 2011a).
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in that order, more strongly by the simultaneous presence of a com-
peting metal than was Pb2+. Indeed, the ability of Pb2+ to effective-
ly compete for sorption sites on different surfaces has been shown
by other researchers in batch sorption systems with Cd2+ (Fontes
and Gomes, 2003; Rodríguez-maroto et al., 2003) and other metal
ions in multi-metal solutions (Fontes and Gomes, 2003; Saha et al.,
2002). Moreover, as shown in Fig. 4, which is a plot of the (Qmax)Pb2+

from the TSM versus the concentrations of the secondary metals, an
increase in the concentration of the secondary metals in the binary
and multi-metal systems resulted in an exponential decrease in
the maximum sorption capacity of Pb2+, (Qmax)Pb2+, with respect to
the maximum sorption capacity of Pb2+ in the single system. For ex-
ample, in Pb2+–Zn2+ system, the maximum sorption capacity of
Pb2+ (0.12 mM) for 0 mM of Zn2+ was statistically different from
that of maximum sorption capacity of Pb2+ (0.08 mM) in the presence
of 3 mM of Zn2+. As the concentration of Zn2+ increased above 3 mM,
themaximum sorption capacity of Pb2+ showed a decreasing trend but
was not significantly different from themaximum sorption capacities at
higher Zn2+ concentrations. This is consistent with the decrease in re-
tardation factors of Pb2+, as affected by the concentration of Zn2+,
reported before (Chotpantarat et al., 2011b). Furthermore, with the
Langmuir model, the total sorption capacities for single, binary and

multi-metal systems were essentially constant (ranging from 0.10 to
0.13 mM g−1).
The binding energy coefficient varied withmetal solutions, the ini-

tial concentration of the secondary metals and the total metal con-
centration (bPb, bNi, bMn and bZn for the single metal system, and
bPb⁎, bNi⁎, bMn⁎ and bZn⁎ for the binary metal systems, respectively), al-
though all systems showed a greater affinity for Pb2+ than for the
secondary metal at the same concentration (e.g., 5 mM for Ni2+,
Zn2+, and Mn2+ for binary metal systems). For example, the results
showed that bPb (3.45±0.46)>bZn (0.60±0.11) for the single
metal system and b*Pb (4.00±0.66)>b*Zn (2.16±0.50) for the
Pb2+–Zn2+ binary metal system, respectively. In addition, the results
showed that bibbi⁎ in all binary metal systems except for that of Pb2+

(5 mM)–Ni2+ (10 mM) and Pb2+ (5 mM)–Zn2+ (10 mM), which
may be related to the specifically sorbed metals at high energy sur-
faces with low dissociation constants, indicating that competition
for sorption sites promotes the retention of such secondary metals
on specific sites. As a result, although the maximum sorption capacity,
(Qmax⁎)i, decreased, the metals were held in the soil matrix more
strongly. This result concurs with that reported for the competitive
sorption of Cu and Zn (Mesquita and Vierae Silva, 2002), or for Pb
and Cd in acid soils (Serrano et al., 2005). In contrast, as the secondary

Table 2
Estimated transport parameters for heavymetal breakthrough curves (BTCs) using the chemical nonequilibrium two-site model (TSM) , as generated by HYDRUS-1D.

No System C0 (mM) λ±

(cm)
Measured v
(cm hr−1)

Nonequilibrium model fit (TSM)

1st metal 2st metal

1st metal
(Pb2+)

2nd
metal

Qmax±95%CI
(mM g−1)

b±95%CI
(L mM−1)

f±
95%CI

α±
95%CI
(hr−1)

SSE Qmax±95%CI
(mM g−1)

b±95%CI
(L mM−1)

f ±
95%CI

α±
95%CI
(hr−1)

SSE

1 Pb2+–Ni2+ 5.05 0 1.42 1.58 0.12±0.01 3.45±0.46 0.28±
0.04

0.012±
0.001

0.020 - - - - -

2 5.01 0 0.97 1.61 0.13±0.02 2.71±0.34 0.43±
0.06

0.013±
0.005

0.044 - - - - -

3 0 4.89 1,42 1.58 – – – - - 0.11±0.02 2.62±
0.40

0.25±
0.02

0.009±
0.001

0.035

4 4.86 3.01 1.42 1.74 0.08±0.01 3.36±0.61 0.38±
0.06

0.017±
0.003

0.034 0.04±0.01 4.89±
0.92

0.35±
0.06

0.028±
0.004

0.024

5 4.85‡ 3.17 1.57 1.78 0.09±0.01 2.87±0.50 0.27±
0.04

0.015±
0.020

0.024 0.04±0.01 5.49±
1.09

0.35±
0.06

0.026±
0.006

0.036

6 4.93 5.13 1.42 1.68 0.07±0.01 4.91±0.71 0.50±
0.06

0.020±
0.005

0.022 0.045±0.01 3.54±
0.57

0.43±
0.10

0.041±
0.009

0.028

7 4.88 10.06 1.42 1.59 0.07±0.01 3.43±0.63 0.52±
0.07

0.018±
0.006

0.059 0.07±0.02 0.40±
0.10

0.56±
0.12

0.060±
0.026

0.047

8 Pb2+–Zn2+ 0 4.61 1.42 1.72 – – – - - 0.13±0.02 0.60±
0.11

0.41±
0.06

0.016±
0.004

0.052

9 5.26 2.91 1.42 1.67 0.07±0.01 3.16±0.82 0.32±
0.08

0.022±
0.003

0.022 0.03±0.01 4.86±
0.92

0.50±
0.07

0.029±
0.009

0.041

10 5.22 5.36 1.42 1.68 0.07±0.02 4.00±0.66 0.48±
0.08

0.025±
0.007

0.041 0.04±0.01 2.16±
0.50

0.44±
0.09

0.044±
0.015

0.041

11 5.41 9.67 1.42 1.62 0.06±0.01 1.51±0.36 0.57±
0.10

0.028±
0.013

0.069 0.07±0.02 0.120±
0.07

0.63±
0.14

0.055±
0.047

0.061

12 4.33‡ 9.48 1.42 1.55 0.06±0.02 3.35±1.10 0.37±
0.12

0.024±
0.008

0.069 0.06±0.01 1.54±
0.38

0.52±
0.13

0.040±
0.021

0.044

13 Pb2+–Mn2+ 0 4.81 1.42 1.68 – – – - - 0.11±0.02 0.87±
0.19

0.31±
0.05

0.019±
0.004

0.055

14 5.31 2.73 1.42 1.76 0.07±0.02 2.63±0.60 0.37±
0.08

0.022±
0.005

0.058 0.03±0.01 0.96±
0.24

0.50±
0.07

0.021±
0.010

0.076

15 5.14 4.47 1.42 1.55 0.06±0.01 2.70±0.71 0.40±
0.10

0.029±
0.008

0.041 0.05±0.01 1.75±
0.38

0.47±
0.08

0.040±
0.015

0.037

16 4.85 8.66 1.42 1.67 0.06±0.01 3.90±0.72 0.39±
0.08

0.023±
0.006

0.049 0.06±0.01 1.99±
0.33

0.46±
0.07

0.027±
0.009

0.039

17 Pb2+–Zn2+–
Ni2+–Mn2+

4.56 Zn2+=
4.73

1.42 1.69 0.05±0.01 1.74±0.43 0.49±
0.08

0.028±
0.011

0.064 0.03±0.01 0.46±
0.12

0.61±
0.10

0.067±
0.051

0.052

Ni2+=
5.19

0.03±0.01 1.02±
0.21

0.47±
0.06

0.049±
0.018

0.035

Mn2+=
4.38

0.03±0.01 0.74±
0.18

0.52±
0.09

0.050±
0.023

0.046

† dispersivity derived from tracer test (Chotpantarat, 2008; Chotpantarat et al., 2011a); ± average dispersivity derived from average of dispersivity values of 3 tracer columns
(Chotpantarat, 2008; Chotpantarat et al., 2011a); ‡‡Duplicated column (Chotpantarat, 2008; Chotpantarat et al., 2011a).
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metal concentration increased to a level higher than that of the Pb2+

(5 mM) in the binary and multi-metal systems, the b values seemed
to be reduced. This could be due to the high metal loads relative to
its low binding energy coefficient.
The fraction of the instantaneous equilibrium site (f) of all the

metals, and particularly for the secondary metals in the binary and
multi-metal systems, tends to increase with increasing metal concen-
trations in the system (Fig. 5, Table 2). For example, the fraction of the
instantaneous equilibrium site (f) of Ni2+ in single system signifi-
cantly increased from 0.25±0.02 to 0.56±0.12 for Ni2+ in
Pb2+(5 mM)- Ni2+(10 mM). Since the Peclet number in the systems
was low (ranging from 5.85 to 9.37), diffusion probably dominates
the sorption and transport of heavy metal in the system. Brusseau
et al. (1991) indicated that for a non-equilibrium process caused by
diffusion in the micropores or interlayer clay spaces of the soil matrix,
fwas found to be independent of the velocity, V. As a result, f tends to
increase under competitive sorption, potentially from competition for
sorption sites in the rapid reaction phase. The higher the concentration
in the system the higher is the fraction of occupied instantaneous sorp-
tion sites. Consequently, the increased fraction of instantaneous site
would imply that metal sorption changes from a non-equilibriummech-
anism towards an equilibrium one. For example, in the multi-metal sys-
tem (Fig. 3), the SSE obtained from the fitted curves of the four metals
from the Langmuir model (SSE ranging from 0.070 to 0.080) and the
TSM (SSE ranging from 0.035 to 0.064) were more similar in magnitude
than those obtained from the binary metal systems (SSE ranging from
0.06 to 0.22 and from 0.040 to 0.76 for the Langmuir model and the
TSM, respectively). The gradual change from a non-equilibrium to an

equilibrium behavior is thus likely to be related to the total metal con-
centration in the system (Fig. 5).
In general, the kinetics of metal sorption on soils follow a two stage

time-dependent behavior with an initially fast reaction followed by a
much slower reaction. The 1st kinetic rate appears to increase as the sec-
ondarymetal concentration increases in both binary andmulti-metal sys-
tems (Table 2), as compared to those in a single metal system. This
potentially indicates that the rate limiting stage for heavy metal sorption
in lateritic soil is affected by the simultaneous presence of other metals,
particularly in the multi-metal system. In accord, Serrano et al. (2005)
found that the Cd2+ sorption rate for the initial rapid reaction sorption
in a binary metal system was higher as compared to that for the single
metal system.
The TSM correctly explained the early tailing of the asymmetrical

portion of heavy metal BTCs in both the binary and multi-metal sys-
tems (Figs. 2 and 3), but slightly overestimated the extended tailing
of heavy metals. This was probably due to the fact that either the
rate of sorption/desorption could not be described by a first-order
rate constant (Connaughton et al., 1993; Selim, 1999) or that more
than one type of kinetic rates are needed in addition to the instantaneous
sorption sites. Selim (1999) observed that the sorption/desorption
behavior of Cu2+ for a McLaren soil showed a hysteresis behavior, at
high Cu2+ concentrations, and so could not be explained with a
first-order rate constant. Drillia et al. (2005) found that soil with little
organic matter, but with strong sorption hysteresis, could be described
by a slower reversible or even an irreversible process that is not includ-
ed in the TSM. In addition, the extended tailings might be controlled by
mass transfer diffusion that is also not accounted for in the TSM (Beigel

Fig. 4.Maximum sorption capacity, Qmax, of Pb2+ with increasing initial concentrations of the 2nd metal (a) Ni2+, (b) Zn2+ and (c) Mn2+ in the binary (5 mM Pb2+ and 0–14 mM
secondary metal) and multiple metal (all 5 mM) systems.
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and Di Pietro, 1999). Since the column studies do not provide informa-
tion on hysteresis and/or mass transfer, further separate experimenta-
tion is required to more precisely model and predict heavy metal
transport through this soil (Seuntjens et al., 2001).

4. Conclusion

The study evaluated the effect of metal concentrations on the sorp-
tion and transport mechanisms through a lateritic soil column, as well
as estimating the appropriate sorption and transport parameters, for
single, binary and multiple metal systems. The use of the CDeq model
with either linear or Langmuir isotherms did not describe the rising

and declining limbs of the metal concentrations in single, binary and
multiple metal systems, but the TSMwith first order kinetics described
the BTCs more accurately.
According to the TSM, the maximum sorption capacity of Pb2+ was

highest in the single system and reduced in the binary and multi-metal
systems. The simultaneous presence of other metals in both binary and
multi-metal systems reduced sorption through competition for sorption
sites on the solid phases. Moreover, the sorption of Mn2+, Zn2+ and
Ni2+ were more strongly affected by the simultaneous presence of a
competing metal than Pb2+ was. The sorption affinity of Pb2+ was
higher than the other three heavy metal metals for lateritic soil for all
conditions evaluated.

Fig. 5. Effect of total heavy metal concentration in binary and multiple heavy metal systems on the fraction of instantaneous equilibrium sorption sites (f).
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Competition between the metals for sorption sites tended to
promote the retention of secondary metals on more specific sorption
sites. Furthermore, the fraction of the instantaneous equilibrium sites
(f) of all metals, particularly for secondary metals in the binary and
multi-metal systems, increases with increasing metal concentrations,
which is likely to be because diffusion dominates the sorption and
transport of heavy metals. Consequently, the increased fraction of
instantaneous sites probably changes the metal sorption from a
non-equilibrium to an equilibrium mechanism.
The more complex TSM was found to describe the rising limb and

initial declining limb well but could not explain the extended tailing
phenomenon. This might be due to the fact that the rate of sorption/
desorption from the sorption sites cannot be described by a first-order
rate constant. Regardless, the curve-fitted results of the TSM for the indi-
vidual heavymetals in the binary andmulti-metal systemswere found to
be statistically different from the results obtained with the CDeq model
and in better agreementwith the experimental results. These results rein-
force the necessity of using transport models and proper parameters
under competitive and non-equilibrium conditions to predict heavy
metal transport more accurately for field conditions and more efficiently
in selecting the appropriate strategies in remediation/monitoring the
heavy metal contaminated sites.
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Abstract Most local people in the agricultural areas

of Hua-ruea sub-district, Ubon Ratchathani province

(Thailand), generally consume shallow groundwater

from farm wells. This study aimed to assess the health

risk related to heavy metal contamination in that

groundwater. Samples were randomly collected from

12 wells twice in each of the rainy and the dry seasons

and were analyzed by inductive coupled plasma

spectrometry-mass spectrometry (ICP-MS). The con-

centration of detected metals in each well and the

overall mean were below the acceptable groundwater

standard limits for As, Cd, Cr, Cu, Hg, Ni and Zn, but

Pb levels were higher in four wells with an overall

average Pb concentration of 16.66 ± 18.52 lg/l.
Exposure questionnaires, completed by face-to-face

interviews with 100 local people who drink ground-

water from farm wells, were used to evaluate the

hazard quotients (HQs) and hazard indices (HIs). The

HQs for non-carcinogenic risk for As, Cu, Zn and Pb,

with a range of 0.004–2.901, 0.053–54.818,

0.003–6.399 and 0.007–26.80, respectively, and the

HI values (range from 0.10 to 88.21) exceeded

acceptable limits in 58 % of the wells. The HI results

were higher than one for groundwater wells located in

intensively cultivated chili fields. The highest cancer

risk found was 2.6 9 10-6 for As in well no. 11. This
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study suggested that people living in warmer climates

are more susceptible to and at greater risk of ground-

water contamination because of their increased daily

drinking water intake. This may lead to an increased

number of cases of non-carcinogenic and carcinogenic

health defects among local people exposed to heavy

metals by drinking the groundwater.

Keywords Groundwater contamination � Risk
assessment � Heavy metals � Ubon Ratchathani

Introduction

Heavy metal contamination is potentially a significant

problem in several community and agricultural areas

(Vodela et al. 1997) because agrochemicals, including

plant nutrients and fertilizers, can lead to dramatic

increases in the concentrations of heavy metals in the

water and soil (Rattan et al. 2005). These heavy metals

have the potential to reach levels in the soil and then in

the surface and groundwater that are adverse to human

health (Rashed 2010; Chotpantarat et al. 2011; Chot-

pantarat and Sutthirat 2011; Taboada-Castro et al.

2012). Heavy metals can initially accumulate above

natural levels in agricultural soils over time from the

continual application of commercial agrochemicals

that contain several potentially toxic heavy metals.

Their subsequent migration and availability once

leached from agricultural soils is influenced by several

factors, such as the water pH, redox potential, and type

and quality of the soil. One of the more important

environmental issues today is the level of groundwater

contamination with heavy metals and metalloids,

including arsenic (As) and cadmium (Cd), because

of their strong toxicity at even low concentrations

(Marcovecchio et al. 2007). These heavy metals and

metalloids can be dispersed and accumulated in plants

and animals and so taken into and accumulated within

higher trophic levels including within the human food

chain. In order to quantitatively assess the potential

risk, human health risk assessments are used to

determine whether exposure to a chemical, at any

dose, could cause an increase in the incidence of an

adverse effect on human health (Wcislo et al. 2002).

From the past to the present, people living in many

agricultural areas have commonly consumed ground-

water from shallow groundwater wells (Jaipieam et al.

2009). This is also the case for the residents of the

Hua-ruea sub-district, Muang district, Ubon Ratchath-

ani province, in Thailand (Fig. 1). Hua-ruea sub-

district, covering an area of approximately 36 km2, is

an agricultural region with a high density of farms that

have used fertilizers for the last 30 years for planting

chili and rice. This area has a large percentage of

cultivated area and produces various agricultural

products, such as rice, cassava, chili and rubber trees

(Norkaew et al. 2010). The census population in 2011

was approximately 6,000; most people are farmers

whose homes are located on their farm. Their incomes

are obtained from hiring out as workers on other farms

and/or selling their products, chiefly from chili

farming (Taneepanichskul et al. 2010). The residents

commonly consume shallow groundwater from wells

drilled in the unconfined aquifer on their farms, but

they are unaware of the risk of heavy metal contam-

ination in shallow groundwater and the associated

adverse health effects. Moreover, most of the shallow

groundwater samples in this area have been previously

reported to be acidic normally (Srithongdee et al.

2010), under which condition the efficiency of leach-

ing of most species of accumulated heavy metals from

the soil through the subsurface environment is

increased (Suesat 2010). Furthermore, the As concen-

trations in groundwater in the central west region of

Chaco Province, northern Argentina, where the econ-

omy is based on exploitation of agriculture and

livestock, were high enough that human health was

likely to be adversely affected by drinking the

groundwater, so people in this area should be

concerned about groundwater contamination levels.

The potential toxicity of contaminants is strongly

determined by the composition of the elements

involved. The known adverse health effects of heavy

metals, such as allergies, hyperpigmentation and

induction of cancer caused by As and Cd, for example,

result from their absorption in the gastrointestinal

system. Once absorbed, they target the liver, placenta,

kidneys, lungs, brain and bones (PCD 2000). Long-

term ingestion of low As concentrations in drinking

water can lead to bladder, lung and prostate cancer

(Carlson-Lynch et al. 1994; Mushak and Crocetti

1995; Nakadaira et al. 2000). Evaluation of the effects

of nickel (Ni) on normal rat kidney cells revealed that

Ni induced oxidative stress, DNA strand breaks and

apoptosis even at concentrations as low as 10 lM
(Chang-Yu et al. 2010). Furthermore, investigation

into the effect of frequent exposure to heavy metals at
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low concentrations via intake of traditional medicine

in Korea suggested that the daily intake or exposure to

lead (Pb) and cadmium via oriental medicine might

have effects to human health (Kim et al. 2009).

Therefore, investigation of the contamination lev-

els and dispersion patterns of heavy metals in shallow

groundwater around agricultural areas in the Hua-ruea

sub-district, Muang district, Ubon Ratchathani prov-

ince, Thailand, is needed to assess non-carcinogenic

and carcinogenic health risks for the residents exposed

to such heavy metals through groundwater drinking

pathways.

Materials and methods

Study site

Hua-ruea sub-district, located in Muang district, Ubon

Ratchathani province in northeastern Thailand, covers

36 km2 (Fig. 1), and the land use in most areas is

agricultural. The census population in 2011 was

approximately 6,000.

Sampling and analytical methods

Water was collected from 12 shallow groundwater

wells located in unconfined aquifers and distributed in

the vicinity of agricultural land use in the study area

(Fig. 1). The wells were sampled four times a year,

twice each in the rainy and dry seasons, to check for

variability in the heavy metal concentrations. Ground-

water sampling was performed in June and August

2010 for the rainy season, and in November 2010 and

January 2011 for the dry season.

Shallow groundwater samples were collected

10–15 m below the ground surface. The initial

5–10 min of pumped water was discarded, and

thereafter samples were collected in thoroughly rinsed

polyethylene bottles. The pH and electrical

Fig. 1 The study area in Muang district, Ubonratchathani province, Thailand, showing the location of the 12 sampled water wells

(stations; ST1–ST12)
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conductivity (EC) of the freshly collected non-filtered

samples were measured in situ using a pH and EC

meter, respectively. For each sample, one part was

acidified with 65 % (v/v) HNO3 to pH\2 to dissolve

all the heavy metals and to prevent crystallization or

precipitation and adsorption of trace metals to the

container surfaces prior to analysis. All water samples

were then kept at 4 �C in sealed containers (to prevent

evaporation) and transported back to the laboratory

prior to analyzing the concentrations of As, Cd,

chromium (Cr), copper (Cu), Pb, mercury (Hg), Ni

and Zinc (Zn) by inductively coupled plasma spec-

trometry-mass spectrometry (ICP-MS) (Perkin-Elmer

SCIEX, ELAN 6000). Heavy metals were selected for

toxicological evaluation if they were detected in most

of the groundwater samples in the preliminary survey.

Analytical performance

The calibration graph, using the mixed standards of

metal ions, was obtained from a total heavy metal

concentration of 0.1, 0.5, 1.0, 2.5, 5 and 10 lg/l by
ICP-MS. Correlation coefficients of the obtained

standard curves were greater than 0.99. The field

blanks were prepared in the field under the same

conditions as field samples and were sent with test

groundwater samples for analysis. Quality control, in

terms of inter- and intra-observer variation, was

controlled by using the same standard laboratory

(Department of Chemical, Faculty of Science, Mah-

idol University) to analyze the heavy metal residues;

the samples were analyzed by a single researcher. The

laboratory has been assessed and accredited for this

analytical chemical technique according to the AOAC

Peer-Verified Methods Program’s recommendation

(1998). The limits of detection (LODs), defined as the

lowest concentration level that can be determined to

be statistically different from a blank (99 % confi-

dence), of each heavy metal ion during the rainy and

dry seasons were As (0.22 and 0.17 lg/l), Cd (0.13 and
0.18 lg/l), Cr (0.14 and 0.44 lg/l), Cu (0.70 and

0.09 lg/l), Hg (0.05 and 0.07 lg/l), Pb (0.80 and

0.65 lg/l), Ni (0.14 and 0.38 lg/l) and Zn (4.3 and

1.7 lg/l), respectively.

Questionnaires

This study focused on the local people who consume

shallow groundwater in Hua-ruea sub-district, Muang

district, Ubon Ratchathani province. A preliminary

investigation identified residents who principally

drink water from groundwater wells in the study area

and so excluded those who drink water from other

sources, such as tap or bottled water. In addition,

residents younger than 15 years were excluded since

they typically drink bottled or tap water at school.

From this preselected set of residents, 100 were

randomly chosen; an even distribution of participants

across the study area was ensured. Face-to-face

interviews were then carried out with these 100

participants from August 2010 to January 2011. They

were then asked to complete the questionnaires. The

age range was 15 to 90 years.

The interview questionnaire study consisted of two

parts. The first part ascertained the general information

and personal background of the participants, such as

their name, age, body weight, gender, education level

and occupation. The second part focused on their

groundwater consumption behavior, such as intake

rate, frequency and quantity of consumption.

Risk assessment

The obtained exposure data were summarized using

simple descriptive statistics including range, average

and standard deviation. Risk assessment is a function

of the hazard and exposure and is defined as the

processes of estimating the probability of occurrence

of any given probable magnitude of adverse health

effects over a specified time period. The health risk

assessment of each potentially toxic metal is usually

based on the quantification of the risk level and is

expressed in terms of a carcinogenic or a non-

carcinogenic health risk. The two principal toxicity

risk factors evaluated are the slope factor (SF) for

carcinogen risk characterization and the reference dose

(RfD) for non-carcinogen risk characterization (Lim

et al. 2008). The toxicity indices of each potentially

toxic metal are shown in Table 1 (USEPA IRIS 2011).

The estimations of the magnitude, frequency and

duration of human exposure to each potentially toxic

metal in the environment are typically reported as

average daily dose (ADD) (USEPA 1992; Siriwong

2006), as shown in Eq. (1);

ADD ¼ ðC� IR� EF� EDÞ=ðBW� ATÞ; ð1Þ
where ADD is the exposure duration (mg/kg-day), C is

the concentration (mg/l), IR is the intake rate (l/day),
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EF is the exposure frequency (day/year), ED is the

exposure duration (year), BW is the body weight (kg),

and AT is the average time (day).

The input parameters in ADD formulas are shown

in Table 2.

Risk characterization is the final step of health risk

assessment. The health risk from groundwater con-

sumption was assessed in relation to its chronic (non-

carcinogenic) as well as carcinogenic effects, based on

the calculation of ADD estimates and defined toxicity

values for each potentially toxic metal according to the

following relationships. The non-carcinogen risk was

calculated as the hazard quotient (HQ), as shown in

Eq. (2);

HQ ¼ ADD=RfD; ð2Þ
where ADD and RfD are in mg/kg-day.

If the value of HQ exceeds 1, there is an unaccept-

able risk of adverse non-carcinogenic effects on

health, while if the HQ is less than 1, it is at an

acceptable level (USEPA 2001). For the risk assess-

ment of a mixture of chemicals, the individual HQs are

combined to form the hazard index (HI), where an HI

[1 means an unacceptable risk of non-carcinogenic

effects on health, while HI\1 means an acceptable

level of risk (ECETOC 2001).

The carcinogenic risk can be calculated as the

product of ADD (mg/kg-day) times the SF (mg/kg/

day). An acceptable level isB1 9 10-6, which means

on average the probability is that approximately 1

person per 1,000,000 will develop cancer as a

consequence of the exposure (Lim et al. 2008), while

values B1 9 10-6 are acceptable risk levels.

Results

Face-to-face interviews

For the calculation of the human health risk assess-

ment, face-to-face interviews were conducted with

100 randomly selected people from a preselected local

set of inhabitants who drink water from groundwater

wells in the study area (see ‘‘Materials and methods’’

section). The participants represented only local

residents who consume groundwater from farm wells

and excluded those who consume drinking water from

other sources, including tap water. Participants were

distributed evenly over the study area. Questionnaires

were used to collect personal information and evaluate

the daily rate of groundwater consumption. The data

and exposure parameters from the questionnaires are

summarized as follows.

The group comprised 55 females and 45 males with

an average age of 42 ± 16 (mean ± SD) years

(41 ± 17 years for males and 43 ± 14 years for

females). The average weight of participants was

60 ± 12 kg (range of 30–94 kg). The level of most

participants was the elementary school level or below

(61 %), with only a few having graduated at the level

of a diploma (2 %) or bachelor’s degree (2 %). In

addition, most of the participants were farmers

(*80 %). The average groundwater consumption of

the hundred surveyed people was high at 3.45 ± 2.0 l/

day/person. For calculation of the risk assessment, the

average groundwater consumption rate was taken as

Table 1 The toxicity responses (dose response) to heavy

metals as the oral reference dose (RfD) and oral slope factor

(SF) (USEPA IRIS 2011)

Heavy metals Oral RfD

(mg/kg/day)

Oral SF

(mg/kg-day)-1

As 3 9 10-4 1.50

Cd 5.0 9 10-4 n.d.

Cr 3.0 9 10-3 n.d.

Cu 4 9 10-2 n.d.

Hg 3.0 9 10-4 n.d.

Pb 3.5 9 10-3 n.d.

Ni 2.0 9 10-2 n.d.

Zn 0.3 n.d.

n.d. = not determined

Table 2 Input parameters to characterize the ADD value

(exposure parameters)

Exposure

parameters

Description Unit Value

C Contamination

concentration in

groundwater

mg/l

IR Ingestion rate per unit

time

l/day 3.45 ± 2.0

EF Exposure frequency Days/

year

365

ED Exposure duration Years 42

BW Body weight Kg 60 ± 12

AT Average time Days 25,550 days

(70 years)
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3.45 l/day. The 95 percentile calculation was excluded

in this study because very few participants drink

approximately 10 l/day. Although the normal standard

consumption rate of adult people ranged from 1.5 to

2.0 l/day/person (USEPA 1980), the local people in

this study drank considerably more (on average 1.7- to

2.3-fold more). This is because they work on their

farm from sunrise to sunset in very hot weather during

the day.

Properties of shallow groundwater and wells

(1) pH

The pH of the shallow groundwater varied slightly

within each well (except at station 11, which varied a

lot) and ranged across the 12 wells from 3.69 to 7.90

with an average pH of 4.72 ± 1.00 (mean ± SD). The

greater pH variability (from pH 6.59 to 7.90) at station

(well) 11 might be caused by seasonal contamination

(Patriquin et al. 1993).

(2) Groundwater level

With respect to the groundwater levels of the 12

shallow groundwater wells, they varied from 112.1 to

132.6 m above mean sea level (amsl) with an average

groundwater level of 124.6 ± 5.2 m amsl. The direc-

tion of flow of the groundwater in this area was from

the reservoir in the north to the south and southeastern

parts (Fig. 1). The depth from the ground surface to

the groundwater level (well depth) ranged from 2.04 to

4.38 m (average 2.85 ± 0.79 m) across the year.

(3) Conductivity

The EC is used to estimate the amount of dissolved

minerals. In the study, the EC of the shallow ground-

water at each of the 12 sites was more variable,

ranging from 58.9 to 1,162.3 lS/cm (average

232.4 ± 39.4 lS/cm), although excluding the highest

EC of well no. 11, the range of the remaining 11 wells

was lower at 58.9–276.5 lS/cm (average 147.9 ±

24.7 lS/cm) and the lowest from well no. 9.

(4) Concentration of heavy metals

The total concentrations of potentially toxic metals

in groundwater are presented in Table 3 along with the

drinking groundwater standards of the US Environ-

mental Protection Agency (USEPA 2012), World

Health Organization (WHO 2011) and the Pollution

Control Department (PCD 2000, 2004). The annual

average concentration of As for the whole year from

12 wells in the shallow groundwater ranged from

0.25 ± 0.11 to 6.44 ± 3.17 lg/l (mean ± SD derived

from four measurements in each well, two each in the

rainy and dry seasons) with an average concentration

of 1.06 ± 1.74 lg/l, although well no. 11 had a 5.23-

to 34.72-fold higher As concentration (8.68 ±

0.42 lg/l in the rainy season (not shown in Table 3)

than all the other wells. Thus, the range for the other 11

wells excluding well no. 11 was considerably lower at

0.25–1.66 lg/l with an average concentration

(mean ± SD) of 0.57 ± 0.42 lg/l (Table 3; Fig. 2a).

Average concentrations of As appeared higher during

the rainy season (1.52 ± 2.37 lg/l) than during the

dry season (0.60 ± 1.14 lg/l), suggesting that As

might be desorbed and leached from contaminated

soils into shallow groundwater (Buchhamer et al.

2012). All 12 wells at this site had AS levels lower

than the acceptable limit according to drinking water

standards (USEPA 2012; PCD 2000; WHO 2011).

The concentrations of Pb in the shallow ground-

water ranged from 0.95 ± 0.42 to 66.85 ± 36.35 lg/l
with an average concentration (mean ± SD) of

16.66 ± 18.52 lg/l. The highest concentration of Pb

(92.55 ± 26.09 lg/l) in the rainy season (not shown in
Table 3) was observed in well no. 7, which is situated

in an area of intensive agricultural activity (Table 3;

Fig. 2b). This is higher than the permissible standards

for drinking water (USEPA 2012; PCD 2000; WHO

2011). The average concentration of Pb during the

rainy season and dry season was 18.6 ± 25.4 and

14.7 ± 4.4 lg/l, respectively. The concentrations of

Cd, Cr, Cu, Hg, Ni and Zn in the 12 shallow

groundwater sites in this study area were lower than

all the drinking water standards and so according to

these criteria were acceptable (Table 3).

Human health risk assessment

As mentioned above, the concentrations of Cd, Cr, Cu,

Hg, Ni and Zn in the 12 shallow groundwater sites in

this study area were lower than all the drinking water

standards and so were acceptable (Table 3). Accord-

ingly, the human health risk assessment of Cd, Cr, Cu,

Hg and Ni showed HQ values suggesting an accept-

able level of non-carcinogenic adverse health risk

(Table 4). This is consistent with the absence of any

reports of a significant non-carcinogenic risk from
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these heavy metals by oral exposure, with the reported

risks coming from exposure via inhalation. However,

in contrast, note that Cu showed HQ values indicating

an unacceptable non-carcinogenic health risk at three

wells (see below) despite being at acceptable water

levels at these wells.

However, unacceptable HQs were found for Pb, Zn

and As at some of the wells. Four sites (sites 1, 6, 7 and

8) had an unacceptable non-carcinogenic health risk

level for Pb (HQs of 3.20, 4.74, 26.80 and 4.74,

respectively), although the other eight sites had no

significant non-carcinogenic health risk from Pb, with

HQ values ranging from 0.007 to 0.99 (Table 4;

Fig. 3). For Cu, the HQ values at wells 1, 7 and 8 were

also at unacceptable levels at 3.041, 54.818, and 6.399,

respectively (Table 4). For Zn, although ten of the

sites had no significant non-carcinogenic health risk

with HQ values ranging from 0.003 to 0.310, two sites

(sites 7 and 8) had unacceptable non-carcinogenic

health risk levels with HQ values of 2.097 and 6.399,

respectively. The highest obtained HQ values for Cu,

Pb and Zn were from a well that was situated in an area

of intensive agricultural use (no. 7). In addition, As

presented unacceptable health risk levels for both non-

carcinogenic and carcinogenic risks. For the non-

carcinogenic risk, the HQ value of As ranged from

0.004 to 0.193 at 11 of the 12 wells, but at one (no. 11)

had an HQ value of 2.901(Table 4), representing an

unacceptable health risk (Table 4; Fig. 4a). Further-

more, the cancer risk was acceptable for all wells

except for no. 11 (Fig. 4b), where three people in a

million might develop cancer (cancer risk =

2.6 9 10-6).

The distribution of the non-carcinogenic risk relates

to the high concentrations of Cu, Zn and Pb, which

were relatively high at the center of the study area in a

region with higher intensity chili farming than in the

surrounding areas.

The human health risk assessment of As was higher

than the acceptable level, although the concentration

of As in the shallow groundwater was lower than the

groundwater drinking standard. Likewise, the same

Table 3 The average annual concentration of heavy metals (lg/L) in the water from shallow groundwater wells located in the

vicinity of agricultural areas at Hua-ruea sub-district, Muang District, Ubon Ratchathani Province, Thailand

Heavy metal concentrations (lg/L) in each well (station number)a

Metals 1 2 3 4 5 6 7 8

As 0.69 ± 0.16 0.43 ± 0.36 0.56 ± 0.33 0.30 ± 0.19 0.25 ± 0.11 0.89 ± 0.36 0.59 ± 0.59 1.66 ± 1.98

Cd 0.14 ± 0.01 0.18 ± 0.06 0.14 ± 0.01 0.13 ± 0.00 0.15 ± 0.02 0.21 ± 0.06 0.23 ± 0.12 0.13 ± 0.00

Cr 0.48 ± 0.05 0.30 ± 0.21 2.14 ± 2.40 0.29 ± 0.21 0.30 ± 0.21 0.35 ± 0.13 0.35 ± 0.13 0.69 ± 0.35

Cu 76.1 ± 87.3 33.7 ± 23.5 11.6 ± 0.8 18.7 ± 9.7 10.0 ± 1.2 35.8 ± 12.6 323 ± 384 140 ± 9

Pb 23.1 ± 1.7 11.3 ± 2.5 8.26 ± 1.75 7.74 ± 1.76 9.56 ± 2.47 28.1 ± 5.6 66.9 ± 36.4 28.1 ± 4.4

Hg 0.51 ± 0.64 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01

Ni 7.46 ± 2.02 4.48 ± 0.35 6.22 ± 0.10 5.72 ± 0.11 4.38 ± 1.60 15.6 ± 4.6 12.7 ± 0.1 4.75 ± 0.67

Zn 66.6 ± 27.3 43.5 ± 18.1 20.1 ± 1.0 18.9 ± 5.6 16.0 ± 8.5 51.9 ± 1.4 302 ± 293 173 ± 81

Heavy metal concentrations (lg/L) in each well (station number)a Drinking groundwater standard (lg/L)

Metals 9 10 11 12 Average ± SD USEPA (2012) PCD (2000) WHO (2011)

As 0.28 ± 0.16 0.27 ± 0.13 6.44 ± 3.17 0.36 ± 0.28 1.06 ± 1.74 10 10 10

Cd 0.13 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 0.15 ± 0.03 5 3 3

Cr 0.35 ± 0.13 0.29 ± 0.21 0.61 ± 0.24 0.79 ± 0.49 0.58 ± 0.52 100 50 50

Cu 12.2 ± 15.9 32.4 ± 17.1 14.9 ± 1.8 13.8 ± 3.5 60.3 ± 91.0 1,300 1,000 2,000

Pb 0.95 ± 0.42 12.8 ± 1.0 2.06 ± 0.82 1.05 ± 0.33 16.7 ± 18.5 15 10 10

Hg 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.10 ± 0.13 2 1 6

Ni 2.57 ± 1.85 7.71 ± 1.92 0.65 ± 0.37 1.34 ± 0.43 6.13 ± 4.38 Not mentioned 20 70

Zn 6.94 ± 5.73 31.9 ± 2.6 17.5 ± 6.6 12.4 ± 2.3 63.4 ± 87.8 5,000 5,000 Not mentioned

a For locations of each water well (Station) see Fig. 1. Data are shown as the mean ± 1 SD for 1 year and are derived from four

readings, two each in the rainy and dry seasons
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pattern was seen for Zn, in that unacceptable non-

cancer health risks were observed at two sites where

the Zn concentration in the water was within the

acceptable limit (Table 4). Although a low intake

level of Zn is required by humans and Zn is of

relatively low toxicity compared with other heavy

metals, a high intake rate of Zn causes both acute (such

as stomach cramps, nausea and vomiting) and chronic

(such as anemia and pancreas damage) adverse health

effects (Natural Healing Site 2010). In addition, the

human health risk characterization of Pb at four sites

was higher than the acceptable level, but conforms to

the observation that the concentrations at these sites

were higher than the drinking water standard (Fig. 3).

According to the HQ values, the HI of all the heavy

metal ions (As, Cd, Cr, Cu, Hg, Pb, Ni and Zn) ranged

from 0.10 to 88.21 and the HI of wells 1, 2, 6, 7, 8 10

and 11 were higher than 1 (HI = 6.66, 1.52, 5.92,

88.21, 17.41, 1.68 and 3.07, respectively) for the non-

carcinogenic adverse health effects. Therefore, if we

take into consideration the additive effect of poten-

tially toxic metals, then the oral HI results raise

Fig. 2 Distribution map of the average (a) As and (b) Pb concentrations (lg/l) over the dry and rainy seasons and the locations of the 12
drinking water wells (ST1–ST12)

Environ Geochem Health

123



concern about the non-carcinogenic adverse health

effects of drinking groundwater in this area.

Discussion

Properties of shallow groundwater and wells

The groundwater pH found in this study agrees with

the results of Srithongdee et al. (2010) who previously

reported that the pH of water from ten shallow

groundwater wells in this area ranged from 3.68 to

4.88, which is too acidic for drinking, and that

increasing water acidity was positively correlated

with increasing nitrate concentrations. Although this

acidification of the water is consistent with the long-

term application of high levels of fertilizers, as

reported in another study by Jeyaruba and Thushyan-

thy (2009), Srithongdee et al. (2010) reported that the

pesticide concentrations in the groundwater were

generally less than the LOD. Eriksson (1990) and

Patriquin et al. (1993) found that the application of

ammoniacal fertilizers may cause the acidification of

soil since nitrate is formed from them by microbial

nitrification. As such, the low pH of groundwater in

this area may have resulted from the heavy and

continuous application of fertilizers over a long

period.

The water level varied only slightly between the

seasons and sites across the 12 sites, and this variation

when present was likely to be due to the occurrence of

a tropical storm in October–November 2010. Sri-

thongdee et al. (2010) reported that increasing nitrate

concentrations were positively correlated with

increasing electrical conductivity (EC). The EC at

each site reflects the level of dissolved chemicals

(especially salts) in the groundwater in this area. Thus,

the higher the EC, the higher the levels of dissolved

chemicals in the groundwater sample.

The concentration of other metals during the rainy

season was not much higher than those during the dry

season, which might reflect their release into the pore

water and percolation into the shallow groundwater.

Furthermore, Suesat (2010) investigated fractionation

of four heavy metals (i.e., As, Cu, Pb and Zn) in soils

in this agricultural area and found that the sum of As,

Cu, Pb and Zn associated with the first fraction (the

exchangeable fraction) ranged from 0.07 to 0.33 mg/

kg (corresponding to 4–10 % of the total As level),T
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4.39–11.75 mg/kg (corresponding to 18–50 % of the

total Cu level), 0.11–0.28 mg/kg (corresponding to

1.3–5 % of the total Pb level) and 70.66–110.20 mg/

kg (corresponding to 55–74 % of the total Zn level),

respectively. These findings indicated that the elevated

Cu and Zn levels in this fraction may be caused by

anthropogenic inputs, which are relatively weakly

bound forms, including the adsorptive and exchange-

able, and those bound to carbonates. This conse-

quently increases their migration and bioavailability in

soils and the subsurface environment (Gibbs 1977).

The Cu and Zn levels associated with the exchange-

able fraction were quite high and extremely important

since they showed the mobility potential of metals that

can easily migrate through ion-exchange processes

(Filgueiras et al. 2002). Moreover, more than 50 % of

the amounts of these four metals was associated with

the first three fractions (exchangeable, carbonate and

reducible), which are easily released following

changes in environmental conditions, such as the

redox potential, ionic strength, pH, salinity, etc. The

metal concentrations of each fraction were in accord

with those in the shallow groundwater.

The much higher concentration of As at well

station 11 than in the other wells in this study

correlates with the alkaline pH value of the shallow

groundwater. Moreover, the previously reported

highly positive significant correlation between the

As concentration and pH (r = 0.942, n = 48) during

the wet season (Wongsasuluk 2010) suggests that As

might be released into pore water by desorption

processes that are increased by alkaline pH (Buchh-

amer et al. 2012). This result is in accord with the

study of Takeno (2005) who reported that As in the

form of H2AsO3 would dissolve in water at a high pH

value, and so the pH of the water affects the As

concentration. In addition, Claesson and Fagerberg

(2003) reported that as the pH of the groundwater at

Santiago del Estero in Argentina increased (pH

6.4–9.3), so did the As concentrations. In aquatic

systems, inorganic As is primarily present in two

oxidation states, arsenate (As5?) and arsenite (As3?)

(ATSDR 2000). Although both forms generally occur

together, As5? predominates under oxidizing condi-

tions, and As3? predominates under reducing condi-

tions (Stumm and Morgan 1996). All the wells in this

area are normally under oxidizing conditions because

they are located in an unconfined aquifer, which is

directly exposed to the atmosphere, and this is

especially true for well 11 because it is located in

the recharge area. Thus, the higher pH of the water in

well 11 (range from pH 6.59–7.90 in the rainy season

and from pH 6.34–7.25 in the dry season compared to

pH 3.83–5.85 for the other 11 wells) combined with

the oxidizing environment and alkaline pH would tend

more to releasing As into the groundwater.

In addition, Nassef et al. (2006) reported that Pb

levels in the groundwater of agricultural areas at Sadat

were higher than the drinking water standard, ranging

between 0.11 and 24.9 lg/l (average of 3.31 lg/l),

Fig. 3 Non-carcinogenic

risk map for lead (Pb) at the

study area and the locations

of the 12 drinking water

wells (ST1–ST12)
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whereas those in a residential area ranged from 0.38 to

0.82 lg/l (average of 0.56 lg/l). Thus, the higher

amount of Pb in agricultural areas may well originate

from agricultural activities. Moreover, the heavy

metal pollution levels in paddy fields in Wenling City,

China, were reported to show that the accumulation of

Cd, Cu, Pb, Ni and Zn was due to agricultural

chemicals causing Cd, Cu, Pb, Ni, and Zn contami-

nation in the paddy fields. In particular, high concen-

trations of Cd, Cu, Pb and Zn in some areas may be due

to industrialization and agriculture development (Keli

Zhao et al. 2010).

In this study, the concentrations of each heavymetal

had a similar pattern in that a higher concentration was

found in the central, intensively agricultural areas.

Moreover, the distribution of heavy metals in the

groundwater in this study site conformed to the

groundwater hydraulic gradient (hydraulic gradi-

ent = Dgroundwater level/Ddistance between wells).

This is lower in the middle of the study area, indicating

that the flow of groundwater in the middle was low

compared to that of the adjacent areas. Dilution in

aquifers can be described by the volumetric flow rate

per unit perpendicular to the groundwater flow related

to the hydraulic gradient. As a result, by dilution, the

heavymetal concentrations in thewater at wells located

in the central area would be higher than those in the

wells in the surrounding areas (Debernardi et al. 2008).

Evaluation of the heavy metals in drinking ground-

water in Dakahlyia Governorate, Egypt, in areas that

Fig. 4 a Non-carcinogenic

and b carcinogenic risk map

of arsenic (As) at the study

area and the locations of the

12 drinking water wells

(ST1–ST12)
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were mainly used for agriculture found that the

incorrect overuseage of large amounts of phosphate

fertilizers might have led to the relatively high

concentrations of Cd and Ni in the groundwater

(Mandour and Azab 2011). Excess fertilizer that is not

used by the plants then percolates into the soil with the

irrigation water. Consequently, they reach the ground-

water wherever the permeability of the soil permits.

Human health risk assessment

Within Slovakia, Rapant and Krcmová (2007)

reported that the cancer risk caused by As in ground-

water reached as high as [10-4, or more than 100

people in a million. Saipan and Ruangwises (2009)

showed that the population of Ronphibun, Thailand,

might experience adverse health impacts since the

cancinogenic risk and non-carcinogenic health risk

indices were ascertained to be 1.26 9 10-3 and 6.98,

respectively.

In addition, the local people living in the study area

of this report, which is located in a tropical zone,

generally had to work on their farms under relatively

high temperatures and humidity with strong sunlight

exposure; consequently, their physical requirement for

water was quite high. They drank water at an average

rate of 3.45 ± 2.0 l/day compared to the usual aver-

age of 2 l/day (USEPA 1980). People in countries with

colder weather than in Thailand would be expected to

have a lower water intake rate, such as the 1.5 l/day

average level reported in Korea (Lim et al. 2008).

Thus, the human health risk assessment depends not

only on the heavy metal concentration in the water, but

also on the water consumption rate. In accordance,

Peplow and Edmonds (2004) found that the average

risk of cancer from exposure to As from abandoned

mines was approximately twofold higher for adults

engaged in occupations with high sunlight exposure.

Pokkamthanam et al. (2011) found that As in water

consumed by Bandlaguda adults may cause both

adverse non-carcinogenic and carcinogenic health

risks because the mean water consumption is quite

high (4.5 ± 2.4 l/day) because of the physically

demanding work and the water requirements caused

by participants’ occupations, such as factory workers,

laborers, welders, carpenters and farmers. Therefore,

farmers in tropical countries should be made more

aware of heavy metals contamination, even at low

concentrations, because of their high intake rate.

Conclusions

This study evaluated the human health risk from heavy

metals in the drinking water from 12 shallow ground-

water wells in Hua-ruea sub-district, Muang district,

Ubon Ratchathani province, Thailand. The concentra-

tions of Cd, Cr, Cu, Hg, Ni and Zn in the 12 shallow

groundwater sites in this study area were lower than all

the drinking water standards and so according to these

criteria were acceptable. However, the average con-

centrations of Pb were all higher than allowed

according to the drinking water standard. In addition,

As concentrations in one well (no. 11) had a 5.23- to

34.72-fold higher As concentration than all the other

wells.

Unacceptable non-cancer health risk levels were

found at 1, 3, 2 and 4 of the 12 tested wells for As, Cu,

Zn and Pb, respectively, but not for the other heavy

metals; an unacceptable cancer risk was found at one

site for As (station 11). However, these heavy metal

concentrations in the groundwater were within accept-

able limits, revealing the importance of the actual

consumption rates in estimating health risk factors.

Furthermore, the HIs of groundwater at wells 1, 2, 6, 7,

8, 10 and 11 were higher than 1 for adverse non-

carcinogenic health effects. These wells are all located

in intensively cultivated chili fields.

The results of this study can be used beneficially

and applied to managing and communicating about

risk with the local people who generally drink

shallow groundwater as well as to preventing adverse

health risks from groundwater contamination. Local

people drinking from groundwater wells, especially in

intensively cultivated chili fields, should be educated

about the potential adverse effects of drinking directly

from shallow groundwater wells. In order to reduce

the estimated carcinogenic risk and non-carcinogenic

HQs, they should be advised to treat their water or

find alternative sources for drinking. Local authorities

should be made aware of such health risks and

provide potable water facilities. This study could be

used as a database for groundwater drinking stan-

dards, which should be revised for tropical countries

to reflect the higher water intake rates. In general, this

study adds to the results of others that illustrate the

greater need for risk awareness and communica-

tion about heavy metal contamination of shallow

groundwaters, especially in agricultural areas in

tropical zones.
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Rapant, S., & Krčmová, K. (2007). Health risk assessment maps

for arsenic groundwater content: Application of national

geochemical databases. Environmental Geochemistry and

Health, 29, 131–141.

Rashed, M. N. (2010). Monitoring of contaminated toxic and

heavy metals from mine tailings through age accumulation

in soil and some wild plants at Southeast Egypt. Journal of

Hazardous Materials, 178(1–3), 739–746.

Rattan, R. K., Datta, S. P., Chhonkar, P. K., Suribabu, K., &

Singh, A. K. (2005). Long-term impact of irrigation with

sewage effluents on heavy metal content in soils, crops and

groundwater—a case study. Agricultural Ecosystems and

Environment, 109, 310–322.

Saipan, P., & Ruangwises, S. (2009). Health risk assessment of

inorganic arsenic intake of Ronphibun residents via

duplicate diet study. Journal of the Medical Association of

Thailand, 92(6), 849–856.

Siriwong, W. (2006). Organophosphate pesticide residues in

aquatic ecosystem and health risk assessment of local

agriculture community. Doctor dissertation Program in

Environmental Management (Interdisciplinary Programs),

Graduate School Chulalongkorn University, Thailand.

Srithongdee, T., Chotpantarat, S., Siriwong W., & Siri-

pattanakul, S. (2010). Nitrate and pesticide contamination

of shallow groundwater under chilli field of Hua Rua, Ubon

Ratchathani Province. In: Proceedings of the APRC-2010,

Ubon Ratchathani, Thailand.

Stumm,W., &Morgan, J. J. (1996). Aquatic chemistry (3rd ed.).

NY: Wiley.

Suesat, S. (2010). Distribution and potential mobility of heavy

metals in soil and shallow groundwater aquifer in an

agricultural area: A case study of Hua Rua Area, Changwat

Ubon Ratchathani. Bachelor’s degree report, Geology,

Faculty of Science, Chulalongkorn University, Thailand.

Taboada-Castro, M., Diéguez-Villar, A., Luz Rodrı́guez-

Blanco, M., & Teresa Taboada-Castro, M. (2012). Agri-

cultural impact of dissolved trace elements in runoff water

from an experimental catchment with hand-use changes.

Communications in Soil Science and Plant Analysis, 43,

81–87.

Takeno, N. (2005). Atlas of Eh-pH diagrams. Intercomparison

of Thermodynamic Databases, National Institute of

Advanced Industrial Science and Technology Research

Center for Deep Geological Environments: Geological

Survey of Japan Open File Report No. 419.

Taneepanichskul, N., Siriwong, W., Siripattanakul, S., Pon-

gpanich, S., & Robson, M. G. (2010). Risk assessment of

Chlorpyrifos (organophosphate pesticide) associated with

dermal exposure in chilli-growing farmers at Ubon Rac-

hathani Province, Thailand. Journal of Health Research,

24(2), 149–156.

USEPA (US Environmental Protection Agency). (1980). Water

quality criteria documents; availability. 45 Federal Regis-

ter, 45(231), 79318–79.

USEPA (US Environmental Protection Agency). (1992). Defi-

nitions and general principles for exposure assessment.

Guidelines for exposure assessment. Washington, D.C.:

Office of Pesticide Programs, USA.

USEPA (US Environmental Protection Agency). (2001). Base-

line human health risk assessment Vasquez Boulevard and

I-70 superfund site, Denver CO. http://www.epa.gov/

region8/superfund/sites/VB-170-Risk.pdf. Accessed 01/

20/2011.

USEPA (US Environmental Protection Agency). (2012).

Ground water and drinking water. http://www.water.epa.

gov/drink/index.cfm. Accessed 01/15/2011.

USEPA IRIS (US Environmental Protection Agency’s Inte-

grated Risk Information System). (2011). http://www.epa.

gov/iris/. Accessed 01/15/2011.

Vodela, J. K., Renden, J. A., Lenz, S. D., McElhenney, W. H., &

Kemppainen, B. W. (1997). Drinking water contaminants.

Poultry Science, 76, 1474–1492.

Wcislo, E., Ioven, D., Kucharski, R., & Szdzui, J. (2002).

Human health risk assessment case study: An abandoned

metal smelter site in Poland. Chemosphere, 47, 507–515.

WHO (World Health Organization). (2011). Guidelines for drink-

ing-water quality (4th ed.). http://www.whqlibdoc.who.int/

publications/2011/9789241548151_eng.pdf. Accessed 01/15/

2011.

Wongsasuluk, P. (2010). Human health risk assessment asso-

ciated with heavy metals in drinking shallow groundwater

wells at Ubon Ratchathani Province, Thailand. Master

thesis. Chulalongkorn University, Thailand.

Zhao, K., Liu, X., Xu, J., & Selim, H. M. (2010). Heavy metal

contaminations in a soil–rice system: Identification of

spatial dependence in relation to soil properties of paddy

fields. Journal of Hazardous Materials, 181, 778–787.

Environ Geochem Health

123


